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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Calcium content impacts the tech-
nofunctional properties of milk protein
concentrate (MPC).

e The reduced calcium MPC had high heat
stability and high viscosity.

e The reduced calcium MPC had improved
emulsion properties.

e MPC with the lowest calcium level had
spherical shaped particles.
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The technofunctional properties of milk protein concentrate containing 80% protein (MPC80) with different
calcium contents, i.e., MPCF1, MPCF2 and MPCF3 contained 1.57%, 1.00% and 0.36% calcium, respectively,
were studied. The MPC samples with reduced calcium were produced using partial acidification followed by a
cation exchange process thereby replacing calcium with sodium in an MPC80 concentrate. Scanning electron
microscopy analysis of MPC80 powder particles showed that the MPCF3 powder particles were more spherical

than the other samples. The MPCF3 sample had the highest emulsion stability, apparent viscosity (napp) and
thermal stability (during heating between 110 and 140 °C). The results showed that modification of the calcium
content in MPC80 using cation exchange significantly altered its microstructure, particle size distribution,
apparent viscosity, thermal stability, colour properties, oil binding capacity and emulsion stability.

1. Introduction

Population growth along with limitations in global protein resources
highlights the role of the dairy industry in fulfilling the requirement of
humans for high quality dietary protein. Milk proteins are the preferred
protein source for the majority of consumers in the Western world.
Bovine milk protein concentrate (MPC) contains both caseins (CNs) and
whey proteins (WPs). MPC is a highly digestible protein ingredient
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having a high level of all essential amino acids, thus it is a suitable
ingredient for the formulation of food and nutritional products [1]. The
occurrence of micellar CN aggregates during MPC manufacture and
storage as a consequence of the formation of CN crosslinks in the pres-
ence of calcium reduces the aqueous solubility of MPCs [2,3]. Therefore,
reduction in the calcium content has been reported as an approach to
enhance the solubility of MPC [4]. Calcium removal from MPC has been
achieved via acidification of skim milk, the addition of calcium
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chelators, the addition of monovalent ions and the application of ion
exchange to replace calcium with, e.g., sodium ions [2].

The specific assembly of CN micelles in the presence of calcium may
impact their technofunctional properties. This in turn may limit some
applications of MPCs in food products [5]. While low calcium MPCs
have been reported to have improved solubility compared to high cal-
cium MPCs, other technofunctional properties of MPCs may also be
affected in low calcium MPCs. To date, apart from information on the
impact of total calcium on the aqueous solubility of MPC, limited in-
formation appears to be available on the impact of modification of the
mineral composition on other technofunctional properties of MPC.

Pandalaneni et al. [6] reported that MPC80 with a 20 — 30%
reduction in calcium had a lower susceptibility to thermal instability.
However, investigations on the thermal stability of MPC80s having
different calcium contents over a range of temperatures may provide
useful information for the selection of MPCs for different ingredient
applications. The impact of different levels of calcium on the apparent
viscosity (napp), colour stability and the oil binding capacity (OBC) of
MPC appears to be less studied. Pandalaneni et al. [6] showed that a
30% reduction in calcium level did not have a significant impact on the
viscosity of MPC80. These authors also did not observe a significant
difference in colour of MPC80 upon 30% reduction of calcium. In a study
with MPCs containing 2-3% (w/w) calcium, the MPC with a lower level
of calcium was reported to have a higher emulsification ability
compared to the MPC with higher calcium [5]. However, the impact of a
wider range of calcium reduction on the emulsification properties of
MPC warrants further investigation.

The hypothesis of this study was that calcium depletion may alter the
surface structure and technofunctional properties of MPCs. Therefore, in
order to yield optimal technofunctional properties, the level of calcium
reduction may need to be carefully controlled in order to achieve tar-
geted functionality. The impact of calcium level on the microstructure,
particle size distribution (PSD) on reconstitution, n,pp, thermal stability,
colour properties, OBC and emulsion stability of MPC80 samples were
investigated. Three different MPC80 samples having different calcium
levels produced using cation exchange method were compared in this
study.

2. Materials and methods
2.1. Reagents

Hydrochloric acid (HCI) was from VWR (Dublin, Ireland). Sodium
hydroxide (NaOH) was from Fisher Scientific Ireland (Dublin, Ireland).
Sulphuric acid (> 98%), Kjeldahl catalyst tablets (free of Hg and Se) and
boric acid for Nitrogen analysis were from Sigma (Dublin, Ireland). All
other reagents were of analytical grade. Corn oil was obtained from a
local food store.

The control MPC80 (CMPC) powder was produced as described in
Khalesi and FitzGerald [7] and Rafiee et al. [8]. MPC samples with
different calcium contents were produced using partial acidification
followed by a cation exchange process as described in Khalesi and
FitzGerlad [4]. Therefore, at the end of the manufacturing process four
MPC samples including CMPC, MPCF1, MPCF2 and MPCF3 having 2.87,
1.57%, 1.00% and 0.36% (w/w%) calcium, respectively, were pro-
duced. The calcium ion activity of CMPC, MPCF1, MPCF2 and MPCF3
was 2.64, 1.23, 0.88 and 0.21 mmol/L, respectively. Specific details on
the gross composition of the MPC samples and the surface composition
at a depth of 10 nm are available in Khalesi and FitzGerald [4].

2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) using an Hitachi SU-70 SEM
(Krefeld, Germany) was utilised for observation of the microstructure of
the MPC powder particles [9].
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2.3. Particle size (PS) analysis of reconstituted MPC aqueous suspensions

Samples of the reconstituted (5% w/v, protein) MPC were dissolved
by heating at 50 °C for 30 min and were then cooled to room temper-
ature. After subsequent standing at room temperature for 1 h, the par-
ticle size of the samples was analysed (n = 3) using a laser light
scattering particle size analyser (Mastersizer 2000, Malvern In-
struments, Worcestershire, England) equipped with an Hydro 2000S
sample dispersion system (set at a stirring speed of 1000 rpm) interfaced
with Mastersizer 2000 software (version 5.61; Malvern Instruments,
Malvern, UK). The volume weighed mean (D(43)), the surface weighed
mean (D3 2)), the absolute deviation from the median (uniformity) as
well as the average particle size (d(.5)), the sizes of particles below
which 10% and 90% of the sample lie (d(o.1y and dqo.9), respectively) and
the specific surface area (SSA) were determined as described by
Cermeno et al. [10].

2.4. Apparent viscosity (Ngpp) measurement

The npp of reconstituted MPC samples (5% (w/v) on a protein basis)
was determined (n = 5) using a DV-II viscometer (Brookfield, Harlow,
UK) at a shear rate of 100 s+ according to Khalesi and FitzGerald [7].

2.5. Thermal behaviour

For thermal stability analysis, the heat coagulation time (HCT, min)
and the heat induced gelling time (HIGT, min) were determined (n = 5)
for all samples [7].

