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Abstract 8 

Protein intake is essential for growth and repair of body cells, the normal functioning of 9 

muscles, and health related immune functions. Most food proteins are consumed after undergoing 10 

various degrees of processing. Changes in protein structure and assembly as a result of processing 11 

impact the digestibility of proteins. Research in understanding to what extent protein structure 12 

impacts the rate of proteolysis under the human physiological conditions has gained a considerable 13 

interest. In this work, four whey protein gels were prepared using heat processing at two different 14 

pH values, 6.8 and 4.6, with and without applied shear. The gels showed different protein network 15 

microstructures due to heat induced unfolding (at pH 6.8) or lack of unfolding, thus resulting in fine 16 

stranded protein network. When shear was applied during heating, particulate protein networks 17 

were formed. The differences in the gel microstructures resulted in considerable differences in their 18 

rheological properties. An in vitro gastric and intestinal model was used to investigate the resulting 19 

effects of these different gel structures on whey protein digestion. In addition, the rate of the 20 

digestion was monitored by taking samples at various time points throughout the in vitro digestion 21 

process. The peptides in the digesta were profiled using SDS-polyacrylamide gel electrophoresis, 22 

reversed-phase-HPLC and LC-MS. Under the simulated gastric conditions, whey proteins in 23 

structured gels were hydrolysed faster than native proteins in solution. The rate of peptides released 24 

during in vitro digestion differed depending on the structure of the gels and extent of protein 25 

aggregation. The outcomes of this work highlighted that changes in the network structure of the 26 

protein can influence the rate and pattern of its proteolysis under gastrointestinal conditions. Such 27 

knowledge could assist the food industry in designing novel food formulations to control the 28 

digestion kinetics and the release of biologically active peptides for desired health outcome. 29 

 30 
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Introduction 31 

Whey proteins, which consist principally of β-lactoglobulin (β-Lg), α-lactalbumin (α-La) 32 

and bovine serum albumin, have globular structures. Whey proteins are widely used as food 33 

ingredients because of their versatile functional properties such as viscosity building, foaming, 34 

emulsifying and gelling.1 Enzymatic hydrolysis of whey proteins can further modify and/or improve 35 

functional properties which include increased solubility, decreased viscosity, and significant 36 

changes in foaming, gelling, and emulsifying properties compared to those of native proteins.2 Such 37 

modification can offer further interesting food applications for whey proteins.  38 

Research has highlighted potential health enhancing benefits of intact whey proteins and 39 

hydrolysates produced from whey proteins.3 The biological activities or health enhancing benefits 40 

attributed to peptides originating from whey proteins are antihypertensive or ACE inhibitory,4 41 

opioid,5 bactericidal,6 immunomodulating7 and hypocholesterolemic.8 In addition, peptides 42 

originated from whey proteins can also confer increased satiety, protect against muscle-protein loss, 43 

enhance muscle-protein synthesis, and improve glycemic control.9  44 

Most food proteins undergo structural transformation/denaturation during processing or 45 

home cooking. The native structures of proteins are altered as a result of physical treatment such as 46 

heating and shearing, chemical factors such as pH and ionic strength or presence of other 47 

ingredients. Such changes may have both desirable and undesirable effects on protein digestibility.10 48 

For example, mild heating can improve digestibility by partially denaturing the proteins, but severe 49 

heat treatment may reduce protein digestibility by cross-linking, racemization, and the Maillard 50 

reaction.11 Further, alteration of native protein structures can result in changes in protein 51 

digestibility and subsequently the availability of essential amino acids.12 A relative resistance of 52 

whey proteins to proteolysis is generally explained by a compact tertiary structure of the protein 53 

that restricts susceptible peptide bonds from enzyme cleavage. A recent study by Barbé et al. 54 
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(2013)13 on the digestive contents and plasma samples taken over a 7 h-period after meal 55 

consumption showed that gelation of milk by coagulation slowed down the outflow of the meal 56 

from the stomach and the subsequent intestinal absorption of amino acids which decreased their 57 

bioavailability in peripheral blood. Heating of milk led to enhanced susceptible of of β-58 

lactoglobulin (β-Lg) and caseins to protein hydrolysis  in the stomach, resulting in a higher plasma 59 

leucine concentration compared with ingestion of unheated milk.13 Heat treatments applied to milk 60 

for the manufacture of pasteurized, sterilized milks and yogurts also resulted in an increased 61 

digestibility of β-Lg.14 Heat-induced β-Lg digestion by pepsin has also been shown by Peram et al. 62 

(2013) in an in vitro study.15  63 

The process of food digestion begins with the breakdown of ingested food in the human 64 

gastrointestinal tract via a multitude of mechanical and enzymatic processes to ensure that the 65 

components and nutrients become available for absorption. The increased evidence from studies 66 

using in vitro models or clinical data has provided a basis for this new area of research regarding the 67 

role of food structure on the nutritional properties of conventional and functional foods. It is now 68 

clear that the composition and processing of foods need to be carefully balanced to ensure optimal 69 

nutritional values of food.16 The objective of this study was to investigate the influence of various 70 

gel microstructures (formed by changes in pH, with or without shear application during heat 71 

induced gelation) on the in vitro digestion of whey proteins, as in the rate and type of released 72 

peptides. 73 

 74 

Materials and methods 75 

Materials 76 

Whey protein isolate (Fonterra WPI90; PROTEIN 87.3%, moisture content 5.5%) was 77 

purchased from Rogers & Company Foods Pty Ltd (Hampton, Victoria, Australia). Bile salts 78 
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extracts, porcine pepsin (P7000, 882 U/mg), pancreatin (P7545, Porcine, USP × 8) and bile extract 79 

porcine (B8631, total bile salt content = 49 wt%; with 10-15% glycodeoxycholic acid, 3-9% 80 

taurodeoxycholic acid, 0.5-7% deoxycholic acid; phospholipids 5 wt%) were obtained from Sigma-81 

Aldrich, Australia. Acetonitrile and trifluoroacetic acid (TFA) used in the preparation of mobile 82 

phase for the reverse phase high performance liquid chromatography (RP-HPLC) were, both HPLC 83 

grade (Merck Millipore, Kilsyth, VIC, Australia). All other solvents and reagents were of analytical 84 

grade. 85 

Whey protein gel preparation  86 

WPI 10% (w/v; total solids) solution was prepared by dissolving 10.6 g of WPI powder in ~ 87 

90 mL deionised water and stirred constantly at 4 °C overnight to disperse the powder completely. 88 

The final volume of the solution was made to 100 mL with deionised water. The pH of the solution 89 

was adjusted to 6.8 or 4.6 by slow addition of 0.1M NaOH or 0.1M HCl and degassed. The non-90 

sheared gels were prepared by heating the samples in a water bath at 90 °C for 10 min. The sheared 91 

gels were prepared using a Rapid Visco Analyser (RVA4, Newport Scientific, Australia). The 92 

protein solutions were heated from 25 to 90 °C with a gradient of 5 °C/min and held at 90 °C for 10 93 

min. The protein mixture was sheared at 500 rpm (equivalent to ~52/s) during the heating process. 94 

The gels were then cooled down to 25 °C. 95 

Confocal laser scanning microscopy 96 

Imaging of gel structures was carried out at room temperature with a Leica TCS SP5 confocal laser 97 

scanning microscope (Leica Microsystems, Wetzlar, Germany) using a HCX PL APO 63× 98 

objective. The protein was fluorescently labelled prior to gelation (in the RVA or waterbath) by 99 

addition of Fast Green (0.4% in water) to the samples for a final dye concentration of 0.01%. The 100 

fluorescent dye was excited at 633 nm and the reflected emitted light was collected at 646-726 nm. 101 
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Rheology measurements  102 

The rheological properties of whey protein gels were measured using an Anton Paar-Physica 103 

stress control rheometer (MCR 301, Anton Paar Physica, Physica Meßtechnik GmbH, Stuttgart, 104 

