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Abstract Denaturation and aggregation of whey protein have been extensively
studied but there is limited knowledge of their effects on processing properties of
infant milk formulae (IMF) systems. In this study, the separate effects of denaturation
and aggregation of whey protein on the physicochemical characteristics during
processing of a model IMF were examined. Whey protein solutions (8%, w/w,
protein) were pre-heated for 2 min at 72 or 85 °C, followed by addition of 2.2 mM
calcium (Ca) (H-BCa), or at 85 °C after addition of the same level of Ca (H-ACa), to
give pre-treated whey protein for inclusion in three model IMF systems, encoded as
H-72-BCa, H-85-BCa and H-85-ACa, respectively. Unheated control samples with-
out (UH-C) and with (UH-C-Ca) added Ca were also prepared. Model IMF systems
(5.2%, w/w, protein, 60:40 whey protein:casein ratio, pH 6.8) were then prepared
incorporating these pre-treated whey protein ingredients and subjected to lab-scale
high-temperature short-time (HTST) heating at 85 °C for 2 min; whey protein
denaturation was >81.2% in all samples after HTST. Aggregation of whey protein
resulted in a significantly (P < 0.05) higher viscosity in sample H-85-ACa
(8.3 mPa.s) compared to UH-C (4.0 mPa.s), and measurement of Ca ion concentra-
tion on heating showed that Ca ions enhanced whey protein aggregation, resulting in
larger mean protein particle size. The results also suggest that pre-heating of whey
protein had a preventative effect on aggregation of protein during HTSTof IMF. This
study clearly showed that aggregation is more influential than denaturation in
determining viscosity development during HTST treatment of IMF, and that such
viscosity development can be controlled by altering protein-protein interactions
using, for example, pre-heat treatment of whey protein ingredients.
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1 Introduction

Whey proteins are widely-used, versatile, functional food ingredients that have a good
nutritional profile with specific physiological properties (Madureira et al., 2010) and are
used in products such as infant milk formulae (IMF). Matching the whey protein:casein
ratio of 60:40 of human milk is one challenge in formulating IMF, as bovine milk has a
ratio of 20:80. Thus, powders such as whey protein isolate, with protein content ≥85%,
can be incorporated as ingredients into formulations in order to achieve a whey-
dominant protein profile (Eugenia Lucena et al., 2006). The major proteins in whey
are β-lactoglobulin (β-lg) and α-lactalbumin (α-lac). Of these,β-lg represents ∼20% of
total protein in bovine milk; it has two disulphide bonds and one free thiol group, which
are deemed responsible for the irreversible thermal aggregation and gelling properties of
this protein (Brodkorb et al., 2016). α-Lac has a single polypeptide chain, containing
four disulphide bonds, and has no free sulphydryl group; native molecules of α-lac
consist of two domains, a largeα-helical domain and a small β-sheet domain, which are
connected by a calcium-binding loop (Permyakov and Berliner, 2000).

The mechanisms of denaturation and aggregation of whey proteins have been
extensively studied (Roefs and de Kruif, 1994, Verheul et al., 1998, Oldfield et al.,
1998) and reviewed recently (Wijayanti et al., 2014; Brodkorb et al., 2016). The
mechanism of denaturation and aggregation of β-lg was first proposed by Mulvihill
and Donovan (1987) to have two distinct stages; the initial stage is the unfolding of the
globular protein at temperatures >65 °C, while the second stage involves irreversible
association of the unfolded molecules to form complexes, i.e. aggregates. At temper-
atures exceeding 70 °C, irreversible aggregation occurs, which results in the formation
of two different types of aggregates: small aggregates which occur due to sulphydryl
group interaction and/or disulphide interchanges, and large aggregates which are
formed by non-specific reactions, not involving the interactions of sulphydryl groups.

Denaturation and aggregation have been shown to impact the functionality of whey
proteins during processing of different whey protein-containing systems. It is known that,
at whey protein concentrations ≥3.5%, heating of whey protein-containing solutions such
as whey beverages, to temperatures ≥75 °C results in denaturation and can cause
unfavourable aggregation, which leads to fouling of heat exchangers (Davies et al.,
1997), increased turbidity (Mulcahy et al., 2016) and sedimentation and gelation (Ryan
et al., 2012). Therefore, it is of considerable importance to understand and control
aggregation to improve the stability of whey proteins in nutritional beverage applications.

There have been multiple studies of the effects of incorporating denatured and
aggregated whey protein in various dairy-based systems (Anema and Li, 2003, Donato
et al., 2007, Donato and Guyomarc’h, 2009), the effect of denatured whey proteins and
mineral addition on the formation of microgels (Schmitt et al., 2011) and the effects of
soluble denatured whey proteins on beverage stability (Ryan and Foegeding, 2015).
Previous studies from our research group have investigated the influence of temperature
and ionic strength on whey protein denaturation and aggregation during thermal
processing (Ooi, 2015) and the enhancement of heat stability of model IMF protein
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systems by increasing α-lac:β-lg ratio (Crowley et al., 2016), but there is limited
information on the effects of denaturation and aggregation of whey proteins on
viscosity and processing properties of IMF systems.

