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Highlights

 Solubility and fragmentation time are shown to be strongly correlated with rehydration times  Ageing itineraries of MC powder can be defined from accelerated ageing tests  Knowledge of ageing itinerary allow to predict the rehydration time of aged sample
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For the two MC powders tested, it was shown that the two characteristic times and the browning index increased with storage duration and temperature applied during ageing, whereas solubility decreased. For each MC powder studied, it was shown that i)there is a correlation (ageing curves) between the rehydration time (the target variable) and the indicator parameters (fragmentation time, browning index and solubility) and (ii)the shape of each ageing curve is independent of the ageing conditions but dependent on the MC powder studied.

These results clearly suggest the i)possibility to obtain reference ageing curves for each indicator, linking total rehydration time and the following indicators: fragmentation time, browning index and solubility ii)possibility to identify several ageing similarities between severe and moderate storage conditions iii)feasibility of applying accelerated ageing conditions to rapidly establish the shape of the reference ageing curves for a given MC powder, and iv)possibility of predicting the rehydration time of the MC powder studied using reference ageing curves through the measurement of one indicator (fragmentation time, browning index and solubility). This predicting ability of the proposed approach has been ascertained by comparing experimental and predicted values of rehydration time for aged samples having undergone storage accidents.

Introduction

Milk protein concentrate (MPC) powders are produced from skimmed milk by spray drying after ultrafiltration [START_REF] Haque | Protein Conformational Modifications and Kinetics of Water-Protein Interactions in Milk Protein Concentrate Powder upon Aging: Effect on Solubility[END_REF]. These dairy-derived powders have a high protein content, with the dry matter content ranging from 40 to 90 % [START_REF] Castro-Morel | Basic functionality of commercial milk protein concentrates[END_REF]. The casein to whey protein ratio of MPC is identical to that of skimmed milk.

Due to their high nutritional value and favourable functional properties (e.g. foaming, emulsifying, gelling, etc.), MPC powders are incorporated as an ingredient into a wide range of applications in downstream food industries (Selomulya & Fang, 2013). For example, they can be used to standardise the protein content of milk and are used as ingredients in many food applications including raising the protein content of cheese and yoghurt.

For most applications, a prior dissolution of MPC powder in water is mandatory in order to allow the powder to fully express its functional properties (Gaiani, Scher, et al., 2007) Consequently, rehydration and solubility are important end-use properties for MPC powders and require accurate assessment.

Unfortunately, several studies have reported that MPC powders are characterised by poor rehydration properties (Gaiani, Schuck, Scher, Desobry, & Banon, 2007;[START_REF] Richard | Towards a better control of dairy powder rehydration processes[END_REF][START_REF] Richard | Ultrasound tests in a stirred vessel to evaluate the reconstitution ability of dairy powders[END_REF]P. Schuck et al., 2007). This is even truer for micellar casein (MC) powder, whether freshly prepared or stored. MC powder is a high-protein dairy powder obtained from milk microfiltration retentate. The objective is to eliminate almost all of the whey proteins, lactose and minerals (Schuck et al., 1994) and to concentrate the casein micelles while preserving their native structure. Due to the enriched micellar casein content, MC powder is an attractive material for the food industry, as it can enhance the structure, texture and consistency of various foodstuffs [START_REF] Paracha | Characterisation of the rehydration of milk protein concentrates in the presence of sugar[END_REF]Singh, 2002). For powder enriched in micellar casein, it was i) shown that the total rehydration process required more than 3 hours at 25 °C under stirring at 900 rpm, and ii) observed that despite the Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 aforementioned treatment, some undissolved material remained, which is generally referred to as the 'insoluble fraction' [START_REF] Richard | Towards a better control of dairy powder rehydration processes[END_REF].

The impact of storage on the properties of MPC has been extensively studied [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF][START_REF] Fang | On quantifying the dissolution behaviour of milk protein concentrate[END_REF][START_REF] Gazi | Influence of protein content and storage conditions on the solubility of caseins and whey proteins in milk protein concentrates[END_REF][START_REF] Haque | Change in molecular structure and dynamics of protein in milk protein concentrate powder upon ageing by solid-state carbon NMR[END_REF][START_REF] Haque | Kinetics of enthalpy relaxation of milk protein concentrate powder upon ageing and its effect on solubility[END_REF][START_REF] Havea | Protein interactions in milk protein concentrate powders[END_REF][START_REF] Hunter | Effect of storage time and temperature of milk protein concentrate (MPC85) on the renneting properties of skim milk fortified with MPC85[END_REF][START_REF] Jimenezflores | Properties of ultrafiltered skim milk retentate powders[END_REF]Le, Bhandari, & Deeth, 2011;[START_REF] Marella | Manufacture of modified milk protein concentrate utilizing injection of carbon dioxide[END_REF]Mimouni, Deeth, Whittaker, Gidley, & Bhandari, 2010a[START_REF] Mimouni | Rehydration of high-protein-containing dairy powder: Slow-and fast-dissolving components and storage effects[END_REF]Sikand, Tong, Walker, Wang, & Rodriguez-Saona, 2016;Udabage, Puvanenthiran, Yoo, Versteeg, & Augustin, 2012), with particular focus on the gradual loss of solubility during storage [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF][START_REF] Fyfe | Storage induced changes to high protein powders: influence on surface properties and solubility[END_REF][START_REF] Haque | Kinetics of enthalpy relaxation of milk protein concentrate powder upon ageing and its effect on solubility[END_REF][START_REF] Mimouni | Rehydration of high-protein-containing dairy powder: Slow-and fast-dissolving components and storage effects[END_REF]. These studies have shown that the solubility and rehydration properties of MPC were negatively impacted by severe ageing conditions (temperature, humidity and storage time). Poor reconstitution properties, and hence poor functionality of high-micellar casein powders can prevent them from achieving full market potential [START_REF] Castro-Morel | Basic functionality of commercial milk protein concentrates[END_REF]. Thus, various studies have investigated ways of preventing insolubility of a powder, either by attempting to adjust adequate process parameters during filtration and spray drying operations (namely the drying inlet temperature conditions for example (Schuck et al., 1994), or by adapting the initial retentate formulation. It was found that adding monovalent salts to the ultrafiltered retentate prior to drying may improve solubility while increasing the calcium/total mineral ratio decreases the solubility of MPC [START_REF] Carr | Monovalent salt enhances solubility of milk protein concentrate[END_REF].

