F Séquier 
  
V Faivre 
  
J-Y Lanne 
  
G Daste 
  
M Renouard 
  
S Lesieur 
  
  
Critical steps during prilling process of molten lipids: main stumbling blocks due to pharmaceutical excipient properties
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Prilling by ultrasonic jet break-up is an efficient process to produce perfectly spherical microparticles homogeneous in size. However, the material properties could affect the manufacturability and the final product properties especially with lipid-based excipients which often exhibit complex structural properties. This work presents the characterisation of six lipidbased excipients differing by their melting point and polymorphic behaviour which were used to produce microspheres using a pilot-scale prilling equipment. The experimental results were compared to theoretical calculations, especially the droplet solidification time which is a keyparameter for this process. This work highlighted that monotropic polymorphism of excipients and supercooling effect have a significant impact on process parameters which should be considered with care during formulation design.

Introduction

Oral solid dosage forms (i.e tablets and capsules) represent more than 80% of the sales volumes in the European community pharmacy. However, swallowability of tablets and capsules can be a challenge for many patients which can result in adverse effects and poor adherence to treatment. A survey on swallowability of monolithic solid dosage forms within an adult population suggested that this issue goes well beyond the patient population with clinically recognized dysphagia and may affect as many as 40 percent of the population (FDA guidance for Industry, 2015). Because of the world population aging, the number of people over 65 will increase from 7.8 percent of the global population today to about 16 percent in 2050 (US National Academy of Engineering, 2009). In this context, solid microparticles represent an appealing dosage form for elderly population but also for paediatric population. Children are often unable to take the dosage forms designed for adults and a large proportion of medicines (45 to 60%) are given to children in an "off label" manner. In absence of age-appropriate formulations adult tablets are sometimes split before being administered to young children, based on the assumption of a uniform distribution of the active pharmaceutical ingredient (API).

An alternative could be the use of suspensions, but instabilities issues would need to be managed (physico-chemical, microbiological). Although paediatrics represents around twofifths of the global population, the market for paediatric medicines accounts for less than 10 percent of global pharmaceutical sales, suggesting there is considerable potential for the industry to develop such type of formulations [START_REF] Turner | Paediatric drug development: the impact of evolving regulations[END_REF][START_REF] Lopez | Formulation approaches to pediatric oral drug delivery: benefits and limitations of current platforms[END_REF].

Multiparticulates as an oral solid dosage form offers great advantages such as dose flexibility which would enable personalized treatment, potential for controlled-release and for combination therapy which is of growing interest in the pharmaceutical field. Personalized dosing of multiparticulates would require the use of dosing devices (by volume, weight or count) to enable dose adjustments from a pre-filled multidose container [START_REF] Wening | Novel delivery device for monolithical solid oral dosage forms for personalized medicine[END_REF]. The success of these personalized treatments essentially relies on dose accuracy which will only be achieved with perfectly spherical microspheres monodisperse in size (to avoid separation into the reservoir) and exhibiting excellent flow properties. With an avalanche time around 2 sec per 100g the prilling technology enables the production of microspheres of the desired quality [START_REF] Vervaeck | Prilling of fatty acids as a continuous process for the development of controlled release multiparticulate dosage forms[END_REF][START_REF] Vervaeck | Prilling as manufacturing technique for multiparticulate lipid/PEG fixed-dose combinations[END_REF] that can be used for controlledrelease purposes when they are loaded with API [START_REF] Pivette | Controlled release of a highly hydrophibic API from lipid microspheres obtained by prilling: analysis of drug and water diffusion processes with x-ray-based methods[END_REF]; MICROPAKINE  LP, SANOFI).

There are other technologies aiming to produce micron-sized particles from molten lipids like spray congealing, hot-melt extrusion or supercritical-CO2-based technology but the microparticles produced are generally more polydisperse and less spherical in shape [START_REF] Vervaeck | Fatty acids for controlled release applications: a comparison between prilling and solid lipid extrusion as manufacturing techniques[END_REF].

The critical steps involved during the prilling process of molten lipids have been carefully investigated and modelled during precedent work [START_REF] Pivette | Rapid cooling of lipid in a prilling tower: theoretical considerations and consequences on the structure of the microspheres[END_REF][START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF].

The two most important steps are (i) the formation of the molten lipid droplet by a vibrating nozzle and (ii) the crystallization of the droplet during its fall into cooled air column.

The purpose of this work is to investigate some of the lipid-based excipients properties that could significantly impact the prilling process. It is well known that hydrocarbon chains are able to pack into different crystalline forms which exhibit different melting points. This polymorphism behaviour is classically based around three main forms: , ' and  (from the less stable to the most stable crystalline arrangement respectively). Besides these common polymorphic forms, a lot of other crystalline forms have been identified with lipids [START_REF] Sato | Crystallization behaviour of fats and lipids -a review[END_REF].

Different types of polymorphism involving these three main forms are described in the literature [START_REF] Himawan | Thermodynamic and kinetic aspects of fat crystallization[END_REF]. In the case of enantiotropic polymorphism, each polymorphic form is thermodynamically stable in specific ranges of temperature and pressure. The most stable form then depends on the actual conditions (temperature and pressure). In the case of monotropic polymorphism, there is only one form thermodynamically stable, irrespective of the temperature and/or pressure conditions. Kinetic aspects of the crystallization process are also important to consider as the prilling process uses very fast cooling rates. The crystallization process from molten lipid can be defined by an induction time which can be described as the time required for the generation of the first nuclei under the influence of a thermal driving force. This induction time is strongly dependant of the supercooling state which is defined by the difference between the equilibrium melting point of the lipid material and the crystallization temperature [START_REF] Marangoni | Fat crystal networks II[END_REF]. For relatively large molecules like lipids the induction time can be long due to limited diffusion rate and high viscosity in the molten state [START_REF] Mcclements | Cryastals and crystallization in oil-in-water emulsions: implication for emulsion-based delivery systems[END_REF].

Ultimately, the aim of this work was to compare theoretical models developed previously with lipid-based pharmaceutical excipients and validate hypothesis regarding lipid properties in both liquid and solid states. The focus was on investigating the thermodynamic and kinetics aspects of lipid melting and crystallization and the impact on the prilling process. The excipients were selected across a range of chemical composition (fatty acids vs. glycerides for example), polarity (purely hydrophobic vs. amphiphilic mixtures) or melting point.

