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Effect of Kappa Carrageenan on Acid-induced Gelation of Whey Protein Aggregates. Part I: Potentiometric Titration, Rheology and Turbidity
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Gelation of suspensions of whey protein aggregates (WPA) was induced by lowering the pH in-situ using GDL. The effect of adding -carrageenan (KC) on the relationship between the net charge density of the proteins () and the pH was determined by potentiometric titration. It showed that complexes were formed for  > -2. The effect of adding KC on the storage shear modulus and the turbidity was studied by oscillatory shear rheology and UV-Vis spectrometry. The KC concentration dependence was investigated up to 6 g/L at a fixed protein concentration of 20 g/L. Gels were formed for  > -3 in the absence of KC and  > -3.7 with 2 g/L KC, which was accompanied by an increase of the turbidity starting at the same . The elastic modulus and the turbidity of the gels at steady state increased with increasing . For a given , a strong decrease of the elastic modulus and a strong increase of the turbidity were observed with increasing KC concentration. The effect of the gelation temperature was studied between 20°C and 80°C. The gelation rate increased strongly with increasing temperature and was controlled by the degradation rate of GDL, but it was not influenced by the KC concentration. Increasing the gelation temperature led to an increase of the elastic modulus and the turbidity at steady state.

Food products often contain proteins and polysaccharides that can be induced to aggregate and gel in aqueous solution, e.g. by heating, adding salt or changing the pH, which is exploited to give them desired textures. It is clear that when both types of biopolymers are present, gelation of proteins and/or polysaccharides will be influenced by the interaction between the two biopolymers [START_REF] Kasapis | Phase separation in biopolymer gels: a low-to high-solid exploration of structural morphology and functionality[END_REF][START_REF] Nicolai | Gelation of food protein-protein mixtures[END_REF][START_REF] Norton | Microstructure design in mixed biopolymer composites[END_REF][START_REF] Van De Velde | Protein-polysaccharide interactions to alter texture[END_REF]. When the proteins and polysaccharides are both strongly charged with the same sign, repulsive interactions can drive segregative phase separation into a protein rich and polysaccharide rich phase [START_REF] Corredig | Polysaccharide-protein interactions in dairy matrices, control and design of structures[END_REF][START_REF] Frith | Mixed biopolymer aqueous solutionsâ€"phase behaviour and rheology[END_REF][START_REF] Turgeon | Protein-polysaccharide interactions: phase-ordering kinetics, thermodynamic and structural aspects[END_REF]. However, when the sign of the charge is opposite, proteins and polysaccharides bind together leading to formation of complexes or coacervates [START_REF] De Kruif | Complex coacervation of proteins and anionic polysaccharides[END_REF][START_REF] Kayitmazer | Protein-polyelectrolyte interactions[END_REF][START_REF] Schmitt | Protein/polysaccharide complexes and coacervates in food systems[END_REF][START_REF] Turgeon | Protein+ polysaccharide coacervates and complexes: from scientific background to their application as functional ingredients in food products[END_REF]) .

Here we report on an investigation of the effect of adding the polysaccharide -carrageenan (KC) on gelation of whey protein aggregates (WPA) induced by acidification. Whey proteins are a mixture of globular proteins consisting mainly of β-lactoglobulin and -lactalbumin [START_REF] Guo | Whey Protein Production, Chemistry, Functionality, and Applications[END_REF]. If whey proteins are heated in aqueous solution at neutral pH they form irreversibly bound aggregates with a size that increases with increasing concentration and a gel above a critical concentration [START_REF] Brodkorb | Heat-Induced Denaturation, Aggregation and Gelation of Whey Proteins[END_REF][START_REF] Nicolai | b-Lactoglobulin and WPI aggregates: formation, structure and applications[END_REF]. Stable suspensions of WPA at low temperatures can be induced to form gels by reducing the electrostatic repulsion either by adding salt or by lowering the pH towards the isoionic point (pI) [START_REF] Bryant | Molecular basis of protein functionality with special consideration of cold-set gels derived from heat-denatured whey[END_REF]Kharlamova, Chassenieux and Nicolai, 2018a;[START_REF] Kharlamova | Calcium-induced gelation of whey protein aggregates: Kinetics, structure and rheological properties[END_REF]. Potentiometric titrations showed that pI = 4.8 for native whey proteins and slightly higher for WPA (pI = 5.0) [START_REF] Kharlamova | The effect of aggregation into fractals or microgels on the charge density and the isoionic point of globular proteins[END_REF].

Carrageenan is a family of anionic sulfated polysaccharides isolated from algae. The most common types are -, -and -carrageenan, respectively, with 1, 2 and 3 sulfate groups per sugar unit. KC is widely used in the food industry for its property to form a gel in aqueous solution below a critical temperature that depends on the type and concentration of added salt (Piculell, 2006). Gel formation is induced by a transition of the chain conformation at the critical temperature from a coil to a helix. However, here we consider only conditions where KC is in the coil conformation.