At present, protein destabilisation due to conformational changes [START_REF] Fyfe | Storage induced changes to high protein powders: influence on surface properties and solubility[END_REF][START_REF] Haque | Protein Conformational Modifications and Kinetics of Water-Protein Interactions in Milk Protein Concentrate Powder upon Aging: Effect on Solubility[END_REF][START_REF] Haque | Ageing-induced solubility loss in milk protein concentrate powder: effect of protein conformational modifications and interactions with water[END_REF][START_REF] Haque | Change in molecular structure and dynamics of protein in milk protein concentrate powder upon ageing by solid-state carbon NMR[END_REF][START_REF] Haque | Kinetics of enthalpy relaxation of milk protein concentrate powder upon ageing and its effect on solubility[END_REF][START_REF] Kher | FTIR investigation of spray-dried milk protein concentrate powders[END_REF] and Maillard reactions in the presence of lactose [START_REF] Haque | Protein Conformational Modifications and Kinetics of Water-Protein Interactions in Milk Protein Concentrate Powder upon Aging: Effect on Solubility[END_REF][START_REF] Haque | Ageing-induced solubility loss in milk protein concentrate powder: effect of protein conformational modifications and interactions with water[END_REF][START_REF] Haque | Change in molecular structure and dynamics of protein in milk protein concentrate powder upon ageing by solid-state carbon NMR[END_REF] From analysis of state of the art, it also appears that the colorimetric change in MC powder with ageing (browning index) has been poorly documented.

Further work is thus needed to establish the influence of storage temperature and time on the ageing of MC powders and to illustrate the link between rehydration time and other ageing indicators (solubility, fragmentation time and browning index). Providing experimental data addressing this issue is the main aim of this study rather than to investigate MC at molecular scale or to establish a relationship between structural modifications and changes in rehydration/browning properties. At present, protein instability in its dry form (conformational modifications and water-protein interaction) and Maillard reaction due to the non limiting lactose content are the most frequently cited causes to explain the loss of MPC rehydration properties [START_REF] Haque | Protein Conformational Modifications and Kinetics of Water-Protein Interactions in Milk Protein Concentrate Powder upon Aging: Effect on Solubility[END_REF][START_REF] Haque | Ageing-induced solubility loss in milk protein concentrate powder: effect of protein conformational modifications and interactions with water[END_REF][START_REF] Haque | Change in molecular structure and dynamics of protein in milk protein concentrate powder upon ageing by solid-state carbon NMR[END_REF]. 

Materials and methods

2.1. Dairy powders manufacture: physicochemical analysis at inlet and outlet of the spray drying tower and process parameters MC concentrates were obtained through microfiltration (pore size = 0.1 μm) of skimmed milk from Ingredia (Arras, France).

Powders were obtained by spray drying an MC concentrate in a pilot workshop (GEA, Niro Atomizer, St Quentin en Yvelines, France) at Bionov (Rennes, France). The same operating conditions as described by [START_REF] Pierre | Native micellar casein separation through cross flow membrane microfiltration[END_REF] and Schuck et al. (1994) were used for the spray drying. The inlet temperature was 180 °C ± 10 °C and the outlet temperature was 65 ± 5 °C.

Two batches of MC powder were prepared (P1 and P2). Various physico-chemical analyses were performed on the initial microfiltration retentates and the resulting dairy powders. The nitrogen contents (total nitrogen, non-casein nitrogen, non-protein nitrogen) of initial statefresh powder were determined as described by Schuck et al., (2012). The total nitrogen content, non-casein nitrogen content corresponding to the soluble fraction at pH 4.6, and nonprotein nitrogen content corresponding to the insoluble fraction after their precipitation were determined by the Kjeldhal method. Nitrogen contents were converted into protein contents using 6.38 as multiplying factor. These analyses are reported in Table 1. MC powders were packed into individual 380 g tin cans after manufacture. The powders were stored at controlled temperatures of 4 °C (referred to as "reference powder"), 20 °C, 40 °C and 60 °C for various durations to a maximum of 12 months.

