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Abstract 26 

Heat pre-treated and non heat pre-treated whey protein isolate (WPI) were hydrolysed 27 

using α-chymotrypsin (chymotrypsin), pepsin and trypsin. The in vitro antioxidant activity, ACE-28 

inhibition activity and surface hydrophobicities of the hydrolysates were measured in order to 29 

determine if peptides with dual functionalities were present. Dual functional peptides have both 30 

biological (e.g. antioxidant, ACE-inhibition, opioid activities) and technological (e.g. 31 

nanoemulsification abilities) functions in food systems. Heat pre-treatment marginally enhanced 32 

the hydrolysis of WPI by pepsin and trypsin but had no effect on WPI hydrolysis with 33 

chymotrypsin. With the exception of the hydrolysis by trypsin, heat pre-treatment did not affect 34 

the peptide profile of the hydrolysates as analysed using size exclusion chromatography, or the 35 

antioxidant activity (P > 0.05). Heat pre-treatment significantly affected the ACE-inhibition 36 

activities and the surface hydrophobicities of the hydrolysates (P < 0.05), which was a function 37 

of the specificity of the hydrolysing enzyme. Extended hydrolysis (up to 24 hours) had no 38 

significant effect on the DH and the molecular weight profiles (P > 0.05) but in some instances 39 

caused a reduction in the antioxidant activity of WPI hydrolysates. The chymotrypsin hydrolysate 40 

showed a broad MW size range, and was followed by pepsin and then trypsin. The bioactivities 41 

of the hydrolysates generally decreased in the order; chymotrypsin > trypsin > pepsin. This study 42 

showed that by manipulating protein conformation with pre-hydrolysis heat treatment, combined 43 

with careful enzyme selection, peptides with dual functionalities can be produced from WPI for 44 

use as functional ingredients in the manufacture of functional foods. 45 

 46 

Keywords: Bioactive peptides; whey protein isolate hydrolysates; free radical scavenging 47 

activity (FRSA); oxygen radical absorbance capacity (ORAC); surface hydrophobicity; dual 48 

functional peptides 49 

 50 
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Highlights 51 

 Heat pre-treatment affected the conformation of whey protein isolate (WPI) and impacted 52 

on its hydrolysis by enzymes. 53 

 Heat pre-treatment of WPI enhanced hydrolysis by pepsin and trypsin but not by α-54 

chymotrypsin. 55 

 Antioxidant, ACE inhibition activity and surface hydrophobicity were affected by a 56 

combination of pre-hydrolysis heat pre-treatment and enzyme type. 57 

 Hydrolysis of WPI reduce the surface hydrophobicities of the hydrolysates compared to 58 

the unhydrolysed WPI 59 

 Chymotrypsin hydrolysates generally showed higher antioxidant and ACE-inhibition 60 

activities than trypsin and pepsin hydrolysates. 61 

 62 

 63 



4 

1. Introduction 64 

Peptides from milk protein sources are known to have antioxidant activity and ACE 65 

inhibitory activity that help protect the human body against negative effects of free radicals and 66 

to maintain a normal blood pressure, respectively (Korhonen & Pihlanto, 2006). The potential of 67 

these peptides in human nutrition management is increasingly being acknowledged (Lee, Skurk, 68 

Hennig, & Hauner, 2007). These peptides have simple structures, and are considered safe and 69 

healthy compounds which are easily absorbed by the human body (Li, Le, Shi, & Shrestha, 70 

2004). 71 

Enzymatic hydrolysis of food proteins produces peptides, including antioxidative and 72 

ACE-inhibitory peptides (Korhonen & Pihlanto, 2006). Enzymatic hydrolysis has also proven to 73 

be the most promising method of producing bioactive peptides from proteins, and in many 74 

instances, has been shown to enhance the bioactivity of intact proteins (Pihlanto, 2006). Since 75 

enzymes are usually highly specific in their mode of action, careful enzyme selection means they 76 

can be used to produce hydrolysates suitable for different food applications. Peptide bioactivity is 77 

largely dependent on the specificity of the enzyme used, the protein source and any treatment 78 

prior to hydrolysis that modifies the native protein structure (e.g. heat treatment) (Gauthier & 79 

Pouliot, 2003). 80 

Heat pre-treatment of proteins prior to enzymatic hydrolysis results in intra- and inter-81 

molecular disulphide interchanges and possible protein conformational changes (Lee, Morr, & 82 

Ha, 1992), which will partly dictate the nature of peptides released during hydrolysis, and hence 83 

their resultant functionalities. Heat may also induce non-specific peptide bond cleavage and 84 

enhance the hydrolysis of some globular proteins, such as β-lactoglobulin (Cheison, Schmitt, 85 

Leeb, Letzel, & Kulozik, 2010). The effect of heat pre-treatment on the structural-technological 86 

functionalities of milk proteins and their peptides have been extensively addressed over the past 87 

decades (Dissanayake & Vasiljevic, 2009; Lee, et al., 1992), whereas the influence of heat pre-88 

treatment on the biological functionalities of milk proteins have received limited attention. Heat 89 
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pre-treatment prior to hydrolysis could therefore be used to alter the proportions of different 90 

multifunctional peptides generated during enzymatic hydrolysis of milk proteins. 91 

Whey proteins constitute about 20 % of the total proteins in milk. With approximately 86 92 

million tonnes produced per year as by products from cheese manufacture, they are readily 93 

available, have a high nutritional value owing to a relatively high content of essential amino acids 94 

(Custódio, Goulart, Marques, Giordano, Giordano, & Monti, 2009), and are easily digested by 95 

gastrointestinal enzymes such as chymotrypsin, pepsin and trypsin. The structural and 96 

technological functionalities of whey proteins have been extensively studied and well 97 

characterised, and have consequently been used as a primary substrate for the generation of 98 

multifunctional food peptides in the food industry (Madureira, Tavares, Gomes, Pintado, & 99 

Malcata, 2010). Whey proteins have also been shown to contain various bioactive peptides e.g. 100 

antihypertensive, antithrombotic, opiate peptides (Lourenco Da Costa, Antonio Da Rocha 101 

Gontijo, & Netto, 2007; Madureira, et al., 2010; Pihlanto-Leppälä, Koskinen, Piilola, Tupasela, & 102 

Korhonen, 2000). These peptides can be released during in vivo digestion with enzymes such as 103 

chymotrypsin, pepsin and trypsin as well as in vitro enzymatic hydrolysis, and once they are 104 

released, they may act as regulatory compounds with hormone-like effects (Korhonen & Pihlanto, 105 