Mixtures of whey proteins and KC have been studied in some detail at pH 7. It was reported that, whereas mixtures with native proteins are miscible over a wide range of concentrations, segregative phase separation occurs above a critical KC concentration in mixtures with WPA [START_REF] Baussay | Effect of the Cluster Size on the Micro Phase Separation in Mixtures of β-Lactoglobulin Clusters and -Carrageenan[END_REF][START_REF] Cakir | Combining protein micro-phase separation and proteinpolysaccharide segregative phase separation to produce gel structures[END_REF][START_REF] Capron | Effect of addition of -carrageenan on the mechanical and structural properties of -lactoglobulin gels[END_REF][START_REF] Croguennoc | Phase Separation and Association of Globular Protein Aggregates in the presence of Polysaccharides: 1. Mixtures of Preheated -Lactoglobulin and -Carrageenan at room temperature[END_REF][START_REF] Nguyen | Combined effects of temperature and elasticity on phase separation in mixtures of κ-carragheenan and β-lactoglobulin aggregates[END_REF]. The critical KC concentration was found to decrease strongly with increasing size of the protein aggregates and more weakly with increasing WPA concentration. The proteins were strongly partitioned between the two phases and KC was depleted to some extent form the protein rich domains [START_REF] Nguyen | The effect of protein aggregate morphology on phase separation in mixtures with polysaccharides[END_REF]. As far as we are aware, the effect of reducing the pH on the phase diagram has not yet been investigated. Reducing the pH leads to a reduction of the net negative charge of the proteins () and it becomes positive for pH < pI. The negative charge of KC is caused by sulphate groups that remain fully deprotonated for pH > 4, which means that charge density of KC does not depend significantly on the pH in this range. The implication is that repulsive interactions between KC and the proteins decreases with decreasing pH. Below a critical pH (pH c ) the effective interaction between the proteins and the polysaccharides is expected to become attractive. As a consequence, it is expected that the tendency for KC and WPA to phase separate segregatively decreases with decreasing pH and that below pH c complexes containing both biopolymers are formed.

Formation of complexes in dilute mixtures of native whey protein isolate (WPI) and carrageenan has been studied as a function of the pH and the biopolymer composition [START_REF] Stone | Formation and functionality of whey protein isolateâ€"(kappa-, iota-, and lambda-type) carrageenan electrostatic complexes[END_REF][START_REF] Lam | Effect of the Biopolymer Mixing Ratio on the Formation of Electrostatically Coupled Whey Protein-κ-and ι-Carrageenan Networks in the Presence and Absence of Oil Droplets[END_REF]; Weinbreck, Nieuwenhuijse, Robijn, de Kruif, & Chemistry, 2004). Formation of complexes between the proteins and the different types of carrageenan was observed when the pH was decreased below approximately pH 5.4 causing a sharp increase of the turbidity. Complexation starts at pH > pI, because the negatively charged carrageenan can interact with positive patches of the net positively charged proteins. pH c did not depend much on the protein/polysaccharide ratio, but the extent of complexation as measured by the turbidity increased sharply with increasing protein/polysaccharide ratio up to maximum beyond which it decreased gradually.

De Jong et al. [START_REF] De | The mechanism behind microstructure formation in mixed whey protein-polysaccharide cold-set gels[END_REF][START_REF] De Jong | Charge density of polysaccharide controls microstructure and large deformation properties of mixed gels[END_REF] studied acid-induced gelation of WPA with a hydrodynamic radius R h = 20 nm by reducing the pH to 4.8 with GDL at C WP = 30 g/L in the presence of KC. The mixtures were prepared at neutral pH and at low KC concentrations so that they were homogeneous. Light scattering and rheology measurements showed a steep increase of the scattering intensity, the apparent hydrodynamic radius and the oscillatory storage modulus below pH 5.7 caused by aggregation and gelation, both in the absence and presence of 0.5 g/L KC. During acidification, the microstructure of individual WPA gels observed by confocal laser scanning microscopy (CLSM) remained homogeneous, but in the presence of 0.5 g/L KC it became heterogeneous at pH  5.6. The gel containing 0.5 g/L KC was slightly stiffer than without KC. The heterogeneity increased with increasing KC concentration between C KC = 0.25 and 3 g/L and for C KC > 1.5 g/L a network of dense protein microdomains was formed. The liquid mixtures at neutral pH were homogeneous and the heterogeneous structure appeared during acidification at the same pH as where the gel was formed. The effect of KC on the microstructure was attributed to segregative phase separation between KC and WPA leading to formation of protein dense microdomains. Subsequently, the protein domains connect to each other to form a system spanning network, which arrests the process of phase separation. Since the mixtures were initially homogeneous it was assumed that segregative phase separation was induced by the growth of the WPA when the interaction with KC was still net repulsive. Such a phenomenon has been reported for gelation of WPA in the presence of KC at neutral pH induced by adding NaCl [START_REF] Ako | Phase separation driven by aggregation can be reversed by elasticity in gelling mixtures of polysaccharides and proteins †[END_REF]. At neutral pH there is definitely no complex formation between KC and WPA and segregative phase separation could clearly be identified during the gelation process.

