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Introduction

Biopharmaceuticals, including all recombinant proteins, monoclonal antibodies, peptides, vaccines, blood-derived products, etc represent a growing part of the global pharmaceutical market.

However, these molecules are very sensitive to environmental conditions and difficult to manufacture, requiring expensive processing and purification methods. Major challenges to overcome are their limited chemical and physical stability. A large number of biopharmaceutical substances are dried for keeping maximum of activity during storage and also for easy shipment. Consequently, freeze-drying (FD) is often an important stage in the production line. The robustness of the formulation, generally empirically designed, is based on using excipients for biopreservation against a wide variety of stresses to which proteins are subjected during the process and the storage, e.g. temperature changes, pH changes, ice, dehydration.

Dissacharides, especially trehalose and sucrose, are commonly recognized as efficient bioprotective agents against different kind of stresses [START_REF] Heller | Protein formulation and lyophilization cycle design: Prevention of damage due to freeze-concentration induced phase separation[END_REF][START_REF] Crowe | Preservation of Freeze-Dried Liposomes by Trehalose One of the practical difficulties with the frequently proposed use of liposomes for delivery of water-soluble substances to cells in whole organisms is that liposomes are relatively unstable during stora[END_REF][START_REF] Leslie | Trehalose and sucrose protect both membranes and proteins in intact bacteria during drying[END_REF] . The biopreservation mechanisms, however, remain relatively unclear and may depend on the nature of stress. A better understanding of the fundamental mechanisms will allow non-empirical determining of appropriate excipients used for protein stabilization during FD and control the protein stability during the process and longterm storage of the formulations. Fundamental hypotheses based on the roles of sugars or residual water, i.e. "water replacement" [START_REF] Prestrelski | Dehydration-induced conformational transitions in proteins and their inhibition by stabilizers[END_REF][START_REF] Crowe | Preservation of Membranes in Anhydrobiotic Organisms : The Role of Trehalose[END_REF] , "water entrapment" [START_REF] Cordone | Role of residual water hydrogen bonding in sugar/water/biomolecule systems: A possible explanation for trehalose peculiarity[END_REF][START_REF] Allison | Hydrogen bonding between sugar and protein is responsible for inhibition of dehydration-induced protein unfolding[END_REF] ,"vitrification" 8 , "water anchoring" [START_REF] Francia | Protein -Matrix Coupling / Uncoupling in " Dry " Systems of Photosynthetic Reaction Center Embedded in Trehalose / Sucrose : The Origin of Trehalose Peculiarity[END_REF] , etc are widely discussed in the literature. These hypotheses, however, are valid only in a specific range of temperature and dehydration range and for a specific biomolecule or class of biomolecules.

In order to better understand the stabilization mechanism of proteins by sugars during FD process, in-situ monitoring of the protein stability during the process is required [START_REF] Remmele | Real-Time in Situ Monitoring of Lysozyme During Lyophilization Using Infrared Spectroscopy[END_REF] . The recent development of spectroscopic tools, especially around Raman spectroscopy, provided versatility and flexibility for in-situ investigations at controlled pressure and temperature [START_REF] Remmele | Real-Time in Situ Monitoring of Lysozyme During Lyophilization Using Infrared Spectroscopy[END_REF][START_REF] Carpenter | An infrared spectroscopic study of the interactions of carbohydrates with dried proteins[END_REF] . It was shown that micro-Raman Spectroscopy (µRS) is a suitable technic to monitor the secondary structure of protein [START_REF] Hédoux | Evidence of a two-stage thermal denaturation process in lysozyme: A Raman scattering and differential scanning calorimetry investigation[END_REF] and to estimate the degree of stabilization by the excipient [START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF][START_REF] Hédoux | In Situ Monitoring of Proteins during Lyophilization using Micro-Raman Spectroscopy: A Description of Structural Changes induced by Dehydration[END_REF][START_REF] Hedoux | Mechanism of protein stabilization by trehalose during freeze-drying analyzed by in situ micro-raman spectroscopy[END_REF] during each stage of the FD process.

Furthermore, µRS makes it possible to detect the phase separation, considered as source of protein denaturation [START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF][START_REF] Padilla | The Study of Amorphous Phase Separation in a Model Polymer Phase-Separating System Using Raman Microscopy and a Low-Temperature Stage: Effect of Cooling Rate and Nucleation Temperature[END_REF] and to clearly describe the preferential interactions between disaccharides, water and protein.

Stabilizing the protein structure during FD does not ensure its stability during long-term storage. Consequently, excipients must be selected for preserving the protein structure during FD and also during storage. The stability of protein conformation during long-term storage is often related to the underlying assumption that protein should be embedded within a rigid vitreous matrix often resulting from dehydration of the sugar-water freeze-concentrated sugar glasses [START_REF] Heller | Protein formulation and lyophilization cycle design: Prevention of damage due to freeze-concentration induced phase separation[END_REF][START_REF] Prestrelski | Dehydration-induced conformational transitions in proteins and their inhibition by stabilizers[END_REF][START_REF] Allison | Hydrogen bonding between sugar and protein is responsible for inhibition of dehydration-induced protein unfolding[END_REF][START_REF] Tang | Design of Freeze-Drying Processes for Pharmaceuticals: Practical Advice[END_REF][START_REF] Hansen | Freeze-drying of live virus vaccines: A review[END_REF][START_REF] Wolfe | Freezing, drying, and/or vitrification of membrane-solute-water systems[END_REF][START_REF] Carpenter | Rational Design of Stable Lyophilized Protein Formulations : Some Practical Advice[END_REF][START_REF] Crowe | Anhydrobiosis[END_REF] . It is recommended that the storage temperature should be at least 20 degrees below the glass transition temperature, Tg, of the solid amorphous matrix [START_REF] Carpenter | Rational Design of Stable Lyophilized Protein Formulations : Some Practical Advice[END_REF] . The glass transition temperature, however, is not the only parameter responsible for the bioprotective efficiency of excipients. It was already considered that residual moisture has likely a crucial influence on the long-term stability of proteins. It is reported that water is required to avoid denaturation [START_REF] Tang | Design of Freeze-Drying Processes for Pharmaceuticals: Practical Advice[END_REF][START_REF] Carpenter | Rational Design of Stable Lyophilized Protein Formulations : Some Practical Advice[END_REF][START_REF] Costantino | Lyophilization of Biopharmaceuticals[END_REF] . Nevertheless, water can have a significant plasticizing effect, increasing the molecular mobility of the protein within the amorphous matrix [START_REF] Panagopoulou | Protein and water dynamics in bovine serum albumin-water mixtures over wide ranges of composition[END_REF][START_REF] Hancock | The Relationship Between the Glass Transition Temperature and the Water Content of Amorphous Pharmaceutical Solids[END_REF] .