2006). In vitro digestion offers high controllability over the hydrolysis process and hence can be 106 

optimised in order to generate multifunctional peptides for possible inclusion in the manufacture 107 

of functional foods. 108 

With the growing interest in functional bioactive ingredients from food protein 109 

hydrolysates sources, it is necessary to identify peptides that have technological functions in food 110 

systems (e.g. nanoemulsification abilities) and also have biological function when consumed (e.g. 111 

antioxidant, ACE-inhibition, opioid activities). These peptides may be capable of stabilising 112 

nanoemulsions due to the particularly small droplet sizes of this category of emulsions. Thus, in 113 

addition to their bioactivities, the emulsifying potentials of these peptides could be exploited in 114 

food nanoemulsion systems. 115 
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The objective of this work was to generate peptides from WPI that would have their 116 

functionality assessed to determine their potential use as dual functional ingredients in food 117 

nanoemulsion systems. In this paper, the effect of hydrolysis conditions (heat pre-treatment 118 

enzyme specificity, time) on peptide formation (shown by the degree of hydrolysis) is discussed. 119 

The peptides generated were assayed to determine their potential as dual functional ingredients 120 

with both technological (molecular weight by size exclusion chromatography [SEC] and surface 121 

hydrophobicity and as indicators of emulsifying potential) and biological (antioxidant and ACE-122 

inhibitory properties) functionality. In addition to obtaining peptides potentially similar to those 123 

from in vivo action in the gut, this study is aimed at generating both biologically and 124 

technologically dual functional peptides for inclusion as functional ingredients in functional food 125 

manufacture. 126 

 127 

2. Materials and methods 128 

2.1. Materials 129 

Whey protein isolate (WPI) was purchased from MyoPure Pty Ltd., (Petersham, 130 

Australia). The digestion enzymes (chymotrypsin, pepsin and trypsin), 2,2’-azinobis-(3-131 

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 6-hydroxy-2,5,7,8-132 

tetramethylchroman-2- acid (Trolox), o-phthaldialdehyde (OPA), dithiothreitol (DTT), bovine 133 

serum albumin, ovalbumin, β-lactoglobulin A, cytochome C and cytidine were purchased from 134 

Sigma-Aldrich (Sydney, Australia). Fluorescein (FL) and 2,2’-azobis(2-methylpropionamidine) 135 

dihydrochloride (AAPH) were obtained from Merck Pty Ltd (Melbourne, Australia). All other 136 

chemicals were of reagent grade. 137 

 138 

2.2. Preparation of heat pre-treated WPI 139 

WPI at a concentration of 5% (w/v) was heated at 80°C for 15 minutes in deionised water. 140 

After heating, the suspension was allowed to cool down to room temperature and concentrated by 141 
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rotary evaporation (Rotavapor R-210 fitted with a vacuum controller V-850, Buchi Labortechnik, 142 

Flawil, Switzerland) at 37°C. The concentrates were freeze dried, homogenised using a blender 143 

and then stored at -20°C for further analyses. 144 

 145 

2.3. Enzymatic hydrolysis 146 

WPI hydrolysates were prepared by suspending either the heat pre-treated or non heat pre-147 

treated WPI in 10 mM phosphate buffer, pH 7, at a concentration of 5% (w/v). The suspension 148 

was then stirred and allowed to hydrate and equilibrate to the working temperature (37 
o
C) for 30 149 

minutes. The suspensions were then adjusted to enzymes working pH (pH 2.6 for pepsin and 7.8 150 

for chymotrypsin and trypsin) with either 2 M HCl or NaOH, respectively. Enzymes were then 151 

added at an enzyme: substrate ratio of 1:40 with pH monitoring. The system was stirred 152 

throughout the hydrolysis process to avoid sedimentation especially with the heat pre-treated 153 

samples. The pH was maintained at the working pH values with 2.0 M HCl (pepsin) or NaOH 154 

(chymotrypsin and trypsin) for the first 12 hours and left overnight for the 24-hour hydrolysis. 155 

After the hydrolysis, the pH was adjusted to neutrality with 2.0 M NaOH or 2.0 M HCl 156 

accordingly. The hydrolysates were then heated at 90°C for 15 minutes to inactivate the enzymes. 157 

The suspensions were allowed to cool down to ambient temperature and then freeze dried or kept 158 

at -20°C for further analyses. The degree of hydrolysis (DH) was determined by the OPA method 159 

as described by Nielsen, Petersen, & Dambmann, (2001) 160 

 161 

2.4. Size exclusion chromatography 162 

Molecular weight (MW) distribution of hydrolysates was analysed by gel filtration 163 

chromatography under isocratic conditions using a Shodex Protein KW-802.5 column (8.0 mm x 164 

300 mm) fitted with a Protein-Pak 125 Sentry Guard Column (Waters Pty, Sydney, Australia) on 165 

an HPLC system. Hydrolysates were dissolved in phosphate buffer saline (50 mM 166 

Na2HPO4/NaH2PO4 and 150 mM Na2SO4, pH 7.0) to prepare a 1 mg/mL solution and filtered 167 
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through 0.22 µm syringe filter with 100 µL being injected into the column. Elution was at room 168 

temperature, 0.8 mL/min flow rate and peak absorbance was monitored at 214 nm. Each sample 169 

was run in triplicate. Bovine serum albumin (66.0 kDa), ovalbumin (44.3 kDa), β-lactoglobulin A 170 

(18.3 kDa), cytochome C (12.4 kDa) and cytidine (0.243 kDa) were run as standards. The 171 

percentage abundance (area under peak) of the determined molecular weight was obtained from 172 

the HPLC software (Varian STAR chromatography workstation version 6.41, Varian Inc, 173 

Victoria, Australia). 174 

 175 

2.5. Biological activities 176 

2.5.1. Antioxidant activity 177 

2.5.1.1. Free radical scavenging activity (FRSA) 178 

The free radical scavenging activity was carried out using the ABTS decolourising assay 179 

according to the method by Re, Pellegrini, Proteggente, Pannala, Yang, & Rice-Evans, (1999). 180 

Briefly, ABTS (7 mM) and potassium persulphate (2.45 mM) were reacted together in 100 mM 181 

phosphate buffer saline (PBS, pH 7.4) to generate ABTS
•+

. The reaction solution was kept at the 182 

dark for up to 14 hours before use. Before each determination, the free radical mixture was 183 

diluted with the working buffer to an absorbance of 0.7 ± 0.02 at 734 nm. The reaction mixture 184 

(1.7 mL) contained 1.5 mL ABTS
•+

 and 2.0 mL of hydrolysates solution (100 – 500 mg/L) or 185 

trolox (50 – 250 µM). The mixture was then shaken vigorously for 30 seconds, incubated at 30°C 186 

for 6 mins, and the final absorbance was read at 734 nm. Each sample was run in triplicate and 187 

