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ABSTRACT

The interactions among the proteins in sheep skim
milk (SSM) during heat treatments (67.5-90°C for 0.5
30 min) were characterized by the kinetics of the dena-
turation of the whey proteins and of the association of
the denatured whey proteins with casein micelles, and
changes in the size and structure of casein micelles.
The relationship between the size of the casein micelles
and the association of whey proteins with the casein
micelles is discussed. The level of denaturation and as-
sociation with the casein micelles for (-lactoglobulin
(3-LG) and o-lactalbumin (a-LA) increased with
increasing heating temperature and time; the rates of
denaturation and association with the casein micelles
were markedly higher for 3-LG than for a-LA in the
temperature range 80 to 90°C; the Arrhenius critical
temperature was 80°C for the denaturation of both
B-LG and a-LA. The casein micelle size increased by 7
to 120 nm, depending on the heating temperature and
the holding time. For instance, the micelle size (about
293 nm) of SSM heated at 90°C for 30 min increased
by about 70% compared with that (about 174.6 nm) of
unheated SSM. The casein micelle size increased slowly
by a maximum of about 65 nm until the level of as-
sociation of the denatured whey proteins with casein
micelles reached 95%, and then increased markedly by
a maximum of about 120 nm when the association level
was greater than about 95%. The marked increases in
casein micelle size in heated SSM were due to aggrega-
tion of the casein micelles. Aggregation of the casein
micelles and association of whey protein with the mi-
celles occurred simultaneously in SSM during heating.
Key words: whey protein, casein micelle, protein
composition, structure, kinetics
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INTRODUCTION

Milk is commonly exposed to commercial thermal
processing, which induces some physicochemical chang-
es, such as whey protein denaturation and an increase
in casein micelle size (Raynal et al., 2007; Dalgleish and
Corredig, 2012). Most of the denatured whey proteins
(especially 3-LG) bind covalently to the casein micelles
via thiol-disulfide bond exchange with k-CN (Van
Hooydonk et al., 1987; Donato and Dalgleish, 2006).
In addition, the presence of 3-LG during heating helps
a-LA to connect with k-CN; a-LA cannot associate di-
rectly with k-CN because of the lack of the thiol group
(Baer et al., 1976; Elfagm and Wheelock, 1978; Wi-
jayanti et al., 2019). These interactions between whey
proteins and caseins/casein micelles lead to structural
changes in the casein micelles and an increase in the size
of the casein micelles (Anema and Li, 2003). However,
these changes may vary to some degree in heated milks
from different species because of different compositions
and structures of the proteins. Studies have shown that
sheep milk has lower heat stability than cow milk (Park
et al., 2007; Raynal et al., 2007). In comparison with
cow milk, sheep milk showed a greater extent of whey
protein denaturation after heating at 80 to 90°C for 0.5
to 10 min (Law, 1995; Raynal and Remeuf, 1998).

Previous studies suggested that the casein micelle
size increased from its initial value by 25 to 75% in
sheep milk upon heating at 75 to 90°C for 0.5 to 10
min but remained unchanged in cow milk (Raynal and
Remeuf, 1998). The different effects of heating on the
casein micelle size between sheep milk and cow milk
might be caused by the differences in protein content
and the extents of dissociation or aggregation of the
casein micelles (Raynal and Remeuf, 1998). Previous
studies in cow milk have shown that heating can induce
dissociation of caseins from casein micelles, leading to
an increase in the proportion of small-sized protein
particles (Singh and Creamer, 1991; Anema and Li,
2000); the extent of casein dissociation may be different
for milks from different species (Raynal and Remeuf,
1998). The casein micelles in sheep milk are more min-
eralized micelles than cow milk; this is responsible for
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the greater extent of micelle aggregation at high tem-
perature (Van Hooydonk et al., 1987; Muir et al., 1993).
In addition, sheep milk has higher protein content than
cow milk, which probably increases the micelle—micelle
interactions during heating and thus leads to aggrega-
tion of the casein micelles (Raynal and Remeuf, 1998).
However, no studies to date demonstrate whether the
changes in casein micelle size in heated sheep milk are
caused exclusively by the denatured whey proteins as-
sociating with the casein micelles or are also caused
by the partial aggregation of the casein micelles that
accompanies this association behavior.

Many studies on the kinetics of the whey protein
denaturation of cow milk over wide ranges of heating
temperature and time have been conducted (Dannen-
berg and Kessler, 1988; Anema and McKenna, 1996;
Oldfield et al., 1998b, 2005), and several models to
describe the mechanisms of whey protein denaturation
and aggregation in cow milk have been proposed. For
instance, Oldfield et al. (1998b) investigated the kinetics
of denaturation and aggregation of the whey proteins in
cow skim milk over a wide range of temperature-time
(70-130°C for 3-1,800 s); they found that the aggrega-
tion of 3-LG involved the dissociation of the dimer,
unfolding, and the formation of intermolecular disulfide
linkages, whereas the aggregation of a-LA appeared to
involve hydrophobic interactions. These kinetic mod-
els provide useful information for understanding the
mechanisms of the denaturation of the whey proteins
and the association of the denatured whey proteins
with the casein micelles in heated milk. To date, little
information on the kinetics of the denaturation of the
whey proteins in sheep milk is available and no studies
on the association of denatured whey proteins with the
casein micelles in sheep milk have been reported.

