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A B S T R A C T   

Thermal treatment to form functional, soluble whey protein aggregates often generates undesired off-flavours. 
The aim of the present study was to generate soluble aggregates of whey protein isolates (WPI) at lower tem-
perature than traditionally used by introducing partial hydrolysis of WPI prior to thermal treatment. WPI was 
partially hydrolyzed either by Bacillus licheniformis protease (BLP) or by a trypsin type protease (TP) at pH 7.0 
and 65 ◦C for 1–10 min prior to thermal treatment at 80 ◦C for 5–10 min to generate soluble protein aggregates. 
Partial hydrolysis by BLP and TP induced structural changes and exposure of free thiol groups, but no change of 
surface hydrophobicity of WPI. After incubation with BLP or TP and thermal treatment, the yield of protein 
aggregates was 36–48%, which was similar to the reference sample obtained by thermal treatment at 90 ◦C for 
10 min. In addition to non-covalent interactions, disulfide bonds also contributed to the association of protein 
aggregates. The soluble protein aggregates obtained by BLP partial hydrolysis and thermal treatment, had par-
ticle size range of 10–100 nm in radius which was in the same range as observed for the reference sample; and 
samples obtained by TP treatment had a particle size range of 7–50 nm in radius. However, aggregates obtained 
by BLP or TP and thermal treatment were not UHT (140 ◦C/5 s) stable.   

1. Introduction 

Whey protein isolate (WPI) is widely used in food products for its 
functional versatility and high nutritional value. WPI is most often 
produced from cheese whey by membrane filtration (typically a com-
bination of microfiltration and ultrafiltration) (Adamson, 2015). WPI 
has a protein content higher than 90% of dry matter, and it consists 
mostly of β-lactoglobulin (β-LG, about 44–70%) and α-lactalbumin 
(α-LA, about 14–22%), along with caseinomacropeptide (CMP, about 
20–25%), immunoglobulins and bovine serum albumin (BSA, about 
1–5%) (Adamson, 2015). In order to increase or maintain the colloidal 
stability of WPI during processing, for example during high temperature 
treatments, at low pH and at different ionic strengths, WPI is often 
thermally treated to form soluble protein aggregates before application 
to food and beverage (Ryan & Foegeding, 2015). A thermal treatment at 
90 ◦C for 10 min have been shown to generate soluble whey protein 
aggregates with higher thermal stability in the presence of salt (108 
mmol/L NaCl) compared to unheated native whey protein (Ryan et al., 
2012). Pre-aggregation under controlled process conditions (e.g. pH, 

minerals) that might not be present in the following food application has 
been highlighted advantageous. Thereby, the range of acceptable con-
ditions can be extended to match desired levels of e.g. minerals in the 
final food application that might otherwise lead to excessive aggrega-
tion, gelation or precipitation/sedimentation. 

Thermally induced whey protein aggregates are primarily associated 
by hydrophobic interactions and disulfide bonds. Thermal treatments 
above the denaturation temperature of individual proteins lead to 
denaturation of the whey proteins β-LG, α-LA and BSA, which is 
accompanied by unfolding of their molecular structure and exposure of 
the hydrophobic areas and free thiol groups (β-LG and BSA) buried in-
side the protein structure. Meanwhile, the denatured protein molecules 
may aggregate via hydrophobic interactions and formation of non- 
native disulfide bonds from inter- and intra-molecular thiol-disulfide 
exchange reactions (Mulcahy, Fargier-Lagrange, Mulvihill, & O’Mah-
ony, 2017; Wijayanti, Brodkorb, Hogan, & Murphy, 2019). However, 
the high temperature used to form aggregates may create off-flavors, 
and it has previously been shown that lowering the temperature by 
10 ◦C would create significantly less unwanted aroma in reconstituted 
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WPI solutions (Jansson, Nielsen, Petersen, & Lund, 2020). Nevertheless, 
lowering the temperature would create a lower yield of aggregates if the 
heating time is not extended, and increased heating time may not be a 
feasible solution from a practical perspective. 

Enzymatic hydrolysis of whey proteins by proteases have previously 
been shown to form aggregates. However, in these studies, WPI or β-LG 
was subjected to excessive hydrolysis for 4–24 h at mild temperatures 
(≤50 ◦C), and thermal treatment was not followed after hydrolysis 
(Creusot & Gruppen, 2008; Otte et al., 1997). At the same time, for-
mation of aggregates was accompanied by gelation of protein, and for-
mation of insoluble aggregates or aggregates with large particle size 
(Creusot and Gruppen, 2008; Otte et al., 1997). In addition, due to the 
aggregating capacity of partially hydrolyzed proteins/fragments and 
lack of pre-aggregation treatment (thermal treatment after hydrolysis), 
application of highly hydrolyzed whey proteins in food may pose a risk 
of protein precipitation during pasteurization or ultrahigh temperature 
(UHT) processing (Creusot and Gruppen, 2008; Creusot, Gruppen, van 
Koningsveld, de Kruif, & Voragen, 2006). 

The aim of the present study was to investigate whether a partial 
enzymatic hydrolysis of WPI would allow the generation of stable and 
soluble aggregates under heating conditions below a reference point of 
90 ◦C heating with a duration of 10 min known to generate undesired 
product defects. We hypothesized that a partial unfolding of the protein 
structures by partial enzymatic hydrolysis would expose hydrophobic 
areas of whey proteins and the free thiol groups of β-LG, which would 
then promote formation of aggregates during a subsequent thermal 
treatment. Protease specificity and reaction conditions will influence 
formation of whey protein aggregates. In the present study, two pro-
teases were investigated: either Bacillus licheniformis protease (BLP; 
glutamyl endopeptidase) or a trypsin type protease (TP) was used for 
partial hydrolysis of WPI at pH 7.0. BLP is specific for Glu-X and Asp-X 
bonds, and TP is an endo-protease which cleaves at the C-terminal side 
of Arg and Lys residues (Creusot & Gruppen, 2007). WPI was incubated 
with a protease for 1–10 min at 65 ◦C followed by a thermal treatment at 
80 ◦C for 5–10 min. The yield of generated aggregates was determined, 
and aggregates were characterized by particle size distribution and 
surface hydrophobicity. Lastly, their thermal stability was evaluated by 
subjecting the formed aggregates to an ultra-high temperature (UHT) 
treatment. 