Determination of solubility

To determine solubility, aqueous solutions of 5 % (w/w) MC powder were firstly prepared in distilled water at room temperature for 1 hour under stirring. Then, 50 ml of the MC solution was transferred into 50 ml centrifugation tubes and centrifuged using a Sigma 6K15 refrigerated centrifuge (Sigma, Labozentrifugen GmbH, Osterode am Harz, Germany) at 700 × g at 20 °C for 20 min. The supernatant was placed in a preweighed moisture dish and weighed. After that, the moisture dish (filled with the supernatant) was dried for 24 h in an oven at 105 °C before being cooled down to room temperature in a desiccator containing dry silica gel to avoid condensation and then reweighed. The percentage of soluble material (σ) of the MC powder was calculated using the following equation [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF]:

σ =
Weight of dry material weight of solution × 100

Eq. ( 1)

It represents the solids in the ultracentrifugal supernatant, expressed as a percentage of total soluble solids in the whole solution. The σ values of aged powder samples were compared to that of the reference powder, and this σ(aged)/σ(reference) ratio in percentage was used to study the solubility evolution during ageing.

Colour measurement of MC powder and browning index determination

The colour measurements were carried out during storage Eq. ( 2)

With x = (a * +1.750×L * ) (5.645×L * +a * -3.012×b * )
Eq. ( 3)

Rehydration tests

The equipment used for performing rehydration tests has been previously described by [START_REF] Richard | Towards a better control of dairy powder rehydration processes[END_REF]2012).

MC powders were reconstituted at 8 % (w/w) dry matter content. This concentration is commonly used in dairy applications at industrial scale. The dairy powder was added manually to the free liquid surface. The powder rehydration protocol was described in a previous publication [START_REF] Jeantet | The influence of stirring speed, temperature and solid concentration on the rehydration time of micellar casein powder[END_REF]. The rehydration protocol and sampling site were kept constant throughout all the experiments.

After the addition of powder to the liquid surface (at a stirring rate of 900 rpm), the impeller rotational speed of the agitator N was set at 1,200 rpm for 45 seconds to ensure that the powder was fully incorporated into the liquid. Then, N was set at a constant speed of 900 rpm until the end of the rehydration test. It should be noted that a turbulent flow regime and full suspension of powder particles were achieved at this N value.

Granulomorphometer measurements and determination of fragmentation time
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Digital images of powder particles during the course of the rehydration tests were obtained using the Flow-Cell272 200 S-M (Occhio, Angleur, Belgium) granulomorphometer. This microscopy technique makes it possible to analyse samples, diluted or not, of the MC suspension pumped into the vessel of the rehydration test. The principle of this granulomorphometer was described in a previous publication [START_REF] Richard | Ultrasound tests in a stirred vessel to evaluate the reconstitution ability of dairy powders[END_REF]. Readers can refer to this article for more details.

As previously described by [START_REF] Richard | Ultrasound tests in a stirred vessel to evaluate the reconstitution ability of dairy powders[END_REF], the fragmentation time has been defined as the time required to reach the maximum number of particles during the rehydration test.

Static light scattering and determination of total rehydration time

As described by [START_REF] Richard | Ultrasound tests in a stirred vessel to evaluate the reconstitution ability of dairy powders[END_REF], particle size distribution, measured by SLS (Static Light Scattering, Mastersizer 2000, Malvern Instruments Ltd, England) was used to determine the total rehydration time for each test. Sampling was done as follows: 0.5 mL of the powder suspension was withdrawn with a 16-mm-diameter syringe from the rehydration vessel.

Samples were diluted in the Malvern cell (volume: 100 mL) with distilled water to reach appropriate obscuration (25 %). The solvent and particle refractive indices were set at 1.33 and 1.3, respectively, for particle size distribution measurements. The absorption index was set at 0.1. The class size limits were 0.02-2,000 μm. Particle size distribution was measured every 5 minutes until the fragmentation time was complete, and then approximately every 30 minutes as long as the size of the particles was larger than 15 µm and finally every 5 minutes until the end of the experiment when reaching the total rehydration time. According to [START_REF] Richard | Ultrasound tests in a stirred vessel to evaluate the reconstitution ability of dairy powders[END_REF], the total rehydration time was defined as the time required for Dv50, medium value of the particle size distributions, to reach 0.2 μm after the addition of powder.

The mean standard deviation of total rehydration time results was equal to 11.4%. Similar values of standard deviation for different powders were obtained by [START_REF] Jeantet | The influence of stirring speed, temperature and solid concentration on the rehydration time of micellar casein powder[END_REF].
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Statistical analysis

Student's t-tests with a 0.05 level of significance were used to measure the significance of the differences between samples stored and reference powder none stored. As widely known, the differences are statistically nonsignificant when p > 0.05 and statistically significant when p < 0.05

Results & discussion

Firstly, experimental data collected for MC P1 for the 4 different storage temperatures are presented and discussed.