Materials and methods

Materials

Imwitor ® 491 (90% min. glyceryl monostearate, 66-77°C melting point range), Cutina ® HR (Hydrogenated castor oil, 83-88°C melting point range) and Dynasan ® 118 (glyceryl tristearate, 70-74°C melting point range) were purchased from Sasol (Germany). Speziol ® GDB (mixture of glyceryl mono-di-and tri-behenate, 65-77°C melting point range) and Speziol ® L2SM (90% min. of a mixture of stearic acid and palmitic acid, 55-59°C melting point range) were obtained from Cognis (France). Gelucire ® 50/13 (mixture of mono-, di-, and triglycerides enriched with mono-and diacyl poly(ethylene glycol) -PEG-, 46-51°C melting point range) was supplied from Gattefosse S.A.S (France). All the melting point ranges are issued from supplier's technical documents.

Methods

Microspheres preparation

Lipid microparticles were manufactured by prilling technology using an equipment already described [START_REF] Pivette | Rapid cooling of lipid in a prilling tower: theoretical considerations and consequences on the structure of the microspheres[END_REF][START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF]. A required amount of lipid excipient was melted at 100°C ± 1°C under mechanical stirring until homogenous liquid was obtained.

Extrusion pressure between 0.3 and 0.9 bar alongside with nozzle's vibration frequency between 5.0 and 9.0 kHz were then applied in order to break up the liquid jet into size-calibrated droplets.

The optimum pressurevibration frequency combination for each excipient was determined with the help of a CCD Camera and stroboscopic light allowing clear visualisation of the jet break-up. Finally, the formed droplets fell into the prilling tower continuously swept by the coaxial airstream cooled down to 10°C. The velocity of the airstream, approximately 0.1 m/s, was 10 times slower than the terminal velocity of the particles calculated in a precedent study (approximately 1.1 m/s) [START_REF] Pivette | Rapid cooling of lipid in a prilling tower: theoretical considerations and consequences on the structure of the microspheres[END_REF]. Based on this calculated terminal velocity, the minimum fall duration of the particles with this pilot-scale equipment is estimated at 1.6 s. The prills were collected at the bottom of the tower in a container. Samples were characterised straight after manufacture and stored in a dry atmosphere at ambient temperature for different length of times to enable informal stability study.

Differential Scanning Calorimetry

The melting behaviour of the excipients was evaluated with a Perkin-Elmer DSC-7 differential scanning calorimeter. The samples (5 mg average weight) were accurately weighed and sealed in aluminium pans. Samples were then scanned between 20 and 100°C at a heating rate of 2°C/min and cooling rates from 2 to 40°C/min depending on the experiments. To equilibrate the system, an isotherm of 10 min was applied between each step. An empty pan was used as reference and lauric acid (99.5% purity) was used as standard for calibration [START_REF] Grabielle-Madelmont | Calorimetric studies on phospholipid-water systems: I. dl-Dipalmitoylphosphatidylcholine (DPPC)-water system[END_REF]. The onset temperature, defined as the intersection of the tangent of the peak with the extrapolated baseline, was determined and used as a reference for comparison of different thermal events. In case of less defined events with multiple peaks, the more intense was considered.

The specific heat Cp was also measured for all the excipients by DSC. Five samples (weighing between 1 and 10 mg) were prepared for each excipient, in the same conditions that those previously described. Each sample was scanned from 5°C to 120°C at a constant rate of 10°C/min. The specific heat Cp (J/g.°C) was then calculated by Cp = A/(m.) where A refers to the heat flow at the considered temperature (here 100°C) and for the considered sample weight, m the sample weights (g) and β the heating rate (°C/s).

X-ray diffraction

X-ray diffraction patterns were acquired using a fine-focus Cu anode source (Enraf Nonius) and selecting the Cu Kα radiation with a wavelength λ of 1.542 Å. It was used with an intensity of 5 mA and a voltage of 40 kV. The incident beam was focused with a multilayer mirror (elliptic curvature, W/Si, Osmic) and collimation achieved by slits placed before the sample.

Small-angle (SAXS) and wide-angle (WAXS) X-ray scattering analyses were performed simultaneously using two position-sensitive linear gas detectors set perpendicular to the incident beam direction and at a 20° from it, respectively. The scattered intensity was reported as a function of the scattering vector q=4π sin θ/λ where θ is half the scattering angle. The repeat distances d, characteristic of the structural arrangements, were given by q (Å -1 )=2π/d (Å).

Silver behenate and tristearin (β form) were used as standards to calibrate SAXS and WAXS detectors, respectively [START_REF] Huang | X-ray powder diffraction analysis of silver behenate, a possible low-angle diffraction standard[END_REF]. Samples were introduced into thin-walled glass capillaries (GLAS,Müller, Berlin, Germany) of 1.5 mm external diameter placed in a specially designed temperature-controlled sample holder Microcalix [START_REF] Ollivon | DSC and high resolution X-ray diffraction coupling[END_REF] maintained at 25 °C during the measurements. Analysis at 60°C was performed for some of the lipids.

Acquisition time was 180 seconds. Igor 6.03 was used for data processing.

XRD analysis of lipid excipient was systematically conducted on untreated samples (native lipid) and also on treated samples (freshly solidified lipid). For the latter, samples were melted at 100°C and then cooled by return to ambient temperature (slow cooling rate).

Microsphere size measurement

The diameter distribution of the microspheres was determined by image analysis with a binocular Olympus SZX12. After acquisition with a Nikon digital camera, the grey-scale images of approximately 3,000 microspheres (128-150 threshold range) were processed with Visilog version 6.5.3.0 (Gran IM 2.1.0) software (Noesis, France). The results are expressed as volumic equivalent diameter classes.

Rheological experiments

The rheological behaviour of the different excipients was investigated with a Physica MCR 301 rheometer (Anton Paar, Courtaboeuf, France) using the concentric cylinder geometry. The samples were previously melted at 100°C for 4 min on a hotplate. The molten liquid was then poured into the measurement cell which was preheated and kept at 100 ± 0.2°C during the steady flow experiments. Measurements were taken under a constant shear rate of 10 sec -1 .

