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Processing-induced-transformations (PITs) during direct compression: Impact of tablet composition and compression load on phase transition of caffeine

Introduction

Solid-state transitions during manufacturing of pharmaceuticals are of great importance for pharmaceutical industry. For several years, processing-induced-transformations (PITs) in pharmaceutical manufacturing have been reported. Many authors [START_REF] Morris | Theoritical approaches to physical transformations of active pharmaceutical ingredients during manufacture processes[END_REF][START_REF] Brittain | Effects of mechanical processing on phase composition[END_REF][START_REF] Zhang | Phase transformation considerations during process development and manufacture of solid oral dosage forms[END_REF][START_REF] Descamps | Transformation of pharmaceutical compounds upon milling and comilling: the role of Tg[END_REF] have started to set up theoretical and experimental approaches of these transformations. The PITs includes all the physical or chemical transformations of molecular crystals caused by one or more steps of preparation and shaping processes. In the pharmaceutical field, these transformations have both an economic and health impact. These changes can affect the quality of products produced and it is possible that non-compliant consignments are not released on the market for this reason [START_REF] Bauer | Ritonavir: an extraordinary example of conformational polymorphism[END_REF]. Today, manufacturers have no control over these phenomena. The theoretical approach of the PITs [START_REF] Morris | Theoritical approaches to physical transformations of active pharmaceutical ingredients during manufacture processes[END_REF][START_REF] Petit | Transformations physiques de cristaux moléculaires induites par les procédés industriels de fabrication : approche théorique, conséquences et exemples. Cristal 3, conférence sur la cristallisation et la précipitation industrielles[END_REF] is recent and proposes kinetics and thermodynamics consideration of these transformations. This theory assumes that each step of a process can generate a stress (thermal, mechanical, or chemical) for the product which cause a shift in the thermodynamic equilibrium of the system. In the literature, the more documented PITs are the ones observed during milling, granulation and compression.

Tablets are the most common dosage form for oral administration in the world [START_REF] Wu | A comparative study of compaction properties of binary and bilayer tablets[END_REF].

The use of direct compression has rapidly increased [START_REF] Zhang | Physical properties and compact analysis of commonly used direct compression binders[END_REF] in the past few years because of its economic interest and its process which removes the steps of wet granulation and drying processes. The basis of the direct compression is to add a key component (generally a diluent) in the formulation which possesses the necessary degree of fluidity and compressibility. If it necessary, other ingredients could be included, such lubricant, a glidant and/or a disintegrating agent [START_REF] Armstrong | Tablet manufacture[END_REF]. However, active pharmaceutical ingredients (APIs) and excipients may exist under different crystalline forms or amorphous phase depending on the nature of the treatment that they received.

Many parameters in the process itself could have an impact on the average transformation in final tablets like pressure, temperature and mechanical stress. It is not uncommon to observe phase transition as polymorphic transformation during the compression process [START_REF] Chan | Polymorphic transformation of some drugs under compression[END_REF][START_REF] Lefebvre | Polymorphic transitions of carbamazepine under grinding and compression[END_REF][START_REF] Boldyreva | Effect of pressure up to 5.5 GPa on dry powder samples of chlorpropamide form-A[END_REF][START_REF] Otsuka | Nano-and macro-geometrical structural change of caffeine and theophylline anhydrate tablets during hydration process by using X-ray computed tomography[END_REF][START_REF] Hubert | Process induced transformations during tablet manufacturing: phase transition analysis of caffeine using DSC and low frequency micro-Raman spectroscopy[END_REF]. The consequences of this phenomenon are an unpredictable solid phase composition and may induce a modification of bioavailability (Doelker, 2002, Ticehurst and[START_REF] Ticehurst | Integration of active pharmaceutical ingredient solid form selection and particle engineering into drug product design[END_REF].

In this study, caffeine (C8H10N4O2) was used as an API model. Caffeine is one of the most widely used psychoactive drug in the world and it is cheap and readily available [START_REF] Sahoo | Molecular recognition of caffeine in solution and solid state[END_REF]. This common molecule is well known for polymorphism studies (Pirttimäki et al., 1993;[START_REF] Lehto | A kinetic study of polymorphic transition of anhydrous caffeine with microcalorimeter[END_REF][START_REF] Manduva | Calorimetric and spatial characterization of polymorphic transitions in caffeine using quasi-isothermal MTDSC and localiezd thermomechanical analysis[END_REF][START_REF] Mazel | Polymorphic transformation of anhydrous caffeine under compression and grinding: a re-evaluation[END_REF] which presents a simple enantiotropic behaviour.