2. Material and methods 

2.1. Materials 

Bovine WPI (Lacprodan® DI-9224) produced from cheese whey was 
obtained from Arla Foods Ingredients Group P/S (Videbæk, Denmark), 
and stored at − 20 ◦C in an airtight container. All chemicals used in this 

study were of analytical grade. Di-sodium hydrogen phosphate, sodium 
dihydrogen phosphate, and sodium hydroxide were obtained from 
Merck KGaA (Mollet des Vallés, Spain). 5,5′-Dithiobis-(2-nitrobenzoic 
acid) (DTNB) was purchased from Sigma-Aldrich (Germany). Ammo-
nium sulphate and sodium dodecyl sulphate (SDS) were obtained from 
AppliChem GmbH (Darmstadt, Germany). Coomassie brilliant blue, 
dithiothreitol (DTT), ortho-phosphoric acid (85%), sodium phosphate 
(96%) and hydrochloride acid (37%) were obtained from Sigma-Aldrich 
Biochemie GmbH (Steinheim, Germany). NuPAGE™ 3-(N-morpholino) 
propane sulfonic acid (MOPS) SDS-PAGE running buffer and NuPAGE™ 
lithium dodedycyl sulphate (LDS) sample buffer were purchased from 
Thermo Fisher Scientific (Carlsbad, CA, USA). Ethanol (96%) was ob-
tained from Kemetyl AB (Jordbro, Sweden). Blue Dextran 2000 was 
from GE Healthcare (St. Louis, Missouri, USA). Protein standard used for 
size exclusion chromatography (SEC) was purchased from Bio-Rad 
(USA). Water was purified by a Milli-Q pure water system (Millipore 
Corporation, Bedford, MA, USA). 

2.2. Proteases 

Proteases (BLP and TP) in liquid solutions were obtained from 
Novozymes A/S (Bagsværd, Denmark) and stored at 4 ◦C. Enzyme ac-
tivities of BLP and TP were 1557 units/mL, and 72.6 units/mL, respec-
tively. One unit was defined as formation of 1 μmol p-nitroaniline per 
minute, with 0.96 mM N-succinyl-Ala-Ala-Pro-Glu-p-nitroanilide and 
4.4 mM acetyl-Arg-p-nitroanilide for BLP and TP, respectively, at 37 ◦C 
and pH 8. 

2.3. Sample preparation 

Stock solutions of WPI (3% w/v) were prepared by dissolving WPI 
powder in water and leaving it overnight at 4 ◦C with gentle stirring in 
order to ensure full hydration of proteins, and pH was subsequently 
adjusted to 7.0 with NaOH (0.1 mol/L) and HCl (0.1 mol/L) at room 
temperature. The WPI stock solutions were stored at 4 ◦C for maximum 2 
days. In order to explore the effect of partial hydrolysis on the thermal 
aggregation, and to exclude the potential impact of minerals in the 
protease solution on protein aggregation, samples with inactivated BLP 
(iBLP) and inactivated TP (iTP) were included in the experimental 
design. Inactivation of proteases was performed by thermal treatments 
at 95 ◦C for 15 and 30 min for iBLP and iTP, respectively, in polymerase 
chain reaction (PCR) tubes (100 μL) using a PCR equipment (Applied 
Biosystems 2720, Thermal Cycler version 2.09, Thermo Fischer Scien-
tific, Singapore). The activity of the proteases was analyzed immediately 
after thermal treatment with a Protazyme AK tablet (Megazyme, 
Wicklow, Ireland) to ensure complete inactivation. Samples with active 
or inactivated protease were obtained by mixing the WPI stock solution 

Table 1 
Conditions for the preparation of samples.  

Sample Protease (v/v) Incubation with protease Thermal treatment Treatment with SDS (2.5%, w/v) 

Control / / / / 
Reference / / 90 ◦C/10 min / 
BLP1 BLP (0.05%) 65 ◦C/1 min 80 ◦C/10 min / 
BLP2 BLP (0.05%) 65 ◦C/2 min 80 ◦C/5 min / 
TP TP (0.5%) 65 ◦C/10 min 80 ◦C/10 min / 
BLP1 no heat BLP (0.05%) 65 ◦C/1 min / / 
BLP2 no heat BLP (0.05%) 65 ◦C/2 min / / 
TP no heat TP (0.5%) 65 ◦C/10 min / / 
iBLP 1 iBLP (0.05%) 65 ◦C/1 min 80 ◦C/10 min / 
iBLP2 iBLP (0.05%) 65 ◦C/2 min 80 ◦C/5 min / 
iTP iTP (0.5%) 65 ◦C/10 min 80 ◦C/10 min / 
Reference SDS / / 90 ◦C/10 min 90 ◦C/5 min 
BLP1 SDS BLP (0.05%) 65 ◦C/1 min 80 ◦C/10 min 90 ◦C/5 min 
BLP2 SDS BLP (0.05%) 65 ◦C/2 min 80 ◦C/5 min 90 ◦C/5 min 
TP SDS TP (0.5%) 65 ◦C/10 min 80 ◦C/10 min 90 ◦C/5 min 

The samples of Reference, BLP1, BLP2 and TP treated with SDS were named Reference SDS, BLP1 SDS, BLP2 SDS and TP SDS, respectively. 
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with liquid protease solution in PCR tubes by vortex for 10 s. After 
mixing, samples were immediately incubated at 65 ◦C followed by 
thermal treatment at 80 ◦C according to the steps shown in Table 1. 
Concentration of protease was chosen based on results of preliminary 
experiments, which showed that a high protease concentration (≥0.1% 
BLP; ≥1% TP, v/v) and long incubation time (>5 min for BLP; > 10 min 
for TP) induced excessive hydrolysis of WPI and formation of insoluble 
protein aggregates. Therefore, protease concentrations of 0.05% v/v 
BLP and 0.5% v/v TP was used in the present study. 

