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Abstract: Protein–protein and protein–mineral interactions can result in defects, such as sedimenta-
tion and age gelation, during the storage of high-protein beverages. It is well known that age gelation
can be delayed by adding cyclic polyphosphates such as sodium hexametaphosphate (SHMP). This
study aims to assess the influence of different phosphate chain lengths of SHMP on the physicochem-
ical properties of high-protein dispersions. The effect of adding different SHMP concentrations at 0%,
0.15%, and 0.25% (w/w) before and after heating of 6%, 8%, and 10% (w/w) milk protein concentrate
dispersions was studied. The phosphate chain lengths of SHMPs used in this study were 16.47,
13.31, and 9.88, and they were classified as long-, medium-, and short-chain SHMPs, respectively.
Apparent viscosity, particle size, heat coagulation time (HCT), color, and turbidity were evaluated.
It was observed that the addition of SHMP (0.15% and 0.25%) increased the apparent viscosity of
MPC dispersions. However, the chain length and the concentration of the added SHMP had no
significant (p > 0.05) effect on the apparent viscosity after heating the dispersions. The HCT of a
dispersion containing 6%, 8%, and 10% protein with no SHMP added was 15.28, 15.61, and 11.35 min,
respectively. The addition of SHMP at both levels (0.15% and 0.25%) significantly increased the HCT.
Protein dispersions (6%, 8%, and 10%) containing 0.25% short-chain SHMP had the highest HCT
at 19.29, 19.61, and 16.09 min, respectively. Therefore, the chain length and concentration of added
SHMP significantly affected the HCT of unheated protein dispersion (p < 0.05).

Keywords: milk protein concentrate; chelating agent; chain length

1. Introduction

The demand for high-protein beverages is increasing worldwide, driven by various
factors such as convenience, the desire for a “healthier” lifestyle, population growth, and
expanded urbanization [1]. Milk protein concentrate (MPC) has an 80:20 casein-to-whey
protein ratio in milk, making it a preferable ingredient in formulating high-protein dairy
beverages. In addition, MPC is heat stable compared with whey-derived ingredients.
However, protein–protein and protein–mineral interactions that can occur because of using
MPC as a protein source can result in defects during the storage, such as sedimentation
and age gelation [2]. Sedimentation is usually explained by the formation of a protein-rich
dense layer at the bottom of the beverage package due to the aggregation of k-casein-
depleted casein micelles [3]. Sedimentation can be reversible upon mixing during the
early stages of storage. The other storage defect that occurs in high-protein beverages is
age gelation. Datta and Deeth (2001) [4] explained age gelation in UHT milk as a four-
stage physical change. In the initial stage, some product thinning is observed for a short
period, followed by a change in the viscosity in the second stage, which is usually an
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extended period. Subsequently, a sudden change in the viscosity with a gel formation
occurs in the third stage, and in the final stage viscosity decreases as the gel matrix breaks
down, leaving a serum layer and protein curds. There are two ways to improve the
stability of high-dairy beverages: either by modifying the functional properties of the
ingredients, such as enzymatic hydrolysis and chemical modification [5], or by adding
some additives, such as emulsifying salts [6]. The Code of Federal Regulations (CFR;
21CFR133.169) classified emulsifying salts as monophosphates, condensed phosphates,
glassy (long-chain) phosphates, citrates, and tartrates [7]. Those emulsifying salts’ ability to
chelate calcium ions varies depending on the valence, chain length of ion species formed,
pH, ionic strength, and temperature [8]. Cano-Ruiz and Richter (1998) [6] reported that
they could delay age gelation by adding cyclic polyphosphates such as SHMP. Various
studies have been performed on the use of SHMP in high-protein beverages. However, it
was necessary to conduct a study that evaluates the influence of using different phosphate
chain lengths of SHMP on the physicochemical properties of high-protein dispersions. This
led us to our objective of the present study. We aimed to assess the effect of using small,
medium, and long chains of SHMP on the physicochemical properties of high-protein
dispersions.

2. Materials and Methods
2.1. Experimental Design

Three randomly selected lots of MPC 85 were obtained from a commercial manu-
facturer (Idaho Milk Products, Jerome, ID, USA). The manufacturer provided the MPC
compositions, which contained about 86.77%, 4.97%, 1.12%, 4.77%, and 6.68% protein,
moisture, fat, lactose, and ash content, respectively. Different SHMP powders were ob-
tained from Prayon (Lyon, France). The phosphate chain lengths of SHMPs were 16.47,
13.31, and 9.88 and were classified as long, medium, and short SHMPs, respectively. The
phosphate chain length was measured using phosphorus-31 nuclear magnetic resonance
(31P-NMR) at the University of Kansas following the method explained by Stover et al. [9].
First, 1400 mL protein dispersions (6%, 8%, and 10% w/w) were prepared by dissolving
the required amount of MPC 85 in distilled water at 45 ◦C for 30 min, then the aliquot
was refrigerated (4 ◦C) overnight for complete rehydration. Samples were warmed up to
45 ◦C, and then the pH of the protein solution was adjusted to 7.00 ± 0.05 by adding 0.5 N
of sodium hydroxide. Subsequently, the sample was divided equally into seven beakers
containing 200 mL of the MPC 85 solution. Samples were placed on hot plates to maintain
their temperature at 45 ◦C. As per the experimental design, the required quantity of SHMP
(0%, 0.15%, and 0.25% w/w based on MPC solution) was weighed and added to the MPC
solution under stirring for 10 min. The heat treatment was carried out in heat-resistant
8 mL glass vials (catalog#W224584; DWK Life Sciences, Millville, NJ, USA). MPC solution
(3 mL) was poured into glass vials with a heat-resistant screw cap and immersed in an oil
bath (Narang Scientific Works Pvt. Ltd., New Delhi, India) maintained at 140 ◦C. The actual
temperature of the MPC solution in one of the vials was monitored using a thermocouple,
and when the temperature reached 140 ◦C, a timer was set for 15 s. The come-up time was
approximately 3 min. After 140 ◦C heat treatment for 15 s, the samples were immediately
transferred to an ice bath to cool. All the experiments were performed in triplicate using
the three lots of MPC 85. Samples were tested for apparent viscosity, heat coagulation time
(HCT), mean particle size and zeta potential, FAST index, color, and turbidity.