PBS was run as blank. The percentage inhibition of the blank corrected absorbance was 188 

computed for each sample and trolox at the varying concentrations according to the formula 189 

below: 190 

1
Absorbance

AbsorbanceAbsorbance
Inhibition%

0)(t

6)(t0)(t
 191 

 192 
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where Absorbance t = 0 is absorbance of ABTS
•+ 

before addition of antioxidant (0.7 ± 0.02) and 193 

Absorbance t = 6 is absorbance after 6 minutes incubation period. The final antioxidant activity 194 

was expressed in trolox equivalent (µmol TE/mg protein sample) by dividing the slope of the 195 

linear regression fit of % inhibition versus concentration of the hydrolysates by that of the trolox 196 

standard regression fit according to the formula: 197 

2
L)μmol(standardtroloxforSlope

L)mg(sampleeachforSlope
activitytAntioxidan

1

1

 198 

 199 

2.5.1.2. Oxygen radical absorbance capacity (ORAC) 200 

ORAC assay was performed according to the method by Hernández-Ledesma, Davalos, 201 

Bartolome, & Amigo, (2005), with slight modifications. Briefly, the final assay mixture (200 µL) 202 

contained 150 µL of 70 nM fluorescein (FL), 25 µL antioxidant [trolox (6.25 – 50 µM) as a 203 

standard or sample (3.125 – 50 mg/L)] and 25 µL of 36 mM AAPH in 75 mM phosphate buffer 204 

(pH 7.4). Fluorescence data (excitation = 485 nm, emission = 520 nm) were collected using a 205 

FLUOstar Omega plate reader (BMG, GmbH, Offenburg, Germany) over 120 minutes at 206 

physiological temperature. The plate reader was equipped with two reagent injectors, an 207 

incubator (60 
o
C) and top and bottom optics readers. Injector 1 was programmed to dispense 150 208 

µL of FL during the second cycle and injector 2 dispensed 25 µL of AAPH during the fourth 209 

cycle. Prior to the first injection, the microplate with the antioxidants were incubated at the 210 

working temperature (37 
o
C) for 20 minutes. All reaction mixtures were prepared in duplicate and 211 

at least three independent runs were performed for each sample. Fluorescence measurements 212 

obtained using the bottom optics, were exported to Microsoft Excel for further analysis. The area 213 

under the fluorescence decay curve (AUC) was calculated according to: 214 

3
f

f
1AUC

120i

4i 4

i
 215 

where fi = fluorescence reading at time i and f4 = initial reading after addition of AAPH. The net 216 
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AUC was calculated according to:   217 

4AUCAUCAUCNet (blank)nt)(antioxida
 218 

 The linear regression fit between the net AUC and the antioxidant concentration was obtained 219 

for each sample. The ORAC value (µmol TE/mg protein sample) was calculated by dividing the 220 

slope of the linear regression fit of each sample by the slope of the trolox linear regression fit for 221 

the same assay according to equation 2. 222 

 223 

2.5.2. ACE-Inhibition activity 224 

The ACE-inhibition activity was as described by Shalaby, Zakora, & Otte, (2006) and 225 

involved taking, 10 μL of ACE solution (0.25 units/mL in deionised water) and 30 μL of 226 

hydrolysate solution (0.625 – 10 mg/mL in 50 mM Tris-HCl buffer, pH 7.5, containing 300 mM 227 

NaCl) and placed separately in each well of a 96 well microtiter plate. Prior to the analysis, the 228 

hydrolysate solutions were centrifuged at 5500 g for 5 minutes to remove particulate matter. The 229 

plates were incubated at 37 
o
C for 5 minutes in a microplate reader (FLUOstar Omega plate 230 

reader; BMG, GmbH, Offenburg, Germany), and after incubation, the plate reader was 231 

programmed to dispense 150 μL of FAPGG (0.88 mM in the same buffer) into each well after the 232 

first cycle. The control solution was a 30 μL of the Tris-HCl buffer and was included in each 233 

batch. All analyses were performed in duplicate with each replicate analysed in two independent 234 

runs made for each sample. The decay in the absorbance at 340 nm due to the degradation of 235 

FAPGG by ACE and the inhibitory properties of the hydrolysates were monitored for 50 minutes. 236 

The ACE activity was expressed as the slope of the decrease in the absorbance at 340 nm (∆A) 237 

over a linear interval from the 10
th

 to the 35
th

. Within this time interval, absorbance signals were 238 

stable with little indications of signal drifting. The ACE-inhibition activity (%) of the WPI 239 

hydrolysates was calculated as: 240 

5100
ΔA

ΔA
1inhibitionACE%

(control)

)(inhibitor
 241 
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 242 

where ∆A(inhibitor) and ∆A(control) are the slopes of the samples with hydrolysate and of the control, 243 

respectively. 244 

 245 

2.6. Surface hydrophobicity (So) 246 

The surface hydrophobicity was performed as reported by Alizadeh-Pasdar & Li-Chan, 247 

(2000) and used the anionic fluorescence probe 1-anililo-naphthalene-8-sulfonate (ANS). The 248 

protein concentration ranged from 0.005 to 0.025 % (g/mL) in 10 mM phosphate buffer (pH 7), 249 

while the ANS concentration was maintained at 8 mM. The excitation wavelength was 390 nm 250 

while the emission wavelength was set at 470 nm. The relative fluorescence intensity (RFI) was 251 

measure using a Cary Eclipse Fluorescence Spectrophometer (Varian, Inc, Victoria, Australia). 252 

The So was determined from the initial slope of the linear regression analysis of the plot of RFI 253 

against protein concentration (%). Each sample was run in triplicate. 254 

 255 

2.7. Statistical analysis 256 

The entire study was done in duplicates or triplicate and statistical analysis was performed 257 

using a one-way ANOVA. The relationship between the three experimental factors was tested 258 

using Fisher’s least significant difference (LSD) test. Multiple range comparison tests were 259 

further used to determine whether sample means were statistically different and a t-test was used 260 

to determine statistically significant difference among two groups (P < 0.05). ANOVA and t-tests 261 

were obtained using Statgraphics
®
 Centurion XVI (StatPoint Technologies, Inc. Warrenton, VA, 262 

USA). 263 

 264 

3. Results and discussion 265 

3.1. Degree of hydrolysis 266 

The number of peptide bonds cleaved is quantified as the DH. The DH increased with 267 



12 

hydrolysis time and the maximum DH reached for all samples ranged from 11.8 ± 0.2% to 14.1 ± 268 

1.7% (Figure 1). With the exception of chymotrypsin, heat pre-treatment marginally increased the 269 

DH for all enzymes. The order of DH for the heat pre-treated WPI was pepsin > trypsin > 270 

chymotrypsin for the 12-hour hydrolysis and pepsin > chymotrypsin > trypsin for the 24-hour 271 

hydrolysis. For the non heat pre-treated WPI, the DH order was chymotrypsin > pepsin > trypsin 272 

and was independent of hydrolysis time. Hydrolysates resulting from the three enzymes showed 273 

no significant difference in DH within the same pre-treatment condition and hydrolysis time (P > 274 