Browning index evolution with ageing conditions

The change of colour visually observed for the MC P1 as a function of storage time for different storage temperatures is illustrated in Figure 1A. As expected, it clearly appears that browning is strongly influenced by the storage temperature set. Browning occurred faster when the storage temperature increased. At a storage temperature of 60 °C, the increase of the brown coloration of the powder is so significant that it is clearly detectable even by naked eyes.

The a slope equal to 0.46) (p<0.05). Then for the storage period from 60 to 360 days, the increasing rate of BI decreased down to nearly 0 and a plateau was observed (p>0.05).

In the literature, it is often suggested that the presence of small quantities of lactose is sufficient to trigger a Maillard reaction. Indeed, interactions between lactose and lysine can occur, leading to food properties evolution like colour, flavour and nutritional value [START_REF] Martins | A review of Maillard reaction in food and implications to kinetic modelling[END_REF].

Typically, both the temperature and the storage time have been proven to impact the Maillard reaction. For the MC P1 investigated, it is highly probable that such phenomena were also involved in the browning process.

Solubility evolution with ageing conditions

The solubility of MC P1 stored at different temperatures is plotted as a function of time in The MC P1 stored at 20 °C showed little change in solubility over a storage time of 180 days.

It could be observed that the solubility slightly and linearly decreased from 100 % to ~80 % over that period of storage.

A different solubility evolution upon ageing is observed when storage temperature increases.

Indeed, the solubility of MC P1 stored at 40 °C drastically decreased in the first days of ageing, then after 60 days of storage at this temperature a plateau was reached and the solubility became constant at around 25 % of the initial value. This drastic decrease of solubility at the first instant of storage at a higher storage temperature was amplified when ageing occurred at 60 °C. It could be noticed that the solubility of the MC P1 stored at 60°C decreased dramatically after 8 h of storage and reached an asymptotic value of ~15 % at 60 days of storage. For these two most severe storage conditions tested, the solubility was first subjected to an exponential decay then reached an asymptotic value.

The loss of solubility observed for MC P1 at higher storage temperatures was in agreement with both the expected trend (increase in quantity of insoluble material with time and storage temperature) and previous studies of high-protein dairy powder [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF][START_REF] Gazi | Influence of protein content and storage conditions on the solubility of caseins and whey proteins in milk protein concentrates[END_REF]Le, Bhandari, & Deeth, 2011;[START_REF] Le | Maillard Reaction and Protein Cross-Linking in Relation to the Solubility of Milk Powders[END_REF] From further analysis of the experimental data, it appeared that solubility and browning index didn't follow the same evolution with storage time: decay with time is observed for solubility whereas a growth is noticed for BI. For a given storage temperature, the monotonicity and rates of change of these two indicators vary differently with storage time. Indeed, for a storage temperature fixed at 40 °C, the change in solubility followed an exponential decrease contrary to the change in BI, which followed a linear growth at this temperature (Figure 1). Similarly, the BI values did not change with time during storage at 20 °C, whereas solubility decreased by 23 %. This kinetic difference clearly indicates that loss of solubility and increase in browning during storage are not induced by the same phenomena and consequently the evolution of these two indicators are unlikely to be governed by the apparition of the same chemical species at molecular level. To our knowledge, there is yet no study reported on fragmentation time evolution upon ageing. We are the first group to report this indicator evolution with storage time for various storage temperatures. Consequently, it is difficult to do further discussion and comparison on the experimental data obtained. Nevertheless, the change in fragmentation time should be regarded as an indicator which quantifies the ease of dissolution of the solid bridges between cross-linked micellar caseins. Consequently, the increase of fragmentation time with the severity of ageing that we observed is actually in agreement with the work of [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF], who have reported a cross-linking increase with storage time and temperature. Indeed, the increase of protein cross-linking during storage makes it more difficult to fragment and dissolve the particles.

Fragmentation time evolution with ageing conditions

Rehydration time evolution with ageing conditions

The rehydration time of MC P1 is plotted against storage time in Figure 4. Again, temperature was observed to have a major impact on the evolution of total rehydration time upon ageing.

The total rehydration time, after 12 months of storage, increased from ~3.5 h to ~5 h for the powder stored at 4 °C (p<0.05) and from ~3.5 h to ~7 h (p<0.05) for the powder stored at 20 °C. It is worth re-mentioning that a 23 % decrease in solubility was observed after 6 months of storage for the powder stored at 20 °C (Figure 2). The change in rehydration time of MC P1 stored at 60 °C was even more drastic. Its value has more than doubled after only 24 h of storage (p<0.05) and reached ~35 h after only 5 days of storage (p<0.05). These results indicate that basically insolubility developed under all storage conditions, but at different rates depending on the storage temperature.

It seemed that the storage-temperature dependent rehydration time and solubility changes are intimately linked; the lower the solubility, the longer the rehydration time. This is in agreement with several works that have previously referred to this trend for MPC powder [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF][START_REF] Gazi | Influence of protein content and storage conditions on the solubility of caseins and whey proteins in milk protein concentrates[END_REF].

As suggested by [START_REF] Fyfe | Storage induced changes to high protein powders: influence on surface properties and solubility[END_REF] and Mimouni et al., (2011;2010a) insolubility can be caused by the formation of a network of cross-linked proteins at the surface of the powder.