Two polymorphic forms of caffeine is known, the Form II is the stable polymorph at room temperature until 145°C and the Form I is stable at ambient pressure from the transition temperature (145°C) to its melting point 236°C [START_REF] Pinto | Thermochemical study of two anhydrous polymorphs of caffeine[END_REF]. The kinetics of the phase transformation of caffeine form I into form II at solid state was studied at 363 K using time-resolved dielectric relaxation spectroscopy [START_REF] Decroix | Time-resolved dielectric investigation of relaxation kinetics in metastable caffeine[END_REF] and law frequency raman spectroscopy (Hedoux et al., 2011b). [START_REF] Hédoux | Polymorphic transformation of anhydrous caffeine upon grinding and hydrostatic pressuring analyzed by low-frequency raman spectroscopy[END_REF] have thoroughly investigated the transition of the caffeine form I to form II by hydrostatic pressurizing and grinding. They have shown that an intermediate metastable form may exist under pressure or stabilize during the grinding, but disappear as soon as the application of pressure or the milling process is stopped.

The purpose of this study was to improve the understanding of the PITs in a direct compression process. This work is focused on two formulation parameters: nature of the diluent and the impact of the caffeine dilution, and one process parameter: the compression pressure that may impact the phase transition of the caffeine form I. Tablets were made at three different compression pressures. Two diluents exhibiting different behaviours under compression (plastic: microcrystalline cellulose and fragmentary: anhydrous dicalcium phosphate [START_REF] Ilkka | Prediction of the compression behaviour of powder mixtures by the Heckel equation[END_REF]) and their mixtures with caffeine form I were studied. The determination of the transition degree of caffeine was performed by thermal analysis.

Materials and methods.

Materials

The material used in this study is caffeine Form I (CFI). It was obtained by using the same method than [START_REF] Hubert | Process induced transformations during tablet manufacturing: phase transition analysis of caffeine using DSC and low frequency micro-Raman spectroscopy[END_REF] which based on these suggested by [START_REF] Derollez | Ab initio structure determination of the high-temperature phase of anhydrous caffeine by X-ray powder diffraction[END_REF] and [START_REF] Griesser | Vapor pressure and heat of sublimation of crystal polymorphs[END_REF] as follows. Commercial anhydrous caffeine Form II (CFII), purchased from Cooper, was heated to 170°C in an oven for 24 hours in order to anneal the Form II. Freshly Form I was quickly cooled in liquid nitrogen until room temperature. On each batch a Differential Scanning Calorimetry (DSC) analysis was performed at a heating rate of 10°C/min from 20°C to 270°C and no trace of the transition III was found (Fig. 1). Microcrystalline cellulose (MCC), Avicel® PH-102, was obtained from FMC Biopolymer and anhydrous dicalcium phosphate (DCPA) from JRS Pharma. The particle size distribution for these two materials was measured with a Mastersizer 3000 using an AeroS dry dispersion unit (Malvern Instruments, U.K.). Three measurements of the particle size distribution were performed on each powder. The Fraunhofer model was selected in order to transform the dynamic light scattering measurements in a particle size distribution. The resulting volume density function distribution was averaged. The calculation of the different standard percentile (Dv10, Dv50 and Dv90) is performed following the British standard BS2955.1993. Their Their values with their standard deviations are listed in Table 1. 

Tablet preparation

Cylindrical tablets were prepared with a binary mixture of anhydrous caffeine Form I (a day after its manufacture) and MCC or DCPA as a binder/diluent. Each diluent was mixed in various proportions with caffeine content of 60, 78, 90 wt% of CFI for MCC, and 40, 60 and 80 wt% of CFI for DCPA. The blending was performed with a tridimensional mixer (Turbula® T2F) at a rotational rate of 49 rpm (for 10 minutes). A series of pure CFI tablets (100 wt%) was also made. All compacts were made at constant mass (about 300 mg) by using a compaction simulator Styl'One Classic (Medelpharm, Beynost, France) and its data acquisition software (Analis, 2.03 versions, Medelpharm). This tableting press is a single station press. Compression was made by the lower punch. The compression forces were measured with strain gauges located on the upper and lower punch holders with an accuracy of 0.5% of full scale, and the displacements of the punches were monitored using Linear Variable Differential Transformers (LVDTs) with an accuracy of 20 µm for upper punch and 50 µm for lower punch. Standard Euro D tools with flat-punches 11.28 mm of diameter (corresponding to an area of about 1 cm²) were fitted on the simulator.

The deformation of the machine (including punch deformation) was taken into consideration and measured before experiments to correct the values of the displacement. In this work, tablets were produced (without lubricant) with one main compression driven by force under three different compression forces (5 kN, 10 kN, 20 kN) corresponding at 50 MPa, 100 MPa and 200 MPa in compression pressure, respectively. The tablet weights and thicknesses (shown in Table 2) were measured just after compression according to the European Pharmacopoeia method section 2.09.05 (European Pharmacopoeia, 2014). The storage was made at room temperature during six months (over one year the temperature may vary in a range of from 18 to 30°C). 

Thermal analysis

The Differential Scanning Calorimetry (DSC) apparatus used for the calorimetric measurements was a Q200 ® from TA Instruments. For all measurements, aA nitrogen purge of 50 mL/min was employed.