Acid-induced gelation of WPA has also been studied in the presence of other types of polysaccharides [START_REF] De | The mechanism behind microstructure formation in mixed whey protein-polysaccharide cold-set gels[END_REF][START_REF] Van Den Berg | Microstructural features of composite whey protein/polysaccharide gels characterized at different length scales[END_REF][START_REF] Van Den Berg | Breakdown properties and sensory perception of whey proteins/polysaccharide mixed gels as a function of microstructure[END_REF]Zhang, Hsieh and Vardhanabhuti, 2014a;Zhang and Vardhanabhuti, 2014b). For polysaccharides with a low charge density at the relevant pH such as locust bean gum, phase separation was observed on larger length scales and was more important when the acidification rate was slower. For mixtures with a higher charge density than KC, such as -carrageenan the observed microstructure of the gels was homogeneous. The general picture that has emerged from these studies is that the microstructure is determined by the interplay between segregative phase separation between WPA and the polysaccharides on one hand and gelation, which stops the progression of phase separation, on the other. The effect of complexation between WPA and anionic polyelectrolytes, which unavoidably occurs at low pH, was not explicitly addressed.

It is clear, however, that anionic polysaccharides are bound to the protein network at pH < pI.

No anionic polysaccharide was found in serum released from compressed gels [START_REF] Van Den Berg | Breakdown properties and sensory perception of whey proteins/polysaccharide mixed gels as a function of microstructure[END_REF] and SEM images of mixed gels at pH < pI show that the anionic polysaccharide was bound to the protein network [START_REF] Van Den Berg | Microstructural features of composite whey protein/polysaccharide gels characterized at different length scales[END_REF]Zhang et al., 2014b). An important issue is therefore whether the pH at which WPA start to bind to each other is higher than the pH at which the polysaccharides start to bind to the proteins. Only in that case can segregative phase separation occur in the pH range where WPA bind to each other, but not yet to KC. Comparison of results on formation of complexes between -car and native WPI as a function of decreasing pH [START_REF] Stone | Formation and functionality of whey protein isolateâ€"(kappa-, iota-, and lambda-type) carrageenan electrostatic complexes[END_REF] and acid induced gelation of WPA [START_REF] Ahmed | Formation and characterization of chitosan-protein particles with fractal whey protein aggregates[END_REF] shows that these phenomena both start at almost the same pH  5.4. An investigation of the association between WPA and KC during acidification also showed that flocculation of the aggregates in the absence of KC and complexation of KC and the aggregates started at approximately the same pH [START_REF] Khemissi | Exploiting complex formation between polysaccharides and protein microgels to influence particle stabilization of W/W emulsions[END_REF]. A precise quantitative comparison requires a detailed investigation of complex formation and gelation for the same type and size of WPA. If complexation occurs before gelation the heterogeneous microstructure of the gels may be caused by associative phase separation leading to microdomains rich both in protein and KC.

The interaction between proteins and anionic polysaccharides depends on their net charge density, which for proteins can be varied by varying the pH. The effect of adding polysaccharide on acid-induced gelation has in general been studied as a function of the pH. However, for a given pH the net charge density of proteins () varies when the protein concentration is varied (Kharlamova et al., 2016) or when polysaccharides are added [START_REF] Ahmed | Formation and characterization of chitosan-protein particles with fractal whey protein aggregates[END_REF][START_REF] Wen | Potentiometric studies of the interaction of bovine serum albumin and poly (dimethyldiallylammonium chloride)[END_REF]. This means that it is better to study the effect of adding polysaccharides at constant  rather than at constant pH. For a given , changes in the hydronium concentration corresponding to changes in the pH are less than 0.1 mM for 4 < pH < 10, which means that the effect on the ionic strength and thus on electrostatic interactions between the biopolymers is negligible.

Another aspect that has received only limited attention so far is the effect of temperature. It was reported recently that the rate of acid-induced gelation increases strongly with increasing temperature (Kharlamova et al., 2018a). Furthermore, it is well known that the rate of GDL degradation increases strongly with increasing temperature [START_REF] Pocker | Hydrolysis of D-glucono-. delta.-lactone. I. General acid-base catalysis, solvent deuterium isotope effects, and transition state characterization[END_REF]. [START_REF] De | The mechanism behind microstructure formation in mixed whey protein-polysaccharide cold-set gels[END_REF] looked at the effect of temperature on the microstructure of mixtures of WPA at 30 g/L and KC at 0.5 g/L at 6, 25 and 37°C. Not much difference was seen between gels formed at 25°C and 37°C, but the microstructure remained homogeneous at 6°C. The latter was explained by the coil-helix transition of KC in the mixture during cooling below 17°C. The effect of the gel temperature on the gel stiffness has not yet been investigated.