Measurements accuracy was 10 -4 Pa.s and reproducibility was ± 4 10 -4 Pa.s from three independent samples.

Theoretical background

The droplet formation is mainly governed by the Rayleigh-Weber theory [START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF].

When the wavelength of the disturbance is greater than the circumference of the jet, the axisymmetric disturbance grows exponentially along to the surface of the liquid leading to the jet break-up. The maximum growth coefficient occurs at an optimum wavelength defined as:
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Where dj is the jet diameter, ρ is the density of the liquid, σ its surface tension and μ its dynamic viscosity. The diameter of a molten lipid droplet dd can then be defined as follow:
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The falling time required for the crystallization of the molten lipid droplets was successfully modelled, as a function of lipids thermal properties [START_REF] Pivette | Rapid cooling of lipid in a prilling tower: theoretical considerations and consequences on the structure of the microspheres[END_REF]. It is the sum of the time necessary to reach the crystallization temperature, tr, and the crystallization time, tc, which are respectively represented by:

) ( ) ( ln 6 a i a c d p r T T T T h d C t - - - =  (3)
Where ρ is the density of molten lipids, Cp is the specific heat capacity of molten lipid, dd is the droplet diameter, h is the heat transfer coefficient, Tc is the crystallization temperature, Ta is the air temperature and Ti is the initial product temperature.
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Where ΔH is the latent heat of crystallization (also called crystallization enthalpy) and Lc is the characteristic length, described as the volume of the body divided by its surface area.

The induction time is the last important parameter in this background part. According to nucleation theory, critical nuclei sizes are determined before crystallization starts from stable clusters. The formation of nuclei is the early stage of solid phase growth. The stability of these nuclei is dictated by a competition between unfavourable surface energy and favourable volume interactions leading to a critical free energy of nucleation G * (also called activation energy barrier). The induction time is approximately inversely proportional to the nucleation rate, J, and could be calculated by the following equation (Himavan et al., 2006;[START_REF] Mcclements | Cryastals and crystallization in oil-in-water emulsions: implication for emulsion-based delivery systems[END_REF]:
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Where N is the number of molecule per volume unit that can undergo to the phase transition, h, the Planck constant, kB, the Boltzmann constant, T, the temperature, R, the gas constant, S, the loss of entropy due to incorporation of molecules into the nucleus and s, the probability that a molecule has the suitable conformation to incorporate to the nucleus.

Results and discussion

4.1. Thermal and structural behaviours of selected excipients in bulk

4.1.1. Speziol ® GDB
The thermotropic phase behaviour of Speziol ® GDB is presented in Figure 1 and summarized in Table 1. At 25°C, the SAXS -WAXS patterns in Figure 1a show a lamellar organization which corroborates previous results obtained with excipient of similar composition (either native or reconstituted by addition of single components) such as Compritol ® 888 [START_REF] Brubach | Structural and thermal characterization of glyceryl behenate by X-ray diffraction coupled to differential calorimetry and infrared spectroscopy[END_REF][START_REF] Pivette | Polymorphism of glyceryl behenates: From the individual compounds to the pharmaeutical excipient[END_REF]. Compritol ® 888 is also a glyceryl behenates mixture with a characteristic repeat distance of 61.5 Å and an orthorhombic sub-α form sub-cell. Figure 1b represents a thermogram displaying a first low-energy transition at Tonset of 30°C upon heating followed by a main endothermic event at Tonset of 74°C. The low-energy event corresponds to a solid-solid transition between the sub- form and the  form which melts at 74°C (Figure 1b).

This thermal behaviour is reversible upon cooling which is demonstrated by the identical diffraction patterns obtained at room temperature after cooling of bulk (Figure 1a). The difference between the melting point and crystallization temperature is minimal (less than 5°C) even for fast cooling rate as 40°C/min (data not shown).

Cutina ® HR

The structural composition of Cutina ® HR, mainly tri-12-hydroxystearin, is presented on Figure 2 and Table 1. At room temperature, SAXS pattern shows a lamellar phase with a long period of 51.5Å while the WAXS region shows two peaks at 1.394 Å -1 (4.51 Å) and 1.544 Å -1 (4.07 Å). After melting/crystallization cycle, no structural modifications is observed. The thermal analysis of Cutina ® HR shows the same melting behaviour after repeated cycles of melting/crystallization as represented on Figure 2b for the first two melting cycles. The melting point was identified at 84°C (onset) and remains the same during each heating step indicating the absence of polymorphic behaviour under the test conditions. A significant difference (~12°C) is observed between the melting point and the crystallization temperature which reveals some supercooling. The WAXS pattern (Figure 2a) suggests that Cutina ® HR either crystallizes into a '-form (two diffraction peaks) or into a -form that would be defined by a single large peak at 1.544 Å -1 encompassing the two diffraction peaks. Unfortunately, the literature is unclear and unable to discriminate between these two hypotheses [START_REF] Yang | Crystal morphology of hydrogenated castor oil in the crystallization of oil-in-water emulsions: Part I. Effect of temperature[END_REF]. It should be noted that the crystallization of both forms is driven by the induction time which increases as a function of the form's stability. The induction time is therefore longer for a '-form or a -form compared to the unstable -form [START_REF] Himawan | Thermodynamic and kinetic aspects of fat crystallization[END_REF].

Dynasan ® 118

The thermotropic phase behaviour of Dynasan ® 118 is presented in Figure 3 and summarised in Table 1. At room temperature, SAXS-WAXS pattern shows a lamellar phase with a period of 44.9 Å and a β sub-cell organized under a triclinic lattice. The β-form of Dynasan ® 118 exhibits a melting endotherm at 73°C (onset) (Figure 3b) while the crystallization occurs at 53°C (onset)

suggesting a supercooling state or a polymorphic behaviour. Differences in the X-Ray patterns as function of the thermal treatment of the sample will allow to identify any polymorphic behaviour. The X-ray diffraction of a freshly crystallized sample (Figure 3a) shows a new structure with peaks characteristic of a single lamellar phase with a long period of 50.3Å with a α-subcell organized under a hexagonal lattice. This new structure (α-form) obtained after recrystallization melts at 55°C (onset) (refer to the endotherm observed during the second heating on Figure 3b) and is instantaneously followed by a recrystallization in the stable β-form which presents a melting point of 71°C (onset). The X-ray pattern for the "treated sample" at 60°C (Figure 3a) confirms the identification of the structure as a β-form. All these data are in agreement with the literature (Windbergs et al., 2009).

