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Highlights 

 

• Mixing selectively WP with RP results to a wide range of textural properties. 

• When gel coarseness decreases, synergistic stiffening is pronounced.  

• Synergy occurs when the rheological moduli of the individual gels are minimized. 

• Synergistic stiffening leads to tailored water holding properties in mixed gels. 
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Abstract 33 

 34 

Whey proteins (WP) were replaced with rapeseed proteins (RP) at various protein mixing 35 

ratios at neutral pH and ionic strength of 150mM. Protein gels were formed at 95 oC and 36 

another temperature of 80 oC, below the denaturation temperature of RP, to understand the 37 

importance of whether RP gelled or not for changes in rheological properties in mixed gels. 38 

Gels were analyzed for their microstructure, rheological responses and water holding 39 

(maximum amount of exuded water (Amax) and ease with which water can be exuded (k)). 40 

Every parameter obtained for mixed gels was compared to the one of the single systems at 41 

the corresponding concentrations to understand the importance of the rheological moduli of 42 

the single systems to the modulus of the mixed gel and to enable the quantification of 43 

synergistic stiffening (S = G΄mixture/(G΄WP+G΄RP)). For gels formed at 95 oC a broader window 44 

for synergistic stiffening was formed compared to gels formed at 80 oC. Synergistic stiffening 45 

occurred when gel coarseness decreased and/or when the differences between the moduli of 46 

the individual protein gels were minimized. Water holding properties of mixed gels were 47 

tailored due to changes in the gel microstructure or due to synergistic stiffening. The behavior 48 

of k as a function of protein mixing ratio in mixed gels was similar to the behavior of gel 49 

stiffness. The parameter k generally correlated well with an increase in gel stiffness. Gel 50 

coarseness and gel stiffness were inextricably linked in regards to their importance for 51 

changes in Amax.  52 

 53 

Keywords  54 

 55 
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1. Introduction 63 

 64 

The final textural properties of many solid food products, e.g. sausages and custards, are 65 

often determined by protein polymerization. Protein polymerization can be induced by heating 66 

proteins close or above their denaturation temperature and a gel network in which water is 67 

entrapped will form if the protein concentration is sufficiently high. Typically, the proteins used 68 

as texturing agents in food formulations are of animal origin but in recent years interest has 69 

been growing in replacing totally or partially animal proteins with plant proteins due to 70 

economic and sustainable advantages.  71 

Partial replacement of one protein with another generally leads to different textural 72 

properties in the product compared to those the original proteins can impart individually. 73 

Therefore, the first step before introducing plant proteins into existing formulations is to gain 74 

an understanding of their impact on a range of textural properties important in product design, 75 

such as rheological, fracture and water holding properties. 76 

Textural properties of heat-induced gelled systems based on mixtures of animal proteins 77 

with plant proteins, such as soy proteins (SP) (Comfort & Howell, 2002; Ersch, ter Laak, van 78 

der Linden, Venema, & Martin, 2015; Jose, Pouvreau, & Martin, 2016; Roesch & Corredig, 79 

2005) pea proteins (Wong, Vasanthan, & Ozimek, 2013) and rapeseed proteins (RP) (Ainis, 80 

Ersch, & Ipsen, 2017) have been investigated and described. Most of these studies have 81 

focused on the alteration of the rheological properties in mixed gels and reported that at 82 

specific mixing ratios the stiffness or fracture stress of the mixed gels was higher compared to 83 

the gels produced by the individual proteins resulting to synergistic gels. However, a clear 84 

understanding of the factors that lead to synergistic gels in plant protein and animal protein 85 

mixed gels has yet to be established. For example, during the gelation of polysaccharide-86 

protein mixtures phase separation (segregation) can occur which in turn results to changes in 87 

the microstructure and hence in the rheological properties in mixed systems (Çakır & 88 

Foegeding, 2011; Çakır, Khan, & Foegeding, 2012; Van den Berg et al., 2008; Van den Berg, 89 

Van Vliet, Van der Linden, Van Boekel, & Van de Velde, 2007). Segregation can also occur in 90 

protein-protein mixtures by polymerization of one of the two proteins (e.g. through 91 

denaturation), e.g. in gelatin and whey protein mixtures (Ersch, van der Linden, Venema, & 92 
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Martin, 2016; Sinead M Fitzsimons, Mulvihill, & Morris, 2008), which in turn can impact the 93 

final gel microstructure and therefore the textural properties of the mixed gels, such as 94 

rheological properties (Ersch et al., 2016) and water holding capacity (Martin et al., 2016). For 95 

mixtures containing animal and plant proteins, segregative phase separation or clear links 96 

between changes in microstructure and textural properties have yet to be described. 97 

Furthermore, thorough investigations of the impact of plant proteins on a wide range of 98 

textural properties of mixed gels that have been prepared at the same time at various protein 99 

mixing ratios are also lacking.  100 

During the past decade, plant proteins derived from rapeseed have been receiving a lot of 101 

attention in terms of their potential use in food applications. Rapeseed is primarily used for the 102 

extraction of edible oil, after which a protein-rich meal is left behind and is streamlined into the 103 

animal feed market as a competitive and valuable nutritional product for animals (Campbell, 104 

Rempel, & Wanasundara, 2016). However, rapeseed proteins are considered as high quality 105 

proteins with a well-amino acid profile (Tan, Mailer, Blanchard, & Agboola, 2011) and with 106 

specific nutritional indices comparable to proteins from milk and soy (Bos et al., 2007; 107 

Fleddermann et al., 2013). For this reason it would be beneficial to utilize RP in existing food 108 

formulations also for human consumption. But first one has to understand their impact in 109 

mixtures with additional ingredients commonly used as structuring agents in food products 110 