The MPC samples were reconstituted at 5% ((w/v) protein basis),
adjusted to pH 7.0 and then stirred at 25 °C for 1 h followed by storage at
4 °C for 24 h to aid full hydration prior to the thermal stability assess-
ments. Aliquots (2.3 mL) of the MPC samples were then transferred into
glass tubes (length = 130 mm; external diameter = 10 mm; thickness =
2 mm) and sealed with rubber stoppers. The tubes were then placed in a
metal rack and immersed in an oil bath (Elbanton BV, Kerkdriel, The
Netherlands) at 110, 120, 130 and 140 °C with constant slow oscillation
(8 swings/ min). The time of the first visible onset of coagulation (clots)
was reported as the HCT. The time elapsed between putting the recon-
stituted MPC sample in the oil bath (at 140 °C) and the appearance of
gelation and the cessation of liquid flow was considered as the HIGT.

2.6. Colour measurement

Colour analysis of the samples was carried out using a CR-600d
spectrophotometer (Konica Minolta Inc., Japan). Additionally, the
samples were heated at 95 °C in a vacuum oven (Gallenkamp, Gallen-
kamp Ltd, Loughborough, UK) for 6 h and the colour of the samples was
re-analysed. The results were expressed according with LAB scale where
L*, a* and b* represent lightness, redness and yellowness, respectively.
The colour differences (AE) between the samples before and after
heating were calculated according to Khalesi and FitzGerald [7].

2.7. OBC measurement

The OBC of the MPCs was measured according to Shilpashree et al.
[11]. Briefly, MPC80 powder (1.0 g, n = 3) was added to a 15 mL
centrifuge tube of known weight, to which 10 mL of corn oil was added.
After stirring for 30 s and holding for 30 min, the tubes were centrifuged
(3,000 g, 20 °C, 30 min) using an Hettich Zentrifugen Universal 320 R
centrifuge (Andreas Heittich GmbH & Co., Tuttlingen, Germany). The
supernatant was removed and the tubes were re-weighed. The OBC,
expressed as g of oil retained per g of protein, was calculated according
to Eq. (1) [9]:

—ml
osc= """ 100 e8]
m2
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where m1, m2 and m3 represent the weight of MPC sample, the mass of
protein in each MPC powder sample and the weight of the residue
remaining after centrifugation following the removal of the supernatant,
respectively.

2.8. Emulsion characterization

To generate oil in water (o/w) emulsions, first of all, the MPC80
samples were dissolved in dH5O to reach a 0.05% (w/v, protein basis)
reconstituted MPC80 [12,13]. The pH of the suspension was adjusted to
pH 2.0, 4.0, 7.0 and 10.0 using 1 M HCI or NaOH. Corn o0il (6.0 g con-
taining 0.004% (w/v) Sudan Red III for subsequent visualisation pur-
poses) was mixed with 14.0 g MPC80 suspensions. This mixture was
then sheared using an Ultra Turrax T-25 (IKA ® Werke Gmbh, Staufan,
Germany) at 16000 rpm for 60 s in 50 mL plastic screw lid containers.
The short-term emulsion activity index (EAI) and emulsion stability (ES)
of the MPC emulsions was determined (n = 3) according to Connolly
etal. [13].

The longer term stability of the MPC80 emulsions was analysed ac-
cording to Cermeno et al. [10], with some modifications. A suspension
(1% (w/v) protein) of the different MPC80 samples was prepared in
dH20 (3.5 g per 350 mL). This suspension was then gently stirred at
room temperature until completely hydrated. The pH of the solution was
adjusted to pH 7.0 using 1 M NaOH. The oil phase was prepared by the
addition of 0.004% (w/v) Sudan Red III and 0.02% (w/v) sodium azide
(antimicrobial agent). Oil (150 g) was then added to the MPC suspension
to obtain a total mixture of 500 g. The solution was then sheared at
13000 rpm for 30 s using an Ultra Turrax T-25 (IKA). The PSD of the
emulsions was determined using a Mastersizer 2000 (Malvern). The
analysis was performed in triplicate on days 4, 14 and 33 following
quiescent storage of the samples at 4 °C. Droplet coalescence in the
day-33 samples was assessed by calculating the coalescence index (CI)
according to Eq. (2) [14]:

Dioass

cr (%) =

= 1) x 100 (2)
D oya )

where D(3 2)q33 and D3 2)d1 represent the surface weighed mean of the
droplet diameters at day-33 and day-1, respectively.

2.9. Statistical analysis

All analyses were carried out at least in triplicate. Data values were
presented as mean + standard deviation (SD). One-way analysis of
variance (ANOVA) followed by the Tukey post hoc comparison test was
carried out to test for significant differences using Minitab® Release 15
for Windows. A p value < 0.05 was considered statistically significant.
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3. Results and discussion
3.1. Microstructural visualisation of MPC powder particles

SEM analysis of the MPC80s provides an overview on the shape and
size of the powder particles. In general, the particles associated with
MPCF1, MPCF2 and MPCF3 had a wide range of sizes (Fig. 1). This is in
agreement with the observation for CMPC [9]. The main feature of the
MPCF3 powder consisted of particles with highly globular structures and
smooth surfaces, with larger particles compared to the other samples. In
addition, MPCF3 contained a low amount of wrinkled particles, with
minimal aggregation. On the other hand, MPCF2 contained large
wrinkled particles and MPCF1 contained a high extent of aggregation
which presented as highly uneven particles.

Generally, the MPCs with a higher calcium content has extensive
cross linkages in their micellar CN compared to low calcium MPCs. This
will lead to differences in the protein structure of the particles. This may
be linked with differences in their technofunctional properties. Particles
with spherical shapes appeared to have a tendency to retain water
molecules, presumably via Van der Waals interactions, which may be
relevant as previously outlined for the generation of MPC80s with
enhanced aqueous interaction properties [9]. The MPC sample with a
lower level of calcium was less susceptible to particle aggregation. This
was attributed to the presence of calcium promoting aggregation of
micellar CNs. The presence of calcium promotes cross-linkages between
micellar casein which promotes the formation of more compact struc-
tures thereby enhancing the formation of irregular shaped particles.
Such irregularly shaped MPC particles were recently observed using
SEM analysis [15]. Therefore, it was not unexpected that the MPC
samples with the lowest calcium level (MPCF3) had spherical shaped
particles.

To our knowledge, this is the first report on the SEM analysis of MPCs
having different levels of calcium when obtained using a cation ex-
change process.