Aluminium crucibles with perforated caps were used and the heating rate was 10°C.min -1 from 20°C to 270°C. It was not possible to increase the MCC content in the powder mixture since the endotherm of evaporation hid the transition endotherm from CFII to CFI. Analysis were made in triplicate (i.e., for one batch of caffeine form I, and thus for one composition studied, three tablets were analysed in the same conditions (storage, compression pressure) in order to ensure the reliability of data and the reproducibility of the measurements). DSC takes into account a macroscopic fraction (about 10 mg) of the tablet and was applied in order to estimate transition degree in tablet parts (core and border) as

shown in Figure 2. For the studies of CFI transition degree, a kinetic analysis has been performed for each mixture, at the following specific times: 2, 15, 30, 45, 60, 90 and 180 days after tablets fabrication. 

Validation of the analytical DSC method to quantify caffeine in tablets

In this work, the transition temperature II→I of caffeine was measured in triplicate for the commercial anhydrous caffeine Form II. The transition temperature considered Ttrans(II→I) was 140.63 ±0.22 •C and the associated enthalpy of transition ∆transH was 17.42 ± 0.76 J/g. These data are in accordance with the ones find in the literature (collected by [START_REF] Hubert | Process induced transformations during tablet manufacturing: phase transition analysis of caffeine using DSC and low frequency micro-Raman spectroscopy[END_REF]. In order to quantify caffeine in tablets, the three following equations, described by Hubert et al., 2011, are needed. Equation 1 allows correlating between the amount of caffeine Form II in a sample and the enthalpy of transition (∆transH)

of pure Form II:

% 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐹𝐹𝑜𝑜𝐹𝐹𝐹𝐹 𝐼𝐼𝐼𝐼 = ∆ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐻𝐻 (𝐼𝐼𝐼𝐼→𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 ∆ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐻𝐻 (𝐼𝐼𝐼𝐼→𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒 𝑜𝑜𝑜𝑜𝑝𝑝𝑠𝑠 𝐼𝐼𝐼𝐼 × 100 (1) 
For tablets made from binary mixtures of CFI and MCC, the dilution impact of the excipient must be taken into account for the calculation of the transition degree of Form I. The total amount of caffeine in the sample is given below by the equation 2:

% 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐ℎ𝑦𝑦𝑦𝑦𝐹𝐹𝑜𝑜𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ∆ 𝑓𝑓𝑓𝑓𝑡𝑡 𝐻𝐻 (𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 ∆ 𝑓𝑓𝑓𝑓𝑡𝑡 𝐻𝐻 (𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒 𝑜𝑜𝑜𝑜𝑝𝑝𝑠𝑠 𝐼𝐼 × 100 (2) 
The relative amount of caffeine Form II in the tablet corresponds to the transition degree of caffeine Form I into Form II during the compression process. By combining expressions (1) and ( 2), the transition degree (τ) after compaction was obtained with equation 3:

𝜏𝜏 = ∆ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐻𝐻 (𝐼𝐼𝐼𝐼→𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 ∆ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐻𝐻 (𝐼𝐼𝐼𝐼→𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒 𝑜𝑜𝑜𝑜𝑝𝑝𝑠𝑠 𝐼𝐼𝐼𝐼 • ∆ 𝑓𝑓𝑓𝑓𝑡𝑡 𝐻𝐻 (𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑠𝑠𝑝𝑝𝑝𝑝𝑒𝑒 𝑜𝑜𝑜𝑜𝑝𝑝𝑠𝑠 𝐼𝐼 ∆ 𝑓𝑓𝑓𝑓𝑡𝑡 𝐻𝐻 (𝐼𝐼) 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 (3) 
The experimental validation of this method (shown in Fig. 3 and Fig. 4) was performed, for each composition studied, in order to confirm the expression (3). According to the tablet formulations, samples of 5g were prepared with different ratios of caffeine Form I and Form II. The ratios were 0 wt%, 20 wt%, 40 wt%, 60 wt%, 80 wt% and 100 wt% of caffeine Form II compared to the Form I. Three samples were analysed for each ratio. Whatever the diluent used, the maximal relative deviation increased with the caffeine dilution from 3% to 9%. In the case of 40 wt% of caffeine with DCPA, this relative deviation goes up to 15%. This explains why a higher dilution of caffeine in the blend containing DCPA as diluent was not studied. 

Statistical analysis

Statistical analyses were conducted using the R software (The R foundation) with a threshold of 5% corresponding to the alpha risk. As all data were not normally distributed and variances were not equal, consequently, data could not be normalized, a non-parametric Kruskal-Wallis test was performed. In order to determine significant differences between two parameters, a multiple comparison post hoc test (kruskalmc) was conducted.