The present study is a systematic evaluation of the influence of pre-denaturation and
aggregation of whey proteins, to different extents, on viscosity and processing proper-
ties of a model infant nutritional product. The objective was to study the individual
contributions of denaturation and aggregation of whey proteins to viscosity develop-
ment during thermal processing in infant formula applications. The physicochemical
properties (i.e. protein particle size, surface hydrophobicity, accessible sulphydryl
groups and colour) of a model IMF protein system, in which the whey protein
component had been pre-denatured and/or aggregated, were evaluated before and after
simulated high-temperature short-time (HTST) thermal processing, as would be applied
during the industrial manufacture of IMF products.

2 Materials and methods

2.1 Materials

Whey protein isolate (WPI; BiPRO®) was acquired from Davisco Foods International
(Le Sueur, MN, USA), and low-heat skim milk powder (SMP) was supplied by Ornua
(Fermoy, Ireland). The composition of both ingredients was determined using standard
International Dairy Federation (IDF) methods. Total protein content (Kjeldahl method;
IDF, 2014) was 89.4 and 34.6% for the WPI and SMP powders, respectively. The ash
content (determined by dry ashing at 550 °C for 5 h) was 1.97 and 7.6% for WPI and
SMP powders, respectively. All other chemicals used were of analytical grade and
obtained from Sigma-Aldrich (Dublin, Ireland).

2.2 Preparation of WPI and SMP solutions

Stock solutions (8%, w/w, protein) were prepared from WPI and SMP by low-speed
magnetic stirring at 22 °C for 3 h in ultra-pure water. WPI solution was divided equally
into five separate beakers and 2.2 mM calcium was added, in the form of calcium
chloride, with mechanical stirring at 22 °C to one subsample which was allowed to
equilibrate for 2 h, before the pH of all samples was adjusted to 6.8. The WPI and SMP
solutions were then stored at 4 °C for 18 h to facilitate complete hydration.

2.3 Pre-treatment of whey protein

The WPI solutions were separately heat treated using an AR-G2 controlled-stress
rheometer (TA Instruments, Crawley, UK) equipped with a starch pasting cell (SPC)
geometry. Samples (28 mL) were subjected to a temperature profile as follows: initial
temperature (20 °C) was increased at a rate of 6 °C. min−1 to reach the target
temperature (72 or 85 °C); samples were held at the target temperature for 2 min and
then cooled to 10 °C at a rate of 6 °C. min−1 and held at 10 °C for 8 min. The samples
were mixed at a constant shear rate of 15 s−1 throughout the heating, holding and
cooling steps. Following heating, 2.2 mM calcium was added, in the form of calcium
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chloride, with mechanical stirring at 22 °C for 2 h, to three WPI subsamples (excluding
the unheated control and sample to which calcium had been previously added) to
ensure that all heated WPI samples had the same concentration of added Ca (Fig. 1).

2.4 Preparation of model infant milk formulas

Five model infant milk formula (IMF) samples were formulated to contain 5.2%, w/w,
protein, of which the SMP contributed 50% of total protein and the remaining 50%
consisted of WPI pre-treated as described in section 2.3. The model IMF solutions were
stirred at 22 °C for 3 h at low speed to allow hydration and equilibration, after which
the pH was adjusted to 6.8. The model IMF solutions were coded as follows on the
basis of the pre-treatment applied to the WPI component; unheated control (UH-C),
unheated control with added calcium (UH-C-Ca), sample heated at 72 °C before
calcium was added (H-72-BCa), sample heated at 85 °C before calcium was added
(H-85-BCa) and sample heated at 85 °C after calcium was added (H-85-ACa). A
schematic representation showing formulation of the model IMF systems is provided
in Fig. 1.

2.5 Compositional analysis

The macro chemical composition of each model IMF was determined using standard
International Dairy Federation (IDF) methods and the mineral profile of each model
IMF was determined by inductively coupled plasma-mass spectrometry (ICP-MS)

H-85-ACa 
(heated 85 °C 

after Ca2+ 

addition)

H-85-BCa 
(heated 85 °C 
before Ca2+ 

addition) 

H-72-BCa 
(heated 72 °C 
before Ca2+ 

addition) 

Ingredient Preparation 
Whey protein isolate, WPI; 8%, 
w/w, protein, pH 6.8, hydrated 

for 18 h at 4 °C 

Skim milk powder, SMP; 8%, 
w/w, protein, pH 6.8, hydrated 

for 18 h at 4 °C 

Heat treated for 2 min at 72 °C, 85 °C or 85 °C 
with 2.2 mM added calcium 

2.2 mM Ca added to all except 
85 °C with 2.2 mM Ca previously added

WPI and SMP solutions combined to give a model infant milk formula (IMF) 
(whey protein:casein 60:40), diluted to 5.2%, w/w, protein; pH 6.8.

UH-C 
(unheated 
control)

UH-C-Ca 
(unheated 

control  
+ Ca2+) 

Fig. 1 Flow chart showing design of the study and formulation of model infant milk formula
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following the method of Herwig et al. (2011). The lactose content was determined by
difference. Ionic calcium (Ca2+) concentration was measured using a Titrando 907
autotitrator equipped with a polymer Ca2+ ion-selective electrode (Metrohm Ireland
Ltd., Carlow, Ireland) as described by Crowley et al. (2014a), with the exception that
calcium standards of 1, 2, 3, 4 and 5 mM CaCl2 were used.