Additionally, high moisture content can promote crystallization of excipients, e.g. trehalose easily forms dihydrate crystals, changing by this way the physical properties of the matrix [START_REF] Cesàro | Water interplay in trehalose polymorphism[END_REF][START_REF] Sundaramurthi | Trehalose crystallization during freeze-drying: Implications on lyoprotection[END_REF] .

The aim of the present study is to compare the bioprotective effect of two widely used disaccharides: sucrose and trehalose by combining µRS and DRS. Phase separation and protein stability were analyzed in-situ during the FD process by µRS. Freeze-dried samples were then 

Material and Methods

Freeze-drying of the samples

The protein/sugar formulations were prepared by dissolving the lyophilized chicken egg white lysozyme (purity minimum 90 %, from Sigma-Aldrich, Saint-Quentin-Fallavier, France) and Dtrehalose dihydrate (purity minimum 99.5 %, from Fluka, actually Sigma-Aldrich, Saint-Quentin-Fallavier, France) or sucrose (purity minimum 99.5 %, from Sigma-Aldrich, Saint-Quentin-Fallavier, France) in water (D2O purchased from Sigma-Aldrich, Saint-Quentin-Fallavier, France or H2O double distillated). Protein and sugar powders at mass ratio 1:1 (60 mg of lysozyme and 60 mg of lysozyme) were dissolved in 480 µL of water (heavy water for in-situ µRS experiments or double distillated for other investigations). The concentration of the final solution is 0.125 mg of Lys or disaccharide per 1 ml of water.

Lyophilization of Lys+Sucr and Lys+Treh formulations was performed using FDCS196

Linkam device (Linkam Scientific Instruments, Guildford, Surrey, UK), for the in-situ micro-Raman analyses. Both temperature and pressure can be accurately controlled and programed to mimic a FD procedure. Protein aqueous solutions (~ 500 μL) were loaded in a cylindrical quartz cell (10×5 mm).

The FD process was widely detailed in previous work [START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF][START_REF] Hédoux | In Situ Monitoring of Proteins during Lyophilization using Micro-Raman Spectroscopy: A Description of Structural Changes induced by Dehydration[END_REF][START_REF] Hedoux | Mechanism of protein stabilization by trehalose during freeze-drying analyzed by in situ micro-raman spectroscopy[END_REF] and is represented in Figure S1b. All samples were cooled down to -45 °C, bellow Tg′ of sugar -water binary mixtures (about -30 °C for trehalose -water mixture 28 and about -40 °C for sucrose -water mixture 29 ) at 10 °C/min, in order to avoid trehalose crystallization [START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF] and collapse phenomena [START_REF] Tang | Design of Freeze-Drying Processes for Pharmaceuticals: Practical Advice[END_REF] . The primary drying was performed at -45 °C (the pressure chamber was about 2-5 µbar). Samples were then heated up to 35 °C, at 0.2 °C/min and maintained at this temperature for 2h. In-situ monitoring of the FD process and the protein stability were analyzed by µRaman spectroscopy, as described in ref.

14 [START_REF] Hédoux | In Situ Monitoring of Proteins during Lyophilization using Micro-Raman Spectroscopy: A Description of Structural Changes induced by Dehydration[END_REF] .

The Lyophilization procedure of samples analyzed by DRS was carried out in a tray freezedryer, model Epsilon 2-4 LSC (from Martin Christ, Osterode am Harz, Germany). The aqueous solutions were loaded in an amber glass vial (30 mm in diameter and 26 mm in height) with a filling depth of about 10 mm. Before freezing, two sensors (temperature and capacitive sensors) were fixed within one of vials, in order to monitor the FD procedure. Freeze-drying was performed by following a standard FD procedure, represented in Figure S1a. During the first performed at -45 °C and 0.06 mbar (chamber pressure), for 10h (Figure S1a, zone 2). After the primary drying stage, the shelf was heated up to 30 °C at 1°C/min and the chamber pressure was decreased to 0.014 mbar (Figure S1a, zone 3). The samples were maintained at these conditions for 10 h, during the water desorption phase.

Thermogravimetry (TGA)

TGA experiments were performed with a Thermogravimetric Analyzer Q500 (from TA instruments, Guyancourt, France) at a heating rate of 5 °C/min, from room temperature 

Differential scanning calorimetry (DSC)

DSC measurements were performed using a DSC Q10 (from TA Instruments, Guyancourt, France) under nitrogen atmosphere. The samples (about 2 -3 mg) were loaded in hermetic aluminum pan or in a pan with pierced lid and analyzed upon heating from -80 °C to 200 °C at 5 °C/min.