Germany) with a vane geometry (cup inner diameter 28.9 mm, 6 vane blades; width 10 mm, length 105 

16 mm). To avoid disruption of the gel structure, the gels were created directly in the rheometer 106 

using conditions similar to those used to prepare the gels for in vitro digestion. For non-sheared 107 

gels, the whey protein solution (approximately 10 mL) was loaded to the cup after adjustment of pH 108 

to 4.6 or 6.8. The gel was formed by heating at 5 °C/min to 90 °C. The sample was then held for 10 109 

min at 90 °C, cooled to 20 °C at a cooling rate of 5 °C/min and held for another 2 hr to allow the gel 110 

to set. For the sheared gels, the same heating/cooling profile was used but under application of 111 

rotational shear at a constant shear rate of 52 /s.  112 

Oscillation rheology measurements were carried out at 20 °C, first a frequency sweep from 113 

0.01 to 10 Hz at a constant strain of 0.1% followed by a strain sweep from 0.01 to 100% at a 114 

constant frequency of 1 Hz. A resting time of 10 min was allowed between the two sweep 115 

measurements. Duplicate measurements were taken for separately prepared whey protein solutions. 116 

In vitro digestion  117 

Protein digestion was carried out using a two-step in vitro protocol. Samples of WPI 118 

solution (10% protein; 1 g) or gels (10% protein; 1 g) were mixed with 2.5 mL of simulated gastric 119 

fluid, which consisted of 2 mg/mL NaCl and 4.5 mg/mL pepsin at pH 1.9,17-19 and incubated at 37 120 

°C over 2 h under constant agitation.  An aliquot (90 µL) of the digesta (for analysis of breakdown 121 

products) was withdrawn at various time intervals within 2 h and mixed immediately with 10 µL 122 

10% (v/v) TFA solution to terminate the enzymatic reaction. A parallel gastric digestion was carried 123 

out without removal of the digesta. After 2 h, the pH of this digesta was adjusted to 6.8 using 0.1 M 124 

NaOH. Simulated intestinal fluid (SIF, 11.25 mL) was added to achieve a final composition of 10 125 
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mM CaCl2, 12 mM mixed bile salts, 150 mM NaCl and 4 mM tris(hydroxymethyl)aminomethane 126 

buffer, followed by addition of 3.75 mL of Tris buffer and 200 µL of SIF containing pancreatin.17-19 127 

The digestion was maintained at 37 °C over 2 h under constant agitation. An aliquot (90 µL) of the 128 

digesta was withdrawn at various time intervals and mixed with 10 µL 10% (v/v) TFA solution to 129 

terminate the enzymatic reaction.  130 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 131 

All chemicals and gels used for SDS-PAGE analysis were purchased from Life 132 

Technologies Australia Ltd (Mulgrave, VIC, Australia). Samples taken at different times of the 133 

gastric and intestinal digestion were mixed with SDS-PAGE buffer (NuPAGE SDS PAGE sample 134 

buffer) and reducing agent (NuPAGE sample reducing agent). The sample mixtures were heated in 135 

a water bath at 90 °C for 10 min and centrifuged at 14,600 g for 10 min. The supernant (5 µL of the 136 

gastric or intestinal digesta containing 12 µg protein) was loaded onto a PAGE gel (Novex Tris 137 

Glycine precast gradient gel, 4-20% polyacrylamide). The gel electrophoresis was run using tris-138 

glycine SDS running buffer (Novex Tris-Glycine SDS running buffer) at 200 V for 35 min.  The gel 139 

was then stained using a Coomassie stain (SimplyBlue Safe Stain). A prestained molecular weight 140 

marker comprised the following mix of proteins: myosin (188,000 Da), phosphorylase B (98,000 141 

Da), BSA (62,000 Da), glutamic dehydrogenase (49,000 Da), alcohol dehydrogenase (38,000 Da), 142 

carbonic anhydrase (28,000 Da), myoglobin-red (17,000 Da), lysozyme (14,000 Da), aprotinin 143 

(6,000 Da) and insulin B chain (3,000 Da). Stained gels were imaged using Gel Imaging System 144 

(Syngene, Frederick, MD, USA). 145 

Reverse phase high performance liquid chromatography (RP-HPLC) 146 

All WPI solution and gel digesta samples were centrifuged (25000 g, 20 min, 4 °C) to 147 

remove large peptides and intact milk proteins. The supernatant containing soluble proteins and 148 

peptides were filtered through a 0.45 µm filter before the sample was injected to the column. HPLC 149 
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was performed using an automated Thermo Finnigan Surveyor Plus system fitted with a widepore 150 

C18 reversed phase Aeris column (particle size 3.6 µm, pore size 300 Å, 150 mm x 2.1 mm) and a 151 

guard column (10 mm x 2.1 mm). The column temperature was maintained at 35 °C. Peptide 152 

separation was achieved with a linear gradient of 2% to 70% solvent B (0.08% TFA in acetonitrile) 153 

in solvent A (0.1% TFA in water) over 65 min. The flow rate was maintained at 150 µL/min. The 154 

eluate was monitored at 214 nm using a photodiode array detector. 155 

Liquid chromatography tandem mass spectrometry (LC-MS/MS) 156 

The samples were analysed by LC-MS/MS on a Shimadzu Nano HPLC directly coupled to 157 

an AB/Sciex 5600 TripleTOF mass spectrometer. 10 µL of each sample was injected after dilution 158 

in 0.1% formic acid to give the same starting concentration. An Agilent Zorbax C18 column (3.5 159 

µm, 150 mm x 75 µm) was used for peptide separation using a linear gradient from 2-40% solvent 160 

B in solvent A over 30 min (flow rate of 300 nL/min) where solvent A was 0.1% formic acid in 161 

water and solvent B was 0.1% formic acid in 90% acetonitrile. The eluate was directed into the 162 

nanoelectrospray ionisation source of the TripleTOF™ 5600 system (AB/Sciex, Foster City, USA). 163 

Data were acquired in information dependent acquisition (IDA) mode. The IDA method consisted 164 

of a high resolution TOF-MS survey scan followed by 20 MS/MS in a second with a maximum 165 

accumulation time of 50 ms. First stage MS analysis was performed in positive ion mode over the 166 

mass range m/z 300-1800 with a 0.5 s accumulation time. The ionspray voltage was set to 2400 V, 167 

the curtain gas was set to 25, the nebuliser gas to 12 and the heated interface was set to 180 °C. 168 

Tandem mass spectra were acquired on precursor ions that exceeded 120 cps with charge state 2 to 169 

5. Spectra were acquired over the mass range m/z 80-1800 using rolling collision energy (CE) for 170 

optimum peptide fragmentation. Precursor ion masses were excluded for 8 s after two occurrences. 171 

