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Model infant milk formula systems (5.5% protein) were formulated to contain o-lactalbumin:B-lactoglo
bulin ratios of 0.1, 0.5, 1.3, 2.1 or 4.6 and assessed for heat stability and heat-induced changes.
‘Humanising’ the model formulas by increasing o-lactalbumin:B-lactoglobulin enhanced heat stability
at 140 °C in the pH range 6.6-6.9. The model formulas were analysed after lab-scale high-temperature
short-time heating at pH 6.8. Gel electrophoresis indicated that increased heat stability in high a-lactal
bumin:p-lactoglobulin samples was due to decreased covalent interactions between proteins. In low
a-lactalbumin: B-lactoglobulin formulas, protein—protein interactions caused marked increases in protein
particle size and viscosity of the heated systems; conversely, covalent interactions between proteins were
minimal in high o-lactalbumin:B-lactoglobulin formulas. Reduced protein-protein interactions with
increasing o-lactalbumin:p-lactoglobulin has important implications for subsequent processing; for
example, lower viscosity post-heating may affect bulk density in spray-dried products or physical stabil-
ity in ready-to-feed products.
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1. Introduction

One of the key compositional differences between human and
bovine milks is protein, in terms of both quantity and quality.
For several decades, first-age infant milk formula products (IMFs)
have been formulated to be whey protein-dominant (i.e., contain-
ing a whey protein:casein ratio of ~60:40 in the final product).
Demineralised whey or whey protein concentrate/isolate, when
added to skim milk in the correct proportions, can be used to attain
the desired whey protein:casein ratio (De Wit, 1998; Fomon,
2001). This protein base, to which other ingredients (e.g., lipids,
carbohydrates, minerals and vitamins) are added, is standardised
to give the required protein content (typically 1.2-1.8% protein)
in the final product. This protein level is higher than that of human
milk (~0.9-1.1%), which is an intentional compensation to ensure
the provision of sufficient quantities of essential amino acids, such
as tryptophan, tyrosine and cysteine, which are present in higher
concentrations in human milk than in bovine milk (De Wit,
1998; European Commission 2006/141/EC).

The whey protein fraction in bovine milk is dominated by
B-lactoglobulin (B-lg), which accounts for ~50% of total whey
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protein, while a-lactalbumin (a-lac) comprises 20% of total whey
protein. However, B-lg is absent from human milk and a-lac pre-
dominates (Armaforte et al., 2010). In fact, the presence of B-lg in
IMFs is believed to be one of the primary stimulators of allergenic
responses in IMF-fed infants, which has resulted in the develop-
ment of hydrolysed or “hypoallergenic” IMFs (Murphy et al.,
2015). Another approach to reducing allergenicity involves the
conjugation of B-1g with sugars to decrease its allergenicity to sus-
ceptible individuals (Bottger, Etzel, & Lucey, 2013; Taheri-Kafrani
etal., 2009). In addition, methods to deplete B-lg from whey to pro-
duce a-lac-enriched ingredients for use in applications such as IMF
formulation are well established (Lucena, Alvarez, Menendéz, &
Alvarez, 2006; Pearce, 1995; Stack, Hennessy, Mulvihill, &
O’Kennedy, 1999). Formulation of IMFs to contain higher
o-lac:B-lg ratios can be achieved through fortification with these
a-lac-enriched whey protein ingredients to yield a more human-
ised product, with scientifically-validated physiological benefits
for the infant (Davis, Harris, Lien, Pramuk, & Trabulsi, 2007,
Kuhlman, Lien, Weaber, & O’Callaghan, 2003; Sandstrém,
Lonnerdal, Graverholt, & Hernell, 2008). Furthermore, enrichment
with o-lac may allow a reduction in the protein content of IMFs
to values closer to those found in human milk, as the amino acid
requirements set forth in international regulations (European
Commission 2006/141/EC) for IMFs would be satisfied to a greater
degree (Kuhlman et al., 2003).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2015.07.077&domain=pdf
http://dx.doi.org/10.1016/j.foodchem.2015.07.077
mailto:sa.omahony@ucc.ie
http://dx.doi.org/10.1016/j.foodchem.2015.07.077
http://www.sciencedirect.com/science/journal/03088146
http://www.elsevier.com/locate/foodchem