2.6 Heat stability and heat treatment of model infant milk formula

The pH of each IMF sample was adjusted to 6.8, if necessary, and the heat coagulation
time (HCT) was measured at 140 °C using the method described by Crowley et al.
(2015b). The model IMF samples were also subjected to a lab-scale heat treatment at
85 °C for 2 min, designed to simulate high-temperature short-time (HTST) processing,
using an AR-G2 controlled-stress rheometer equipped with a starch-pasting cell geom-
etry using the method described by Crowley et al. (2016). Viscosity was measured
during this HTST treatment using an AR-G2 controlled-stress rheometer equipped with
a 60 mm aluminium peltier parallel plate with a 1 mm geometry gap following the
method described by Crowley et al. (2016). A layer of liquid paraffin was applied to the
sample during the conditioning step at 20 °C to prevent dehydration during heating.

2.7 Whey protein denaturation

2.7.1 Measurement of pH 4.6-soluble protein

The pH 4.6-soluble fractions of samples were prepared following the method of
O’Kennedy and Mounsey (2006) with some modifications, detailed as follows. Acetic
acid (5 mL of 10%, w/v) was added to each IMF solution (50 mL), which was then
heated at 40 °C for 10 min, after which 5 mL of sodium acetate (1 mol.L−1) was added
and the mixture was, held at 40 °C for a further 10 min, and allowed to cool to 22 °C.
The pH was then adjusted to 4.6 with either 10% (w/v) acetic acid or 1 mol.L−1 sodium
acetate, if necessary, prior to centrifugation at 10,000 g at 22 °C for 20 min. Whatman
no. 542 filter paper (Whatman International Ltd., Maidstone, UK) was used to separate
the filtrate from the supernatant. The extent of total whey protein denaturation was
determined by Kjeldahl nitrogen analysis of the initial samples and the respective
pH 4.6-soluble fractions (IDF, 2014).

2.7.2 Reversed-phase high-performance liquid chromatography

Prior to analysis, samples (pH 4.6-soluble fractions, prepared as described above) were
diluted 1:10 with solvent A (0.1% TFA in 95% ultra-pure water with 5% reversed-
phase high-performance liquid chromatography (RP-HPLC) grade acetonitrile) and
filtered with 0.2-μm low protein-binding membrane filters (Sartorius Stedium Biotech
GmbH, Göttingen, Germany). RP-HPLC analysis was performed using the method
described by Huppertz et al. (2004) with some modifications. Samples (20 μL) were
applied to the column and eluted with 100% solvent A through the column for 5 min at
a flow rate of 0.5 mL.min−1, followed by a linear gradient to 30% solvent B (0.1% TFA
in 95% HPLC-grade acetonitrile with 5% ultra-pure water) for 5 min. The eluent was
increased linearly to 60% of solvent B over 30 min and maintained at 60% solvent B
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for 10 min. The proportion of solvent B was then increased to 95% over 5 min, held for
2 min and returned to 100% solvent A over 3 min. To ensure re-equilibration of the
system before injection of the next sample, 100% solvent A was eluted for 10 min
between sample runs.

2.8 Particle size distribution

The particle size distribution of the model IMF solutions was determined by dynamic
light scattering (DLS) using a Zetasizer Nano-ZS (Malvern Instruments Inc.,
Worchestershire, UK), equipped with Malvern Zetasizer software 7.02, following the
method described by Crowley et al. (2016), except that samples were diluted 1:200 in a
Ca-imidazole buffer (20 mM imidazole, 5 mM CaCl2, pH 6.8) as described by Anema
(1997), in order to prevent micellar disintegration. The Z-average and polydispersity
index (PDI) were recorded for each sample.

2.9 Colour

The colour of the unheated and heated model IMF solutions (5.2%, w/w, protein) was
measured using a pre-calibrated Minolta Chroma meter CR-400 colorimeter (Minolta
Ltd., Milton Keynes, UK) following the method described by Mulcahy et al. (2016).

2.10 Accessible sulphydryl groups and surface hydrophobicity

Protein samples were diluted in ultra-pure water (∼18 MΩ) from 5.20 to 1.00%, w/v,
protein (pH 6.8). The accessible sulphydryl (-SH) groups were measured following the
method of Hoffmann and van Mil (1997) with modifications as described by Drapala
et al. (2016). The level of accessible -SH groups was calculated using the molecular
extinction coefficient for 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) of
13,600 M−1.cm−1.

To measure the surface hydrophobicity, the method of Alizadeh-Pasdar and Li-Chan
(2000) using the hydrophobic probe, 1-anilinonaphthalene-8-sulphonic acid ammoni-
um salt (ANS), was followed with some modifications. Samples were diluted to 5
different protein concentrations in sample buffer (0.1 mol.L−1 citric acid/0.2 mol.L−1

sodium phosphate, pH 6.8) as follows: 0.003, 0.006, 0.009, 0.012 and 0.015% (v/v).
Ten millilitres of each protein solution and 50 μL of 0.008 mol.L−1 ANS were mixed
and the fluorescence intensity was measured using a SFM 25 spectrofluorimeter (Bio-
Tek, Kontron Instruments, Saint-Quentin en Yvelines, France). The slope (S0) value
(where in all cases r2 value was >0.98) was used to express the surface hydrophobicity
of proteins in each sample.

2.11 Protein profile and molecular weight distribution analysis

The distribution of protein in each model IMF solution was analysed by ultracentrifu-
gation for 1 h at 100,000g at 20 °C, to separate casein micelles (i.e. in the sediment
phase) from proteins in the serum phase. The supernatants were considered represen-
tative of the serum phase of the model IMF solutions and were used to investigate the
extent of whey protein-casein interactions in each model IMF solution. The protein
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profile of each ultracentrifugal supernatant was analysed by reversed-phase high-
performance liquid chromatography following the method described by Crowley
et al. (2015a).