These surface cross-links act as a barrier to the transport of water which inhibits the hydration of the particles, their subsequent disruption and dissolution, leading to the increase of both fragmentation time and total rehydration time. The increase in the degree of cross-linking with increasing storage time and temperature reported by [START_REF] Anema | Effects of storage temperature on the solubility of milk protein concentrate (MPC85)[END_REF] is consistent with this interpretation.

The greater the severity of storage conditions, the more the indicators change. However, it is still difficult at this stage to assess whether indicator parameters (fragmentation time, solubility loss and browning index) could be used to rapidly predict the increase in rehydration times due to ageing. The objective of the next section is to address this issue. follows a reference ageing curve, which could be described using a linear function independent of the storage time and temperature set during ageing. The fitting functions are given by Equation 4(A&B) for Figure 5A and by Equation 5(A&B) for Figure 5B.

Rehydration time = -0.08 × solubility + 12.13 with R 2 = 0.96 if solubility > 33 % Eq. ( 4A) In a second time, the rehydration time versus browning index was plotted (Figure 5C).

Similarly, the analysis of this figure also reveals the existence of an ageing curve independent of the storage time and temperature for this indicator (Equation 6).

Rehydration time = 0.0004 × Browning Index 4.4 with R 2 = 0.90 Eq. ( 6) The existence of these reference ageing curves and fitting functions (Equations 4-5-6) are of interest. The time-consuming and tedious-experimental-protocol requiring rehydration time determination process could be simplified since the rehydration time could be rapidly predicted through the determination of fragmentation time or solubility. This is to say that it would be sufficient to carry out fragmentation time or solubility measurements, which are among the easiest tests, to rapidly estimate the rehydration time for the solid-liquid suspension. Based on this method, process parameters (for example rotational impeller speed, N for rehydration in agitated vessel equipped with vertical agitator centrally mounted) can be easily adjusted to achieve the desired product quality and functionality [START_REF] Jeantet | The influence of stirring speed, temperature and solid concentration on the rehydration time of micellar casein powder[END_REF][START_REF] Richard | Towards a better control of dairy powder rehydration processes[END_REF].

The discovery that reference ageing curves exist and gather all the aged samples of the MC P1 studied is of interest. Indeed, this fact suggests that changes occurred at the highest temperatures over a short storage period could mimic changes occurred under milder temperature conditions over a longer period of time. Therefore, it can be envisaged to establish, under accelerated ageing conditions, the ageing curves for MC P1 which are also valid for less severe conditions. For example, the approximate rehydration time / solubility ageing curve of MC P1 can be plotted using 3 experimental points: initial state and after 2 and 5 days of storage at 60 °C. Ces 3 points ont été choisi car couvre l'ensemble des données experimental. Evidemment,plus le nombre de points à vieillissement accéléré est important, plus la precision de la courbe approximé sera importante.

Linear regression of the 2 straight lines obtained by connecting the three experimental points leads to the following equations (Equations 7-8-9) :

Rehydration time = -0.11 × solubility + 14.84 with R 2 = 1 if solubility > 29.21 % Eq. ( 7A) Rehydration time = 3.44 × fragmentation time + 2.86 with R 2 = 1 if fragmentation time < 2.52

Eq. ( 8A)

Rehydration time = 6.16 × fragmentation time -3.99 with R 2 = 1 if fragmentation time > 2.52

Eq. ( 8B)

Rehydration time = 3.17 × Browning Index -21.90 with R 2 = 0.93 if IB < 10.8 Eq. ( 9A)

Rehydration time = 7.40 × Browning Index -68.43 with R 2 = 1 if IB > 10.8 Eq. ( 9B)

It could be noticed on figure 5 that "the approximated ageing curves", established using only 3 accelerated ageing points (dotted line) are not far away from the reference ageing curves

(obtained with all the data points tested, in solid line). In this demonstration, only 3 points were used to obtain the approximated ageing curve, because they are sufficient to cover all the experimental data. Obviously, the greater the number of accelerated ageing points used, the more accurate the approximated ageing curve will be.

Confirmation of the existence of reference ageing curves and possibility to establish ageing curves using accelerated ageing conditions for MC P2

To confirm the existence of reference ageing curves independent of temperature and storage aged MC P2 powder is lower than that of the aged MC P1 powder. Moreover, it turned out that rehydration properties of the two aged powders are markedly different after 5 days of storage at 60 °C: a total rehydration is achieved more quickly for powder 2 compared to powder 1.

Firstly, since lactose is responsible for the brown colour of the powders (via the Maillard reaction), the lower lactose content of MC P2 explains its lower browning index.

Secondly, the dry matter compositions of the two retentates are comparable. The lower dry extract of MC P2 implies hence a lower viscosity of retentate 2 [START_REF] Devilder | The continous measurement of the viscosity of the concentrate during the production of milk powder[END_REF]P. Schuck, Mejean, Dolivet, Beaucher, & Famelart, 2005;Snoeren, Dammam, & Klok, 1982) explaining the smaller particle size of the powder produced by spray drying [START_REF] Baldwin | The effect of concentrate viscosity on the properties of spray-dried skim milk powder[END_REF][START_REF] Masters | Spray Drying in Practice[END_REF], as shown in Table 1. When the viscosity of the feed liquid increases, more energy is dissipated in the spray tower nozzle to overcome viscous forces. Thus the energy available for breaking up the droplets is reduced, resulting in larger droplets. Therefore, smaller droplets are formed for a less viscous liquid.