(e.g. whey proteins). Most recently the rheological properties of mixed gels were investigated 111 

based on heating mixtures of whey proteins (WP) and RP above their denaturation 112 

temperature, at three mixing ratios and three pH conditions (Ainis et al., 2017). It was 113 

concluded that synergistic stiffening was primarily achieved at neutral pH where both proteins 114 

contribute to the gel network and RP modifies the microstructural and/or denaturation 115 

properties of WP. The alteration of the latter was attributed to be most likely due to the 116 

presence of phenolic compounds in the RP powder. At acidic conditions, where RP did not 117 

form a self-supporting gel on its own, for most mixing ratios synergistic gels were not formed. 118 

The aim of the present study was to describe and understand in more detail the 119 

consequences of mixing RP with WP on the textural properties of mixed gels at neutral pH. 120 

The gelling proteins present in whey (β-lactoglobulin) and rapeseed (cruciferin) have a 121 

denaturation temperature of ~78 oC and ~93 oC at neutral pH (Ainis et al., 2017), respectively. 122 
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Mixed gels were prepared at nine protein mixing ratios and formed by heating at two different 123 

temperatures; one (95 oC) above the denaturation temperature of all the gelling proteins and 124 

another (80 oC) close to the denaturation temperature of only WP and much below that of RP, 125 

where only WP is able to form a self-supporting gel on its own. This enables to understand 126 

the importance of whether RP gelled or not for changes in rheological properties in the mixed 127 

gels. Furthermore, gelation was studied at high ionic strength conditions (150 mM), where 128 

electrostatic interactions are typically screened. This enables the exclusion of phase 129 

instabilities that can occur before gelation originating from possibilities of electrostatic 130 

attraction between the proteins. Furthermore, a RP powder with reduced polyphenol content 131 

was used in order to minimize the effect of phenolic compounds on the gelation properties of 132 

WP. 133 

Differential scanning calorimetry (DSC) was used to evaluate the thermal properties of the 134 

proteins and study the possibilities of protein-protein binding prior to heating. Microstructural 135 

changes were determined by confocal laser scanning microscopy (CLSM) combined with 136 

image analysis. Information on the effect of rheological properties was conducted by 137 

performing small and large deformation measurements. Water holding properties were 138 

determined by a centrifugation procedure. Furthermore, all the measured parameters of the 139 

mixtures were compared to the single systems at the given concentrations they were present 140 

in the mixture. This approach has shown to facilitate the interpretation of the results for 141 

protein mixtures in our previous studies (Ainis et al., 2017; Ersch et al., 2015).  142 

 143 

2. Materials and methods 144 

 145 

2.1. Materials 146 

 147 

The whey protein isolate (Lacprodan DI-9224, Arla Foods Ingredients Group P/S, Viby J, 148 

Denmark) used contained 88% protein (50% β-lactoglobulin (BLG) and 20% α-lactalbumin 149 

(ALA)), 0.2% lactose, 0.2% fat, 4.5% ash and 6% moisture, as specified by the manufacturer. 150 

Demineralized rapeseed protein isolate (manufacturing Lot # BIOEXXI20160225) was 151 

produced by European rapeseed and was kindly donated by Teutexx Proteins (Oakville, 152 
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Canada). The powder contained 87% protein, 0.5% fat, 2.2% ash, 2.1% moisture, 0.5% fiber,  153 

<0.14% phytic acid and the following phenolic acids; 42.46 µg/g Ferulic acid, 5.19 µg/g p-154 

Coumaric and 8.72 µmol/kg Sinapine (Eurofins Analytik GmbH, Hamburg, Germany). 155 

Analysis by Size Exclusion Chromatography (results not shown) showed that RP contained 156 

about 50% cruciferin and 50% napin.  157 

All chemicals used were of analytical grade and purchased either from Sigma Aldrich 158 

(Brøndby, Denmark) or VWR international (Søborg, Denmark). Milli-Q water (Millipore, 159 

Bedford, MA, USA) was used in the preparation of all stock solutions. 160 

 161 

2.2. Sample preparation 162 

 163 

2.2.1. Preparation of protein stock solutions  164 

 165 

Protein stock solutions of WP and RP were prepared to a final protein concentration of 166 

20.5% w/w and a final ionic strength of 150 mM. The ionic strength between the protein stock 167 

solutions was controlled by taking into account the contribution of the monovalent ions 168 

originating from each protein powder to the ionic strength of their protein stock solutions and 169 

was calculated using equation: 170 

 171 

Ionic	strength = �
�∑ ��� ���              (Equation 1) 172 

 173 

where c is the molar concentration and z the charge number of ion i. 174 

The RP powder was demineralized and its contribution to the ionic strength of the stock 175 

solution of 20.5% RP was negligible relative to the targeted ionic strength of 150 mM, while 176 

the WP powder used was non-demineralized and its contribution to the ionic strength of the 177 

stock solution of 20.5% WP was calculated to be equal to 60 mM. Accordingly, the dispersant 178 

was prepared at 150 mM and 90 mM NaCl for the RP and WP powder, respectively, in order 179 

to ensure similar ionic strength of 150 mM between reference samples (single WP and RP) 180 

and mixtures during sample preparation. 181 
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Protein stock solutions were stirred overnight at 4 oC to complete powder solubilization and 182 

afterwards were de-aerated under vacuum using a desiccator before sample preparation. 183 

 184 

2.2.2. Preparation of protein samples 185 

 186 

Protein stock solutions were mixed with 150 mM of NaCl solution and 1 M of HCl/NaOH 187 

solutions to reach the desired protein concentrations from 0 to 20% w/w and pH of 7. In the 188 

case of protein mixtures, protein stock solutions were first mixed together at different RP:WP 189 

mixing ratios (90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90) prior to dilution 190 

and pH adjustment. Addition of HCl was performed in small increments under intense stirring 191 

to avoid local aggregation and subsequent protein precipitation. Protein samples were de-192 

aerated and preparation was performed in a thermostatically controlled room (≈ 20 oC) on the 193 

same day as sample heat-processing/analysis. Stock solutions were stored at 4 oC for up to a 194 

maximum of 5 days and each sample was prepared at least in duplicate.  195 

 196 

2.2.3. Preparation of gels 197 

 198 

Protein samples were placed in 30 ml syringes (22 mm in diameter) which were pre-199 

lubricated with paraffin oil to ease gel removal from the syringe and closed airtight with 200 

syringe stoppers. Gelation was induced by incubating these samples in a water bath at 95 oC 201 

or 80 oC for 30 min and subsequently cooling at room temperature overnight.  202 

 203 

2.3. Differential scanning calorimetry  204 

 205 

Liquid protein samples (≈ 70 mg) inserted in sealed medium pressure stainless steel 206 

crucibles were equilibrated at 20 oC for 5 min inside the DSC equipment (DSC 1, Mettler 207 