Imwitor ® 491

At room temperature, the native form of glycerol monostearate (also called Imwitor ® 491) is characterised by four orders of a lamellar phase with a long period of 50.3 Å on the SAXS pattern (Figure 4a and Table 1). On the WAXS pattern, the peaks are characteristics of a β subunit organized under a triclinic lattice. Thermal analysis (Figure 4b) shows a melting endotherm of the native form at 73°C (onset) and a two-events crystallization with a main event occurring at 72°C followed by a minor exotherm at 37°C likely to be a solid-solid transition. Subsequently the second melting cycle presents a similar profile with a first endotherm at 37°C followed by the main endotherm at 71°C. The differences observed between the two melting profiles suggests a structural variation even if the main melting point and crystallization temperature are close. This is confirmed by X-ray diffraction (Figure 4a) where two different structures were identified and associated with the two thermal events. The first structure which crystallizes at 72°C can be observed when the sample is analyzed at 60°C. Two peaks at 0.120 Å -1 (52.4 Å) and 0.357 Å -1 (17.6 Å) corresponding to the first and third order of a single lamellar phase with a long period of 52.4 Å were identified on SAXS patterns and a unique peak at 1.481 Å -1 (4.24 Å) corresponding to an α-subunit organized under a hexagonal lattice was identified on WAXS. These data are in agreement with the literature (Windbergs et al., 2009). The structure which crystallizes at 37°C can be observed by the analysis of freshly recrystallized sample. It

shows a new structure characterised on the small angles (SAXS) by four peaks at 0.127 Å -1 (49.5 Å), 0.254 Å -1 (24.7 Å), 0.382 Å -1 (16.4 Å) and 0.511 Å -1 (12.3 Å) representing the first, second, third and fourth order of a single lamellar phase with a long period of 49.5Å. On the wide angles, four peaks at 1.491 Å -1 (4.21 Å), 1.590 Å -1 (3.95 Å), 1.645 Å -1 (3.82 Å) and 1.720 Å -1 (3.65 Å) were observed, corresponding to a sub-α subunit already described in the literature [START_REF] Lutton | The phases of saturated 1-monoglycerides C14-C22[END_REF][START_REF] Kodali | Structure and polymorphism of saturated monoacid 1,2-diacyl-sn-glycerols[END_REF] 

Speziol ® L2SM

Mainly composed of stearic acid and palmitic acid, Speziol ® L2SM diffraction pattern is presented in Figure 5a and summarised in Table 1. The SAXS pattern reveals the three orders, at 0.157 Å -1 (40.0 Å), 0.311 Å -1 (20.2 Å) and 0.470 Å -1 (13.6 Å) of a 2L-lamellar organization with a long period of 40 Å. The WAXS pattern shows two main diffraction peaks, at 1.516 Å -1 (4.15 Å) and 1.674 Å -1 (3.75 Å), and an additional peak at 1.445 Å -1 (4.39 Å). After melting and cooling, the diffraction peak positions are very similar: 0.163 Å -1 (38.6 Å), 0.327 Å -1 (19.2 Å), 0.485 Å -1 (12.9 Å), 0.495 Å -1 (12.7 Å), 1.440 Å -1 (4.36 Å), 1.516 Å -1 (4.15 Å) and 1.674 Å -1

(3.75 Å). Native and molten Speziol ® L2SM exhibit identical structures corresponding to the Cpolymorph of even-numbered saturated fatty acids crystallized from melts [START_REF] Kobayashi | Vibrational spectroscopic aspects of polymorphism and phase transition of fats and fatty acids[END_REF].

The thermal analysis of Speziol®L2SM shows the same melting behaviour after two cycles of melting/crystallization (refer to Figure 5b). The melting point was measured at 53°C and 52°C

(onset) for the successive melting and 51°C for the crystallization step. This confirms the absence of polymorphism for this excipient in the condition used.

Gelucire ® 50/13

With a relatively low melting point (approximately 50°C according to the supplier) the Gelucire ® 50/13 was selected as worse case from a manufacturability point of view. The aim was to assess the impact of using a low melting point excipient on the quality of the microspheres produced by prilling. Surprisingly the thermal analysis of Gelucire ® 50/13 (Figure 6b) shows a complex melting behaviour spreading over a wide area which can be divided into two events with the main one occurring at 39°C (and not 50°C as expected). The crystallization thermogram shows at first the crystallization of a small fraction of the Gelucire ® 50/13 followed by the main event around 25°C which is significantly delayed compared to the initial event (therefore not entirely captured on the thermogram). These two events have been previously described as the crystallization of the glyceridic fraction of the Gelucire ® 50/13 followed by the crystallization of the poly(ethylene glycol) esters [START_REF] Brubach | Structural and thermal characterization of mono-and diacyl polyoxyethylene glycol by infrared spectroscopy and X-ray diffraction coupled to differential calorimetry[END_REF][START_REF] El Hadri | Vibrational behavior of Gelucire 50/13[END_REF].

On the WAXS pattern (Figure 6a, Table 1), the two main peaks at 1.349 Å -1 (4.66 Å) and 1.641 Å -1 (3.83 Å) have been attributed to poly(ethylene glycol) helices and the less defined peak at 1.505 Å -1 (4.17 Å) to the glycerides according to the literature [START_REF] Brubach | Structural and thermal characterization of mono-and diacyl polyoxyethylene glycol by infrared spectroscopy and X-ray diffraction coupled to differential calorimetry[END_REF]El Hadri et al., 2016). The SAXS profiles are not directly comparable with the literature because they are partially truncated at low q-values due to the proximity between the sample and the detector in our laboratory diffractometer. The lamellar repetition distance of Gelucire ® 50/13 being important (90 to 130 Å), it requires to reach low q-values.