Results

Pure CFI and binary mixtures with MCC as diluent

Evolution of the CFI transition degree (τ) in uncompressed powders

In uncompressed powders, a kinetic study was conducted during six months in order to observe the evolution over time of the CFI transition degree (see Fig. 5). Each curve represents one of the four compositions studied: pure CFI and mixtures CFI/MCC: 90, 78 and 60 wt% of CFI.

Whatever the composition, the transition profile showed a first rapid growth stage over the first 50 days until reaching a plateau from the fiftieth day. For the transition degree values, very small differences appeared between the compositions over the first 50 days, after that, no significant difference was observed. In uncompressed powders, the transition of the caffeine form I into form II seems not be influenced by the dilution of the caffeine with MCC. The evolution of the CFI transition degree in tablets two days after their fabrication is given in Fig. 6. In order to observe the effects of direct compression process on τ, pure caffeine and the three binary mixtures of CFI/MCC were analysed. Results observed for tablets were compared to those obtained for uncompressed powders. Analyses were made in triplicate (n=3). Three parameters that may influence τ were analysed on Fig. 6: compression pressure (symbol type), dilution/composition (x-axis)

and tablet parts (full or empty symbol corresponding to the borders and the core of tablets, respectively).

Two days after tablet fabrication, the transition of metastable caffeine into its stable form was observed both in tablets and in uncompressed powders. Furthermore, τ values were higher in tablets than in uncompressed powders. This indicated that CFI transition degree was more important after compression.

For all the compositions, no significant difference on the transition degree was observed between the three compression loads. CFI transition degree was also the same between the core and the border of tablets. The transformation of the caffeine form I into form II could be considered uniform throughout the volume of the tablet. Consequently, for the rest of our study, these results will be combined.

Nonetheless in tablets, significant differences of the transition degree were observed with the compositions. This indicates that unlike uncompressed powders, after compression the transition of the caffeine form I into form II seems to be influenced by the dilution of the caffeine with MCC. 

Influence of the compression pressure

Like previously for uncompressed powders, a kinetic study of the CFI transition degree occurring in tablets was also conducted during six months. For each composition, results obtained for tablets were compared to the ones obtained in uncompressed powders. For clarity reasons, Fig. 7 presents the kinetic study of the CFI transition degree for one composition (78 wt% of CFI). However, the same results were observed for the other compositions.

Uncompressed powder and tablets made at three different compression loads (50,100 and 200 MPa) were represented by the black and colour symbols, respectively. In tablets, the τ profile was similar to the one of uncompressed powder: a first rapid growth stage over the first 50 days until reaching a plateau. All along the kinetic study of the CFI transition degree for pure caffeine and binary mixtures of CFI/MCC, a constant gap of around 20% was observed between uncompressed powders and the tablets. The plateau value was more important in tablets than in uncompressed powders. Whatever the composition, no significant difference was observed between the three compression loads. These results mean that the compression pressure doesn't alter the transition of the caffeine form I into form II after compression, but the content of form II was initially more important in tablets than in uncompressed powder. 

Influence of the dilution

In order to observe the dilution impact on τ, Fig. 8 presents the evolution over time of the CFI transition degree in tablets for pure caffeine and the three binary mixtures of CFI/MCC. As seen before, compression pressure had not an influence on τ, consequently results obtained for tablets made at different compression pressures were regrouped. This means that each dot on figure 8 corresponds to the mean value of eighteen DSC analyses made on tablets. Significant differences between the compositions were observed over time for the τ values. These results indicate that in tablets, the dilution of caffeine with MCC had an impact on the CFI transition degree: τ increased with the caffeine content in the blend. These results match up well with the ones obtained two days after tablet fabrication.

Furthermore, the plateau value of the transition degree increased with caffeine content in the blend.

In addition, the higher caffeine content in the blend, the faster the plateau value was reached. The plateau values for τ in tablets and in uncompressed powders are given in Table 3. Whatever the composition, the plateau value was higher in tablets than in uncompressed powders. Moreover, the plateau was more quickly reached for tablets than for uncompressed powders. 

Binary mixtures with DCPA as diluent

As indicate in "Tablet preparation" (section 2.2), the storage of uncompressed powders and tablets was made at room temperature and during one year the temperature varies in a range from 18 to 30°C. Unfortunately, the study of the CFI transition degree of pure CFI, CFI/MCC and CFI/DCPA were not carried out at the same time. Consequently, for tablets it is not possible to compare the pure caffeine with the binary mixtures of CFI/DCPA, neither compare CFI/MCC with CFI/DCPA. Nevertheless, it's still interesting to observe the evolution of CFI transition degree for mixtures containing DCPA as diluent.

