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). It follows that with increasing polyphosphate concentration there is a transition between heatinduced gelation of intact casein micelles and polyphosphate-induced gelation of caseins. The two gelation processes at low and high polyphosphate concentrations have each been studied in some detail, but the transition between the two processes has not yet been investigated.

. When mixtures of MC and WP are progressively heated, the MC forms a network first that is subsequently reinforced at higher temperatures by the binding of denatured WP to the MC network (Nguyen, Chassenieux, Nicolai, & Schmitt, 2017) (Silva, Balakrishnan, Schmitt, Chassenieux, & Nicolai, 2018). Adding sodium caseinate (SC) influences heatinduced gelation of WP even if SC does not gel by itself in aqueous solution. At low concentrations, SC inhibits WP gelation, but at high concentration is actually favours gelation (Nguyen, Nicolai, Chassenieux, Schmitt, & Bovetto, 2016). Calcium ions, if present, play an important role in the gelation process (Nguyen, et al., 2016). The effect of adding WP on gelation of disintegrated MC at high polyphosphate concentrations has not yet been investigated.

The aim of the study presented here was twofold. First, to investigate the transition with increasing polyphosphate concentrations between the two very different heat-induced gelation processes: gelation of intact MC suspensions and gelation of small casein aggregates through interaction with polyphosphate. Second, to investigate the effect of replacing a fraction of MC by WP on heat-induced gelation as a function of the polyphosphate concentration.

Introduction

In milk, caseins are present in the form of spherical particles called micelles with a radius of about 100 nm that are maintained by the interaction between the proteins and colloidal calcium phosphate [START_REF] Dalgleish | On the structural models of bovine casein micelles-review and possible improvements[END_REF][START_REF] De Kruif | Casein micelle structure, functions and interactions[END_REF][START_REF] Holt | Invited review: Caseins and the casein micelle: Their biological functions, structures, and behavior in foods[END_REF][START_REF] Mcmahon | Casein micelle structure, functions, and interactions[END_REF]. When micellar casein (MC) is suspended in water some of the calcium phosphate is released and the micelles disintegrate at a rate that increases with decreasing concentration [START_REF] Thomar | Dissociation of native casein micelles induced by sodium caseinate[END_REF]. At the concentration used for this study (10 wt%) the micelles remained intact in aqueous suspension for the duration of the experiment. At the pH of milk (6.7), MC is stable against heating below 100°C, but when the pH is reduced, MC suspensions gel above a critical temperature (T c ) [START_REF] Thomar | Heat-induced gelation of casein micelles in aqueous suspensions at different pH[END_REF][START_REF] Vasbinder | Gelation mechanism of milk as influenced by temperature and pH; studied by the use of transglutaminase cross-linked casein micelles[END_REF]. T c decreases with decreasing pH and increasing protein concentration. T c also decreases when CaCl 2 is added, whereas it increases when a calcium chelatant is added [START_REF] Balakrishnan | Specific effect of calcium ions on thermal gelation of aqueous micellar casein suspensions[END_REF]. This observation together with the observation that adding monovalent salt causes an increase of T c , has led to the suggestion that formation of calcium bridges plays a role in the gelation process.

When more than a critical amount of calcium chelatant is added the micelles fall apart (de [START_REF] De Kort | Effect of calcium chelators on physical changes in casein micelles in concentrated micellar casein solutions[END_REF][START_REF] Griffin | The disaggregation of calcium-depleted casein micelles[END_REF][START_REF] Mizuno | Effects of emulsifying salts on the turbidity and calcium-phosphateprotein interactions in casein micelles[END_REF][START_REF] Pitkowski | Scattering and Turbidity Study of the Dissociation of Casein by Calcium Chelation[END_REF]. One such chelatant is sodium polyphosphate, which, interestingly, not only causes disintegration of the micelles, but also causes gelation of the caseins upon heating [START_REF] Panouille | Heat induced aggregation and gelation of casein submicelles[END_REF][START_REF] Panouillé | Aggregation and gelation of micellar casein particles[END_REF][START_REF] Pitkowski | Dynamical mechanical characterization of gelling micellar casein particles[END_REF]. Contrary to heat-induced gelation of MC, thermal gelation of caseins in the presence of polyphosphate is an activated process characterized by an activation energy of about 90 kJ/mol independent of the casein concentration (Pitkowski, et al., 

Materials and methods

Materials

The micellar casein (Promilk 852 B batch L17610697) and whey protein (Promilk 852 B batch 36783/SE) powders used for this study were obtained from Ingredia (Arras, France).