Calculations from theoretical models

The time required to obtain perfectly spherical solid microspheres (i.e crystallized microspheres) was estimated using the thermal properties of the excipients (refer to Equations

(3) and ( 4)). Results are presented in Table 2 andTable 3. The initial heating temperature Ti and the air temperature Ta were fixed at 100°C and 10°C respectively.

The density of molten lipids, ρ, the droplet diameter, dd, and then the characteristics length, Lc,

were obtained from a previous study [START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF] while the heat transfer coefficient, h, was estimated following the procedure described in [START_REF] Pivette | Rapid cooling of lipid in a prilling tower: theoretical considerations and consequences on the structure of the microspheres[END_REF]. The other parameters, Hc, Tc and Cp, were measured using differential scanning calorimetry. The specific heat capacity of molten lipid, Cp, was measured at 100°C for all excipients. The range of experimental Cp data was spread between 2.3 to 2.7 J/g.°C which is coherent with experimental Cp data generated using lipid materials [START_REF] Morad | Improved conditions for measurement of the specific heat capacities of pure triglycerides by differential scanning calorimetry[END_REF] or predicted data [START_REF] Zhu | Prediction of liquid specific heat capacity of food lipids[END_REF].

As a first attempt, the enthalpy of fusion and the melting point (Tm) (measured by DSC) were used for this modelling work instead of the enthalpy of crystallization (H) and the crystallization temperature (Tc) outlined in Equations ( 3) and (4). Since the dataset available from suppliers is usually related to melting profile (i.e melting point and enthalpy of fusion), using these parameters for the modelling work intended to assess their relevance into guiding excipient selection for prilling application. The modelling work was then performed using the actual temperature (Tc) and enthalpy of crystallization (H) in order to enable comparison. For this latter experiment the cooling rate was set at 2°C/min.

All the experimental data and predicted values for the six excipients selected for this study are reported in Table 2 andTable 3. Table 4 summarizes the coefficient of variation of the different input parameters in order to identify their relevance with respect to excipient selection.

Several intrinsic characteristics of lipids (Table 4) remain at similar magnitudes among the different excipients like the Rayleigh-Weber droplet diameter (dependent on the nozzle diameter), the molten lipid density, the heat transfer coefficient and the specific heat capacity.

All these parameters could potentially be expressed by the mean values with an error of less than 10%.

On the contrary, temperature and latent heat of transitions (melting or crystallization) should be considered with care in the excipient selection as they varied a lot. Looking at the predicted time required for total solidification as a function of the melting point, the higher the melting point the shorter the total solidification time. Inversely, the lower the melting point the longer the total solidification time. Longer solidification times increase the risk of coalescence between two droplets during their fall which would impact the particle size distribution of the microspheres. Longer solidification times also increase the risk of uncomplete crystallization at the time of impact with the collecting container which would result in misshapen microspheres and poor yield. Following these principles, it seems that Cutina ® HR would be the best candidate for prilling application (refer to Table 3). The total solidification time calculations with crystallization inputs give similar results and designates the same best candidate.

Shape and size of the microspheres

Practical work was carried out to manufacture microspheres using the six lipids selected for this study. The shape and particle size distribution of the microspheres were analysed as quality attributes of the final product. In cases where the falling time was long enough to allow complete crystallization of the excipient before the microspheres get collected into the container at the bottom of the prilling tower, microspheres are expected to be perfectly spherical.

According to previous work [START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF]), the size of the particles can be determined by Rayleigh-Weber theory (refer to Equations ( 1) and ( 2)) and must be around 300-340 µm.

This is dependent of the excipient used, the nozzle diameter (200 µm in this study) and based on an assumption of a 10 % volume contraction caused by the liquid-to-solid phase transition of the lipids.

With the lowest melting point and crystallization temperature, the predicted time for a complete crystallization of the Gelucire ® 50/13 microspheres (Table 3) is estimated at 2.9 seconds (using Tm in the model) or 3.6 seconds (using Tc in the model). The melting point and crystallization temperature of Speziol ® L2SM are higher (56°C / 54°C) and the melting / crystallization peak are sharper (Figure 5). However, due to a significant latent heat of melting / crystallization (Table 3), droplets made of this excipient need a longer time to crystallize than could have be expected and consequently a longer total solidification time (more than 2 seconds). Compared to an estimated falling time in the prilling tower of 1.6 sec (refer to Section 2.2.1), the predictions suggested that these two excipients were not necessarily suitable for use with this prilling equipment. The experimental work confirmed these predictions as it was not possible to collect individual microspheres for Gelucire ® 50/13 and Speziol ® L2SM.

Figure 7 and 8 illustrate the shape and the size distribution of the microspheres produced with Speziol ® GDB, Imwitor ® 491, Cutina ® HR and Dynasan ® 118. In most cases, the microspheres appeared spherical and not aggregated (Figure 7). However, for Cutina ® HR and Dynasan ® 118, some relatively large fragments were observed as well as non-spherical particles. With Cutina ® HR, a size polydispersity was also apparent. Additional size analyses were performed excluding the large fragment from the analyse. The complementary results are presented Figure 8. The Speziol ® GDB microspheres were nearly monodisperse with a main population of 320 µm diameter and a minor population around 420 µm diameter. A similar size distribution was observed for Imwitor ® 491 microspheres. With Cutina ® HR, the microspheres distribution was mainly tri-modal with mean sizes around 330, 420 and 480 µm diameter. Interestingly, the Dynasan ® 118 microspheres were nearly monodisperse with a main population of 420 µm diameter and a minor population around 340 µm diameter which were bigger than expected based on Rayleigh-Weber prediction.

In summary, two of the studied excipients showed surprising results compared to what was expected based on the predictions: Cutina ® HR with its multimodal distribution and Dynasan ® 118 with a larger size compared to the Rayleigh-Weber diameter. Further analyses were then done to improve the model.

Structural characterization of the prills

The prills were characterized by X-ray diffraction after their production as summarized Figure 9. It appeared that the rapid cooling imposed by the process did not affect the structural organization into the microspheres. This was demonstrated by absence of change between the diffraction patterns of the microspheres compared to those obtained after bulk crystallization.