3.2. PSD of reconstituted MPC80

The results of PSD analysis of 5% (w/v) aqueous reconstituted MPC
samples are given in Table 1. The average particle diameter (do s)) for
MPCF1, MPCF2 and MPCF3 were 0.14, 0.52 and 0.15 pm, respectively.
The d(g.5) for CMPC was previously reported to be 0.13 um [9]. The SSA
showed higher values for MPCF1 (46.93 mz/g) and MPCF3
(44.97 mz/g) compared to MPCF2 (20.70 mz/g) which reflects the
particle size values obtained herein. The SSA for CMPC was previously
reported to be 55.40 mz/g [9]. A lower d(g.9) for MPCF1 (0.26 pm)
indicated a lower distribution of particle sizes in this suspension. The
value obtained for the MPCF1 suspension was in accordance with the
D(4.3) value which was lower for MPCF1 in comparison with the two
other MPCs. The lower uniformity index for MPCF1 indicated a lower
deviation from the d(g 5). This further confirms the higher uniformity in

Fig. 1. Scanning electron microscopy (SEM) images of reduced calcium milk protein concentrate (MPC) samples MPCF1 (1.57% calcium), MPCF2 (1.00% calcium)
and MPCF3 (0.36% calcium) taken at an acceleration voltage of 10 kV and a working distance of 11 mm. Image for CMPC was taken from Khalesi and FitzGerald [9].
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Table 1

Specific surface area (SSA), uniformity and particle diameters of 5% (w/v, on a
protein basis) reconstituted milk protein concentrate (MPC), control (CMPC,
2.87% calcium) and reduced calcium MPC samples MPCF1 (1.57% calcium),
MPCF2 (1.00% calcium) and MPCF3 (0.36% calcium).

Parameters CMPC* MPCF1 MPCF2 MPCF3
SSA (m?%/g) 55.40 46.93 20.70 44.97
+0.20%"" +1.20° +0.79° +2.00°
Uniformity 0.55 + 0.01% 0.75+0.33*  2.61 6.19 + 1.42°
index +1.45°
Di4.3) (um) 0.15 + 0.01% 0.20 +0.05*  1.83 1.03
+1.19° +0.25°
Ds.2) (um) 0.11 +0.01* 0.13+0.02°  0.29 0.13 + 0.01°
+0.01°
dgo.1) (um) 0.06 + 0.01% 0.08 +0.01°  0.12 0.07 + 0.01°
+0.01°
d(o.5) (um) 0.13 +0.01* 0.14 +0.06°  0.52 0.15 + 0.01°
+0.01°
d(0.9) (um) 0.25 + 0.01% 0.26 +0.06° 215 3.52
+0.21° +1.49°

* Data taken from Khalesi and FitzGerald [8]. ** Different letters in each row
indicates a significant difference (p < 0.05), n = 3.

MPCF1 aqueous suspensions. The low uniformity in the MPCF2 and
MPCF3 suspensions may be related to their multimodal size distribu-
tions (Fig. 2), while MPCF1 particles showed a monomodal particle
distribution. A monomodal particle distribution for CMPC was previ-
ously observed by Khalesi and FitzGerald [9].

Overall, the results showed that lower levels of calcium were asso-
ciated with reduced uniformity of the colloidal particles in the recon-
stituted MPC80. De-agglomeration occurred when MPC80 was exposed
to the hydration process. This was more pronounced for MPC80 with a
lower calcium content as its solubility was higher [4]. However, due to
the cation exchange step employed herein, particles with different
agglomerate sizes were generated. Variation in the sizes of the ag-
glomerates led to the observation of multimodal particle size distribu-
tions (within a range of 100-1000 nm) for MPC particles in suspension
having a low calcium content [16] as shown in Fig. 2. The low unifor-
mity of MPCF3 observed herein may also be related to the higher pro-
portion of the reduced calcium concentrated MPC (i.e., the concentrated
MPC subjected to the cation exchange process) which was required
when blending with the initial concentrated MPC for the production of
the final MPC80 having a low calcium level.

Regenstein et al. [17] reported that removal of calcium resulted in
dissociation of micellar CNs, thereby reducing the particle sizes of the

20 A

Volume (%)

CMPC*

0.01 0.1 1 10 100 1000

Particle diameter (um)

Fig. 2. Representative particle size distribution profiles of 5% (w/v, on a
protein basis) reconstituted milk protein concentrate (MPC) samples, control
(CMPC, 2.87% calcium) and reduced calcium MPC samples MPCF1 (1.57%
calcium), MPCF2 (1.00% calcium) and MPCF3 (0.36% calcium). The mea-
surement was performed 1 h after generation of the suspensions. * Data taken
Khalesi and FitzGerald [9].
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reconstituted MPC. Their report is in agreement with the observations
herein. Pandalaneni et al. [6] also showed that MPCs with lower calcium
contents obtained by addition of 0.15% sodium hexametaphosphate
resulted in a reduction in the particle sizes of micellar CNs from 192 to
90 nm due to dissociation of the CN micelles. Another study showed that
reducing the calcium content using gaseous COs injection during
membrane filtration increased micellar CN particle size [18]. Differ-
ences in the methods used for reducing the calcium content of the MPCs
may be the reason for the differences observed in the results. Further-
more, addition of citric acid to MPC was shown to lower calcium ion
activity, consequently resulted in lower particle sizes in MPC [19].

This is the first report on PSD analysis of reconstituted MPCs having
different calcium contents obtained using a cation exchange approach.
The results of this study are in agreement with the literature which show
that by reducing the calcium level, the more dissociated the CN micelles
become.

3.3. Apparent viscosity (1qpp) analysis

Reconstituted MPC with a lower level of calcium had a higher napp
(p < 0.05). The ngapp of MPCF1, MPCF2 and MPCF3 at a concentration of
5% (w/v) on a protein basis was observed to be 2.83 + 0.05, 2.85 + 04
and 3.13 + 0.05 mPa.s, respectively. The 1,,, of CMPC under similar
conditions was recently reported to be 2.75 + 0.05 mPa.s [9].

The impact of different levels of calcium on the viscosity of MPC
appears to be less studied in the literature. Previously, the viscosity of
reconstituted MPC80 under similar experimental conditions was re-
ported to be close to the values reported for CMPC, MPCF1 and MPCF2
herein [20]. A 30% reduction of calcium in MPC was reported to have no
significant influence on the nap, of 8% (w/w) reconstituted MPC80 [6].
This is also in agreement with the n,pp of the MPCF1 and MPCF2 samples
herein, where MPCF2 had ~27% lower calcium compared to MPCF1
(and 65% lower calcium compared to CMPC) while the ngp;, of these two
samples was not significantly different (p > 0.05). However, replace-
ment of calcium with Na,HPO, in a concentrated micellar CN solution
was reported to result in a loosening of CN micelles and a reduction in
calcium ion activity along with an increase in n,pp [21]. Removal of the
calcium from the network of CN micelles has also been reported to lead
to an increase in N,pp [22] of the MPC suspension due to the following
sequence of events: a) removal of calcium increases electrostatic
repulsion between CN micelles, b) this causes a loss in the extent of the
crosslinks formed by colloidal calcium phosphate between the micelles,
c) leading to a significant reduction in the structural integrity of CN
micelles, d) this promotes CN micelle dissociation, e) thus more diffu-
sion of CN into the serum phase occurs; f) accordingly, the CN micelles
become more hydrated and voluminous during MPC dispersion, g)
consequently, the viscosity of reconstituted MPCs with lower calcium is
increased.