0.05) and likewise, no significant difference was shown between the 12- and 24-hour hydrolysis 275 

time for the same pre-treatment condition and enzyme type (P > 0.05). While the DH was 276 

consistently higher in heat pre-treated samples for the peptic and tryptic digests (Figure 1), there 277 

was no statistically significant difference (P > 0.05). 278 

Normally, different enzymes will hydrolyse proteins to different degrees due to the high 279 

enzyme-peptide bond specificity. Both chymotrypsin and trypsin are alkaline endoproteases 280 

hydrolysing peptide bonds at the C-terminus of aromatic amino acids (tryptophan, tyrosine, and 281 

phenylalanine) and at the C-terminus of arginine and lysine residues respectively. Pepsin on the 282 

other hand, is an acidic endoprotease hydrolysing peptide bonds at the N-terminus of aromatic 283 

and hydrophobic amino acids. The relatively high DH with pepsinolysis in the heat pre-treated 284 

WPI can be partly attributed to conformational changes in the WPI with heat pre-treatment as 285 

well as structural changes resulting from the working pH of 2.6. Pihlanto-Leppälä, et al., (2000), 286 

reported a similar trend, where heat pre-treated β-lactoglobulin was easily hydrolysed by pepsin 287 

and had a high DH compared to a non heat pre-treated sample. Conformational changes due to 288 

heat denaturation can result in a re-orientation of the peptide bonds and the exposure of 289 

previously hindered cleavage sites. These structural changes can lead to improved hydrolytic 290 

cleavage or the masking of certain previously exposed sites to enzymatic action, as evidenced in 291 

the chymotrypsin hydrolysis in this study. 292 

The low DH obtained after 24 hours of hydrolysis may be due to the globular nature of 293 
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whey proteins, which can limit enzymatic interactions. Peng, Xiong, & Kong, (2009) obtained a 294 

DH of about 35.0% for WPI treated with Alcalase after 5 hours of hydrolysis. The DH is high 295 

compared to the present study, possibly due to the broad specificity of Alcalase (a non-specific 296 

protease, though favouring aromatic or acidic amino acids) compared to that of the digestive 297 

enzymes used in this study. Additionally, the differences in the DH between the two studies may 298 

be due to the method used to obtain the DH. Peng, et al., (2009) used the pH stat method in their 299 

study which has been shown to give higher values for DH compared to the OPA method that was 300 

used in this study (Spellman, Mcevoy, O'Cuinn, & Fitzgerald, 2003), especially in cysteine rich 301 

proteins like WPI. This was attributed to cysteine and OPA forming isoindole, which is unstable 302 

and tends to underestimate the DH. The DH results presented here are comparable to those of 303 

(Cheison, et al., 2010), where a DH of only 9.0% was obtained after hydrolysis of β-lg by trypsin 304 

for 26 hours. In part, they attributed the low DH to the globular nature of the whey protein which 305 

makes it difficult for high DHs to be obtained. 306 

 307 

3.2. Peptide profile and molecular weight (MW) distribution 308 

Figure 2 shows the chromatograms (peptide profile) of WPI hydrolysates detected at 214 309 

nm and the molecular weight of the peptides observed after gel filtration chromatography is 310 

shown in Table 1. Generally, hydrolysis time had no observable effect on the peptide profile for 311 

the same enzyme, though there were differences in the peptide profiles between enzymes at the 312 

same hydrolysis time. While heat pre-treatment changed the observed profile for the trypsin 313 

hydrolysates, no difference was apparent for the chymotrypsin and pepsin hydrolysates. The 314 

peptide profile highlights the effect of enzyme type (specificity), indicating that there are 315 

differences in the characteristic peptide fragments produced during hydrolysis. Although there 316 

was no observable differences in the size exclusion chromatograms between the heat pre-treated 317 

and non heat pre-treated samples for the chymotrypsin and pepsin hydrolysates, this does not rule 318 

out possible differences in the composition of the peptides and hence, their characteristic 319 



14 

functionalities (Lourenco da Costa, et al., 2007). 320 

Only two peaks were detected in the chymotrypsin hydrolysates (Table 1). Chymotrypsin 321 

hydrolysis of non heat pre-treated WPI tended to produce smaller MW peptides (41%) compared 322 

to the heat pre-treated WPI (36%), which is consistent with the DH values obtained in the 323 

previous section. The DH of non heat pre-treated WPI was higher but not significant (P > 0.05) 324 

compared to the heat pre-treated WPI for both the 12 and 24 hours of hydrolysis. The consistent 325 

results obtained by the size exclusion chromatography and DH method indicate that heat pre-326 

treatment does affect the hydrolysis pattern and hence the size and relative proportions of 327 

peptides formed. 328 

The chromatogram for the peptic digest showed only a single peak which accounted for 329 

over 78% of the total chromatogram (Table 1). There was a striking effect of hydrolysis time 330 

when the 12- and 24-hour non heat pre-treated samples were examined. At 12 hours the only 331 

peak detected accounted for 93% of the chromatogram, while at 24 hours the only peak 332 

accounted for 78%. This may be due to extended hydrolysis (24 hours) degrading peptides to 333 

form more tripeptides, dipeptides and free amino acids which probably were not detected. Also, 334 

the heat pre-treated WPI hydrolysates had higher DHs compared to the non heat pre-treated WPI 335 

hydrolysates at both hydrolysis times (Figure 1). Heat pre-treatment enhanced pepsinolysis of 336 

WPI and as a result, may influence the characteristic nature of peptides released during enzymatic 337 

hydrolysis of food proteins. 338 

The major fraction detected for the tryptic hydrolysates accounted for over 80% of the 339 

whole chromatogram. The influence of heat pre-treatment was demonstrated by the 214 nm 340 

absorbance data, with two separate peaks for the non heat pre-treated sample (Table 1). For the 341 

non heat pre-treated WPI, an additional peak with MW between 560 and 850 kDa was observed 342 

on the chromatogram which was absent in the heat pre-treated WPI (Figure 3). This peak was 343 

absent in the other hydrolysates and was not detected in the native WPI profiles (Figures 3 A and 344 

B). Although the percentage abundance was relatively small (5 – 6%), its presence is considered 345 
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important. Since trypsin hydrolyses arginine and lysine residues and these amino acids usually lie 346 

on the outer surface of a typical disordered polypeptide chain, residues buried in the rigid 347 

structures of globular proteins such as WPI may not be accessible to tryptic attack (Agboola & 348 

