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 2 

Abstract 26 

The foaming properties of fibrillar whey proteins were compared with those of native or 27 

denatured whey proteins and also with egg white protein. Whey protein foaming capacity and 28 

stability were related to protein concentration, pH, time of whipping, pressure and heating 29 

treatments. Foams produced from fibrils showed significant improvement in foaming capacity 30 

and stability when compared with non-fibrillar whey proteins. Dynamic high shear 31 

(microfluidization) or moderate shear (Ultra-turrax mixing) of fibrillar protein dispersions did 32 

not significantly affect their subsequent foaming properties. Furthermore, foams prepared 33 

with fibrillar whey protein (≤ 3% protein) had comparable capacity and stability to that from 34 

egg white protein, which is the traditional foaming ingredient in food industry. Results 35 

suggest that fibrillized whey proteins are highly effective foaming agents even at relatively 36 

low protein concentrations (1-3% w/w). 37 

 38 
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1. Introduction 51 

Whey protein isolate (WPI) and egg white protein (EWP) are often used as foaming agents in 52 

the food industry in the manufacture of meringues, cake, whipped toppings and leavened 53 

bakery products (Campbell and Mougeot, 1999; Damodaran, 1996, 1997; Davis and 54 

Foegeding, 2007; Kuropatwa et al., 2009; Linden and Lorient, 1999; Nicorescu et al., 2009a, 55 

2009b; Vaclavik and Christian, 2008; van der Plancken et al., 2007).  56 

Previous studies have shown that WPI or EWP can improve and maintain the quality (texture, 57 

volume) of “foamed” food, in particular foaming capacity and stability (Davis and Foegeding, 58 

2004; Doi and Kitabake, 1997; Kuropatwa et al., 2009; Vaclavik and Christian, 2008). The 59 

foaming properties of WPI are influenced by protein concentration, pH, high pressure, 60 

thermal treatment, foam procedure, by their nature and behaviour at interfaces (denaturation, 61 

protein-protein interactions) and by their interactions with other food ingredients (Bouaouina 62 

et al., 2006; Croguennec et al., 2007; Damodaran, 1996, 2005; Ibanoglu and Karatas¸ 2001; 63 

Linden and Lorient, 1999; Pittia et al., 1996; Schmitt et al., 2007; Vaclavik and Christian, 64 

2008; Zhu and Damodaran, 1994).  65 

The stability of foams is affected by numerous factors such as the protein adsorption from 66 

solution at the liquid/gas interface, the surface rheological properties, diffusion of the gas out 67 

and into foam cells, size distributions of the cells, liquid surface tension, external pressure and 68 

temperature (Morrison and Ross, 2002). Foams are destabilized by drainage that causes 69 

thinning of the interstitial liquid film and by its rupture (Stainsby, 1986; Hamley, 2000). The 70 

drainage of the liquid will depend on the physical properties of the liquid, particularly 71 

viscosity. As the liquid drains from the foam, the bubbles will coalesce. The coalescence can 72 

be stabilized by the presence of the proteins at the liquid/air interface that can modify the 73 

surface tension of the liquid (Stainsby, 1986; Wilde, 2000; Wilde et al., 2004).  74 
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Protein denaturation (and the nature of the newly developed protein structure) influence the 75 

WPI foaming properties as it can affect the surface area, the mechanical resistance, viscosity, 76 

elasticity and the ability to retain water of the interfacial film (Leman and Dolgan, 2004; 77 

Nicorescu et al., 2009a). A mixture of unheated and heat-induced aggregates of WPI can 78 

enhance foam stability (Damodaran, 2005; Zhu and Damodaran, 1994). Heating of 5% (w/w) 79 

WPI at 70 °C for 1 min improved foam capacity when compared with unheated whey protein 80 

(Zhu and Damodaran, 1994), but excessive heating times led to the formation of aggregates 81 

that can alter the properties of the foam (Bals and Kulozik, 2003; Cayot and Lorient, 1997; 82 

Damodaran, 1996, 2005; Davis and Foegeding, 2004; Green et al., 1999; Nicorescu et al., 83 

2009a, 2009b; Zhu and Damodaran, 1994). The foaming properties of WPI were improved by 84 

the presence of an optimal aggregate quantity (10 % w/w) at the interface (Nicorescu et al., 85 

2009a). However, increasing the percentage of aggregates to >50% (w/w) led to large high 86 

molecular weight clusters that promoted foam collapse (Nicorescu et al., 2009a). Bals et al. 87 