The objective of this study was to investigate the
kinetics of the irreversible denaturation of 3-LG and
a-LA and the association of denatured 3-LG and a-LA
with the casein micelles in sheep skim milk (SSM)
at natural pH in the temperature range 67.5 to 90°C
for 0.5 to 30 min, and to understand how interactions
between whey proteins and casein micelles affect the
casein micelle size. The structural changes in the casein
micelles after heat treatment were also determined us-
ing transmission electron microscopy.

MATERIALS AND METHODS
Milk Supply and Heat Treatment

Mid-lactation sheep milk (pH 6.56 £+ 0.01) was ob-
tained from Neer Enterprises Limited (Carterton, New
Zealand). The main composition of 3 batches of sheep
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Table 1. Composition of raw sheep milk

Parameter Sheep milk’
Total solids (g:100 g ") 17.74+ 0.3
Fat (g:100 g ') 6.0+ 0.2
Protein (g-100 g ') 6.1 £0.2
Cascin (g-100 g ') 4.8 +0.2
ag-CN (%)? 19.2
ag-CN (%)? 7.2
B-CN (%)* 64.6
k-CN (%)? 9.0
Whey protein (g-100 g ') 1.3+ 0.0
LA (%)* 26.1
B-LG (%) 62.3

"Values are reported as mean + SD from 3 batches of sheep milk.
*Percentage of total caseins.
*Percentage of total whey proteins.

milk was analyzed using a MilkoScan FT1 (FOSS) and
by SDS-PAGE as described by Ye et al. (2016), and
is shown in Table 1. A small amount of sodium azide
(0.01%) was added to the unheated milk as a preserva-
tive. The whole sheep milk was skimmed at 3,000 x g
for 15 min at 25°C using a bench centrifuge (Heraeus
Multifuge X3R; Thermo Fisher Scientific Inc.). The
skimmed sheep milk (6 mL) was transferred into 10
ml sealable glass tubes and the well-sealed tubes were
then heated at a range of temperatures (67.5-90°C) and
times (0.5-30 min) with continuous rocking in a ther-
mostatically controlled water bath. After heat treat-
ment, the milk samples were immediately immersed in
cold running water for cooling to room temperature.
The heated milk samples were kept at room tempera-
ture for 6 h before further analyses.

Determination of Denaturation of Whey Proteins

The native whey proteins were obtained by remov-
ing the caseins and denatured whey proteins from the
skim milk samples using acetic acid precipitation as
described by Vasbinder et al. (2003). A 0.4 mL sub-
sample of SSM was mixed well with 0.8 mL of MilliQ
water and 0.1 mL of acetic acid (10%) in an Eppendorf
tube (2 mL) and left to stand for 10 min. Then, 0.6 mL
of MilliQ water and 0.1 mL of sodium acetate (1 M)
were added into the solution, which was mixed again.
The mixed solution reached an equilibrium pH of 4.6
and was kept in an ambient environment for 1 h. The
caseins and denatured whey proteins were precipitated
after centrifugation at 3,000 x ¢ for 5 min. The amount
of native whey proteins in the supernatant was deter-
mined by HPLC. The percentage of denatured whey
proteins was calculated by subtracting the percentage
of native whey proteins in heated samples from that in
unheated samples.
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Determination of Denatured Whey Proteins
Associated with Casein Micelles

To determine the association of the denatured whey
proteins with the casein micelles, the unheated and
heated SSM were ultracentrifuged at 63,000 x g for
1 h at 20°C using a Sorval WX 80+ Ultracentrifuge
(Thermo Fisher Scientific Inc.) to remove all denatured
whey proteins that had associated with casein micelles
and all casein micelles. The serum-phase whey pro-
teins were defined as those whey proteins that did not
sediment after the ultracentrifugation. The resultant
supernatant (serum phase) containing nonsediment-
able proteins was carefully collected and analyzed by
HPLC. The quantity of each protein in the supernatant
of the heated SSM was presented as a percentage of
that in the supernatant of the unheated SSM. The level
of denatured whey proteins that had associated with
casein micelles was calculated by subtracting the level
of serum-phase whey proteins in heated samples from
that in unheated samples. This centrifugal method had
been proved to be the minimum centrifugation speed
required to effectively sediment the whey proteins asso-
ciated with casein micelles and to reduce the possibility

of centrifuging down soluble whey protein aggregates
(Anema and Li, 2003).