Dalgleish, 1996). Heat pre-treatment may have resulted in the unfolding of the globular structure 349 

allowing additional hydrolysis to occur. Additionally, the presence of this chromatographic peak 350 

may be due to aggregates of immunoglobulins (“pentamers”), serum albumins and hydrolysed 351 

peptides which may have formed through hydrophobic interactions, during the post-hydrolysis 352 

heat treatment to inactivate the enzyme (Peña-Ramos, Xiong, & Arteaga, 2004). The MW 353 

distributions of the all hydrolysates were however, consistent with that reported by Lourenco da 354 

Costa, et al., (2007), Peng, et al., (2009) and Pihlanto-Leppälä, et al., (2000). 355 

Another peak common to both the tryptic digests (3 – 5%) may have resulted from 356 

undegraded α-lactalbumin, β-lactoglobulin or bovine serum albumin which were absent in the 357 

chymotrypsin and pepsin digests. This suggests that most of the bonds available for enzymatic 358 

action were those formed by the aromatic amino acids tyrosine, tryptophan and phenylalanine 359 

because they are the specific bonds targeted for hydrolysis by chymotrypsin and pepsin. Thus, 360 

enzymatic hydrolysis may not only cleave peptide bonds, but could also result in the unmasking 361 

of certain concealed peptide sequences in the native structure of globular proteins. 362 

 363 

3.3. Biological activities of WPI hydrolysates 364 

3.3.1 Antioxidant activities 365 

3.3.1.1 Free Radical Scavenging Activity (FRSA) 366 

The FRSA of the hydrolysates measured as the trolox equivalence is shown in Table 2. 367 

No statistically significant differences were found in the antioxidant activities between 368 

hydrolysates due to pre-treatment, enzyme type and hydrolysis time (P > 0.05). The 12-hour 369 

hydrolysates from heat pre-treated WPI had higher scavenging abilities on ABTS
•+

 compared to 370 

the 24-hour hydrolysates for all enzyme types. The same trend was observed for the non heat pre-371 
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treated samples except for the chymotrypsin hydrolysates. While the 24-hour non heat pre-treated 372 

chymotrypsin hydrolysates showed a higher absolute FRSA value, the difference between heat 373 

pre-treated and non heat pre-treated samples was not significant (P > 0.05). All of the enzyme 374 

treated samples however, had significantly higher FRSA values than the unhydrolysed WPI (P < 375 

0.05). This indicates that hydrolysis is essential for the liberation of antioxidant peptides. 376 

 377 

3.3.1.2. Oxygen Radical Absorbance Capacity (ORAC) 378 

The ORAC values of the hydrolysates are as shown in Table 3. Analysis of variance 379 

indicated significant differences between sample means (P < 0.05) for the different enzyme 380 

types, pre-treatment condition and hydrolysis times. Multiple range comparison tests or the t-test 381 

indicated significant differences were primarily dictated by the pre-treatment condition and the 382 

type of enzyme used (Table 3). Furthermore, with the exception of the tryptic hydrolysates of non 383 

heat pre-treated WPI (P < 0.05), hydrolysis time had no significant effect on the antioxidant 384 

activity for the other five hydrolysates (P > 0.05). The ORAC values varied from 0.71 to 0.80 385 

(heat pre-treated) and 0.62 to 0.81 (non heat pre-treated) for both hydrolysis times. Based on the 386 

ORAC values, the three enzymes tested were ranked chymotrypsin > trypsin > pepsin (12-hour 387 

hydrolysis) and trypsin > chymotrypsin > pepsin (24-hour hydrolysis), irrespective of pre-388 

treatment condition. 389 

The ORAC values obtained in this work were larger than that of an Alcalase-hydrolysed 390 

crude egg hydrolysates (0.463µmol TE/mg protein) reported by You, Udenigwe, Aluko, & Wu, 391 

(2010), but compares with that reported by Hernández-Ledesma, et al., (2005), especially for the 392 

peptic and tryptic hydrolysates but not for the chymotryptic hydrolysates. This may be explained 393 

by the fact that their work used α-lactalbumin and β-lactoglobulin whereas the work reported here 394 

used WPI. Consequently, the heterogeneous mixture of proteins in WPI (α-lactalbumin, β-395 

lactoglobulin, bovine serum albumin and immunoglobulin) may affect the hydrolysis process and 396 

hence the nature of the peptides released. However, unlike the FRSA (ABTS), the 24-hour 397 



17 

hydrolysates showed consistently higher ORAC values compared to the 12-hour hydrolysates 398 

with the exception of the chymotryptic hydrolysates. The ORAC and the FRSA values for the 399 

chymotryptic hydrolysates suggests that, prolonged hydrolysis may not be suitable for generating 400 

antioxidant peptides from chymotrypsin hydrolysis of heat pre-treated WPI, since prolonged 401 

hydrolysis may generate high proportions of free amino acids. At very high concentrations, these 402 

free amino acids can negatively affect the antioxidant activity by acting as prooxidants which 403 

may decrease the observed activity (Pihlanto, 2006). 404 

In general, peptic hydrolysates of WPI were less effective in scavenging peroxyl radicals 405 

(ORAC) compared to the ABTS
•+

 free radicals (FRSA). Differences in antioxidant activity 406 

between assays are expected due to differences in the reaction mechanisms being measured, the 407 

variations in experimental techniques with respect to each antioxidant assay and the heterogeneity 408 

of the products of enzymatic hydrolysis. All hydrolysates in this work showed dose-dependency 409 

with the FRSA and ORAC assay which suggested that the reaction kinetics may not follow a 1:1 410 

stoichiometry. Instead, reactions showed variable ratio stoichiometry which may be highly dose-411 

dependent with respect to a particular antioxidant hydrolysate. Working over a concentration 412 

range of substrate antioxidant (WPI hydrolysates) to compute the net antioxidant activity will 413 

therefore be more accurate than the single concentration-point reading method. 414 

While the magnitude of the antioxidant activities of hydrolysates differed in FRSA and 415 

ORAC assays, the FRSA and ORAC values were positively correlated (R
2 

= 0.72 to 0.99) for all 416 

hydrolysates, with lower correlations for unhydrolysed WPI samples (R
2 

= 0.56) (Table 4). The 417 

relatively high correlation between the two methods suggests that, although their reaction 418 

pathways were different, the results complemented each other when it came to assessing the 419 

antioxidant activities of proteins and their hydrolysates, and may also provide some insight into 420 

their mechanisms of action. The low R
2
 observed for the unhydrolysed WPI samples was 421 

probably due to the lower sensitivity of the unhydrolysed WPI samples towards the FRSA and 422 

the ORAC assays. Dudonné, Vitrac, Coutière, Woillez, & Mérillon, (2009) found correlations of 423 
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between 0.62 and 0.85 for a variety of assays, including ORAC, FRSA (ABTS
•+

), superoxide 424 

dismutase (SOD), ferric reducing antioxidant potential (FRAP) and 2,2-diphenyl-1-425 

picrylhydrazyl (DPPH), which is consistent with the results reported in the current study. 426 