Micro-Raman spectroscopy (µRS)

Instruments

All investigations were carried out using a Renishaw InVia Raman spectrometer (Renishaw plc, Wottonunder-Edge, Gloucestershire, UK). The 514.5 nm line of an argon laser (Modu-Laser, Centerville, UT, USA) was focused via a ×50 long-working distance Leica objective (Leica microsystemes, SAS, Nanterre, France). This configuration allows to analyze a volume of about 150 -200 µm [START_REF] Leslie | Trehalose and sucrose protect both membranes and proteins in intact bacteria during drying[END_REF] of sample (the spot size being about 1 μm in diameter and 150-200 μm in depth). The spectra were collected in backscattering geometry with a resolution of 2 cm -1 in the 100 -4000 cm -1 spectral range.

Data acquisition and analysis

The phase separation phenomenon and protein stability were simultaneously analyzed in-situ during the FD procedure using the mapping technology, as described by Starciuc et al. 2017 [START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF] and Hedoux et al. 2012 [START_REF] Hédoux | In Situ Monitoring of Proteins during Lyophilization using Micro-Raman Spectroscopy: A Description of Structural Changes induced by Dehydration[END_REF] . Three maps containing 1681 spectra were recorded by scanning 60×60 µm 2 of the sample, after each stage of the FD process (Figure S1b, mapping zones). Spectra were recorded every 1.5 µm, along x and y directions of the sample, with an acquisition time of 10 s, in the 80 -1900 cm -1 spectral region. Analyzing this region makes it possible to probe the presence of all components within the formulation. We specifically analyzed Raman bands distinctive of lysozyme (1610 -1720 cm -1 ), disaccharides (trehalose at about 400 cm -1 and sucrose at about 700 cm -1 ) and ice (at about 130 cm -1 ), as represented on Figure S3. The relative distributions of sugar, lysozyme and ice within the formulations were determined by calculating the integrated intensity ratios ( ), according to Eq. ( 1 Eq. ( 4)

The normalized ratios were associated with colors represented for each (x, y) position of the motorized table where a spectrum was collected. A map (41 x 41 pixels) was obtained using Matlab 8.6.0 (64-bit) software (Mathworks, Meudon, France). An example of map analysis is represented in Figure S4.

The protein stability was then studied by analyzing the Amide I band (AI), lying between 1600 and 1800 cm -1 . This Raman band is mainly assigned to the C=O stretching vibration with a minor contribution of C-N stretch and N-H in-plane bend [START_REF] Williams | Determination of the secondary structure of proteins from the amide I band of the laser Raman spectrum[END_REF][START_REF] Surewicz | Determination of protein secondary structure by Fourier transform infrared spectroscopy: A critical assessment[END_REF] . It is recognized that the AI band position is distinctive of the secondary structure of the protein. AI band shift or/and change in the band shape is usually considered as reflecting a change in the secondary structure (α-helix and β-sheets).

Consequently, the AI peak position was used, in this work, for estimating the denaturation degree of the protein during FD, which was determined using the fitting procedure of Wire 4.1 software (provided by Renishaw plc, Wottonunder Edge, Gloucestershire, UK), using four Gaussian band shapes. This procedure was applied to each spectrum, automatically after baseline correction, in the 1500-1800 cm -1 spectral region, as described in our previous work [START_REF] Hédoux | Evidence of a two-stage thermal denaturation process in lysozyme: A Raman scattering and differential scanning calorimetry investigation[END_REF][START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF][START_REF] Hedoux | Mechanism of protein stabilization by trehalose during freeze-drying analyzed by in situ micro-raman spectroscopy[END_REF] . An example of fitting procedure is represented in Figure S5.

Dielectric Relaxation Spectroscopy (DRS)

Instruments

The dielectric function ε* 

(f) = ε'(f) -i•ε″(f) (f -frequency, ε' -real part,

Data analysis

The dielectric spectra were analyzed by fitting a sum of Havriliak-Negami model functions to the isothermal data [START_REF] Havriliak | A complex plane representation of dielectric and mechanical relaxation processes in some polymers[END_REF][START_REF] Havriliak | A complex plane analysis of α-dispersions in some polymer systems[END_REF] :

$ * (ω)= $ * + , ∆$ . /1 + (123 45. ) 6 789 : ; 789 . (Eq.5)

where < sums over the different relaxation processes, 2 is the angular frequency 2 = 2>?, 3 45. is the characteristic relaxation time that is related to the frequency of maximal loss ? # , ∆$ is the dielectric relaxation strength of the process under investigation and $ * the high frequency limit of the real part $ * (ω). @ 45. and A 45. are fractional shape parameters (0 < @ 45. ≤ 1 and 0 < A 45. From the estimated values of τHN, αHN and βHN, a model-independent relaxation time, τ = (2πfmax) -1 was calculated according to [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF] :

HN HN a HN HN HN HN HN HN / 1 / 1 2 2 sin 2 2 sin               β + π β α               β + π α × τ = τ α - (Eq.6)
The temperature dependence of the estimated relaxation times was described according to the

Arrhenius equation G(H) = G * IJK ( L MH ), with R (ideal gas constant) = 8.3145 J•mol -1 •K -1 .