(2003) showed that heat denaturation of WPI in the range 60 – 90 °C leads to aggregate 88 

formation that can reduce foam capacity and rigidity although other studies demonstrated that 89 

foam stability can be improved (Zhu and Damodaran, 1994). WPI at pH 5 heated for 10 min 90 

at 80 °C improved foam stability by 65 % but this was slightly decreased when heated at pH 4 91 

and 7 (Cayot and Lorient, 1997). Salt (NaCl) addition to the protein solution led to an increase 92 

of aggregate formation during thermal treatment. As these aggregates exhibited reduced 93 

mobility and lower surface hydrophobicity, the foam-liquid stability was increased (Nicorescu 94 

et al., 2009a; Schmitt et al., 2007). Nicorescu et al. (2009a) showed that heat-induced 95 

aggregates at 2% (w/v) WPI and 50 mM NaCl, pH 7 at 70 – 100 °C have a reduced mobility 96 

and affinity for the air-liquid interface due to their higher surface energy. Optimal foam 97 

stability was obtained when the protein was denatured at 80 °C; above this temperature the 98 

foam stability decreased (Bals and Kulozik, 2003; Nicorescu et al., 2009a). Zhu et al. (1994) 99 
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showed that native WPI contributed to foam formation due to rapid adsorption at the 100 

interface, while WPI aggregates contributed to foam stability.  101 

Dynamic or static high pressure treatments affect native β-lg structures and may increase the 102 

rate of protein aggregate formation (C. Sanchez and P. Paquin, 1997; Pittia et al., 1996, 103 

Iordache and Jelen, 2003; Meersman and Dobson, 2006). The high dynamic pressure 104 

(Bouaouina et al., 2006) or hydrostatic (Ibanoglu and Karatas, 2001) treatment enhanced the 105 

foaming ability and stability of WPI. Thus, Bouaouina et al. (2006) showed that high pressure 106 

treatment using a homogenizer increased the whey protein surface hydrophobicity leading to 107 

improved foaming properties. The increase in hydrophobicity was attributed to the increased 108 

exposure of hydrophobic sites resulting from the disruption of protein aggregates (Bouaouina 109 

et al., 2006). Cayot et al. (1997) found that the foaming capacity of whey proteins varies with 110 

the preparation method, the most common procedures to insert a gaseous phase in protein 111 

aqueous solution being either whipping or bubbling (Cayot and Lorient, 1997; Richert, 1979). 112 

In the whipping method, the atmospheric gas was incorporated in the liquid phase by cutting 113 

the liquid surface of the initial coarse foam. As the whipping continues, the foam becomes 114 

dispersed, smaller bubbles being formed. In the bubbling techniques the gas was inserted into 115 

the liquid phase through small orifices, forming bubbles that rose in the liquid and increased 116 

their volume (Richert, 1979). 117 

As previously described (Kavanagh et al., 2000; Akkermans et al., 2008a & Oboroceanu et 118 

al., 2010), whey proteins, particularly β-lg, can form extended fibrils when heated at 80 ºC at 119 

pH 2 and low ionic strength. The potential of fibrils as functional ingredients has not been 120 

fully investigated. Although some studies indicate that the fibrillar whey proteins can form 121 

low salt gels (Gosal et al., 2004 & Akkermans et al., 2008b), investigating the foaming 122 

properties of whey protein fibrils is still in its infancy. Microfluidization or shear treatments 123 

can affect the structure of the WPI fibrils and, therefore, their foaming properties. In the 124 
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present study, the influences of pH, protein concentration, whipping time and high dynamic 125 

pressure on fibrillar WPI foams are described. 126 

 127 

The aims of this study are: 128 

1) To compare the foaming capacity (as expressed by overrun) and stability of whipped 129 

dispersions of fibrillar with non-fibrillar whey protein using dispersions of native or heated 130 

WPI (non-fibrillar and fibrillar) at three concentrations (1, 2 or 3 % (w/w)), and two pH 131 

values (2 and 7) and whipping times of  5, 10 and 15 min.  132 

2) To study the effect of high dynamic pressure (microfluidization) or moderate shear mixing 133 

on the subsequent foaming properties of whey protein fibrillar dispersions.  134 

 135 

The resulting foams were evaluated for foam overrun, drainage and bubble size. The WPI 136 

dispersions were investigated by AFM before and after heat and/or shear treatment to monitor 137 

changes in the protein structure and to confirm the presence of fibrils before and after 138 

shearing. The foaming properties of the WPI dispersions were also compared with those of 139 

egg white, the benchmark food ingredient for producing good quality foams. 140 

 141 

2. Materials and methods 142 

2.1. Materials 143 

Whey protein isolate BiPro
TM

 (~98% (w/w) protein on dry basis: 65% β-lactoglobulin, 25% 144 

α-lactalbumin, 8% bovine serum albumin) was obtained from Davisco Foods International 145 

Inc. (Le Sueur, MN, USA). Fresh chicken eggs were purchased from a local grocery store. 146 

Approximately 225 mL egg white (protein content ~ 12% w/w) was manually separated from 147 

the yolk.  148 

 149 
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2.2. WPI fibrillar dispersions 150 

Fibrillized WPI dispersions at concentrations of 1, 2 and 3 % (w/w) were prepared by heating 151 

dispersions of WPI at pH 2.0 at 80 °C for 20 h, as previously described in Oboroceanu et al. 152 