Analysis of Protein Composition

Milks and the supernatants obtained from acid-pre-
cipitated and ultracentrifuged milk samples were ana-
lyzed by reversed-phase HPLC using a reversed-phase
C18 column (Aeris Widepore 3.6 pm XB-C18 RP;
Phenomenex) to determine the protein composition,
as described by Bobe et al. (1998). The quantity of
native whey proteins (3-LG and o-LA) in heated SSM
was calculated by comparing the relative peak areas
of the heated SSM with the original unheated SSM.
The quantity of whey proteins in the ultracentrifugal
supernatants was determined by comparing the relative
peak areas of the supernatant fractions of the heated
SSM with the original unheated SSM. All peak areas
of these chromatograms were determined using peak
integration algorithm LabSolutions software (Shimadzu
Corporation).

Kinetic Analysis for Whey Protein Denaturation

The order of thermal denaturation of the whey pro-
teins was determined using a general rate equation:

dc,
dt

= 5,0, 1]
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For n # 1, this equation yields
[
Cy

When n = 1, this equation yields

1-n

=1+(n—1)k,Cy"'t. 2]

In

ﬁ] =—k,C,"'t, 3]
CO

where n = reaction order, C; (g-L l) = concentration of
native protein before heat treatment, C, (g-L ') = con-
centration of native protein at time ¢ (s), and £k,
(g" "L""s ") = rate constant. Equations 2 and 3 were
used to calculate the reaction order n at different tem-
peratures for different whey proteins. The rate constant

1-n

k, was calculated when [—’] was plotted against t.
0

The temperature dependence of the rate constant k,

can be defined using the Arrhenius equation:

E

In(k,) =In(k,o) = == [4]

where k,, = frequency factor (g L"), E, = ac-
tivation energy (J-mol '), R = universal gas constant
(8.314 J-mol K ), and T = absolute temperature (K).
The activation energy F, was obtained as the logarithm
of the rate constant (In k,) resulting from Equations 2
or 3 versus the reciprocal of the absolute temperature.

Kinetic Analysis for Association of Whey
Proteins with Casein Micelles. The reaction kinet-
ics of B-LG and a-LA associating with the casein mi-
celles were fitted using a site-filling model (Equations
5 and 6; Sharma and Dalgleish, 1994). Presumably, the
reactive sites available for the association of 3-LG and
a-LA are k-CN and agy-CN.

When n # 1,
C _C 1-n
[mg—t] =1+(n—1) k.C. " [5]

where C,,, is the maximum amount (g-L') of 8-LG
or a-LA, which is the total concentration of 3-LG or
a-LA that could associate with the casein micelles, C,
is the amount (g-L ") of B-LG or a-LA associated with
the casein micelles at time ¢ (s), and k, is the apparent
reaction rate constant (g" -L" s ) for B-LG or a-LA
associating with the casein micelles.
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When n = 1,

o

m

Crw —C,
of Gy '
where £, is the first-order reaction rate constant (s ).

Determination of Casein Micelle Diameter

The method for casein micelle diameter measurement
was based on the method described by Anema (2018).
Briefly, the unheated and heated SSM were diluted 1:50
in Ca—imidazole buffer (20 mM imidazole, 5 mM CaCl,,
and 30 mM NaCl, pH 7.0) and measured by dynamic
light scattering using a Malvern Zetasizer Nano ZS
(Malvern Instruments Ltd.).

Microstructural Changes in Casein Micelles

The microstructural changes in SSM after heat
treatment were observed using transmission electron
microscopy, as has been described previously by Mittal
et al. (2015). Briefly, milk samples were mixed in tubes
with warm melted (30°C to 40°C) 3% low-temperature-
gelling agarose at a ratio of 1:1. The mixture was fixed
primarily with 3% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2) at 5°C for 24 h. Secondary fixation (over-
night at room temperature) was done in 1% osmium
tetroxide cacodylate buffer. The samples were rinsed
with cacodylate buffer after each fixation. Dehydration
of the samples was performed in a series of acetone
before embedding in resin (Procure 812). Ultrathin sec-
tions (100 nm) were obtained using an ultramicrotome
(Leica), followed by staining with uranyl acetate (2%,
wt/vol) and lead citrate (2.5%, wt/vol). Samples were
examined in a transmission electron microscope (FEI
Tecnai G2 Biotwin), operated at 60 kV.

Statistical Analysis

All experiments reported were fully triplicated on 3
batches of sheep milk, and the results are presented as
the mean + standard deviation. Although there were
some variations between different batches, the same
trends and relationships as reported here have been ob-
served for all samples examined to date. The data were
plotted using GraphPad Prism 8.4.0 (GraphPad Soft-
ware). Statistical analysis was performed using 1-way
and 2-way ANOVA and Tukey’s multiple comparison
test at a significance level of P < 0.05.
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RESULTS AND DISCUSSION
Denaturation of Whey Protein in Heated SSM