The aim of the present investigation was to study in more detail the interaction between KC and whey proteins during acidification. We have done potentiometric titrations in the presence of different KC concentrations to investigate the effect of the latter on the relationship between  and the pH. Such measurements can also show the onset and degree of complexation [START_REF] Ahmed | Formation and characterization of chitosan-protein particles with fractal whey protein aggregates[END_REF][START_REF] Wen | Potentiometric studies of the interaction of bovine serum albumin and poly (dimethyldiallylammonium chloride)[END_REF]. The effect of KC on the shear moduli and the turbidity was studied at different temperatures as a function of time during acidification and as a function of the steady state protein charge density. The effect of KC on the microstructure was investigated by CLSM using different specific labeling for the proteins and the polysaccharides, which allowed us to determine the distribution of each biopolymer in the mixtures. These latter results will be reported and discussed in part II.

Materials and methods

Sample preparation

Whey protein isolate (BiPRO®, batch JE 254-3-420) was purchased from Davisco Foods International, Inc. (Le Sueur, MN, USA). The composition of the powders was reported by [START_REF] Nguyen | Heat-induced gelation of mixtures of whey protein isolate and sodium caseinate between pH 5.8 and pH 6.6[END_REF]. Size exclusion chromatography (SEC) showed that the BiPRO® sample contained 65% -lg and 20% -lac. The remaining 15% consisted of other whey proteins and a small amount of caseins. The powders were dissolved in Milli-Q water containing 200 ppm NaN 3 to protect against bacterial growth by stirring overnight. The protein concentration was determined by UV absorption at 278nm using =1.01 g/L/cm. Whey protein aggregates were prepared by heating a solution of 62 g/L WPI at pH 7 at 80°C during 24 hours. This heating time is largely sufficient to reach a steady state in which all native WPI is converted into aggregates. The average molar mass (M w = 1.410 6 kg/mol) and the hydrodynamic radius (R h = 26 nm) was determined in highly diluted solutions using static and dynamic light scattering as described in detail elsewhere [START_REF] Inthavong | Structure and flow of dense suspensions of protein fractal aggregates in comparison with microgels[END_REF].

Mixtures were prepared by adding a concentrated solution of KC to the WPA suspensions under stirring. Subsequently, gelation was induced by addition of aliquots of a freshly prepared concentrated GDL solution to the mixtures under stirring.

The -carrageenan sample used for this study was purchased from Sigma. It was purified by extensive dialysis first against 0.1 M NaCl in order to exchange other cations for sodium and then against Milli-Q water to remove excess salt. The purified KC was subsequently freeze-dried. The water content of the purified KC powder was 8% and the concentrations of Na + and K + were 40 mg/g and 0.1 mg/g, respectively, as determined by flame spectroscopy, whereas no Ca 2+ was detected.

Stock solutions of KC were prepared by dissolving the freeze-dried KC at a concentration of 30 g/L in Milli-Q water with 200 ppm sodium azide added as a bacteriostatic agent by stirring for few hours at room temperature. The pH of the stock solution was 7. For observation with CLSM a small amount of labeled KC was added. KC concentrations are expressed in gram KC powder per liter. The molar mass distribution of the KC was determined by SEC with on-line refractive index (Shodex RI 71, Showa Denko K.K., Tokyo, Japan) and light scattering (Dawn EOT™,Wyatt technology, Santa Barbara, CA, USA) detection taking for the refractive index increment dn/dC = 0.145 ml/g. A TSK gel G6000PW column was used with 0.1 M NaNO 3 at pH 7 as the mobile phase. In this manner we found for the weight and number average molar mass: M w = 4.5 10 5 g/mol and M n = 2.7  10 5 g/mol.

Gel formation

Mixtures of WPA and KC were prepared from stock solutions at the desired concentration. A GDL solution at 1 M was prepared by adding water to the GDL powder. After stirring for 1 min to dissolve all the GDL powder, aliquots of the GDL solution were added to the biopolymer solutions while stirring. To slow down the degradation of GDL during the sample preparation icy cold water was added to the GDL powder and the solution was stirred on ice.

Methods

Potentiometric titration.