(2010). The pH was adjusted using 6M HCl. The same heating regime was also applied to 153 

native WPI solutions at pH 7 to provide a non-fibrillar whey protein control. The three 154 

concentrations were chosen to secure high conversion rates of the monomers into fibrils and 155 

to avoid gelation (that normally occurs for concentrations ≥ 5 % (w/w)). 156 

 157 

2.3. High dynamic shear (microfluidization) processing 158 

Native or fibrillar WPI dispersions (2 % (w/w) protein) were used to study the effect of high 159 

dynamic shear processing (microfluidization) on the properties of the foam. The pH of WPI 160 

fibrillar dispersions was adjusted from 2 to 7 using 6 M NaOH to prevent corrosion of the 161 

microfluidization equipment. The WPI dispersions were microfluidized (M110-EH-30 162 

Microfluidizer
®
 Processor, Microfluidics, Newton, USA) at pressures of 50, 75, 100, 150 and 163 

170 MPa as previously described in Oboroceanu et al. (2011).  164 

 165 

2.4. Moderate shear mixing  166 

Native and heated WPI (2% (w/w) protein, pH 2 or 7) and WPI fibrillar dispersions (2% 167 

(w/w) adjusted to pH 7) were used to study the effect of shear mixing on WPI foam 168 

properties. WPI dispersions (500 mL) were sheared using a rotor-stator type disperser, Ultra 169 

Turrax (IKA
®
T18 basic, Ultra-Turrax 

®
, IPAT Ltd., IKA Werke GmbH, Germany) fitted with 170 

a S18N-19G stainless steel dispersing tool and set to rotational speeds of 11,200 or 24,000 171 

rpm.  172 

 173 

 174 
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2.5. Whipping treatment 175 

Whey protein and egg white samples were whipped using a heavy duty blender (Heavy Duty, 176 

Kitchen Aid Inc., St. Joseph, Michigan, USA) at room temperature. Dispersions of WPI 177 

(approximately 225 mL) were placed in a steel bowl and mixed at room temperature using a 178 

wire whip beater at a constant speed setting of 10 for 5, 10 or 15 min, respectively. 179 

 180 

2.6. Foaming capacity 181 

Foam capacity of a protein refers to the amount of interfacial area created by the protein and 182 

is expressed by the overrun (Damodaran, 1997; Campbell and Mougeot, 1999) and was 183 

calculated using the expression: 184 

 185 

100
/

//





volumeproductwhippedofweight

volumeproductwhippedofweightvolumeproductunwhippedofweight

Overrun

   (1) 186 

 187 

The overrun was determined by level-filling a 225 mL plastic weighting boat with foam and 188 

then weighing the contents (Firebaugh and Daubert, 2005; Davis and Foegeding, 2007). 189 

 190 

2.7 Foaming stability 191 

Foam stability represents the capacity of the foam to retain its structure over time and can be 192 

evaluated either by measuring the volume of the foam or weighing the volume of the 193 

separated liquid (drained) over time (Linden and Lorient, 1999; Damodaran, 2005). Foam 194 

stability was determined by measuring foam drainage. 225 mL of maximum expansion foam 195 

was transferred into a Pyrex filter funnel (9.9 cm inner top diameter, 0.7 cm inner stem 196 

diameter and 8.5 cm stem length). A small plug of glass wool was placed in the top of the 197 

funnel stem to retain the foam while allowing the liquid to drain. The time required (in min) 198 
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to drain the entire foam was determined (Firebaugh and Daubert, 2005; Jambrak et al. 2009). 199 

All foaming experiments and measurements were replicated three times for statistical 200 

purposes, the results presented in this study being the mean values. The weight of the liquid 201 

drained from foam was measured at 5 min intervals for up to 120 min. Foam drainage was 202 

calculated as: 203 

 204 

  100
)(

)(
% 

gwtsolutionUnwhipped

gwtfoamfromdrainedSolution
drainageFoam      (2) 205 

 206 

The packing degree of the bubbles (Stone, 2003; Saint-Jalmes, 2006) was characterized by 207 

estimating the liquid volume fraction defined as ε = ρfoam/ρliquid and was calculated as:  208 

 209 

ε = wt foam/ wt liquid  for constant volume   (3) 210 

 211 

2.8 Microscopic analysis of the bubble size 212 

The shape and the size of the resulting air bubbles were investigated using bright field optical 213 

microscopy. Approximately 200 μL of the foam was deposited on a glass slide without a 214 

cover slip. Images (8-bit, TIFF) were acquired using an optical microscope (Olympus BX-51, 215 

Olympus Corporation, Tokyo, Japan) fitted with a 4x objective and equipped with a CCD 216 

camera (Jenoptik C14). The bubble size distribution was determined using Image J v1.43 217 

image analysis software (NIH, Bethesda, USA). 218 

The Sauter mean bubble diameter (d32) (Nicorescu et al., 2009a) was estimated using the 219 

following relationship: 220 





2

3

32

ii

ii

dn

dn
d       (4) 221 

in which ni is the bubbles number that belong to the ith size class of average diameter di. 222 
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2.9 AC-mode atomic force microscopy 223 