Toledo, Schwerzenbach, Switzerland) and then heated up to 120 oC at 2.5 oC/min scanning 208 

rate. A sealed empty crucible was used as reference. The manufacturer’s software (STARe 209 

Evaluation Software, Version 15.00, USA) was used to analyze the DSC themrograms and 210 

compute the peak maximum (protein denaturation) temperatures and enthalpies of protein 211 
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denaturation (J/gprotein). Transition peaks were compared to literature values for protein 212 

identification.  213 

 214 

2.4. Confocal laser scanning microscopy  215 

 216 

Sample preparation for CLSM analysis was performed similarly to the procedure described 217 

elsewhere (Ersch et al., 2015; Jose et al., 2016; Urbonaite et al., 2016). Prior to heating, 218 

protein samples were mixed with fluorescent dye Rhodamine B (final dye concentration 219 

0.001% w/w). Samples were then inserted in sealable glass cuvettes (GeneFrame 125 µl, 220 

Fisher Scientific, Loughborough, UK) and subsequently heated at 95 oC or 80 oC for 30 221 

minutes using a water bath. Before CLSM analysis samples were stored at room temperature 222 

(≈ 20 oC) overnight in dark room conditions. Images were recorded using a Leica SP5 X MP 223 

laser scanning microscope (Leica Microsystems, Wetzlar, Germany) equipped with an oil-224 

immersion 63× objective (Leica HCX PL APO lambda blue 63.0x1.40 OIL UV). Rhodamine B 225 

was excited with a white light laser (WLL) at 561 nm and the emission was recorded between 226 

570 - 790 nm. Typically 10 - 15 images at different locations were acquired from every sample 227 

at a scanning rate of 400 Hz in 1024 x 1024 pixel resolution and 8× line averaging mode. 228 

 229 

2.5. Image analysis 230 

 231 

Quantitative information from the CLSM images was derived using a pair correlation 232 

function p(r) as previously described by Ersch et al. (2016). A decrease of the p(r) is related to 233 

intensity fluctuations (Ako, Durand, Nicolai, & Becu, 2009) throughout the gel microstructure 234 

as a function of distance r from a reference position. 235 

In a system with one type of structure the autocorrelation function can typically be 236 

described by a stretched exponential decay (Ako et al., 2009): 237 

 238 

���� = ���
�
��
�

                              (Equation 2)     239 

 240 
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where ξ is the correlation length and β is a form factor.  241 

 242 

2.6. Small deformation rheology 243 

 244 

A stress controlled rheometer (Kinexus Pro+, Malvern Instruments Ltd, UK) equipped with 245 

a Peltier element system for temperature control and a serrated concentric cylinder 246 

measuring system (C25 DIN, Malvern Instruments Ltd, UK) was used in dynamic rheological 247 

measurements. The measuring system was composed of a stainless steel oscillating bob and 248 

fixed cup with a volume capacity of 20 ml. Liquid protein samples were placed into the cup 249 

and covered with a thin layer of low viscous paraffin oil (3 ml) and a plastic split cover to 250 

prevent dehydration during the experiment. Samples were equilibrated at 20 oC for 3 minutes 251 

followed by heating to 95 oC or 80 oC at 5 oC/min, holding at 95 oC or 80 oC for 20 min, cooling 252 

down to 20 oC at 5 oC/min and finally holding at 20 oC for 10 min. Samples were subjected to 253 

a small-amplitude oscillatory shear throughout the whole experiment within the linear 254 

viscoelastic region at a constant frequency of 1 Hz. The final G΄ and on-set time of gelation 255 

(tgel) was obtained from the measurements. The tgel was defined as the time when G΄ ≥ 1 Pa. 256 

 257 

2.7. Large deformation rheology 258 

 259 

Gels were removed from the syringes and cut into 3 cylindrical gel pieces (22 mm diameter 260 

and 20 mm height) using a steel wire. Each gel piece was compressed to 90% of their initial 261 

height between two parallel plates at a constant deformation rate of 1 mm/s using a texture 262 

analyzer equipped with a 50 kg load cell and a P/75 cylindrical plate (75 mm diameter) 263 

(TA.XT. plus Texture Analyser, Stable Micro Systems, Ltd., Godalming, U.K). Before 264 

measurement, paraffin oil was applied on top and bottom of the gel to allow sufficient 265 

lubrication during compression. Measurements were carried out at a thermostatically 266 

controlled room (≈ 20 oC). True fracture stress, true (Hencky’s) fracture strain and Young's 267 

Modulus were calculated as described by de Jong and van de Velde (2007). 268 

 269 

 270 
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2.8. Water holding measurements 271 

 272 

Water holding (WH) of gels was measured using a centrifugation procedure previously 273 

described by Urbonaite, de Jongh, van der Linden, and Pouvreau (2015b).  274 

A micro-centrifuge filtration unit composed of an inner spin tube and a 2 ml Eppendorf tube 275 

(Axygen Biosciences, Inc., Union City,CA, USA) was used in WH measurements. First gels 276 

were removed from the syringes and were cut into cylindrical pieces (10 mm height and 5 mm 277 

diameter) using a cork borer. The bottom of the spin tube was covered with a 5.5 mm 278 

diameter filter paper to reduce grid size and afterwards each gel piece was carefully placed 279 

on the bottom of the spin tube. Centrifugation was performed at different relative centrifugal 280 

forces (RCF) ranging from 50 – 1200 RCF for 10 min at 20 oC (Biofuge Primo R, Thermo 281 

Fisher Scientific, Waltham, MA, USA). Expelled liquid from the gel was collected at the bottom 282 

of the Eppendorf tube and weighed. A few samples exposed to high RCF fractured in pieces 283 

and moved to the bottom of the Eppendorf tube during centrifugation. For these samples, in 284 

order to exclude the weight of the fractured pieces from the WH calculations, a strip of filter 285 

paper (pre-weighted) was used to carefully absorb the expelled liquid from the bottom of the 286 

Eppendorf tube and determine its weight. WH was defined as the percentage of water 287 

remaining in the gel after centrifugation given by: 288 

 289 

� = !"�!#$%
!"