The MC powder contained 82 wt% protein of which 92,5 % caseins and 7.5% whey proteins.

The WP powder contained 82 wt% protein of which about 70% β-lactoglobulin and 20% αlactalbumin. The sodium polyphosphate sample (K2277) used for this study was obtained from Prayon (Engis, Belgium). Stock solutions of MC (16 wt%) and WP (13 wt%) were prepared by dispersing the powder in milli-Q water and stirring overnight at 50°C and 20°C, respectively. The pH of all suspensions studied here was set to 5.8 by adding aliquots of 0.1 M HCl while stirring.

Methods

Rheological measurements were done using a stress-imposed rheometer (ARG2, TA Instruments, USA) using a plate-plate geometry (diameter 20 mm, gap 0.5 mm) with a Peltier system for temperature control. The samples were covered with mineral oil to prevent evaporation of water. Oscillatory measurements were done at a frequency of 1 Hz using a strain of 0.1% that was well within the linear response regime. The temperature was increased in two minutes to 90°C and maintained at that temperature for a duration of 2.5 h.

The microstructure of the systems was studied using a Leica TCS-SP2 confocal laser scanning microscope (Leica Microsystems Heidelberg, Germany) with water immersion objectives: HC × PL APO 63 × NA = 1.2 and HC × PL APO 25 × NA = 0.7. The proteins were labeled by adding 5 ppm of rhodamine B to the suspensions. Gels were prepared by heating the protein suspensions in hermetically closed glass vials of 20 mL in a water bath at 90°C for 2 hours. The formed gels were carefully cut and placed within the chambers for observation with the microscope (Lab-Tek, Fischer Scientific, UK). When the systems remained liquid after heating they were poured in the chambers.

Results and Discussion

Gelation and microstructure of micellar casein suspensions

For this study the total protein concentration was fixed at 10 wt%, the pH was set to 5.8 and the sodium polyphosphate concentration was varied between 0 and 18 g/L. The effect of the protein concentration and the pH on the different gelation processes has been reported elsewhere at low [START_REF] Thomar | Heat-induced gelation of casein micelles in aqueous suspensions at different pH[END_REF] and high [START_REF] Pitkowski | Dynamical mechanical characterization of gelling micellar casein particles[END_REF] polyphosphate concentrations. The storage shear moduli of MC suspensions at different polyphosphate concentrations were measured during heating at 90°C, see fig. 1. The viscosity of all suspensions first decreased strongly with increasing temperature leading at higher protein concentrations to a decrease of G' measured at 1 Hz.

Then, in the absence of polyphosphate, gels were formed rapidly before the sample reached 90°C.

Addition of 2 g/L polyphosphate delayed gelation, but approximately the same storage modulus was reached. Strikingly, when 4 g/L or 6 g/L polyphosphate was added the suspensions no longer formed self-supporting gels. As was mentioned in the introduction, the inhibiting effect of polyphosphate on heat induced gelation of MC can be attributed to chelation of Ca 2+ . However, when 8 g/L polyphosphate was added a gel was again formed, albeit much slower. It appears that a remarkable transition occurs with increasing polyphosphate concentration, from inhibiting gelation at C ≤ 6 g/L to inducing gelation at C ≥ 8 g/L.