Molecular weight distribution of protein in the ultracentrifugal supernatants was
determined by size exclusion chromatography as described by Kehoe et al. (2011).
Briefly, protein samples (20 μL) were injected on two columns in series (TSKgel
G2000SWXL and G3000SWXL, 7.8 mm ID, 30 cm, 5 μm particle size, Tosoh
Biosciences LLC, USA) with a guard column (TSKgel SWXL, 6 mm ID × 4 cm,
7 μm particle size). An isocratic elution buffer (20 mM sodium phosphate buffer
pH 7.0, 0.03%, w/v, sodium azide) was used at a flow rate of 0.5 mL.min−1. A
molecular weight (Mw) calibration curve was created using molecular weight
standards ranging from 14 to 670 kg.mol−1. Samples were filtered through
0.45-μm low protein-binding Acrodisk® syringe filters (Pall Corporation, Port
Washington, NY, USA) prior to injection on to the column. The protein content
of the filtrates was determined by Kjeldahl nitrogen analysis to determine, by
difference, the proportion of total protein that was not soluble.

2.12 Statistical data analysis

All pre-treated whey protein solutions and model IMF protein solutions were prepared
in three independent trials and all analysis was conducted in triplicate. The data
generated was subjected to one-way ANOVA using the MINITAB® version 17
(Minitab Ltd., Coventry, UK) statistical analysis package. The Tukey comparison test
was used to determine significant differences (P < 0.05) between mean values for
different sample treatments.

3 Results

3.1 Composition and heat stability of model infant milk formulas

There were no significant differences (P > 0.05) in the levels of total solids,
protein, lactose and ash of each model infant milk formula (IMF) protein
system (Table 1); the fat content was ≤0.10% in all samples. In terms of the
mineral profile of each IMF, the total calcium content was higher (significantly
so for the H-85-BCa sample) in all calcium-fortified samples, compared with
the control sample, UH-C. There were no significant differences in the concen-
trations of any of the other minerals between the samples. There were no
significant differences in the concentration of ionic calcium (Ca2+) between
model IMFs UH-C, H-85-BCa and H-85-ACa, while the ionic calcium
concentration was higher in samples UH-C-Ca and H-72-BCa.

The heat coagulation time (HCT) of each model IMF was measured at the pH value
at which HTST was conducted (i.e. pH 6.8). The HCT was significantly lower for the
unheated control sample with added calcium (UH-C-Ca; 6.38 min) than the control
with no added calcium (UH-C; 14.5 min). Pre-heat treatment of whey protein in the
WPI at 72, 85 or 85 °C after calcium was added resulted in even lower heat stability
(HCT < 2 min) for the resultant model IMF.
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3.2 Viscosity during thermal processing

The viscosity of each model IMF was measured continuously during lab-scale HTST
processing (Fig. 2). At the initial temperature of 20 °C, there were no significant
differences in viscosity between samples, with viscosity ranging from 2.44 to
5.81 mPa.s (Table 2). Upon heating, as the temperature increased to 85 °C, the viscosity
of all samples decreased (Fig. 2). On holding at 85 °C, the viscosity increased and, on
cooling to 5 °C, there was a further considerable increase in the viscosity of all samples,
with the viscosity of the H-85-ACa sample (8.32 mPa.s) being significantly higher than
that of all other samples after cooling to 5 °C. The viscosity after heating was higher
than the viscosity before heating for all samples.

3.3 Particle size before and after HTST

Each model IMF sample had a broadly monomodal particle size distribution prior to
HTST treatment, with mean particle size of 176–205 nm (Table 2), while sample
H-85-ACa had a small apparent number of micron-sized particles, which may be
indicative of extensive protein aggregation having occurred during pre-heating of
the whey protein component (Fig. 3). The polydispersity index of the unheated
model IMF samples generally increased with increasing severity of pre-heat treat-
ment of the whey protein, with H-85-ACa displaying a significantly higher polydis-
persity than any of the other samples. Following HTST heat treatment of the model
IMF samples, the mean particle size ranged from 204 to 278 nm and all samples,
excluding H-85-ACa, demonstrated a small second peak constituting particles

Table 1 Composition of model infant milk formulae prepared with whey protein treated as follows: unheated
control (UH-C), unheated control with calcium added (UH-C-Ca) and samples heated at 72 °C before calcium
was added (H-72-BCa), heated at 85 °C before calcium was added (H-85-BCa) or heated at 85 °C with added
calcium (H-85-ACa)

Component UH-C UH-C-Ca H-72-BCa H-85-BCa H-85-ACa

Total solids (%, w/w) 8.89 ± 0.25a 8.92 ± 0.23a 8.90 ± 0.05a 8.87 ± 0.35a 8.89 ± 0.35a

Protein (%, w/w) 5.19 ± 0.00a 5.20 ± 0.02a 5.19 ± 0.02a 5.19 ± 0.03a 5.18 ± 0.01a

Lactose (%, w/w) 3.00 ± 0.24a 3.00 ± 0.26a 3.02 ± 0.18a 2.90 ± 0.27a 3.00 ± 0.30a