Finally, it is widely recognised since the pioneer work of Noyes-Whitney, (1897) that the dissolution rate of chemical particles is faster for smaller ones because the specific surface area increases when particle size decreases. The review of [START_REF] Dokoumetzidis | A century of dissolution research: From Noyes and Whitney to the Biopharmaceutics Classification System[END_REF] and the work of Gaiani et al. (2007) have also confirmed this physical law respectively for biopowders and for milk derivative powders. It is evidenced that the dispersion step (corresponding to the dispersion of single particles throughout the water) is favoured when particle size decreases. As dispersion is known to be the limiting step of MC powder rehydration (Gaiani, Schuck, et al., 2007), it is logical to consider the smaller particle size of MC P2, resulting from viscosity difference in the drying operation, to be responsible for its faster rehydration.
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The relationships between the different indicators and the rehydration times were plotted for MC P2. The reference ageing curves obtained for this second batch MC P2 are presented in Figure 6. The corresponding fitting functions are as follows (Equations 10 to 12):

Rehydration time = 8834.2 × solubility -2.2 with R 2 = 0.98 Eq. ( 10)

Rehydration time = -0.1 × fragmentation time 2 + 2.2 × fragmentation time + 0.3 with R 2 = 0.94 Eq. ( 11)

Rehydration time = 0.5 × Browning Index ² + 11.1 × Browning Index -55 with R 2 = 0.94 Eq. ( 12)

Unsurprisingly, the shape of reference ageing curves and type of mathematical equations for MC P2 were very different from MC P1. But this new set of results confirmed again anyway the possibility of obtaining reference ageing curves that link the rehydration time with each individual indicator (fragmentation time, browning index and solubility), regardless of the ageing conditions adopted during storage. Experimental data obtained for MC P2 also corroborate the idea that applying accelerated ageing conditions is an interesting way to predict the changes that would occur under milder conditions (lower temperatures). As for previous MC P1 investigated, three conditions of storage seem particularly interesting to examine the predictive trajectory of ageing curves: initial state and after 2 and 5 days' storage at 60 °C.

The equations for the ageing curves of MC P2 established on these three ageing points using a linear regression per interval are as follows:

Rehydration time = -0.09 × solubility + 9.67 with R 2 = 1 if solubility > 27 % Eq. Eq. (14B)

Again, it could be remarked on figure 6 that the ageing curves established using these 3 accelerated ageing conditions (dotted line) give good approximation of reference ageing curves obtained using all experimental data points (solid line).

Further observations of the reference ageing curves (Figures 5 &6) made it possible to identify and confirm several ageing similarities between severe and moderate ageing conditions. For example, ageing after a period of 8 hours at 60 °C was approximately equivalent to ageing after a period of 12 months at 20 °C, the condition commonly encountered during powder storage and delivery. In the same way, ageing after a 24 hour period at 60 °C is equivalent to that after 1 month period at 40 °C. These equivalences are outlined in blue bold in Figure 5 & 6. These [storage time; storage temperature] concordances are of great help to rapidly predict property changes of the powder during storage. In previous section, it has been suggested to rapidly identify the shapes of reference ageing curves for the MC powder studied (by using accelerated ageing conditions). It is then necessary to assess the accuracy of predicted rehydration times. The objective of the next section 3.6. is to address this issue. A reverse engineering approach is proposed based on the approximate ageing curves obtained and the measurements of indicators.

Comparison between experimental and predicted rehydration time

In order to assess the feasibility of predicting the rehydration time for aged samples, experimental and predicted values have been compared for the two MC powders studied. The 4-step procedure used to determine the predicted rehydration time is as follows:

Step 1. Indicator (solubility, fragmentation time or BI) and rehydration time values of the powder studied are measured for three particular ageing conditions (initial state-fresh powder and two accelerated ageing conditions -2 and 5 days of storage at 60 °C)

Step 2. The three experimental points obtained [indicator; rehydration time] are plotted to obtain a first approximated ageing curve

Step 3. The equations of the approximate ageing curve are obtained through linear regression of the 2 straight lines connecting the 3 points.

Step temperatures close to 60 °C). Note that this kind of storage accidents are episodes that a powder is proved to undergo during its ship expedition [START_REF] Leinberger | Temperature and humidity in ocean containers[END_REF]. Consequently, predicting the effect on powder properties of such short exposure to high temperature is of great interest for both industries and consumers.

6 different accidents of storage were imposed for the 6 aged samples and measurements of indicator parameters and rehydration times were carried out. The ageing conditions of these additional samples and the exact instantaneous time for storage accident are presented in detail Figure 8. Sample 1 has been stored for 5 months at 20 °C with no storage accident.

Samples 2, 5 and 6 have been stored for 5 months at 20 °C including one storage accident (a rise in temperature to 60 °C and then maintained at 60 °C for 8 h after the temperature rise) at different storage times. Sample 5 and 6 have been stored for 5 months at 20 °C including respectively two and three storage accidents. (Figure S1).