3.4. Heat stability of MPC

The heat stability of reconstituted MPC is an important factor for
ingredient applications where high heat treatments are required. Heat
stability measured in terms of HCT is usually examined using an oil bath
heated at 120-140 °C. The results of the heat stability analysis of the
MPC80 samples between 110 and 140 °C are shown in Fig. 3. The
relationship between the reduction in HCT of MPCF1, MPCF2 and
MPCF3 and increasing heating temperature (110-140 °C) was loga-
rithmic. This is in agreement with previous studies by Dumpler et al.
[23] and Khalesi and FitzGerald [7]. The results herein indicated that
lower levels of calcium in MPC80 led to a higher heat stability at all
temperatures tested. The gelling time at 140 °C for MPCF1 (29.5
+ 1.8 min) and MPCF2 (27.4 + 0.9 min) was not significantly different
(p > 0.05). The MPCF3 sample, however, did not show gelation during
5 h heating at 140 °C. The gelling time for CMPC was recently shown to
be 19.7 min [7].
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Fig. 3. Heat coagulation time (HCT, n = 5) in min for milk protein concentrate
(MPC) suspensions, control MPC (CMPC, 2.87% calcium) and reduced calcium
MPC samples MPCF1 (1.57% calcium), MPCF2 (1.00% calcium) and MPCF3
(0.36% calcium) as a function of heating temperature (110-140 °C) when
tested at 5.0% protein (w/v). Data for CMPC was taken from Khalesi and
FitzGerald [7].

Protein coagulation is dependent on several factors such as pH,
concentration, temperature, processing conditions and mineral compo-
sition [24]. Eshpari et al. [25] reported that MPC with higher calcium
contents may contain an extensive aggregation between the WPs and the
CNs. Therefore, it is expected that a reduction in calcium concentration
may result in an increase in the heat stability of MPC. Accordingly, a
40% reduction in the calcium content of MPC was shown to improve
heat stability at neutral pH [26]. Furthermore, Singh et al. [27] showed
that increasing the calcium concentration in a 7.5% reconstituted MPC
suspension resulted in a reduction in heat stability. Pandalaneni et al.
[6] reported that MPC80 with a 20 — 30% reduction in calcium had a
lower susceptibility to thermal instability. Likewise, the use of calcium
binding agents such as disodium uridine monophosphate and disodium
hydrogen phosphate have been previously reported to improve the heat
stability of concentrated micellar CN solutions [21]. However, Eshpari
et al. [28] did not observe differences in the HCT for similar MPC
samples having calcium contents in the range 1.6-1.8% (w/v).

It is hypothesised that the extent of cross-linking of the micellar CNs
influences the heat stability of MPC. The higher thermal stability of
MPCs having a lower calcium concentration may be attributed to the
weakening of CN micelle structure as a result of having lower calcium.
The results herein showed that MPC80s obtained using cation exchange
resins with a lower level of calcium had higher thermal stability.

Herein, it was shown that replacement of calcium with sodium in
MPC using cation exchange enhanced the heat stability probably due to
a reduction in the capability to form cross-linked micellar CNs at a
reduced level calcium. In addition, it was observed that MPCF3 with a
lower level of calcium, thus a higher level of dissociated micellar CNs,
had a higher level of denatured WPs [4]. This may also be related to the
observed higher thermal stability for MPCF3. It has been demonstrated
that WP denaturation in MPC enhanced its thermal stability [7,29].

This appears to be the first report on the impact of calcium level on
the heat stability of MPC at different temperatures. It is also the first
report on the impact of the employment of cation exchange for calcium
removal on the thermal stability of MPC.

3.5. Colour measurement

The appearance and colour stability of MPCs following thermal
treatment may be important for some MPC applications, e.g., in cheeses
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and confectionary products [30]. The visual appearance of the recon-
stituted MPCF1, MPCF2 and MPCF3 samples showed clear differences
(Fig S1). While the colour of MPCF1 was white, a yellowness was
dominant in the appearance of MPCF3 (Fig S1). Sample MPCF2 had a
colour between MPCF1 and MPCF3 and was closer to MPCF1 in
appearance. The lightness, redness and yellowness of MPCF1, MPCF2
and MPCF3 powder particles were compared (Fig. 4). The results
showed that MPCF2 had the highest lightness (L*) index, while MPCF1
had the lowest L*. A recent study on MPC80 reported a negligible
change in L* for MPC with a 20% and 30% lower calcium compared to
control [31]. Differences in the method of generation of MPCs with

100 1 .
L OBefore heating @ After heating

98 - +
96 | 1] + {‘

94 -

L*

92

90

CMPC MPCF1 MPCF2 MPCF3

0.8 a OBefore heating @ After heating

0.6 -
0.4 -
0.2 -

0
© -0.2 -
-04 i
-0.6 -
-0.8 A

-1 A
1.2 -
1.4

CMPC MPCF1 MPCF2 MPCF3

25 ~

OBefore heating @ After heating

b* .
20

15 %

10 -

_}

b*

CMPC MPCF1 MPCF2 MPCF3

Fig. 4. The lightness (L*), redness (a*) and yellowness (b*) of milk protein
concentrate powder (MPC) samples, control MPC (CMPC, 2.87% calcium) and
reduced calcium MPC samples MPCF1 (1.57% calcium), MPCF2 (1.00% cal-
cium) and MPCF3 (0.36% calcium) before and after oven heating (95 °C, 6 h) as
determined using colorimetric. Different small letters above the columns
represent significant differences (p < 0.05, n = 5) between the samples. Values
plotted represent mean =+ SD. Data for CMPC was taken from Khalesi and
FitzGerald [7].
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different calcium contents, i.e., COy injection in the study by Pan-
dalaneni et al. [31] vs using cation exchange herein, may be a reason for
differences in the colour indexes observed between these two studies.

After oven heating (95 °C, 6 h) of the MPC samples, however, the
lowest L* was associated with MPCF3. MPCF1 showed the lowest
redness (a*), while MPCF3 showed the highest. After oven heating of the
samples, MPCF3 showed the lowest a*. Minimum yellowness (b*) was
associated with MPCF2. The maximum b* on the other hand was asso-
ciated with oven dried MPCF3 (Fig. 4). Pandalaneni et al. [31] did not
observe a significant difference in colour in MPC80 upon 30% reduction
of calcium. The study herein is the first report on the colourimetric
analysis of MPCs with different calcium levels when produced employ-
ing a cation exchange process.