Ash (%, w/w) 0.63 ± 0.03a 0.67 ± 0.03a 0.61 ± 0.02a 0.69 ± 0.06a 0.63 ± 0.04a

Calcium (mg.L−1) 740 ± 31.5a 816 ± 9.5ab 803 ± 11.3ab 836 ± 35.4b 789 ± 8.4ab

Ionic calcium (mM) 1.57 ± 0.02a 1.87 ± 0.08b 1.84 ± 0.03b 1.60 ± 0.07a 1.55 ± 0.04a

Phosphorus (mg.L−1) 620 ± 21.7a 618 ± 11.2a 618 ± 10.0a 631 ± 22.8a 608 ± 5.0a

Magnesium (mg.L−1) 73.9 ± 3.5a 73.3 ± 0.2a 72.0 ± 0.01a 74.9 ± 2.9a 72.9 ± 0.4a

Potassium (mg.L−1) 1127 ± 60.1a 1113 ± 15.0a 1073 ± 26.4a 1125 ± 27.6a 1134 ± 0.2a

Sodium (mg.L−1) 573 ± 16.5a 572 ± 16.1a 549 ± 1.0a 584 ± 11.2a 578 ± 19.7a

Results are means ± standard deviations of data from at least three independent trials on freshly prepared
samples
a,b Values within rows followed by different superscripts are significantly different (P ≤ 0.05)
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ranging in size from 50 to 100 nm. The micron-sized particles that were evident in
the H-85-ACa IMF sample before heating increased in number following HTST
treatment, and micron-sized particles were also evident in the UH-C-Ca and H-85-
BCa samples (Fig. 3b). An increased polydispersity index was also observed in all
samples following HTST treatment but the differences between samples were not
significant (Table 2).

3.4 Denaturation of whey proteins

Before heating of the model IMF samples, the levels of total whey protein denaturation
in samples H-72-BCa, H-85-BCa and H-85-ACa were 25.5, 74.8 and 78.1%, respec-
tively; thus, the levels of denaturation increased as the severity of the pre-heat treatment
of the whey protein increased, as expected, while pre-heat treatment of the whey
protein component at 85 °C, in the presence of 2.2 mM added calcium, resulted in
higher (P < 0.05) levels of denaturation. Upon HTST of the model IMF systems, total
denaturation levels in the samples UH-C and UH-C-Ca were 81.2 and 82.4%, respec-
tively, and levels of denaturation were slightly higher in model IMF systems where the
whey protein component had been pre-heat treated at 72 or 85 °C (i.e. 84.3, 87.3 and
86.1% for H-72-BCa, H-85-BCa and H-85-ACa, respectively).

Reversed-phase high-performance liquid chromatography (RP-HPLC) was used to
quantify denaturation of the individual whey protein fractions in the model IMF
samples before and after HTST (Table 3). The levels of denaturation of β-lg were
generally higher than those for α-lac on HTST processing of the model IMF solutions
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following pre-treatment of the whey protein fraction at 72 or 85 °C. Following HTST
treatment, the extent of denaturation of β-lg in all five model IMF samples was
≥94.7%, with the level of denaturation increasing with pre-heating temperature of the
whey protein component; samples H-85-BCa and H-85-ACa had significantly higher
levels of denaturation (98%) than any of the other samples.

The effect of pre-heat treatment on denaturation of α-lac during subsequent HTST
treatment of model IMF solutions was even more pronounced than for the β-lg fraction.
For both UH-C and UH-C-Ca, in which the whey protein fraction had not been pre-heat
treated, the levels of denaturation were 78.0 and 76.2%, respectively, after HTST
treatment of the model IMF systems. Sample H-72-BCa had an α-lac denaturation
level of 82.8%, which was significantly higher than that of the UH-C sample, and in the
model IMF system containing whey protein which had been pre-heat treated at 85 °C,
the levels of denaturation in the corresponding model IMF solutions were significantly
higher, at 94.0 and 94.2%, for the H-85-ACa and H-85-BCa samples.
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Fig. 3 Particle size distribution [a] before and [b] after lab-scale HTST treatment of model IMF samples
prepared with whey protein treated as follows: unheated control (UH-C, ), unheated control with calcium
added (UH-C-Ca, ) and samples heated at 72 °C before calcium was added (H-72-BCa, ), heated at
85 °C before calcium was added (H-85-BCa, ) or heated at 85 °C with added calcium (H-85-ACa, ).
Results are the means of data from three independent trials
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3.5 Surface reactivity of proteins

3.5.1 Accessible sulphydryl (-SH) groups

Low levels of accessible -SH groups were present in the UH-C and UH-C-Ca samples,
i.e. 3.17 and 3.19 μmol -SH.g−1 protein, respectively, as expected due to the relatively
compact globular structure of native whey protein molecules. When WPI was pre-
heated at 72 °C, the concentration of accessible -SH groups in H-72-BCa increased to
3.93 μmol -SH.g−1 protein. On pre-heating of the whey protein component at 85 °C,
sample H-85-BCa had a higher level of accessible -SH groups (7.88 μmol -SH.g−1 of
protein) compared to UH-C. On pre-heating at 85 °C, there was extensive denaturation
of whey proteins (Table 3) with the exposure of previously-buried reactive functional
groups. Accessible -SH groups were thus significantly more accessible in the H-85-
ACa sample compared to the UH-C sample, with significantly higher levels of
35.0 μmol -SH.g−1 of protein measured for the former.

Following HTST, the levels of accessible -SH groups were higher in all IMF
samples compared to their respective unheated samples, while H-85-ACa was signif-
icantly higher in the concentration of accessible -SH groups compared to HTST-treated
UH-C (Table 3).