ProteinPilotTM 4.1.46 software (Applied Biosystems) with the Paragon Algorithm was used 172 

for the identification of proteins. Tandem mass spectrometry data was searched against in silico (no 173 

enzyme selected) digests of bovine proteins of the Uniprot database (version 2012/12; 67,004 174 
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sequences) or a custom database comprised of β-Lg and α-La. All search parameters were defined 175 

as no cysteine alkylation, with no digestion enzyme selected (allows cleavage at any point on 176 

protein sequence). Modifications were set to the “generic workup” and “biological” modification 177 

sets provided with this software package, which consisted of 126 possible modifications, for 178 

example, acetylation, methylation and phosphorylation. The generic workup modifications set 179 

contained 51 potential modifications that might occur as a result of sample handling, for example, 180 

oxidation, dehydration and/or deamidation.  181 

 182 

Results and discussion 183 

Differences in the microstructures of whey protein gels 184 

The molecular assembly of whey proteins into aggregates and networks is dependent on the 185 

conditions during gel formation. Factors such as pH, protein concentration, co-solute, heating 186 

profiles and application of shear, all play a role in determining the final microstructure of whey 187 

protein gels.20-25 Controlling the pH of the whey protein sample during the heating step generates 188 

opportunity to design network structures with varying morphology. If a pH close to the pI of the 189 

protein is chosen, the heat denatured protein will assemble into a particulate gel and at a pH close to 190 

neutral, the resulting heat set network structure will be more homogenous and fine stranded.20 In 191 

order to investigate the influence of protein supramolecular structural differences on the 192 

accessibility of proteases to cleavage sites within the protein sequence and the resulting 193 

composition and size of the peptides being generated, a range of structures with the same protein 194 

concentration were created by heating the whey protein at different pH (4.6 and 6.8), with or 195 

without applied shear. The network structures of these gels were visualised at the micrometer length 196 

scale using confocal laser scanning microscopy and shown in Fig. 1. For the gel produced at pH 6.8 197 

without shear, a fine stranded network microstructure formed, consisting of linked protein 198 
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assemblies (Fig. 1a and 1b). The microstructure of the sheared gel produced at pH 6.8 (Fig. 1c and 199 

1d) consisted of irregular large protein agglomerates (100-500 µm wide) dispersed in the serum 200 

phase (Fig. 1c). Within the agglomerates fine stranded fibrous structures similar to the non-sheared 201 

sample could be observed (Fig. 1d). On the other hand, the microstructure of the whey protein gel 202 

prepared at pH 4.6 without shear was dominated by spherical protein aggregates (Fig. 1e and 1f). 203 

These protein aggregates were closely packed forming a network with pores 10-50 µm wide. When 204 

shear was applied during gelation, the particulate network was broken into larger agglomerates in 205 

the size range of 50 µm, which contained many of the small protein aggregates (Fig. 1g and 1h). 206 

The gels prepared at pH 4.6, with or without shear, showed a similar internal structure assembled 207 

from 2 µm spherical protein particles. However, the small spherical particles in the sheared gel (i.e. 208 

particulate agglomerates) appeared to be more closely packed than those in the non-sheared gel.  209 

The heat induced gelation of WPI involves the formation of molecular linkages through 210 

disulphide and hydrogen bonds, Van der Waals, hydrophobic and electrostatic interactions. The 211 

extent of the various interactions depends on the conditions, where both pH and salt concentration 212 

have a major impact on the surface charge and electrostatic repulsion of the protein molecules. 213 

When the surface charge and electrostatic repulsion are reduced, the protein molecules form 214 

primary aggregates (50-300 nm) that can associate further into larger polydisperse agglomerates 215 

which, if the protein concentration is high enough, can then be connected to form a network,25 as 216 

shown in Fig. 1g and 1h. In the conditions where strong electrostatic repulsions are present, that is 217 

at pHs away from the isoelectric point of the whey protein, the gels formed are transparent and have 218 

a fine-stranded structure,26 as shown in Fig. 1a and 1b. The differences in the WPI gel 219 

microstructures observed are manifestation of changes of whey proteins at the molecular level. 220 

Physico-chemical parameters applied during the protein gelation process have major consequences 221 

for the forces acting at the short length scale or molecular level which leads to changes in spatial 222 

arrangement of protein strands and junction points due to interplay of inter- and intra-molecular 223 
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interaction. Such changes to the interactions at the molecular level and the resulting differences in 224 

the structure of the protein assemblies could impact on the accessibility of specific peptide bonds to 225 

enzymatic digestion. 226 

Rheological properties of whey protein gels  227 

The viscoelastic properties of heat induced whey protein gels formed at pH 4.6 and 6.8 with 228 

and without shear were measured at 20 °C. The storage modulus G', loss modulus G'' and tan δ 229 

values of the protein networks as a function of frequency in oscillation are shown in Fig. 2a and 2b, 230 

for the protein systems prepared at pH 4.6 and 6.8, respectively. All protein samples displayed a 231 

weak gel behaviour, with G' higher than G'' at all the frequencies, with G'' lower than G' by less than 232 

10-folds.27 However, the storage modulus G' and loss modulus G'' were lower for the gels formed at 233 

pH 6.8 than the gels formed at pH 4.6, indicating differences in the protein interactions at these two 234 

pHs. For the gels formed at the two pHs, application of shear reduced the gel strength as indicated 235 

by the lower G' and G'' values compared with the gels prepared without shear. Interestingly the 236 

phase angle, tan δ, for both the non-sheared and sheared samples is ~0.2 and independent of 237 

frequency below 1 Hz. This implies that both systems behaved as protein networks and it is likely 238 

that the mesoscale supramolecular structure is the same at the respective pH, regardless whether the 239 

protein gels were formed with or without shear. This suggests that the protein agglomerates formed, 240 

during the combined heat and shear process, are interacting and are of sufficiently high phase 241 

volume to form a space filling network. This interpretation is supported by the CLSM images of the 242 

sheared gels showing large agglomerates of protein aggregates for the sample prepared at pH 6.8 243 

(Fig. 1c) compared to a homogenous network when prepared without shear (Fig. 1a). The 244 

formation of larger protein agglomerates in the sheared gel (Fig. 1g) compared with a particular 245 

network in the non-sheared gel at pH 4.6 (Fig. 1e) would also reduce the protein interactions.  246 
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The gel was largely formed by protein aggregates at pH 4.6 (Fig. 1e), although there appears 247 

to be more close range interactions between and within the protein aggregates as shown by the 248 

higher G' and G'' values compared with the fine stranded network formed at pH 6.8, the (non 249 

covalent) interactions between the protein aggregates was weaker than the covalent links in the 250 

stranded network. Not surprisingly, the sheared gels started to deform and flow at even earlier strain 251 

(5% and 1% respectively for pH 6.8 and 4.6 gel) due to disruption of protein interactions caused by 252 

the shear applied during gel formation and the resulting network architecture of interacting protein 253 

agglomerates.   254 

The rate of protein digestion as a function of protein assembly 255 

Whey proteins in solution and structured gels were subjected to enzymatic digestion using a 256 

simulated gastric and intestinal model17-19 and the protein breakdown was followed by SDS-PAGE 257 

and RP-HPLC.  258 

The SDS-PAGE results showed that the digestion of β-Lg and α-La, the most abundant 259 

proteins in whey protein isolate, in solution state was relatively slow, as indicated by little change in 260 

the intensity of the β-Lg and α-La bands during the 2 h gastric digestion (Fig. 3a, lanes 3-7). 261 

However several low molecular weight bands, below the protein bands, were visible throughout the 262 

2 h gastric digestion, indicating that a small amount of protein had been digested. This was 263 

confirmed by the RP-HPLC results showing an intact β-Lg protein peak at the end of 2 h gastric 264 

digestion, together with a range of peptides (Fig. 4a).  265 

In contrast, for the structured WPI gels, both β-Lg and α-La were relatively rapidly digested 266 

by pepsin as the protein bands faded away from very early stages of gastric digestion (Fig 3b-e, 267 

lane 3) and with little or no proteins visible at the end of the gastric digestion (Fig. 3b-e, lane 7). 268 

This was accompanied by the appearance of a large number of lower molecular weight bands, 269 

migrating faster than the parent whey proteins. Proteins in the sheared gels (Fig. 3c and 3e) 270 
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appeared to be digested slightly slower than the non-shear gels (Fig. 3b and 3d). This could be due 271 

to the differences in the gel microstructure where the denser agglomerates for the sheared gels, as 272 

seen in Fig. 1, might have slowed down the enzyme diffusion into the gel particles due to steric 273 

hindrance. Recent work of Macierzanka et al. (2012) also showed that firm particulate WPI and β-274 

Lg gels persisted longer during simulated gastro-duodenal proteolysis.28  275 

Proteolysis of whey proteins and peptides in intestinal conditions progressed rapidly for all 276 

samples as shown by the complete disappearance of the protein bands on SDS-PAGE gels after 4 277 

min of simulated intestinal digestion (Fig 3 a-e, lanes 8-12). The fine stranded network of the pH 278 