The incubation of WPI with protease and the followed thermal 
treatments were performed with the PCR equipment. The rate of tem-
perature increase and decrease was ~1 ◦C/s. Samples (100 μL) were kept 
at 25 ◦C for 30 s before the temperature was increased to the incubation 
temperature at 65 ◦C, where samples were incubated for 1–10 min. After 
incubation with proteases, samples were subsequently treated at 80 ◦C 
for 5–10 min. Thermal treatment at 80 ◦C for minimum 5 min ensured 
inactivation of the proteases. After thermal treatment, samples were 
kept at 4 ◦C until analysis within 12 h. In order to compare the aggre-
gates formed by partial hydrolysis by protease and thermal treatment at 
80 ◦C, samples obtained by treatment at 90 ◦C for 10 min was included 
as reference samples. Details of incubation and thermal treatment of 
different samples are shown in Table 1. 

2.4. Measurement of intrinsic fluorescence emission spectra 

The intrinsic fluorescence emission spectra of samples were used in 
the present study to evaluate structural changes of proteins. Prior to 
analysis, samples were diluted to WPI concentration of 0.05% w/v with 
water, and 90 μL of the diluted sample was added into each well of a 96- 
well microplate (FLUOTRACTM 200, Greiner Bio-One GmbH, Frick-
enhausen, Germany). The emission spectra (320–440 nm) were recor-
ded using a SpectraMax i3x Multi-Mode Plate Reader (Molecular 
Devices, Sunnyvale, CA, USA) at 25 ◦C with an excitation wavelength of 
295 nm. The bandwidth of excitation and emission was 9 nm and 15 nm, 
respectively. 

2.5. Determination of exposed free thiol groups 

Exposed free thiol groups in samples were determined by reaction 
with DTNB (Purwanti et al., 2011). DTNB solution was prepared by 
dissolving DTNB in a 100 mmol/L phosphate buffer containing 0.1 
mmol/L EDTA (pH 7.2) with DTNB concentration of 1.25 mmol/L. 
Cysteine dissolved in the same buffer at a concentration range of 
10–500 μmol/L was used as standard. Prior to analysis, 60 μL of sample 
was mixed with 600 μL of DTNB solution and was subsequently incu-
bated for 30 min at room temperature in the dark. After incubation, 200 
μL of mixed sample was added to a 96-well microplate (SARSTED, 
Germany). Subsequently, absorbance at 412 nm was recorded using the 
SpectraMax i3x Multi-Mode Plate Reader at 25 ◦C. 

2.6. SDS-PAGE 

SDS-PAGE was used to characterize formation of protein aggregates 
and evaluate the presence of disulfide linked aggregates, and therefore, 
samples were run under non-reduced and reduced conditions. Samples 
(6 μL/each) were mixed with 7.5 μL of LDS sample buffer and 16.5 μL of 
water. For reduced conditions, 3 μL of water was replaced by 3 μL DTT 
(1 mol/L). After mixing, samples were centrifuged (67.39 g, 15 s) and 
heated at 70 ◦C for 10 min with agitation (350 rpm) using Provocell™ 
Shaking Micro Incubator. Samples of 3 μL were loaded to a Bis-Tris gel 
(NuPAGE™, 12%, 1.0 mm, 15 wells, Thermo Fisher Scientific, Carlsbad, 
CA, USA), and 3 μL of unstained protein marker (Pierce™, Thermo 
Fisher Scientific, Vilnius, Lithuania) was loaded to each gel. Electro-
phoresis was carried out at 200 V for 60 min in MOPS running buffer. 
After electrophoresis, gels were equilibrated for 30 min in 100 mL 
equilibrium buffer (1.14 mol/L ammonium sulphate, 1.70% phosphoric 

acid and 17.3% ethanol), stained with 1 mL of Coomassie brilliant blue 
(20 g/L) and left overnight. Gels were destained with water, with three 
changes (150 mL/change) within 2 h. 

2.7. Surface hydrophobicity 

Surface hydrophobicity of samples was determined using the anionic 
fluorescence probe, 6-propionyl-2-(dimethylamino)-naphthalene 
(PRODAN) (Alizadehpasdar & Lichan, 2000). Prior to analysis, sam-
ples were diluted to WPI concentrations of 0.01%–0.05% (w/v) by 
phosphate buffer (100 mM, pH 7.0). Diluted samples (1 mL) were mixed 
with 10 μL of PRODAN stock solution (1.41 mmol/L PRODAN in 
methanol) by vortex for 10 s. Thereafter, samples were incubated at 
25 ◦C for 15 min in the dark. After incubation, 200 μL of sample was 
added into a 96-well microplate (FLUOTRACTM 200, Greiner Bio-One 
GmbH, Frickenhausen, Germany). The fluorescence emission was 
recorded using the SpectraMax i3x Multi-Mode Plate Reader at 25 ◦C, 
with excitation at 365 nm and emission at 465 nm. Emission fluores-
cence intensity values of samples at different WPI concentrations were 
measured. The emission fluorescence intensity of a blank sample 
(phosphate buffer, 100 mM, pH 7.0) was subtracted from that of the 
corresponding protein solution with PRODAN. The initial slope (S) of a 
plot of emission fluorescence intensity versus protein concentration was 
calculated by linear regression analysis with Microsoft Excel and used as 
an index of the surface hydrophobicity. 