× 100	�%�                     (Equation 3) 290 

 291 

where WT is the total amount of water in the sample and WRCF is removed water from the 292 

sample at a given RCF. WT was determined by calculating the difference in weight of the 293 

sample before and after placing in an oven at 120 oC overnight. For each sample, 294 

measurements were performed in duplicate. 295 

WH (%) data versus RCF were fitted using an exponential decay:  296 

 297 

� = *+,- × ��.∗012 + 4                       (Equation 4)              298 

 299 
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where Amax represents the maximum percentage of water that can leave the system, B 300 

(equals: 100 - Amax) refers to the amount of water remaining in the gel and k represents the 301 

coefficient reflecting how easy water leaves the system under applied force (Urbonaite et al., 302 

2015b). The fitting parameters were obtained by least-squares fitting of the experimental data 303 

using excel solver. 304 

 305 

2.9 Statistical analysis 306 

 307 

For each set of data obtained from image analysis, texture analysis and water holding 308 

measurements, the results were subjected to a one-way analysis of variance (ANOVA) using 309 

SPSS 25.0 software (SPSS Inc., Chicago, IL, USA). A significance level of p < 0.05 was used 310 

and post-hoc comparisons were performed with the Games-Howell test. 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 
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3. Results and discussion 330 

 331 

3.1. Thermal transition effects  332 

 333 

 334 

Figure 1 Peak temperature (graph A) and enthalpy of denaturation (graph B) as obtained by 335 

DSC in single WP, single RP systems (open symbols) and mixed WP+RP systems (closed 336 

symbols) corresponding to the thermal denaturation of BLG (□,■), ALA (○,●) (WP protein 337 

fractions) and cruciferin (△,▲) (RP protein fraction) as a function of WP (bottom x-axis) and RP 338 

(top x-axis) concentration. Values are presented from two independently replicated experiments.  339 
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Thermal analysis by DSC was used to examine the denaturation profiles of the protein 340 

systems and whether the presence of one system modified the denaturation profile of the 341 

other in a mixture.  342 

The peak denaturation temperature and enthalpy of denaturation of BLG, ALA (WP 343 

fractions) and cruciferin (RP fraction) obtained from the DSC thermograms for WP+RP 344 

mixtures and single systems at the corresponding WP and RP concentrations are shown in 345 

Fig 1.  346 

In single systems the denaturation points of BLG and ALA was dependent on the WP 347 

concentration and were detected in the expected (Sinead M. Fitzsimons, Mulvihill, & Morris, 348 

2007; Ramos et al., 2012) temperature range of 72 – 80 oC and 62 – 65 oC, respectively. It 349 

should be noted that the DSC results for BLG at 2% w/w WP and for ALA at the range of 2 – 350 

8 % w/w WP are not reported because of uncertainties during identification and peak 351 

integration at these low concentrations. The thermal transition point of cruciferin was detected 352 

at higher temperatures compared to whey proteins in the expected (Kim, Varankovich, & 353 

Nickerson, 2016) range of 87 – 96 oC. The second protein fraction present in RP, napin, was 354 

not detected due to its reportedly high thermo-stability (Perera, McIntosh, & Wanasundara, 355 

2016). The enthalpy of denaturation of BLG and ALA generally did not vary a lot with protein 356 

concentration. This is to be expected since the enthalpy was calculated based on the amount 357 

of protein present in each sample and thus should not depend on protein concentration. 358 

However, the enthalpy values of cruciferin seemed to decrease remarkably with decreasing 359 

RP concentration. This result is in agreement with Ainis et al. (2017) and indicates cruciferin 360 

is less stable against denaturation at low RP concentrations, where a decrease in the peak 361 

temperature is also observed. A high value of peak temperature and enthalpy of denaturation 362 

indicate high thermal stability of a protein (Boye & Alli, 2000; Bruylants, Wouters, & Michaux, 363 

2005). 364 

The DSC transition peaks present in the thermograms (not shown) of the single systems 365 

were still observable in the thermograms of the mixed systems of WP and RP. This result 366 

suggests that there is no complexation between WP and RP before heating (Kasapis, 2008). 367 

Additionally, as long as all proteins are heated above or close to their denaturation 368 

temperatures it can be expected they will gel independently in the mixed system (Kasapis, 369 
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2008). The peak temperatures and the enthalpy of denaturation of cruciferin in the mixtures 370 

very closely followed the values of cruciferin in the single RP system along the whole range of 371 

protein concentrations. This indicates cruciferin contributes to the network formation in the 372 

mixture as it did in the single RP system. The enthalpy values of BLG and ALA in protein 373 

mixtures closely followed their enthalpy values in the single WP system. On the other hand, 374 

their peak temperatures in the mixed systems deviated slightly to higher values from those of 375 

the single WP system, in the range of 6 – 14 % w/w WP. These results are in disagreement 376 

with our previous research (Ainis et al., 2017)  where the presence of high levels of RP shifted 377 

the DSC parameters to lower values; explained through the presence of phenolic compounds 378 

present in the RP powder. It should be noted that a new batch of rapeseed protein isolate was 379 

used in the present study, originating from different seeds for which, according to our supplier, 380 

a more extensive procedure for polyphenol removal was introduced. Therefore, it is expected 381 

that the phenolic content will be reduced in the new batch and the phenolic composition will 382 

be different from the one used previously by Ainis et al. (2017). Nevertheless, the slight 383 

increase in the denaturation temperature values of whey proteins is an indicator of the 384 