Speziol ® GDB and Imwitor ® 491 showed sub-α sub-cells, Dynasan ® 118 an α sub-cell and Cutina ® HR a ' or  sub-cell. Similar observation for the SAXS regions where there was no significant difference between the bulk and the microspheres.

In summary, Speziol ® GDB and Cutina ® HR prills display a similar structural arrangement to native excipients (i.e as received from the supplier) while Imwitor ® 491 and Dynasan ® 118 prills exhibit metastable organizations.

Prilling process and supercooling

The thermal analyses conducted on bulk samples for Cutina ® HR and Speziol ® GDB determined melting points of 84°C and 74°C respectively which is coherent with data given by suppliers.

Nevertheless, a significant difference is observed between melting point and crystallization temperature for Cutina ® HR compared to Speziol ® GDB. This observation could explain the manufacturability differences identified during the practical work between these two excipients.

Figure 10 presents a comparison between melting point and crystallization temperatures of these excipients under different cooling rates. At slow cooling rate (2°C/min), a significant gap of 12°C was observed between melting point and crystallization temperature for Cutina ® HR whereas only a slight gap of 2°C was observed for Speziol ® GDB. At higher cooling rate (40°C/min), a gap of nearly 20°C was observed for Cutina ® HR whereas a gap of 5°C was observed for Speziol ® GDB. This highlights that the delay of crystallization is exacerbated by the cooling rate.

Based on these results, the total solidification time that was predicted using crystallization temperature of 72°C was wrong (Table 3). The fit of the crystallization data (Figure 10) suggests a supercooling range of 30°C for a crystallization rate of thousands of °C/min, which is expected during the prilling process [START_REF] Pivette | Rapid cooling of lipid in a prilling tower: theoretical considerations and consequences on the structure of the microspheres[END_REF]. It also estimates the Cutina ® HR crystallization temperature around 54°C. Based on this, the new prediction of the total solidification time for Cutina ® HR was 1.40 seconds compared to 0.8 seconds (initial prediction). Applying the same rationale, a new prediction of the total solidification time for Speziol ® GDB was calculated (1.13 seconds) which was not significantly different from the initial prediction (1.05-1.10 s; Table 3). The extended solidification time observed for Cutina ® HR can certainly explain the difference in quality observed between the Cutina ® HR microspheres (Figure 7) and the Speziol ® GDB microspheres. The practical consequences of this wrong estimation of the time necessary to obtain totally crystallized microspheres are illustrated on Figures 6 and7 where a heterogeneous population of microspheres can be observed with aggregates, larger microspheres and some pellets that could be due to droplets collision with the collection container. The first population of Cutina ® HR microspheres (330µm diameter) fits perfectly the prediction based on the Rayleigh-Weber theory, while the two other populations are equivalent, in volume, to the coalescence of two and three Rayleigh-Weber droplets. Similar observations with Speziol ® GDB microspheres where the main population corresponds to the Rayleigh-Weber size while the minor population is equivalent to twice volume.

Prilling process and polymorphism

A lowering of crystallization temperature can also be caused by polymorphism of lipids which is commonly known [START_REF] Himawan | Thermodynamic and kinetic aspects of fat crystallization[END_REF][START_REF] Ghotra | Lipid shortenings: a review[END_REF]. Triglycerides monotropic polymorphism always involves polymorphic transitions from unstable form to stable form in an irreversible way. The unstable form always exhibits a lower melting point/crystallization temperature compared to the stable form [START_REF] Hagemann | Thermal behavior of polymorphism of acylglycerols[END_REF]. This type of behaviour could be problematic for the prilling process as it would lead to an increase of the time required to obtain perfectly spherical solid microspheres. This would become an issue in instances where the difference between melting point and crystallization temperature of the different polymorphic forms is significant. Inversely, the latent heat of crystallization ΔH (Eq. 4) decreases with the stability which means that the crystallisation time (tc) of the unstable form is shorter. This balance between negative (Tc decrease) and positive (H decrease) effect of lipid polymorphism can be discussed by comparing Dynasan ® 118 and Imwitor ® 491 microspheres.

Table 3 describes the time necessary to reach the crystallization temperature (tr) and the crystallization time (tc) for these two excipients using experimental crystallisation characteristics.

The crystallization of Dynasan ® 118 in an α-form exhibiting a lower crystallization temperature compared to its native structure (β-form) has a direct impact on the calculations from modelling equations (Table 1). Following the approach presented in Section 4.2, the predictions were made using i) the melting point (72°C) and the enthalpy of fusion instead of the temperature and enthalpy of crystallization and ii) the crystallization temperature (55°C) and the enthalpy of crystallization. In the first case the prediction for total solidification of the microspheres was 1.40 seconds against 1.53 seconds in the latter case. This difference in predictions helped explaining the bimodal distribution of the microspheres that was observed on the final product.

While the size of the first population was fitting the Rayleigh-Weber diameter prediction the second population was found larger than expected with a size equivalent to twice the volume.

This observation confirmed that coalescence occurred during the droplet's fall because of the increase of the solidification time.

For the Imwitor ® 491, the crystallization temperatures of the -form and -form are similar, but the latent heat of crystallization is significantly lower for the -form compared to the -form.

This led to a slightly shorter solidification time than initially predicted once the actual crystallization parameters were used for the prediction.

These two examples showed that the monotropic polymorphism of lipid-based excipient must be investigated with care and case-by-case in order to get the best prediction of the total solidification time out of the model.

Polymorphism can also be problematic for the stability of the final product, especially during storage. The crystallization into an unstable form during the prilling process means that there will be a transition under a more stable form over time which might impact the characteristics of the microspheres such as the drug release kinetic. The kinetic of the transition is a key factor that will determine the extent of the consequences on the microspheres. Microspheres of Imwitor ® 491 and Dynasan ® 118 were analysed by X-ray diffraction five days and one month after they were produced (Figure 11). The Dynasan ® 118 remains in its unstable form (still after 8 months, not shown). This very slow transition represents a real disadvantage because changes in structure must be documented in order to predict the consequences on the final product properties. For the Imwitor ® 491 the solid-to-solid transition from  to -form occurs in less than one month which is more manageable when it comes to long-term stability of the final product.