2.8. Size exclusion chromatography 

Size exclusion chromatography (SEC) was performed on an ÄKTA 
FPLC (GE Healthcare, Piscataway, NJ, USA) at room temperature with a 
UV detector at 214 nm. UNICORNTM 3.0 software was used for data 
analysis. Sodium phosphate buffer (10 mmol/L, pH 7.0) was used as 
running buffer, which was degassed in an ultrasonic bath and filtered 
through a nylon membrane filter (0.45 μm, MontaMil® Frisenette, 
Knebel, Denmark). Prior to analysis, samples were diluted to a WPI 
concentration of 0.5% w/v with running buffer and filtered through 
regenerated cellulose (RC) syringe filters (0.45 μm, Phenomenex, Tor-
rance, CA, USA). Subsequently, 20 μL of diluted sample was loaded to a 
Superose 6 Increase column (Diameter 10 mm, length 300 mm, GE 
Healthcare UK Ltd, Buckinghamshire, United Kingdom). The column 
was eluted by 37 mL of running buffer at a flow rate of 0.5 mL/min. The 
integrals, also referred to as peak areas, were calculated in Microsoft 
Excel 2010 based on 1220 data points, which were extracted from the 
UNICORN™ 3.0 software for each chromatogram. 

In order to quantify aggregates associated by covalent cross links, 
selected samples were treated with SDS prior to SEC analysis. Before 
dilution and filtration, samples were mixed with SDS solution (5%, w/v) 
in a ratio of 1:1 in order to obtain a final SDS concentration of 2.5% (w/ 
v), and were subsequently heated at 90 ◦C for 5 min (Table 1) with 
agitation (350 rpm) using Shaking Micro Incubator. 

Samples of control and reference (Table 1) were measured in tripli-
cates across different stock solutions (3% w/v WPI, pH 7) and samples 
treated by protease (BLP1, BLP2 and TP) and inactivated protease 
(iBLP1, iBLP2 and iTP) were prepared in duplicates using the same stock 
solution. 

2.9. Dynamic light scattering 

Particle size of samples was analyzed by dynamic light scattering 
using Zetasizer Nano ZSP (Malvern Panalytical, UK). For the measure-
ment of particle size, samples were diluted with phosphate buffer (pH 
7.0, 10 mmol/L) to a final WPI concentration of 0.075% (w/v). After 
dilution, the samples were filtered by a syringe filter (0.45 μm, regen-
erated cellulose, Phenomenex, Torrance, CA, USA). Preliminary exper-
iments showed that aggregates were not significantly lost after filtration 
by 0.45 μm. Each sample was measured in triplicates at 25 ◦C, and each 
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measurement contained 30 scans with duration of 20 s/scan. Measure-
ment with an angle of 173◦ and laser wavelength of 633 nm was used. 
Auto attenuation was selected. Measurements were performed in 
disposable square polystyrene cuvettes (DTS0012, Malvern Panalytical, 
UK). In order to measure the potentially large particles formed after UHT 
treatment at 140 ◦C for 5 s, UHT treated samples were not filtered by the 
syringe filter of 0.45 μm after dilution. 

2.10. Thermal stability 

Thermal stability was evaluated by heating samples with a micro-
wave synthesis equipment, Biotage® Initiator+ (Biotage, Uppsala 
Sweden) to 140 ◦C as a model for UHT processing. Prior to the UHT 
treatment, 1 mL of sample was transferred into a glass synthesis tube 
(0.5–2 mL) and sealed. Subsequently, samples were treated at 140 ◦C 
with stirring of 300 rpm. This simulated UHT treatment allowed a 
controlled thermal treatment of 139–142 ◦C for 5 s with a temperature 
profile lasting 65–70 s as shown in Supplementary materials, Figure S1, 
while a typical industrial UHT treatment is conducted at 140 ◦C for 5 s 
(Malmgren, 2015). After cooling, samples were kept at 4 ◦C until the 
analysis of particle size within 12 h. 

2.11. Statistical analysis 

All treatments were performed in triplicates unless otherwise stated. 
Analysis of variance (ANOVA) was performed using OriginPro, Version 
2019 with Tukey’s test (OriginLab Corporation, Northampton, MA, 
USA). Significance was set at p < 0.05. 

3. Results and discussion 

3.1. Characterization of partial hydrolysis on protein unfolding and thiol 
exposure of WPI 

In order to explore the unfolding of whey proteins induced by the 
hydrolysis of proteases, intrinsic fluorescence of samples was analyzed 
(Fig. 1A–C). For this analysis, samples were only incubated at 65 ◦C 
without further thermal treatment at 80 ◦C. In order to exclude struc-
tural changes induced by the incubation temperature itself, WPI incu-
bated at 65 ◦C without proteases was also examined (Fig. 1A). The 
emission spectrum of the control (untreated WPI, 0 min in Fig. 1A) had a 
λmax of 341 nm and did not change after incubation at 65 ◦C (Table 2), 
but the fluorescence intensity increased slightly after incubation for 15 
min (Fig. 1A). A red shift of λmax was observed after incubation with 
proteases. As shown in Table 2, λmax of samples increased to 346 nm and 

Fig. 1. Intrinsic fluorescence emission spectra of 
samples; A: WPI (3% w/v) incubated at 65 ◦C, B: 
WPI (3% w/v) with BLP (0.05%, v/v) incubated at 
65 ◦C, C: WPI (3% w/v) with TP (0.5%, v/v) incu-
bated at 65 ◦C); D. Exposed free thiol groups of 
samples after incubation at 65 ◦C; E. SDS-PAGE 
image of samples; F. Surface hydrophobicity of 
samples with different conditions (BLP1 no heat and 
TP no heat represent samples of BLP1 and TP but 
without followed thermal treatment at 80 ◦C after 
incubation with protease at 65 ◦C, respectively). 
Columns with different letters are significantly 
different (p < 0.05).   
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348 nm after incubation with BLP and TP at 65 ◦C for 20 min, respec-
tively. This result suggested that the aromatic amino acid residues, 
mainly tryptophan residues, in whey proteins were exposed to a more 
polar environment after being partially hydrolyzed by these two pro-
teases. Increase of fluorescence intensity was observed after incubation 
with BLP and TP, and this effect was more significant for treatments with 
BLP than TP (Fig. 1B and C). The intrinsic protein fluorescence can be 
quenched by the peptide bonds and side chains of amino acid residues, 
such as the imidazole side chain in histidine residues, the primary amine 
in lysine residues, and the cysteine sulfhydryl groups (Chen & Barkley, 
1998). These quenching effects decrease strongly with distance, such as 
those potentially induced by enzymatic hydrolysis or partially unfolding 
of the whey proteins in WPI. This could explain the increased fluores-
cence intensity observed in Fig. 1B–C. Therefore, this result indicated 
that structural changes of whey proteins were introduced by the partial 
hydrolysis by BLP and TP. 