Figure 1 shows the percentages of native 3-LG and
native a-LA in the supernatants obtained from differ-
ently heat-treated SSM after isoelectric precipitation
of the denatured whey proteins and the caseins at pH
4.6. The percentages of native 3-LG and native a-LA
decreased as both the heating temperature and the
holding time increased. At heating temperatures from
67.5 to 75°C, the percentage of native 3-LG decreased
relatively slowly to a maximum of about 24% as the
heating time increased up to 30 min (Figure 1A). In
the high temperature range (80-90°C), the percentage
of native 3-LG decreased rapidly during the first 5 min
of heating and tended to plateau with further heating.
After heat treatment at 90°C for 10 min, the percentage
of native 3-LG had decreased to 0.4%, indicating that
almost all of the B-LG in the SSM had been dena-
tured. A similar pattern was also found for native a-LA
(Figure 1B). The percentage of native a-LA decreased
slowly in the temperature range 67.5 to 75°C, and de-
creased more rapidly at 80 to 90°C. The percentages of
native a-LA in the SSM heated for 10 min at 80, 85,
and 90°C were 16.3, 6.4, and 3.8%, respectively. These
results indicate that nearly all the whey proteins (3-LG
and a-LA) were denatured when heated at 85 to 90°C
for 10 min.

Kinetics of Denaturation of Whey Proteins

Order of Reactions. The reaction order n and the
rate constant k, for the thermal denaturation of 3-LG
and a-LA were calculated from the best fittings of the
experimental data using Equations 2 and 3 (Table 2).
For 3-LG, a reaction order of 1.7 was found when the
SSM was heated at 67.5-90°C (Table 2), and a linear
relationship was obtained when (C,/Cp) "7 was plotted
against the heating time (data not shown). A linear
relationship for a-LA in the heated SSM was also ob-
served when In (C,/C)) was plotted against the heating
time (data not shown), suggesting that the denatur-
ation of a-LA followed first-order reaction kinetics. The
reaction orders for the denaturation of 3-LG and a-LA
that were determined for the heated SSM are essen-
tially in agreement with those from previous research
on cow milk, which showed reaction orders of 1.5 and
1 for the denaturation of 3-LG and o-LA, respectively
determined by linear regression (Dannenberg and Kes-
sler, 1988; Kessler and Beyer, 1991; Anema and McK-
enna, 1996; Anema et al., 2006) and reaction orders of
1.3 £ 0.3 and 1.0 £ 0.4 for the denaturation of 3-LG
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Table 2. Kinetic parameters for denaturation of 3-LG and a-LA in heated sheep skim milk

Rate constant k,

Activation energy E,

Whey protein Temperature (°C) (10% g" "L hs (kJ-mol ) In(k,,) R’
8-LG; 67.5 0.012 429.3 144.3 0.999
n=17 70 0.039

72.5 0.104

75 0.306

80 10.238 207.7 70.3 0.990

85 33.256

90 71.664
a-LA; 67.5 0.096 306.3 102.9 0.993
n=10 70 0.179

72.5 0.472

75 0.880

80 2.728 152.0 50.0 0.992

85 6.303

90 11.335

and a-LA, respectively determined by nonlinear regres-
sion (Oldfield et al., 1998b). For instance, Anema et al.
(2006) investigated the influence of the concentrations
of protein, nonprotein-soluble components, and lactose
on the irreversible denaturation of 3-LG and o-LA in
reconstituted skim milk heated at temperatures rang-
ing from 75 to 100°C, and showed that the reaction
orders for the irreversible thermal denaturation of 3-LG
and a-LA were 1.5 and 1, respectively, in all systems
and under all conditions.

Rate Constants for Whey Protein Denatur-
atton. The rate constants for the denaturation of 3-LG
and a-LA in SSM heated at different temperatures are
shown in Table 2. The values of the rate constant k, for
B-LG denaturation at 67.5 to 90°C were between 0.01
and 4.208 10 * g' "L" s, and those for a-LA denatur-
ation at 67.5 to 90°C were between 0.006 and 0.680 10~*
g' "L""s'. The calculated k, values for 3-LG were
markedly higher than those for a-LA in SSM heated at

80 to 90°C but were comparable with those for a-LA
at 67.5 to 75°C, indicating a faster denaturation rate
for 3-LG than for a-LA at 80 to 90°C and comparable
denaturation rates for both 3-LG and o-LA at 67.5 to
75°C in SSM. This finding is in agreement with previ-
ous reports that 3-LG was less heat stable than a-LA
in cow milk when the heating temperature was higher
than 80°C (Oldfield et al., 1998a; Anema, 2020).

The Arrhenius plots for the denaturation of 3-LG
and o-LA were drawn using logarithms of the rate
constants (In k,) resulting from Equations 2 and 3 at
different temperatures (the reciprocal of the absolute
temperature, 1/7T; Figure 2). The activation energies
E, and the frequency factor logarithms In (k,,) for
the denaturation of 3-LG and «-LA were calculated
using the equation resulting from the Arrhenius plot
obtained by least-squares linear regression. Linear rela-
tionships in 2 temperature regions were found for both
B-LG and o-LA; the activation energies (E,) and the

A B
100 100

_ O 67.5°C _
S o 70°C S
3 <
: X 72.5°C :
S 60 S 60 |
= o 75°C =
< <
g 40 . g 40+
= m 80°C =
= 3
2 20 A 85°C 2 204
o (]
~ v 90°C ~ °

0 1 0 ! |

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Time (min)

Time (min)