Results and Discussions

In-situ µ-Raman investigations during the FD process

The first step of the freeze-drying process is the freezing stage. During freezing, the bulk water crystalizes, drastically decreasing water content around the protein surface. The remaining water is mainly bound to the solutes. It is well known that the freezing conditions (cooling rate, temperature of freezing, annealing) have a large impact on the following stages of the FD process [START_REF] Tang | Design of Freeze-Drying Processes for Pharmaceuticals: Practical Advice[END_REF][START_REF] Carpenter | Rational Design of Stable Lyophilized Protein Formulations : Some Practical Advice[END_REF][START_REF] Chang | Physical factors affecting the storage stability of freeze-dried interleukin-1 receptor antagonist: glass transition and protein conformation[END_REF] and have also consequences on the protein stability mainly due to the presence of ice [START_REF] Anchordoquy | Maintenance of quaternary structure in the frozen state stabilizes lactate dehydrogenase during freeze-drying[END_REF][START_REF] Branca | Anomalous cryoprotective effectiveness of trehalose: Raman scattering evidences[END_REF][START_REF] Chang | Surface-induced denaturation of proteins during freezing and its inhibition by surfactants[END_REF] . Additionally, it has also been shown that phase separation, considered as precursor of denaturation [START_REF] Jovanović | Near-infrared imaging for studying homogeneity of protein-sugar mixtures[END_REF][START_REF] Sun | Protein inactivation in amorphous sucrose and trehalose matrices: Effects of phase separation and crystallization[END_REF][START_REF] Heller | Effects of phase separating systems on lyophilized hemoglobin[END_REF][START_REF] Dong | Freezing-induced phase separation and spatial microheterogeneity in protein solutions[END_REF] can be directly detected by μRS at the micrometer scale. Raman imaging provides images reflecting the spatial distribution of the components after freezing, which are similar to images taken after the following stages of the process [START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF] . In this context, only the Raman images calculated at the frozen state are presented in this work.

The spatial distribution of chemical compounds in the frozen state was determined from the relative intensity of Raman bands distinctive of each compound, as described in Material and Methods section. Figure 1 represents the relative distribution of ice, protein and co-solvent (disaccharides), after freezing of two protein formulations containing sucrose (Figure 1a, 1b and1c) and trehalose (Figure 1d, 1e and 1f) as stabilizing agents. Yellow (or light) zones in Figure 1a, 1b, 1d, 1e reflect regions where the Raman band distinctive of ice has a relatively high intensity i.e. regions rich in ice. By contrast, blue (or dark) reflects poor ice regions. A first inspection of the panel of images in Figure 1 confirms that µRS is a suitable technique for describing phase separation during FD. It is clearly observed that regions poor in ice (blue regions in Figure 1a and1d) are rich in disaccharides (yellow in Figure 1c and1f). A comparison between Figure 1b, 1e and Figure 1c,1f, clearly reveals the presence of protein in ice rich areas. This suggests that in solution the protein is mainly surrounded by water in agreement with the preferential hydration hypothesis [START_REF] Timasheff | Protein-solvent preferential interactions, protein hydration, and the modulation of biochemical reactions by solvent components[END_REF] .

Figure 1a shows large regions poor in ice crystals in presence of sucrose, compared with Figure 1d in which ice (blue regions) is more confined within channels containing trehalose. It can be also observed that images obtained for Lys+Treh formulation are slightly more contrasted than for Lys+Sucr formulation (the estimate of the ratio density is represented in Figure S7) indicating a more pronounced phase separation phenomenon. A major consequence is that lysozyme is more exposed to ice in the presence of trehalose than in the presence of sucrose. This is consistent with the observation of larger but less intense yellow regions in Figure 1c than in Figure 1f, indicating that sucrose is more homogeneously distributed in the frozen formulation than trehalose, with subsequent consequences about the bioprotective effect of each disaccharide in the following stages of the FD process.

The degree of protein denaturation during the FD process was estimated from the position of the AI Raman band, using the fitting procedure described in Figure S5. The fitting procedure was performed for all 1681 spectra collected during the Raman mapping procedure. Figure 2 represents the evolution of the AI band position during freeze-drying of Lys+Sucr (Figure 2a) and Lys+Treh (Figure 2b) samples. The horizontal lines correspond to the mean values of the 1681 AI positions (1681 symbols in the plot), determined by fitting 1681 spectra, recorded at each stage of the FD process. It can be observed that after freezing, the AI peak position is determined at about 1655 cm -1 , indicating that at this stage of the FD process no change in the secondary structure of protein is detected.

After ice sublimation, a shift of the AI band toward high frequencies is clearly observed and can be associated with structural changes of the secondary structure of the protein. Figure 2 reveals a more marked shift in presence of trehalose than in presence of sucrose, indicating an increased denaturation degree of the protein in presence of trehalose.

An additional shift of the AI band position is observed after secondary drying, indicating an enhanced denaturation of the protein. Interestingly, it can be outlined that the shift of AI band during the secondary drying is quite similar in presence of trehalose (about 2.8 cm -1 ) or sucrose (about 2.6 cm -1 ) indicating a similar bioprotective effect of trehalose and sucrose during this last stage of the FD process.

Analysis of the freeze-dried products

Thermogravimetry analysis was used to analyze the moisture content in Lys, Lys+Treh and Lys+Sucr samples, after FD. These results are represented in Figure 3a. At a first glance, it can be clearly observed that after FD the water content is higher in Lys+Treh (about 7.8 % wt) than in Lys+Sucr sample (about 3.8 % wt). This behavior can be explained by a stronger affinity of trehalose to water, probably induced by the capability of trehalose to form dihydrate molecules [START_REF] Sundaramurthi | Trehalose crystallization during freeze-drying: Implications on lyoprotection[END_REF] . Based on TGA analysis, the hydration level h (grams of water per 1 g of protein) of each sample is about 0.10, 0.17 and 0.11 in Lys, Lys+Treh and Lys+Sucr, respectively.

The physical stability of the sucrose and trehalose-based vitreous matrices and the relationship between Tg and the protein stability were analyzed by differential scanning calorimetry 8 (DSC). The DSC traces, recorded in Lys+Sucr and Lys+Treh, are represented in Figure 3b. Two phenomena are detected upon increasing temperature : a heat capacity (Cp) jump associated with the glass transition of the solid matrix (not observed in Lys sample) and an endothermic peak (at ~120 °C), interpreted from Raman spectroscopy (Figure S8) as the signature of the unfolding of the protein secondary structure in a liquid trehalose or sucrose environment.