2.1.1. Heat Coagulation Time (HCT)

For this analysis, a 2 mL sample was transferred into a glass vial and immersed in an
oil bath with a rocker (Narang Scientific Works Pvt. Ltd., New Delhi, India) at 140 ◦C. The
time required for visual coagulation was recorded as HCT (min).
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2.1.2. Apparent Viscosity

The apparent viscosity of the heated and unheated samples was measured using a
stress–strain-controlled rheometer (MCR-92 Anton Paar, Vernon Hills, IL, USA) with cone
and plate geometry with 680 µL of the sample. The analysis was performed at 20 ◦C with a
0.1–200 s−1 shear rate. Apparent viscosity was reported at 100 s−1, and the analysis was
performed in duplicate on each sample.

2.1.3. Mean Particle Size and Zeta Potential

Dynamic light scattering (DelsaMax PRO, Beckman, Germany) with DelsaMax ASSIST
was used in measuring the mean particle size and zeta potential for heated and unheated
high-protein dispersions following the method described by Singh et al. [10]. Samples were
diluted to 1:100 with distilled water and slowly injected into the flow cell using a syringe.
The measurements were performed in triplicate.

2.1.4. FAST Index

The FAST index assesses protein denaturation and Maillard reaction products in
the heat-treated milk [11]. Tryptophan and Maillard products’ fluorescence spectra were
attained using an LS50B luminescence spectrometer (PerkinElmer, Waltham, MA, USA).
Then, the FAST index was calculated using the following Equation (1):

FAST index =
Maillard products fluorescence

Tryptophan fluorescence
(1)

Front-Face Fluorescence Spectroscopy. The fluorescence spectra of tryptophan and
Maillard products were acquired in the front-face geometrical configuration. In the front-
face configuration, both the emission and excitation occur at the same cuvette face and
thereby make it suitable for opaque samples such as MPC solutions. The instrument was
equipped with a 15 W xenon lamp and the front-face accessory with a 56◦ incidence angle
adjustment. The sample was loaded in a quartz cuvette (Catalog no: 3-Q-20; Starna Cells
Inc., Atascadero, CA, USA) with a 20 mm path length. The fluorescence emission spectra of
tryptophan were obtained at a wavelength of 290 nm for excitation and an emission range
of 305–450 nm. The fluorescence emission spectra of Maillard products were obtained at a
wavelength of 360 nm for excitation and an emission range of 380–480 nm. Seven scans
were performed on each sample and averaged to improve the signal-to-noise ratio [10].
The excitation and emission slit widths were set at 10.0 and 7.0 nm, respectively. The
1% attenuation filter was selected, and the FL Data Manager Software (version 4.00.02,
Perkin-Elmer) was used for the spectral data acquisition. Tryptophan fluorescence spectra
of unheated and heated samples were obtained at a wavelength of 290 nm for excitation
and at 340 nm and 350 nm emission wavelengths, respectively, and the fluorescence of
advanced Maillard products measured at 360 for excitation and 430 nm for emission were
used to calculate the FAST index using Equation (1).

Right-Angle Fluorescence Spectroscopy. Right-angle fluorescence spectroscopy im-
plies measuring a transparent sample (serum phase) with an optical density of less than
0.2, so Beer–Lambert’s law can be applied to the quantitative assessment [10]. Therefore,
samples were precipitated using 0.1M sodium acetate buffer at 4.6 pH, as explained by
Singh et al. [10]. The instrument had a 15 W xenon lamp and a right-angle accessory. The
sample was loaded in a quartz cuvette (Starna Cells Inc., Atascadero, CA, USA) with a
10 mm path length. The fluorescence emission spectra of tryptophan were obtained at a
wavelength of 290 nm for excitation and an emission range of 305–450 nm; the excitation
and emission slit widths were set at 3 nm and 3 nm, respectively. The fluorescence emis-
sion spectra of Maillard products were obtained at a wavelength of 360 nm for excitation
and an emission range of 380–480 nm; the excitation and emission slit widths were set at
10 and 7 nm, respectively. Seven scans were performed on each sample and averaged to
improve the signal-to-noise ratio. The open filter was used in the analysis. Tryptophan
fluorescence of unheated and heated samples at 290/340 nm and 290/350 nm, respectively,
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and the fluorescence of advanced Maillard products measured at 360/430 nm were used to
calculate the FAST index using Equation (1).

2.1.5. Color (△E)

The CIE LAB values L*, a*, and b* were measured using a Hunter-Lab Mini Scan
colorimeter (Hunter Associates Laboratory, Reston, VA, USA). About 2 mL of the sample
was placed in a transparent plastic container, and the measurement was taken. L*, a*, and
b* values were used in calculating the total change in the color (△E) using the following
Equation (2):

△E =

√
(L1 − L2)

2 + (a1 − a2)
2 + (b1 − b2)

2 (2)

2.1.6. Turbidity

Turbidity was measured using a UV-5200 UV/Vis spectrophotometer (Metash Instru-
ments Co., Ltd., Shanghai, China). Samples were diluted 1:10 with distilled water; then,
the measurements were carried out at room temperature using a 700 nm wavelength and a
plastic disposable cuvette (Fisher Scientific, Pittsburgh, PA, USA).