Evolution of the CFI transition degree (τ) in uncompressed powders

As well as MCC, a kinetic study was performed during six months in order to observe the evolution over time of the CFI transition degree for binary mixtures composed of CFI and DCPA. In uncompressed powders, evolution over time of the transition of caffeine form I into form II is given in Fig. 9. Analyses were made in triplicate. All along the kinetic study, no significant difference was observed whatever the compositions. These profiles are similar with the ones obtained for uncompressed binary mixture of CFI/MCC. Furthermore, for all the compositions, no significant difference on the transition degree was observed between the three compression loads. The transformation of the caffeine form I into form II uniformly occurred throughout the different parts of the tablet (core and border). Therefore, results obtained for the core and the border of tablets will be combined. Contrary to CFI/MCC, a small impact of the composition was observed in tablets.

Influence of the compression pressure

For the three binary mixtures containing DCPA as diluent, tablets made from three compression loads (50,100 and 200 MPa) were studied in order to evaluate the influence of this parameter on τ. For each composition, a comparison between uncompressed powder and tablets was made. For clarity purposes, Figure 11 presents only the kinetic study of the CFI transition degree for one composition: 80 wt% of CFI (the same results were observed for the other ones). Uncompressed powder and tablets made at three different compression loads were represented by the black and colour symbols, respectively. The transition degree profile was similar both in uncompressed powder and in tablets. All along the kinetic study of the CFI transition degree for binary mixtures of CFI/DCPA, a constant gap of around 30% was observed between uncompressed powder and tablets. The transition degree of the caffeine form I into form II continued to increase with time, no threshold level was observed for tau. Different values of the transition degree appeared according to the compression pressure applied over the first 50 days, after that, no significant difference was observed. For binary mixtures of CFI/DCPA, the transition of the caffeine form I into form II did not seem to be influenced by the compression loads.

Influence of the dilution

The time evolution of τ in tablets for the three compositions (CFI/DCPA) is given in figure 12.

Considering that compression pressure had not an impact on the CFI transition degree, the results obtained for tablets made at different compression loads were regrouped. Little differences on the transition ratio appeared according to the compositions over the first 50 days, after that, no significant difference was observed. The transition degree of the caffeine form I continued to increase with time.

In tablets, the dilution of caffeine with DCPA did not influence the CFI transition degree. These results are similar with the ones obtained with the uncompressed powders. 

Discussion

Evolution of the CFI transition degree (τ) in uncompressed powders

Whatever the diluent used, the transition of pure caffeine form I into form II was rapidly observed in uncompressed powders (two days after the batch production of CFI). These results are consistent with those find in the literature by [START_REF] Mazel | Polymorphic transformation of anhydrous caffeine under compression and grinding: a re-evaluation[END_REF] and Hédoux et al. (2011) and confirm that the metastable form I of the caffeine tends spontaneously to move towards its stable form II. At long time storage, the transition kinetic rate is slowed down for two possible reasons: (i) the converted parts in the particle stop their expansion when they are in contact each other (ii) the inner volume fraction of form I available for nucleation of form II decreases.

However, the τ profiles of mixtures containing MCC shows a first rapid growth stage over the first 50 days until reaching a plateau from the fiftieth day. By contrast, for mixtures containing DCPA, none plateau was reached, CFI transition degree profile presents a first rapid growth stage only over the first 15 days, after that, τ continue to increase progressively over the time. This difference cannot be explained by the nature of the diluent, but may be due to the batch of caffeine form I and/or to the storage temperature changes (as mentioned previously).

Evolution of the CFI transition degree in tablets

These kinetic studies help to highlight the influence of the diluent on the CFI transition degree.

Whatever the diluent used, CFI transition degree was higher in tablets than in uncompressed powders.

This means that a part of the transformation was induced by the direct compression process. These results are in accordance with those reported in the literature in compression (Pirttmäki et al., 1993[START_REF] Mazel | Polymorphic transformation of anhydrous caffeine under compression and grinding: a re-evaluation[END_REF] and in hydrostatic pressurizing [START_REF] Hédoux | Polymorphic transformation of anhydrous caffeine upon grinding and hydrostatic pressuring analyzed by low-frequency raman spectroscopy[END_REF]. Moreover, the compression pressures did not have an impact on τ. In accordance with [START_REF] Hubert | Process induced transformations during tablet manufacturing: phase transition analysis of caffeine using DSC and low frequency micro-Raman spectroscopy[END_REF], the compression load did not alter the transition degree of the caffeine form I into form II. For CFI, whatever the values of the compression pressure applied in this study, the transition degrees just after compression were similar. One could assume that the compression pressure has just a triggering effect when a sufficient compression pressure is applied in tableting.

It is known that the stress applied during tableting is not uniformly distributed in compact, but the stress and density in compressed powders are localized [START_REF] Moe | Non-destructive viscoelastic analysis of anisotropy in compressed tablets[END_REF]. Nonetheless, in agreement with observations made by [START_REF] Hubert | Process induced transformations during tablet manufacturing: phase transition analysis of caffeine using DSC and low frequency micro-Raman spectroscopy[END_REF], no difference on the transition of the caffeine form I into form II was observed between regions considered (core and border). These observations mean that even if the stress was not uniformly distributed in all parts of the tablet, the transition of CFI is occurring throughout the tablet volume. This is in accordance with previous results which showed that transition degree of the caffeine form I into form II was not affected by the compression level.