possibility of the presence of compounds in RP which bind to certain regions of the whey 385 

proteins favoring protein thermal stability. 386 

Overall the DSC results suggest that WP and RP mixtures are free of protein interactions 387 

between cruciferin and whey proteins prior to heat treatment. Although, there was indication 388 

of the possibility of the presence of compounds present in RP which slightly modify the 389 

thermal stability of whey proteins at certain RP concentrations. Furthermore, it is expected 390 

that heating protein mixtures at 95 oC, close to the denaturation temperature of cruciferin and 391 

above that of whey proteins, both proteins will contribute independently to the network of the 392 

mixed gel (they will form independent gels). Conversely, heating mixtures at 80 oC, close to 393 

the denaturation temperature of BLG and ~15 oC degrees below that of cruciferin, WP alone 394 

will dominate the properties of the mixed gel. 395 

 396 

 397 

 398 

 399 
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3.2. Microstructural characterization  400 

 401 

WP 
w/w
% 

                             (A) 95 oC                              (B) 80 oC RP 
w/w
% WP WP+RP RP WP WP+RP RP 

6 

      

14 

10 

      

10 

14 

      

6 

Figure 2 CLSM images of single WP (left column), mixed WP+RP (middle) and single RP systems 402 

(right column) heated at 95 oC (graph A) and 80 oC (graph B). The corresponding concentrations of 403 

WP and RP are indicated in the first and last column, respectively. Scale bar is 50 µm in all 404 

images. 405 

 406 

 407 
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408 

Figure 3 Correlation length (ξ) of gels formed at 95 oC (graph A) and 80 oC (graph B) and 409 

form factor (β) of gels formed at 95 oC (graph C) and 80 oC (graph D) by single WP (□), single 410 

RP (○) and mixed WP+RP (△) systems as a function of WP (bottom x-axis) and RP (top x-411 

axis) concentration. Values are derived from the mean and error bars are derived from the 412 

standard deviation. Different letters mean a statistical significant difference between samples 413 

at given protein concentrations where the upper letter corresponds to WP+RP mixtures, 414 

middle letter to single WP and lower letter to single RP. 415 

 416 

 417 

 418 

 419 
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CLSM images are shown in Fig. 2 to illustrate the microstructure typically probed at 420 

intermediate and extreme mixing ratios of single and mixed protein gels formed by heating at 421 

95 oC and 80 oC. Structural parameters (correlation length and form factor) that were 422 

quantified through CLSM image analysis are shown in Fig.3. The description of these 423 

parameters have been discussed previously (Ainis et al., 2017). In short, the correlation 424 

length is used as a quantitative parameter related to gel coarseness and the form factor is 425 

related to the structure of the building blocks. The microstructure of the mixtures was 426 

compared to the single systems at the concentrations they were added in the mixture to 427 

understand if one protein altered the microstructure of the other in the mixture. 428 

In all the images a heterogeneous microstructure composed of protein aggregates (building 429 

blocks) is observed. Since the typical length scale for all gels is above 100 nm (Fig.3) they 430 

can be characterized as coarse gels. A coarseness length scale of 0.1 µm (=100 nm) can be 431 

typically used a threshold to distinguish homogeneous gels from coarse gels (Urbonaite et al., 432 

2016). WP gels formed at 95 oC were coarser than WP gels formed at 80 oC, as reflected by 433 

the higher correlation length values (Fig.3). This is probably related to the large difference in 434 

heating temperatures. At 95 oC more extensive protein denaturation and hence polymerization 435 

will occur which in turn leads to an enhancement of phase separation effects. For RP samples 436 

heated at 80 oC, it should be noted that microstructural analysis is not related to RP gel 437 

microstructure but to the morphology of a system composed of sediment-able aggregates 438 

suspended in a viscous liquid. At this heating temperature, far away from the denaturation 439 

temperature of cruciferin, RP was not able to form a self-supporting gel. Nevertheless, it is 440 

evident from the images that the presence of RP in mixtures had an influence on the gel 441 

microstructure of WP gels. 442 

Both the correlation length and form factor of mixed gels formed at 95 oC (Fig.3.A) 443 

containing WP concentrations in the range of 10 – 18% w/w generally more closely followed 444 

the behavior of single WP gels at the corresponding concentrations. This indicates that the 445 

microstructure of these gels was dominated by WP without exhibiting any alterations in 446 

microstructure due to the addition of RP. When the RP fraction increased in mixtures of 8% - 447 

2% w/w WP the correlation length began to deviate significantly from the single WP systems 448 

to lower values suggesting an increase in gel homogeneity. For mixed gels in the range of 6% 449 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 

- 4% w/w WP, both the correlation length and form factor were close to the values of single 450 

RP which should mean that these gels can be considered as single RP gels. The form factor 451 

of mixed gels formed at 80 oC was generally more similar to the values of single WP 452 

compared to RP indicating the gel microstructure resembles more closely the one of WP. In 453 

contrast, the correlation length of all mixtures, irrespective of the protein mixing ratio, deviated 454 

significantly from single WP gels at the corresponding concentrations to higher values. This 455 

result suggests that the presence of RP modified the microstructure of WP by increasing gel 456 

coarseness. An increase in gel coarseness on a microscopic length scale in biopolymer 457 

mixtures is typically an indication of increased tendency for segregative phase separation 458 

(Ersch et al., 2015). The reason this effect is absent in mixed gels formed at 95 oC but present 459 

in the gels formed at 80 oC is yet to be determined. 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 
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3.3. Rheological responses  480 

 481 

 482 

Figure 4 Storage modulus (G΄) (left y-axis) and ratio S (◆) calculated using equation 5 (right 483 

y-axis) of gels formed at 95 oC (graph A) and 80 oC (graph B) by single WP (□), single RP (○) 484 

and mixed WP+RP (△) systems at the end of the temperature cycle and the on-set of gelation 485 

time (tgel) determined during heat treatment at 95 oC (graph C) and 80 oC (graph D) as a 486 

function of WP (bottom x-axis) and RP (top x-axis) concentration. Values are presented from 487 

two independently replicated experiments. The dotted line in graphs A and B indicate the S 488 

ratio is equal to 1. 489 
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 490 