Hydrolysis time had no significant effect on the DH or the size exclusion profiles for the 427 

hydrolysates, irrespective of the pre-treatment condition and enzyme type used. Furthermore, 428 

Singh & Dalgleish, (1998) reported that extensive hydrolysis (24 hours) is detrimental to other 429 

functional properties of proteins (e.g. their emulsifying properties). As this study was aimed at 430 

generating dual functional peptides (i.e. exhibiting both biological and technological 431 

[nanoemulsification] properties) high proportions of free amino acids and oligopeptides peptides 432 

may not be desirable for their emulsification abilities. It was apparent from the antioxidant 433 

activity data that extensive hydrolysis (24 hours) did not improve the antioxidant activity, but in 434 

most cases, reduced the antioxidative potentials of the hydrolysates (Tables 2 & 3). Subsequent 435 

analyses for ACE-inhibition activity and surface hydrophobicity were therefore limited to 12 hour 436 

hydrolysates. 437 

 438 

3.3.2. ACE-inhibition activity 439 

The ACE-inhibition activity was expressed as the IC50 value (i.e. the concentration of 440 

hydrolysate required to inhibit the activity of the ACE enzyme by 50 %), is as shown in Figure 3. 441 

Based on the IC50 values, hydrolysates from the three enzymes tested were ranked chymotrypsin 442 

> trypsin > pepsin for the non heat pre-treated WPI (P < 0.05) and chymotrypsin > pepsin > 443 

trypsin for the heat pre-treated WPI (P < 0.05). Heat pre-treatment marginally enhanced the 444 

ACE-inhibition activity of the tryptic hydrolysates but not for the chymotryptic hydrolysates. The 445 

heat pre-treated peptic digest was about 50% more potent (IC50 = 515 μg/mL; P < 0.05) 446 

compared to the non heat pre-treated digest (IC50 = 1031 μg/mL). This indicated that in addition 447 

to enhancing their hydrolysis, heat pre-treatment of WPI prior to its hydrolysis with pepsin is 448 

vital to their ACE-inhibitory properties. 449 
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Chymotrypsin hydrolysates of WPI showed the lowest IC50 value amongst the three 450 

enzymes irrespective of the pre-treatment condition used, indicating they have potential as dual 451 

functional peptides in the food industry (Tables 2 & 3). Structure-activity studies have identified 452 

the contributions of hydrophobic amino acids (e.g. tryptophan, tyrosine, phenylalanine or proline) 453 

at the C-terminal to the ACE inhibition properties of peptides (Li, et al., 2004). The exposure of 454 

these aromatic hydrophobic amino acids at the C-terminal during the chymotrypsin hydrolysis of 455 

WPI may have contributed to their high inhibitory properties compared to the other hydrolysates. 456 

These C-terminal aromatic and hydrophobic residues is believed to influence the binding of the 457 

inhibitior to the S1, S1,’ and S2’ active site of ACE (Li et al., 2004). Lourenco da Costa, et al., 458 

(2007), also reported the highest inhibitory activity by chymotrypsin hydrolysates of WPI 459 

compared to that obtained by other enzymes, such as Alcalase and Protamex. 460 

The greater inhibitory activity of the peptic digest of heat pre-treated WPI compared to 461 

the non-heat pre-treated WPI may be attributed to changes in the conformation of bioactive 462 

peptides during heat pre-treatment (Lopez-Fandino, Otte, & Van Camp, 2006). Heat pre-463 

treatment may have resulted in the exposure of more hydrophobic peptide as well as amino acids 464 

which have been shown to contribute to the ACE-inhibitory activities of peptides (Li et al., 2004; 465 

Lourenco da Costa, et al., 2007). In addition, the presence of the aliphatic/basic amino acids 466 

lysine and arginine (target amino acids for trypsin) at the C-terminal has also been implicated in 467 

the ACE-inhibitory potency of peptide fractions (Lopez-Fandino, et al., 2006). Rao, Ju, Sun, Su, 468 

Xu, & Yang, (2011) indicated that the proportion of hydrophobic and basic amino acids residues 469 

in the hydrolysates and their sequence in the peptide play a major role in their ACE-inhibitory 470 

properties. The IC50 values reported in this work compared favourably with values previously 471 

reported by Lourenco da Costa, et al., (2007), Pihlanto-Leppälä, et al., (2000) and Shalaby et al., 472 

(2006). 473 

Similarly, as the antioxidant activities of the crude WPI hydrolysates resulted from the 474 

actions of several peptides components, ACE-inhibition activity resulted from the synergistic 475 
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effects of several peptides making up the crude hydrolysates. Moreover, due to the fact that there 476 

are different conformational requirements for the catalytic sites of ACE (Lopez-Fandino, et al., 477 

2006) and coupled with the heterogeneity of the products of enzymatic hydrolysates, there exist a 478 

diverse range of potential peptides with varied conformational characteristics that can inhibit the 479 

activities of the ACE enzyme. These diverse peptides have, however, been reviewed by several 480 

authors (Korhonen & Pihlanto, 2006; Lopez-Fandino, et al., 2006). The unhydrolysed WPI (heat 481 

pre-treated and non heat pre-treated) in this work only showed any ACE-inhibitory activity when 482 

used at approximately 10 fold the concentration of the hydrolysates, however, their IC50 values 483 

could not be determined. Rao, et al., (2011), have also reported no ACE-inhibitory activity for an 484 

undigested hen egg white lysozyme, therefore underpinning the importance of hydrolysis in order 485 

to exploit the bioactive properties of WPI. 486 

 487 

3.4. Surface hydrophobicity (So) 488 

The So values ranged from 451.7 to 809.3 and 384.5 to 888.0 for the non heat pre-treated 489 

and heat pre-treated WPI samples, respectively (Figure 4). The order for the So was pepsin > 490 

unhydrolysed WPI > chymotrypsin > trypsin for non heat pre-treated, and trypsin > unhydrolysed 491 

WPI > chymotrypsin > pepsin for the heat pre-treated WPI. Heat pre-treatment significantly 492 

decreased the So for the unhydrolysed WPI (P < 0.05) for the chymotrypsin and pepsin 493 

hydrolysates, but significantly increased the So for the trypsin hydrolysates (P < 0.05). The 494 

tryptic hydrolysate for the heat pre-treated WPI showed the highest So value whereas the peptic 495 

hydrolysate showed the least, and vice versa for the non heat pre-treated WPI. The magnitude of 496 

the So values compared favourably with those reported by Alizadeh-Pasdar & Li-Chan, (2000) 497 

and Lee, et al., (1992). 498 

The decrease in the So of the unhydrolysed heat pre-treated WPI was consistent with the 499 

observations of Mutilangi, Panyam, & Kilara, (1996) but not those of Alizadeh-Pasdar & Li-500 