The nature of the diluent has an impact on the transition degree occurring during the compression process. Concerning the impact of the API dilution, two situations were observed in function of the diluent used. With MCC, the API dilution had an impact on τ: CFI transition degree increased with the caffeine content in the blend. Conversely, the effect of the diluent content was not significant for CFI/DCPA mixtures. These differences observed between mixtures containing MCC and those with DCPA could be due to the different behaviour of the diluent under compression. In addition to their different mechanical properties, MCC exhibits a plastic deformation and DCPA a fragmentary behaviour under compression [START_REF] Ilkka | Prediction of the compression behaviour of powder mixtures by the Heckel equation[END_REF]. Indeed, diluents are well known to be able to affect the solid-state transition kinetics of APIs during various unit operations (Allesø et al., 2009). [START_REF] Schmidt | Potential of carrageenans to protect drugs from polymorphic transformation[END_REF][START_REF] Schmidt | Polyethylene oxides: protection potential against polymorphic transitions of drugs?[END_REF] have studied the potential of some diluents for minimizing polymorphic or pseudopolymorphic transitions of API, which are induced by the tableting process. They have indicated that some diluent could have the ability to partially prevent the transformation of the drug. This difference can be attributed to the different behaviour of the diluent under compression.

The τ profile in tablet is similar than in uncompressed powder: a first rapid growth step followed by a plateau or a small increasing rate. A constant gap between the two profiles was observed for both diluent. The values of these gaps were not dependent on the caffeine content in mixtures, but differ according to the diluent: a 20% gap for MCC mixtures and 30% gap for DCPA mixtures. It means that the transition mechanism is the same, the only difference is due to the higher initial transition value in tablet due to the initial compression load. However, the plateau value was more quickly reached in tablets than with uncompressed powders. Consequently the compression has not only triggered the transition, but the transition mechanism after compression is afterwards more intense.

Analysis of the transformation kinetic rate and mechanism of the caffeine form I into form II

The solid-state transformations are usually controlled by the nucleation and growth processes of the new phase, which is described with a first-order transition kinetic rate. The Johnson-Mehl Avrami (JMA) approach is widely used in studies dedicated to transformation kinetics of powders at solid state [START_REF] Duan | Reaction kinetics for the solid state synthesis of the AlH3/MgCl2 nano-composite by mechanical milling[END_REF][START_REF] Jiang | Solid-state phase transformation kinetics in the nearequilibrium regime[END_REF]. The JMA equation is expressed as follows:

𝑋𝑋(𝑡𝑡) = 1 -𝑐𝑐 �-� 𝑡𝑡 𝜏𝜏 𝐴𝐴 � 𝑡𝑡 𝐴𝐴 � (4)
Where X is the volume fraction of the transformed phase (caffeine form II in this study), τA is the overall rate constant that generally depends on the germination rate and its type, as well as growth rate, nA is usually known as Avrami's exponent which is characteristic of the growth mode and t represents time.

An initial induction time is a general feature of a first order transition, and this induction time increases with the value of n (n from 1 to 4). Consequently the transition profile is sigmoidal. This sigmoidal Avrami law becomes questionable when the transformation occurs in constrained geometry [START_REF] Delcourt | Size effect in a nucleation and growth transformation[END_REF] like the profile measured in this study. The particle volume could be infinitely subdivided into crystallites so small enough that they are immediately converted once nucleated. The transformed fraction X(t) coincides with the nucleation fraction [START_REF] Decroix | Time-resolved dielectric investigation of relaxation kinetics in metastable caffeine[END_REF]. When the transformation proceeds only by nucleation, without growth process, a stretched exponential law is then used:

𝑋𝑋(𝑡𝑡) = 1 -𝑐𝑐 �-� 𝑡𝑡 𝜏𝜏 𝑁𝑁 � 𝑡𝑡 � (5)
Where τN, the characteristic kinetic time, is controlled by nucleation only and becomes highly dependent on the cell size. The exponent n is then equal or lower than 1 (n = 1 indicate that the crystallites exhibit the same size) By contrast, when crystallites are distributed in size, n is lower than 1, meaning that nuclei will appear in the largest ones and were converted first, and therefore, the smallest ones are transformed later (or hardly ever) since the nucleation probability is infinitesimal.

Modelling the transition kinetic rate of uncompressed caffeine form I into form II followed at different temperature between 45 to 90°C with several techniques like X-Ray diffraction and microcalorimetry (Letho and Laine, 1998), dielectric relaxation [START_REF] Decroix | Time-resolved dielectric investigation of relaxation kinetics in metastable caffeine[END_REF][START_REF] Decroix | Stabilité physique et désordre orientationnel dans un cristal à usage thérapeutique: la caféine[END_REF], Raman spectroscopy (Hedoux et al., 2011b) has been already published in the literature. The stretched exponential law is in good agreement with the experimental data, the value of n seems to depend on the technique used.