Titration experiments were conducted at room temperature using an automatic titrator (TIM 856, Radiometer Analytical) equipped with a combined pH electrode and a temperature probe. The pH electrode was calibrated by a three-point calibration using standard buffers. Dilute biopolymer solutions (C WP = 1 g/L) were titrated to pH 4 with a standard solution of HCl ([HCL] = 0.1M or 1M) at a rate of 0.1 mL/min. Concentrated biopolymer solutions (C WP = 20 g/L) could not be titrated in this manner as they formed gels and were therefore prepared separately at different [HCl] and their pH was measured after breaking up the gel. Changes in the number of charges per protein were calculated as the molar concentration of added HCl divided by the molar concentration of whey proteins:

=[HCl].M WP /C WP 1
using for the average molar mass of the whey proteins M WP = 1.7510 4 g/mol. The amount of added H + that remained in solution was negligible down to pH 4 and is therefore not considered in eq. 1.

Titration curves of pH vs  obtained at different NaCl concentrations [NaCl] cross at the isoionic point, because the pH is independent of [NaCl] when  = 0, which has been discussed in detail elsewhere [START_REF] Kharlamova | The effect of aggregation into fractals or microgels on the charge density and the isoionic point of globular proteins[END_REF]. In this manner it was found that pI = 5.1  0.1 for the WPA used for this study, see figure S1 of the supplementary information. Knowing the pI, it is straightforward to calculate  as a function of the pH as (pH) = (pH) -(pI). Here we have ignored the fraction of HCl that binds to KC, which is negligible for pH > 4.

If  is varied by hydrolysis of added GDL one needs to consider the dissociation constant of gluconic acid: HGA GA -+ H + . We have determined the pKa of this reaction by measuring the pH at different GDL concentrations, see figure S2 of the supporting information. The results showed that pKa= 3.75 both in Milli-Q water and at 0.1 M NaCl, which is within the experimental error the same as the value reported by Pocker et al. (pKa = 3.77). Knowing the pKa, the GA -concentration was calculated at each pH and  was calculated using eq. 1 by replacing [HCl] with the amount of H + produced by the gluconic acid at each pH, i.e. [GA -].

2.3.2.Rheology.

The loss (G") and storage (G') oscillatory shear moduli were measured using a stress-controlled rheometer (AR2000, TA Instruments, Crawley, UK) equipped with a cone-plate geometry (diameter: 40 mm; angle: 2º; truncation: 54 μm). Evaporation was avoided by covering the sample with a silicon oil. Measurements were done as a function of time at an oscillation frequency of 0.1 Hz. After the time sweep the temperature was decreased to 20°C at a rate of 5°C per min while monitoring the shear moduli at 0.1 Hz. After reaching 20°C the frequency dependence of the shear moduli was measured.

Optical density.

The light transmittance (T) was measured as a function of time at a wavelength of 600 nm at different temperatures in cells with a path length of 0.1 cm using a UVvisible spectrometer Varian KC y -50 Bio. The optical density was calculated as OD = log(1/T). The objective of the present study was to investigate the effect of KC on acid-induced gelation of WPA by adding GDL. Preliminary measurements showed that self-supporting gels were formed after addition of GDL for WPA suspensions at C WP =10 g/L and higher, whereas at C WP = 5 g/L precipitation was observed. For this study we have varied the KC concentration and the amount of GDL and fixed the WPA concentration at 20 g/L.

Results and Discussion

Relationship between the pH and the protein charge density

As was mentioned above, the properties of the gels depend on the net charge of the proteins. The value of  that is reached at steady state is not only related to the GDL concentration, but also to the pH as -gluconic acid (HGA) is a weak acid. We verified that the pKa of HGA was not influenced by the presence of KC and WPA, by comparing the pH at steady state with that obtained in the presence of HCl. This is shown in figure 2 where the pH at steady state is plotted as a function of  for a solution containing 20 g/L WPA and different amounts of KC. The pH was set either by adding HCl or GDL and  was calculated in the latter case by replacing [HCl] in eq.1 with [GA -] using pKa=3.75 to calculate [GA -] from [GDL]. Figure 2 shows that for a given pH, the calculated values of  were the same within the experimental uncertainty. The relationship between the GDL concentration and  is shown in figure S3 of the supplementary information. At high pH, addition of KC caused a small decrease of the pH, which is caused by screening of electrostatic interactions by the counterions from KC. A similar decrease was also observed when NaCl was added [START_REF] Kharlamova | The effect of aggregation into fractals or microgels on the charge density and the isoionic point of globular proteins[END_REF]. This effect of KC was not observed in Fig. 1, because in that case only very small amounts of KC were added. At   -2 the titration curves of WPA in the presence of KC cross those in the absence of KC and the effect of complexation becomes important for larger . The effect of KC on the titration curve increased with increasing KC concentration, but became small for C KC > 4 g/L at least in the range of  that was investigated in this study. Comparison of Figs 1 and 2 shows that at both WPA concentrations the effect of complexation started at approximately   -2. However, the corresponding pH depended weakly on the WPA concentration: pH 5.4 at C WP = 20 g/L versus pH 5.7 at C WP = 1 g/L.

