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Abstract 24 

The effects of bulk protein concentration, Cp, (0.01, 0.1, 1 wt%), pH (3, 4.7 and 7) 25 

and heat treatment (unheated or 95 °C for 30 min) on whey protein isolate (WPI) 26 

stabilized interfaces were examined. The interfacial pressure and shear rheology of 27 

WPI-stabilized sunflower oil-water (o/w) interfaces were characterized using a 28 

pendant drop tensiometer and a rheometer equipped with a Du Nöuy ring. The rate 29 

of WPI adsorption was faster at higer Cp and pH 3. Heat-enhanced surface activity 30 

was more pronounced at pH 7 compared to pH 3 as a result of greater heat stability 31 

of WPI at acidic pH. The elastic modulus of WPI stabilized interfaces increased with 32 

Cp (≤0.1 wt%). A further increase in Cp (to 1 wt%) resulted in monolayer collapse and 33 

weaker films. Non-heated (NHT) WPI formed less elastic interfacial films at pH 3 34 

than at pH7. Heat treatment enhanced the elastic behavior of interfacial films with 35 

longer relaxation times. This may be associated with the formation of intermolecular 36 

β-sheets. The knowledge gained on the nature of WPI-stabilized interfaces can be 37 

used to better understand the stability of dairy emulsions during subsequent 38 

processing, digestion or storage. 39 

Keywords 40 

Oil/water interface 41 

Whey protein isolate 42 

Pendant drop tensiometry 43 

Du Nöuy ring 44 

Dynamic adsorption 45 

Interfacial rheology 46 

 47 

Jo
urn

al 
Pre-

pro
of



1.  Introduction 48 

Many emulsion-based food products are stabilized by amphiphilic proteins, which 49 

adsorb rapidly at thermodynamically unstable, immiscible interfaces (Amagliani & 50 

Schmitt, 2017; Dickinson, 1999). The surface activity of proteins can be determined 51 

by the time-dependent capacity of proteins to decrease the interfacial tension. During 52 

emulsification, adsorption of proteins with greater surface activity leads to more 53 

efficient reduction of interfacial tension, resulting in reduced energy input required to 54 

create new oil/water (o/w) interfaces (Amine, Dreher, Helgason, & Tadros, 2014; 55 

McClements, 2004). Upon adsorption, proteins unfold and rearrange at the interface 56 

to energetically more favorable conformations (Bos & van Vliet, 2001; Graham & 57 

Phillips, 1979b). Intermolecular interactions between proteins at the interface result 58 

in the formation of viscoelastic interfacial films, which contribute to emulsion stability 59 

(Kim, Cornec, & Narsimhan, 2005; Lam & Nickerson, 2013). During preparation and 60 

storage of emulsion-based food products, the conformation and intermolecular 61 

interactions of proteins are highly dependent on changes in environmental and 62 

processing conditions. Protein concentration (Cp), pH, ionic strength and heat-63 

treatment, have considerable influence on adsorption behavior and mechanical 64 

properties of interfacial films (Roth, Murray, & Dickinson, 2000; Won et al., 2017). 65 

The kinetics of adsorption of proteins to o/w interfaces impact surface activity, which 66 

plays an important role in the formation of emulsion-based food products. Moreover, 67 

the mechanical strength of the interfacial film is directly related to the ability of 68 

emulsion droplets to withstand destabilizing processes such as coalescence, 69 

flocculation and Ostwald ripening (McClements & Jafari, 2018). Therefore, a 70 

comprehensive understanding of the effect of environmental and processing 71 

conditions on the interfacial properties of proteins is important for their use as 72 
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effective emulsifiers in food products (Dickinson, 1999; McClements, 2004; Wilde, 73 

Mackie, Husband, Gunning, & Morris, 2004). 74 

Whey protein isolate (WPI) is widely used in food emulsions because of it’s high 75 

nutritional quality and interfacial functionality (Deeth & Bansal, 2019; Schröder, 76 

Berton-Carabin, Venema, & Cornacchia, 2017). Individual whey proteins, in 77 

particular β-lactoglobulin, are commonly used as model proteins to study the 78 

adsorption dynamics and mechanical properties of interfacial films (Baldursdottir, 79 

Fullerton, Nielsen, & Jorgensen, 2010; Beverung, Radke, & Blanch, 1999; Cornec, 80 

Cho, & Narsimhan, 1999; Cornec, Kim, & Narsimhan, 2001; Kim et al., 2005; Roth et 81 

al., 2000; Schestkowa et al., 2019; Tang & Shen, 2015; Wierenga, Egmond, 82 

Voragen, & de Jongh, 2006; Won et al., 2017). However, individual whey protein 83 

species exhibit different interfacial properties under various environmental conditions. 84 

For instance, β-lactoglobulin is reported to be more surface active than α-lactalbumin 85 

at low protein concentrations, whereas little difference in surface activity has been 86 

found between them at high concentrations. In both cases, BSA is the least surface 87 

active of the whey proteins (Paulsson & Dejmek, 1992). The diffusion and unfolding 88 

properties of α-lactalbumin are faster than ß-lactoglobulin (Cornec et al., 1999). 89 

Furthermore, adsorption and unfolding of α-lactalbumin are faster at acidic compared 90 

to neutral pH (Cornec et al., 2001) while ß-lactoglobulin adsorbs faster at basic pH 91 

than neutral pH (Schestkowa et al., 2019). ß-lactoglobulin and BSA exhibit maximum 92 

interfacial shear elastic moduli around pI, which has been associated with reduction 93 

in surface charge and decreasing electrostatic repulsion between proteins (Kim & 94 

Kinsella, 1985; Roth et al., 2000).  95 

The interfacial behavior of protein mixtures (in WPI) may not be readily inferred from 96 

single-protein, model systems (Marinova et al., 2009). The differing surface activities 97 
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of individual whey proteins make predictions of WPI interfacial behavior challenging. 98 

It has been reported that WPI exhibited the most rapid decline in surface tension and 99 

greatest surface dilatational elasticity, at a pH close to its pI, compared to pH 3 and 7 100 

(Davis, Foegeding, & Hansen, 2004). This study focused on the air/water interface 101 

and short-term interfacial rheological properties, which is relevant to foam formation. 102 

Moreover, in a study on the activity of WPI at the o/w interface, Lam and Nickerson 103 