Figure 1. Percentage of residual native 3-LG (A) and o-LA (B) in sheep skim milk heated at different temperatures for different holding
times. The lines represent the predicted denaturation from the model. Each data point represents the mean £ SD of the results from 3 different

batches of sheep milk.
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In(k, ) values were different in each region (Table 2).
There was a break in the Arrhenius plot at 80°C for
both B-LG and a-LA. These findings are in agreement
with previous findings in cow milk reported by Dan-
nenberg and Kessler (1988) and Anema et al. (2006),
who showed that abrupt changes in the temperature
dependence of the rate constants were observed for the
denaturation of both 3-LG and «-LA in the tempera-
ture range 75 to 100°C. The abrupt changes observed
in the Arrhenius plots were probably due to changes
in the rate-determining step from the denaturation
process in the low-temperature range to association
reactions in the high temperature range (Anema et
al., 2006). The temperature for the abrupt change for
the denaturation of a-LA (80°C) reported here is in
agreement with that reported previously in cow skim
milk; that is, the break was observed at 80°C for the
denaturation of a-LA (Anema and McKenna, 1996;
Oldfield et al., 1998b). However, the findings for the
denaturation of 3-LG in SSM do not support the previ-
ous research on cow skim milk, which showed that the
break was found at 90°C for the denaturation of 3-LG
(Dannenberg and Kessler, 1988; Oldfield et al., 1998a).
These differences indicated that the rate-determining
step for the denaturation of 3-LG changed at a lower
temperature in sheep milk than in cow milk; however,
the mechanism for these differences between sheep milk
and cow milk is unclear. Previous studies on cow skim
milk showed that the critical Arrhenius temperature of
90°C for the denaturation of 3-LG was independent of
the total protein concentration (Law and Leaver, 1997),
the pH (Kessler and Beyer, 1991; Anema and McK-
enna, 1996; Law and Leaver, 2000), and the milk com-
position (i.e., nonprotein-colloidal/soluble components)
(Anema et al., 2006), despite the rate constants k, for
the denaturation of 3-LG being affected by these fac-
tors. Several reports indicated that the physicochemi-
cal properties of 3-LG could be affected by its gene
sequences and structures (Erhardt et al., 1989; Loch
et al., 2014). Loch et al., (2014) showed different 3-LG
gene sequences and 3-dimensional structure between
sheep milk and cow milk, and demonstrated that those
differences could influence the physicochemical prop-
erties of 3-LG. Therefore, it is hypothesized that the
lower Arrhenius critical temperature for 3-LG observed
in sheep milk compared with cow milk may be related
to the different gene sequences and structures of 3-LG.

The activation energies F, were calculated in 2 tem-
perature regions using the Arrhenius plots, with values
of 429.3 and 306.3 kJ-mol * at 67.5 to 75°C for B3-LG
and a-LA, respectively, and values of 207.7 and 152.0
kJ-mol ' at 80 to 90°C for B-LG and a-LA, respectively
(Table 2). The results presented here were higher than
those reported previously by Dumitrascu et al. (2013),
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who showed single values of 137 and 156 kJ-mol ' in
the whole heating temperature range of 72.5 to 90°C for
the activation energies E, for the denaturation of 3-LG
(based on a reaction order of 1.5) and o-LA (based on
a first-reaction order), respectively. The differences in
the activation energies F, may have been due to the
different milk sources used. Dumitragcu et al. (2013)
used milk from Merino sheep, whereas this study used
milk from East Friesian sheep; the gene sequences and
structures for 3-LG of the 2 breeds could be different
(Staiger et al., 2010; Mastrangelo et al., 2012), which
may result in different kinetic parameters for the dena-
turation of 3-LG. Additionally, no break was observed
in the Arrhenius plots for the denaturation of both 3-LG
and o-LA in the temperature range 72.5 to 90°C in
their results. A possible explanation for the discrepancy
between the present results and their results might be
that they worked with relatively fewer temperature and
time points, resulting in the kinetic parameters being
somewhat uncertain.

Thermodynamics of Whey Protein Denaturation

The average thermodynamic parameters for the de-
naturation of 3-LG and a-LA were calculated based on
the Eyring equation described by Anema and McKenna
(1996) and are shown in Table 3. The changes in en-
thalpy (AH’, where } designates parameters related to
the transition state) values were about 428 and 305
kJ-mol ' for B-LG and o-LA, respectively, in the low-
temperature range (67.5-75°C), which were higher than
those (about 206 and 150 kJ-mol ' for 3-LG and o-LA,
respectively) in the high temperature range (80-90°C).

4-
-o— (-LG(67.5-75°C)
2 -6~ (-LG(80-90°C)
0 G\O\D —#- g-LA (67.5-75°C)
~ B\g\ﬂ = LA (80-90°C)
SHER
£
-4 -\'\-\-
-6
-8 1 T 1 T T 1
270 275 280 285 290 295 3.00

1,000/T (K1

Figure 2. Arrhenius plots for the denaturation of 3-LG and a-LA
in heated sheep skim milk. Rate constant k, has units of g' "L" s ".
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Table 3. Enthalpy (AH), free energy (AGY), and entropy (AS’) obtained for denaturation of 3-LG and a-LA

in heated sheep skim milk

Whey protein Temperature (°C)

AH (kJ-mol )

AG? (kJ-mol ') AS* (kJ-mol "K 1)

8-LG 67.5-75 428.1 100.9 0.950
80-90 205.7 86.6 0.333
a-LA 67.5-75 305.1 96.4 0.606
80-90 150.0 91.7 0.164

'The } symbol designates parameters related to the transition state.