2.2. Statistical Analysis

All data were analyzed based on the completely randomized design (CRD) using
PROC GLIMMIX in SAS Studio (version 9.4; SAS Inst., Cary, NC, USA) and Tukey’s test
to determine any significant differences between treatment levels, which were declared
significant when p ≤ 0.05.

3. Results
3.1. Heat Coagulation Time (HCT)

Heat stability is the most critical processing parameter, and it is considered the main
factor in choosing the source of protein in high-protein dairy-based beverages. The HCT is
the total time before the milk sample forms a visible clot after being placed in an oil bath
maintained usually at 140 ◦C. Other methods can be used in determining heat stability,
such as an ethanol test, a whitening test, protein sedimentation, and a viscosity determi-
nation [12]. After heating, mineral equilibrium between the serum and colloidal phase
changes, besides the dissociation of k-casein from the casein micelle surface, which may
cause a stearic destabilization of casein micelles [13].

The MPC dispersion containing 6% protein with no SHMP added had an HCT of
15.28 min (Table 1). It was observed that the addition of SHMP increased the HCT as
the addition of calcium chelators reduces the concentration of free calcium ions and de-
creases the susceptibility to ultra-high temperatures during the processing [8]. Dispersions
containing 0.15% of long, medium, and small SHMP had an HCT of 16.23, 17.26, and
17.69 min, respectively. The sample containing 0.15% long SHMP differed statistically
from the medium and small dispersions. The HCT of MPC dispersions with 0.25% long
SHMP was 17.13 min and significantly lower compared to MPC dispersions containing
medium and short SHMP. Therefore, the chain length and concentration of added SHMP
significantly affected (p < 0.05) the dispersions containing 6% protein.

The MPC dispersion containing 8% protein without SHMP had an HCT of 15.61 min.
Dispersions containing 0.15% long, medium, and small SHMP had an HCT of 16.74, 17.27,
and 18.62 min, respectively. The chain length of the added SHMP at the 0.15% level had
no significant effect (p > 0.05) on the HCT. The HCT of 0.25% long, medium, and small
dispersions was 17.23, 18.75, and 19.61 min, respectively. The sample containing 0.25%
small SHMP had an HCT of 19.61, the highest. The chain length of the added SHMP at the
0.25% level had a significant effect (p < 0.05) on the HCT. Therefore, the chain length and
concentration of the added SHMP have a significant impact (p < 0.05) on the HCT of 8%
MPC dispersion.
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Table 1. Heat coagulation time (min) of milk protein dispersions at 6%, 8%, and 10% protein levels.

SHMP
Chain Length SHMP Level (%)

Protein Content (%, w/w)

6 8 10

Control 0 15.28 ± 0.15 e 15.61 ± 0.83 c 11.35 ± 0.65 b

Long 0.15 16.23 ± 0.48 d 16.74 ± 1.58 bc 14.28 ± 0.87 a

0.25 17.13 ± 0.70 cd 17.23 ± 1.47 bc 15.24 ± 1.12 a

Medium
0.15 17.26 ± 0.47 c 17.27 ± 1.35 abc 14.98 ± 1.39 a

0.25 18.46 ± 0.98 ab 18.75 ± 0.82 ab 16.04 ± 0.23 a

Short
0.15 17.69 ± 0.29 bc 18.62 ± 1.24 ab 15.38 ± 0.77 a

0.25 19.29 ± 0.86 a 19.61 ± 1.09 a 16.09 ± 0.26 a

The values are presented as (mean ± SD). n = 3. a–e Means with different superscripts in the same column are
significantly different (p < 0.05).

The MPC dispersion containing 10% protein with no SHMP added had an HCT of
11.35 min. As the protein content increased, the HCT decreased due to increased calcium
ion activity and heat-induced dissociation of the κ-casein [14]. The addition of the SHMP
statistically increased the HCT. The range of HCT for dispersions containing 0.15% and
0.25% long, medium, and short SHMP was 14.28–16.09 min. The concentration of added
SHMP significantly affected the HCT in 10% MPC dispersions. However, the chain length
did not.

3.2. Apparent Viscosity

Table 2 shows the apparent viscosity of heated and unheated MPC dispersions at a
100 s−1 shear rate. Before heating, the MPC dispersion containing 6% protein with no SHMP
had an apparent viscosity of 5.36 mPa·s. It was observed that the addition of different
SHMP at both levels (0.15% and 0.25%) had statistically increased the apparent viscosity
of MPC dispersions to 11.85–13.69 mPa·s in agreement with Pandalaneni et al. (2018) [15].
This increase in the apparent viscosity was related to the dissociation and swelling of casein
micelles, which increases the effective volume fraction of the dispersed phase, leading to
increased viscosity. The concentration of the SHMP had a significant (p < 0.05) effect on
the apparent viscosity in unheated MPC dispersions containing 6% protein. However, the
chain length did not.

Table 2. Apparent viscosity (mPa·s) of unheated and heated protein dispersions at 100 s−1 shear rate.