6.8 gel showed the fastest intestinal digestion with no protein breakdown products left in the SDS-279 

PAGE gel after 1 min of digestion. Similar to the observation in the gastric digestion, the intestinal 280 

digestion of the sheared structured WPI gels progressed slower than the non-sheared gels at both 281 

pHs. The intestinal digestion of WPI in solution (Fig. 3a, lanes 8-12) was the slowest with more 282 

peptide bands present compared to the structured gels. After 2 h of simulated intestinal digestion, no 283 

peptide bands could be seen for any of the protein samples indicating that the peptides had all been 284 

hydrolysed to sizes smaller than ~3,000 Da.   285 

Fig. 4 shows the RP-HPLC peptide profiles of digested samples taken at 10 min gastric 286 

phase and 4 min into the intestinal phase. The peptide profiles of digesta samples were complex 287 

showing large number of peaks which indicates extensive proteolysis of the whey protein in gastric 288 

and intestinal conditions. Overlaid RP-HPLC chromatograms of gastric phase digesta samples 289 

clearly showed that β-Lg and α-La appearing at ~55 min as large peaks in the solution sample in 290 

gastric condition (Fig. 4a, top line). The proteins were still detectable 4 min into the intestinal phase 291 

of digestion (Fig. 4b, top line). However, for all gel samples the whey proteins were completely 292 

digested within 10 min in the gastric phase, which confirms the observations made from the SDS-293 

PAGE analysis (Fig 3 a-c). Some differences were observed between the peptide profiles of whey 294 

protein solution and gels at both gastric (Fig. 4a) and intestinal phases (Fig. 4b). Differences in 295 
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peptide patterns between gels made at differing pH 4.6 or 6.8 can also be seen in Fig 4a. Relatively 296 

small differences in peptide patterns were observed in whey protein gels with respect to whether 297 

gels were sheared or non-sheared.  298 

Resistance of native β-Lg to pepsin hydrolysis is primarily attributed to its unique structural 299 

stability at low pH.29-32 The low digestibility of whey proteins from raw milk is linked to their 300 

structure, as they are stabilised by a number of disulphide bonds.31, 33 Most of the hydrophobic 301 

amino acid residues, which are potential cleavage sites for pepsin, are buried inside the hydrophobic 302 

core and thus not readily accessible. A variety of stresses applied (heating, high pressure treatment, 303 

addition of alcohols, and esterification) have been reported to increase the susceptibility of β-Lg to 304 

hydrolysis by pepsin.34-37 These treatments induce conformational changes in β-Lg, resulting in 305 

increased exposure of peptic cleavage sites and thus increased susceptibility of the protein to pepsin 306 

action. The recent work by Peram et al. (2013) clearly showed that stable high molecular weight 307 

aggregates (e.g. pentamers, tetramers, and trimers) generated during heat-induced aggregation of β-308 

Lg were digested relatively rapidly compared with native and non-native dimers.15 It is interesting 309 

to note that the dimers formed during the early stages of heating (e.g. 5 min of heating) were quite 310 

resistant to digestion, whereas those formed after 120 min of heating were easily digested by 311 

pepsin. The dimers formed during the early stages of unfolding probably retained some of their 312 

secondary and tertiary conformations and the pepsin cleavage sites remained largely buried in the 313 

hydrophobic core and thus were not accessible to pepsin. Heating for a longer time (e.g. 120 min) 314 

resulted in significant changes in the secondary and tertiary structures of the dimers and 315 

consequently promoted their digestibility with pepsin. Macierzanka et al. (2012) studied in vitro 316 

gastrointestinal digestion of 4% β-Lg and WPI gels, made using a range of thermal (70 and 85 °C 317 

for varying times) and pH (pH 6.5, 5.2, 4.8 or 2.5) conditions, which resulted in formation of weak 318 

gels with structures ranging from fine stranded to particulate.28 Their results showed that fine 319 

stranded gels (which are formed at pH 6.5 and 2.5) are digested to a greater extent than the 320 
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particulate gels (which are formed at 5.2 and 4.8). In addition, heating the β-Lg or WPI to 85 °C for 321 

30 min at pH 5.2 formed particulate gels with greater resistance to proteolysis than heating to 70 °C 322 

for 24 h. The results of a recently published study by Zhang and Vardhanabhuti (2014)38 also 323 

concurred with the observations made by Macierzanka et al. (2012).28 However, in this current 324 

study, it appears that all β-Lg was digested much faster in gels of both pHs than in solution when 325 

the gels were prepared at 90 °C for 10 min, although there were some differences in the extent of β-326 

Lg digestion between the sheared and non-sheared gels (Fig. 3).  327 

Peptides released during digestion  328 

The peptides produced at different stages of simulated gastric and intestinal digestion were 329 

further analysed by liquid chromatography tandem mass spectrometry. The peptide amino acid 330 

sequences determined experimentally were matched with known/published primary sequences of β-331 

Lg and α-La to deduce the origins and are summarised in Tables 1 and 2, respectively. Peptides 332 

identified in the WPI solution and structured gels, were also presented as line diagrams on 333 

respective parent whey proteins, namely β-Lg and α-La, marked with the known cleavage 334 

specificities of digestive proteases (pepsin, chymotrypsin and trypsin; ExPASy Peptide Cutter, 335 

Swiss Institute of Bioinformatics : http://web.expasy.org/peptide_cutter/), see Fig. 5 and 6.  336 

ββββ-lactoglobulin  337 

A total of 67 peptides originating from β-Lg were identified in the digesta samples of WPI 338 

solution and structured gels. Most of them were from the terminal regions L1-K60 and L122-I162 of β-339 

Lg (Fig. 5). Only a few peptides originated from the middle region W61-C121. It appears that the 340 

region 61-121 is fairly resistant to hydrolysis by proteolytic enzymes in in vitro gastric and 341 

intestinal model systems. This region contains 4 out of 5 Cys residues of β-Lg which are involved 342 

in intra- and inter-molecular disulphide linkages to maintain the tertiary structure of the native 343 

protein, render potential cleavage sites of pepsin, chymotrypsin and trypsin inaccessible. More than 344 
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half of the peptides produced in the gastric digestion were common for β-Lg in solution and in 345 

structured gels and they were further hydrolysed in the intestinal phase of digestion leading to the 346 

disappearance of same peptides. However, there were a few key differences in the peptide patterns 347 

produced during the digestion between WPI in solution and structured gels. Eighteen peptides were 348 

found in the WPI solution digesta which was not in any of the structured gels, whereas another 14 349 

peptides were found present in the digested gels but absent in WPI solution.  350 

Specific peptides identified only in the WPI solution gastric digesta samples were β-Lg f2-351 

20, f9-19, f9-20, f32-42, f71-82, f123-131, f123-133 and f131-149 (Table 1). The production of 352 

these peptides clearly showed that specific peptide bonds in β-Lg sequence Y20-S21, K70-I71 and 353 

D130-E131 were only hydrolysed from the proteins in WPI solution because the peptides starting or 354 

ending with these specific sequences were not found in the digesta of structured gels (Table 1 and 355 

Fig. 5). On the other hands, four peptides were identified in the gastric phase digestion of structured 356 

gels, but not in WPI solution. These were β-Lg f1-19, f41-51, f41-55 and f133-146, Fig. 5). There 357 

were also some differences in terms of the presence/absence of these peptides at specific time points 358 

and between the various structured gels (Table 1). Peptides β-Lg f1-19 and f41-51 were only 359 

produced from particulate networked gel (pH 4.6 non-sheared). Peptide β-Lg f133-146 was 360 

produced at the end of gastric phase digestion of fine stranded network and stranded gel aggregate 361 

gels (pH 6.8, non-sheard and sheared) and rapidly degraded further in intestinal phase of digestion. 362 