Size distribution and total solidification time

For all the excipients selected for this study, the diameter of some microspheres totally fits the Rayleigh-Weber diameter due to the jet break-up and other microspheres are equivalent to twice or triple volumes. The total solidification time defined as the sum of the time required to reach the crystallization temperature (tr) and the actual crystallization time (tc) seems to govern the microsphere size distribution. However, it has been shown in a previous study [START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF] that the dynamic viscosity of the fluid is a critical parameter of the jet break-up and could therefore be integrated into the discussion here. Figure 12a and 12b show the potential correlation between the proportion of microspheres exhibiting Rayleigh-Weber diameters and the viscosity or the solidification time that was predicted taking in account supercooling and polymorphism effects. No correlation was established with the dynamic viscosity while the proportion of coalescence into the air column (inverse of the proportion of microspheres exhibiting Rayleigh-Weber diameters) significantly increased with the solidification time.

As expected, all the previous results confirm the importance of shortening the solidification time (defined as the sum of the time required to reach the crystallization temperature (tr) and the actual crystallization time (tc)) in order to improve the quality of the microspheres. For the purpose of this work, the prilling head temperature was fixed at 100°C for all the excipients.

The temperature of the prilling head could be adjusted in order to reduce the gap between this temperature and the excipient crystallisation temperature which would easily reduce the crystallization time (tr). However, this is likely to cause an increase in viscosity of the lipid phase which could result into production of larger droplets compared to the Rayleigh-Weber theory [START_REF] Séquier | Critical parameters involved in producing microspheres by prilling of molten lipids: from theoretical prediction of particle size to practice[END_REF] that would require more time to crystallize. Furthermore, it increases the risk of recrystallization into the prilling device (tube, nozzle).

For all the predictions, it appears that tr is always lower than tc, which means that decreasing the crystallization time (tc) would have more impact on the total solidification duration.

However, this is difficult to manage considering that the crystallization time essentially depends on intrinsic properties of the lipids. The two process parameters involved in the prediction of tc parameter are the air temperature in the column (Ta) and the nozzle diameter which would affect the characteristic length (Lc) and the heat transfer coefficient (h) to a less extent. The energy cost associated with a decrease of the air temperature being too high, the most accessible parameter was the nozzle diameter. Experiments were carried out with Speziol ® L2SM using a nozzle of 150 µm diameter. Predictions gave an expected diameter of the Rayleigh-Weber population of 230 µm while the experimental mode of this population was 240 µm (data not shown). The proportion of this Rayleigh-Weber population was around 40% and the other population were a multiple of this smallest population in volume. Due to size reduction, the solidification time for these droplets was predicted as 1.33 seconds explaining why it was possible to produce Speziol ® L2SM-based microspheres in that case. Very interestingly, the proportion of Rayleigh-Weber population is similar to what was observed with Cutina ® HR microspheres when using a 200-µm nozzle. The solidification time in this case was 1.40 seconds. This seems to underline the validity of the methodology. However, reducing the size of the microspheres could impact some microspheres properties like flowability so should be considered with care.

Conclusion

The aim of this work was to focus on the crystallization step occurring during the droplets fall in the prilling tower and the lipid-based excipient properties which could influence the process manufacturability and the quality of the final microspheres. At the end of the process, the microspheres must be individual, spherical, and monodisperse in size. The model equations used in this study represent a useful tool to guide excipient selection and ensure that the desired quality of microspheres can be achieved. The prediction of the total solidification time necessary to obtain solid microspheres is a powerful way to predict the size distribution quality.

However, the more accurate the input data the more efficient the model. This means that structural and thermal investigations must be carefully performed to then ensure adequate selection of excipients. The focus of this work was only on "pure" lipid-based excipients but it would be very interesting to investigate the behaviour of more complex excipients mixtures and assess the impact on final product properties. Furthermore, it would be interesting to study the influence of exogenous molecules such as active pharmaceutical ingredients (API) on lipidbased properties (i.e. supercooling and monotropic polymorphism). These studies should also consider the physical state of the API in the molten lipid mixture (e.g molten, solubilized or in suspension). It is likely that the physical state of the API would influence the crystallization kinetics of the lipid matrix. 

Figure captions

Figure 1 :

 1 Figure 1: (a) -X-ray diffraction patterns of native and freshly solidified samples of Speziol ® GDB recorded at 25°C (native sample), 25°C and 60°C (freshly solidified sample). (b) -Differential scanning calorimetry (DSC) curves of Speziol ® GDB where continuous lines represent the first heating and crystallization scans while the dotted line represents the second heating scan; all scans were performed at 2°C.min -1 . Insert correspond to a focus on the solid-to-solid transition. The curves have been shifted for the readability.

Figure 2 :

 2 Figure 2: (a) -X-ray diffraction patterns of native and freshly solidified samples of Cutina ® HR recorded at 25°C (native sample and freshly solidified). (b) -Differential scanning calorimetry (DSC) curves of Cutina ® HR where continuous lines represent the first heating and crystallization scans while the dotted line represents the second heating scan; all scans were performed at 2°C.min -1 . The curves have been shifted for the readability.

Figure 3 :

 3 Figure 3: (a) -X-ray diffraction patterns of native and freshly solidified samples of Dynasan ® 118 recorded at 25°C (native sample), 25°C and 60°C (freshly solidified). (b) -Differential scanning calorimetry (DSC) curves of Dynasan ® 118 where continuous lines represent the first heating and crystallization scans while the dotted line represents the second heating scan; all scans were performed at 2°C.min -1 . The curves have been shifted for the readability.

Figure 4 :

 4 Figure 4: (a) -X-ray diffraction patterns of native and freshly solidified samples of Imwitor ® 491 recorded at 25°C (native sample), 25°C and 60°C (freshly solidified). (b) -Differential scanning calorimetry (DSC) curves of Imwitor ® 491 where continuous lines represent the first heating and crystallization scans while the dotted line represents the second heating scan; all scans were performed at 2°. min -1 . The curves have been shifted for the readability.