Rheology

Effect of the KC concentration

Gel formation was studied by measuring the shear moduli as a function of time after adding GDL. Figure 3 shows the evolution of the storage shear modulus (G') for suspensions at C WP =20 g/L and at different concentrations of KC at 20°C and at 80°C after adding 9 mM GDL. At this concentration of GDL the steady state value of  was close to zero and very little dependent on the KC concentration, see figure S3 of the supplementary information. The pH at steady state varied between 4.9 and 5.1, see figure 2. G' increased steeply when a gel was formed and became much larger than the loss modulus. The gel time (t g ) defined as the time when G' starts to increase steeply clearly did not depend significantly on the KC concentration, but was much larger at 20°C than at 80°C. Notice that the time to reach 80°C was about one minute. Though gelation started at approximately the same time, the evolution of G' was more gradual when more KC was present. For all gels, the frequency dependence of G' was small and G' > G" over the whole explored frequency range (0.01 -10 Hz) (results not shown). At the end of the heating ramp, the gels formed at 80°C were cooled to 20°C, which led to a significant increase of G'. The relative increase by about a factor of 4.5 was approximately the same for all KC concentrations, see figure S4a for the supplementary information. For a fair comparison between the dependence of the elastic modulus on the KC concentration for gels formed at 20°C and at 80°C, we need to take into account the difference in the kinetics. Therefore we have taken G' at the same value of t/t g  4 corresponding to the final time at 20°C. We also need to consider the effect of the temperature on G'. Therefore we multiplied the values of G' obtained at 80°C by 4.5 so that they correspond to those after cooling to 20°C. The results are plotted in fig. 4 and show that G' depended only weakly on the KC concentration for C KC < 1 g/L. Between C KC = 1 g/L and 2 g/L G' decreased steeply in particular for gels formed at 20°C followed by a more gradual decrease at higher KC concentrations. Interestingly, the decrease of G' occurred when the KC chains started to overlap [START_REF] Croguennoc | Characterization of semidilute carrageenan solutions[END_REF]. The elastic moduli formed at 80°C were systematically larger than those formed at 20°C.
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Fig. 4 Storage modulus at 20°C of gels at t/t g  4 formed at 20°C or 80°C after adding 9 mM GDL ( 0)

to WPA solutions at 20 g/L as a function of the KC concentration.

Effect of the temperature

It is clear that there is an important effect of temperature on the gelation process, which we studied in more detail for a few KC concentrations. The effect of temperature on the evolution of G' after adding 9 mM GDL is shown in fig. 5a for WPA solutions containing 2 g/L KC. The gelation rate decreased strongly with decreasing temperature and there was also an effect on the elastic modulus.

Master curves could be obtained after time-temperature superposition using both horizontal and vertical shifts. Fig. 5b shows the evolution of G'/G el as a function of t/t g , where G el is defined as G' at t/t g = 20.

time (min) An Arrhenius plot of the temperature dependence of t g is shown in fig. 7a. t g was not significantly influenced by the presence of KC as was already shown in figure 3 for gels formed at 80°C or at 20°C. Log (t g ) had a linear dependence on 1/T and from the slope an activation energy E e = 61 kJ/mol was obtained. This value is close to that reported by Pocker et al. (E a = 59 kJ/mol) for the degradation rate of GDL. We determined the degradation rate of GDL at 20°C and 50°C by measuring the pH as a function of time after adding water to the GDL powder, see figure S5a of the supplementary information. The fraction of degraded GDL increased linearly with time up to about 50% and then increased more slowly to reach 95% after 10 h at 20°C. Degradation was faster at 50°C and superimposed with that at 20°C using the same shift factor as was found in the rheology measurements, see Figure S5b of the supplementary information. We may therefore conclude that the gelation rate was controlled by the rate at which GDL degrades and therefore the rate at which  increases.

1000/T (K -1 )
2.8 2.9 3.0 Figure 7b compares the dependence of G el measured at 20°C on the temperature at which the gels were formed. At all temperatures G el decreased with increasing KC concentration, but the decrease was stronger at lower gelation temperatures in agreement with the comparison between 20°C and 80°C shown in figure 4. In all cases, G el was larger if the gels were formed at higher temperatures in particular for gels containing 2 or 4 g/L KC. The effect of the gelation temperature was small in the absence of KC as had already been reported elsewhere (Kharlamova et al., 2018a) and it remained small up to C KC = 1.5 g/L. However, at larger C KC when the effect of KC on G el became important, the effect of the gelation temperature also became important. One possible explanation is that phase separation was less important at higher temperatures leading to a weaker decrease of G el with increasing C KC .