WPI dispersions were investigated using a MFP-3D-BIO™ atomic force microscope (Asylum 224 

Research UK Ltd. Oxford, UK) as previously described in Oboroceanu et al. (2010). Prior to 225 

imaging, the WPI dispersions were diluted in Milli-Q
®
 water to a final concentration of 0.01 - 226 

0.03 % (w/w) at pH 2 or pH 7. For AFM imaging, 10 µL of the diluted protein dispersion was 227 

deposited onto freshly cleaved mica and subsequently dried in a desiccator. Height images 228 

were taken using AC-mode in air to characterize globular aggregate/fibril morphology and 229 

size. 230 

 231 

3. Results and discussion 232 

 233 

3.1. Effect of whey protein concentration, pH value, whipping time and thermal 234 

treatment on WPI foam properties 235 

Whey protein isolate concentration, pH, whipping time and thermal treatment can affect the 236 

foam properties of WPI. Foaming properties of unheated (native) or heated WPI dispersions 237 

of three different concentrations (1, 2 or 3% (w/w)) at pH 2 and 7 were studied. Heating the 238 

WPI dispersions at 80 ºC for 20 h and at pH 7.0 leads to the formation of globular aggregates 239 

(Figure1.a), while for pH 2 dispersions, fibrils (2-3 nm height and up to 15 μm length) are 240 

formed (Figure1.b).  241 

Unheated and heated WPI dispersions were whipped for different time intervals and the 242 

properties of the resulting foams were investigated. After whipping, no significant changes 243 

were observed on the size of the globular aggregates in the drainage liquid (Figure1.c) but the 244 

height of the fibrils was changed to 0.5 - 1.2 nm (Figure1.d), as shown by AFM 245 

measurements. 246 
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 247 

Figure 1. AFM images showing the presence of WPI aggregates after 20 h of heating at 80 ºC 248 

of 2% (w/w) WPI dispersions at pH 7 (a) and pH 2 (b) before whipping. Their presence after 249 

whipping treatment can be observed in (c) and (d), respectively. 250 

 251 

The effects of whey protein concentration, pH and heat treatment on foam expansion are 252 

presented in Figure 2. Maximum foam overrun was obtained for all concentrations of WPI 253 

fibrillar dispersions at pH 7, while the minimum value was obtained by the 1% (w/w) native 254 

WPI solution at pH 7. The foam overrun results (Figure 2) suggested that the thermal 255 

treatment improved the foam properties of the WPI since the values for the heated protein 256 

dispersions were larger than for unheated dispersions at all concentrations and pH. Decreasing 257 

the pH at constant WPI concentration enhanced the foam capacity. Thus, larger foam overrun 258 

values were observed at pH 2 than at pH 7 for the unheated or heated dispersions.  259 
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 260 

Figure 2. Foam overrun vs WPI concentration before and after thermal treatment for different 261 

pH of WPI dispersions whipped for 15 min. Error bars denote standard deviation (± SD). 262 

 263 

An exception can be observed for 3% (w/w) WPI in the unheated state, where the foam 264 

overrun for pH 7 is larger than for pH 2 solution. For WPI fibrillar dispersions the pH 265 

increase from 2 to 7 lead to improved foam overrun values. In general, an increase in WPI 266 

concentration leads to an increase in the foam overrun value, an exception being the 3% 267 

(w/w) WPI unheated solution at pH 2 (Figure 2). When compared with EWP dispersions, the 268 

foam overrun results (Figure 2) show that from all dispersions only the WPI fibrillar 269 

dispersions at pH 2 and 7 display similar or larger foam capacity as EWP.  270 
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The effect of whipping time on foam overrun values of the WPI dispersions can be observed 271 

in Figure 3 where the foam overrun values for unheated or heated 2% (w/w) WPI dispersions 272 

at different pH and for EWP are presented. These results suggest that for all WPI solutions the 273 

largest foam overrun can be achieved after 15 min of whipping. Even though EWP is 274 

considered the strongest foam agent, WPI fibrillar dispersions have similar or larger foam 275 

overrun values after whipping for 15 min (Figure 2 and 3).  276 

 277 

 278 

Figure 3. Foam overrun vs whipping time of 2% (w/w) native or heated WPI dispersions and 279 

EWP. Error bars denote ± SD. 280 

 281 

Foam stability can be quantitatively estimated by weighing the drained liquid over time. To 282 

observe the changes in the WPI foam stability, a graph of WPI dispersions foam drainage (%) 283 

as a function of drainage time (Figure 4) for different WPI concentrations, pH and thermal 284 

treatment was plotted. For all WPI concentrations the most stable foams were formed by 285 
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dispersions of WPI fibrils at pH 7 since they exhibit the longest drainage time [up to 120 min 286 

for 3% (w/w) protein]. The shortest drainage time (on 40 min) were observed for unheated 287 