3.5.2 Surface hydrophobicity

Prior to HTST treatment of the model IMF solutions, the UH-C and UH-C-Ca samples
had surface hydrophobicity (S0) values of 2.17 × 103 and 2.20 × 103, respectively. In
general, as the temperature of pre-heat treatment applied to the whey protein compo-
nent increased, the surface hydrophobicity also increased, indicating the exposure of
previously buried hydrophobic regions as a result of whey protein denaturation
(Table 3). When the model IMF samples were subsequently HTST-treated, surface
hydrophobicity of all samples were higher than that of the UH-C sample, but there were
no significant differences between samples UH-C, UH-C-Ca and H-72-BCa. Pre-
heating of whey protein at 85 °C resulted in greater exposure of hydrophobic regions
than at 72 °C. In the H-85-BCa sample, the S(0) value was 5.93 × 103 while that for
H-85-ACa was slightly lower, at 5.61 × 103.

3.6 Colour

There were significant differences in L* value of unheated model IMF samples; as pre-
heat temperature applied to the whey protein component increased the L* value of the
IMF solutions generally increased. Upon HTST treatment, the L* value was higher in
all model IMF samples than that of the respective unheated samples.

3.7 Sedimentable protein profile before and after heating

Ultracentrifugation was applied to separate the colloidal and soluble phases, and
proteins therein of model IMF samples before and after heating. As pre-treatment
temperature increased, the level of κ-casein in the ultracentrifugation supernatants of
the unheated and heated IMF samples generally increased (Table 4). As a general trend,
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as κ-casein levels increased in supernatants of both unheated and heated IMF samples,
the levels of β-lg in the supernatants decreased. In the model IMF samples before
HTST treatment, the levels of β-lg in the supernatants ranged from 67.6 to 72.7% for
samples UH-C, UH-C-Ca, H-72-BCa and H-85-BCa, while they were significantly
lower, at 58.9%, for sample H-85-ACa. The supernatants of model IMF samples before
HTST treatment had levels of α-lac ranging from 26.0 to 26.6%, except for the sample
H-85-ACa, which had a significantly higher level (34.6%) of α-lac.

Upon HTST treatment of the model IMF samples, the levels of κ-casein in super-
natants were higher than those of the respective unheated samples and ranged from 7.5
to 12.3%, while β-lg levels ranged from 49.7 to 66.0%. α-Lac levels in the superna-
tants also increased slightly as the temperature of the pre-heat treatment applied to the
whey protein component increased, with H-85-ACa having a considerably higher level
(38%) of α-lac than any of the other samples. These results suggest that the denatured
β-lg in the pre-treated whey protein ingredients, and that formed during HTST
treatment of the model IMFs, associates with κ-casein through disulphide linkages.

Size-exclusion chromatography was used to classify the types of aggregates that
were formed and the effect of pre-treatment of WPI on the molecular weight distribu-
tion of the aggregates found in the soluble phase of IMF supernatants. Prior to HTST
treatment, a molecular weight profile equivalent to a whey protein:casein ratio of 60:40
was seen in the supernatant of UH-C (column 1), consistent with a significant propor-
tion of the caseins (∼40%) being found in the insoluble material (Fig. 4). Generally, as
pre-heating temperature increased, the concentration of low molecular weight proteins
in the supernatants was reduced, while the presence of medium and high molecular
weight material was increased, with considerably higher levels of insoluble material in
H-85-ACa compared to UH-C. After HTST processing, the effect of calcium addition
was evident in UH-C-Ca, in which the level of insoluble material was increased

Table 4 The level (% of total peak area) of each individual protein fraction; κ-casein, β-lactoglobulin (β-lg)
and α-lactalbumin (α-lac), in ultracentrifugal supernatants of model IMF samples prepared with whey protein
treated as follows: unheated control (UH-C), unheated control with calcium added (UH-C-Ca) and samples
heated at 72 °C before calcium was added (H-72-BCa), heated at 85 °C before calcium was added (H-85-BCa)
or heated at 85 °C with added calcium (H-85-ACa)

Sample Unheated Heated

Total
protein
%

κ-casein β-Lg α-Lac Total
protein
%

κ-casein β-Lg α-Lac

% of total protein* % of total protein*

UH-C 3.50 1.1 ± 1.2a 72.7 ± 0.8a 26.2 ± 0.9a 3.00 7.5 ± 2.1a 66.0 ± 0.9a 26.4 ± 2.4a

UH-C-Ca 3.41 0.9 ± 1.2a 72.7 ± 1.0a 26.3 ± 0.7a 2.10 8.7 ± 5.5a 63.3 ± 8.0a 28.0 ± 2.6a

H-72-BCa 3.42 6.4 ± 4.8a 67.6 ± 5.7ab 26.0 ± 1.4a 3.38 9.0 ± 1.5a 64.1 ± 3.6ab 26.9 ± 2.2a

H-85-BCa 3.38 5.1 ± 3.9a 68.3 ± 3.2a 26.6 ± 3.4a 2.96 7.8 ± 4.3a 64.6 ± 3.4a 27.6 ± 5.3a

H-85-ACa 1.40 6.5 ± 2.7a 58.9 ± 3.1b 34.6 ± 2.0b 1.13 12.3 ± 2.8a 49.7 ± 7.2b 38.0 ± 9.1a

Values are mean peak areas determined at 214 nm by reversed-phase high-performance liquid chromatogra-
phy, before and after heating at 85 °C for 2 min (pH 6.8)

*Calculated as % of total peak area for κ-casein, β-lg and α-lac
a,b Values within column followed by different superscripts are significantly different (P ≤ 0.05)
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compared to UH-C. There was a high proportion of large soluble aggregates present in
sample H-72-BCa, while the level of insoluble material was similar to that in UH-C,
suggesting that pre-treating at a low temperature can control aggregate size. Sample
H-85-ACa showed the highest volume of insoluble material, at 90%, which is in
agreement with the earlier data showing significantly higher viscosity (Table 2,
Fig. 2) and PSD (Table 2, Fig. 3) for that sample compared to the other IMF samples.