Effect of the net charge density

The effect of  was investigated at 80°C for WPA solutions without KC and with 2 g/L KC, see figure 8. With increasing  stiffer gels were formed and t g decreased. Syneresis occurred for gels formed in the absence of KC at  ≥ 1.8 causing a decrease of G', because part of the gel lost contact with the geometry. Strong effects of syneresis were also observed in the presence of KC at  > 3.1

(not shown). After heating at 80°C during 100 min, the systems were cooled to 20°C, which led to an increase of G', see figure S4b of the supplementary information. The relative increase of G' with decreasing temperature did not depend on . Figure 9a compares the dependence of G' at 20°C on  at steady state for gels with and without KC. In both cases, G' increased initially rapidly with increasing  and then stagnated, but In the presence of KC the increase of G' with increasing  was more gradual and weaker. In the presence of KC, the value of  where gelation was first observed was slightly smaller ( g = -3.7) than in the absence of KC ( g = -3.0). It is clear that gelation started at a significantly lower  than at which the effect of complexation on the titration curves became apparent (  -2), see figure 2. This suggests that when WPA starts to form a gel KC is not yet bound to the proteins in significant quantities. Nevertheless, the presence of KC influences the gelation process. One possible cause is that KC induces formation of dense protein domains during the growth of the aggregates that drives gelation at lower  and modifies the gel structure. In this scenario, the proteins form a network first and then KC binds to the already formed protein network as  is increased.  up to  = -2 and more slowly at larger . t g corresponds to the time needed to reach  g during GDL degradation, which is shorter if  g is smaller. This explains why t g was smaller with ( g = -3.7) than without ( g = -3.0) KC for  < -2. When more GDL is added,  reaches  g rapidly and the difference in time becomes very small. Kharlamova et al. (2018a) reported on the rate of acid-induced gelation of WPA at a given  between -5 and -3.4 set by adding HCl. For  < -5.0 gelation was too slow even at 80°C (t g > 24h) and for  > -3.4 it was too fast even at 5°C. t g was found to decrease sharply with increasing , WPA concentration or temperature. The temperature dependence was controlled by an activation energy E a = 155 kJ/mol independent of  and the WPA concentration. In the investigation by Kharlamova et al. (2018a),  was set very rapidly and t g represented the time needed to gel at a given . Here,  was decreased slowly and gelation was fast when  g was reached. Therefore, in the present investigation the temperature dependence was controlled by E a of GDL degradation, whereas in that of Kharlamova et al. it was controlled by E a of WPA gelation at fixed .

Optical density

Effect of the KC concentration

Fig. 10 shows the optical density as a function of time at 20°C after adding 9 mM GDL for WPA solutions at C WP = 20 g/L and different amounts of KC. The mixtures were transparent at these KC concentrations before addition of GDL. A sharp increase was observed at a critical time (t c ) followed by a weak increase at longer times. Figure 11a shows the dependence of t c , taken as the time where OD = 0.01, on C KC at 20°C. t c decreased with increasing KC concentration and became significantly shorter than t g at 20°C, which 

Effect of the net charge density and the temperature

The effect of  on OD end and t c was determined for WPA solutions without KC and with 2 g/L KC at 20°C, 50°C and 80°C. Examples of the evolution of OD at different  and temperature are shown in figure S6 of the supplementary information. The dependence of OD end on  is shown in figure 12a. OD end increased initially sharply with increasing  followed by a weaker increase. The increase was much stronger in the presence of KC as was already shown in fig. 11b for  0 and it started at smaller  when KC was present. We may compare the values of  at which OD end started to increase with that at which G' started to increase shown in figure 9a for 80°C. The values of  at which OD end started to increase in the presence of C KC = 2 g/L and without KC were within the experimental error the same as those at which G' started to increase:  = -3.8 and  = -3.0, respectively. It follows that formation of dense protein domains and gelation started at almost the same charge densities.

The increase of OD end was stronger at higher temperatures, which is not caused by the difference in the kinetics as the values of OD end were taken after sufficiently long times where they no longer depended significantly on time. When gels formed at higher temperatures were subsequently cooled to 20°C, OD end did not change significantly. The implication is that at different temperatures different microstructures were formed and that these microstructures did not depend significantly on the temperature once they had reached steady state. Figure 12b shows t c as a function of  at steady state. t c decreased with increasing  both in the presence and absence of KC, but the dependence was weaker in the latter case. As a consequence the difference between the values of t c with and without KC decreased with increasing . The strong increase of t c with decreasing temperature was caused by the strong decrease of the degradation rate of GDL with decreasing temperature. The difference between the values of t c with and without KC appears to become smaller at higher temperatures. Comparison of t c as a function of  with t g at 80°C, see figure 9b, shows that t c is systematically shorter, which can be explained by the fact that t c characterizes the onset of formation of large aggregates, which some time later percolate into a gel. Notice that it took about 30 s to reach 80°C, which is not negligible at large .