(2015) reported similar trends and correlated this behavior to increased protein 104 

aggregate size (due to minima surface charge at pI). However, this study did not 105 

address the influence of pH-induced preferential adsorption of individual whey 106 

proteins on the surface activity and mechanical properties of WPI adsorbed 107 

interfaces. In the case of mixtures of α-lactalbumin and ß-lactoglobulin, protein 108 

adsorption appears to be proportional to their concentration at pH 7, while more α-109 

lactalbumin adsorbs at pH 3 (Hunt & Dalgleish, 1994). Preferential adsorption, 110 

induced by pH, leads to changes in interfacial protein composition, which also 111 

impacts the mechanical properties of interfacial films. Studies showed that ß-112 

lactoglobulin is more surface active at pH 7 than pH 3, whereas α-lactalbumin is 113 

more surface active at pH 3 than pH 7 (Buchmann et al., 2019; Cornec et al., 2001; 114 

Gao et al., 2008; Lech, Delahaije, Meinders, Gruppen, & Wierenga, 2016). Therefore, 115 

although ß-lactoglobulin is the major protein in WPI, the interfacial properties of WPI 116 

are not necessarily determined exclusively by ß-lactoglobulin. 117 

Some controversy exists on findings related to the interfacial properties of heat-118 

treated whey proteins. It has been observed by some researchers, at o/w interfaces, 119 

that heat-treatment lead to an increase in adsorption rate with higher interfacial 120 

modulus (Kim et al., 2005; Rodríguez Patino, Rodríguez Niño, & Sánchez, 1999). In 121 

contrast, others have found reduced rates of adsorption and either only minor 122 

Jo
urn

al 
Pre-

pro
of



changes or decrease in modulus values for heat-treated whey proteins (Davis & 123 

Foegeding, 2004; Roth et al., 2000; Yang, Thielen, Berton-Carabin, van der Linden, 124 

& Sagis, 2020). These differences may be due to differences in the susceptibility to 125 

denaturation of individual whey proteins under a variety of heat treatment conditions. 126 

When heated at ≤90 °C, α-lactalbumin undergoes reversible denaturation but 127 

becomes irreversibly denatured at >90 °C (Boye, Alli, & Ismail, 1997; Chaplin & 128 

Lyster, 2009; McGuffey, Epting, Kelly, & Foegeding, 2005). In contrast, ß-129 

lactoglobulin has been found to be irreversibly denatured at or around it’s 130 

denaturation temperature (Arnebrant, Barton, & Nylander, 1987). Although the 131 

former study associates the interfacial properties with increased surface 132 

hydrophobicity due to general alteration of protein structure, there is still insufficient 133 

information on the heat-induced changes to secondary structure and associated 134 

effects on interfacial properties.  135 

It has been reported that bulk protein concentration impacts protein structure at the 136 

interfaces and the thickness of interfacial films (Graham & Phillips, 1979b). Recently, 137 

researchers have examined the critical interfacial concentration (CIC), at which full 138 

monolayer coverage is achieved. At protein concentrations above the CIC, 139 

multilayers begin to form (Schestkowa, Drusch, & Wagemans, 2020; Tamm, Sauer, 140 

Scampicchio, & Drusch, 2012). The CIC for WPI has been determined to lie in the 141 

range from 0.10-0.13 wt% (Tamm et al., 2012). In order to gain a comprehensive 142 

understanding of the influence of interfacial protein structures as well as the 143 

thickness of interfacial films on interfacial functionality, the effect of protein 144 

concentrations on the interfacial viscoelastic properties, outside this range should 145 

also be considered.  146 

Jo
urn

al 
Pre-

pro
of



The aim of this work is to study, in a systematic way, the effect of Cp, pH and heat-147 

treatment on the dynamics of adsorption and the interfacial rheological properties of 148 

WPI at o/w interfaces.  For this purpose, the dynamic interfacial tension and protein 149 

adsorption kinetics of WPI at pH 3 and 7 were analyzed by pendant drop tensiometry 150 

at concentrations from 0.01 to 1 wt%. In order to minimize the influence of partial or 151 

reversible denaturation of α-lactalbumin and β-lactoglobulin, WPI was heated at 152 

95 °C for 30 min (HT WPI) and compared with non-heated (NHT) WPI. Changes to 153 

the secondary structures of proteins were characterized using FTIR. Viscoelastic 154 

properties of interfacial films were analyzed using a rheometer equipped with a Du 155 

Noüy ring. In order to determine the influence of pH-induced preferential adsorption 156 

and surface charge, the interfacial rheological properties of α-lactalbumin, β-157 

lactoglobulin and WPI were analyzed at pH 3, 4.7 and 7. 158 

 159 

2. Materials and methods 160 

2.1. Materials 161 

Whey protein isolate (WPI) Bipro® was supplied by Davisco Foods International 162 

(Eden Prairie, Minnesota, U.S.A.) and had the following composition: 91.4 ± 0.2 wt% 163 

protein, 0.2 ± 0.01 wt% fat, 1.3 ±0.4 % ash and 6.1 ± 0.01 wt% moisture. α-164 

lactalbumin and β-lactoglobulin were obtained from Sigma Aldrich (St. Louis, 165 

Missouri, U.S.A.). Sunflower oil was purchased from a local supermarket. Citric acid 166 

(C6H8O7), di-Sodium hydrogen phosphate anhydrous (Na2HPO4) and Florisil, 60-100 167 

mesh were obtained from Sigma Aldrich (Arklow, Ireland.) All solutions used were 168 

prepared in ultrapure Milli-Q water.  169 

 170 

2.2. Oil purification 171 
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To remove any surface active impurities, sunflower oil was mixed with Florisil at a 172 

ratio 5:1 (w/w) and stirred at room temperature at 500 rpm for 2 h. The mixture was 173 

then centrifuged at 10,000 x g for 20 min to remove the Florisil. To verify the purity of 174 

the sunflower oil, it’s interfacial tension was determined against Milli-Q water using a 175 

pendant drop tensiometer (Attention Theta tensiometer, Biolin Scientific, Finland) for 176 

1 h. This procedure was repeated until no significant change of the interfacial tension 177 

was determined. The equilibrium interfacial tension attained at the interface between 178 

purified sunflower oil and Milli-Q water was 36.5 mN/m.  179 

 180 

2.3. Sample preparation 181 

Proteins were dispersed in 20 mM Na2HPO4/citric acid buffer solutions to the desired 182 

concentrations (0.01, 0.1 or 1 wt% protein) at pH 3, 4.7 or 7. Heat-treated solutions 183 

were prepared by heating in a water bath at 95 °C for 30 min, and cooled 184 

immediately in ice slurry to room temperature, prior to further analysis. No visible 185 

aggregation or precipitation of WPI was observed following heat-treatment.  186 

 187 

2.4. ζ-potential and particle size analysis 188 

ζ-potential and particle size were determined by dynamic light scattering (DLS) 189 