The results for AE showed that MPCF3 displayed a significant colour
change after oven heating (AE = 9.7), while the values for MPCF1 and
MPCF2 were lower (5.2 and 4.4, respectively). This showed that the
appearance of MPCF3 was more affected by heating than MPCF1 and
MPCF2. This may be due to higher dissociation of CN micelles in the low
calcium MPC, which may provide a higher number of available amino
acid groups to interact with other components, e.g., lactose, in turn
resulting in more extensive chemical interactions, e.g., Maillard re-
actions. Accordingly, the MPC with lower calcium was more susceptible
to colour change on heating. The colour stability of MPCF2 was higher
than MPCF1 and MPCF3 following oven heating. According to Khalesi
and FitzGerald [7], the AE for CMPC was 15.5 which is higher than the
calcium depleted samples herein. In addition, it was previously shown
that WP denaturation was associated with a reduced AE [7]. This is also
in agreement with the observation herein where the minimum AE was
associated with the MPC with the highest WP denaturation level, i.e.,
MPCF3. The observations herein are also in agreement with a previous
report showing that the L* values of reconstituted MPCs having different
calcium levels were different following heating (140 °C, 15s) [31].
These authors showed that MPC with a higher calcium content (2.2%)
had a higher L* value after heat treatment compared to a sample having
1.5% calcium.

As already mentioned, high colour stability may be an advantage for
MPC powders for applications where high temperature processing is
required, e.g., during use in recombined milk, and in enteral and clinical
nutrition products. This appears to be the first report on the impact of
calcium level on the colour changes in MPC powders following oven
heating.

3.6. OBC of MPC80s with different levels of calcium

The impact of different levels of calcium on the OBC of MPC has not
yet been well documented. The results herein showed no significant
difference (p > 0.05) in OBC between MPC80s with different calcium
contents. The OBC for MPCF1, MPCF2 and MPCF3 was 2.8 + 0.1, 2.9
+ 0.1 and 2.8 &+ 0.1 g o0il/g protein, respectively. The OBC of the sam-
ples did not differ probably because the lipid content of all three MPCs
was in the range of 1.0-1.5%. Previously, the OBC of CMPC was reported
to be 2.8 & 0.1 g/g protein [9]. Generally, MPCs with high OBC values
may be suitable for emulsification applications. The OBC of MPC60 was
previously reported to range between 3.3 and 4.7 g oil/g protein [32,
33]. The higher lipid content of MPC60s (1.6-2.1%) compared to
MPC80s (1.0-1.5%) is considered the main reason for the differences in
the OBC results.

3.7. Emulsion properties

Study of the emulsification properties of MPCs is relevant as the
demand for natural emulsifiers grows [34,35]. The absorbance of the
MPC emulsion samples generated with CMPC, MPCF1, MPCF2 and
MPCEF3 at Asgg at different pH values was measured (Fig S2). A higher
absorbance at Asqg is indicative of smaller droplet sizes and correlates
with higher EAI values [10]. The results showed that the minimum EAI
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for the emulsion samples occurred at pH 4.0, which is near the iso-
electric point (~pH 4.6) of the CNs (Table 2). The EAI significantly
increased (p > 0.05) on increasing the pH above pH 4.0 for all samples.
The maximum EAI for all samples occurred at pH 10.0. Among the three
samples, MPCF3 showed the highest EAI at pH 7.0 (117 + 21 m?/g) and
pH 10.0 (204 + 50 mz/g) (Table 2). Previously, the EAI of WP isolate
(WPI) and a WPL:milk protein blend (2:1) was reported to be 148.20
+1.37 and 165.03 + 1.47 m2/g, respectively [36].

The short term (30 min) ES of all emulsions, at a protein content of
0.05% (w/v) in the pH range 2.0-10.0, was 100%. The long term (33 d)
emulsion stability properties of MPCF1, MPCF2 and MPCF3 emulsions
was studied using laser light scattering particle size analysis. The results
showed that MPCF3 presented the most stable emulsion along with
having particles with the lowest Sauter mean diameter (D(4,3): 2.39
=+ 0.30 um) in suspension following 33 days storage at 4 °C. The emul-
sion generated with the two other MPC samples (i.e., MPCF1 and
MPCF2) became unstable after 4 days of manufacture (Fig. 5). It was
previously shown that the CMPC emulsion became unstable following 4
days storage at 4 °C [7]. However, after 33 days storage at 4 °C only the
emulsions generated with MPCF2 showed monomodal distributions
while the MPCF1 and MPCF3 emulsions showed multimodal PSD’s (Fig
S3). After 33 days storage at 4 °C the uniformity index of the particles,
which shows the absolute deviation from the median (dgs), was 4.39,
0.65 and 2.70 for the emulsions generated with MPC80 sample MPCF1,
MPCF2 and MPCF3, respectively. As shown, the lowest d sy was asso-
ciated with MPCF2 which also had a monomodal particle distribution.
The distribution (d(o.9) — d(0.1)) of particle sizes in the emulsion manu-
factured with MPC80 sample MPCF1 (1153.63 pm) was higher than
sample MPCF2 (90.38 um) and MPCF3 (136.32 um). In addition, the CI
of the emulsions generated with MPCF1, MPCF2 and MPCF3 was 57.4
+ 1.0, 29.8 £ 1.0 and 459.7 + 30.5%, respectively. This showed that
the rate of emulsion droplet size change was higher for the MPCF3
emulsion, however, this emulsion still had the lowest mean particle
diameter after 33 days.

Many factors may alter the emulsion properties of MPCs, e.g., cal-
cium and protein contents, pH, etc. Herein, it was shown that MPCs with
lower calcium levels had smaller emulsion droplet sizes, thus the ES of
low calcium MPC80 was higher than MPCs with a higher calcium level.
This is in agreement with a report suggested that low calcium MPCs can
be used in order to obtain more stable emulsions with smaller particle
sizes [37]. The lower particle sizes are probably related to minimisation
of the formation of CN micelle aggregates. The dissociation of CNs by
removal of calcium resulted in the formation of non-micellar CN. A
higher ratio of non-micellar CN:micellar CN has been linked with better
emulsification properties [38]. In addition, a higher concentration of
calcium promotes the formation of insoluble aggregates between de-
natured WPs, which contributes to a reduction in emulsification prop-
erties. This has been associated with impairment of the spread and
rearrangement of proteins at the interface of oil droplets or by floccu-
lation occurring between emulsion droplets at high calcium concentra-
tions, resulting in the formation of large sized droplets [39]. Emulsions

Table 2

Emulsion activity index (EAI, mz/g) of milk protein concentrate (MPC) samples,
control MPC (CMPC, 2.87% calcium) and reduced calcium MPC samples MPCF1
(1.57% calcium), MPCF2 (1.00% calcium) and MPCF3 (0.36% calcium) at pH
2.0, 4.0, 7.0 and 10.0.