Figure 5 Large deformation parameters (true fracture stress, true fracture strain and Young’s 491 

Modulus) of gels formed at 95 oC (graphs A, C and E) and at 80 oC (graphs B, D and F) by 492 

single WP (□), single RP (○) and mixed WP+RP (△) systems as a function of WP (bottom x-493 

axis) and RP (top x-axis) concentration. Values are derived from the mean and error bars are 494 

derived from the standard deviation. Different letters mean a statistical significant difference 495 

between samples at given protein concentrations where the upper letter corresponds to 496 

WP+RP gels, the middle letter to single WP and the lower letter to single RP gels. In the case 497 

of when RP samples were not analyzed, the lower letter has been replaced by a dash (-). 498 
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Small deformation rheology was applied to study gel formation in terms of final storage 499 

modulus combined with the on-set of gelation time. The measured parameters are presented 500 

in Fig.4 for single and mixed gels formed upon heating at 95 oC and 80 oC as a function of 501 

WP and RP concentration. Furthermore, the ratio S was used to express the degree of 502 

synergistic stiffening exerted by RP in the mixed gel as introduced by Ainis et al. (2017). The 503 

ratio S is given by:  504 

 505 

6 = 	 7΄9:;<=�>7΄?@	A	7΄#@
                         (Equation 5)     506 

                                                                                           507 

where G΄Mixture corresponds to the storage modulus of the mixture and G΄WP and G΄RP 508 

corresponds to the storage modulus of single WP and single RP at the given concentrations, 509 

respectively. When S > 1, synergistic stiffening is achieved which means the G΄ of the mixed 510 

gel is larger compared to the sum of G΄ of the individual WP and RP gels at the 511 

corresponding concentrations. 512 

In addition to small deformation, the fracture properties (true fracture stress, true fracture 513 

strain and Young’s Modulus or gel stiffness) of gels were analyzed through large deformation 514 

measurements, shown in Fig.5, as a function of WP and RP protein concentration. Single RP 515 

systems heated at 95 oC were able to form self-supporting gels only at concentrations ≥ 10% 516 

w/w and therefore values at lower protein concentrations could not be measured. When single 517 

RP systems were heated at 80 oC; below the denaturation temperature of cruciferin, self-518 

supporting gels were never formed over the whole range of protein concentration. This is also 519 

indicated by the low storage modulus (G΄ < 100 Pa). Therefore only the results obtained for 520 

single WP and mixtures are reported.  For singe WP systems, gels formed both at 95 oC and 521 

80 oC were strong enough to be handled efficiently for large deformation measurements when 522 

the concentration was ≥ 6% w/w. 523 

At 95 oC the fracture strain (Fig.5.C) of the mixtures did not follow a very logical trend when 524 

compared to the single protein gels and generally there is greater variability in the fracture 525 

strain data compared to the other parameters. Jose et al. (2016) reported uncertainties in the 526 

trend of the fracture strain in WP and SP mixtures. Final storage modulus as well as the true 527 
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fracture stress and Young’s Modulus of mixed gels very closely followed the behavior of 528 

single WP from 12% to 18% w/w WP and the S ratio was very close to 1. These results are 529 

expected since the addition of RP under these protein concentrations did not alter the 530 

microstructure of WP gels as discussed in section 3.2; both microstructural parameters of 531 

mixed gels followed the behavior of single WP. Additionally, under these conditions RP on its 532 

own does not form a self-supporting gel and hence it is expected that WP (the much stronger 533 

gel) will dominate the rheological responses. Upon increasing the RP fraction in the mixtures 534 

at concentrations (10% - 16% w/w RP and 10% - 4% WP) where both protein systems are 535 

able to form a self-supporting gel on their own, it is expected they will both contribute to the 536 

mixed protein network independently from each other as they did in the single systems; 537 

according to the DSC results discussed in section 3.1. However, in this range of protein 538 

concentrations the rheological parameters of the mixtures were higher than both single 539 

systems at the corresponding concentrations and the ratio S was above 1. The observed 540 

synergy might be a consequence of the microstructural changes (e.g. increase in gel 541 

homogeneity) in the mixture. It can be concluded that the addition of the secondary protein 542 

(RP) increases the gel homogeneity of WP which then leads to synergistic stiffening in mixed 543 

gels. This increase in gel homogeneity resulting in the formation of stronger gels is also seen 544 

for single WP gels as a function of protein concentration. Furthermore, it can be observed in 545 

Fig.4.A and Fig.5.E that when the RP fraction increases in the mixture the differences 546 

between gel stiffness (G΄ and Young’s Modulus) of the single systems decrease up to a point 547 

(6% w/w WP) where they overlap. At this point the maximum synergistic enhancement is also 548 

observed. Upon the further increase of the RP fraction in the mixture (≥ 4% w/w WP) the S 549 

ratio decreased again and at the same time single RP forms the strongest gel and differences 550 

in gel stiffness between single systems are again pronounced. For gels formed at 80 oC, in 551 

the range of 12% - 18% w/w WP, the values of the G΄Mixture as well as of the fracture stress 552 

and Young’s Modulus were generally lower than the values for single WP at the 553 

corresponding concentrations and the fracture strain increased. These results mean the 554 

presence of RP modified the rheological responses of WP, possibly due to the increase in gel 555 

coarseness discussed in section 3.2. Upon increasing the RP fraction in the mixture in the 556 

range of 8% - 10% w/w WP, differences between single RP and single WP decreased in 557 
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terms of gel stiffness and at the same time all the rheological parameters began to mimick the 558 

behavior of single WP. When the RP fraction is increased even further in the mixtures 559 

containing 6% to 2% w/w WP and where differences in gel stiffness of WP and RP began to 560 

decrease more, synergistic gels began to form (S >> 1). The strongest synergistic 561 

enhancement (S = 15.66) was observed in the mixed gel containing 4% w/w WP and 16% 562 

w/w RP when G΄WP and G΄RP overlapped. From that point on the mixture containing 2% w/w 563 