In contrast, peptide β-Lg f41-55 was produced at the beginning of gastric phase digestion of both 363 

fine stranded and particulate networked gels (pH 4.6 and 6.8, non-sheared) and further hydrolysed 364 

rapidly as the gastric digestion progressed.  365 

In the intestinal digestion phase, seven peptides were identified in the WPI solution digesta 366 

which were not found in the digesta of structured gels. They were β-Lg f27-40, f27-41, f27-42, f30-367 

41, f40-57, f118-138 and f125-138 (Fig. 5). Production of these peptides from β-Lg required 368 
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hydrolysis of specific peptide bonds, i.e. A26-S27, I29-S30, L39-R40, S117-L118, R124-T125 and K138-A139. 369 

Among these peptide bonds only L39-R40 and R124-T125 / K138-A139 are known cleavage sites of 370 

chymotrypsin and trypsin, respectively. These peptides were not found in the intestinal digestion of 371 

structured gels. This could be due to two reasons: (a) peptides produced were rapidly further 372 

hydrolysed to peptides < 5 amino acids which could not be identified by mass spectrometry analysis 373 

employed in this work, or (b) the structure of proteins in the stranded and agglomerate network 374 

hindered the accessibility of enzymic to specific bonds. On the other hand, 10 peptides were 375 

produced in the intestinal digestion of structured gels, but were not found in the digested WPI 376 

solution. Six of these peptides, namely β-Lg f42-51, f43-51, f43-56, f125-135, f125-136 and f125-377 

137, were produced very late during the intestinal phase of the gel digesta and were detected in all 378 

four types of gels. Further, three peptides (β-Lg f1-20, f41-60 and f43-59) were identified only in 379 

particulate networked gels which were produced at pH 4.6 (non-sheared and sheared). It is possible 380 

that the order of hydrolysis of the K60-W61 bond by trypsin is different at the acidic pH. One peptide 381 

(β-Lg f82-92) found only in the stranded gel agglomerates (pH 6.8, sheared) was detected at 382 

beginning (1 min) of the intestinal digestion and was not detected in the 2 min digesta sample 383 

indicating rapid hydrolysis by proteases and peptidases in pancreatin.  384 

In a recently published study, Boutrou et al. (2013) reported peptides released from the 385 

digestion of bovine milk proteins in human jejunum.39 Analysis of degree of hydrolysis showed that 386 

whey proteins were hydrolysed to a limited extent by pepsin, but further hydrolysed by pancreatic 387 

and intestinal proteases. The resulting peptides were further sequentially modified both from N- and 388 

C-terminal ends by aminopeptidases and carboxypeptidases, respectively. Majority of the β-Lg 389 

peptides characterized in the jejunum digesta were found to originate from regions R40-K60, K75-T105 390 

and Q120-L140, similar to the data obtained in this in vitro digestion model (Fig. 5). 391 

α-lactalbumin 392 
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A total of 35 peptides originating from α-La were identified in the digested WPI solution 393 

and structured gels. In Fig. 6, primary amino acid sequence of α-La (123 amino acids, 8 Cys 394 

residues forming 4 disulphide linkages in native protein) was overlaid with the pepsin, 395 

chymotrypsin and trypsin hydrolysis sites together with the peptides identified. Peptides produced 396 

during the gastric and intestinal digestion of WPI solution and structured gels originated from α-La 397 

were mainly from two distinct regions of the molecule, i.e. 1-60 and 80-123. No peptides 398 

originating from region 61-79 of α-La was found in neither WPI solution nor structured gel digested 399 

samples. Interestingly, region 61-79 of α-La contained no reported/predicted pepsin, chymotrypsin 400 

trypsin cleavage site (Fig. 6). The region contained 3 of 8 Cys residues in α-La that may be 401 

involved in inter- and intra-molecular disulphide linkages rendering potential hydrolysis sites 402 

inaccessible to proteolytic cleavage. From the total 35 peptides originating from α-La identified, 6 403 

and 19 peptides were only found in the digested WPI solution and structured gels, respectively (Fig. 404 

6). The remaining 10 peptides were found in both digested WPI solution and structured gels (Fig. 6 405 

and Table 2).  406 

The six peptides originating from α-La found only in the digested WPI solution were in the 407 

regions of 35-50 (α-La f37-43 and f37-50) and 95-123 (α-La f97-103, f99-117, 100-117 and f104-408 

121). These peptides were produced during the gastric digestion and were further degraded rapidly 409 

in the early phase of the intestinal digestion by proteases and peptidases in pancreatin. In the 19 410 

peptides from α-La which were identified only present in the WPI gel digestion samples (Fig. 6), 411 

the gel structure was found to influence the peptide patterns. Two α-La peptides (α-La f82-89 and 412 

f11-18) were only found in the digested aggregate network (non-sheared, Fig 1e-f) and particulate 413 

agglomerates (sheared, Fig. 1g-h) gels made at pH 4.6, respectively. Peptide α-La f105-123, 414 

representing C-terminally located 18 amino acid residues, was produced from WPI gels made at pH 415 

6.8 (non-sheared and sheared, Fig 1 a-d). Peptide α-La f10-23 was only detected in the gastric 416 
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digesta of the sheared gels at both pHs. Structures of WPI gels did not influence the production of 417 

peptide α-La f41-49, as it was detected in all four types of WPI gels.  418 

After the in vitro digestion proceeded to the intestinal phase, further 10 peptides were 419 

produced from α-La. Five of these peptides (α-La f17-27, f81-89, 81-90, f95-102 and f95-103) were 420 

detected in the digesta of all four types of gels, indicating microstructure of the gels had little 421 

influence on the release of these peptide from α-La. In addition, these peptides remained intact 422 

throughout the duration of intestinal digestion. One peptide, α-La f11-16, was only found in the 423 

digesta of the sheared gels at both pHs. On the other hand, peptide α-La f94-103 was only produced 424 

from the particulate gels (pH 4.6, non-sheared and sheared; Fig 1 e-h) during the early stage of 425 

intestinal digestion, and was further hydrolysed as the digestion proceeded. The last three peptides 426 

were detected during the early stage of intestinal digestion (1 and 2 min digesta samples) of the gels 427 

prepared at pH 6.8, sheared (α-La f94-99) or non-sheared (α-La f9-25 and f41-53). There were also 428 

α-La peptides detected during the digestion of WPI gels which were produced during the simulated 429 

gastric condition and were further hydrolysed only by proteases and peptidases in pancreatin, 430 

namely α-La f9-18, f41-52, f53-60 and f92-103. The origins of these peptides were clearly not 431 

influenced by the structure of the gels.  432 

Boutrou et al. (2013) reported that the majority of α-La peptides identified, in digesta 433 

samples collected in human jejunum, originated from region F80-M90 and no peptides were found 434 

from N- (1-17) and C-terminals peptides.39 In contrast, the present study which used an in vitro 435 

model, clearly showed that the majority of the peptides identified in the digested WPI solution and 436 

structured gels originating from α-La, were from the regions 10-60 and 80-123. The difference in 437 

digesta peptide patterns between the WPI solution and structured gels may be the result of 438 

differences in the initial hydrolysis/primary proteolysis, both in terms of the bonds hydrolysed and 439 

rate of hydrolysis, producing a range of large peptides. The large peptides, products of primary 440 

proteolysis, were then further modified by secondary proteolysis by the gastric and/or intestinal 441 
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enzymes yielding differing small peptides patterns observed for the digested WPI solution and 442 

structured gels (Fig. 5 and 6). The SDS-PAGE gels (Fig. 3) clearly highlighted the differing rates 443 

and peptide pattern resulting from WPI digestion between the solution and structured gels and in 444 

addition the structured gels made with and without shearing.  445 

Influences of supramolecular structures on peptide release   446 

Assembly and network formation of WPI is influenced by a number of different parameters 447 

such as polymer concentration, pH, ionic environment and temperature. Although a substantial 448 

amount of research has shown differences in the inter- and intra-molecular interactions of WPI, 449 

there is limited information about the exact amino acids which are taking part in both chemical and 450 

physical bonding to create higher order supramolecular structures and how these structures might 451 

impact on the enzymatic hydrolysis of the protein network. However, the results from the 452 

characterisation of peptides in the digesta resulting from the simulated gastric and intestinal 453 

digestion of WPI solution and gels show that the protein structures (folded/native or 454 

unfolded/denatured molecules as well as networks of aggregates or agglomerates) could have a 455 

marked effect on the enzymatic digestion and the peptides released. In addition, the data on the 456 

characterisation of digesta (Fig. 3-4) highlighted that there were differences in the rates of peptide 457 

release. This was demonstrated by; a) specific enzymatic hydrolysis of whey proteins and the 458 

release of peptide products and, b) production of specific peptides and their further hydrolysis (Fig. 459 