Chan, (2000). The are two possible reasons for this observation; the first is that interactions of 501 
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sulphydryl groups as well as intermolecular hydrophobic interactions during heat denaturation of 502 

WPI may act to reduce the number of exposed hydrophobic residues, resulting in a reduction in 503 

the So (Mutilangi, et al., 1996). The second reason is that the So of proteins may increase in the 504 

initial phase of thermal denaturation due to the relaxation of the protein structure, facilitating the 505 

access of ANS to previously hindered hydrophobic sites, however, as heating progresses, there is 506 

loss of ANS binding sites as a result of the shrinking and compactness of the protein molecule 507 

which may cause a reduction in So (Eynard, Iametti, Relkin, & Bonomi, 1992). 508 

Both chymotrypsin and pepsin specifically hydrolyse peptide bonds formed by aromatic 509 

and hydrophobic amino acids. Heat pre-treatment of the WPI prior to hydrolysis may have 510 

resulted in exposure of more aromatic and hydrophobic residues. These bonds could be destroyed 511 

during hydrolysis accounting for the reduction in their So values. The peptic hydrolysate from 512 

heat pre-treated WPI however, recorded the least So value compared with the chymotryptic and 513 

tryptic hydrolysates. This may have resulted from the high DH obtained for the peptic 514 

hydrolysates. The So value increased for DH values ranging from 2.8 to 4.3 % and then decrease 515 

at DH of about 8.0 % (Mutilangi, et al., 1996). The high DH (13.4 %) obtained after the pepsin 516 

hydrolysis of WPI for 12 hours is indicative of a greater proportion of free amino acids and short 517 

chain peptides. Greater proportions of especially hydrophilic amino acids and peptides compared 518 

to that of hydrophobic residues could exert a fluorescence quenching-effect on the observed 519 

fluorescence of ANS probe. Competitive inhibitory-binding of hydrophilic residues to ANS probe 520 

may reduce the energy transfer from peptide bonds to the ANS probe and hence reduce the 521 

probes quantum yield of florescence (Haskard & Li-Chan, 1998). 522 

Hydrolysis of heat pre-treated WPI by trypsin increased significantly the So value (P < 523 

0.05). As discussed in section 3.2, trypsin hydrolyses peptide bonds formed by arginine and 524 

lysine residues which are located on the outer surface of the polypeptide chain of globular 525 

proteins. Heat pre-treatment may have resulted in the unfolding of the globular structure and 526 

enhanced the hydrolysis by trypsin, and resulted in the exposure of more ANS specific binding 527 
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sites, resulting in an increase in So. In addition, since the hydrolysis by trypsin was not targeted at 528 

peptide bonds formed by the aromatic amino acids, these bonds are likely to be preserved in the 529 

trypsin hydrolysis of heat pre-treated WPI, allowing their interaction with the ANS probe. 530 

Generally, the So of the hydrolysates were in mostly reduced compared to the 531 

unhydrolysed WPI. This is because hydrolysis can result in the unfolding and subsequent 532 

disruption of the secondary and tertiary structures of protein molecule. A disruption of the 533 

organised hydrophobic sites recognisable by the ANS probe would result in a reduction in So 534 

(Eynard, et al., 1992). The effect of hydrolysis on So is suggestive of the possible contributions of 535 

the secondary and tertiary structures of proteins to their hydrophobic properties and not just their 536 

hydrophobic amino acids residues. The reduction observed in this work was highly dependent on 537 

a combination of heat pre-treatment and enzyme type. Controlled hydrolysis to partially unfold 538 

and expose the hydrophobic core would therefore be beneficial in order to enhance the 539 

hydrophobic surface properties of WPI hydrolysates. 540 

In the present work, all hydrolysates showed varying So values which is indicative of 541 

differences in the total number of hydrophobic groups generated by hydrolysis of WPI with the 542 

three enzyme types. Aside from the molecular weight (size) of peptides, an increase in the 543 

number of hydrophobic groups could facilitate interactions between proteins and oil at the 544 

oil/water interface during emulsion formation (Mahmoud et al., 1992). A correlation between the 545 

surface hydrophobicity of proteins and their emulsifying activity has been oberved (Mahmoud et 546 

al., 1992). The more hydrophobic the protein (higher So value), the greater the ability of the 547 

proteins to decrease the interfacial tension between oil and water and to ultimately stabilise the 548 

oil droplets during emulsion formation. On the other hand, the antioxidative and ACE-inhibition 549 

activities of peptides have been associated with their hydrophobic properties (Lopez-Fandino, et 550 

al., 2006; Pihlanto, 2006). Knowledge of the hydrophobic properties of WPI hydrolysates will 551 

give insight into the biological and technological functionalities of peptides, such as their 552 

interactions with oil droplets during emulsion formation (Haskard & Li-Chan, 1998). 553 
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 554 

4. Conclusion 555 

The influence of heat pre-treatment and the specificity of the hydrolysing enzyme on the 556 

antioxidant and ACE-inhibition activities of crude WPI hydrolysates were investigated. Heat pre-557 

treatment showed no apparent effect on the molecular weight distribution and antioxidant activity 558 

of the WPI hydrolysates, but had a significant impact on the ACE-inhibitory activity. 559 

Additionally, heat pre-treatment significantly affected the hydrophobic properties of the peptides, 560 

and this was highly dependent upon the specificity of the enzyme. The molecular weights of the 561 

peptides in hydrolysates were highly varied, with the peptides MW ranging from about 0.3 kDa 562 

to 10 kDa. This indicated a wide range of sufficiently large peptides able to stabilise food 563 

nanoemulsion systems because this category of emulsions have particularly small droplet sizes. 564 

As this study was aimed at screening of the crude WPI hydrolysates for their dual functionalities, 565 

bioactivity and hydrophobicity results have shown that it is possible to exploit peptides from WPI 566 

hydrolysates for their dual functionalities in functional foods manufacture through a combination 567 

of heat pre-treatment and careful enzyme selection. Of the three most common endopeptidases, 568 

chymotrypsin produced peptides with highest antioxidant and ACE-inhibitory activities, followed 569 

by trypsin and then pepsin. The chymotrypsin hydrolysates showed a broad MW size range 570 

followed by pepsin and then trypsin, which may explain the variations in the observed 571 

functionalities. Research on the role of specific peptide fractions obtained by ultrafiltration on the 572 

observed functionalities as well as their ability to stabilised food nanoemulsion systems is 573 

underway in order to elucidate their potential as dual functional ingredients in food systems. 574 
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N-C = Non heat pre-treated WPI hydrolysed with chymotrypsin, H-C = Heat pre-treated WPI 720 

hydrolysed with chymotrypsin; N-P = Non heat pre-treated WPI hydrolysed with pepsin, H-P = 721 