Exposure of free thiol groups in WPI by incubation with BLP and TP 
was analyzed using the DTNB assay. Treatment at 65 ◦C, used for pro-
tease incubation of WPI in this study, may cause partially unfolding of 
WPI and hereby exposure of free thiol groups. Therefore, samples 
without protease incubated at 65 ◦C was included as a control. Con-
centration of exposed free thiol groups in WPI was 1.2 μmol/g at time 0 
min (Fig. 1D). Without protease, no significant increase was observed in 
exposed free thiol groups of WPI after incubation for 10 min at 65 ◦C, but 
it was slightly increased to 2.9 μmol/g after 30 min (Fig. 1D). With BLP, 
the exposed free thiol concentration increased to 20 μmol/g after in-
cubation at 65 ◦C for 30 min, suggesting significant thiol exposure by 
BLP (Fig. 1D). Compared to BLP, the overall effect of TP on thiol 
exposure was much lower, as the concentration of exposed free thiols 
increased to only 7 μmol/g after 30 min (Fig. 1D). However, TP caused 
an increase in the concentration of exposed free thiols compared to WPI 
and BLP already at 0 min indicating a very fast proteolytic reaction. 
Within the first minute, TP was found to increase the concentration of 
exposed free thiol groups to the same level as for BLP. These results 
clearly showed that incubation of WPI by BLP and TP induced exposure 
of free thiol groups in whey proteins, but to different extents dependent 
on protease specificity. 

3.2. Characterization of WPI aggregates by SDS-PAGE 

SDS-PAGE was used to characterize the formation of WPI aggregates 
linked by disulfide bonds and other covalent bonds. As shown in Fig. 1E, 
the major whey proteins in WPI are clearly shown (control in lane 2 and 
10), with β-LG between 14.4 and 18.6 kDa, α-LA around 14.4 kDa, and 
BSA around 66.2 kDa (between 45 and 66.2 kDa at non-reduced con-
ditions). Reference under non-reduced condition (lane 3) showed 
continuous smear of high molecular weight proteins, while this smear 
was not observed under reduced conditions (lane 11). BLP, TP, iBLP and 
iTP also showed similar results, indicating that protein aggregation was 
caused by disulfide bonds. This is in agreement with a previous study 
showing that disulfide bonds play an important role in the formation of 
whey protein aggregates by thermal treatment (Mulcahy et al., 2017). In 
BLP1 and BLP2, bands of β-LG and α-LA disappeared, and the BSA band 
was not detected (Fig. 1E, non-reduced, lanes 4 and 6; reduced, lanes 12 
and 14), suggesting hydrolysis of these whey proteins by BLP. These 
proteins were also partially hydrolyzed by TP, but with a lower level of 

hydrolysis compared with BLP. Meanwhile, BLP1, BLP2 and TP also 
showed bands of protein hydrolysates with molecular weights <14.4 
kDa. 

As shown in the supplementary materials Figure S2, more protein 
hydrolysates were found in the samples with thermal treatment at 80 ◦C 
than in samples without thermal treatment at 80 ◦C. This result sug-
gested that hydrolysis of whey proteins proceeded during the tempera-
ture increase from 65 ◦C to 80 ◦C until the proteases were inactivated at 
80 ◦C (see section 2.3 for additional information). 

3.3. Surface hydrophobicity of partially hydrolyzed WPI and WPI 
aggregates 

Unfolding of proteins exposes hydrophobic areas, and the hydro-
phobic interaction of these hydrophobic areas contribute to the associ-
ation of protein aggregates (Alizadehpasdar et al., 2000; Ryan et al., 
2012). Therefore, surface hydrophobicity of BLP1 and TP samples was 
analyzed (Fig. 1F). In order to investigate the effect of protease on the 
surface hydrophobicity of WPI, samples incubated with BLP and TP at 
65 ◦C without the followed thermal treatment at 80 ◦C were also 
included (shown in Fig. 1F as ‘BLP1 no heat’ and ‘TP no heat’), and the 
surface hydrophobicity of these two samples was not significantly 
different from that of the control (untreated WPI) (Fig. 1F). This result 
suggested that partial hydrolysis by BLP or TP at the incubation step 
(65 ◦C) did not expose hydrophobic areas of whey proteins. However, 
unfolding and hydrolysis of whey proteins in the followed thermal 
treatment induced more exposure of hydrophobic area as shown in 
Fig. 1F. This agrees with the previous study by Ryan et al. (2012), where 
surface hydrophobicity of WPI increased during formation of protein 
aggregates by thermal treatment at 90 ◦C. Furthermore, BLP1 had a 
significantly higher surface hydrophobicity than the reference sample 
and TP, indicating different surface characteristics of the aggregates or 
derived fragments/peptides yielded by BLP. 

3.4. Yield of WPI aggregates formed by partial hydrolysis and reduced 
thermal treatment 

After partial hydrolysis and thermal treatment, the formed WPI ag-
gregates were characterized by SEC coupled with a UV detector. 
Absorbance at 214 nm was chosen due to the presence of CMP, which 
has no UV absorbance at 280 nm (Neelima, Sharma, Rajput, & Mann, 
2013). As shown in Fig. 2A, the SEC chromatogram of untreated WPI has 
one major peak and three small peaks. By evaluation of purified whey 
proteins (Supplementary materials, Figure S3), the three peaks is sug-
gested to consist of BSA, β-LG and α-LA eluting at 14.5, 16.4 and 16.8 
mL, respectively. Due to the limited separation efficiency of the Super-
ose 6 Increase column, BSA, CMP, and oligomers were eluted without 
complete separation at 14–15.6 mL (Fig. 2A). Comparing with the 
control sample (untreated WPI), the SEC chromatogram of the reference 
sample treated at 90 ◦C for 10 min, shows a peak with maximum 
absorbance at 8.55 mL, ranging from 7.8 mL to 12 mL, which is the peak 
of protein aggregates (Fig. 2A). Considering that the elution volume of 
blue dextran 2000 (molecular weight 2 MDa) with this column was 8.50 
mL (Figure S3), this result suggested that protein aggregates in the 
reference sample had a wide range of molecular weights, and some of 
them with sizes corresponding to globular proteins of ~4 × 107 or more, 
which was the exclusion limit of the column material according to the 
manufacturer. The reference sample also had two peaks with elution 
volume at 14.30 mL and 15.1 mL, which could be oligomers of whey 
proteins (Fig. 2A). As compared to the elution volume of protein stan-
dards (Supplementary materials, Figure S4), these whey protein oligo-
mers ranged in molecular weight of 44–158 kDa. 