In addition, the AH values for 3-LG and o-LA in both
temperature ranges were higher than those reported
previously for cow skim milk; that is, AH" values of
260-300 kJ-mol ' (70-90°C) for B-LG, and 190 to 270
kJ-mol ' (70-80°C) and 50 to 70 kJ-mol ' (85-115°C)
for a-LA (Dannenberg and Kessler, 1988; Anema and
McKenna, 1996; Oldfield et al., 1998b). The discrep-
ancy between the present study and the data reported
previously for cow skim milk can be attributed to the
different Arrhenius critical temperatures (Figure 2)
and the different milk compositions (Akkerman et al.,
2016), as discussed above.

All the entropy AS? values for both -LG and a-LA
were positive and were higher in the 67.5 to 75°C range
than in the 80 to 90°C range. This is consistent with
the findings on cow skim milk reported by Anema et
al. (2006), who showed a decrease in the value of the
entropy AS’ from the low-temperature range (75-90°C)
to the high temperature range (90-100°C). The reduced
AS? values at higher temperatures suggested a decrease
in disorder, indicating that association reactions were
becoming the rate-determining step. In comparison, ir-
reversible denaturation reactions were the rate-limiting
step in the low-temperature range (Oldfield et al.,
1998b).

At all heating temperatures, the values of the free
energy AG! were relatively constant, at 85 to 100
kJ-mol ' for B-LG and 90 to 100 kJ-mol ! for a-LA.
These results match the data reported in earlier studies
on both sheep milk and cow milk, and what is expected
for protein unfolding (Dannenberg and Kessler, 1988;
Anema and McKenna, 1996; Dumitragcu et al., 2013).

Association of Denatured Whey Proteins
with Casein Micelles

The percentages of serum-phase (3-LG and o-LA
decreased with increases in both the temperature and
the duration of heat treatment (Figure 3). At 75°C, the
percentage of serum-phase (3-LG decreased relatively
slowly throughout the heating time, reaching about
34% after 30 min of heating (Figure 3A). At higher
heating temperatures (80-90°C), the decrease in serum-
phase 3-LG was more rapid and reached a plateau at
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a longer holding time. After 10 min of heating at 85
to 90°C, only about 3% of the B3-LG remained in the
serum phase. Serum-phase a-LA (Figure 3B) showed
a similar pattern to serum-phase 3-LG. When SSM
was heated for 30 min, the percentages of serum-phase
a-LA decreased to around 23, 11, 9, and 7% at 75, 80,
85, and 90°C, respectively. These results suggested that
nearly all the whey proteins had associated with the
casein micelles after heating at 80 to 90°C for 30 min.

Previous studies have shown that not all the dena-
tured whey proteins associate with the casein micelles
in cow milk; a maximum of about 70 to 80% of the
denatured whey proteins associated with the micelles
in the heating temperature range 75 to 90°C (Anema
and Li, 2003). However, in sheep milk, it appeared that
nearly all the denatured whey proteins associated with
the casein micelles after heat treatments of 80 to 90°C
for 30 min. This was probably due to the higher content
of age-CN in sheep milk. It has been reported that cug-
CN can provide 2 cysteines for 3-LG to interact with
via thiol-disulfide exchange reactions (Farrell et al.,
2009). Thus, the higher content of age-CN may result
in more denatured whey proteins associating with the
casein micelles (Rasmussen et al., 1992; Patel et al.,
2006).

Kinetics of Association of Denatured
Whey Proteins with Casein Micelles

The kinetic parameters for the association of dena-
tured 3-LG and «-LA with the casein micelles were
calculated using Equations 5 and 6 and are shown in
Table 4. The associations of 3-LG and o-LA with the
casein micelles at 80 to 90°C had reaction orders of
2.6 and 1.8, respectively, which were higher than the
reaction orders for denaturation of 1.7 for 3-LG and
first-order for a-LA. The results suggested that a more
complex reaction occurred for the association process
during heating, which may have been due to the in-
volvement of the association between (-LG and ogo-
CN. Additionally, sheep milk has a higher content of
ag-CN (19.2% of total caseins, Table 1) than cow milk
(10.3% of total caseins; Balthazar et al., 2017), which
may affect the association process of 3-LG during heat-
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Table 4. Kinetic parameters for associations of 3-LG and a-LA with the casein micelles in heated sheep skim milk

Rate constant k,

Activation energy E,

Whey protein Temperature (°C) (103 g" L ts (kJ-mol ) In(k,0) R’
B-LG;n =26 80 1.275 241.73 80.0 0.980
85 6.516
90 14.412
a-LA;n =18 80 1.299 61.77 21.3 0.999
85 1.743
90 2.319

ing and thus lead to changes in the kinetic parameters
for SSM compared with cow milk.