Elsewhere, it was shown that the fraction of intact micelles decreases linearly with increasing polyphosphate concentration and approximately C = 8 g/L is needed to disintegrate MC at 10 wt% at pH 6.0 [START_REF] Pitkowski | Scattering and Turbidity Study of the Dissociation of Casein by Calcium Chelation[END_REF]. After disintegration of the micelles the caseins reassemble into small particles with a radius of 11-15 nm depending on the temperature [START_REF] Panouille | Heat induced aggregation and gelation of casein submicelles[END_REF][START_REF] Panouillé | Aggregation and gelation of micellar casein particles[END_REF]. The interaction between these small casein particles and polyphosphate causes aggregation of the particles leading eventually to gelation [START_REF] Panouille | Heat induced aggregation and gelation of casein submicelles[END_REF][START_REF] Panouillé | Aggregation and gelation of micellar casein particles[END_REF][START_REF] Pitkowski | Dynamical mechanical characterization of gelling micellar casein particles[END_REF]. Here we find that gelation at C ≥ 8 g/L started at approximately the same time, but the gel stiffness increased with increasing polyphosphate concentration. At C = 10 g/L, the measured values of G' decreased with time at longer times, which we attribute to syneresis that caused an increasing deconnection of the gel from the geometry. Repeated measurements showed that this effect varied in amplitude between different trials.

The microstructure of the gels was investigated using confocal laser scanning microscopy (CLSM). Images of the heated suspensions of MC at different polyphosphate concentrations are shown in fig. 2. In the absence of polyphosphate, the MC gels were quite heterogeneous, but addition of only 2 g/L caused a significant decrease of the length scale of the heterogeneities and a reduction of the number of large pores. At C = 4 g/L the suspension remained liquid and was much more homogeneous even though some structure and small dense domains can still be detected. When more polyphosphate was added, the heated systems became homogeneous on length scales accessible to CLSM.

Gelation and microstructure of mixtures of micellar casein and whey protein

In order to study the effect of whey proteins, we replaced 30 % of the caseins by WP maintaining the total protein concentration at 10 wt%. The evolution of G' during heating at 90°C is shown in fig. 3. In the absence of polyphosphate, gels are formed rapidly with a significantly higher elastic modulus than that of the pure MC gels even though aqueous solutions of WP by itself at 3 wt% did not gel when heated. Elsewhere, it was shown that during heating at lower temperatures (< 80°C) the micelles gel rapidly followed by a slow reinforcement of the gel by co-aggregation of denatured whey proteins with the MC network [START_REF] Nguyen | Effect of the pH and NaCl on the microstructure and rheology of mixtures of whey protein isolate and casein micelles upon heating[END_REF]. Above 80°C, gelation of whey proteins is fast and the two steps cannot be distinguished. However, comparing figs 1 and 2, it is clear that the whey proteins reinforced the gel also at 90°C. Addition of more polyphosphate up to C = 6 g/L caused the gel to form later and with a smaller storage modulus. Pure MC suspensions did not form self-supporting gels at C = 4 and 6 g/L, but it appears that the reinforcement by co-aggregation with WP was sufficient to form weak gels. A decrease of the critical gel concentration by addition of whey proteins has already been reported for MC suspensions in the absence of polyphosphate [START_REF] Nguyen | Effect of the pH and NaCl on the microstructure and rheology of mixtures of whey protein isolate and casein micelles upon heating[END_REF]. At higher polyphosphate concentrations, the gelation rate increased again and, interestingly, occurred in two steps. The final elastic modulus increased with increasing polyphosphate concentration above 6 g/L, but it remained much lower than in the absence of polyphosphate.

The second gelation step started approximately at the same time as the gelation of pure MC suspensions at higher polyphosphate concentrations. Therefore, we suggest that the first gelation step corresponds to that of WP. The rate of WP gelation increased with increasing polyphosphate concentration up to C = 10 g/L, but was not influenced by adding more polyphosphate. The critical gel concentration of WP in aqueous solution at pH 5.8 is approximately 5 wt%. However, addition of salt reduces the critical concentration and increases the rate of gelation [START_REF] Baussay | Influence of the ionic strength on the heat-induced aggregation of the globular protein b-lactoglobulin at pH7[END_REF]. This explains why WP gelled increasingly rapidly when more polyphosphate was added. We conclude that the inversion of the effect of adding polyphosphate on the gelation rate and the elastic modulus between 6 g/L and 8 g/L is caused by a transition between MC gelation reinforced by co-aggregation with WP at C ≤ 6 g/L to WP gelation followed by polyphosphate induced casein gelation at C ≥ 8 g/L.