WPI dispersions at pH 2. Foams obtained for 1% (w/w) WPI fibrillar dispersions at pH 7 are 288 

less stable than EWP foam since EWP displays longer drainage time, although as the WPI 289 

concentration is increased this situation is reversed.  290 

 291 

 292 

Figure 4. Foam drainage time evolution for a) 1% (w/w), b) 2% (w/w) and c) 3% (w/w) 293 

concentrations of unheated, heated WPI dispersions and EWP. 294 

 295 

For all concentrations, thermal treatment of the WPI dispersions at pH 2 improves foam 296 

stability, longer drainage times being measured for the heated dispersions than for the 297 

unheated ones. A similar effect was obtained for 1% (w/w) WPI dispersion at pH 7, while for 298 

2% (w/w) at pH 7 the thermal treatment has no significant effect on the drainage time. 299 

However, for the 3% (w/w) WPI dispersions at pH 7, thermal treatment has the opposite 300 
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effect, the drainage time being much longer (30 min) for the unheated WPI dispersions. For 301 

unheated WPI dispersion at pH 7 the drainage time remains relatively constant as the 302 

concentration increased, but the amount of drained liquid decreased. Comparing the native 303 

protein solutions at pH 7 of 2% (w/w) and 3% (w/w), the foam produced by 2% (w/w) 304 

solutions has more percentage drainage. The situation is reversed for solutions containing 305 

fibrillar aggregates. 306 

 307 

 308 

In general, it can be concluded that thermal treatment, pH decrease and/or increases in WPI 309 

concentration can all improve the WPI foam properties. Considering the foam overrun and the 310 

foam stability results, the best foam were achieved for samples containing fibrils (2% (w/w) 311 

WPI fibrils at pH 2 and 7) using a whipping time of 15 min. Consequently, this sample will be 312 

used for the second part of the study. 313 

 314 

Bubble size distribution and liquid volume fraction 315 

A foam is a large volume of gas mixed with a much smaller amount of a fluid, but in time 316 

these two components tend to separate, the fluid drains and the foam becomes dryer 317 

(Firebaugh and Daubert, 2005; Saint-Jalmes, 2006). The bubbles compress together, their 318 

packing degree being characterized by the liquid volume fraction ε (Figure 5) (Stone, 2003; 319 

Saint-Jalmes, 2006). Micrographs and image analysis data for foam bubble size are shown in 320 

Figure 6. In foams with small liquid fractions (ε ≤ 0.05) the bubbles are more tightly packed 321 

exhibiting a polyhedral shape with slightly curved faces and well defined edges (Saint-Jalmes, 322 

2006). An increase in a liquid fraction decreased bubble packing and starting with the critical 323 

value εc = 0.36 the bubbles were no longer deformed, this critical value representing the 324 

random close packing of solid spheres (Saint-Jalmes, 2006). Thus, the thin liquid film 325 
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properties will influence the foam stability, the presence of the protein and/or protein 326 

aggregates in the liquid film determining the lamellae structure and morphology. The pH, 327 

protein concentration and heat treatment cause changes in the bubble packing.  328 

In this study, the value of ε varied from 0.077 for 2% (w/w) WPI fibrillar dispersions at pH 7 329 

to 0.24 for 1% (w/w) native WPI dispersions at pH 7 (Figure 5). The liquid volume fraction 330 

for EWP foams after whipping was 0.11. Hence, the WPI foams obtained showed 331 

polydisperse bubble size distributions (Figure 6). Foams containing the ideal bubble 332 

polyhedral shape were not seen in any sample.  333 

 334 

 335 

Figure 5. Liquid volume fraction vs WPI concentration before and after thermal treatment for 336 

different pH of WPI dispersions whipped for 15 min. Error bars denote ± SD. 337 

 338 

The WPI fibrillar foams at pH 2 and 7 displayed bubbles with different diameter distributions 339 

(Figure 6). At pH 2, the WPI fibrillar dispersions formed foams containing bubbles with 340 



 17 

diameters mostly distributed between 100 and 400 µm (d32 = 257.6 µm), but some bubbles 341 

with low diameter values (≤ 100 µm) were also present. For WPI fibrillar dispersions at pH 7 342 

the foam bubbles were smaller with a maximum diameter of 120 µm (d32 = 66 µm).  343 

 344 

 345 

Figure 6. Optical microscopy images of the foams obtained after 15 min of whipping for 2% 346 

(w/w) WPI fibrillar dispersions at pH 2 (a) and 7 (b), heated WPI dispersions at pH 7 (c) and 347 

EWP (d). The histograms inserted in optical images show the bubbles diameter distribution. 348 

The Sauter diameter and liquid volume fraction values were also included. The black scales 349 

represent 200 µm for all optical images. 350 
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 351 