Zetasizer Nano ZS (Malvern Instruments, Malvern, Worcestershire, U.K.) with a 4 190 

mW helium-neon laser. For ζ-potential measurements, approximate 1mL of sample 191 

was slowly injected into the folded capillary cell. Six measurements were conducted 192 

for each sample at voltages between 50 and 150 mV. The ζ-potential was calculated 193 

from the electrophoretic mobility data using the Smoluchowski model. For particle 194 

size measurements, all samples were equilibrated in disposable polystyrene 195 

cuvettes at 21 °C for 120 s. Measurements were performed using refractive indices 196 
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of 1.45 and 1.33 for proteins and buffer, respectively, at backscattering angle of 173° 197 

and wavelength of 633 nm.  198 

 199 

2.5. Fourier transform infrared spectroscopy 200 

Infrared adsorption spectra of protein solutions were measured against water, as 201 

background, by FTIR spectroscopy (Bruker Tensor 27, Bruker Optik GmbH, 202 

Germany) equipped with a thermally controlled BioATR cell II. Sample solutions (20 203 

μL) were loaded into the well of the sample cell and infrared adsorption spectra 204 

collected from 400−4000 cm−1. Each spectrum was an average of 120 scans at a 205 

resolution of 4 cm−1. All experiments were conducted in triplicate. Atmospheric 206 

corrections (H2O and CO2 compensations), vector normalization, and second 207 

derivative functions of the amide I region (1700−1600 cm−1) were conducted using 208 

OPUS 7.5 software (Bruker Optik GmbH, Germany). The spectral region was fitted 209 

with Gaussian band profiles using Origin 2019b software (OriginLab Corp., 210 

Northampton, MA, USA) and the area of each band was expressed as a percentage 211 

of the total  according to the protocol of (Yang, Yang, Kong, Dong, & Yu, 2015) 212 

 213 

2.6. Interfacial adsorption 214 

The adsorption process for proteins at the o/w interface has been condensed into 215 

three steps: (i), migration of bulk proteins to the interface, (ii), adsorption (penetration) 216 

and unfolding of proteins at the interface, and (iii), rearrangement of adsorbed 217 

protein layer towards more energetically favorable conformations (Graham & Phillips, 218 

1979b). The adsorption kinetics of WPI at the o/w interface can be monitored by 219 

measuring changes in interfacial pressure (π) (Rodríguez Patino et al., 1999), where 220 

π is defined as the change in interfacial tension of a protein-stabilized interface 221 
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compared to a pure o/w interface. It can be expressed as π = γ0-γ, where γ0 is the 222 

interfacial tension of the pure o/w interface and γ is the interfacial tension of the 223 

protein adsorbed interface. Interfacial tension was measured using a pendant drop 224 

tensiometer (Attention Theta tensiometer, Biolin Scientific, Finland). A droplet of oil, 225 

with a volume of 10 μL, was formed at the tip of a stainless-steel, hooked needle 226 

(gauge 22) immersed in the WPI solution within a glass cuvette. The shape of the oil 227 

droplet was recorded continuously by a high-speed camera for 15000 s with a frame 228 

rate of approx. 84 frames per minute for the first 5 min and 3 frames per minute for 229 

the following 245 min. Interfacial tension was calculated by fitting the Young-Laplace 230 

equation to the drop shape, using One Attention software (Biolin Scientific, Finland).  231 

The initial step of protein adsorption can be described by the Ward and Tordai model 232 

(Graham & Phillips, 1979a; Ward & Tordai, 1946) (Eq 1). 233 

� = 2���� 	 
�
3.14�

�/�
 (1) 

where C0 is the protein concentration in the bulk solution, K is the Boltzmann 234 

constant and T is the absolute temperature, D is the diffusion coefficient and t is the 235 

time. This model is based on the following assumptions: the migration of proteins to 236 

the interface is diffusion-controlled; no energy barriers to adsorption exist during 237 

migration; the conformation of proteins does not change after adsorption (Guzey, 238 

McClements, & Weiss, 2003). Therefore, good linear fits of π plotted against t1/2 can 239 

only be obtained when the interfacial pressure is low (π < 10 mN/m). The slope of 240 

this linear region signifies the rate of initial diffusion-controlled migration (kdiff) 241 

(Álvarez Gómez & Rodríguez Patino, 2006; Rodríguez Niño, Sánchez, Ruíz-242 

Henestrosa, & Rodríguez Patino, 2005; Rodríguez Patino et al., 1999). However, the 243 

migration of proteins to the interface is influenced, not only by the diffusion of 244 

proteins to the interface, but also by convection due to flow conditions during initial 245 

Jo
urn

al 
Pre-

pro
of



formation of the oil droplet (Wahlgren & Elofsson, 1997). Given that the droplets 246 

were formed at a constant flow rate, any convection-induced differences between 247 

samples can be neglected.  248 

After migration of proteins to the interface, the rate of penetration, unfolding and 249 

conformational rearrangements of WPI can be monitored by a first-order equation 250 

(Baeza, Carrera Sanchez, Pilosof, & Rodríguez Patino, 2005; Perez, Sánchez, 251 

Patino, Rubiolo, & Santiago, 2010; Rodríguez Patino et al., 2007) (Eq 2). 252 

 253 

ln ������ − ��
������ − ��

 = −��� (2) 

where π0, πt and π15000 are the interfacial pressures at time 0, at any experimental 254 

time point and at the final adsorption time point (15000 s), respectively. ki is the first-255 

order rate constant. A plot of ln[(π15000 – πt) / (π15000 – π0)] as a function of time 256 

normally yields two linear regions. The first slop is taken to correspond to a first-257 

order rate constant of penetration and unfolding (ku) while the second slop is taken 258 

as a first-order rate constant of rearrangement (kr). 259 

   260 

2.7. Interfacial shear rheology 261 

Measurements of the interfacial rheology of proteins were carried out using a control-262 

stress rheometer (AR G2 Rheometer, TA Instruments, Crawley, UK) equipped with a 263 

Du Noüy ring geometry (platinum ring with diameter 19.3 mm and wire diameter 0.36 264 

mm) as described by Wang et al. (2012) (Wang, Xie, et al., 2012). The signals of 265 

oscillation stress and strain are calculated from the raw signals of torque and angular 266 

displacement, respectively. The Boussinesq number (Eq. 3) is a dimensionless 267 

number used to describe the ratio of the interfacial drag to the bulk drag experience 268 

by the geometry. 269 
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 270 

���  = ��
(�� + ��)# 

(3) 

Where ηs is the interfacial viscosity,  η1 is the oil viscosity, η2 is the protein solution 271 

viscosity, l is the characteristic length scale, which is related to the ratio of the 272 

contact area between the geometry and the bulk phases to the perimeter of the 273 

geometry in contact with the interface (Derkach, Krägel, & Miller, 2009; Vandebril, 274 