In order to compare the SEC results from multiple samples and 
calculate aggregate yields, the chromatograms were divided into four 
fractions. (1) The fraction with elution volumes of 7.5–14.0 mL was 
defined as protein aggregates. (2) The fraction with elution volumes of 

Table 2 
The λmax of samples corresponding to the intrinsic fluorescence emission spectra 
of Fig. 1A – C.   

λmax of samples after incubation at 65 ◦C (nm) 

0 min 5 min 10 min 15 min 20 min 

WPI 341 340 340 340 340 
WPI with BLP (0.05%, v/v) 342 346 346 346 346 
WPI with TP (0.5, v/v) 342 348 348 348 348  
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14.0–15.6 mL was defined as CMP, BSA & oligomers. (3–4) Fractions 
with elution volumes of 15.6–17.5 mL and of 17.5–22 mL were defined 
as native α-LA & β-LG, and whey protein hydrolysates (WPH), respec-
tively. The peak area of each fraction of a chromatogram is given as the 
percentage of the total area of the sample (Table 3). When comparing 
the percentagewise distributions it should be noted that the total areas of 
samples were slightly different (Supplementary materials, Figures S5). 
Samples of partial hydrolysis by BLP followed by thermal treatment at 
80 ◦C for 10 min (BLP1 and BLP2) also provided peaks at 8.50 mL, 
showing formation of protein aggregates (Fig. 2B and C). The yield of 

aggregates formed in BLP1 (48 ± 3%) was significantly higher than 
reference (40 ± 4%), while BLP2 was found to provide a similar 
aggregate yield (40.7 ± 0.8%) as the reference (Table 3). TP samples had 
a peak of protein aggregates at 8.70 mL (Fig. 2D), which had a broad 
shoulder and lower peak height, as compared to the reference and BLP 
samples. Nevertheless, the yield of aggregates in the TP sample was not 
significantly different (36.2 ± 0.1%) from that of the reference and BLP2 
(Table 3). These results proved that it was in fact possible to generate 
WPI aggregates in higher or similar yields as the reference with a 10 ◦C 
reduced thermal treatment, due to partial hydrolysis of WPI by BLP or 
TP. As shown in Fig. 2B and C, SEC chromatograms of iBLP1 and iBLP2 
showed broad peaks of protein aggregates with higher elution volume 
and smaller peak area than that of BLP1 and BLP2. This result showed 
that protein aggregates formed by inactivated proteases had lower 
molecular weight and were formed in significantly lower yields 
(Table 3). The amount of aggregates in BLP1 and BLP2 was 26% and 
33% higher than that of iBLP1 and iBLP2, respectively; whereas the 
difference between TP and iTP was only 4.6%, indicating that BLP had 
higher efficiency on the formation of protein aggregates than TP. The 
result of these inactivated samples (iBLP and iTP) demonstrates that it 
was enzyme activity that contributed to the formation of aggregates and 
not an effect of changing pH and/or mineral composition or other fac-
tors from the enzyme preparations. 

The amount of CMP, BSA and protein oligomers was 33% in the 
reference sample, and the corresponding values for BLP1, BLP2 and TP 
samples were significantly lower (11–20%; Table 3). Meanwhile, sam-
ples treated with inactivated proteases had significantly higher values of 
CMP, BSA and protein oligomers (23–30%; Table 3), indicating that 
partial hydrolysis of WPI did not benefit the formation of protein 
oligomers. 

Changes in the fractions of β-LG and α-LA indicated the formation of 
aggregates and oligomers consisted of whey proteins. Reference, BLP1 
and BLP2 samples had significantly lower amounts of β-LG and α-LA 
(27–33%; Table 3), while TP and all samples with inactivated proteases 
had higher amounts of β-LG and α-LA. 

The amount of WPH in BLP1 and BLP2 samples were 13% and 16%, 

Fig. 2. SEC chromatogram of samples. A. Control 
(WPI, 3% w/v) and reference sample (WPI, 3% w/v, 
treated at 90 ◦C for 10 min); B. BLP1/iBLP1: WPI 
(3% w/v) incubated with BLP/iBLP (0.05%, v/v) at 
65 ◦C for 1 min, followed by thermal treatment at 
80 ◦C for 10 min; C. BLP2/iBLP2: WPI (3% w/v) 
incubated with BLP/iBLP (0.05%, v/v) at 65 ◦C for 
2 min, followed by thermal treatment at 80 ◦C for 5 
min; D. TP/iTP: WPI (3% w/v) incubated with TP/ 
iTP (0.5%, v/v) at 65 ◦C for 10 min, followed by 
thermal treatment at 80 ◦C for 10 min.   

Table 3 
Content of different groups of protein fractions obtained from SEC analysis.   