The rheology and turbidity measurements reported here do not give information about whether and to what extent microphase separation between WPA and KC occurs and how much KC binds to the proteins at different . To address these issues we have probed the microstructure of the mixed gels with confocal laser scanning microscopy using different fluorescent labels for the proteins and the polysaccharides. The results of this study will be discussed in detail in part II.

Conclusion

Potentiometric titration measurements indicate that complexation between KC and whey protein aggregates is important when  > -2. The effect of KC on the titration curves increases until a WPA:KC weight ratio of about 2:1 and adding more KC does not make a significant difference.

Gelation of 20 g/L WPA induced by acidification starts at   -3.0 without KC and at   -3.7 in the presence of 2 g/L KC. The turbidity increases sharply at the same charge density at which the gels are formed. The turbidity at steady state increases strongly with increasing C KC up to approximately 0.5 g/L and weakly at higher concentrations whereas the elastic modulus changes little up to C KC = 1 g/L and decreases strongly at higher KC concentrations. The absence of a clear correlation between the change in structure probed by turbidity and the elastic modulus demonstrates the importance of changes in the connectivity and bond strength that is not probed by turbidity measurements. The gelation rate increases strongly with increasing temperature and is controlled by the rate of GDL degradation. The elastic modulus increases with increasing temperature of preparation. The relative increase is weak for C KC  1.5 g/L, but strong for C KC ≥ 2 g/L, i.e. at concentrations where KC strongly influences the elastic modulus. The turbidity also increases with increasing temperature of preparation. The turbidity of gels that have reached steady state does not change significant during heating or cooling, but the elastic modulus decreases with increasing temperature, which demonstrates again the importance of changes in the connectivity and bond strength that is not probed by turbidity measurements.

Figure 1

 1 Figure1shows the pH as a function of  for solutions at a fixed protein concentration C WP = 1 g/L and different KC concentrations (C KC ). A clear difference between titration curves of WPA with and without KC on the pH was observed for pH < 5.7, which was caused by complexation between the two biopolymers. Complexation started when the net charge of the proteins was still negative ( -2), due to the presence of positively charged patches on the proteins. Complexation with KC caused an increase of  for a given pH, as the negative charge of KC does not change significantly for pH > 4. The effect of complexation on the titration curves increased with increasing KC concentration until C KC = 0.4 g/L. It appears that binding of KC to WPA saturates at weight ratio WPA:KC  2:1.

  Fig. 2 pH as a function of the net charge density of the proteins for solutions containing 20 g/L WPA and different amounts of KC as indicated in the figure. The pH was set either by adding HCl (red symbols) or by adding GDL (green symbols). Solid lines represent guides to the eye.

Fig. 3

 3 Fig. 3 Storage modulus at 0.1 Hz as a function of time after adding 9 mM GDL ( 0) at 20°C or 80°C for WPA solutions at 20 g/L and different KC concentrations indicated in the figure. The final value of G' decreased with increasing KC concentration.

Fig. 6

 6 Fig. 5a Storage modulus at 0.1 Hz as a function of time for solutions of WPA at 20 g/L and 2 g/L KC after adding 9 mM GDL ( 0) measured at different temperatures indicated in fig. 5b. The corresponding master curve is shown in Fig.5b.

  Fig. 7a Arrhenius representation of the dependence of the gel time for WPA solutions at 20 g/L with 9 mM GDL ( 0) and different KC concentrations indicated in the figure. The solid line represents linear least squares fit.

Fig. 7b

 7b Fig. 7b Dependence of G el on the temperature of gel formation measured after cooling the gels to 20°C.

Fig. 8

 8 Fig. 8 Storage modulus at 0.1 Hz as a function of time at 80°C for WPA solutions at 20 g/L without KC (a) and with 2 g/L KC (b) after adding different GDL concentrations. The corresponding steady state values of  are indicated in the figures.

Fig. 9

 9 Fig. 9 Dependence of G' (a) and of t g (b) on  for WPA gels at 20 g/L formed at 80°C without KC and with 2 g/L KC.

Fig. 10

 10 Fig. 10 Evolution with time at 20°C of the optical density at  = 600 nm for WPA solutions at 20 g/L and different KC concentrations as indicated in the figure after addition of 9 mM GDL ( 0).

  Fig. 11 Dependence on the KC concentration of the critical time (a) and the optical density after 50h (b) for mixtures containing 20 g/L WPA in the presence of 9 mM GDL ( 0) at 20°C.

  Fig. 12 Dependence of OD end (a) and the critical time (b) as a function of  for WPA solutions at 20 g/L without KC (filled symbols) and with 2 g/L KC (open symbols) at different temperatures indicated in the figure.
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