The glass transition temperature is lower in Lys+Sucr (25 °C) than in Lys+Treh (30 °C) sample, as we would expect considering the lower Tg of sucrose (Tg = 75 °C) relatively to Tg of trehalose (118 °C) [START_REF] De Gusseme | Molecular Mobility in Supercooled Trehalose[END_REF][START_REF] Miller | Calorimetric Solution Properties of Simple Saccharides and Their Significance for the Stabilization of Biological Structure and Function[END_REF][START_REF] Shamblin | Characterization of the Time Scales of Molecular Motion in Pharmaceutically Important Glasses[END_REF] . The difference between Tg of Lys+Sucr and Lys+Treh matrixes, however, is very low (5 °C) regarding the difference between Tg of pure disaccharides (40 °C), which can be partly interpreted by the plasticizing effect of residual water which can be combined with some confinement effects discussed later. Additionally, it is noticeable, that an overshoot accompanying the Cp jump at Tg, generally assigned to the physical ageing of the glass [START_REF] Shamblin | Characterization of the Time Scales of Molecular Motion in Pharmaceutically Important Glasses[END_REF][START_REF] Surana | Effect of Aging on the Physical Properties of Amorphous Trehalose[END_REF][START_REF] Dranca | Implications of Global and Local Mobility in Amorphous Sucrose and Trehalose as Determined by Differential Scanning Calorimetry[END_REF] unlike the Lys II-process whose width is invariable with temperature, the relaxation process observed in complex formulations becomes broader with decreasing temperature (Figure 5b).

The @ 45 parameter decreases upon decreasing temperature with a slope very similar to the slope of @ 45 (T) of the trehalose secondary γ-relaxation.

All these observations suggest that this relaxation process observed in pure compounds (named hereinafter (Lys II+Disaccharide γ)-process) should be identified like an envelope of two relaxation processes, i.e. γ-process of trehalose and II-process of lysozyme pure compounds.

Moreover, it points out a mutual interplay between the molecular motions associated to Lys IIprocess (coupled motions of water hydrogen bounded to polar residues of Lys 47 ) and those to which γ-relaxation is ascribed (motions of exocyclic hydroxymethyl groups, influenced by the hydrogen bond network [START_REF] Kaminski | Dielectric studies on molecular dynamics of two important disaccharides: Sucrose and trehalose[END_REF] ). Therefore, these original dielectric results in lysozyme+disaccharide freeze-dried samples come in line with the scenario describing that some water molecules make bridges between the protein and the disaccharide [START_REF] Francia | Protein -Matrix Coupling / Uncoupling in " Dry " Systems of Photosynthetic Reaction Center Embedded in Trehalose / Sucrose : The Origin of Trehalose Peculiarity[END_REF][START_REF] Lerbret | How strongly does trehalose interact with lysozyme in the solid state? Insights from molecular dynamics simulation and inelastic neutron scattering[END_REF][START_REF] Lerbret | Molecular Packing, Hydrogen Bonding, and Fast Dynamics in Lysozyme/Trehalose/Glycerol and Trehalose/Glycerol Glasses at Low Hydration[END_REF] .

A comparison between @ 45 parameter determined in Lys+Treh and Lys+Sucr, which characterizes the broadening of the relaxation peak, reveals that all values are lower in the former, indicating a broad distribution of the relaxation times (Figure 5b). This could be explained by the existence of different molecular surroundings around lysozyme residues. This statement is in agreement with Raman imaging which has shown that trehalose is more heterogeneously distributed in the frozen formulation than sucrose at the micrometer scale (see Figure 1).

The slower relaxation process, clearly observed only in Lys+Sucr spectrum, corresponds to the disaccharide β-process, since it has similar shape parameters and its maximum is located nearly at the same position that the secondary β-relaxation of FD trehalose. This process is not detected in Lys+Treh sample (Figure 4a and5a). This relaxation process could be hidden under the low frequency tail (LF-contrib) which is much more intense in Lys+Treh than in Lys+Sucr (Figures 4b and4d). A precise assignment of this LF-process is not yet possible. A dc-contribution due to ionic impurities charge transport cannot be excluded, in addition to a process (never resolved in the temperature range here analyzed) that is described by a Cole-Cole function, observed in FD lysozyme sample by Khodadi et al. [START_REF] Khodadadi | Influence of hydration on protein dynamics: Combining dielectric and neutron scattering spectroscopy data[END_REF] . On the other hand, this LF-contribution is more intense in FD Lys+Treh, the sample that has the higher water content and presents higher heterogeneity (see Figure 1). Therefore, this CC-process could be assigned to an inner interfacial polarization process, i.e., a Maxwell-Wagner-Sillars relaxation [START_REF] Maxwell | Treatise on Electricity and Magnetisme[END_REF][START_REF] Wagner | Erklärung der dielektrischen Nachwirkungsvorgänge auf Grund Maxwellscher Vorstellungen[END_REF][START_REF] Sillars | The properties of a dielectric containing semiconducting particles of various shapes[END_REF] . New experiments on Lys+Treh samples at different degree of hydration are planned in order to get deeper insights on the β-process and the LF-contribution.

The relaxation times (τ) obtained after fitting (Eq. 6) the spectra recorded in Lys+Sucr and Lys+Treh samples are plotted against 1000/T in Figure 6. [START_REF] Lerbret | Molecular Packing, Hydrogen Bonding, and Fast Dynamics in Lysozyme/Trehalose/Glycerol and Trehalose/Glycerol Glasses at Low Hydration[END_REF] . This effect is probably enhanced in Lys+Treh sample because of the greater affinity of trehalose to water. This ability of trehalose to reduce this type of molecular mobility can be a specific property for preserving the protein conformation during longterm storage of the cake at room temperature i.e. below Tg.

Conclusion

Combining Raman and dielectric spectroscopies for investigating freeze-dried lysozyme formulation is an original approach to understand bioprotective efficiency of disaccharide along the lyophilization process and during log-term storage.