The rate constants k, at 80 to 90°C for 3-LG and
a-LA association were lower than those for 3-LG and
o-LA denaturation (Table 2). Additionally, the value
of the rate constant k, for association with the casein
micelles was lower for a-LA than for 3-LG, indicat-
ing a slower association with the casein micelles for
a-LA than for 3-LG during heating. The findings of
the slower association rates for a-LA than for 3-LG are
in agreement with previous findings in cow milk, which
showed that a great amount of 3-LG was denatured
and associated with the casein micelles in skim milk in
the temperature range 80 to 130°C before a-LA began
to denature and complex with 3-LG to any significant
extent (Oldfield et al., 1998a). It has been reported
that o-LA associates with casein micelles by forming
a complex with 3-LG, as a-LA cannot associate with
casein micelles on its own (Elfagm and Wheelock,
1978). Therefore, the slower association rates of a-LA
with the casein micelles were probably caused by the
less accessible thiol group of denatured 3-LG that had
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already associated with the casein micelles (Oldfield et
al., 1998a).

Casein Micelle Size

The Z-average diameters of the casein micelles in
unheated and heated SSM are shown in Figure 4A.
The Z-average diameters of the casein micelles in SSM
heated at 75 and 80°C had a sharp increase in the first
2 min and then increased slowly to about 208 and 221
nm, respectively, with further heating to 30 min. For
SSM heated at 85 and 90°C, the diameters of the ca-
sein micelles showed similar patterns to those for SSM
heated at 75 and 80°C in the first 20 min, but the size
increased markedly at 30 min to about 290 nm, which
was about 1.7 times higher than that in the unheated
milk (174.6 nm). The increases in the casein micelle size
in heated SSM, especially at 85 and 90°C, were gener-
ally in agreement with the result reported by Raynal
and Remeuf (1998), who showed that the casein micelle
size increased from its initial value by 75% in SSM
heated for 1 min at 85 and 90°C.

100
80
60
40

20

Residual a-LA in serum phase (%)
(e}

Time (min)

Figure 3. Percentages of residual 3-LG (A) and o-LA (B) in the serum phase of sheep skim milk heated at different temperatures for dif-
ferent holding times. The lines represent the predicted associations of denatured 3-LG and a-LA with the casein micelles from the model. Each
data point represents the mean 4+ SD of the results from 3 different batches of sheep milk.
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Figure 4. (A) Effect of heating temperature and time on the average size (Z-average diameter) of the particles in sheep skim milk; (B) re-
lationship between the percentage of denatured whey proteins (3-LG + a-LA) associated with the casein micelles and the casein micelle size in
heated sheep skim milk at different temperatures. Each data point represents the mean + SD of the results from 3 different batches of sheep milk.

Relationship Between Casein Micelle Size
and Association of Denatured Whey
Proteins with Casein Micelles

The relationship between the casein micelle diameter
(the particle size of sheep milk) and the percentage of
denatured whey proteins (3-LG and o-LA) associated
with the casein micelles in heated SSM is shown in
Figure 4B. For all heating temperatures, the size of
particles in the SSM increased slowly and steadily as
the percentage of denatured whey proteins associated
with the casein micelles increased until the association
level reached almost 95%, with a maximum increase of
about 25 to 30% for the average casein micelle diameter
compared with that in unheated SSM. However, differ-
ent particle sizes were observed when the heated SSM
had similar percentages of denatured whey proteins
associated with the casein micelles (Figure 4B). For
instance, when the association level was about 70%,
the particle size was significantly higher (P < 0.01) for
the SSM heated at 90°C (about 240 nm) than for that
heated at 75°C (about 208 nm). One possible explana-
tion is that the aggregation of the casein micelles and
the association of the whey proteins with the casein
micelles occurred simultaneously during heating. Previ-
ous studies have stated that it is unclear whether the
changes in the casein micelle size of cow milk during
heating are due exclusively to the association of the
denatured whey proteins with the casein micelles or
are also due to the partial aggregation of the casein
micelles that occurs at the same time as the whey pro-
teins associating with the casein micelles (Anema and
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Li, 2003; Anema, 2007). Additionally, aggregation of
the casein micelles might occur to different extents at
different temperatures. Therefore, the different sizes of
the casein micelles with the similar association level
found in the present study may be a consequence of
aggregation of the casein micelles to different extents
under different heating conditions. Another possible
explanation is that the denatured whey proteins formed
larger aggregates at higher heating temperatures and
subsequently associated with the casein micelles (Old-
field et al., 1998b), resulting in different particle sizes
of the casein micelles/whey protein complex with the
similar association level.