Predicted rehydration time values of these additional samples subjected to storage accidents have been obtained using the procedure described above. Again, the experimental and predicted values of rehydration time for these additional samples are in good agreement. This further validates our rehydration time prediction procedure based on the determination of indicator parameters and corresponding ageing curves (which could be established by imposing accelerated ageing conditions).

Conclusion

To conclude, it has been shown that the characteristic rehydration times (total rehydration time and fragmentation time) as well as the browning index increased with storage time and temperature, whereas solubility decreased for both MC powders studied. 

  However and more specifically, (Nasser et al., 2017) recently showed that the lipid migration towards the particle surface and the surface densification of micellar particles were responsible for major changes in MC rehydration dynamics during storage. In order to provide such temperature-time correspondences upon ageing, MC was stored at temperatures ranging from 4 to 60°C for periods up to 12 months. The evolution of various indicators (evolution of browning index, change in solubility, fragmentation time and total rehydration time) upon ageing was evaluated. The first part of this article consists in analyzing the indicators' evolution with time and to assess for any MC the temperature-time Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017

  on 3 different points on the surface of the receptacle. The browning index (BI), used to assess the intensity of the brown colour of the samples, was calculated from formula combining the L*a*b*[START_REF] Oliveira | Evaluation of MAP engineering design parameters on quality of fresh-sliced mushrooms[END_REF]:

Figure 2 .

 2 Figure 2. Like what was observed for BI, evolution of solubility with storage time also

Figure 3

 3 Figure 3 shows the change in fragmentation time of MC P1 stored at various temperatures for

  These changes in total rehydration time over storage period are relatively mild when compared to storage at 40 °C and 60 °C. Indeed, the rehydration time doubled for MC P1 stored at 40 °C after 15 days (p<0.05) and reached ~29 h after 2 months of storage (p<0.05). Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004

3. 5 .

 5 Correlation between indicators (fragmentation times, solubility and Browning Index) and rehydration time for MC P1 Firstly, rehydration time versus solubility (Figure 5A) and rehydration time versus fragmentation time were plotted (Figure 5B). These two indicators (fragmentation times and Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 solubility) were analysed first rather than browning index since the underlying phenomena involved in the evolution of these two indicators are expected to be the same as those governing the rehydration time evolution during ageing. As evoked previously, it is not so evident that the BI change is closely connected to rehydration properties evolution. Indeed, browning and insoluble formation are not necessarily induced by the same chemical modification pathway. Analysis of Figures 5A and 5B reveals that each pair of indicators ([solubility; rehydration time] and [fragmentation time; rehydration time] respectively)

  Comment citer ce document : Nasser, S., Moreau, A.,[START_REF] Nasser | Influence of storage conditions on the functional properties of micellar casein powder[END_REF]. Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 Rehydration time = -0.63 × solubility + 24.05 with R 2 = 1 if solubility < 27 % Eq. (12B) Rehydration time = 3.71 × fragmentaion time + 0.16 with R 2 = 1 if fragmentation time < 1.87 Eq. (13A) Rehydration time = 0.61 × fragmentation time + 5.98 with R 2 = 1 if fragmentation time > 1.87 Eq. (13B) Rehydration time = 5.14 × browning index -34.78 with R 2 = 1 if browning index < 8.15 Eq. (14A) Rehydration time = 1.85 × browning index -7.96 with R 2 = 1 if browning index > 8.15

  4. The indicator is measured for an arbitrary aged sample and the corresponding rehydration time value is evaluated using the set of equations obtained at step 3 by inverse engineering approach Comparisons between experimental and predicted values of rehydration time for MC powders P1 and P2 are presented in Figure 7. Namely, Figures 7A, 7B and 7C give the comparisons based respectively on different indicators (solubility, fragmentation and browning index). Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004

  Figure 1. (A) Pictures of MC P1 and visualisation of browning of powder during storage (B) Browning index as a function of storage time for MC P1 stored at different temperatures

Figure 2 .

 2 Figure 2. Change in solubility as a function of storage time for MC P1 stored at different temperatures

Figure 3 .

 3 Figure 3. Fragmentation time as a function of storage time for MC P1 stored at different temperatures

Figure 4 .

 4 Figure 4. Rehydration time as a function of storage time for MC P1 stored at different temperatures

Figure 5 .

 5 Figure 5. Rehydration time as a function of (A) solubility (B) fragmentation time (C) browning index, of MC P1 stored at 4°C (circle), 20 °C (square), 40 °C (triangle) and 60°C (diamond shape); For the legend, the darker the inner colour of the symbol, the longer the storage time.Reference ageing curves using all ageing points tested are in solid lines, approximate ageing curves established with 3 ageing points (surrounded in red) are in dotted line. Ageing similarities between severe storage and moderate storage are outlined in blue.

Figure 6 .