Raman imaging performed at the end of the freezing stage has shown more pronounced phase separation phenomenon within lysozyme formulations in presence of trehalose than in presence of sucrose. This result can explain that sucrose has a more efficient bioprotective effect than trehalose during the primary drying stage, since trehalose-rich regions induce larger areas where lysozyme has no protection against ice and ice sublimation. This study performed in situ during the FD process, points out a greater bioprotective effect of sucrose, mainly explained by a lower affinity of sucrose for water compared to trehalose.

Dielectri relaxation spectroscopy studies certainly revealed the capability of trehalose assisted by residual water to reduce the molecular mobility of the vitreous matrix, suggesting that trehalose is more efficient to preserve the lysozyme structure during long-term storage. It is worth noting, however, that the greater affinity of trehalose for water can be unfavorable for long-term storage if the residual water content increases, since trehalose can easily crystallize decreasing by this way the bioprotective activity of the dissacharide. To summarize this study, the use of trehalose bioprotective agent should be recommended given that freeze-drying is a largely used process for preserving proteins during long-term storage. 

  analyzed by DRS in order to examine relaxational motions of the protein, sucrose and trehalose, below Tg. Dielectric Relaxation Spectroscopy (DRS) is an experimental technic that covers an extremely broad frequency range in a large temperature interval. This technic allows to study an extended dynamic range from local motions persisting in the glassy state (secondary relaxations) to larger scale global motions (cooperative motions associated with the dynamic glass transition named alpha relaxation) 27 . Complementary information about the water content, Tg of the solid matrix and protein unfolding temperatures are expected from DSC and TGA analyses. Combining these results will provide a better understanding of the bioprotective effect of sucrose and trehalose during FD and long-term storage.

( 22 -

 22 23 °C) to 200 °C. In order to keep a controlled atmosphere the samples were maintained under nitrogen at flow rate of 60 mL/min. The water content was determined at about 116 °C, 129 °C and 102 °C in Lys, Lys+Treh and Lys+Sucr samples respectively, as represented in Figure S2. The derivative signal was used for Lys+Treh and Lys+Sucr samples, in order to accurately determine the temperature at which the weight loss is constant.

1 ,

 1 ), Eq. (2) and Eq. (3) : distinctive of ice, trehalose, sucrose and lysozyme respectively. The ratios values (I ) were normalized for a direct comparison according to :

  ε″ -imaginary part of the complex dielectric permittivity) was measured by an Alpha-Beta Impedance Analyzer (from Novocontrol Technologies GmbH, Montabaur, Germany) covering a frequency range from 10 -2 Hz to 10 7 Hz. The FD sample (~40 mg) was compressed under a pressing force of 1-2 kN, for 1min corresponding to an applied pressure of 10-20 MPa, for obtaining the requested dimensions of the tablet (Ø=10 mm and 0.2 -0.3 mm of thickness). In order to optimize the compression parameters and to verify the stability of the protein after pressurization, the samples were analyzed before and after compression by µRaman spectroscopy. Raman spectra represented in FigureS6are superimposed indicating that the protein conformation has not been changed under compression. The tablet was then placed between two gold-coated electrodes and mounted on a cryostat Quatro Cryosystem (module provided by Novocontrol Technologies GmbH, Montabaur, Germany). After a cooling ramp from 10 °C down to -130 °C, at 5 °C/min, isothermal dielectric measurements were carried out each 5 °C from -130 °C to 20 °C. The temperature of the sample was regulated by a nitrogen gas flow using a Novocontrol Quatro temperature controller (Novocontrol Technologies GmbH, Montabaur, Germany) in order to keep the temperature fluctuations during isothermal acquisitions within 0.2 °C.