At pH 7, the heated WPI dispersions exhibit bubbles with large diameters (100 - 400 µm), no 352 

small bubbles being present (< 100 µm). The bubble diameter distribution for EWP 353 

dispersions was < 120 µm, similar to that of WPI fibrillar structures dispersions at pH 7, but 354 

with fewer bubbles with diameters > 80 µm. The bubble size distribution of EWP foams was 355 

skewed to lower values diameters while for WPI fibrillar dispersions at pH 7 foams, the 356 

bubble size were more evenly dispersed over the entire range. 357 

 358 

3.2. The effect of shear using dynamic high pressure microfluidization or Ultra Turrax 359 

mixing on WPI foam properties  360 

 361 

3.2.1. The effect of microfluidization 362 

2% (w/w) native and fibrillar WPI at pH 7 were microfluidized at different high dynamic 363 

pressures (up to 170 MPa) and the resulting dispersions were whipped for 15 min as described 364 

previously. AFM measurements were performed on WPI dispersions before and after the 365 

microfluidization process. The microfluidization treatment of the WPI fibrillar dispersions 366 

caused fracture of the fibrils into small segments (height of 2 - 3 nm and length of 15 – 400 367 

nm, Figure 7.a). The entire process leading to fibril fracture as a function of the applied 368 

pressure has been previously described in Oboroceanu et al. (2011). The foam capacity and 369 

stability of unheated and WPI fibrillar dispersions at pH 7 before and after microfluidization 370 

treatment were characterized, as previously, by calculating the foam overrun and the drainage 371 

as function of time, respectively. 372 

The foaming capacity for the native and fibrillar WPI was not significantly influenced by the 373 

microfluidization treatment (Figure 8). Only for applied pressures (≥ 100 MPa) an increase 374 

can be observed. Fibrillars fracture during microfluidization didoes not appear to reduce their 375 
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foaming properties, which remained and this remained larger than the foaming properties 376 

greater than those of of native WPI or EWP.  377 

 378 

Figure 7. AFM images showing the change in fibrils length after treatment with a) dynamic 379 

high pressure using microfluidization at 100 MPa and b) shear mixing using Ultra-Turrax at 380 

maximum speed (24,000 rpm).  381 

 382 

 383 

Figure 8. Foam overrun of native and fibrillar WPI dispersions, 2% (w/w) at pH 7, for 384 

different applied pressures during microfluidization treatment. Error bars denote ± SD. 385 
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 386 

The foam stability of native 2% (w/w) WPI dispersions at pH 7 (Figure 9) was improved 387 

when low pressures (up to 75 MPa) were applied during the microfluidization process and 388 

dwindled at high values (over 100 MPa). This variation in the stability is reflected by the 389 

drainage time. The drainage time of all foams formed from microfluidized WPI was always 390 

smaller than for EWP foam (Figure 9). The foam drainage time evolution for WPI fibrillar 391 

dispersions at pH 7 after microfluidization treatment can be observed in Figure 10. Pressure 392 

treatments of up to 170 MPa have no significant influence on the longer time (100 min) 393 

stability of the WPI fibrils. A lag in drainage onset (up to 25 min) was observed, indicating 394 

short-term stability of the foams. 395 

 396 

 397 

Figure 9. Foam drainage time of 2% (w/w) native WPI dispersions at pH 7 for different 398 

applied pressure (up to 170 MPa) during microfluidization treatment. 399 

400 
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 401 

Figure 10. Foam drainage time of 2% (w/w) fibril WPI dispersions at pH 7 for different 402 

applied pressure (up to 170 MPa) during microfluidization treatment. 403 

 404 

3.2.2. The effect of moderate shear mixing  405 

The effect of shear mixing using Ultra-Turrax at two rotational speeds (11,200 and 24,000 406 

rpm) on the foam properties of 2% (w/w) native or fibrillar WPI dispersions at pH 2 and 7 407 

were examined. As seen in the microfluidization process, the shear mixing Ultra-Turrax 408 

treatment resulted in long WPI fibrils being broken into shorter length fibrils (150 - 400 nm) 409 

(Figure 7.b). For solutions containing fibrils the Ultra-Turrax treatment leads to a decrease in 410 

the overrun value, but the magnitude of the speed seems to play a secondary role as there is a 411 

small difference in foam overrun at 11,200 and 24,000 rpm (Figure 11). For the other 412 

solutions the changes are significant and the overrun value varies with the rotational speed.  413 

414 
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 415 

Figure 11. Foam overrun of 2% (w/w) native WPI and fibrillar dispersions at pH 2 and 7 after 416 

shear mixing by Ultra Turrax. Error bars denote ± SD. 417 

 418 

Figure 12. Foam drainage time of 2% (w/w) WPI native and fibrillar dispersions at pH 2 and 419 

7 after shear mixing treatment by Ultra Turrax. The first, second and third symbol columns 420 

correspond to 0, 11200 and 24000 rpm, respectively.  421 

 422 
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The changes in drainage over time (Figure 12) show that the foam stability is decreased by the 423 