SHMP Level (%)
6% Protein 8% Protein 10% Protein

Unheated Heated Unheated Heated * Unheated Heated

Control 0 5.36 ± 2.26 b 2.49 ± 0.09 b 11.75 ± 4.63 c 5.19 ± 2.25 15.08 ± 8.83 b 4.68 ± 0.92 b

Long 0.15 13.60 ± 4.04 a 2.87 ± 0.09 ab 27.04 ± 9.38 bc 4.62 ± 1.21 39.62 ± 18.15 b 7.08 ± 1.37 ab

0.25 12.30 ± 3.27 a 3.10 ± 0.29 a 40.56 ± 3.27 b 4.53 ± 0.32 107.14 ± 50.15 a 6.80 ± 1.63 ab

Medium
0.15 11.96 ± 3.34 a 2.99 ± 0.03 a 25.14 ± 5.90 bc 4.65 ± 0.98 38.10 ± 18.67 b 6.77 ± 1.24 ab

0.25 13.69 ± 5.54 a 3.02 ± 0.10 a 63.41 ± 9.48 a 5.36 ± 0.87 103.17 ± 52.07 a 8.27 ± 2.44 a

Short
0.15 12.33 ± 4.31 a 2.93 ± 0.07 a 28.99 ± 7.28 bc 5.02 ± 0.56 41.70 ± 35.11 b 6.73 ± 1.60 ab

0.25 11.85 ± 3.22 a 3.08 ± 0.13 a 40.12 ± 7.47 b 5.77 ± 1.01 110.67 ± 61.93 a 7.19 ± 0.51 ab

The values are presented as (mean ± SD). n = 3. a–c Means with different superscripts in the same column are
significantly different (p < 0.05). * No significant difference was observed within the column.

Upon heating, the apparent viscosity of the MPC dispersion containing 6% protein
with no SHMP was decreased to 2.49 mPa·s. It was statistically different from samples
containing different SHMP at both levels and had a viscosity of 2.87–3.10 mPa·s. The
decrease in the viscosity upon heating can be attributed to a higher degree of flexibility
within the casein micelles and reduced interactions between casein micelles due to the
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reduction in intra- and intermolecular hydrophobic interactions, respectively [16]. These
dispersions were significantly different from the sample with no SHMP added. However,
the chain length of the added SHMP had no significant (p > 0.05) effect on the apparent
viscosity in heated MPC dispersions containing 6% protein.

Before heating, the MPC dispersion containing 8% protein with no SHMP added had
an apparent viscosity of 11.75 mPa·s, which was a little higher than 6.62 mPa·s as observed
by Pandalaneni et al. (2018) [15]. When 0.15% and 0.25% long, medium, and small SHMP
were added, the apparent viscosity increased, as observed in the 6% MPC dispersions.
However, this increase was not significantly different (p > 0.05) from the dispersion with
no SHMP added, and the chain length of added SHMP did not influence the dispersion’s
apparent viscosity at 0.15%. Adding 0.25% resulted in a more significant increase in the
apparent viscosity in unheated MPC dispersions. These dispersions differed significantly
(p < 0.05) from the dispersion containing no SHMP. The chain length of added SHMP
influenced the dispersion’s apparent viscosity when added at 0.25%. The SHMP tends
to form calcium casein phosphate complexes when presented at higher concentrations
in the presence of Ca, in addition to the cross-linking that the SHMP forms with casein
proteins [17]. After heating, the apparent viscosity of the 8% MPC dispersions decreased
due to the protein rearrangement during heating.

The MPC dispersion contained no SHMP, which had a viscosity of 5.19 mPa·s and was
not different from other SHMP dispersions. Therefore, the chain length and concentration
of added SHMP had no significant (p > 0.05) effect on the apparent viscosity of the heated
8% MPC dispersions.

Before heating, the MPC dispersion containing 10% protein with no SHMP added
had an apparent viscosity of 15.08 mPa·s. As observed in the 8% MPC dispersions, adding
0.15% of different SHMP insignificantly increased (p > 0.05) the apparent viscosity and
chain length. However, adding 0.25% SHMP significantly increased the apparent viscosity
of the dispersions. Moreover, due to the high protein content and adding SHMP at 0.25%,
gelation was observed in all SHMP-treated samples because SHMP has a high affinity for
binding with Ca. In addition, the SHMP can bind with the caseins’ positively charged
amino acid residues [18,19], which results in cross-linking between caseins and forming the
gel at a high concentration of casein and SHMP. The apparent viscosity after heating the 10%
MPC dispersions had decreased due to the protein rearrangement during heating, similar
to what was observed in 6% and 8% MPC dispersions. The MPC dispersion containing no
SHMP had a viscosity of 4.68 mPa·s, which was not different from dispersions containing
SHMP. Overall, the addition of SHMP significantly increased the viscosity in unheated
dispersions. Heating the samples decreased the apparent viscosity of all samples. Moreover,
adding different chain lengths of SHMP did not influence the viscosity in both heated and
unheated dispersions.

3.3. Mean Particle Size

Table 3 shows the mean particle size of heated and unheated dispersions. Before
heating, the MPC dispersion containing 6% protein with no SHMP added had a mean
particle size of 200.58 µm. It was observed that the addition of SHMP (0.15% and 0.25%)
decreased the particle size of MPC dispersions because the SHMP binds to calcium ions
in the serum phase, which causes an imbalance in calcium ion concentration between the
serum and colloidal phase resulting in the migration of calcium ions from the colloidal to
the serum phase, which leads to the dissociation of casein micelles into submicelles and
nonmicellar casein proteins [15]. A further decrease in the particle size was observed when
a higher concentration of SHMP was added. Therefore, the added SHMP concentration
significantly impacted the particle size of unheated MPC dispersions containing 6% protein.
However, the chain length of added SHMP did not significantly affect the particle size
(p > 0.05) at both levels.
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Table 3. Mean particle size (µm) of unheated and heated protein dispersions at three different
protein levels.