WP the ratio S decreased where concomitantly differences in G΄ between single WP and RP 564 

became more evident again. Under these conditions both protein systems in isolation do not 565 

form self–supporting gels (G΄ < 100 Pa), nevertheless gel stiffness was strongly enhanced 566 

upon mixing. A possible explanation might be due to the increase in the solids content in the 567 

mixture, compared to the single 2% and 4% w/w WP systems, which leads to an increased 568 

protein concentration effect where WP is able to form a self-supporting gel. Unfortunately, an 569 

expanded description of the mechanisms leading to synergistic gelation is difficult to produce. 570 

Nevertheless, our results for mixed gels formed either at 95 oC or 80 oC show that synergistic 571 

stiffening can be achieved at specific protein mixing ratios where differences in gel stiffness 572 

between the proteins in isolation, at the relevant concentrations, are minimized. These results 573 

offer insights in allowing one to predict the rheological properties of mixtures (particularly in 574 

terms of gel stiffness) based on the original rheological properties of the single protein gels. It 575 

can be expected that maximum synergistic stiffening in protein mixtures can be achieved 576 

when the rheological moduli of the single gels overlap. 577 

The tg for mixed protein samples heated at 95 oC, where both protein systems contribute to 578 

the mixed network, generally followed the tg of the single system that dominated in 579 

concentration the mixed system. On the other hand, for mixtures heated at 80 oC at 580 

intermediate protein mixing ratios the tg values were lower than both single systems. In this 581 

case, even though WP alone is expected to dominate the gelation process in the mixture, the 582 

presence of RP influenced the gelation kinetics of single WP. The reduction of tg might be a 583 

result of increased overall protein concentration or to segregative phase separation (Ersch et 584 

al., 2015). 585 
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3.4. Water Holding  586 

Figure 6 Water holding fitting parameters (Amax and k), derived from equation 4, of gels formed at 587 

95 oC (graphs A and  C) and at 80 oC (graphs B and D) by single WP (□), single RP (○) and 588 

mixed WP+RP (△) systems as a function of WP (bottom x-axis) and RP (top x-axis) 589 

concentration. Values are derived from the mean and error bars are derived from the standard 590 

deviation. Different letters mean a statistical significant difference between samples at given 591 

protein concentrations where the upper letter corresponds to WP+RP gels, the middle letter to 592 

single WP and the lower letter to single RP gels. In the case of when RP samples were not 593 

analyzed, the lower letter has been replaced by a dash (-). 594 

 595 
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 596 

Figure 7 Evolution of Amax (□) and k (○) (left y-axis) in relation to the evolution of Young’s 597 

Modulus (△) and gel coarseness (◇) (right y-axis) of gels formed at 95 oC by single WP 598 

(graph A), mixed WP+RP (graph B) and single RP (graph C) systems and at 80 oC by single 599 

WP (graph D) and mixed WP+RP systems (graph E) as a function of WP (bottom x-axis) 600 

and/or RP (top x-axis) concentration. Values are derived from the mean and error bars are 601 

derived from the standard deviation. Dashes lines are guides to the eye and do not represent 602 

a fit. 603 
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Mixed gels formed by heating protein mixtures at 95 oC and 80 oC were examined for their 604 

ability to hold water in comparison to their single systems at the corresponding and accessible 605 

concentrations where gels were formed by quantifying the maximum amount of exuded water 606 

(Amax) and the ease with which water can be exuded (k); shown in Fig.6. Furthermore, to 607 

illustrate the relation of changes in the water holding parameters with gel stiffness and gel 608 

coarseness, the behavior of the Young’s Modulus and correlation length (ξ) as a function of 609 

protein concentration was compared to the behavior of Amax and k in Fig.7 for each protein 610 

system; mixtures and single systems. Water holding of globular protein gels has been found 611 

to be related to an interplay between gel coarseness and gel stiffness (Urbonaite, de Jongh, 612 

van der Linden, & Pouvreau, 2015a; Urbonaite et al., 2016). Generally it is accepted that for 613 

coarse gels, as presented in this study, coarseness determines Amax and stiffness is more 614 

closely related to the kinetics of water removal from the gel (Urbonaite et al., 2016).   615 

At 95 oC single RP gels exhibited a poorer ability to hold water in comparison to the single 616 

WP gels for same protein concentrations; reflected by the higher values of both Amax and k 617 

which is in line with the lower values of gel stiffness of RP compared to WP. Coarse gels with 618 

low stiffness have been shown to retain less water (high Amax and k) (Urbonaite et al., 2016). 619 

Increasing the RP concentration from 10% to 20% w/w caused a decrease of Amax where at 620 

the same time gel coarseness slightly decreased (Fig. 7.C). The parameter k also decreased 621 

following the behavior of the increase in Young’s Modulus. At 80 oC RP was not able to form 622 

a self-supporting gel in order to measure WH and therefore no data is shown. Amax for single 623 

WP gels at both 95 oC and 80 oC was not particularly affected by protein concentration and 624 

followed a similar behavior as gel coarseness (Fig.7.A and Fig.7.D). The increase of Young’s 625 

Modulus as a function of increasing WP concentration at both heating temperatures 626 

correlates well with a decrease of the parameter k and both parameters showed to change 627 

with a similar tendency; the parameter k decreased sharply up to 12% w/w WP where at the 628 

same time Young’s Modulus increased also profoundly. From 14% w/w WP both k and 629 

Young’s Modulus remained relatively constant with protein concentration up to 20% w/w.  630 

When mixing WP with RP at extreme mixing ratios Amax of mixed gels formed at 95 oC 631 

closely followed the behavior of the single system that dominated the mixture. At intermediate 632 

mixing ratios, values of Amax were in between the values of single WP and RP. Under these 633 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