Figure 5 :

 5 Figure 5: (a) -X-ray diffraction patterns of native and freshly solidified samples of Speziol ® L2SM recorded at 25°C (native sample and freshly solidified). (b) -Differential scanning calorimetry (DSC) curves of Speziol ® L2SM where continuous lines represent the first heating and crystallization scans while the dotted line represents the second heating scan; all scans were performed at 2°C.min -1 . The curves have been shifted for the readability.

Figure 6 :

 6 Figure 6: (a) -X-ray diffraction patterns of native and freshly solidified samples of Gelucire ® 50/13 recorded at 25°C (native sample and freshly solidified). (b) -Differential scanning calorimetry (DSC)curves of Gelucire ® 50/13 where continuous lines represent the first heating and crystallization scans while the dotted line represents the second heating scan; all scans were performed at 2°C.min -1 . The curves have been shifted for the readability.

Figure 7 :

 7 Figure 7: Representative example of the particle populations revealed by the microscope during image analysis; (a) Speziol ® GDB, (b) Imwitor ® 491, (c) Cutina ® HR and (d) Dynasan ® 118.

Figure 8 :

 8 Figure 8: Typical size distribution of microspheres ; (a) Speziol ® GDB, (b) Imwitor ® 491, (c) Cutina ® HR and (d) Dynasan ® 118.

Figure 9 :

 9 Figure 9: X-ray diffraction patterns of prills of Cutina ® HR, Speziol ® GDB, Dynasan ® 118 and Imwitor ® 491 recorded at 25°C.

Figure 10 :

 10 Figure 10: Evolution of the supercooling (ΔT) as a function of the cooling rate applied in the DSC thermal cycles for the Speziol ® GDB (open circles) and Cutina ® HR (filled circles). The fitting was made with a power law function [k.(cooling rate) n ] where k and n were optimized by Kaleidagraph software (R 2 >0.999).

Figure 11 :

 11 Figure 11: X-ray diffraction patterns of prills of Imwitor ® 491 and Dynasan ® 118 recorded at 25°C, 5 days and 1 month after their manufacture.

Figure 12 :

 12 Figure 12: Proportion of microspheres with diameters corresponding to the Rayleigh-Weber theory versus the dynamic viscosity of the liquid (a) or the total solidification time considering supercooling and polymorphism inputs (b). Filled circle: microspheres were obtained; open symbol: microspheres were not obtained. The filled red triangle is an example of microspheres obtained with a 150-µm nozzle (please, see explanation in the text).

  Figure 1

Table 1 :

 1 Summary of the structural data of the lipid based excipients at 25°C. Heating and cooling 780 rates: 2°C/min.

		Native form	Melting	Crystallization	Recrystallized form
		qSAXS	qWAXS	Temperature	Temperature	qSAXS	qWAXS
		(Å -1 )	(Å -1 )	(°C)	(°C)	(Å -1 )	(Å -1 )
	Speziol ® GDB	0.102	1.492	74°C	72°C	0.103	1.491
		0.302	1.653			0.304	1.655
	Cutina ® HR	0.122	1.394	84°C	72°C	0.120	1.392
		0.375	1.544			0.362	1.539
	Dynasan ® 118	0.140	1.178	73°C	55°C	0.125	1.511
		0.421	1.363			0.378	
			1.572				
			1.629				
			1.705				
	Imwitor ® 491	0.125	1.384	73°C	72°C	0.120	1.481
		0.250	1.441			0.357	
		0.377	1.531				
		0.501	1.584				
			1.625				
	Speziol ® L2SM	0.157	1.444	56°C	54°C	0.163	1.440
		0.311	1.516			0.327	1.518
		0.470	1.674			0.485	1.674
						0.495	
	Gelucire ® 50/13	0.131	1.349	39°C	25°C	0.118	1.350
			1.505				1.517
			1.641				1.633

Table 2 :

 2 Measured molten density (), melting temperature (Tm), specific heat capacity (Cp), latent heat of melting (H) and calculated droplet diameter (dd) and heat transfer coefficient (h) involved in the calculation of the time necessary to obtain final solid microspheres. Calculated with Eqs (1) and (2) with results from Sequier et al., 2014 **Calculation procedure describes in Pivette et al., 2009 ***Determined at heating/cooling rate of 2°C/min

	785								
			dd *	h **	Tm ***	Hm	Tc ***	Hc	Cp
		(Kg/m 3 )	(µm)	(W/m 2 /°C)	(°C)	(J/g)	(°C)	(J/g)	(J/g/°C)
	Cutina ® HR	884	342	143	83	116	53	85	2.7
	Imwitor ® 491	856	331	135	74	170	71	93	2.4
	Speziol ® GDB	841	328	127	73	138	73	128	2.4
	Dynasan ® 118	862	321	140	72	208	53	124	2.4
	Speziol ® L2SM	840	314	117	56	183	54	180	2.3
	Gelucire ® 50/13	969	341	154	39	153	25	81	2.3

*

Table 3 :

 3 Calculated time necessary to reach the crystallization temperature (tr), crystallization time (tc) and total solidification time (tt) by using thermotropic data from heating or cooling measurements.

		Inputs from heating	Inputs from cooling
		tr	tc	tt	tr	tc	tt
		(s)	(s)	(s)	(s)	(s)	(s)
	Cutina ® HR	0.20	0.56	0.76	0.35	0.48	0.83
	Imwitor ® 491	0.16	0.80	0.96	0.33	0.53	0.86
	Speziol ® GDB	0.31	0.79	1.10	0.31	0.74	1.05
	Dynasan ® 118	0.29	1.11	1.40	0.58	0.95	1.53
	Speziol ® L2SM	0.58	1.49	2.07	0.62	1.54	2.16
	Gelucire ® 50/13	1.05	1.89	2.94	1.67	1.93	3.60

Table 4 :

 4 Coefficient of Variation (%) of the parameters incorporated in the total solidification time.

	795	
		CV*
		(%)
	dd	3.3
		5.6
	Cp	6.1
	h	9.5
	Hm	18.1
	Hc	32.5
	Tm	24.1
	Tc	31.5

*Coefficient of Variation CV = 100*(Standard Deviation / Mean)