Franck, Fuller, Moldenaers, & Vermant, 2010). The NBq was much larger than 1 for 275 

the protein systems examined in this study, indicating that the interfacial stress 276 

dominated the bulk parameters and that the contribution of the bulk phases can be 277 

neglected (Yang et al., 2020). 278 

A cone geometry was used to zero the gap in order to avoid damage to the ring. 10 279 

mL protein solution was placed in a 50 mm diameter glass beaker and the ring was 280 

lowered to make contact with the surface. 10 mL sunflower oil was carefully loaded 281 

on top of the protein solution, by trickling down the side of the beaker, using a 282 

transfer pipette. Oscillatory shear measurements were performed according to the 283 

method of Baldursdottir et al. (Baldursdottir et al., 2010). Dynamic time sweeps were 284 

conducted at a constant strain amplitude of 0.1% (i.e. within the linear viscoelastic 285 

region) and a constant frequency of 0.1 Hz for 60 min. Dynamic frequency sweeps 286 

were performed between 0.02 and 1 Hz at a constant strain amplitude of 0.1%. 287 

Dynamic strain sweeps were carried out in the range of 0.05-100% at a constant 288 

frequency of 0.1 Hz.  289 

 290 

2.8. Statistical analysis 291 

Experiments were performed in triplicate, meaning three separate protein solutions 292 

and/or o/w systems were prepared for analysis. Statistical analyses were performed 293 
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by one-way ANOVA with a least significant difference (LSD) test, using IBM SPSS 294 

Statistics for Windows, version 26 (IBM Corp., Armonk, N.Y., USA) to determine the 295 

significance of differences (p ≤ 0.05).  296 

 297 

3. Results and discussion 298 

3.1. Particle size and ζ-potential 299 

The ζ-potential of WPI solutions differed significantly as a function of pH. ζ-potential 300 

ranged from 27.1 ± 3.2 mV at pH 3, to -0.1 ± 0.5 mV at pH 4.7 and -21.1 ± 1.1 mV at 301 

pH 7.  Particle size distributions of NHT WPI were between 2 and 10 nm with peak 302 

values around 3 nm at pH 3 and 5 nm at pH 7 (Figure 1). ß-lactoglobulin exists 303 

essentially in the monomeric form at < pH 3.5 and is predominantly a dimer in the pH 304 

range between 5.5 and 7.5 (Fox, 2008). Therefore, the higher peak values at pH 7 305 

may be due to dimerization of ß-lactoglobulin. HT WPI at pH 7 showed wider size 306 

distributions (4-50 nm) with peak values at around 10 nm, which was presumably the 307 

result of heat-induced aggregation. However, as a consequence of increased 308 

thermostability of ß-lactoglobulin at acidic pH (deWit & Klarenbeek, 1984), only a 309 

slight increase in the average peak value was observed in HT WPI at pH 3, 310 

indicating the formation of irreversibly unfolded monomers (Harwalkar, 1980).  311 

 312 
3.2. FTIR analysis 313 

The amide I region (1700-1600 cm-1) is associated primarily with stretching 314 

vibrations of C=O bonds and is sensitive to changes in the secondary structures of 315 

proteins (Allain, Paquin, & Subirade, 1999). Second derivative curves from FTIR 316 

spectra of WPI before and after heating at different pH values are shown in Figure 2. 317 

From the second derivative spectrum, 5-6 peaks per curve can be observed for 5 318 

main secondary structures of WPI. The peaks at 1610-1620 cm-1 are indicative of 319 
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intermolecular β-sheet structures (Lu et al., 2015), while peaks  at 1627-1630 cm-1, 320 

1631-1635 and 1689-1693 have been assigned to intramolecular β-sheet structures 321 

(Murphy, Fenelon, Roos, & Hogan, 2014; Yang et al., 2015). The characteristic 322 

peaks for random coil and α-helix  conformation are located at 1644-1650 cm-1 and 323 

1654-1660 cm-1 respectively (Barreto, Elzinga, & Alleoni, 2020; Yang et al., 2015). 324 

Peaks at 1674-1676 cm-1, 1678-1682 cm-1  and 1683-1687 cm-1 are associated with  325 

β-turn structures (Chou & Fasman, 1977).  326 

In order to better understand the changes to amide I protein components under 327 

different environmental and process conditions, curve fitting was used to determine 328 

the relative proportions of secondary structural features (Table 1 and Figure 3). The 329 

band associated with α-helix structure had greater intensity in NHT WPI prepared at 330 

pH 3 (34 ± 1%) compared to pH 7 (27 ± 2%). According to Zhai, Day, Aguilar and 331 

Wooster (2013), α-helix is the most compact amphipathic conformation and adsorbs 332 

preferentially at the oil/water interface. Heat treatment resulted in significant losses 333 

of intramolecular β-sheet structure (from 47 ± 1% to 35 ± 1%) and formation of 334 

intermolecular β-sheets (1 ± 1% to 7 ± 1%) at pH 3. Meanwhile, for WPI at pH 7, 335 

intermolecular β-sheet structure was absent in NHT WPI (0%) but increased to 11 ± 336 

2% in HT WPI, at the expense of intramolecular β-sheets (from 42 ± 2% to 31 ± 2%). 337 

This is comparable to the observations of earlier studies (Kehoe, Remondetto, 338 

Subirade, Morris, & Brodkorb, 2008; Krebs, Devlin, & Donald, 2006) . A significant 339 

reduction in α-helix conformation from 27 ± 2% to 20 ± 1% was also observed for 340 

WPI after heating at pH 7.  341 

 342 
3.3. Interfacial pressure isotherm of WPI  343 

Interfacial pressure (π) increased with time irrespective of pH and/or heat treatment 344 

(Figure 4), which is in good agreement with previous findings (Perez, Carrara, 345 
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Sánchez, Santiago, & Rodríguez Patino, 2009; Rodríguez Niño et al., 2005; 346 

Rodríguez Patino et al., 1999). The rate of increase in π decreased with time, which 347 

is also supported by Graham and Phillips (1979a) and Álvarez Gómez and 348 

Rodríguez Patino (2006), who attributed it to surface saturation by proteins and 349 

increased electrostatic energy barriers to further adsorption.  350 

The magnitude of π15,000  was generally greater at higher Cp (Figure 5). It can be 351 

observed that, almost without exception, HT WPI had significantly higher π15,000 than 352 

NHT protein and that WPI became more surface active following heat treatment. 353 

This is likely the result of unfolding of globular proteins (and exposure of hydrophobic 354 

moieties) during heat treatment. According to Cao, Xiong, Cao and True (2018) and 355 