27 

intermediate mixing conditions when comparing the systems in isolation at the corresponding 634 

concentrations WP always formed the strongest gel and the addition of RP either had no 635 

influence on the rheological and microstructural properties of WP or gel stiffness was 636 

enhanced and gel coarseness decreased. Nevertheless, Amax increased in the mixtures 637 

compared to single WP gels where an opposite effect would have been expected. A possible 638 

explanation behind the increase in Amax may be related to the microstructural changes taking 639 

place below the detection limit of CLSM or to changes in the density of the protein aggregates 640 

(open VS dense aggregates). The structural characteristics of the protein building blocks are 641 

also important when studying water holding of globular protein gels (Nieuwland, Bouwman, 642 

Pouvreau, Martin, & de Jongh, 2016). The value of k for mixed gels containing 12% to 18% 643 

w/w WP mimicked the behavior of the single WP system at the corresponding concentrations, 644 

similarly to what was observed for the behavior of gel stiffness in Fig.4.A and Fig.5.E. For 645 

mixed gels decreasing the WP fraction in the mixture within the range of WP concentrations 646 

(< 12%) and entering the area of synergistic stiffening (Fig.4.A) the k value remained low and 647 

stopped following the behavior of single WP. Instead, k followed the behavior of gel stiffness 648 

of the mixture but changed with a tendency more similar to changes in gel coarseness 649 

(Fig.7.B).  Amax of WP gels formed at 80 oC increased more profoundly upon addition of RP 650 

compared to gels formed at 95 oC. The increase of Amax in the mixed gels opposed to single 651 

WP gels can be linked to the increase in gel coarseness of WP exerted by RP as discussed in 652 

section 3.2. Conversely, the values of k of mixed gels were not influenced by the increase in 653 

gel coarseness but k followed a similar behavior as gel stiffness in Fig.4.B and Fig.5.F. More 654 

specifically the parameter k of mixtures followed the behavior of single WP systems in the 655 

same range of concentrations where gel stiffness of the mixtures quite closely followed the 656 

behavior of single WP. Within the area of synergism (6-8% w/w WP), k began to deviate from 657 

the values of single WP to lower values which is in line with the increase in gel stiffness in the 658 

mixtures.  659 

In most cases of the protein systems studied the parameter k as a function of protein 660 

concentration changes with the same tendency as gel stiffness and therefore it can be 661 

concluded that gel stiffness generally will determine the ease by which water can be exuded 662 

from these globular protein gels. Furthermore, the parameter k for mixed gels decreases 663 
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opposed to single gels at specific protein mixing ratios where synergistic stiffening is 664 

pronounced. In the case of the maximum amount of water that can be exuded, a clear 665 

relationship with gel stiffness or gel coarseness cannot be concluded. For example, in the 666 

case of globular protein gels, Amax increases as coarseness increases up to a limiting length 667 

scale above which no more water can be expelled (Urbonaite et al., 2015a). For mixed gels 668 

formed at 95 oC, Amax did not change much as a function of whey protein concentration, even 669 

though gel coarseness but also gel stiffness increased (Fig.7.B) and for mixed gels formed at 670 

80 oC, Amax slightly decreased where at the same time gel coarseness remained constant and 671 

gel stiffness increased (Fig.7.E). In the latter case (mixed gels at 80 oC), Amax is probably 672 

regulated by changes in gel stiffness and in the former case (mixed gels at 95 oC), Amax is 673 

regulated by an interplay between the combined increase of gel stiffness and the decrease in 674 

gel coarseness. 675 

 676 

4. Conclusion 677 

 678 

WP and RP form a gel network independent from each other in the mixed gel since no 679 

complexation occurs prior to heating. Selective mixing of WP and RP leads to the formation of 680 

synergistic gels with increased moduli (storage and Young’s Modulus) and fracture stress 681 

compared to the individual systems at the equivalent concentrations. Heating mixtures at 95 682 

oC resulted in a broader window for synergistic gelation compared to heating at 80 oC. 683 

However, heating mixtures at 80 oC resulted in a stronger synergistic enhancement at high 684 

RP:WP mixing ratios where neither single WP nor RP was able to form a self-supporting gel 685 

on its own. Synergetic stiffening in mixed gels can occur at conditions where the 686 

microstructure is modified, mainly through a decrease in gel coarseness and/or when the 687 

differences between the rheological moduli of the individual systems are minimized. The latter 688 

effect was clearly evident at both heating temperatures and provides insights in the prediction 689 

of the rheological moduli of the mixed gels based on the original rheological moduli of the 690 

single systems. Based on this study, it can be expected that maximum synergistic 691 

enhancement in mixtures can be achieved at specific mixing ratios where the rheological 692 

moduli of the individual systems overlap with each other. Water holding properties, such as 693 
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the maximum amount of water that can be exuded (Amax) and the ease at which water can be 694 

exuded (k), were also tailored at specific mixing ratios in the mixed gels due to synergistic 695 

stiffening or changes in gel coarseness. At intermediate mixing ratios, for gels formed both 95 
696 

oC and 80 oC, Amax in the mixtures generally increased relative to the value of the strongest 697 

single gel (WP). In the case of gels formed at 80 oC the increase was more profound and was 698 

attributed to the increase in gel coarseness exerted by RP. The behavior of k in the mixed 699 

gels either formed at 95 oC or 80 oC was similar to the behavior of gel stiffness as a function 700 

of protein mixing ratio. Furthermore, the decrease of the parameter k as a function of WP or 701 

RP concentration of single or mixed systems generally correlated well with an increase in gel 702 

stiffness and both parameters changed with a similar tendency. Gel coarseness and gel 703 

stiffness were inextricably linked in regards to their importance for changes in Amax. For mixed 704 

gels formed at 95 oC Amax was relatively constant possibly due to an interplay between the 705 

increase of gel coarseness and increase of gel stiffness.  For mixed gels formed at 80 oC Amax 706 

decreased while gel coarseness remained constant and gel stiffness increased. 707 

The study shows that rheological and water holding properties of gels formed either at 95 708 

oC or 80 oC can be tuned by selectively mixing RP with WP. This enables the development of 709 

novel products with textural characteristics different to those the single protein systems can 710 

produce.  711 
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