EAI (m?/g)
Sample pH 2.0 pH 4.0 pH7.0 pH 10.0
CMPC 42 + 10*8 33+ 4% 47 £11 348 58 + 88
MPCF1 64 + 10°2¢ 31 + 634 51 + 2% 79 + 9°¢
MPCF2 38 +11% 45 4 34 64 + 23 3B 79 + 7°8
MPCF3 52 + 6°°F 23 4+ 334 117 + 21°¢ 204 + 50

Values represent mean =+ SD (n = 3). Small letters in each column and capital
letters in each row show significant difference (P < 0.05), n = 3.
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Fig. 5. The Sauter mean diameter of the droplets in emulsions generated from reconstituted milk protein concentrate (MPC, 1.0% (w/v) on a protein basis) samples
control MPC (CMPC, 2.87% calcium) and reduced calcium MPC samples MPCF1 (1.57% calcium), MPCF2 (1.00% calcium) and MPCF3 (0.36% calcium):corn oil

(70:30, w/w%) blend after 4, 14 and 33 d of storage at 4 °C.

formed with low calcium MPCs were reported to have less susceptibility
to aggregation, thereby providing a higher number of available protein
molecules for adsorption to oil droplet surfaces [37]. The results herein
showed that MPCs generated using a cation exchange process (which
replaced calcium with sodium) resulted in the formation of a highly
stable emulsion in both the short and long term. This may be beneficial
for the application of calcium reduced MPCs in emulsion formulations
(such as in soups and sauces) and may be considered as an alternative for
WPs in emulsification formula. The results herein showed that MPCs
generated using a cation exchange process resulted in the formation of a
highly stable emulsion in both the short and long term.

4. Conclusions

The functionality of MPCs including their emulsification behaviour
and thermal stability are relevant for their applications in a range of food
products. In this study, it was shown that modification of the calcium
level in MPC using cation exchange was a promising strategy to improve
some technofunctional properties of MPC80, e.g., the thermal stability,
viscosity and emulsification properties. The heat stability of MPC is
important for a number of applications e.g., in soups, sauces, recom-
bined and evaporated milk and clinical nutrition products where high
temperatures are employed during processing. However, the lower level
of calcium in the ion exchange treated MPCs, i.e., 0.36%, delayed/pre-
vented gelation which may restrict some applications of such low level
calcium MPCs, e.g., in meringues, cakes, and where they are used as egg
white substitutes, etc, which may be more applicable for MPCs with
higher calcium levels. The good emulsification properties of MPCs with
a low calcium content was probably attributed to dissociation of
micellar CNs at lower calcium levels. The high viscosity in the MPCF3
suspension is due to a ‘loosening’ of the CN micelle structure resulting in
less calcium ion binding and high aqueous interactions between CNs and
water molecules. This may be desirable in some applications such as in
soups and sauces and in the formulation of processed cheese. The in-
formation obtained herein on the technofunctional properties of MPCs

with different calcium contents may be relevant in the targeted gener-
ation of specific MPC ingredients for different applications.

CRediT authorship contribution statement

MK designed the experiments, collected the data, carried out the data
analysis, prepared the first draft and subsequent revisions, and
contributed to funding acquisition. RJF contributed to experimental
design, edited the draft manuscript and contributed to funding
acquisition.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this manuscript.

Data Availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments

This project has received funding from the European Union’s Hori-
zon 2020 Research and Innovation Programme under the Marie Skto-
dowska-Curie Career-FIT Grant Agreement No. 713654.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.colsurfa.2022.128741.


https://doi.org/10.1016/j.colsurfa.2022.128741

M. Khalesi and R.J. FitzGerald

References

[1]

[2]

[3]

[4]

(5]

[6

[}

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Q. Cui, Y. Sun, J. Cheng, M. Guo, Effect of two-step enzymatic hydrolysis on the
antioxidant properties and proteomics of hydrolysates of milk protein concentrate,
Food Chem. 366 (2022), 130711, https://doi.org/10.1016/].
foodchem.2021.130711.

M. Khalesi, R.J. FitzGerald, Insolubility in milk protein concentrates: potential
causes and strategies to minimize its occurrence, Crit. Rev. Food Sci. Nutr. (2021),
https://doi.org/10.1080/10408398.2021.1908955.

D.J. McSweeney, J.A. O’'Mahony, N.A. McCarthy, Strategies to enhance the
rehydration performance of micellar casein-dominant dairy powders, Int. Dairy J.
122 (2021), 105116, https://doi.org/10.1016/j.idairyj.2021.105116.

M. Khalesi, R.J. FitzGerald, Impact of total calcium in milk protein concentrate on
its interaction with the aqueous phase, Colloids Surf. A: Physicochem. Eng. Asp.
635 (2022), 128068, https://doi.org/10.1016/j.colsurfa.2021.128068.

X. Luo, L. Ramchandran, T. Vasiljevic, Lower ultrafiltration temperature improves
membrane performance and emulsifying properties of milk protein concentrates,
Dairy Sci. Technol. 95 (1) (2015) 15-31, https://doi.org/10.1007/513594-014-
0192-3.

K. Pandalaneni, J.K. Amamcharla, C. Marella, L.E. Metzger, Influence of milk
protein concentrates with modified calcium content on enteral dairy beverage
formulations: Physicochemical properties, J. Dairy Sci. 101 (11) (2018)
9714-9724, https://doi.org/10.3168/jds.2018-14781.

M. Khalesi, R.J. FitzGerald, Investigation of the flowability, thermal stability and
emulsification properties of two milk protein concentrates having different levels
of native whey proteins, Food Res. Int. 147 (February) (2021), 110576, https://doi.
org/10.1016/j.foodres.2021.110576.

N. Rafiee Tari, Z. Gaygadzhiev, A. Guri, A. Wright, Effect of pH and heat treatment
conditions on physicochemical and acid gelation properties of liquid milk protein
concentrate, J. Dairy Sci. 104 (6) (2021) 6609-6619, https://doi.org/10.3168/

jds.2020-19355.

M. Khalesi, R.J. FitzGerald, Physicochemical properties and water interactions of
milk protein concentrate with two different levels of undenatured whey protein,
Colloids Surf. A: Physicochem. Eng. Asp. 629 (June) (2021), 127516, https://doi.
org/10.1016/j.colsurfa.2021.127516.

M. Cermeno, M. Felix, A. Connolly, E. Brennan, B. Coffey, E. Ryan, R.J. FitzGerald,
Role of carbohydrate conjugation on the emulsification and antioxidant properties
of intact and hydrolysed whey protein concentrate, Food Hydrocoll. 88 (July 2018)
(2019) 170-179, https://doi.org/10.1016/j.foodhyd.2018.09.030.

B.G. Shilpashree, S. Arora, P. Chawla, S.K. Tomar, Effect of succinylation on
physicochemical and functional properties of milk protein concentrate, Food Res.
Int. 72 (2015) 223-230, https://doi.org/10.1016/j.foodres.2015.04.008.