Rodríguez Patino et al. (1999), surface activity of heat-treated proteins was 356 

consistent with reported changes in surface hydrophobicity. The enhancement of 357 

surface activity by heat treatment was less pronounced at pH 3 than pH 7, which 358 

may be due to greater heat stability at low pH. Most α-helix secondary structures 359 

were retained in WPI heated at pH 3 (Figure 2, Table 1). This consequently led to 360 

less extensive increases in surface hydrophobicity for whey proteins heated at low 361 

pH (Chandrapala et al., 2015). 362 

 363 

3.3.1. Migration to the o/w interface 364 

The first step of the protein adsorption process involves migration of proteins from 365 

the bulk phase to the o/w interface. The rate of diffusion-controlled migration can be 366 

characterized by applying Eq. 1 to the plots of interfacial pressure versus the square 367 

root of time. For the purposes of clarity, two examples of the plots of π against t1/2 368 

are shown in Figure 4. It should be noted that discussion of the adsorption kinetics of 369 

WPI refers to the overall behavior of a number of whey protein species, which will be 370 
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presented, for the convenience of the reader, as ‘WPI’. The characteristic 371 

parameters derived from these plots for the diffusion of NHT and HT WPI are 372 

summarized in Table 2. At Cp >0.1 wt%, the migration step for WPI became too fast 373 

to be detected with the tensiometry method used in this study. Thus, the slope of the 374 

initial jump of π-t1/2 is used as an estimation of the rate of initial diffusion-controlled 375 

migration, kdiff (Table 2). The results for 1 wt% NHT and HT WPI at pH 3, at Cp of 376 

0.1-1 wt%, are not included in Table 2, because the initial values of π were > 10 377 

mN/m. 378 

The adsorption process of WPI at relatively short adsorption times (within the 379 

timescale of these experiments), i.e. up to about 47.8 s was controlled by diffusion of 380 

protein from the bulk phase to the interface. This diffusion-controlled period, tdiff 381 

became extended at lower Cp (Table 2). The values for kdiff in NHT WPI were 382 

dependent on the Cp in the bulk phase. It can be observed that kdiff values increased 383 

with Cp at both pH 3 and 7 (Table 2). This suggests that the concentration gradient is 384 

the driving force for diffusion of WPI, an observation supported by previous results 385 

for WPI o/w interfaces at pH 5 (Rodríguez Patino et al., 1999) and BSA at o/w 386 

interfaces at pH 7 (Tang & Shen, 2015). 387 

The concentration gradient is, however, not the only the driving force for diffusion 388 

and adsorption. A chemical potential gradient from interactions of the interface with 389 

the hydrophobic, electrostatic, hydration and conformational potentials of proteins 390 

also acts as driving force (Doelle, Rokem, & Berovic, 2009). The kdiff of NHT WPI is 391 

higher at pH 3 with a shorter diffusion-controlled period compared to pH 7 (Table 2).  392 

β-lactoglobulin exists in a dynamic, monomer-dimer equilibrium under various pH 393 

conditions. The dimeric form is predominant at neutral pH and is driven mainly by 394 

hydrophobic forces (Mercadante et al., 2012). The monomeric form of β-lactoglobulin 395 
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is dominant at pH 3 as a result of dimer dissociation (Sakurai & Goto, 2002), which 396 

exposes more hydrophobic sites (Liu, 2009; Martinez & Pilosof, 2018). It appears 397 

from this study that increased hydrophobicity under acidic conditions promoted a 398 

shorter diffusion period. At both pH values, HT WPI appeared to migrate more 399 

rapidly than NHT samples (Table 2). The mechanism of denaturation and 400 

aggregations of whey proteins has been described as a multistep process by 401 

Mulvihill and Donovan (1987) and Wijayanti, Bansal and Deeth (2014). During the 402 

initial step of heat treatment, the monomer-dimer equilibrium of β-lactoglobulin is 403 

shifted toward the monomeric state. With increasing temperature, monomers unfold 404 

with exposure of the free thiol group (normally buried within the the hydrophobic 405 

core). Some of the denatured monomers are then involved in irreversible 406 

aggregation reactions. In a generalized scheme, this reaction results in formation of 407 

two types of aggregates: smaller ones held together, primarily, by disulfide (covalent) 408 

bonds formed via thiol group oxidation and/or thiol-disulfide interchange reactions, 409 

and larger aggregates with further involvement of non-covalent interactions. 410 

Depending on the extent of heat treatment, denatured monomers of β-lactoglobulin 411 

can coexist with such aggregates (Croguennec, O’Kennedy, & Mehra, 2004). 412 

According to the Stokes-Einstein diffusion model, the diffusion coefficient is inversely 413 

proportional to the cubic root of molecular size (Rodríguez Patino et al., 2007; Ruíz-414 

Henestrosa et al., 2007; Yu et al., 2019). It can be inferred that the aggregates in HT 415 

WPI diffuse more slowly than native proteins due to their larger particle size (Figure 416 

1). However, denatured monomers remaining in HT WPI, with increased exposure of 417 

previously buried hydrophobic amino acids, may result in faster diffusion compared 418 

to NHT WPI (Mahmoudi, Axelos, & Riaublanc, 2011; Wang, Xia, et al., 2012). This 419 
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observation is supported by previous studies on WPI and ß-lactoglobulin at the o/w 420 

interface (Kim et al., 2005; Rodríguez Patino et al., 1999).  421 

The increase in kdiff values observed for HT WPI at pH 3 was less pronounced. It 422 

may be that the increase in surface hydrophobicity and protein flexibility following 423 

heating was less extensive under acidic conditions. It has been reported that the 424 

conformation of WPI is more rigid and resistant to denaturation at pH 3 than at pH 7 425 

(Shimizu, Saito, & Yamauchi, 1985). According to Kella and Kinsella (1988), 426 

enhanced heat stability at acidic pH could be due to additional hydrogen bonding as 427 

a result of protonation of carboxyl groups in proteins and the loss of localized 428 

electrostatic interactions of the ionized carboxylates.  429 

 430 

3.3.2. Penetration (adsorption), unfolding and re-arrangement of protein at the 431 

interface 432 

After the migration period, the rate of adsorption gradually decreases. This has been 433 

attributed to an energy barrier generated by penetration, unfolding and 434 

conformational rearrangements of adsorbed protein at the interface (Cornec et al., 435 

1999; Graham & Phillips, 1979a; Rodríguez Patino et al., 1999).  436 

The rate constants of penetration, unfolding and re-arrangement steps derived from 437 