  ≤ 1) describing the symmetric and asymmetric broadening of the dielectric loss (ε″( B)) compared to the Debye function (C DE =F DE = 1). The Cole-Cole model function is a special case of Eq. 5, with 0 < C DE ≤ 1 and F DE = 1. In this context, the smaller the C DE values are, the broader the distribution of relaxation times is (distribution of energy barriers) leading to the symmetric broadening of the relaxation peak (compared to the Debye peak) 27 .
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 23 is only observed in Lys+Sucr sample and not detected in Lys+Treh sample. The existence of this overshoot is recognized to be highly depend on the temperature of isothermal aging with respect to the glass transition temperature. In this context, the observation of an overshoot only in sucroselysozyme sample can be explained by considering that the ice sublimation was performed at temperature relatively close to Tg' of sucrose. The unfolding temperature of the protein secondary structure is observed at lower temperatures in presence of trehalose ( at about 122.9 °C) than in presence of sucrose (at about 128.0 °C), indicating a lower bioprotective effect of trehalose in presence of residual water. It is worth noting that Lys+Sucr and Lys+Treh samples contain different amount of residual water. Consequently, the same analysis was performed in a pan with pierced lid, in order to analyze the completely dry sample. New DSC traces are represented in Figure 3c. This figure reveals that the endotherm associated with the protein unfolding is observed at higher temperatures in both samples. Moreover, the unfolding temperature in absence of water is higher in Lys+Treh than in Lys+Sucr sample (156.7 °C and 143.7 °C respectively). This indicates a higher bioprotective effect of trehalose in a completely dry sample. On the other hand, the difference between the unfolding temperatures of lysozyme in presence and in absence of water is higher in Lys+Treh sample compared to Lys+Sucr (33.73 °C and 15.67 °C respectively), which is probably related to a higher water content in the former. Molecular dynamics below the glass transition Molecular dynamics of lysozyme, trehalose and sucrose are the subject of interest for many researchers 47-59 . It is difficult, however, to understand the relationship between the dynamics of vitreous matrices and the bioprotective effect by analyzing only pure compounds, independently. In order to tackle this challenge, we focused our study on the dielectric characterization of FD complex formulations Lys+Treh and Lys+Sucr, in order to characterize the molecular dynamics of the vitreous matrix bellow Tg. The relaxation dynamics of pure FD compounds, investigated by DRS, are presented and discussed in the Supporting Information file. A summary is given as follow : 1) In the dielectric spectrum of FD Lys (h=0.1), one well-resolved symmetric peak (C DE = 0.27; A 45 = 1) is detected in the whole analyzed temperature range, named II-process in the following discussion. This process corresponding to the main relaxation process observed by Khodadadi et al. 47 is associated with coupled reorientational motions of the protein polar residues and hydration water molecules. The spectrum shown for FD trehalose is representative (at least qualitatively) of the dynamics of both disaccharides in the glassy state (see Supporting Information). The most intense and well-resolved peak has asymmetric shape (HN function with C DE =0.37; F DE = 0.65), is identified with the secondary γ-relaxation observed by Kaminski et al. 56 . This process has been related to motions of exocyclic hydroxymethyl groups 56 . The slower process, identified with the secondary β-relaxation by Kamniski et al. 60 , is symmetrically broadened (CC function with C DE =0.44; F DE = 1) and it was assigned to the twisting mode of the monosugar rings around the glycosidic linkage 61 . Due to the sensibility of this process regarding some experimental parameters like pressure and water content, it was also identified as a Johari-Goldstein βrelaxation that is intermolecular in nature 56 . It is noticeable that the corresponding peaks of γ-process in FD trehalose and IIprocess of FD lysozyme are located nearly at the same position and are characterized by identical temperature dependence of the corresponding relaxations times (i.e., identical activation energy). Keeping in mind this consideration, the first dielectric results obtained for FD Lys+Treh and FD Lys+Sucr in the present work can be described, from high to low frequencies, as following. Representative dielectric loss spectra (ε″( ?)) as a function of the available frequency range, recorded Lys+Treh and Lys+Sucr samples are shown in Figure 4a and 4c, respectively. For a meaningful analysis of the relaxational processes, suitable model functions (Eq. 5) were fitted to the isothermal data assuming an additive behavior for taking into account the contribution of the different processes described below. The fitting procedure is illustrated in Figure 4b and 4d for spectra recorded at -45 °C in Lys+Treh and Lys+Sucr, respectively. The dielectric loss spectrum of Lys+Sucr (Figure 4d) is well described by a sum of two Cole-Cole (CC) functions (Eq. 5) with N OP = 1 and different Q OP width parameters (C DE R S =0.26 and C DE T =0.44). By contrast, only one well-resolved relaxation process, well described by a CC function (C DE =0.24; F DE = 1), is detected in Lys+Treh sample (Figure 4b). In addition, for a reasonable fit of the experimental data, the low frequency contribution (called here LF-contrib) requires the use of a supplementary CC function (F DE = 1). For further insights into the dielectric behavior of Lys+Sucr and Lys+Treh, the loss spectra at -45°C, normalized relatively to $ # " and ? # of the most intense (the faster) relaxation process, are compared in Figure 5a with the normalized spectra of the pure FD compounds (trehalose and lysozyme). It can be observed that at this temperature the corresponding peak of the faster process observed in Lys+Sucr and Lys+Treh spectra is located nearly at the same position that γprocess of trehalose and II-process of lysozyme. The dielectric loss peak is symmetrically broadened according to a Cole-Cole function (A 45 = 1) contrasting with the asymmetric shape of the γ-process observed in pure FD trehalose (F DE = 0.62). This characteristic of the complex relaxation comes mainly from the Lys II-process (A 45 = 1). In addition, it is worth noting that the relaxation process observed in Lys+Treh and Lys+Sucr is broader than the γ-process of Treh (from Figure 5b the C DE = 0.22 in Lys+Treh C DE = 0.25 in Lys+Sucr and 0.37 in Treh). However,

  Both relaxation processes detected in FD Lys+Sucr sample follow an Arrhenius temperature dependence. Interestingly, the activation energy value of the slower process, Ea = 63 ± 1.1 kJ/mol, is close to the value estimated using the relation proposed by Kudlik et al. 67 , Ea,JG = 24RTg (at Tg of Lys+Sucr sample equal to 298 K, the Ea = 59.5 kJ/mol). This relation characterizes well the genuine Johari-Goldstein relaxation processes observed in several glass formers[START_REF] Kudlik | Slow secondary relaxation in simple glass formers[END_REF] . This observation suggests that (Lys+Sucr β)process detected in FD Lys+Sucr sample seems to be a Johari-Goldstein type process. If is not "pure", it can be the result of an encroachment between the genuine JG-process (intermolecular nature) and the β-process of intramolecular nature discussed above for the pure disaccharides. Usually the JG-process is attributed to a local motion of the whole molecule and is generally regarded as the precursor of the structural α-relaxation 68 . In this context the (Lys+Sucr β)-process can be rationalized as originated from motions of sucrose molecules "dispersed" in an environment composed of the "huge" lysozyme molecules with the hydration water molecules bounded to their surface. By this way, the strong depression of Tg observed by DSC when comparing Tg Lys+Sucr with Tg,sucrose (at about 75 °C) could be explained as a concomitant effect of plastization by some water molecules and a "confinement-like" effect due to the surrounding "lysozyme+(water)" molecules (more rigid than trehalose).The (Lys II+Sucrose γ)-relaxation exhibits a clear Arrhenius behavior and is characterized by an activation energy of about 47.38 ± 0.38 kJ/mol, which is slightly lower than those of pure FD compounds, i.e. 51.28 ± 0.39 and 58.35 ± 0.08 kJ/mol recorded in lysozyme (II-process) and trehalose (γ-process) respectively. Also, the relaxation times of (Lys II+Sucrose γ)-relaxation are systematically lower, in the studied temperature range, than τ(T) associated with the II-process in lysozyme and γ-process in trehalose (data shown in FigureS10). These results indicate that the local motions of lysozyme/water/sucrose originating from this coupled process are faster in the freeze-dried complex matrix. This reflects an environment of weak intermolecular interactions, which is compatible with an acceleration of the molecular motions, of intermolecular nature, related to the β-relaxation (JG-type). The temperature dependence of relaxation times in (Lys II+Trehalose γ)-process exhibits a non-monotonous Arrhenius behavior, contrasting with Lys+Sucr. It is noticeable that in the temperature range [-75°C; -23 °C], the relaxation times of (Lys II+Trehalose γ)-process are longer than (Lys II+Sucrose γ)-relaxation, indicating slower molecular mobility, thus higher stability of Lys+Treh relatively to Lys+Sucr in the mentioned temperature range. Nontheless, at around T = -10 °C this order is reversed, i.e. the coupled motions lysozyme-water-trehalose are slightly faster than lysozyme-water-sucrose. This indicates that from this temperature lysozyme starts to be less stable in the presence of trehalose still in the glass state.