The particle size increased markedly by 70% com-
pared with unheated SSM when the association level
exceeded about 95% (Figure 4B), indicating that the
casein micelle size increased significantly with little fur-
ther association of the denatured whey proteins with the
casein micelles. Previous studies on cow milk have noted
that moderate heat-induced increases in casein micelle
size are caused mainly by the association of denatured
whey proteins with the casein micelles (Anema, 2007),
but that the casein micelle size of milk samples heated
at 75 to 90°C for 0.5 to 30 min would not increase
by more than 30% compared with that in unheated
cow milk at natural pH (Raynal and Remeuf, 1998;
Anema, 2018; Li et al., 2019). For example, Anema and
Li (2003) reported that heat treatment (75-100°C for
up to 60 min) of cow skim milk resulted in a maximum
of about 80% of the whey proteins associating with the
casein micelles, leading to a maximum of only about a
15% increase in the casein micelle size. These reports
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on heat-treated cow skim milk suggest that, even if all
the whey proteins associated with the casein micelles,
the increase in the casein micelle size of heated milk
would not exceed 30% compared with unheated cow
milk (Raynal and Remeuf, 1998; Anema, 2008). More-
over, the ratio of caseins to whey proteins (3.7:1) in
SSM, presented here (Table 1), is close to that in cow
milk (4:1) (Anema, 2021). It can thus be concluded
that the denatured whey proteins associating with the
casein micelles cannot induce such marked increases in
the size of the casein micelles in heated SSM. There-
fore, the significant increases in the casein micelle size
in heated SSM when the extent of association exceeded
about 95% could have been caused by aggregation of
the casein micelles. The mechanism of casein micelle
aggregation in this temperature range (75-90°C) is not
clear. It is possible that heating SSM at 85 and 90°C
might induce casein (particularly k-CN) dissociation
from the micelles, creating unstable hydrophobic areas
on the surface of the casein micelles so that other ca-
sein micelles might be able to get closer and aggregate
(Van Hooydonk et al., 1987). Additionally, the protein
content was higher in the SSM (Table 1) than in cow
skim milk, which may result in more micelle—micelle
interactions during heating and thus more aggregation
of the casein micelles (Singh and Creamer, 1991). An
alternative explanation is that the large whey protein
aggregates at the surface of the casein micelles at high
temperatures tend to form bridges between the casein
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micelles at higher protein content. However, further
studies to investigate how aggregation of the casein
micelles occurs during the heating of SSM are needed.

Microstructural Changes in Casein Micelles

Figure 5 presents the microstructures of the casein
micelles in unheated SSM and SSM heated at 75 to
90°C for 30 min. In unheated samples, the casein mi-
celles had mainly a spherical structure with a smooth
outline and were separated from neighboring micelles
(Figure 5A). When the SSM was heated at 75°C for
30 min, the casein micelle structure showed a similar
appearance to that in the unheated SSM, but some
irregular projections associated with the surface of the
casein micelles were observed (Figure 5B). This sug-
gested that denatured whey proteins had associated
with the casein micelles. At 80°C, a greatly increased
number of irregular projections surrounded the surface
of the micelles (Figure 5C). Similar changes were also
found in the SSM heated at 85 and 90°C for 30 min
(Figures 5D and 5E). In addition, large numbers of ca-
sein micelles with different sizes appeared to aggregate
together when the SSM was heated at 85 to 90°C for
30 min (Figures 5D and 5E). This observation is in line
with the findings presented above; that is, aggregation
of the casein micelles occurred synchronously with as-
sociation of the whey proteins with the casein micelles.
Therefore, this observation further supports that the
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Figure 5. Transmission electron micrographs of the proteins in unheated sheep skim milk (A1 and A2) and sheep skim milk heated for 30
min at 75°C (B1 and B2), 80°C (C1 and C2), 85°C (D1 and D2), and 90°C (E1 and E2). The scale bars represent 500 nm (upper row) and 200

nm (lower row). CM = casein micelle; WP = whey protein.
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marked increase in the casein micelle size of SSM at 85
to 90°C is due to both aggregation among the casein
micelles and association of denatured whey proteins
with the casein micelles.

CONCLUSIONS

In general, this study confirmed that the casein
micelle size in SSM increased markedly under heat
treatment (75-90°C for 0.5-30 min); the kinetics of the
denaturation of 3-LG and a-LA and of the associations
of 3-LG and «-LA with the casein micelles were ex-
plored. Kinetic analysis showed that the denaturation
processes for both 3-LG and o-LA in SSM were similar
to those reported for cow milk. However, a break in the
Arrhenius plot was observed at the lower temperature
of 80°C for the denaturation of 3-LG in SSM, compared
with those reported for cow milk, which may have been
due to the different gene sequences and structures of
B-LG. The kinetic parameters showed that the 3-LG in
SSM denatured and associated with the casein micelles
at a faster rate than a-LA in the temperature range
80-90°C. The microstructural changes in the casein
micelles and the relationship between the casein micelle
size and the level of denatured whey proteins associated
with the casein micelles confirmed that the increases in
casein micelle size could be attributed to the denatured
whey proteins associating with the casein micelles and
to aggregation of the casein micelles. Further study to
validate how the casein micelles form large aggregates
and their relationship with the heat stability of sheep
milk should be carried out.
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