Ultra-Turrax shear mixing treatment since the drainage time is larger for the untreated 424 

dispersions than for the treated ones. The WPI fibrillar dispersions at pH 7 had the most stable 425 

foams among the treated or untreated dispersions. 426 

 427 

 428 

Figure 13. Liquid volume fraction vs (a) microfluidization and (b) Ultra Turrax mixing of 429 

unheated or heated WPI for different pH of WPI dispersions whipped for 15 min. Error bars 430 

denote ± SD. 431 
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The value of ε varied from 0.075 for 2% (w/w) WPI fibrillar dispersions at pH 7 432 

microfluidized at high pressure (over 100 MPa) to 0.15 for 2% (w/w) WPI dispersions at pH 7 433 

microfluidized (Figure 13.a and b). The liquid volume fraction for EWP foams after whipping 434 

was 0.11. Ultra-Turrax mixing at the maximum speed produced an increase in the liquid 435 

volume fraction for fibrillar dispersions and a decrease for the other samples. 436 

 437 

4. General discussion 438 

On whipping of the WPI dispersions, energy was supplied into protein liquid dispersions to 439 

incorporate air (Davis and Foegeding, 2004; Linden and Lorient, 1999; Vaclavik and 440 

Christian, 2008). Thus, a cohesive air-water interfacial film was formed, the spreading of the 441 

liquid around the air bubbles would be influenced by the protein and/or protein aggregates 442 

adsorbing to the interface (Damodaran, 2005; Davis and Foegeding, 2007; Doi and Kitabake, 443 

1997; Kuropatwa et al., 2009; Vaclavik and Christian, 2008; van der Plancken et al., 2007). 444 

Protein adsorption at the interface suggests unfolding and denaturation by exposing 445 

hydrophobic residues of the protein to the air phase and its hydrophilic segment to aqueous 446 

phase (Damodaran, 1996, 2005; Davis and Foegeding, 2007; Doi and Kitabake, 1997; 447 

Kuropatwa et al., 2009; van der Plancken et al., 2007), the hydrophobic segments facilitating 448 

the initial anchoring of the native/denatured protein.  449 

Native WPI at neutral and acidic pH leads to a faster adsorption at air-liquid interface due 450 

their high diffusivity and forms a thick interfacial film (Zhu and Damodaran, 1994). After 451 

long thermal treatment (20 h at 80 ºC) at pH 2 and 7, WPI associates into fibrils and globular 452 

aggregates, respectively (Figure 1.a and b). These larger size assemblies should diffuse more 453 

slowly to the air - liquid interface. Consequently, they should have a lower capacity to 454 

stabilize the interface and foam properties. Thus, one should expect that heated dispersions 455 

will not have better foaming properties. However, when fibrils and/or globular aggregates 456 
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were present, the foam overrun of the WPI dispersions was increased (Figure 2, 3, 6 and 11). 457 

The presence of very long fibrils (up to 15 µm) further increased the foam overrun of the WPI 458 

dispersions, the best foam being achieved for WPI fibrillar dispersions at pH 7 containing a 459 

mixture of small globular aggregates, short and long fibrils. When the fibrils were fractured 460 

by applying high dynamic pressure using microfluidization (at over 100 MPa) and Ultra-461 

Turrax treatments the foam overrun remained larger than that of non-treated WPI and EWP 462 

dispersions. 463 

Foam stability is generally affected by the drainage of the liquid film and bubble coalescence. 464 

In order to produce a high volume stable protein foam, drainage of liquid from between the 465 

bubbles must be minimized (Linden and Lorient, 1999; Vaclavik and Christian, 2008; Doi 466 

and Kitabake, 1997; Damodaran, 2005). It was already shown that mixtures containing 467 

various amounts of protein aggregates with different sizes can stabilize the foam via two 468 

mechanisms (Rullier et al., 2008; Saint-Jalmes et al., 2005). If the aggregates adsorb on to the 469 

liquid interface, they will increase its viscoelasticity and the foam becomes stable. If the 470 

aggregates remain in the liquid phase, they can undergo a percolation process due to 471 

confinement, leading to a gel-like network formation (Akkermans et al., 2008b; Rullier et al., 472 

2008). In WPI fibrillar dispersions at pH 7 clusters of long and short fibrils were observed 473 

(data not shown). Considering the thickness of the liquid films separating the bubbles (up to 474 

10 µm), it can be concluded that the fibrils were constrained, possibly forming the gel like 475 

network described above. For heated WPI dispersions at pH 7 (Figure 1.a and c), the globular 476 

aggregates that have high surface energy will have a reduced mobility and affinity to the 477 

liquid-air interface. These results suggested that the foams obtained from thermal treated WPI 478 

dispersions at all pH might be stabilized via both proposed mechanisms.  479 

Foam stability, which is also related to the rheological properties of the interfacial film, can 480 

be enhanced by increasing film viscosity, achieved either by raising the protein concentration 481 
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or by adjusting the pH solutions away from isoelectric point. The presence of the fibrils will 482 

increase viscosity of the dispersions as they can become entangled more easily, higher 483 

viscosity being displayed at pH 7 than at pH 2 (Akkermans et al., 2008b). A higher viscosity 484 

should produce a more stable interfacial film leading to a reduction of the drainage and, 485 

therefore, to a much stable foam. The different foam stabilities observed in Figure 4, 9, 10, 486 

and 12 can be related with changes in the WPI solution viscosity, with dispersions with the 487 

largest viscosity (1 - 3% (w/w) WPI fibrils at pH 7) producing the most stable foams. 488 