S.V. Crowley et al./Food Chemistry 194 (2016) 184-190 185

It is important to investigate the implications of increasing
o-lac:B-lg ratio on heat stability and heat-induced changes of
IMFs, as IMFs are commonly subjected to several heating steps
during their manufacture, which can include combinations of
high-temperature short-time (HTST) heating, evaporation,
ultra-high temperature (UHT) treatment and in-container sterilisa-
tion (Jiang & Guo, 2014). As whey protein, in particular p-lg, is one
of the dominant contributors to heat-induced changes in milk
(Rattray & Jelen, 1997; Singh, 2004), any alteration to o-lac:B-lg
ratio in IMFs is likely to alter their behaviour during thermal pro-
cessing, which, in turn, may affect the quality of IMF products
(Murphy, Fenelon, Roos, & Hogan, 2014).

In this study, model IMFs with a protein content of 5.5% (typical
for IMFs after wet-mixing of ingredients and at the point of heat
treatment), a constant whey protein:casein ratio of 60:40, and
varying ratios of o-lac:p-lg were formulated. The role of
a-lac:B-lg ratio in determining the extent of heat-induced changes
in model IMFs was then determined in a series of experiments.
Stability to heating at 140°C and viscosity changes during
lab-scale high-temperature short-time (HTST) were studied.
Samples before and after HTST heating were the subject of further
analysis, including particle size distribution (PSD) using
dynamic-light scattering, physical stability using analytical cen-
trifugation, and protein profile using sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE).

2. Materials and methods
2.1. Materials

Milk protein concentrate 80 (MPC80) with a protein content of
82.8% (w/w) was supplied by NIZO food research (Zb Ede, The
Netherlands). Whey protein isolates comprising o-lac (90% purity,
93.5% protein) and B-lg (90% purity, 88.7% protein) were obtained
from Davisco Foods International (Le Sueur, MN, USA).

2.2. Preparation of model infant milk formula protein systems

Model IMF protein systems were formulated to contain 5.5%
total protein, with MPC80 contributing 50% of protein, and the
remaining 50% comprised of five different blends of o-lac and
B-lg. All samples were reconstituted in simulated milk ultrafiltrate
(SMUF; Jenness & Koops, 1962). Powders were reconstituted by
magnetic stirring at 22 °C for 3 h, with whey protein powder being
reconstituted first. Each sample was then adjusted to the desired
pH using 0.5 M HCI or 0.5 M NaOH and stored at 4 °C for 18 h to
facilitate complete rehydration. Before analysis, samples were stir-
red magnetically at 22°C for 1h and pH was re-adjusted if
necessary.

The protein profiles of all model IMFs were determined by
reversed-phase  high-performance liquid chromatography
(RP-HPLC) using the method of Crowley et al. (2015), and are
shown in Fig. 1; for the remainder of this paper, the model IMFs
will be referred to by their a-lac:p-Ig ratios (Fig. 1). The whey pro-
tein:casein ratio, where total whey protein was considered to com-
prise a-lac and B-lg, was measured as 59 + 3:41 + 3 for the model
IMFs.

2.3. Compositional analysis

Total solids content was measured by oven drying (IDF, 1987).
Total nitrogen was determined using the macro-Kjeldahl method
(IDF, 1986), and a nitrogen-protein conversion factor of 6.38 was
used to calculate total protein. Fat content was determined using
the Gerber method (IDF, 1991). Lactose content was measured by
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Fig. 1. Relative proportions of p-lactoglobulin, f-lg (M) and o-lactalbumin, a-lac
(O) in model infant milk formula (IMF) samples with different o-lac:p-lg ratios.
Data are from reversed-phase high-performance liquid chromatography analysis of
at least two freshly prepared samples of each model IMF. “Total whey protein”
refers to o-lac + p-lg.

HPLC as described by Indyck, Edwards, and Woollard (1996),
except that the protein precipitation step was performed using
tungstic acid. Mineral profiles were determined by
inductively-coupled plasma mass spectrometry (ICP-MS) accord-
ing to the method of Herwig, Stephan, Panne, Pritzkow, and Vogl
(2011). Calcium (Ca)-ion concentration of model IMFs at 20 °C
was measured using a polymer membrane Ca-ion-selective elec-
trode (Metrohm Ltd., Ireland), as described by Crowley, Kelly, and
O’Mahony (2014), except that the standard curve was prepared
using standards containing 2, 4, 6, 8 and 10mML™! of Ca.
Results showing the complete compositional profile of the model
IMFs are presented in Table S1.