SHMP
Level

(%)

6% Protein 8% Protein 10% Protein

Unheated Heated Unheated Heated Unheated Heated

Control 0 200.58 ± 38.61 a 158.58 ± 19.08 a 193.88 ± 9.08 a 150.23 ± 0.80 ab 199.52 ± 48.49 a 172.33 ± 18.72 cd

Long 0.15 162.98 ± 18.29 b 126.25 ± 2.15 c 183.82 ± 16.11 ab 146.62 ± 5.15 ab 177.07 ± 9.72 a 178.05 ± 14.37 bcd

0.25 102.47 ± 17.78 c 137.77 ± 6.94 bc 140.53 ± 49.43 bc 176.95 ± 15.51 a 101.87 ± 3.23 b 214.63 ± 41.25 ab

Medium
0.15 170.98 ± 22.05 ab 123.22 ± 6.90 c 183.58 ± 12.14 ab 145.50 ± 6.17 ab 172.12 ± 7.50 a 170.60 ± 19.26 d

0.25 94.70 ± 10.24 c 140.28 ± 6.96 abc 118.43 ± 18.67 c 169.23 ± 12.91 ab 102.55 ± 8.08 b 213.12 ± 38.88 abc

Short
0.15 151.63 ± 29.17 b 124.42 ± 4.08 c 170.93 ± 9.69 ab 136.75 ± 11.09 b 173.03 ± 13.25 a 172.43 ± 13.33 cd

0.25 103.55 ± 29.59 c 146.97 ± 0.98 ab 105.42 ± 8.25 c 177.65 ± 18.36 a 100.37 ± 8.90 b 225.22 ± 42.15 a

The values are presented as (mean ± SD). n = 3. a–d Means with different superscripts in the same column are
significantly different (p < 0.05).

Upon heating at 140 ◦C for 15 s, the sample with no SHMP added had a particle size of
158.58 µm. The particle size of SHMP-treated samples is in the range of 123.22–146.97 µm.
The added SHMP concentration significantly affected the particle size of heated MPC
dispersions containing 6% protein. However, the chain length of added SHMP did not
significantly affect the particle size (p > 0.05).

Before heating the MPC dispersion containing 8% protein and no SHMP added, the
particle size was 193.88 µm and was not statistically different from dispersions containing
0.15% SHMP. However, adding 0.25% SHMP decreases the particle size to 105.42–140.53 µm.
Therefore, the concentration of added SHMP statistically decreased the particle size; how-
ever, the chain length of added SHMP did not (p > 0.05). When those samples were heated
at 140 ◦C for 15 s, the particle size of samples containing 0.15% long, medium, and small
SHMP was 136.75–146.62 µm. When 0.25% long, medium, and small SHMPs were added,
the particle size was 169.23–177.65 µm. The chain length of added SHMP at both levels did
not statistically (p > 0.05) affect the particle size of heated dispersions containing 8% protein.

Before heating, the MPC dispersion containing 10% protein with no SHMP added had
a particle size of 199.52 µm, similar to the dispersions containing 0.15% SHMP. Similar to
6% and 8% MPC dispersions, the addition of SHMP decreased the particle size. Adding
more SHMP (0.25%) caused a further significant decrease in particle size. It ranged from
100.37–102.55 µm when different chain lengths of SHMP were added. The chain length
of added SHMP did not affect the particle size of unheated MPC dispersions containing
10% protein at both levels. When those dispersions were heated, the sample with no
SHMP added had a particle size of 172.33 µm, similar to the dispersions containing 0.15%
SHMP, and the particle size was 170.60–178.05 µm. Meanwhile, samples containing 0.25%
SHMP had particle sizes of 213.12–225.22 µm. The chain length of added SHMP at both
levels did not statistically (p > 0.05) affect the particle size of heated dispersions containing
10% protein.

3.4. Zeta Potential

The zeta potential of both heated and unheated dispersions is shown in Table 4.
Unheated 6% protein dispersion containing no SHMP had a zeta potential of −18.43 mV.
When the SHMP was added, the zeta potential significantly increased from −21.22 to
−24.90 mV. The concentration of added SHMP influenced the zeta potential in unheated
6% protein dispersion with no effect on the phosphate chain length of SHMP observed.
Upon heating, the same trend was observed. The sample containing no SHMP had a zeta
potential of −18.96 mV. Zeta potential increased significantly in samples containing the
SHMP, ranging from −24.56 to −25.55 mV. Therefore, the concentration of added SHMP
influenced the zeta potential in heated 6% protein dispersion, but the chain length of added
SHMP did not. Choi and Zhong (2020) [20] reported that when SHMP was added to
5% skim milk powder dispersions at higher concentrations, there was an increase in the
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phosphate and calcium in the serum phase, which increased the ionic strength that lowered
electrophoretic mobility and, therefore, the measured zeta potential for those dispersions.

Table 4. Zeta potential of unheated and heated protein dispersions.

SHMP
Level

(%)

6% Protein 8% Protein 10% Protein

Unheated Heated Unheated * Heated Unheated Heated

Control 0 −18.43 ± 0.75 a −18.96 ± 0.89 a −20.25 ± 2.12 −20.99 ± 1.05 a −18.43 ± 0.75 a −20.62 ± 1.01 a

Long 0.15 −23.20 ± 1.21 b −25.33 ± 2.49 b −22.78 ± 0.43 −24.95 ± 2.16 ab −23.20 ± 1.21 b −25.91 ± 2.70 b

0.25 −24.90 ± 1.42 b −25.27 ± 1.33 b −25.92 ± 1.17 −25.73 ± 1.24 b −24.90 ± 1.42 d −25.43 ± 0.45 b