Figure 6

 6 Figure 6 reveals that sub-Tg local motions in the vitreous matrixes containing sucrose and trehalose are faster in the former. It was shown by MD simulations that residual water has an antiplasticizing effect on the vitreous matrix by decreasing the size of free volume holes within the porous matrix and by strengthening H-bond interactions[START_REF] Lerbret | Molecular Packing, Hydrogen Bonding, and Fast Dynamics in Lysozyme/Trehalose/Glycerol and Trehalose/Glycerol Glasses at Low Hydration[END_REF] . This effect is probably enhanced in Lys+Treh

  The unfavorable contribution of water to the bioprotective effect of trehalose can be supported by DSC experiments performed in open and sealed pans, indicating a significant enhancement of the bioprotective effect of trehalose after removing residual water with respect to sucrose.This study indicates that Tg of the bioprotectant and Tg of the cake are not the only parameter to consider for predicting bioprotection during FD and during long-term storage, in agreement with a recent study on the bioprotective effects of trehalose-glycerol mixtures[START_REF] Starciuc | Influence of a Small Amount of Glycerol on the Trehalose Bioprotective Action Analyzed In Situ During Freeze-Drying of Lyzozyme Formulations by Micro-Raman Spectroscopy[END_REF] . It is clear from the present study that the ability of sugars to form H-bonds with water has consequences on the nature of the H-bonding network and on the rigidity of the host vitreous matrix.

Figure 1 :

 1 Figure 1 : Pannel of Raman images corresponding to the distribution of ice (a and d), protein (b and e) and dissacharides (c and f), after the freezing stage of the freezedrying process in Lys+Sucr (a, b and c) and Lys+Treh (d, e and f) samples.

Figure 2 :

 2 Figure 2 : The AI band position determined by fitting of the spectra recorded after each stage of the FD process, in Lys+Sucr (a) and Lys+Treh (b) samples. The horizontal lines correspond to the mean values of 1681 AI positions. Solid black arrow corresponds to the difference between AI position mean values, obtained after the first drying stage in Lys+Sucr and Lys+Treh samples. Dashed arrows, red and blue, represent the AI shift after the secondary drying stage in Lys+Sucr and Lys+Treh samples, respectively.

Figure 3 :

 3 Figure 3 : (a) Weight loss change measurement of the FD samples Lys (black line), Lys+Treh (blue line) and Lys+Sucr (green line). (b) and (c) represent DSC thermograms recorded in dried samples Lys (black dotted line), Lys+Sucr (red solid line) and Lys+Treh (blue dashed line) during heating at 5 °C/min in a hermetically sealed pan (b) and in a pan with pierced lid (c).

Figure 4 :

 4 Figure 4 : Representative loss spectra (ε'') measured in freeze-dried Lys+Treh (a) and Lys+Sucr (c). Figures (b) and (d) represent an exemple of fitting procedure of dielectric loss spectra recorded at -45 °C in Lys+Treh (b) and Lys+Sucr (d). Solid lines are the global fit to dielectric data using a sum of two or three individual HN functions (dashed lines).

Figure 5 :

 5 Figure 5 : (a) Dielectric loss spectra (T = -45 °C ) normalized relatively to the intensity (ε"<sub>max</sub>) and position (f<sub>max</sub>) of the most intense relaxation process, recorded in Lys+Sucr (red triangle), Lys+Treh (blue cross), Lys (green cross) and Treh (black full circles). (b) Temperature dependence of the α<sub>HN</sub> parameter of this process. The same symbols are used to identify the samples.

Figure 6 :

 6 Figure 6 : Relaxation map (relaxation time (τ) versus 1000/T) representing all identified relaxation process in Lys+Sucr (opened and filled triangles) and Lys+Treh (blue open circles) complex formulations. Solid lines represent the best Arrhenius fit.

  

  

  

  

  

Table 1 :

 1 Arrhenius activation parameters (activation energy, Ea and pre-exponentiel factor, τ∞) for the secondary relaxations characterizing the glassy state of FD samples Treh, Lys, Lys+Sucr and Lys+Treh.

	Freeze-dried samples	Relaxation process	( /	)	( )
	Lysozyme	II process	51.3 ± 0.39	-15.9 ± 0.10
	Trehalose	γ-process β-process	58.4 ± 0.08 67.8 ± 0.46	-17.3 ± 0.1 -16.0 ± 0.1
	Lys+Sucr	(II-process + γ)-process (Lys+β)-process	47.4 ± 0.38 63.0 ± 1.11	-15.9 ± 0.1 -15.9 ± 0.2
	Lys+Treh	(II-process + γ)-process	HT : 76.2 ± 0.96 LT : 64.6 ± 0.57	HT : -21.8 ± 0.3 LT : -19.0 ± 0.1