With X-Ray diffraction measurement, the reported values of n are 0.24, 0.33 and 0.37 at 45°C, 60°C and 80°C, respectively. With microcalorimetry, n varies between 0.37 and 0.47 and with the dielectric relaxation technique n is about 0.5.

For this study on uncompressed powders and tablets, the values of n and τN were determined according to the expression (5). Results are presented in Table 4. The calculated profiles are shown in Fig. 13 and compared with the experimental points. The mean relative difference between the experimental and the calculated volume fractions is 6 % and 3% for uncompressed powders and tablets, respectively. This indicates that the transition kinetic rate measured in this study could be represented correctly with this stretched exponential law. The values of n are in a close range from 0.22 to 0.31 with DCPA as the diluent, and more scattered from 0.19 up to 0.50 with the MCC mixture.

These values are in accordance with the ones previously reported in the literature. The presence of the diluent has not a decisive impact on the transformation mechanism, and the exponent value lower than 1 confirms the presence of a distribution of small crystallites, probably a majority of them exhibiting a lower size dimension than the natural length scale [START_REF] Decroix | Time-resolved dielectric investigation of relaxation kinetics in metastable caffeine[END_REF].

A comparison of the values of n and τN obtained between tablets and uncompressed powders bring two indications. First, the values of n are close. Considering the assumptions of this model, the compression load during tableting had neither reduced the size of the crystallites nor their size distribution. This means that for both situations, the transition mechanism is similar, i.e controlled by the nucleation rate, until a plateau value for which the nucleation frequency is negligible. Secondly, the value of τN is several times lower for tablets than for uncompressed powders. The reduction of τN is the result of the triggering of the transition during the tableting. At least these considerations are the same whatever the diluent and the caffeine content. 

Conclusion

In this work, the polymorphic transitions of the caffeine form I into form II that occur during the direct compression process were studied in order to improve the understanding of the PITs. Three parameters that could impact the phase transition of the caffeine form I were analysed: nature of the diluent, dilution of the API and compression pressures. Results shown that the transition degree of the caffeine form I into form II, was higher in tablets than in uncompressed powders. This means that direct compression process has a triggering effect on the polymorphic transition of the caffeine form I  II. Like for uncompressed powders, the transition of the caffeine form I into form II in tablets continue after compression, but starting at a higher value. Moreover, the CFI transition degree in tablets depends on the formulation parameters (diluents used and API dilution). The dilution impact is only observed for mixtures containing MCC. Nevertheless, the processing parameter (compression load) has not an impact on the CFI transition degree.

This study allowed improving the understanding of the transformation of the metastable form of the caffeine (form I) into its stable form (form II) during the direct compression process. A stretched exponential law of the Johnson-Mehl-Avrami model well describes the kinetics transition of the caffeine form I into form II at room temperature in both uncompressed powders and tablets. The tabletting accelerates the polymorphic transition without modifying its mechanism (controlled by nucleation only). Certainly, the protocols reported here should provide referenced methods for investigating solid phase transformations occurred in other oral solid dosage forms such as threedimensional printing tablets [START_REF] Yu | Novel drug delivery devices for providing linear release profiles fabricated by 3DP[END_REF] and electrospun medicated nanofibers [START_REF] Yu | Nanofibers fabricated using triaxial electrospinning as zero order drug delivery systems[END_REF][START_REF] Yu | Medicated janus fibers fabricated using a Teflon-coated side-by-side spinneret[END_REF].
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 1 Fig.1. (a) DSC curve of caffeine Form I. (b) DSC curve of caffeine Form II with a Y-axis offset for comparison.

Fig. 2 .

 2 Fig.2. Core and border sample fraction (coloured parts) of tablet for DSC Analysis
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 3 Fig.3. Validation of the quantification method of caffeine Form II in the powder mixture for the pure caffeine and the three blends containing MCC as diluent.
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 5 Fig.5: Evolution over time of the CFI transition degree in uncompressed powders for the four binary mixtures (CFI/MCC), n=3.

Fig. 6 :

 6 Fig.6: Evolution of the CFI transition degree in tablets two days after their fabrication, n=3.

Fig. 7 :

 7 Fig.7: Evolution over time of the CFI transition degree for the composition 78 wt% of CFI. (powders: n=3; tablets: n=6)

Fig. 8 :

 8 Fig.8: Evolution over time of the CFI transition degree in tablets (mean value of the three compression loads) for the four binary mixtures of CFI/MCC (n=18).

Fig. 9 :

 9 Fig.9: Evolution over time of the CFI transition degree in uncompressed powders for the four binary mixtures (CFI/DCPA), n=3.