Medium
0.15 −21.52 ± 0.76 ab −25.08 ± 2.36 b −25.88 ± 5.50 −24.75 ± 2.76 ab −21.52 ± 0.76 bc −23.84 ± 1.80 ab

0.25 −24.33 ± 0.73 b −25.55 ± 1.93 b −25.86 ± 0.73 −26.04 ± 1.96 b −24.33 ± 0.73 cd −24.23 ± 3.08 b

Short
0.15 −21.22 ± 1.40 ab −24.94 ± 1.30 b −24.05 ± 0.61 −25.34 ± 2.37 ab −21.22 ± 1.40 b −23.10 ± 1.97 ab

0.25 −24.11 ± 4.05 b −24.56 ± 0.57 b −24.81 ± 2.16 −25.07 ± 1.61 ab −24.11 ± 4.05 d −24.69 ± 1.09 b

The values are presented as (mean ± SD). n = 3. a–d Means with different superscripts in the same column are
significantly different (p < 0.05). * No significant difference was observed within the column.

Unheated 8% protein dispersion containing no SHMP had a zeta potential of −20.25 mV.
When the SHMP was added, the zeta potential was in the −22.78 to −25.92 mV range.
However, this increase was insignificant. Therefore, neither the concentration nor the chain
length of added SHMP influenced the zeta potential in unheated 8% protein dispersion.
When those dispersions were heated, the zeta potential of the sample containing no SHMP
was −20.99 mV. When 0.15% of different SHMP was added, there was an insignificant
increase in the zeta potential. However, when 0.25% was added, a significant rise in the
zeta potential was observed, ranging from −25.07 to −26.04 mV. Similar to 6% protein
dispersions, the concentration of added SHMP influenced the zeta potential in heated 8%
protein dispersion, but the chain length did not.

Unheated 10% protein dispersion containing no SHMP had a zeta potential of −18.43 mV.
When 0.15% SHMP was added, the zeta potential significantly increased, and it was in the
range of −21.22 to −23.20 mV. A further significant increase in zeta potential was observed
when 0.25% SHMP was added. Upon heating, the zeta potential of the sample containing
no SHMP was −20.62 mV. When 0.15% and 0.25% SHMP were added, a significant increase
was observed in all samples except samples containing 0.15% medium and small SHMP
with −23.84 and −23.10, respectively. Therefore, the concentration of added SHMP influ-
enced the zeta potential in unheated and heated 10% protein dispersion, but the phosphate
chain length did not.

3.5. FAST Index

The FAST index is a quick method that quantifies protein denaturation using the
fluorescence of advanced Maillard reaction products and soluble tryptophan (FAST) [21].

3.5.1. Front-Face Fluorescence Spectroscopy

The FAST index of heated and unheated samples using the front face is shown in
Table 5. In dispersion containing 6% protein, the FAST index of the sample containing no
SHMP was 4.36. Adding 0.15% SHMP showed no significant change in the FAST index.
However, adding 0.25% SHMP significantly decreased the FAST index, which was in
the 3.81–3.94 range. Therefore, the concentration of added SHMP has a significant effect
(p < 0.05) on the FAST index of unheated dispersions containing 6% protein. However, the
chain length of SHMP showed no impact. The increase in heating time and temperature
intensifies the fluorescence of the thermally treated products [22]. Therefore, the FAST
index increased in all samples upon heating. For example, the FAST index of the sample
containing no SHMP increased from 4.36 to 9.35. The same increase was observed in
samples containing different chain lengths of SHMP; the FAST index ranged from 8.84 to
9.56. Therefore, neither the concentration nor the chain length of added SHMP influenced
the FAST index of the dispersions containing 6% when heated.
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Table 5. FAST index of unheated and heated protein dispersions using front-face fluorescence
spectroscopy.

SHMP Level (%)
6% Protein 8% Protein 10% Protein

Unheated Heated * Unheated Heated * Unheated * Heated

Control 0 4.36 ± 0.94 ab 9.35 ± 1.98 4.76 ± 1.10 b 10.13 ± 1.73 5.09 ± 0.76 9.09 ± 1.15 b

Long 0.15 4.76 ± 1.45 a 9.32 ± 1.06 5.22 ± 1.21 ab 10.27 ± 1.70 5.64 ± 1.45 10.75 ± 1.72 a

0.25 3.82 ± 1.20 c 8.84 ± 1.00 4.96 ± 1.60 ab 10.17 ± 2.56 5.71 ± 1.02 10.34 ± 1.74 ab

Medium
0.15 4.62 ± 1.21 a 9.02 ± 1.31 5.23 ± 1.15 ab 9.89 ± 2.06 7.49 ± 2.60 10.30 ± 2.26 ab

0.25 3.81 ± 1.16 c 9.26 ± 1.49 4.98 ± 1.47 ab 10.02 ± 2.24 6.40 ± 1.28 10.43 ± 1.74 ab

Short
0.15 4.58 ± 1.30 a 9.33 ± 1.26 5.42 ± 1.35 a 9.70 ± 1.22 5.71 ± 1.57 10.91 ± 1.90 a

0.25 3.94 ± 1.24 bc 9.56 ± 1.34 4.82 ± 1.45 ab 10.19 ± 2.40 5.56 ± 1.07 10.90 ± 1.97 a

The values are presented as (mean ± SD). n = 3. a–c Means with different superscripts in the same column are
significantly different (p < 0.05). * No significant difference was observed within a column.