2.4. Heat stability at 140 °C as a function of pH

Samples were prepared as outlined in Section 2.2 and divided
into 11 aliquots before adjustment of pH at 0.1 pH unit intervals
in the range 6.2-7.2 using 0.5 M HCl or 0.5 M NaOH. Heat stability
was measured at 140 °C by the method of Davies and White (1966)
under the conditions specified by Crowley et al. (2014). In com-
mercial UHT processing, the duration of the thermal treatment is
much shorter than that in a typical heat stability test; however,
tests in which heat coagulation time is measured are a very com-
monly used index of heat stability in milk protein systems, and
are regarded as a reliable method of measuring inter-sample differ-
ences and trends in heat stability (Singh, 2004).

2.5. Simulated HTST treatment

The change in viscosity of model IMFs at pH 6.8 during a heat-
ing, holding and cooling cycle designed to simulate HTST treatment
was measured using a TA Instruments AR-G2 controlled-stress
rheometer (Crawley, West Sussex, UK) with an aluminium parallel
plate (60 mm diameter) and TRIOS v8.32 software, as described by
Crowley et al. (2014), except that samples were heated to 85 °C
before cooling to 5 °C.

To increase the quantity of heated sample available for further
analysis, the rheometer was equipped with a starch pasting cell
geometry with 28 mL sample capacity. The same heating-
holding-cooling regime detailed above for the parallel plate was
applied, and the contents of the starch pasting cell were subjected
to a constant shear rate of 15 s~. Before and after heat-treatment,
samples were analysed as described in Sections 2.6-2.8.
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2.6. Protein particle size distribution

Unheated and heated model IMFs were diluted 1:200 in SMUF
and equilibrated for at least 1 h at 22 °C. Protein particle diameter
and polydispersity index were measured at 25 °C, after 120 s of
temperature equilibration, using dynamic light-scattering
(Zetasizer Nano series HT, Malvern Instruments Ltd.,
Worcestershire, United Kingdom) and accompanying Malvern
Zetasizer software v.7.02. The apparatus was equipped with a
He-Ne laser emitting at 633 nm. A solvent viscosity of
0.8872 mPa s and solvent refractive index of 1.33 were used in par-
ticle size calculations. Intensity-weighted Z-average particle diam-
eter and polydispersity index values are reported. A total of five
measurements were taken for each individual replicate using a
back-scattering configuration with a scattering angle of 173°. The
term protein particle size is used in this manuscript as a general
term which encompasses the size of native casein micelles,
micelles with which whey proteins have complexed, and serum
protein aggregates. Changes in protein particle size after heating
were considered to have occurred due to a combination of whey
protein-casein and whey protein-whey protein interactions.

2.7. Accelerated physical stability

The physical stability of unheated and heated model IMFs at
20 °C was measured using an analytical centrifuge (LUMiSizer,
L.U.M. GmbH, Berlin, Germany) as described by Crowley et al.
(2014), except that a shorter centrifugation time of 1 h was used.
For calculating the change in transmission over time, integration
limits were set at 109 and 127 mm in order to exclude the menis-
cus and sediment regions. A total of 60 profiles were collected over
1h

2.8. Protein profile analysis by SDS-PAGE

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed under reducing and non-reducing con-
ditions as described by Laemmli (1970) on the model IMFs before
and after heating. An AcquaTank mini gel unit (Acquascience,
Bellbrook Industrial Estate, Uckfield, UK) was used for running
the gels, which were pre-cast 4-20% acrylamide tris-glycine gels
(Pierce Protein Research Products, Australia). The staining solution
used was Bio-Safe Coomassie G-250 Stain (Bio-Rad Laboratories,
Inc., USA) and gels were scanned using a desktop scanner (HP
Scanjet G4010).

2.9. Statistical data analysis

One-way analysis of variance (ANOVA) with Tukey’s HSD on
selected data from at least two independent trials on freshly pre-
pared model IMFs was carried out using MINITAB® v.16.2.4
(Minitab Ltd, Coventry, UK) statistical analysis package.
Differences were considered significant when P < 0.05.

3. Results
3.1. Composition

There were no significant differences (P> 0.05) in the composi-
tion of the model IMF protein systems in terms of total solids,
crude protein, lactose or mineral profile (Table S1), with fat levels
<0.20% in all samples. Altered a-lac:p-lg ratios in model IMFs for-
mulated with different proportions of a-lac- or B-lg-enriched
WPIs were confirmed by HPLC (Fig. 1).