P.J. Garcia-Moreno, R. Pérez-Galvez, F.J. Espejo-Carpio, C. Ruiz-Quesada, A.

1. Pérez-Morilla, O. Martinez-Agustin, A. Guadix, E.M. Guadix, Functional,
bioactive and antigenicity properties of blue whiting protein hydrolysates: effect of
enzymatic treatment and degree of hydrolysis, J. Sci. Food Agric. 97 (1) (2017)
299-308, https://doi.org/10.1002/jsfa.7731.

A. Connolly, C.O. Piggott, R.J. FitzGerald, Technofunctional properties of a
brewers’ spent grain protein-enriched isolate and its associated enzymatic
hydrolysates, LWT - Food Sci. Technol. 59 (2P1) (2014) 1061-1067, https://doi.
org/10.1016/j.1wt.2014.06.054.

M. Felix, M. Cermeno, R.J. FitzGerald, Assessment of the microstructural
characteristics and the in vitro bioactive properties of sunflower oil-based
emulsions stabilized by fava bean (Vicia faba) protein, Food Hydrocoll. 97 (2019),
105220, https://doi.org/10.1016/j.foodhyd.2019.105220.

E. Bormashenko, Y. Bormashenko, I. Legchenkova, N.M. Eren, Cold plasma
hydrophilization of soy protein isolate and milk protein concentrate enables
manufacturing of surfactant-free water suspensions. Part I: Hydrophilization of
food powders using cold plasma, Innov. Food Sci. Emerg. Technol. 72 (2021),
102759, https://doi.org/10.1016/j.ifset.2021.102759.

N.A. McCarthy, O. Power, H.B. Wijayanti, P.M. Kelly, L. Mao, M.A. Fenelon, Effects
of calcium chelating agents on the solubility of milk protein concentrate, Int. J.
Dairy Technol. 70 (3) (2017) 415-423, https://doi.org/10.1111/1471-
0307.12408.

J.M. Regenstein, X. Liu, Y. Xu, D. Liu, Y. Hemar, H. Yang, P. Zhou, J. Zhang, Effect
of calcium sequestration by ion-exchange treatment on the dissociation of casein
micelles in model milk protein concentrates, Food Hydrocoll. 60 (2016) 59-66,
https://doi.org/10.1016/j.foodhyd.2016.03.026.

C. Marella, P. Salunke, A.C. Biswas, A. Kommineni, L.E. Metzger, Manufacture of
modified milk protein concentrate utilizing injection of carbon dioxide, J. Dairy
Sci. 98 (6) (2015) 3577-3589, https://doi.org/10.3168/jds.2014-8946.

S. Wu, J. Fitzpatrick, K. Cronin, S. Miao, Effects of calcium chelation on the
neutralization of milk protein isolate and casein micelle reassembling, Food Chem.
332 (January) (2020), 127440, https://doi.org/10.1016/j.
foodchem.2020.127440.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Colloids and Surfaces A: Physicochemical and Engineering Aspects 643 (2022) 128741

L.S. Rupp, M.S. Molitor, J.A. Lucey, Effect of processing methods and protein
content of the concentrate on the properties of milk protein concentrate with 80%
protein, J. Dairy Sci. 101 (9) (2018) 7702-7713, https://doi.org/10.3168/
jds.2018-14383.

E. De Kort, M. Minor, T. Snoeren, T. Van Hooijdonk, E. Van der Linden, Effect of
calcium chelators on heat coagulation and heat-induced changes of concentrated
micellar casein solutions: The role of calcium-ion activity and micellar integrity,
Int. Dairy J. 26 (2) (2012) 112-119, https://doi.org/10.1016/j.
idairyj.2012.03.014.

O.M. Power, M.A. Fenelon, J.A. O’'Mahony, N.A. McCarthy, Influence of sodium
hexametaphosphate addition on the functional properties of milk protein
concentrate solutions containing transglutaminase cross-linked proteins, Int. Dairy
J. 104 (2020), 104641, https://doi.org/10.1016/].idairyj.2020.104641.

J. Dumpler, T. Huppertz, U. Kulozik, Invited review: heat stability of milk and
concentrated milk: past, present, and future research objectives, J. Dairy Sci. 103
(12) (2020) 10986-11007, https://doi.org/10.3168/jds.2020-18605.

A. Sauer, C.I. Moraru, Heat stability of micellar casein concentrates as affected by
temperature and pH, J. Dairy Sci. 95 (11) (2012) 6339-6350, https://doi.org/
10.3168/jds.2012-5706.

H. Eshpari, R. Jimenez-Flores, P.S. Tong, M. Corredig, Thermal stability of
reconstituted milk protein concentrates: Effect of partial calcium depletion during
membrane filtration, Food Res. Int. 102 (July) (2017) 409-418, https://doi.org/
10.1016/j.foodres.2017.07.058.

V. Sunkesula, A. Kommineni, G.H. Meletharayil, C. Marella, L.E. Metzger, Short
communication: effect of pH on the heat stability of reconstituted reduced calcium
milk protein concentrate dispersions, J. Dairy Sci. 104 (1) (2021) 134-137,
https://doi.org/10.3168/jds.2020-18937.

J. Singh, A. Dean, S. Prakash, B. Bhandari, N. Bansal, Ultra high temperature
stability of milk protein concentrate: effect of mineral salts addition, J. Food Eng.
300 (2020) (2021), 110503, https://doi.org/10.1016/j.jfoodeng.2021.110503.

H. Eshpari, P.S. Tong, M. Corredig, Changes in the physical properties, solubility,
and heat stability of milk protein concentrates prepared from partially acidified
milk, J. Dairy Sci. 97 (12) (2014) 7394-7401, https://doi.org/10.3168/jds.2014-
8609.

S.V. Crowley, M. Boudin, B. Chen, I. Gazi, T. Huppertz, A.L. Kelly, J.A. O’'Mahony,
Stability of milk protein concentrate suspensions to in-container sterilisation
heating conditions, Int. Dairy J. 50 (2015) 45-49, https://doi.org/10.1016/j.
idairy;j.2015.05.009.

S. Agarwal, R.L.W. Beausire, S. Patel, H. Patel, Innovative uses of milk protein
concentrates in product development, J. Food Sci. 80 (S1) (2015) A23-A29,
https://doi.org/10.1111/1750-3841.12807.

K. Pandalaneni, K. Bhanduriya, J.K.K. Amamcharla, C. Marella, L.E.E. Metzger,
K. Pandalaneni, C. Marella, K. Bhanduriya, Influence of milk protein concentrates
with modified calcium content on enteral dairy beverage formulations: storage
stability, J. Dairy Sci. 102 (1) (2018) 155-163, https://doi.org/10.3168/jds.2018-
15239.