5-6 and Table 1-2).  460 

This work highlighted the influence of protein structure (native vs. denatured/gelled) on 461 

enzymatic digestion in simulated gastro-intestinal model systems. The heating of whey protein 462 

during the formation of gelled structures, dramatically reduced the resistance of whey proteins to 463 

pepsin/gastric digestion. During the commercial manufacture of ingredients, protein preparations 464 

undergo a range of heating regimes, e.g. pasteurization, concentration and drying. Depending on the 465 

severity of heating conditions, proteins could potentially undergo a different extent of heat-induced 466 
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modifications which can have major consequences for protein digestibility and nutritional quality in 467 

terms of bioavailability of essential amino acids. Some of these heat-induced changes could include: 468 

a) modification of amino acid side chains by Maillard reaction, ε-amino group of lysine; b) β-469 

elimination reactions to cystine/cystein and phosphor-serine residues leading to cross-link 470 

formations and, c) formation/interchange of disulphide linkages. These changes can lead to inter- 471 

and intra-molecular cross-linkages and modification of amino acid side chains which can directly 472 

impact on the accessibility of peptide bonds for enzymatic cleavage.  473 

Gastric digestion of ingested food is a complex process involving both physical 474 

disintegration and chemical reactions. In addition to structural considerations, one aspect of protein 475 

digestion which could affect the rate of protein digestion is the residence time and transit rate of the 476 

food in the human GI tract. This has not been accounted for in the in vitro study presented in this 477 

work. The gastric emptying rate of solution or gel could have major consequences for the rate of 478 

protein hydrolysis, order of peptide production/release from parent protein molecule and delivery of 479 

bioactive/health enhancing peptides. The work by Barbe et al. (2013) showed that liquid milk goes 480 

through the stomach much quicker than rennet gel, resulting in a rapid increase in amino acid 481 

concentration.13 The earlier study by Marciani et al. (2001) using MRI showed that increasing 482 

viscosity of food affected the intragastric dilution and delayed stomach emptying which 483 

subsequently influence the feeling of fullness after food consumption.40 The work by Juvonen et al. 484 

(2009) also showed that the gastric emptying as measured by paracetamol absorption was faster 485 

after low-viscosity oat bran beverage consumption compared with a high-viscosity drink.41 As a 486 

consequence, viscosity differences in oat beta-glucan in a liquid meal with identical chemical 487 

composition strongly influenced not only glucose and insulin responses, but also short-term gut 488 

hormone responses. This further supports the findings of this work and implies the importance of 489 

food structure in the modulation of postprandial satiety-related physiology. The greater rate of 490 

stomach emptying of protein in solution might result not only in a different rate of overall protein 491 
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hydrolysis but more importantly quite different peptide pattern(s). The results presented in this 492 

study using an in vitro system provided valuable insights to how protein structures may affect their 493 

digestion. However, clinical studies are required to understand to what extent changes in protein 494 

supramolecular structure and subsequent peptide release will impact the physiological response(s).  495 

Conclusions 496 

 Heat induced whey protein gels were formed at two different pH values, 6.8 and 4.6, with 497 

and without applied shear. The protein gels showed different microstructures due to heat induced 498 

unfolding under various physico-chemical conditions, resulting in fine stranded (at pH 6.8)  or 499 

particulate (at pH 4.6) protein networks. When shear was applied during heating, agglomerates with 500 

different pH dependent microstructures within the protein networks were formed. The differences in 501 

the gel microstructures resulted in considerable differences in their rheological properties. WPI 502 

solution and variously structured gels were subjected to simulated gastric and intestinal digestion in 503 

an in vitro model system. Native whey proteins in solution, β-Lg and α-La, largely survived 504 

simulated gastric digestion but hydrolysis progressed rapidly in simulated intestinal digestion by 505 

proteases such as chymotrypsin and trypsin. WPI in structured gels were rapidly hydrolysed in 506 

simulated gastric digestion. However, the structure of the gels influenced the pattern of the 507 

generated peptides. Further research is needed to determine the precise amino acids in the proteins 508 

that are specifically taking part in the formation of intermolecular interactions by analysis of the 509 

target peptides formed as a result of enzymatic hydrolysis. Although the present results were 510 

obtained using an in vitro system, the findings revealed that this type of study can provide insights 511 

and directions for the development of food formats for further clinical studies to assess whether the 512 

release of biologically active peptide sequences at specific points during digestion may yield a 513 

modified physiological response, and thus resulting in desired health outcomes.  514 

 515 

Page 22 of 34Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 23 of 25 

 

Acknowledgement 516 

The authors would like to gratefully acknowledge the contributions of Dr Micelle Colgrave, 517 

CSIRO Animal, Food and Health Sciences (St Lucia, Brisbane) for LC-MS analysis; Dr Manoj 518 

Rout, Ms Jenny Favaro, and Ms Allison Williams, CSIRO Animal, Food and Health Sciences 519 

(Werribee) for preparing the gel samples and conducting the in vitro digestion and the SDS-PAGE 520 

analysis.    521 

Page 23 of 34 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 24 of 25 

 

References 522 

1. A. Q. Ye and S. Taylor, International Dairy Journal, 2009, 19, 721-727. 523 

2. D. Saglam, P. Venema, R. de Vries and E. van der Linden, Food Hydrocolloids, 2014, 34, 68-77. 524 

3. R. A. McGregor and S. D. Poppitt, Nutrition & metabolism, 2013, 10, 46. 525 

4. A. Pihlanto-Leppälä, Trends Food Sci. Technol., 2001, 11, 347-356. 526 

5. H. Meisel and R. J. FitzGerald, British Journal of Nutrition, 2000, 84, S27-S31. 527 

6. A. Pellegrini, C. Dettling, U. Thomas and P. Hunziker, Biochim. Biophys. Acta-Gen. Subj., 2001, 1526, 528 
131-140. 529 

7. A. M. Fiat, D. Miglioresamour, P. Jolles, L. Drouet, C. B. D. Sollier and J. Caen, Journal of Dairy 530 
Science, 1993, 76, 301-310. 531 

8. S. Nagaoka, Y. Futamura, K. Miwa, T. Awano, K. Yamauchi, Y. Kanamaru, K. Tadashi and T. Kuwata, 532 
Biochem. Biophys. Res. Commun., 2001, 281, 11-17. 533 

9. E. Ha and M. B. Zemel, Journal of Nutritional Biochemistry, 2003, 14, 251-258. 534 

10. E. N. C. Mills, A. I. Sancho, N. M. Rigby, J. A. Jenkins and A. R. Mackie, Molecular Nutrition & Food 535 
Research, 2009, 53, 963-969. 536 

11. S. Damodaran, in Fennema’s Food Chemistry, ed. K. L. P. S. Damodaran, and O. R. Fennema, CRC 537 
Press, Boca Raton, FL., 4th edn., 2007, pp. 217-329. 538 