3.2. Heat stability at 140 °C as a function of pH

In model IMFs with a-lac:p-lg ratios of 0.1 and 0.5, samples
showed very poor heat stability (HCT <2 min) across the entire
pH range (Fig. 2), with a very slight increase in stability as pH
increased. In model IMFs with o-lac:B-lg ratios of 1.3, 2.1 and
4.6, broad areas of increased heat stability were observed at pH
6.6-6.9 (Fig. 2). Maximum HCT for these samples increased with
increasing o-lac:B-lg and shifted to slightly lower pH values.
Heat stability at pH < 6.6 and >7.1 remained very low for all sam-
ples irrespective of o-lac:B-lg ratio (Fig. 2). Overall, increasing
a-lac:B-lg ratio improved the heat stability of model IMF protein
systems.

3.3. Viscosity changes during lab-scale HTST heating

No significant differences (P > 0.05) in viscosity were measured
between the model IMFs during initial holding at 20 °C (Fig. 3).
After HTST treatment and during holding at 5 °C, model IMFs with
a-lac:B-lg ratios of 1.3 or 4.6 were significantly (P < 0.05) less vis-
cous than samples with a-lac:f-lg ratios of 0.1 or 0.5 (Fig. 3).
These results demonstrated that heat-induced increases in viscos-
ity were reduced as o-lac:p-Ig ratio increased.

3.4. Protein particle size before and after HTST treatment

Unheated model IMFs had mean protein particle diameters
between 181 and 187 nm (Table 1), which is typical of values
reported for casein micelles (Anema, Lowe, & Li, 2004; Crowley
et al., 2014; Nair, Dalgleish, & Corredig, 2013). Heated samples
with o-lac:p-Ig ratios of 0.1, 0.5 or 1.3 exhibited significant
(P<0.05) increases in protein particle diameter compared to the
samples before heating (Table 1) whereas, at higher o-lac:B-lg
ratios (2.1 or 4.6), no significant changes in protein particle size
were detected after heating. There was also a trend towards
decreasing polydispersity after heating as o-lac:B-lg increased
(Table 1). The PSD of the model IMF with the highest o-lac:B-lg
(4.6) was monomodal, irrespective of whether it was heated or
not, but displayed a shift to slightly smaller protein particle sizes
after heating (Table 1; Fig. S1). A second population of small pro-
tein particles with diameters ranging from 40 to 100 nm was
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Fig. 2. pH-heat coagulation time (HCT) profiles for model infant milk formula
samples with a-lactalbumin (a-lac): B-lactoglobulin (B-1g) ratios of 0.1 (4), 0.5 (@),
1.3 (a), 2.1 (M) or 4.6 (x) in the pH range 6.2-7.2. Results are the means of data
from at least three independent trials on freshly prepared samples.
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Fig. 3. Temperature (broken line) and viscosity (symbols) during lab-scale high-
temperature short-time (HTST) treatment of model infant milk formula samples
with a-lactalbumin (a-lac): B-lactoglobulin (B-1g) ratios of 0.1 (¢), 0.5 (@), 1.3 (a),
2.1 (M) or 4.6 (x) at pH 6.8. Results are the means of data from at least three
independent trials on freshly prepared samples. Different letters after the curve
indicate that samples were significantly different (P < 0.05) at 5 °C; NS indicates no
significant difference between samples at 20 °C.

Table 1

Protein particle size and polydispersity index values of model infant milk formula
samples with different o-lactalbumin (o-lac):B-1g (B-lactoglobulin) ratios, before and
after application of lab-scale high-temperature short-time heating. Results are the
means + standard deviations of data from three independent trials on freshly
prepared samples.

a-lac:B-1g ratio Protein particle size (nm) Polydispersity index (-)

Unheated Heated Unheated Heated
0.1 187+2.07° 319%802° 0.19£0.02® 0.34+0.09"
0.5 182+2.08° 249+359° 0.17+0.01* 026 £0.07°
13 181+4.88° 252+412° 0.17+0.01* 0.22+0.05°
2.1 184+3.62° 233+337% 0.18%0.03" 0.17 £0.04
46 186+4.73°  165+2.00° 0.19+0.02* 0.10+0.01°

2PMeans within rows are significantly (P < 0.05) different after treatment if they
carry different superscript letters.

apparent in model IMFs with a-lac:B-Ig ratios of 0.1 and 0.5 after
heating, indicating the presence of serum protein aggregates
(Donato and Guyomarc’h, 2009); in addition, micron-sized parti-
cles were formed in the sample with a-lac:p-lg of 0.1 (Fig. S1), sug-
gesting that particularly extensive aggregation had occurred in this
sample.