In 8% protein dispersions, the sample containing no SHMP had a FAST index of 4.76
and it was similar to all samples containing SHMP except for the sample containing 0.15%
small-chain SHMP with a FAST index of 5.42. Therefore, the concentration of added SHMP
significantly affected the FAST index of unheated 8% protein dispersions, but the chain
length of added SHMP did not influence the FAST index. Upon heating, the FAST index
insignificantly increased to 9.70–10.27. Therefore, the concentration and chain length of
added SHMP had no significant effect (p > 0.05) on the FAST index of dispersions containing
8% protein. In 10% protein dispersions, the sample with no SHMP added had a FAST index
of 5.09, with no significant effect observed when long, medium, and small SHMP were
added at both levels (0.15% and 0.25%), as their FAST index was in the range of 5.56–7.49.
Upon heating, the FAST index increased from 5.09 to 9.09 in the sample containing no SHMP.
Samples containing long, medium, and small SHMP had a FAST index of 10.30–10.91. The
chain length of added SHMP had no significant effect on the FAST index; however, the
concentration did (p < 0.05).

3.5.2. Right-Angle Fluorescence Spectroscopy

The FAST index of all the heated and unheated soluble phase protein samples is
shown in Table 6. In the unheated sample containing 6% protein and no SHMP added,
the FAST index was 23.71. The addition of different SHMP at different concentrations
did not influence the unheated dispersions containing 6% protein, as the FAST index was
24.19–25.38. Upon heating, the FAST index of the sample containing no SHMP increased
from 23.71 to 78.04. The FAST index increased due to the protein denaturation and Maillard
products, which led to an increase in advanced Maillard products such as pyrrole and
imidazole derivatives [23]. In addition, the tryptophan signal decreases as the protein is
denatured. Samples containing SHMP had a FAST index in the 82.62–85.69, and they were
all similar (p > 0.05) to the sample containing no SHMP except for the sample containing
0.25% long SHMP. Therefore, the added SHMP concentration significantly influenced the
FAST index of heated 6% protein dispersions. However, the chain length did not.

In the unheated sample containing 8% protein and no SHMP added, the FAST index
was 27.81, and neither the SHMP phosphate chain length nor the concentration added had
any influence (p > 0.05) on the unheated dispersions containing 8% protein.

Upon heating, the FAST index of the sample containing no SHMP increased from 27.81
to 85.94. Samples containing SHMP had a FAST index of 89.16–98.95, and they were all
similar (p > 0.05) to the sample containing no SHMP, except the sample containing 0.25%
long and small SHMP. Therefore, the added SHMP concentration significantly influenced
the FAST index of heated 8% protein dispersions. However, the chain length did not. In the
unheated sample containing 10% protein and no SHMP added, the FAST index was 32.66.
When SHMP was added to the protein dispersions, the FAST index was 28.67–33.65. Similar
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to unheated samples containing 6 and 8%, the addition of the SHMP did not influence
the unheated dispersions containing 10% protein. In addition, heating increased the FAST
index in those dispersions to 94.07–108.75. However, no significant influence was observed
for the concentration or the chain length of added SHMP.

Table 6. FAST index of unheated and heated protein dispersions using right-angle fluorescence
spectroscopy.

SHMP
Level

(%)

6% Protein 8% Protein 10% Protein

Unheated * Heated Unheated * Heated Unheated * Heated *

Control 0 23.71 ± 4.46 78.04 ± 12.43 b 27.81 ± 5.54 85.94 ± 10.39 b 32.66 ± 1.95 94.07 ± 14.28

Long 0.15 24.26 ± 4.19 83.54 ± 14.61 ab 28.89 ± 6.37 89.16 ± 13.50 ab 31.72 ± 2.76 99.28 ± 21.50
0.25 25.01 ± 4.22 85.69 ± 16.81 a 28.38 ± 4.94 98.95 ± 15.22 a 29.98 ± 2.08 106.38 ± 24.04

Medium
0.15 24.19 ± 4.49 82.62 ± 14.34 ab 29.77 ± 5.46 93.77 ± 12.32 ab 33.13 ± 3.89 102.61 ± 14.65
0.25 25.34 ± 4.18 84.67 ± 13.79 ab 28.16 ± 5.31 96.93 ± 14.78 ab 28.67 ± 2.19 108.75 ± 18.54

Short
0.15 24.78 ± 3.77 82.95 ± 16.26 ab 28.42 ± 5.36 94.78 ± 15.27 ab 33.65 ± 3.80 98.47 ± 19.98
0.25 25.38 ± 3.84 84.72 ± 14.14 ab 27.37 ± 4.86 98.77 ± 12.79 a 31.65 ± 1.78 107.22 ± 23.32

The values are presented as (mean ± SD). n = 3. a,b Means with different superscripts in the same column are
significantly different (p < 0.05). * No significant difference was observed within a column.

3.6. Color (△E)

The change in the color (△E) of MPC dispersions before and after adding different
SHMP chain lengths is shown in Table 7. After adding 0.15% long, medium, and small
SHMP, the color of the MPC dispersions containing 6% changed from 22.18 to 26.09. A
further significant increase in △E value was observed when 0.25% of different chain lengths
of SHMP were added; the △E was 43.01–43.89. The concentration had significantly changed
the color of those dispersions. However, the chain length of SHMP did not affect the color
change. The color change is due to the dissociation of the casein micelles, which results in a
more translucent dispersion, as adding more SHMP results in binding more calcium ions
in the serum phase, leading to more dissociation of the casein micelles. Upon heating, the
color change decreased in all dispersions as they became milk-like dispersions. Samples
containing 0.15% of different SHMP had a color change of 5.00–6.12. At the same time,
dispersions containing 0.25% SHMP had a color change of 1.69–4.22.

Table 7. The color (△E) change of unheated and heated protein dispersions.