Percentage of total area (%) 

No. Sample Aggregates CMP, BSA & 
oligomers 

α-LA & 
β-LG 

WPH 

1 Control 0.4 ± 0.1a 13.4 ± 1ad 83.0 ±
0.4a 

4 ± 1a 

2 Reference 40 ± 4b 33 ± 2b 27 ± 2b 1.2 ±
0.2b 

3 BLP1 48 ± 3c 11 ± 2cd 28 ± 4b 13 ± 2c 

4 BLP2 40.7 ± 0.8b 10.6 ± 0.1c 33 ± 2c 16 ± 1d 

5 TP 36.2 ± 0.1b 20.3 ± 0.8e 40.3 ±
0.1d 

4.0 ±
0.9ae 

6 iBLP1 22.1 ± 0.1d 29.5 ± 0.5f 48.8 ±
0.6e 

0.57 ±
0.02b 

7 iBLP2 8.3 ± 0.2e 25.4 ± 0.2f 65 ± 1f 2 ± 1abe 

8 iTP 31.6 ± 0.1f 23 ± 1g 44.4 ±
0.8g 

1.4 ±
0.2b 

9 Reference 
SDS 

25.0 ± 0.7x 40.0 ± 0.8x 35.6 ±
0.6x 

3.6 ±
0.7x 

10 BLP1 SDS 16 ± 4x 20 ± 2y 37 ± 4x 29 ± 2y 

11 BLP2 SDS 15 ± 8x 20 ± 2y 37 ± 7x 29 ± 2y 

12 TP SDS 16.4 ± 0.6x 25.4 ± 0.4z 48.4 ±
0.8y 

11 ± 1z 

Values in the same column with different letters are significantly different (p <
0.05); letters a-f are used for samples with No. 1–8, and letters x-z are used for 
samples with No. 9–12. 
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respectively, indicating significant hydrolysis of WPI by BLP compared 
to the reference sample, which only contained 1.2% WPH. TP contained 
4% WPH, while all samples with inactivated proteases had the same 
levels of WPH as the reference sample. 

Applying BLP to generate whey protein aggregates has been reported 
previously, and aggregates with different characteristics were obtained 
by different conditions. It was reported that β-LG (120 mg/mL) incu-
bated with BLP (2% w/w) for 1 h at 40 ◦C formed protein aggregates and 
approximately 60% of β-LG was degraded (Otte et al., 1997). Studies by 
Creusot and co-workers showed that applying WPI hydrolysate (degree 
of hydrolysis 6.8%, hydrolyzed by BLP) to WPI, β-casein and BSA could 
induce formation of soluble and insoluble protein aggregates (Creusot 
et al., 2008; Creusot et al., 2006). Geng, Kirkensgaard, Arleth, Otte, and 
Ipsen (2019) also reported that partially hydrolyzed α-LA by BLP at 
50 ◦C for 6 h formed nanotubes, which had a diameter around 19 nm. 

3.5. Yield of WPI aggregates linked by covalent bonds 

The amount of aggregates or protein oligomers associated by cova-
lent links was investigated by SEC by pre-treating the generated WPI 
aggregates with SDS 2.5% (w/v) prior to SEC analysis to dissociate all 
non-covalent interactions. Protein aggregates were eluted between 8 
and 12 mL in the reference sample without SDS (Fig. 2A), but the 
amount and size significantly decreased as evidenced by the broad peak 
eluting from about 8.5 to 14 mL after the reference sample was treated 
with SDS (Fig. 3). This broad peak possibly represents the protein ag-
gregates associated by covalent bonds in the reference sample. Similar 
changes were also obtained when SDS was added to the samples of BLP1, 
BLP2 and TP, showing broad peak area from about 10 to 14 mL (Fig. 3). 
Comparison among these three samples, the protein aggregates linked 
by covalent bonds in the reference sample added SDS had higher mo-
lecular weight, as it had lower elution volume of the broad peak (Fig. 3). 
As shown in Table 3, the reference sample pre-treated with SDS resulted 
in higher abundance of protein aggregates associated by covalent bonds 
than samples of BLP1, BLP2 and TP. This could be explained by an in-
crease in the extent of non-native thiol/disulfide crosslinking at higher 
temperature as previously reported by (Wijayanti et al., 2019). Peaks or 
areas with increased absorbance eluting from 14 to 15.6 mL were also 
observed, which could be CMP, BSA and covalently linked protein 
oligomers (Fig. 3). Amount of BSA and covalently linked oligomers were 
also more abundant in the SDS-treated reference sample (40%; Table 3) 
compared to the samples obtained by partial hydrolysis (20–25%; 
Table 3). It should be noted that the total peak areas of samples treated 
with SDS were significantly lower as compared to samples without SDS 

(Supplementary materials, Figure S5), and the percentagewise distri-
bution can therefore not be compared for samples with and without SDS. 

Combining the results from SDS-PAGE and SEC indicates that ag-
gregates and protein oligomers in the reference, BLP and TP samples 
were held together by non-covalent interactions and covalent bonds, 
with most of the covalent bonds being reducible disulfide bonds. This 
result is in agreement with previous studies showing that intermolecular 
disulfide bonds contributed to the formation of WPI aggregates by 
thermal treatment at 90 ◦C (7–30 min) (Floris, Bodnár, Weinbreck, & 
Alting, 2008; Mulcahy et al., 2017). 

3.6. Particle size distribution 

The particle size of WPI aggregates was analyzed using dynamic light 
scattering. Particle size distribution (PSD) by intensity of the samples is 
shown in Fig. 4, and that of the purified whey proteins is shown in 
Supplementary materials, Figure S6. PSD by intensity of the control 
shows two groups of particles with radius of 2–5 nm and 30–400 nm 
(Fig. 4A). The particles with radius of 2–5 nm are likely to represent 
whey proteins. The observed PSD values are in agreement with previous 
studies of WPI and purified β-LG reporting radius of 2.3 nm and 3.2 nm 
in solution at pH 7.0, respectively (Mahmoudi, Mehalebi, Nicolai, 
Durand, & Riaublanc, 2007; Moitzi et al., 2011). The particles with the 
radius range of 30–400 nm likely represent a minor amount of protein 
aggregates or other particles (fat or dust) in the sample. 