G.S. Meena, A.K. Singh, S. Arora, S. Borad, R. Sharma, V.K. Gupta, Physico-
chemical, functional and rheological properties of milk protein concentrate 60 as
affected by disodium phosphate addition, diafiltration and homogenization,

J. Food Sci. Technol. 54 (6) (2017) 1678-1688, https://doi.org/10.1007/s13197-
017-2600-1.

G.S. Meena, A.K. Singh, V.K. Gupta, S.G. Borad, S. Arora, S.K. Tomar, Alteration in
physicochemical, functional, rheological and reconstitution properties of milk
protein concentrate powder by pH, homogenization and diafiltration, J. Food Sci.
Technol. 56 (3) (2019) 1622-1630, https://doi.org/10.1007/s13197-019-03578-z.
R.S.H. Lam, M.T. Nickerson, Food proteins: a review on their emulsifying
properties using a structure-function approach, Food Chem. 141 (2) (2013)
975-984, https://doi.org/10.1016/j.foodchem.2013.04.038.

D.J. McClements, S.M. Jafari, Improving emulsion formation, stability and
performance using mixed emulsifiers: a review, Adv. Colloid Interface Sci. 251
(2018) 55-79, https://doi.org/10.1016/j.cis.2017.12.001.

A.R. Jambrak, V. Lelas, G. Kresi¢, M. Badanjak, S.R. Brnci¢, Z. Herceg, V. Batur,
I. Grci¢, Rheological, functional and thermo-physical properties of ultrasound
treated whey proteins with addition of sucrose or milk powder, Mljekarstvo 61 (1)
(2011) 79-91.

A. Ye, Functional properties of milk protein concentrates: emulsifying properties,
adsorption and stability of emulsions, Int. Dairy J. 21 (1) (2011) 14-20, https://
doi.org/10.1016/j.idairyj.2010.07.005.

Y. Liang, H. Patel, L. Matia-Merino, A. Ye, M. Golding, Effect of pre- and post-heat
treatments on the physicochemical, microstructural and rheological properties of
milk protein concentrate-stabilised oil-in-water emulsions, Int. Dairy J. 32 (2)
(2013) 184-191, https://doi.org/10.1016/j.idairyj.2013.05.012.

L. Fachin, W.H. Viotto, Effect of pH and heat treatment of cheese whey on
solubility and emulsifying properties of whey protein concentrate produced by
ultrafiltration, Int. Dairy J. 15 (4) (2005) 325-332, https://doi.org/10.1016/j.
idairyj.2004.07.015.


https://doi.org/10.1016/j.foodchem.2021.130711
https://doi.org/10.1016/j.foodchem.2021.130711
https://doi.org/10.1080/10408398.2021.1908955
https://doi.org/10.1016/j.idairyj.2021.105116
https://doi.org/10.1016/j.colsurfa.2021.128068
https://doi.org/10.1007/s13594-014-0192-3
https://doi.org/10.1007/s13594-014-0192-3
https://doi.org/10.3168/jds.2018-14781
https://doi.org/10.1016/j.foodres.2021.110576
https://doi.org/10.1016/j.foodres.2021.110576
https://doi.org/10.3168/jds.2020-19355
https://doi.org/10.3168/jds.2020-19355
https://doi.org/10.1016/j.colsurfa.2021.127516
https://doi.org/10.1016/j.colsurfa.2021.127516
https://doi.org/10.1016/j.foodhyd.2018.09.030
https://doi.org/10.1016/j.foodres.2015.04.008
https://doi.org/10.1002/jsfa.7731
https://doi.org/10.1016/j.lwt.2014.06.054
https://doi.org/10.1016/j.lwt.2014.06.054
https://doi.org/10.1016/j.foodhyd.2019.105220
https://doi.org/10.1016/j.ifset.2021.102759
https://doi.org/10.1111/1471-0307.12408
https://doi.org/10.1111/1471-0307.12408
https://doi.org/10.1016/j.foodhyd.2016.03.026
https://doi.org/10.3168/jds.2014-8946
https://doi.org/10.1016/j.foodchem.2020.127440
https://doi.org/10.1016/j.foodchem.2020.127440
https://doi.org/10.3168/jds.2018-14383
https://doi.org/10.3168/jds.2018-14383
https://doi.org/10.1016/j.idairyj.2012.03.014
https://doi.org/10.1016/j.idairyj.2012.03.014
https://doi.org/10.1016/j.idairyj.2020.104641
https://doi.org/10.3168/jds.2020-18605
https://doi.org/10.3168/jds.2012-5706
https://doi.org/10.3168/jds.2012-5706
https://doi.org/10.1016/j.foodres.2017.07.058
https://doi.org/10.1016/j.foodres.2017.07.058
https://doi.org/10.3168/jds.2020-18937
https://doi.org/10.1016/j.jfoodeng.2021.110503
https://doi.org/10.3168/jds.2014-8609
https://doi.org/10.3168/jds.2014-8609
https://doi.org/10.1016/j.idairyj.2015.05.009
https://doi.org/10.1016/j.idairyj.2015.05.009
https://doi.org/10.1111/1750-3841.12807
https://doi.org/10.3168/jds.2018-15239
https://doi.org/10.3168/jds.2018-15239
https://doi.org/10.1007/s13197-017-2600-1
https://doi.org/10.1007/s13197-017-2600-1
https://doi.org/10.1007/s13197-019-03578-z
https://doi.org/10.1016/j.foodchem.2013.04.038
https://doi.org/10.1016/j.cis.2017.12.001
http://refhub.elsevier.com/S0927-7757(22)00496-4/sbref36
http://refhub.elsevier.com/S0927-7757(22)00496-4/sbref36
http://refhub.elsevier.com/S0927-7757(22)00496-4/sbref36
http://refhub.elsevier.com/S0927-7757(22)00496-4/sbref36
https://doi.org/10.1016/j.idairyj.2010.07.005
https://doi.org/10.1016/j.idairyj.2010.07.005
https://doi.org/10.1016/j.idairyj.2013.05.012
https://doi.org/10.1016/j.idairyj.2004.07.015
https://doi.org/10.1016/j.idairyj.2004.07.015

	Impact of variation in calcium level on the technofunctional properties of milk protein concentrate
	Impact of variation in calcium level on the technofunctional properties of milk protein concentrate
	1 Introduction
	2 Materials and methods
	2.1 Reagents
	2.2 Scanning electron microscopy
	2.3 Particle size (PS) analysis of reconstituted MPC aqueous suspensions
	2.4 Apparent viscosity (ɳapp) measurement
	2.5 Thermal behaviour
	2.6 Colour measurement
	2.7 OBC measurement
	2.8 Emulsion characterization
	2.9 Statistical analysis

	3 Results and discussion
	3.1 Microstructural visualisation of MPC powder particles
	3.2 PSD of reconstituted MPC80
	3.3 Apparent viscosity (ηapp) analysis
	3.4 Heat stability of MPC
	3.5 Colour measurement
	3.6 OBC of MPC80s with different levels of calcium
	3.7 Emulsion properties

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