Fig. 4 shows a comparison of the dependence of the shear moduli at 90°C obtained after 2.5 h heating on the polyphosphate concentration for pure MC solutions and MC/WP mixtures. We note that cooling to 20°C led to an increase of G' by a factor 3 to 4 (results not shown). Replacing 30% of MC by WP led to a systematic increase of the shear modulus and promoted formation of self-supporting gels at intermediate polyphosphate concentrations. However, the general behaviour is similar to that of pure MC suspensions and reflects the transition from gelation of intact casein micelles, which is inhibited by addition of polyphosphate, to gelation of small casein particles, which is induced by addition of polyphosphate. Fig. 5 shows CLSM images of MC/WP mixed gels at different polyphosphate concentrations.

In the absence of polyphosphate, the microstructure is not much influenced by the presence of WP. This has already been reported elsewhere and is explained by the fact that the gel structure is determined by the MC network that is formed first and that is not modified significantly by binding of denatured WP to the network [START_REF] Nguyen | Effect of the pH and NaCl on the microstructure and rheology of mixtures of whey protein isolate and casein micelles upon heating[END_REF]. Addition of 4 or 6 g/L polyphosphate rendered the systems much more homogeneous as was the case for pure MC suspensions. However, adding more polyphosphate led to formation of increasingly heterogeneous gels. The more heterogeneous structure for C ≥ 8 g/L was most likely caused by the formation of the WP network in the first step. It is well known that WP gels are more heterogeneous when more salt is added and in particular when the salt is multivalent [START_REF] Mehalebi | The influence of electrostatic interaction on the structure and the shear modulus of heat-set globular protein gels[END_REF][START_REF] Mulvihill | Gelation of β-lactoglobulin: effects of sodium chloride and calcium chloride on the rheological and structural properties of gels[END_REF][START_REF] Phan-Xuan | Tuning the structure of protein particles and gels with calcium or sodium ions[END_REF][START_REF] Riou | Behavior of protein in the presence of calcium during heating of whey protein concentrate solutions[END_REF][START_REF] Xiong | Thermal aggregation of β-lactoglobulin: effect of pH, ionic environment, and thiol reagent[END_REF], which explains why the gel is more heterogeneous at higher polyphosphate concentrations. Unfortunately, we cannot distinguish between whey protein and casein in the images and therefore we do not know whether the caseins form an independent network that interpenetrates the WP network or whether it binds to the WP network. The observation that the casein gelation step in the mixtures is very similar to that in the absence of WP, suggests that the former is more likely to be the case here. However, the storage modulus of the WP gels formed in the first step was much smaller than that of the pure MC gels and the increase of G' induced by the presence of WP cannot be explained by a simple addition of the MC and WP network elasticities. Clearly, more research is needed to elucidate the effect of the WP network on polyphosphate induced gelation of casein.

Conclusions

Heat-induced gelation of micellar casein suspensions is inhibited by addition of sodium polyphosphate to the point that self-supporting gels are no longer formed, which is most likely caused by chelation of calcium ions by the polyphosphate as calcium ions play a crucial role in the crosslinking between intact micelles during heating. At higher polyphosphate concentrations the micelles disintegrate into small casein particles that gel when heated through interaction with the polyphosphates. The microstructure of the polyphosphate induced casein gels is much more homogeneous than that of intact MC gels pointing to a fundamentally different gelation mechanism.

Replacement of a fraction of the casein by whey proteins leads to a significant increase of the elastic modulus and allows formation of self-supporting gels at intermediate polyphosphate concentrations at which pure MC suspension do not gel. This finding has important practical implications as it may allow for improving or tuning the textural properties of certain dairy products. At low polyphosphate concentrations, MC forms a network first that is reinforced by binding of denatured WP to the MC network, whereas at high polyphosphate concentrations WP forms a network first followed by polyphosphate induced gelation of casein. Gels can be formed both a low and high polyphosphate concentrations, but the gelation mechanism is fundamentally different. 50 µm
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Highlights

-Heat-induced gelation of casein micelles is inhibited by adding polyphosphate -Large amounts of polyphosphate favours thermal gelation of disintegrated micelles -Denatured whey proteins bind to the micelle network thereby reinforcing the gel -With large amounts of polyphosphate WPs gel before the caseins during heating