 6 Figure 6. Rehydration time as a function of (A) solubility (B) fragmentation time (C) browning index, of MC P2 stored at 4°C (circle), 20 °C (square), 40 °C (triangle) and 60°C (diamond shape); ); For the legend, the darker the inner colour of the symbol, the longer the storage time.Ageing curves using whole ageing points are in solid lines, ageing curves established with 3 ageing points (surrounded in red) are in dotted line. Ageing similarities between severe storage and moderate storage are outlined in blue

Figure 7 .

 7 Figure 7. Comparison between rehydration times experimentally measured and predicted using approximate ageing curves based on the measurements of (A) solubility (B) fragmentation time (C) browning index . Measurements for MC P1 are in dark, measurements for MC P2 are in grey, measurements for samples going through storage accidents are represented by red cross. Dotted line represent percentage error.

  Development of insolubility of the two high-micelle-casein-content powders, MC and MPC, is believed to share similar mechanisms, nevertheless MC has been less studied and the exact relationship between storage and changes in rehydration properties is not yet precisely known.

; Le, Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 Bhandari, & Deeth, 2011; Le, Bhandari, Holland, & Deeth, 2011; Le, Holland, Bhandari, Alewood, & Deeth, 2013) are the most frequently cited causes for the loss of rehydration properties at molecular level.

  The second part of this paper is devoted to ascertaining whether or not relevant master curves exist between these indicators. If established, these curves will help identify indicators which could be used to rapidly quantify and predict MPC powder's loss of rehydration capacity with ageing.

). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 correspondences upon ageing.

  The BI of the MC P1 stored at 4 °C and 20 °C evolves slightly from

	8.34 to 8.43 and 8.72, respectively, after 365 days of storage (p<0.05). However, the BI
	indicator of the MC P1 stored at 40 °C showed a significant slight linear evolution (p<0.05)
	over the whole range of storage time studied (360 days). At 60 °C, the evolution of BI with
	storage time for MC P1 was so drastic that an increase of 50 % was achieved after only 5 days

evolution of the BI for MC P1 stored at different temperatures as a function of time is illustrated in Figure 1B. of storage. In fact, the change in BI over time at 60 °C is characterised by a two-step mechanism: During the first 60 days of storage, BI increased linearly with storage time (with Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004

  Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004

  Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage Ageing curves were plotted for each indicator, linking total rehydration time with fragmentation time, browning index and solubility. Several ageing similarities between severe storage and moderate storage have been demonstrated. The shape of each ageing curve depends only on the MC powder, not on ageing conditions.

	It has then been shown that applying accelerated ageing conditions made it possible to
	visualize the reference ageing curves of the MC powders to be characterised. 3 samples
	subjected to three particular ageing conditions (initial state-fresh powder and two accelerated
	ageing conditions -2 and 5 days of storage at 60 °C) were used for this purpose.
	With the approximate ageing curves, the rehydration time can be rapidly predicted by
	measuring one indicator.

conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 Finally, feasibility of obtaining predicted values of rehydration times was also demonstrated for a MC powder having undergone storage accidents (one or more temperature rises to 60 °C in the course of 5 months of storage).

Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004 Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004

Table 1 .

 1 Physico chemical properties of MC retentates and powders

	Total dry matter (g.kg -1 )	Total nitrogen (% N x 6.38)	Non Protein Nitrogen (% N x 6.38)	Non Casein Nitrogen (% N x 6.38)	Ash (g.kg -1 )	Lactose (g.kg -1 )	Particle size (µm) Dv50	Water activity
			Batch 1				
	Retentate 1 137.60	11.9	0.01	1.16	11.00			
	Powder 1 944.40	81.55	1.02	7.43	81.49	25.50	53.51	0.25
			Batch 2				
	Retentate 2 125.00	11.10	0.01	1.03	10.00			
	Powder 2 935.00	83.60	0.97	7.05	75.20	11.30	39.01	0.29

Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017). Influence of storage conditions on the functional properties of micellar casein powder. Food and Bioproducts Processing, 106, 181-192. , DOI : 10.1016/j.fbp.2017.09.004

Table 2 .

 2 Functional properties of the two powders studied at reference state (storage at 4°C) and after 5 days' storage at 60 °C

			Powder 1		Powder 2
		Reference	Powder stored 5 days	Reference	Powder stored 5 days at
		powder	at 60 °C	powder	60 °C
	Browning index	8.34	13.97	6.82	11.86
	Solubility (%)	100.00	24.00	100.00	16.10
	Fragmentation time (Hours)	0.19	6.33	0.04	13.10
	Rehydration time (Hours)	3.51	35.00	0.29	14.00
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Comment citer ce document : Nasser, S., Moreau, A., Jeantet, R., Hédoux, A., Delaplace, G. (2017) deviations between predicted and experimental values. In this case, the equations of the approximate ageing curves will become similar to that describing the reference ageing curves (Equations 7-9 and 10-12, depending on the MC powder studied and the indicators considered). In this context, it is obvious that a compromise between the accuracy of predicted values and experimental time consumed to build ageing curves should be chosen.

Nevertheless, from a practical aspect, the feasibility to apply the proposed procedure for fast prediction of rehydration time has been demonstrated for the two powders studied.

To go further, it was decided to check the procedure with an independent series of data. 6 additional samples of aged powder were studied for this purpose. The independent series of data was obtained by subjecting MC P1 powder to storage accidents (short exposure to high