Fig. 10 :

 10 Fig.10: Evolution of the CFI transition degree two days after compression versus the caffeine content in tablets (CFI/DCPA) Two days after tablets fabrication, the transition of the caffeine form I into form II was observed both in tablets and in uncompressed powders. The τ values in tablets were more important than those observed in uncompressed powders, these mean that CFI transition degree was more important after compression.
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 11 Fig.11: Evolution over time of the CFI transition degree for the composition 78 wt% of CFI. (powders: n=3; tablets: n=6)

Fig. 12 :

 12 Fig.12: Evolution over time of the CFI transition degree in tablets (mean value of the three compression loads) for the three binary mixtures of CFI/DCPA (n=18).

Fig. 13 :

 13 Fig.13: Evolution over time of the volume fraction of the transformed phase. Comparison between experimental data and calculated values obtained from the kinetic laws (5) for uncompressed powder and tablets, respectively.

Table 1 : Particle size distribution parameters of CFI, MCC and DCPA (n=3)

 1 

Table.2: Tablet characteristics

  Calculated from true density of pure MCC or pure DCPA and CFI by using a mixing rules (ρ MCC = 1.561 g.cm -3 and ρ DCPA = 2.890 g.cm -3 )

	a Average calculated from 3 measurements a Measured by helium pycnometry Hubert (2012)	b Average calculated from 20 tablets
	Powders	D v 10 a (µm)		D v 50 (µm) a	a (µm) D v 90		
	CFI MCC DCPA Diluent	19.7 ± 0.7 28.3 ± 0.1 54.8 ± 5.0 Composition	67.8 ± 2.1 119.0 ± 0.0 182.7 ± 11.0 Compression load (P) Tablet weight b (w) 160.5 ± 3.5 268.7 ± 1.2 318.7 ± 14.0 Tablet thickness b (t)	Particle density (ρ blend )	Tablet Density b (d)
	(-)	(wt% CFI)	(MPa)	(mg)	(mm)	(g.cm -3 )	(g.cm -3 )
			200	301.8 ± 1.7 2.27 ± 0.02		1.333 ± 0.004
		100	100	298.6 ± 2.5 2.38 ± 0.02	1.446 a	1.253 ± 0.003
			50	303.3 ± 2.3 2.64 ± 0.02		1.147 ± 0.005
			200	302.5 ± 1.2 2.25 ± 0.01		1.343 ± 0.006
		90	100	301.4 ± 2.2 2.41 ± 0.01	1.457 c	1.253 ± 0.004
			50	302.4 ± 2.5 2.63 ± 0.00		1.149 ± 0.003
			200	293.2 ± 4.5 2.18 ± 0.03		1.344 ± 0.003
	MCC	78	100	294.0 ± 4.5 2.40 ± 0.03	1.470 c	1.227 ± 0.007
			50	297.0 ± 2.9 2.68 ± 0.02		1.108 ± 0.003
			200	301.2 ± 2.3 2.22 ± 0.02		1.361 ± 0.002
		60	100	300.4 ± 2.3 2.42 ± 0.02	1.490 c	1.240 ± 0.004
			50	302.4 ± 1.8 2.75 ± 0.01		1.099 ± 0.003
			200	300.3 ± 3.0 2.12 ± 0.02		1.397 ± 0.005
		80	100	301.4 ± 2.0 2.27 ± 0.02	1.607 c	1.311 ± 0.003
			50	298.5 ± 3.2 2.44 ± 0.04		1.212 ± 0.006
			200	301.9 ± 2.7 2.02 ± 0.02		1.469 ± 0.007
	DCPA	60	100	300.7 ± 3.2 2.18 ± 0.02	1.807 c	1.365 ± 0.005
			50	299.6 ± 2.5 2.34 ± 0.02		1.264 ± 0.004
			200	301.4 ± 2.0 1.90 ± 0.01		1.561 ± 0.006
		40	100	301.7 ± 2.4 2.07 ± 0.02	2.065 c	1.435 ± 0.005
			50	303.9 ± 1.5 2.27 ± 0.01		1.326 ± 0.004

c

Table . 3: Transition degree τ at long storage (plateau value) in the cases of uncompressed powder and tablet for several caffeine content blends. Tp: Time plateau.

 . 

		Uncompressed powders	Tablets
	wt% CFI τ (%)	Tp (days)	τ (%)	Tp (days)
	100	62	90	80	60
	90	57	90	80	60
	78	55	90	75	90
	60	55	110	70	90

Table . 4: Values of τN and n calculated with the kinetic laws (5) for uncompressed powder and tablets, respectively.

 . 

	Diluent wt% CFI	n Uncompressed powders τ N	n	Tablets	τ N
		100	0.25	934	-		-
	DCPA	80 60	0.31 0.30	776 1321	0.26 0.26		40 45
		40	0.28	1796	0.22		36
		100	0.33	114	0.19		8
	MCC	90 78	0.30 0.20	147 398	0.25 0.19		13 23
		60	0.50	174	0.32		84
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