Figure 6 are collated in Table 3. In general, the rate constant of penetration and 438 

unfolding, ku increased with Cp for NHT WPI at both pH 3 and 7. The penetration and 439 

unfolding of proteins at the interface is facilitated at higher Cp, due to the 440 

concentration gradient effect, an effect supported by previous observations for BSA 441 

at an o/w interface (Tang & Shen, 2015). In all cases, the magnitude of ku and the 442 

rate constant of rearrangement, kr, was higher for NHT than HT samples. This 443 

observation might be associated with the formation of protein aggregates (Figure 1) 444 
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in which hydrophobic moieties are no longer available for surface interactions due to 445 

their involvement in protein-protein associations. It is believed that protein 446 

aggregates are more thermodynamically stable with lower free energy than the 447 

native folded state (Baldwin et al., 2011; Jahn & Radford, 2008).  A similar 448 

dependence of kr on heat treatment has been observed in soy glycinin nanoparticles 449 

at the o/w interface (Liu & Tang, 2016). The values of ku were also higher at pH 3 450 

compared to pH 7, indicating that WPI penetrated and unfolded faster under acidic 451 

conditions. This may be attributed to increased surface hydrophobicity as a result of 452 

dimer dissociation (Liu, 2009). Shimizu et al. (1985), using hydrophobic 453 

chromatography and fluorescent probe methodologies, reported significantly higher 454 

relative surface hydrophobicity values for β-lactoglobulin at pH 3 than at pH 7. The 455 

dependence on pH for the competitive adsorption of α-lactalbumin and β-456 

lactoglobulin could also be a possible cause for the increase in ku at low pH. Hunt 457 

and Dalgleish (1994) reported that the interfacial layer at pH 3 contains much higher 458 

levels of α-lactalbumin than β-lactoglobulin, whereas the opposite was observed at 459 

pH 7. The rate of unfolding of α-lactalbumin was also found to be much more rapid 460 

than for β-lactoglobulin (Cornec et al., 1999), which may facilitate faster unfolding of 461 

WPI at acidic pH. Furthermore, secondary structural changes to whey proteins at pH 462 

3 exhibited a higher proportion of α-helices than at pH 7 (Figure 2), which is thought 463 

to adsorb preferentially at the oil/water interface (Zhai et al., 2013). 464 

  465 

3.4. Interfacial rheology of WPI adsorbed films 466 

Interfacial shear rheology characterizes the viscoelastic properties of the interface 467 

under shear deformation. To trace the development of intermolecular protein 468 

interactions and the mechanical strength of the interfacial layer, time sweeps were 469 
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performed at a constant frequency of 0.1 Hz and a constant strain amplitude of 0.1%. 470 

This amplitude ensured that measurements were made within the linear viscoelastic 471 

region in order to avoid damage to interfacial structures. The interfacial elastic (G′) 472 

and viscous moduli (G″) of adsorbed WPI protein layers are shown in Figure 7. It can 473 

be seen that interfacial moduli generally increased with time, which is indicative of 474 

increased protein-protein interactions emanating from protein unfolding and 475 

rearrangements at the interface (Langevin, 2014). At pH 7, the growth rate of G′ 476 

increases with Cp (Figure 7 c), which is comparable to the behavior of BSA at an o/w 477 

interface (Baldursdottir et al., 2010). At 1 wt% WPI, at pH 7, elastic moduli, increased 478 

and attained a maximum during the first 30 minutes, before subsequently decreasing 479 

with time (Figure 7 c). A similar phenomenon has also been observed for ß-casein at 480 

the interface, which was attributed to the possibility that subsequently adsorbed 481 

proteins are hindered (sterically) from attaining optimal protein conformation at 482 

higher concentrations (Wüstneck et al., 2012).  483 

G′ values after adsorption for 3600s (G′3600) increased as Cp increased from 0.01 to 484 

0.1 wt% (Figure 7 c). A further increase in bulk Cp (to 1 wt%) resulted in a slight 485 

reduction in G′3600, suggesting that the highest Cp did not necessarily result in the 486 

‘strongest’ interfacial structure. Graham and Phillips (1980) also reported a decrease 487 

in G′ at higher concentrations. Furthermore, the apparently weaker interfacial 488 

structures formed at 1 wt% WPI as further confirmed by the strain sweep data shown 489 

in Figure 8. WPI stabilised interfaces show a linear viscoelastic region (LVR) up to a 490 

critical strain amplitude of 0.4%. In the case of WPI pH 7, G′ values were higher than 491 

G″ within the LVR but started to decrease with increasing strain amplitude above this 492 

critical strain (interfacial yield strain). This reflects a breakdown in the network 493 

structure of the interfacial film. The strain value for the G′-G″ crossover point, above 494 
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which the interfacial film became predominantly viscous in nature, was lowest at 1 wt% 495 

WPI. This suggests that interfacial stability is not necessarily promoted by protein 496 

concentration. According to Schestkowa et al. (2020), the critical interfacial 497 

concentration (CIC), at which the interface is fully covered by protein was determined 498 

to be 0.2-0.31 wt%. These values are higher than the CIC region (0.1-0.13 wt%) 499 

reported for WPI at an a/w interface (Tamm et al., 2012). The highest Cp (1 wt%) 500 

examined in our study was significantly above the CIC levels reported by those 501 

studies. Further adsorption of proteins at concentrations above that required to form 502 

a condensed monolayer result in destabilization or collapse in ordered “2D” 503 

interfacial arrangement (Angelova, Vollhardt, & Ionov, 1996; Nikomarov, 1990). 504 

Once the monolayer has collapsed, protein molecules cannot retain highly ordered 505 

structure at the interface and begin to form multilayers (Phan, Lee, & Shin, 2016). 506 

Development of such multilayers result in the less stable interfaces. It would appear, 507 

therefore, that identifying optimal Cp is important for the formation of interfacial 508 

structures necessary for effective emulsion stability. In comparison with the slow 509 

increase in moduli at pH 7, maximum values were reached very quickly (< 250 s) for 510 

WPI at pH 4.7 (Figure 7 b). This can be attributed to the absence of electrostatic 511 

repulsion between adsorbing proteins due to net neutral charge.  512 

However, at pH 3, interfacial moduli of WPI continued to increase with time, without 513 

a detectable plateau observed after 3600s (Figure 7 a). This is indicative of 514 

continuous conformational rearrangement over the entire experimental time frame. 515 

Interfacial films at pH 3 also showed predominantly viscous behavior (G″>G′) (Figure 516 

7 a). Such structure may have been the result of preferential adsorption of α-517 

lactalbumin. In order to confirm this, interfacial films were formed using pure α-518 

lactalbumin and β-lactoglobulin proteins (Figure 9). α-lactalbumin stabilized 519 
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interfaces were also predominantly viscous in nature at pH 3 but elastic (G′>G″) at 520 

pH 7. In contrast, β-lactoglobulin films remained more solid-like (G′>G″) at both pH 521 

values and reflected the visco-elastic properties of WPI interfaces at pH 7 522 

determined in the present study. WPI stabilized interfaces at pH 3 were similar 523 

interfacial films formed by α-lactalbumin, which suggests that it adsorbs preferentially 524 

at the o/w interface under acidic conditions. This possibility is supported by findings 525 

on the pH dependence of viscoelastic WPI films at the a/w interface (Davis et al., 526 