3.5. Physical stability before and after HTST treatment

Physical stability was measured using an analytical centrifuge.
The transmission of near-infrared light through the sample cell at
the beginning and end of centrifugation was ~30% and 65%, respec-
tively, for all unheated model IMF samples (Fig. 4). Under these
conditions, this increase in transmission during centrifugation
can be attributed to the sedimentation of large particles such as
casein micelles (Crowley et al., 2014; Tobin, Fitzsimons, Kelly, &
Fenelon, 2011) and presumably large whey protein aggregates.
All samples were more physically stable after heating. For heated
systems with a-lac:-lg ratios of 0.1-2.1, the transmission at the
beginning of centrifugation decreased to between 10% and 15%
compared to unheated samples (Fig. 4), due to the increased
light-scattering by the large protein particles which were formed

(Table 1), while a much smaller decrease in transmission was
observed for the 4.1 o-lac:B-lg sample due to negligible protein
aggregation (Table 1). Fig. 4 shows that the value for transmission
after 60 min of centrifugation increased with increasing a-lac:p-lg
ratio, indicating decreased physical stability. The model IMF with
an o-lac:p-Ig ratio of 0.1 was the most stable to protein sedimen-
tation on centrifugation after heating (Fig. 4). This result seems
counterintuitive, as this sample had the largest average protein
particle diameter and may, thus, have been expected to sediment
more rapidly (Guyomarc’h, Nono, Nicolai, & Durand, 2009). It is
not clear why samples with larger protein particles were more
physically stable, but the markedly increased polydispersity of
these systems (Table 1) indicates that populations of particles in
these systems were very complex, likely comprising both casein
micelle-whey protein complexes and serum protein aggregates
(Fig. S1). Possible explanations for reduced sedimentation in these
systems include: (1) that the formation of a large range of aggre-
gate sizes, including small serum protein aggregates, resulted in
increased inter-aggregate proximity with a concomitant increase
in stabilising interactions between aggregates during centrifuga-
tion; (2) that a significant portion of the particle population was
comprised of aggregates with higher hydration or lower density
after heating, with, for example, Guyomarc’h et al. (2009) demon-
strating that complexes formed between whey proteins were more
dense than complexes formed between «k-casein and whey
proteins.

3.6. Protein profile before and after HTST treatment

After heating, the intensity of both B-lg and a-lac bands
decreased strongly under non-reducing conditions at o-lac:f-lg
ratios between 0.1 and 1.3 (Fig. 5a). A substantial proportion of
o-lac did not form covalent associations with other proteins during
heating in samples with a-lac:p-Ig ratios of 2.1 and 4.6, as indi-
cated by the markedly higher band intensity in non-reducing
SDS-PAGE gels (Fig. 5a). These results indicate that both B-lg and
o-lac readily formed covalently-linked complexes with casein
and/or themselves at low a-lac concentrations; the dissociation
of these complexes under reducing conditions, indicated by the
presence of distinct, intense bands (Fig. 5b), suggests that the pro-
tein-protein interactions were predominately covalent in nature
(i.e., linked by disulphide bonds).

An increase in the levels of high molecular weight (MW) mate-
rial remaining in the wells of the non-reducing gel as a-lac:B-Ig
ratio increased was also observed (Fig. 5a); in addition, there was
noticeable streaking in the region between the BSA band and the
loading well in samples with a-lac:B-Ig ratios of 1.3, 2.1 and 4.6.
The high MW material was also covalently linked, as evidenced
by its dissociation under reducing conditions (Fig. 5b). The sample
with the highest a-lac:B-Ig ratio (4.6) had the greatest quantity of
material remaining in the loading wells of the non-reducing SDS-
PAGE gel (Fig. 5a); however, the same sample underwent the least
significant changes in particle size distribution (Table 1) and vis-
cosity (Fig. 3) during HTST treatment, and exhibited the highest
heat stability at 140 °C (Fig. 2). The intensity of the BSA band
decreased in heated IMFs as a-lac:B-lg increased, particularly after
the high MW complexes had been dissociated (Fig. 5b). The high
MW BSA has a free thiol group and, hence, can form complexes
with a-lac (Wijayanti, Bansal, & Deeth, 2014). Thus, it is possible
that, as o-lac:B-lg ratio is increased, BSA begins to play a more
prominent role in influencing protein-protein interactions while,
under normal conditions, B-lg is present in sufficient quantities
to mask the influence of BSA. Although the Ilevel of
covalently-linked high MW material remaining in wells was
observed to increase in non-reducing SDS-PAGE gels as
o-lac:B-lg ratio increased (Fig. 5a), this appeared to be insufficient
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to induce significant physicochemical changes of relevance to
processing.