12. S. Marze, Crit. Rev. Food Sci. Nutr., 2013, 53, 76-108. 539 

13. F. Barbé, O. Ménard, Y. Le Gouar, C. Buffière, M.-H. Famelart, B. Laroche, S. Le Feunteun, D. Dupont 540 
and D. Rémond, Food Chemistry, 2013, 136, 1203-1212. 541 

14. D. Dupont, G. Mandalari, D. Molle, J. Jardin, O. Rolet-Repecaud, G. Duboz, J. Leonil, C. E. N. Mills 542 
and A. R. Mackie, Molecular Nutrition & Food Research, 2010, 54, 1677-1689. 543 

15. M. R. Peram, S. M. Loveday, A. Q. Ye and H. Singh, Journal of Dairy Science, 2013, 96, 63-74. 544 

16. S. L. Turgeon and L. E. Rioux, Food Hydrocolloids, 2011, 25, 1915-1924. 545 

17. M. Golding, T. J. Wooster, L. Day, M. Xu, L. Lundin, J. Keogh and P. Clifton, Soft Matter, 2011, 7, 546 
3513-3523. 547 

18. L. Day, M. Golding, M. Xu, J. Keogh, P. Clifton and T. J. Wooster, Food Hydrocolloids, 2014, 36, 151-548 
161. 549 

19. T. J. Wooster, L. Day, M. Xu, M. Golding, S. Oiseth, J. Keogh and P. Clifton, Food Hydrocolloids, 2014, 550 
36, 102-114. 551 

20. M. Langton and A. M. Hermansson, Food Hydrocolloids, 1992, 5, 523-539. 552 

21. M. Stading, M. Langton and A. M. Hermansson, Food Hydrocolloids, 1992, 6, 455-470. 553 

22. M. Stading, M. Langton and A.-M. Hermansson, Food Hydrocolloids, 1993, 7, 195-212. 554 

23. K. Ako, T. Nicolai, D. Durand and G. Brotons, Soft Matter, 2009, 5, 4033-4041. 555 

24. A. H. Clark, G. M. Kavanagh and S. B. Ross-Murphy, Food Hydrocolloids, 2001, 15, 383-400. 556 

25. T. Nicolai, M. Britten and C. Schmitt, Food Hydrocolloids, 2011, 25, 1945-1962. 557 

26. M. Verheul, S. Roefs and K. G. de Kruif, Journal of Agricultural and Food Chemistry, 1998, 46, 896-558 
903. 559 

27. S. B. Rossmurphy and K. P. Shatwell, Biorheology, 1993, 30, 217-227. 560 

Page 24 of 34Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 25 of 25 

 

28. A. Macierzanka, F. Bottger, L. Lansonneur, R. Groizard, A. S. Jean, N. M. Rigby, K. Cross, N. Wellner 561 
and A. R. Mackie, Food Chemistry, 2012, 134, 2156-2163. 562 

29. G. Miranda and J. P. Pelissier, J. Dairy Res., 1983, 50, 27-36. 563 

30. I. M. Reddy, N. K. D. Kella and J. E. Kinsella, Journal of Agricultural and Food Chemistry, 1988, 36, 564 
737-741. 565 

31. M. Carbonaro, M. Cappelloni, S. Sabbadini and E. Carnovale, Journal of Agricultural and Food 566 
Chemistry, 1997, 45, 95-100. 567 

32. N. Kitabatake and Y. I. Kinekawa, Journal of Agricultural and Food Chemistry, 1998, 46, 4917-4923. 568 

33. J. E. Kinsella and D. M. Whitehead, Advances in food and nutrition research, 1989, 33, 343-438. 569 

34. M. Dalgalarrondo, E. Dufour, J. M. Chobert, C. Bertrandharb and T. Haertle, Int. Dairy J., 1995, 5, 1-570 
14. 571 

35. J. M. Chobert, L. Briand, V. Grinberg and T. Haertle, Biochimica Et Biophysica Acta-Protein Structure 572 
and Molecular Enzymology, 1995, 1248, 170-176. 573 

36. M. R. Guo, P. F. Fox, A. Flynn and P. S. Kindstedt, Journal of Dairy Science, 1995, 78, 2336-2344. 574 

37. M. Zeece, T. Huppertz and A. Kelly, Innov. Food Sci. Emerg. Technol., 2008, 9, 62-69. 575 

38. S. Zhang and B. Vardhanabhuti, Food Chemistry, 2014, 145, 473-480. 576 

39. R. Boutrou, C. Gaudichon, D. Dupont, J. Jardin, G. Airinei, A. Marsset-Baglieri, R. Benamouzig, D. 577 
Tome and J. Leonil, Am. J. Clin. Nutr., 2013, 97, 1314-1323. 578 

40. L. Marciani, P. A. Gowland, R. C. Spiller, P. Manoj, R. J. Moore, P. Young and A. J. Fillery-Travis, Am J 579 
Physiol - Gastrointest Liver Physiol, 2001, 280, G1227-G1233. 580 

41. K. R. Juvonen, A. K. Purhonen, M. Salmenkallio-Marttila, L. Lahteenmaki, D. E. Laaksonen, K. H. 581 
Herzig, M. I. J. Uusitupa, K. S. Poutanen and L. J. Karhunen, Journal of Nutrition, 2009, 139, 461-466. 582 

 583 

 584 

Page 25 of 34 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



Page 1 of 9 

 

Table 1. Peptides identified originating from β-lactoglobulin detected both in solution and 

structured whey protein gels during simulated gastric and intestinal digestion. The peptides 

presence (+) or absence (-) are marked in the sequence of gastric digestion at 0, 10 and 120 min (in 

black) and subsequent intestinal digestion at 1 ,2,4 and 120 min (in red).  

 