2004). The conformation of α-lactalbumin transforms from it’s native state into a 527 

molten globule form as the pH is decreased from 7 to acidic pH values (Dickinson, 528 

1999). This conformational change is associated with a reduction in interfacial 529 

elasticity and viscosity (Cornec et al., 2001). In addition, WPI carries a stronger net 530 

positive charge (27.1 ± 3.2 mV) at pH 3 than a net negative charge (-21.1 ± 1.1 mV) 531 

at pH 7. Thus, electrostatic repulsion should be greater under acidic conditions 532 

(albeit with different structural conformations) and led to less extensive protein-533 

protein interactions within the interfacial layer. As discussed earlier, WPI was more 534 

surface active at pH 3 with faster diffusion and unfolding rates, which are also 535 

indicative of greater emulsion capacity, which however, does not necessarily equate 536 

with emulsion stability. WPI, at acidic pH, seems to be less able to form strong 537 

interfacial structures, which is relevant to the (in)stability of emulsions. The 538 

relationships, however, between fundamental studies of model interfacial systems 539 

and the force and time-scales involved in high-pressure homogenization remains 540 

poorly understood. Lam and Nickerson (2015) found that WPI had higher emulsion 541 

activity and lower emulsion stability at pH 3 than pH 7, which supports the 542 

observations of this work.  543 
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Having discussed the effect of pH on the viscoelastic properties of protein adsorbed 544 

interface previously, it is now necessary to consider the effects of heat treatment as 545 

a function of pH. The elastic modulus was dominant for both HT and NHT WPI with 546 

tan δ < 1 at pH 7. In contrast, tan δ was > 1 for NHT WPI after adsorption for 3600s 547 

at pH 3 (Figure 10), indicating predominantly viscous/liquid-like character. After 548 

heating at pH 3, tan δ decreased to < 1, resulting in a more solid structure. Similar 549 

phenomena have been observed for β-lactoglobulin at an air/water interface (Kim et 550 

al., 2005). Increases in interfacial shear elasticity for HT WPI may be associated with 551 

the formation of intermolecular β-sheets during heating (Figure 2). A similar 552 

correlation was made by Renault, Pezennec, Gauthier, Vié and Desbat (2002). 553 

The heat-induced enhancement of elastic behavior in WPI films at pH 3 is also 554 

supported by frequency sweep data (Figure 11). Buggy, McManus, Brodkorb, Carthy 555 

and Fenelon (2017) reported that WPI aggregates formed during heat-treatment can 556 

lead to a more stable emulsion. G′ values of NHT and HT WPI exhibited an 557 

exponential growth with frequency, which is in agreement with observations by Yang 558 

et al. (2020). A stronger frequency dependence can be seen for interfacial layers 559 

stabilized by NHT WPI (exponent value between 0.96 and 1.3) compared to HT WPI 560 

(exponent value between 0.31 and 0.46). The crossover point of G′ and G′ for NHT 561 

WPI occurred at higher frequency (<0.5Hz) compared to HT WPI (<0.01Hz) i.e., the 562 

relaxation time for interfacial films stabilized by NHT WPI was shorter, at pH 3, 563 

compared to HT WPI.   564 

 565 

4. Conclusions  566 

In this work, the effects of Cp, pH and heat treatment on the structural properties of 567 

WPI-stabilized o/w interfaces were examined. Whey proteins were more surface 568 
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active at higher Cp. Weaker interfacial films were formed at Cp above 0.1 wt%, which 569 

was probably due to monolayer collapse and formation of protein multilayers. WPI 570 

was more surface active at pH 3, whereas interfacial films were more elastic at pH 7. 571 

Heat treatment enhanced surface activity to a lower extent at pH 3 compared to pH 7. 572 

Heated WPI formed stronger interfacial films with higher elasticity. 573 

In considering the changes in surface charge, local structure and protein 574 

conformation, this study clarifies the influence of pH-induced preferential adsorption 575 

of individual whey proteins on the surface activity and mechanical properties of WPI 576 

adsorbed interfaces. Our investigations extend current understanding of protein 577 

structures and their associated effects on interfacial properties. These 578 

understandings of the interfacial properties of mixed protein systems, such as WPI, 579 

can contribute to better control of the complex mechanisms involved in the 580 

production and stability of food emulsions. The current study examines the 581 

mechanism for the formation and stabilization of interfacial films within the LVR. 582 

Future research is needed to characterize the viscoelastic behavior of interfacial 583 

films outside the LVR and it’s correlation with mechanical destabilization processes 584 

in emulsions. 585 
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Tables 

Table 1.  Amide I secondary structures (% of total) for non, heat-treated (NHT) and heat-treated (HT) WPI with bulk protein 
concentrations (Cp) of 1 wt% at pH 3 and pH 7. 

Secondary structures Band position (cm-1)a NHT  
pH 3 

HT  
pH 3 

NHT  
pH 7 

HT  
pH 7 

Intermolecular β-sheet 1610-1620 1 ± 1 7 ± 1 0 ± 0 11 ± 2  
Intramolecular β-sheet 1627-1630;1631-1635; 

1689-1693;1694-1698 
47 ± 1 35 ± 1 42 ± 2 31 ± 2 

Random coil 1644-1650 9 ± 0 11 ± 2 15 ± 1 16 ± 1 
α-helix 1654-1660 34 ± 1 30 ± 1 27 ± 2 20 ± 1 
β-turn 1674-1676;1678-1682,1683-1687 9 ± 2 17 ± 0 17 ± 1 21 ± 1 
a Data are from (Barreto et al., 2020; Chou & Fasman, 1977; Lu et al., 2015; Murphy et al., 2014; Yang et al., 2015). 