The PSD of the reference showed a main group of particles with 
radius distributing from 10 to 150 nm, which represents oligomers and 
aggregates of whey proteins (Fig. 4A). BLP1 also showed a similar PSD 
as the reference, indicating that whey protein aggregates induced by BLP 
followed by thermal treatment at 80 ◦C for 10 min had a similar particle 
size as that of the reference formed by thermal treatment at 90 ◦C. PSD of 
iBLP1 showed three groups of particles with radius range of 2–4 nm, 
6–30 nm, and 40–200 nm, which could represent whey protein mono-
mers, oligomers or small aggregates, and other large particles (fat or 
dust), respectively (Fig. 4B). Meanwhile, the PSD of BLP2 and iBLP2 
provided similar results as that of BLP1 and iBLP1, respectively 
(Fig. 4C). The intensity of light scattering of the reference and BLP 
samples predominately comes from the protein aggregates. In iBLP 
samples, intensity of scattered light comes from whey proteins, protein 
aggregates and other large particles. Combined with the SEC results 
(Fig. 2A, B and C), these results suggest that most of the whey proteins in 
the reference and BLP samples formed aggregates after the thermal 
treatment, with fewer aggregates formed in iBLP samples. This result 
also demonstrated that the partial hydrolysis of whey proteins by BLP 
contributed to the formation of aggregates by thermal treatment at 
80 ◦C. 

As shown in Fig. 4D, the PSD of TP showed a group of particles with 
radius of 6–50 nm, which were smaller than that of BLP1 and BLP2. PSD 
of iTP was very similar to that of TP indicating a certain size of aggre-
gates in the iTP sample. Particle size of whey protein aggregates ob-
tained with a similar thermal treatment as used in the present study (1% 
WPI, pH 7.0, 85 ◦C for 15 min) had diameter of 53.5 nm (Schmitt, Bovay, 
Rouvet, Shojaei-Rami, and Kolodziejczyk (2007). Purwanti et al. (2011) 
also reported the formation of whey protein aggregates by heating 3% 
WPI at 90 ◦C for 30 min with a particle size around 50 nm (diameter). 

3.7. Thermal stability of WPI aggregates 

The thermal stability of the WPI aggregates were examined by sub-
jecting the samples to thermal treatment in a microwave synthesis in-
strument in order to ensure a rapid heating and cooling and uniform 
heat transfer. Prior to UHT treatment, samples of control, iBLP1, iBLP2 
and iTP were transparent without any sign of turbidity, and samples of 
the reference, BLP1 and BLP2 and TP showed slight turbidity (Fig. 5A). 
Control subjected to UHT treatment was slightly turbid, while the 
reference sample was still transparent after UHT treatment (Fig. 5B), 

Fig. 3. SEC chromatogram of samples treated with SDS (2.5%, w/v) at 90 ◦C 
for 5 min. 
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Fig. 4. Particle size distribution by intensity of 
samples with different treatments. A. Control (WPI, 
3% w/v) and reference sample (WPI, 3% w/v, 
treated at 90 ◦C for 10 min), solid line; control and 
reference sample after UHT treatment, dotted line; 
B. BLP1/iBLP1: WPI (3% w/v) incubated with BLP/ 
iBLP (0.05%, v/v) at 65 ◦C for 1 min, followed by 
thermal treatment at 80 ◦C for 10 min, solid line; 
iBLP1 sample after UHT treatment, dotted line; C. 
BLP2/iBLP2: WPI (3% w/v) incubated with BLP/ 
iBLP (0.05%, v/v) at 65 ◦C for 2 min, followed by 
thermal treatment at 80 ◦C for 5 min, solid line; 
iBLP2 sample after UHT treatment, dotted line; D. 
TP/iTP: WPI (3% w/v) incubated with TP/iTP 
(0.5%, v/v) at 65 ◦C for 10 min, followed by ther-
mal treatment at 80 ◦C for 10 min, solid line; iTP 
sample after UHT treatment, dotted line.   

Fig. 5. Pictures of samples before (A), and after (B) UHT treatment.  
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which was expected and clearly demonstrated the heat stability of WPI 
aggregates formed in the reference sample compared to untreated WPI 
(Control). BLP1, BLP2 and TP samples subjected to UHT treatment were 
highly turbid, and significant coagulation and precipitation of the pro-
tein was observed in BLP1 and BLP2, suggesting formation of very large 
particles in these three samples (Fig. 5B). However, iBLP1, iBLP2 and 
iTP were still transparent after UHT treatment (Fig. 5B). These results 
clearly showed that WPI aggregates generated by partial hydrolysis of 
BLP or TP followed by thermal treatment at 80 ◦C for 10 min were not 
stable with the UHT treatment employed in the current study. 
Comparing with the samples of iBLP and iTP, aggregation and precipi-
tation of BLP and TP samples after UHT treatment could possibly be 
explained by the partial hydrolysis of whey proteins by BLP and TP. The 
partially hydrolyzed whey proteins and the released peptides may 
induce further aggregation and precipitation when subjected to addi-
tional thermal treatment. Furthermore, samples of the reference, iBLP1, 
iBLP2 and iTP had pH of 6.85–6.95, while samples of BLP1, BLP2 and TP 
had pH of 6.70–6.80. The lower pH of the protease treated samples may 
also contribute to the instability during UHT treatment. 

PSD of samples after UHT treatment were also determined. However, 
due to coagulation of the protein, and formation of very large particles in 
BLP1, BLP2, and TP after UHT treatment, these three samples were not 
suitable for DLS analysis. As shown in Fig. 4A, PSD of control after UHT 
treatment showed a group of particles with a radius range of 50–150 nm. 
Samples of the reference, iBLP1, iBLP2, and iTP after UHT treatment 
showed particles with a wide radius range of 2–200 nm (Fig. 4). 

4. Conclusion 

The yield of WPI aggregates obtained by partial hydrolysis and 
thermal treatment at 80 ◦C for 10 min was similar to that of a reference 
sample obtained by thermal treatment at 90 ◦C for 10 min, and the WPI 
aggregates had similar or smaller particle sizes as compared to the 
reference sample. However, samples obtained by partial hydrolysis and 
thermal treatment at 80 ◦C were not resistant to UHT treatment. In 
future work, optimization of the partial hydrolysis of WPI is needed to 
increase the thermal stability of the WPI aggregates and the effect on any 
potential flavor changes, such as bitterness from peptides, should be 
investigated. 
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