Peptide origin Peptide Sequence MW 

WPI 

solution 

WPI gel 

pH 4.6 NS* pH 4.6 S* pH 6.8 NS* pH 6.8 S* 

β-LG f01-11 LIVTQTMKGLD 1217.7 ++++++- +++++-- ++++++- +++++-- +++---- 

β-LG f02-11 IVTQTMKGLD 1104.6 -+----- ---++-- --++--- -+----- ------- 

β-LG f09-20 GLDIQKVAGTWY 1349.7 -++++-- ---+--- ----+-- ------- ------- 

β-LG f10-18 RELKDLKGY 1120.6 -+----- ------- ------- -++---- ------- 

β-LG f10-19 LDIQKVAGTW 1129.6 -+++++- -++++-- +++++-- +++++-- ++++++- 

β-LG f32-41 LDAQSAPLRV 1068.6 ++++--- ---+--- ++----- --+---- --+---- 

β-LG f32-42 LDAQSAPLRVY 1231.7 -++---- --+---- --+---- ------- ------- 

β-LG f41-57 VYVEELKPTPEGDLEIL 1943.0 -++++++ -----++ ----+++ ------+ ------- 

β-LG f42-54 YVEELKPTPEGDL 1488.7 +++++++ -++++++ +++++++ +++++++ +++++++ 

β-LG f42-55 YVEELKPTPEGDLE 1617.8 +++++++ -++++++ +++++++ +++++++ +++++++ 

β-LG f42-57 YVEELKPTPEGDLEIL 1843.9 +++++++ -++++++ ++-++++ ----+++ +--++++ 

β-LG f42-60 YVEELKPTPEGDLEILLQK 2213.2 ----++- -----+- ----++- ------- ----++- 

β-LG f43-54 VEELKPTPEGDL 1325.7 +++++++ +++++++ +++++++ +++++++ ++++--- 

β-LG f43-55 VEELKPTPEGDLE 1454.7 +++++++ +++++++ +++++++ ++++--- +------ 

β-LG f43-57 VEELKPTPEGDLEIL 1680.9 +++++++ +++++++ +++++++ ------+ +++++++ 

β-LG f43-60 VEELKPTPEGDLEILLQK 2050.1 ----++- ----++- -----+- ------- ------- 

β-LG f45-54 ELKPTPEGDL 1097.6 ++++--- ++++--- ++++--- ++++--- +++---- 

β-LG f46-54 LKPTPEGDL 968.5 ++++--- ++++--- +++---- +++---- +++---- 

β-LG f71-82 IIAEKTKIPAVF 1328.8 -+++--- -+----- ------- ------- ---+--- 

β-LG f74-82 EKTKIPAVF 1031.6 +++++-- +++++-- -++++-- ++++--- ++++--- 

β-LG f82-93 KIDALNENKVL 1255.7 ---+++- ---+++- -----+- ------- ---+++- 

β-LG f82-95 KIDALNENKVLVL 1467.9 -++---- -++---- -++---- ------- -++---- 

β-LG f94-104 VLDTDYKKYLL 1369.8 -++---- +++---- -+----- ------- +------ 

β-LG f96-104 DTDYKKYLL 1157.6 +++++-- +++++-- ++++--- ++++--- ++++--- 

β-LG f96-105 DTDYKKYLLF 1304.7 +++++-- +++++-- ++++--- ++++--- ++++--- 

β-LG f123-138 VRTPEVDDEALEKFDK 1889.9 ----++- ----++- ----++- ----+-- ----++- 

β-LG f125-138 TPEVDDEALEKFDK 1634.8 ---++++ ----+++ ----+++ +++++++ +---+++ 

β-LG f132-146 ALEKFDKALKALPMH 1711.0 ++++--- +++---- ---+--- -+++--- -+++--- 

β-LG f132-149 ALEKFDKALKALPMHIRL 2093.2 +++++++ +++---- ++++--- ++++--- ++++--- 

β-LG f133-149 LEKFDKALKALPMHIRL 2022.2 ++++--- ++++--- ++++--- ++++--- ++++--- 
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β-LG f134-145 EKFDKALKALPM 1389.8 +++---- +++---- ------- -++---- -++---- 

β-LG f134-146 EKFDKALKALPMH 1526.8 ++++--- ++++--- ++++--- ++++--- -+++--- 

β-LG f134-149 EKFDKALKALPMHIRL 1909.1 -++++++ +++++++ +++++++ +++++++ +++++++ 

β-LG f135-149 KFDKALKALPMHIRL 1780.1 -+++--- ++++--- +++---- ++++--- ++++--- 

β-LG f137-149 DKALKALPMHIRL 1504.9 ++++--- ++++--- ++++--- ++++--- ++++--- 

β-LG f140-149 LKALPMHIRL 1190.7 ++++--- +++---- +++---- +++---- +++---- 

β-LG f149-162 LSFNPTQLEEQCHI 1656.8 ----++- ----++- ------- ------- ------- 

β-LG f150-162 SFNPTQLEEQCHI 1544.7 ---+++- ------- ------- ---++-- ---+++- 

 

*NS – gel prepared without shearing; S – shear was applied during gelation. 
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Table 2. Peptides identified originating from α-lactalbumin detected both in WPI solution and 

various structured gels of whey proteins during simulated gastric and intestinal digestion. The 

peptides presence (+) or absence (-) are marked in the sequence of gastric digestion at 0, 10 and 

120 min (in black) and subsequent intestinal digestion at 1 ,2,4 and 120 min (in red).  

Peptide origin Peptide Sequence MW 

WPI 

solution 

WPI gel 

pH 4.6 NS* pH 4.6 S* pH 6.8 NS* pH 6.8 S* 

α-LA f 10-18 RELKDLKGY 1120.6 -++++++ ++++--- +++++-- +++++++ +++++++ 

α-LA f 10-20 RELKDLKGYGG 1234.7 -+----- +++++++ ------- -+----- ------- 

α-LA f 12-18 LKDLKGY 835.5 -+++--- -+++--- ------- ++++--- ++++--- 

α-LA f 19-27 GGVSLPEWV 942.5 ---+-++ +++++++ -----++ +++++-- +------ 

α-LA f 32-40 HTSGYDTQA 978.4 ------- ------- -+++--- -+++++- +++---- 

α-LA f 53-59 FQINNKI 875.5 ------+ ------- -+----- ------- ------- 

α-LA f 80-89 FLDDDLTDDI 1180.5 ------+ +++++++ ------+ ---++-- ------+ 

α-LA f 80-90 FLDDDLTDDIM 1311.6 -----++ ------+ ------+ ----+-- ------+ 

α-LA f 82-90 DDDLTDDIM 1051.4 -----++ ------+ ------+ ----+-- ------+ 

α-LA f 104-123 WLAHKALCSEKLDQWLCEKL 2394.2 -+++--- ++++--- +++---- -+++--- ++++--- 

 

*NS – gel prepared without shearing; S – shear was applied during gelation. 
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Fig. 1. Protein unfolding, network formation and aggregation resulting in different structures of gels formed 

at pH 4.6 and 6.8 with or without shear. Images a, c, e and g are 250 × 250 µm, and images b, d, f and h are 

50 × 50 µm. 
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Fig. 2. Rheological properties of heat set 10% w/v whey protein networks at 20 °C. The gels were prepared 

in the rheometer by heating the protein solutions at pH 4.6 or 6.8 to 90 °C at a heating rate of 5 °C/min. The 

frequency sweeps were carried out after the gels were cooled down to 20 °C. Gels prepared at (A) pH 4.6; 

and (B) pH 6.8. Gels prepared without shear: G' ( ), G'' ( ), tan δ ( ); or with shear: G' (

), G'' ( ), tan δ ( ).  
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Fig. 3. SDS-PAGE of whey protein in solution and structured gels prepared at pH 6.8 or 4.6 with or without 

shear, digested samples drawn at different time during simulated gastric (Lanes/time) and intestinal 

(Lane/time) digestion. Lanes 1 and 13: molecular weight marks; lanes 2: undigested whey protein solution 

or gels; lanes 3-7: digested in simulated gastric fluid, samples taken at 0.5, 1, 4, 10 and 120 min digestion; 

lanes 8-12: proteins digested in simulated gastric fluid for 120 min followed by simulated intestinal 

digestion at 0.5, 2, 4, 15 and 120 min. 
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Fig. 4. RP-HPLC chromatograms of digested whey protein in solution and gel samples, taken at: (a) 10 min 

into the simulated gastric digestion; and (b) 4 min into simulated intestinal digestion following 120 min 

gastric digestion.   
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Fig. 5. Peptides originating from β-lactoglobulin produced during simulated gastric and intestinal 

digestion of whey proteins in solution and variously structured gels. Hydrolysis sites, as predicted 

by PeptideCutter – ExPASy Bioinformatics Resources Portal (Swiss Institute of Bioinformatics, 

http://web.expasy.org/peptide_cutter/), of pepsin ( ), chymotrypsin ( ) and trypsin (↓) marked 

on the primary amino acid sequence of β-lactoglobulin. Blue lines indicate peptides present in WPI 

solution digesta. Red lines indicate peptides present in the digesta of all four structured gel 

samples. Black lines represent peptides found in both WPI solution and structured gels. 
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Fig 6. Peptides originating from α-lactoalbumin produced during simulated gastric and intestinal 

digestion of whey proteins in solution and variously structured gels. Hydrolysis sites, as predicted 

by PeptideCutter – ExPASy Bioinformatics Resources Portal (Swiss Institute of Bioinformatics, 

http://web.expasy.org/peptide_cutter/), of pepsin ( ), chymotrypsin ( ) and trypsin (↓) marked 

on the primary amino acid sequence of α-lactoglobulin. Blue lines indicate peptides present in WPI 

solution digesta. Red lines indicate peptides present in the digesta of all four structured gel 

samples. Black lines represent peptides found in both WPI solution and structured gels. 
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