  

Jo
urn

al 
Pre-

pro
of



Table 2.  Characteristic dynamic parameters for diffusion of non, heat-treated (NHT) and heat-treated (HT) WPI to the o/w interface 
at bulk protein concentrations (Cp) 0.01-1 wt% and pH 3 and 7  
pH Cp (wt%) Heat treatment kdiff

a (mNm-1s-0.5) LRb tdiff
c (s) 

3 0.01 NHT 2.17 ± 0.12 0.970 ± 0.006 35.3 ± 6.2 
HT 6.23 ± 0.65d - 13.2 ± 4.0 

0.1 NHT 11.96 ± 0.98d - 1.2 ± 0.8 
HT - - <0.7 

1 NHT - - <0.7 
HT - - <0.7 

7 0.01 NHT 1.61 ± 0.16 0.955 ± 0.038 47.8 ± 5.1 
HT 8.30 ± 1.07d - 2.6 ± 1.8 

0.1 NHT 10.10 ± 0.36d - 3.8 ± 0.4 
HT - - <0.7 

1 NHT 11.71 ± 0.54d - <0.7 
HT - - <0.7 

a The slope of the linear region in the π-t1/2 plot is taken as the rate of initial diffusion-controlled migration. 
b Linear regression coefficient.  
c Period during which diffusion controls the kinetics of adsorption of WPI at the o/w interface.  
d indication of the diffusion of WPI to the o/w interface.  
Each datum was the average of triplicate measurements on separate samples. 
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Table 3.  Characteristic dynamic parameters for the unfolding and rearrangement of the non, heat-treated (NHT) and heat-treated 
(HT) WPI at bulk protein concentrations (Cp) of 0.01-1 wt% and pH 3 and 7  
pH Cp 

(wt%) 
Heat treatment ku

a × 104 (s-1) LRb kr
c × 104  

(s-1) 
LRb  

3 0.01 NHT 2.72 ± 0.06 0.985 ± 0.008 26.35 ± 0.29 0.944 ± 0.032 
HT 2.28 ± 0.09 0.921± 0.029 5.24 ± 0.88 0.915 ± 0.01 

0.1 NHT 3.20 ± 0.30 0.948 ± 0.016 24.88 ± 0.83 0.950 ± 0.027 
HT 1.82 ± 0.43 0.922 ± 0.035 8.60 ± 0.71 0.917 ± 0.028 

1 NHT 4.15 ± 0.5 0.91 ± 0.002 13.26 ± 0.62 0.915 ± 0.012 
HT 1.59 ± 0.37 0.918 ± 0.028 10.91 ± 0.57 0.948 ± 0.027 

7 0.01 NHT 2.37 ± 0.11 0.981 ± 0.005 19.37 ± 0.27 0.916 ± 0.052 
HT 2.04 ± 0.11 0.972 ± 0.018 6.80 ± 0.26 0.920 ± 0.019 

0.1 NHT 2.51 ± 0.01 0.959 ± 0.014 25.12 ± 0.85 0.913 ± 0.012 
HT 2.34 ± 0.14 0.987 ± 0.008 18.11 ± 0.37 0.934 ± 0.021 

1 NHT 2.77 ± 0.16 0.932 ± 0.017 9.78 ± 1.02 0.935 ± 0.028 
HT 2.05 ± 0.08 0.959 ± 0.009 6.90 ± 0.14 0.924 ± 0.021 

a The first slop of plot of ln[(π15000 – πt) / (π15000 – π0)] as a function of time is taken to correspond to a first-order rate constant 
of penetration and unfolding.  
b Linear regression coefficient. 
c The second slop of plot of ln[(π15000 – πt) / (π15000 – π0)] as a function of time is taken as a first-order rate constant of 
rearrangement. 

Each datum was the average of triplicate measurements on separate samples. 
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Figures 
Figure 1.  Volume-weighted particle size for non, heat-treated (NHT) and heat-

treated (HT) WPI solutions with bulk protein concentrations (Cp) of 1 wt% at pH 3 

and 7 

 

Figure 2.  Second derivative FTIR spectra of non, heat-treated (NHT) and heat-

treated (HT) WPI with bulk protein concentrations (Cp) of 1 wt% at pH 3 and pH 7 

 

Figure 3.  Curve-fitted, inverted second-derivative amide I spectra for WPI with bulk 

protein concentrations (Cp) of 1 wt%. (a) non, heat-treated (NHT) WPI at pH 3, (b) 

heat-treated (HT) WPI at pH 3, (c) non, heat-treated (NHT) WPI at pH 3 and (d) 

heat-treated (NHT) at pH 7. Second-derivative spectra were inverted by factoring by 

−1. 

 

Figure 4.  Interfacial pressure (π) as a function of time (s1/2) for non, heat-treated 

(NHT) and heat-treated (HT) WPI stabilised o/w interfaces, formed with bulk protein 

concentrations (Cp) of 0.01-1 wt%. (a) pH 3 and (b) pH 7. The separated columns of 

symbols to the right of the data are for the purposes of clarification.  

 

Figure 5. Interfacial pressure values after 15,000s (π15,000) as a function of bulk 

protein concentrations (Cp) for non, heat-treated (NHT) and heat-treated (HT) WPI at 

the o/w interface. (a) pH 3 and (b) pH 7 

 

Figure 6.  Representative fit of first-order rate constants of unfolding (ku) and 

rearrangement (kr) for WPI at o/w interface (pH 7)  
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Figure 7.  The development of the interfacial elastic modulus G′ and viscous modulus 

G″ as function of time for non, heat-treated (NHT) WPI at o/w interfaces at (a) pH 3, 

(b) pH 4.7 and (c) pH 7. The separated columns of symbols to the right of the data 

are for the purposes of clarification.  

 

Figure 8 . Interfacial elastic modulus G′ and viscous modulus G″ as function of strain 

for non, heat-treated (NHT) WPI with bulk protein concentrations (Cp) of 0.01-1 wt% 

at o/w interface, pH 7. The separated columns of symbols to the right of the data are 

for the purposes of clarification.  

 

Figure 9.  Development of interfacial elastic moduli G′ and G″ as function of time for 

α-lactalbumin, β-lactoglobulin and non, heat-treated (NHT) WPI at o/w interfaces. (a) 

pH 3 and (b) pH 7. The separated columns of symbols to the right of the data are for 

the purposes of clarification.  

 

Figure 10.  Tan δ after 3600s adsorption as a function of protein bulk concentration 

for non, heat-treated (NHT) and heat-treated (HT) WPI at oil/water interfaces. (a) pH 

3 and (b) pH 7 

 

Figure 11.  Interfacial elastic modulus G′ and viscous modulus G″ as function of 

frequency for (a) non, heat-treated (NHT) and (b) heat-treated (HT) WPI with bulk 

protein concentrations (Cp) of 0.01-1 wt% at o/w interfaces, pH 3. The separated 

columns of symbols to the right of the data are for the purposes of clarification.  
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6  
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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Figure 11  
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Highlights 

• Conformational state of individual whey protein species at acidic pH facilitated faster 
adsorption.  

• Greater heat stability of whey proteins at low pH resulted in less enhanced interfacial 
activity by heat treatment. 

• At protein concentration above that required to form a condensed monolayer led to 
weaker interfacial films. 

• pH induced preferential adsorption and protein surface charge had considerable 
influences on the mechanical properties of interfacial films. 

• The enhancement of intermolecular interactions following heat treatment led to more 
solid-like interfacial structure. 
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