After microfluidization treatment, all WPI fibrillar dispersions exhibited a short-term stability 489 

(estimated by the time of the first drop), followed by a long term stability (emphasized by the 490 

drainage curves). Thus, the time of the first drop drained was increased by up to 20 min for 491 

the WPI dispersions containing fibrils or globular aggregates while for untreated WPI 492 

dispersions this time period was up to 10 min. A positive effect on long-term stability was 493 

displayed by the WPI fibrillar dispersions at pH 7. 494 

The second factor contributing to foam stability is bubble coalescence which is determined by 495 

the balance between capillary and disjoining pressures (Damodaran, 2005; Wilde, 2000, 496 

2004). The capillary pressure occurs due to the pressure difference between the air and liquid 497 

phase, its value being given by the Laplace equation (Damodaran, 2005; Wilde, 2000, 2004), 498 

while the disjoining pressure arises from forces between the two interfaces of the liquid 499 

lamella. When no proteins are present the disjoining pressure is negligible and the film 500 

collapses due to Laplace capillary pressure. When proteins are adsorbed at the two film 501 

interfaces, the interaction between them tends to increase the thickness of the liquid film and 502 

to prevent its thinning (Damodaran, 2005; Wilde, 2000, 2004). If adsorbed at surfaces the 503 

polymeric chains tend to arrange in tail, loop and/or train configurations (Damodaran, 2005). 504 

When two such surfaces are brought near each other, steric repulsion interactions appear, 505 

thickening the film (Wilde, 2000, 2004). In the liquid film of the WPI fibrils foam such 506 
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polymeric structures (long and/or short fibrils) are present and can lead to an increase in the 507 

steric repulsion stabilizing the film against coalescence. Thus, when long fibrils were present, 508 

the foam stability was larger than for the short fibrillar dispersions obtained after dynamic 509 

high pressure treatment or globular aggregates dispersions. The WPI globular aggregates 510 

dispersions at pH 7 exhibited a low foam overrun and this might be explained by the 511 

hydrophobic interactions that are present and can inhibit the aggregates to form a cohesive 512 

interfacial film. Conversely the heat treatment increased the hydrophobicity of the WPI at pH 513 

7 dispersion leading to more stable foams. The improvement of foam properties of heated 514 

WPI dispersions may be correlated to changes in the secondary structure of whey protein (an 515 

increase of β-sheets content). The increase of molecular flexibility of whey protein by 516 

cleavage of disulfide bonds, the re-oxidation of SH groups in the protein film at the air-water 517 

interface might also improve the foaming capacity (Cayot and Lorient, 1997; Damodaran, 518 

2005; Green, Hopkinson and Jones, 1999). A stable structured and cross-linked whey protein 519 

unfolds and adsorbs more slowly than a flexible, non-cross-linked one with lower rigidity 520 

which effectively stabilize the newly formed interface (Damodaran, 1996, 2005; Kuropatwa et 521 

al., 2009; Sanchez and Paquin, 1997). The lack of flexibility of the protein aggregates leads to 522 

the need for higher protein concentrations at the interfaces to adequately decrease interfacial 523 

tension. Thus, the foam overrun increased with WPI concentration for all heated WPI 524 

dispersions. 525 

The degree of bubble packing and the amount of liquid can also affect the foam stability, the 526 

higher the initial liquid content (or the denser the foam), the faster the foam can be 527 

destabilised (Nicorescu et al., 2009b). Foams with the smallest liquid volume fraction ε (and 528 

as consequence the least amount of liquid) were the most stable ones, this being a possible 529 

explanation for the larger stability exhibited by the WPI fibrillar dispersions at pH 7 (ε = 530 

0.077). 531 
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5. Conclusions 532 

The results demonstrate that prolonged thermal treatment of WPI dispersions at acidic or 533 

neutral pH improved their foaming properties. Fibrillization of whey protein significantly 534 

improved both foaming capacity and stability when compared to the non-fibrillar heat 535 

denatured protein. Furthermore, whipped foams prepared with fibrillar whey proteins 536 

compared favourably with those produced with egg white protein. Dynamic high pressure and 537 

Ultra-turrax treatments had little effect the WPI foam properties. However, the behaviour at 538 

the interfaces of the aggregates (fibrillar and globular) and their influence on the interfacial 539 

rheology should be investigated. Therefore, further work is needed to clarify the physico-540 

chemical basis for the observed improved foaming properties of fibrillar whey protein.  541 
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