4. Discussion

This study conclusively demonstrated that modulating the
o-lac:B-lg ratio of model IMF protein systems significantly affects
their heat stability. Differences in the heat stability of these model
IMFs can be primarily attributed to B-lg being more heat-labile
than a-lac; hence, when a-lac:B-lg ratio was increased the extent
of protein-protein interactions decreased, which resulted in
increased heat stability. In addition to protein-protein interac-
tions, multiple other compositional factors can influence the heat
stability of milk (e.g., lactose content and Ca-ion activity); how-
ever, in this study, these factors were constant across the model
IMFs (Table S1), and their contribution to inter-sample differences
were therefore considered to be negligible. Model IMFs with high
o-lac:B-1g ratios were the most resistant to heat-induced coagula-
tion (Fig. 2). In high a-lac:p-Ig ratio systems, protein—protein inter-
actions were less pronounced, as evidenced by the less extensive
increases in protein particle size (Table 1), viscosity (Fig. 3) and
covalent interactions between proteins (Fig. 5) after heating.
These data demonstrate that increasing o-lac:p-Ig ratio decrease
the protein-protein interactions that negatively affect heat stabil-
ity. This is consistent with the report of Rattray and Jelen (1997),
that blends (3.4% protein) of B-lg/skim milk were generally much
less heat-stable than those of a-lac/skim milk at various casein:-
whey protein ratios and pH values. It is clear that, in the pH range
6.6-6.9, increasing a-lac:B-lg ratio increased the heat stability of
model IMFs at 140 °C (Fig. 2). Outside of this pH range, a higher
Ca-ion activity at pH < 6.6 and increased dissociation of k-casein
at pH > 6.9 (Crowley et al., 2014; Singh, 2004) may have limited
the otherwise strong stabilising effect of increased a-lac:B-lg.

Protein-protein interactions occurring in milk during heating
can have both stabilising and destabilising influences on milk pro-
teins. When milk is heated, the formation of complexes between
whey proteins themselves and between whey proteins and casein
can occur. Where reported, increases in protein particle size shown
in Table 1 for model IMFs are likely due to the formation of both
types of protein complexes. Whey proteins, and in particular
B-lg, have a strong influence on the pH-dependant stability of milk
to heating, and contribute to high heat stability in unconcentrated
milk when complexed with casein micelles (Singh, 2004). In con-
centrated milks, substantial dissociation of w-casein occurs
throughout the pH-HCT profile, which is promoted by interactions
with B-lg (Pearce, 1979; Singh & Creamer, 1991). In systems con-
taining no casein, the p-lg is far more prone to heat-induced coag-
ulation than o-lac; hence, increasing the level of B-lg in milk
systems considerably reduces maxima values for heat stability,
while increasing the levels of a-lac has a negligible or even positive
effect on heat stability (Rattray & Jelen, 1997). In mixed systems
containing both casein and whey proteins, association of whey
proteins with casein micelles occurs during heating, but a-la only
participates in these reactions if in the presence of sufficient quan-
tities of B-lg and to a much more limited extent compared to B-Ig
(Oldfield, Singh, & Taylor, 1998; Oldfield, Singh, Taylor, & Pearce,
2000; Vasbinder & de Kruif, 2003). Thus, of the principal whey pro-
teins, B-lg has the dominant influence on heat stability, whether
positive or negative. The results of the present study indicate that
the destabilising effects of B-lg (i.e., increased whey protein aggre-
gation and/or increased k-casein dissociation) had a stronger influ-
ence on the heat stability of model IMFs than the stabilising effects
(i.e., formation of complexes at micellar surfaces), and that this fac-
tor was responsible for the positive effect of increased a-lac:p-lg
ratio on heat stability. Thus, altering o-lac:p-lg ratio in the

production of humanised IMFs may affect performance during
thermal processes such as UHT.