Heat pre-treated WPI hydrolysed with pepsin; N-T = Non heat pre-treated WPI hydrolysed with 722 

trypsin, H-T = Heat pre-treated WPI hydrolysed with trypsin. 723 
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Figure 2 724 

 725 

Figure 2: Size exclusion profile of WPI hydrolysates after hydrolysis for 12 or 24 hours. A = 726 

Unhydrolysed WPI (Non heat pre-treated), B = Unhydrolysed WPI (Heat-pre treated), C = 727 

Chymotrypsin (Non heat pre-treated and heat pre-treated), D = Pepsin (Non heat pre-treated and 728 

heat pre-treated), E = Trypsin (Non heat pre-treated) and F = Trypsin (Heat pre-treated). 729 

 730 

 

A
b

so
rb

an
ce

 a
t 

2
1

4
 n

m
 /

m
A

U
 (

A
rb

it
ra

ry
 u

n
it

s)
 

Retention time (minutes) 

C 

  50 

0 

100 

D 

A 

  50 

0 

100 

B 

E 

  50 

0 

100 

10 20 30 

F 

10 20 30 

B 



33 

Figure 3 731 

 732 

 733 

 734 
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 736 

 737 

 738 

 739 

 740 

 741 

Figure 3: ACE-inhibition activity of WPI hydrolysates measured as the IC50 value. Different 742 

letters show means that are statistically significant from each other (a, b compares means between 743 

non heat pre-treated and heat pre-treated WPI for the same enzyme type; k, l, m, and u, v 744 

compare means between non heat pre-treated and heat pre-treated WPI, respectively). 745 
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Figure 4 747 

 748 

 749 

 750 

 751 

 752 

 753 

 754 

 755 

 756 

 757 

Figure 4: Surface hydrophobicity value of hydrolysed and unhydrolysed WPI. Different letters 758 

show means that are statistically significant from each other (a, b compares means between non 759 

heat pre-treated and heat pre-treated WPI for the same enzyme type; k, l, m, n and u, v, w, x 760 

compare means between non heat pre-treated and heat pre-treated WPI, respectively). 761 
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Table 1 763 

Molecular weight (MW) range and distribution (%) of detected peptides of WPI and its hydrolysates. 764 

Pre-treatment Non heat pre-treatment Heat pre-treatment 

Hydrolysis time 12 hours 24 hours 12 hours 24 hours 

Enzyme type MW (kDa) % MW (kDa) % MW (kDa) % MW (kDa) % 

Chymotrypsin 0.3 – 2.1 39 0.4 – 2.1 43 0.4 – 2.0 36 0.4 – 2.1 36 

2.1– 8.9 52 2.1 – 7.1 52 2.0 – 9.0 58 2.1 – 8.0 52 

Pepsin 0.7 – 6.6 93 0.5 – 5.4 78 0.4 - 6.5 97 0.4 – 6.7 94 

Trypsin 0.4– 3.1 74 0.6 – 3.1 74 0.5 – 4.9 89 0.5 – 5.0 81 

3.1– 4.7 10 3.1 – 4.7 10     

12.5 – 19.9 5 12.2 – 19.9 3 11.1 – 23.0 4 11.8 – 21.2 4 

566.2 – 856.4 5 621.0 – 827.8 6     

Unhydrolysed WPI 5.5 – 13.1 27 6.5 – 12.1 13 

13.1 – 41.2 70 12.1 – 41.6 66 
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Table 2 765 

Free radical scavenging activity (FRSA) of WPI and its hydrolysates. 766 

Pre-treatment Activity (µmol TE/mg protein sample)* 

Non heat pre-treatment Heat pre-treatment 

Hydrolysis time 12 hours 24 hours 12 hours 24 hours 

Chymotrypsin 0.27 ± 0.04
a
 0.31 ± 0.03

a
 0.31 ± 0.02

a
 0.28 ± 0.04

a
 

Pepsin 0.32 ± 0.03
a
 0.28 ± 0.03

a
 0.30 ± 0.03

a
 0.28 ± 0.01

a
 

Trypsin 0.32 ± 0.01
a
 0.30 ± 0.05

a
 0.31 ± 0.02

a
 0.26 ± 0.02

a
 

Unhydrolysed WPI 0.08 ± 0.002
b
 0.07 ± 0.004

b
 

*
 All data were expressed as means of triplicate measurements ± standard deviation (SD). 767 

ab
 Different letters signifies means which are significantly different from each other at P < 0.05. 768 

 769 

 770 



37 

Table 3 771 

Oxygen radical absorbance capacity (ORAC) of WPI and its hydrolysates.  772 

Pre-treatment ORAC value (µmol TE/mg protein sample)
*
 

Non heat pre-treatment Heat pre-treatment 

Hydrolysis time 12 hours 24 hours 12 hours 24 hours 

Chymotrypsin 0.78 ± 0.02
aku

 0.74 ± 0.03
alu

 0.79 ± 0.04
aku

 0.75 ± 0.11
aku

 

Pepsin 0.62 ± 0.03
blu

 0.65 ± 0.07
bmu

 0.71 ± 0.05
aku

 0.73 ± 0.03
aku

 

Trypsin 0.67 ± 0.02
bmv

 0.81 ± 0.02
aku

 0.75 ± 0.02
aku

 0.80 ± 0.04
aku

 

Unhydrolysed WPI
**

 0.23 ± 0.02
c
 0.12 ± 0.06

d
 

*
 All data are means of triplicate determinations ± standard deviation (SD). 773 

**
 Data for unhydrolysed WPI was not included in the analysis of variance. 774 

ab 
Different letters for the same enzyme type and hydrolysis time (i.e. in the same row) indicate 775 

significant differences (P < 0.05) in the effect of heat pre-treatment on ORAC values. 776 

cd**
 Different letters indicate significant differences ( P < 0.05: t-test) in ORAC values between 777 

non heat pre-treated and heat pre-treated unhydrolysed WPI. 778 

klm 
Different letters for the same pre-treatment condition and hydrolysis time (i.e. in the same 779 

column) indicate significant differences (P < 0.05) in the effect of enzyme type on ORAC values. 780 

uv
 Different letters for the same enzyme type and pre-treatment condition (i.e. in the same row ) 781 

indicate significant differences (P < 0.05) in the effect of hydrolysis time on ORAC values. 782 

 783 

 784 
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Table 4 785 

Correlations between FRSA and ORAC assays for hydrolysed and unhydrolysed WPI. 786 

Pre-treatment Correlation coefficients (R
2
) 

Non heat pre-treatment Heat pre-treatment 

Hydrolysis time 12 hours 24 hours 12 hours 24 hours 

Chymotrypsin 0.72 0.81 0.81 0.88 

Pepsin 0.83 0.79 0.95 0.79 

Trypsin 0.86 0.85 0.91 0.99 

Unhydrolysed WPI 0.56 0.56 

 787 