4 Discussion

This study demonstrates that pre-denaturation and/or aggregation, to varying extents, of
whey protein, has a substantial effect on the physicochemical properties of nutritional
protein systems during HTST thermal processing. This was seen from the effects of
pre-heating temperature and ionic strength (i.e. level of added calcium ions) during pre-
heat treatment of a whey protein isolate ingredient used in the formulation of a model
IMF system, which gave different levels of denaturation and/or aggregation in the whey
protein ingredient. These differences in denaturation and aggregation state of the whey
protein ingredient greatly influenced the physicochemical properties (e.g. particle size
and viscosity) of the model IMF system. These differences in physicochemical prop-
erties of the model IMF system during thermal processing were influenced mainly by
differences in protein-protein interactions, primarily between β-lg and κ-casein during
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heat treatment of the model IMF system, as affected by pre-heat treatment of the whey
protein ingredient component of the formulation.

In this study, the levels of all compositional parameters were maintained constant
between samples except for calcium concentration (Table 1). The presence of calcium
is known to promote aggregation of whey proteins during thermal processing and
generally reduce stability to heating and, thus, as expected, the heat coagulation time of
the model IMF formulations, as measured at 140 °C and pH 6.8, was considerably
lower in the systems formulated with added calcium. All samples in which the whey
protein component had been pre-heat treated, at either 72 or 85 °C, with added calcium
or to which calcium was added after pre-treatment, had very low heat coagulation
times, of <2 min (Table 2). Both De Kort et al. (2012) and Crowley et al. (2014b)
previously reported the negative effects of high Ca ion concentration on the heat
stability of milk protein systems.

Anema and Li (2003) reported that the association of whey proteins with casein
micelles on heating is strongly dependent on milk pH and that the level of association
decreased from ∼70% at pH 6.5 to about 32% at pH 6.7. The model IMF systems used
in this study were adjusted to pH 6.8, which is a typical mid-range pH used for infant
formula processing. The denaturation temperatures of β-lg and α-lac are 62 and 78 °C,
respectively, and Kehoe et al. (2011) suggested that the presence of α-lac increased the
rate of β-lg denaturation, even though α-lac does not contain a free sulfhydryl group,
and it has been shown to be involved in the formation of hetero- and homo-aggregates
in the presence of β-lg via disulphide interchange reactions.

Simmons et al. (2007) reported that, on heating of whey protein concentrate systems
at 70 and 75 °C, small and reversible bonds were formed between protein particles due
to weak van der Waal interactions, while covalent disulphide bonds were strengthened
at higher temperatures, e.g. 80 and 90 °C. These authors also reported that, in the
presence of calcium, protein aggregates were formed on the surface of the whey protein
particles. For these reasons, it was important to evaluate the size and surface reactivity
of protein particles/aggregates formed in the model IMF systems in this study as
influenced by pre-denaturation and aggregation of the whey protein component of
the formulations.

In general, as the temperature of pre-heating of the whey protein raw material (i.e.
WPI solution) increased, the levels of denaturation in the formulated model IMF
solutions increased. Whey protein heated at high ionic strength (i.e. containing
2.2 mM added calcium) had slightly higher levels of whey protein denaturation and
larger particle size, indicating that calcium was involved in the aggregation mechanism;
it is known that addition of calcium ions to whey protein solutions lowers the whey
protein denaturation temperature and favours aggregate formation (Mulvihill and
Donovan, 1987, Simmons et al., 2007). The lower Ca2+ ion concentration after
HTST at 85 °C further suggests that calcium was involved in the formation of high
molecular weight protein aggregates, as it is known to have three roles in thermal
denaturation and aggregation: (1) formation of intermolecular protein-Ca2+-protein
bridges, (2) intermolecular electrostatic shielding of negatively-charged protein mole-
cules and (3) ion-induced changes that lead to hydrophobic interactions and aggrega-
tion of whey proteins at high temperatures (Petit et al., 2011). While the increase in L*
value on HTST treatment of samples with added calcium supports the hypothesis that
addition of calcium results in the production of larger aggregates (Table 2) with greater
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light-scattering ability; this is consistent with the report of Marangoni et al. (2000) that
the addition of calcium to a whey protein system induced formation of large aggregates
and caused an opaque appearance of cold-set gels. This is further evident from the
observation that, for the model IMF formulations containing whey protein pre-heated at
85 °C, the denaturation levels of α-lac were similar to those of β-lg, as α-lac has been
reported to irreversibly denature and aggregate only when in the presence of β-lg and
calcium (Chaplin and Lyster, 1986). There was also an increase in the surface reactivity
of the protein molecules/aggregates in the unheated model IMF solutions as the
temperature of pre-heating applied to the whey protein component increased; this
was shown by significant (P < 0.05) increases in the concentrations of accessible -
SH groups and surface hydrophobicity on denaturation and unfolding of whey proteins
(Table 3). Upon subsequent HTST treatment of the model IMF samples, the concen-
tration of accessible -SH groups and surface hydrophobicity increased for all samples,
but the differences between samples were small compared with the differences between
samples prior to HTST treatment of the IMF systems, and the differences were largely
not significant (P > 0.05).