In the manufacture of an IMF by a “wet-mixing” approach, the
liquid IMF at ~4-7% total protein and pH 6.6-7.0 is typically sub-
jected to HTST treatment followed by refrigerated storage, during
which refrigerated storage heat-labile ingredients are often added
before further processing. In this study, such a HTST-cooling cycle
was simulated at lab-scale. Heating milk at 75-100 °C increases its
viscosity, with the extent of this increase commonly linked with
the size and volume fraction of casein micelles, which are
increased through their interactions with denatured whey proteins
(Anema et al., 2004). Analysis of the model IMFs post-HTST heating
generally indicated that the extent of the increase in viscosity
decreased with increasing o-lac:B-1g (Fig. 3), due to less extensive
protein-protein interactions (Table 1, Fig. 5). It is evident from the
results of simulated HTST treatment that increasing o-lac:p-Ig ratio
alters the physicochemical properties of IMFs (e.g., reduces viscos-
ity) after heating. This may have important implications for manu-
facturers of IMFs in powder and liquid formats. For example, in IMF
powder manufacture, differences in feed solution viscosity after
HTST (Fig. 3) and vacuum evaporation would be expected to
change certain physical properties of spray-dried IMFs, such as
bulk density (Keogh, Murray, & O’Kennedy, 2003; Murphy et al.,
2014). In addition, analytical centrifugation experiments indicated
that physical stability after HTST heating decreased with increas-
ing o-lac:p-lg (Fig. 4). In liquid IMF manufacture, where more
intense heat treatments such as UHT are applied, stabiliser addi-
tion may be required to limit the more rapid sedimentation of pro-
tein particles in high o-lac:p-Ig samples during storage (Tobin
et al., 2011).

5. Conclusion

Increasing o-lac:p-lg ratio conferred improved heat stability on
model IMF protein systems by limiting the extent of whey protein-
casein interactions. Protein particle size in high a-lac:p-lg IMFs did
not increase to the same extent as that in samples with low
o-lac:B-lg ratio during HTST-heating, resulting in less extensive
heat-induced viscosity increases in the former. Observed differ-
ences in heat stability and post-heating viscosity between IMFs
with different o-lac:B-lIg ratios may have practical implications
for the manufacture of humanised IMF liquids and powders, in
terms of destabilisation during thermal treatment or storage, and
the physical properties of IMF powders, respectively.
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Table. S1. Composition of model infant milk formulae. Results are means + standard deviations of datafrom at least three independent trials on

freshly prepared samples.
Component o-lactalbumin:p-lactoglobulin ratio
0.1 0.5 13 21 4.6

Total solids (%, w/w) 6.72 + 0.07° 6.36 + 0.08° 6.44 + 0.05° 6.44 + 0.11° 6.57 + 0.10°
Protein (%, w/w) 5.53 + 0.09% 5,59+ 0.13% 5.47 + 0.02° 5.49 + 0.07% 5.44 + 0.14°
Lactose (%, w/w) 0.20 + 0.00° 0.18+0.01° 0.19+0.01° 0.21+0.03* 0.19 + 0.00°
Ash (%, wiw) 0.81+0.16° 0.79+0.05° 079+0.04* 0.75+0.02° 0.82 + 0.06*
lonic calcium (mM L™) 2.61+0.03% 2.76 + 0.02° 2.71 + 0.06% 251+0.11% 216+ 0.23°
Calcium (mg L™) 1225+17.3%  1198+40.0° 1220+ 149° 1119 + 112 1141 + 2172
Phosphorus (mg L™) 913 + 21.12 870 + 16.9% 896 + 128° 864 + 64° 823 + 175°
Magnesium (mg L™ 114 + 6.9% 112 + 10.6° 112 + 6.0 100 + 19° 104 + 15.8°
Potassium (mg L ™) 1681+ 358  1689+357%  1704+216° 1468+ 366° 1604 + 3212
Sodium (mg L™ 672 + 14.4% 658 + 9.4° 673 + 84.5% 643 + 102 642 + 1162

@ Values within arow with the same superscripts are not significantly different (P > 0.05).
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Fig. S1. Particle size distribution (A) before and (B) after simulated high-temperature short-
time (HTST) treatment for model infant milk formulae at pH 6.8 with a-lactalbumin:(-

lactoglobulin ratios of 0.1 (#), 0.5 (), 1.3 (A), 2.1 (m) or 4.6 (x). Results are the means of

datafrom at least three independent trials on freshly prepared samples.
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