The pre-treatment of whey protein can affect protein-protein interactions during
subsequent heat treatment of IMF, and complexes can form between the whey proteins
themselves or whey proteins and caseins. Thus, after HTST treatment, the model IMF
systems are composed of a mixture of three types of whey proteins: native whey
proteins, soluble whey protein aggregates and aggregates that have associated with the
surface of the casein micelle (Taterka and Castillo, 2015). This can influence the
physicochemical properties of the model IMF, and it is important to categorise the type
of aggregates that are formed. Overall, the levels of β-lg decreased and the levels of κ-
casein increased in the ultracentrifugal supernatants of IMF samples (Table 4), as
denatured β-lg can associate with κ-casein at the surface of the casein micelle and κ-
casein may also dissociate from the micelle on heating and form soluble complexes
with β-lg (Donato and Guyomarc’h, 2009, Donato et al., 2007). The formation of whey
protein-casein micelle interactions was evident from increases in particle size on
heating of the model IMF samples (Table 2, Fig. 3); the mean particle size in all model
IMF samples increased during HTST treatment, with a small second peak of particles
of size 50–100 nm (Fig. 3b) forming. Since it is known that κ-casein is the only casein
fraction that forms complexes with denatured whey protein (Donato and Dalgleish,
2006), it may be concluded that changes in particle size due to the formation of
aggregates were related to interactions between κ-casein and whey protein molecules/
aggregates.

The small proportion of larger, micron-sized particles, in the highly pre-denatured
and aggregated sample (H-85-ACa) following HTST treatment, was indicative of more
extensive protein-protein interactions and corresponded with the significantly higher
viscosity (Table 2, Fig. 2) of this sample, compared to any of the other model IMF
samples after HTST treatment. There were no significant differences (P < 0.05) in the
levels of whey protein denaturation between samples H-85-BCa and H-85-ACa, while
the viscosity of the latter was significantly (P < 0.05) higher. These results were similar
to those of Anema and Li (2003), who reported that the casein micelles in milk
increased in size as a consequence of heat treatment at temperatures of 70–100 °C
for up to 60 min. That study demonstrated a correlation between the micelle size and
the level of associated protein, indicating that the association of denatured whey
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proteins with the casein micelle surface influences the changes in protein particle size
and that the heating conditions affected the extent of denaturation.

From analysis of the molecular weight distribution of the soluble protein aggregates
by size-exclusion chromatography (Fig. 4), three important observations were made:
(1) heating a model IMF that contained mainly native whey protein resulted in the
production of much larger MWaggregates in the presence of added calcium, which can
be seen in UH-C-Ca (column 4) compared to unheated UH-C (column 1); (2) pre-
heating-induced denaturation of whey protein resulted in the production of smaller MW
protein aggregates in the model IMF systems made using these ingredients, as seen in
HTST-treated samples H-72-BCa (column 6) and H-85-BCa (column 8) compared to
UH-C-Ca (column 4); and (3) pre-heating whey protein at 85 °C in the presence of
added Ca resulted in the production of very large, mostly insoluble, whey protein
aggregates in the H-85-ACa sample prior to HTST (column 9), with very little change
in MW distribution of protein aggregates after HTST treatment of the model IMF
system (column 10). These observations confirm that, due to the pre-denaturation and/
or aggregation of whey protein, there was an increase in number of larger aggregates
and insoluble material after heating, which was evident from the PSD (Table 2, Fig. 3)
and viscosity results (Table 2, Fig. 2).

5 Conclusion

The contributions of denaturation and aggregation of whey proteins during the manu-
facture of whey protein ingredients, as applied to the processing of model infant
formula protein systems, were successfully separated and studied systematically. Ex-
tensive whey protein denaturation was readily achieved by pre-heating of whey protein
solutions, while aggregation was promoted by the addition of low levels of calcium
ions prior to HTST. Altering pre-heating temperature and calcium concentration prior
to heating was effective in producing pre-heat-treated whey protein molecules/particles
with very different surface reactivity, as shown by differences in levels of accessible -
SH groups and surface hydrophobicity. Increasing HTST temperature and calcium
concentration generally increased the levels of denaturation and aggregation, with
aggregation of whey proteins contributing most strongly to increases in protein particle
size. The viscosity of model IMF systems during HTST thermal processing was more
strongly influenced by size and reactivity of protein molecules/particles, than the extent
of denaturation. Overall, pre-heat treatment of whey protein used in the formulation of
model IMF systems helped to reduce the susceptibility of the whey protein to aggre-
gation when incorporated into a model IMF protein system. In conclusion, this work
has shown that the physical state/reactivity of whey protein molecules/particles strongly
influences protein-protein interactions and their ability to contribute to viscosity during
thermal processing, even at similar levels of denaturation. These findings are important
in facilitating an enhanced understanding of protein-protein interactions and their
influence on viscosity development and processing performance of formulated nutri-
tional beverages such as infant formula.
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