SHMP Level (%)
6% Protein 8% Protein 10% Protein

Unheated Heated Unheated Heated Unheated Heated

Control 0 0.00 c 0.00 d 0.00 c 0.00 c 0.00 c 0.00 c

Long 0.15 22.18 ± 2.47 b 5.22 ± 1.75 a 12.04 ± 3.73 b 1.11 ± 0.28 bc 10.20 ± 5.90 bc 2.06 ± 0.83 b

0.25 43.89 ± 2.64 a 4.22 ± 1.59 ab 38.58 ± 1.45 a 3.62 ± 1.11 a 41.450 ± 6.22 a 3.99 ± 0.27 a

Medium
0.15 23.11 ± 2.55 b 6.12 ± 1.18 a 13.74 ± 4.36 b 1.18 ± 0.47 bc 11.22 ± 5.79 b 2.18 ± 0.74 b

0.25 43.01 ± 3.65 a 2.50 ± 0.61 bc 37.58 ± 0.48 a 2.98 ± 1.39 ab 37.68 ± 6.73 a 3.63 ± 1.02 a

Short
0.15 26.09 ± 3.45 b 5.00 ± 0.62 a 17.38 ± 2.83 b 1.69 ± 0.72 abc 8.85 ± 7.69 bc 2.31 ± 0.89 b

0.25 43.70 ± 2.61 a 1.69 ± 0.69 cd 39.52 ± 1.19 a 3.31 ± 1.80 ab 38.82 ± 5.66 a 4.73 ± 0.63 a

The values are presented as (mean ± SD). n = 3. a–d Means with different superscripts in the same column are
significantly different (p < 0.05).

Unheated MPC dispersions containing 8% and 10% protein behaved like dispersions
containing 6%. The concentration had significantly changed the color of those dispersions.
However, the chain length of SHMP did not affect the color change. When MPC dispersions
containing 8% were heated, the ones containing 0.15% of different SHMP were similar to
the sample containing no SHMP. However, adding 0.25% SHMP significantly increased △E
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compared to the sample containing no SHMP. Therefore, the concentration significantly
changed the color of those dispersions. However, the chain length of SHMP did not affect
the color change. When MPC dispersions containing 10% were heated, the ones containing
0.15% of different SHMP had a color change of 2.06–2.31. It differed statistically from
the dispersions containing 0.25% SHMP, with a color change of 3.63–4.73. Therefore, the
concentration significantly changed the color of those dispersions. However, the chain
length of SHMP did not affect the color change.

3.7. Turbidity

Table 8 shows the change in the turbidity of unheated and heated protein dispersions
before and after adding SHMP with different chain lengths. The change in the turbidity
indicates the ability of emulsifying salts to chelate the calcium ions in protein dispersion.

Table 8. The turbidity of unheated and heated protein dispersions.

SHMP Level (%)
6% Protein 8% Protein 10% Protein

Unheated Heated Unheated Heated Unheated Heated

Control 0 1.32 ± 0.28 a 1.40 ± 0.36 a 1.56 ± 0.30 a 1.46 ± 0.18 a 2.16 ± 0.41 a 2.61 ± 0.56 a

Long 0.15 0.40 ± 0.16 b 0.58 ± 0.07 b 0.69 ± 0.23 b 1.08 ± 0.21 ab 0.96 ± 0.11 b 2.02 ± 0.28 b

0.25 0.16 ± 0.09 c 0.59 ± 0.07 b 0.24 ± 0.12 c 1.45 ± 0.27 a 0.28 ± 0.09 c 2.78 ± 0.33 a

Medium
0.15 0.38 ± 0.15 b 0.55 ± 0.09 b 0.63 ± 0.23 b 1.00 ± 0.21 ab 1.01 ± 0.12 b 1.97 ± 0.25 b

0.25 0.17 ± 0.10 c 0.63 ± 0.09 b 0.21 ± 0.09 c 1.24 ± 0.32 ab 0.29 ± 0.08 c 2.76 ± 0.21 a

Short
0.15 0.36 ± 0.17 b 0.53 ± 0.07 b 0.48 ± 0.12 bc 0.86 ± 0.12 b 1.04 ± 0.18 b 2.03 ± 0.13 b

0.25 0.17 ± 0.09 c 0.69 ± 0.04 b 0.19 ± 0.09 c 1.32 ± 0.32 ab 0.30 ± 0.09 c 2.87 ± 0.19 a

The values are presented as (mean ± SD). n = 3. a–c Means with different superscripts in the same column are
significantly different (p < 0.05).

This ability highly varies with the chain lengths of emulsifying salts. Mizuno and
Lucey (2005) [24] noted that the SHMP had the highest ability to disperse casein. The tur-
bidity of unheated MPC dispersions containing 6% protein with no SHMP added was 1.32.
The addition of SHMP resulted in translucent dispersions that caused a significant decrease
in turbidity. The turbidity was 0.36–0.40 when 0.15% long, medium, and small SHMP was
added. A further significant decrease in turbidity was observed when 0.25% SHMP was
added. Therefore, the chain length of added SHMP had no significant effect (p > 0.05) on
the turbidity of unheated MPC containing 6% protein when both concentrations of SHMP
were added. The decrease in the turbidity measurement is a sign of the casein dissociation
caused by the removal of CCP from casein micelles, which reduced the refractive index of
casein micelles [19]. While heating, casein aggregates and rearranges, which increases the
turbidity measurement and causes the dispersion to be milk-like. The sample containing
no SHMP had a turbidity of 1.40 and was significantly different from the turbidity of
dispersions containing SHMP, which was 0.53–0.69. The turbidity of the sample containing
8% protein with no SHMP added was 1.56. Similar to our findings in 6% MPC dispersions,
adding SHMP significantly decreased the turbidity. And the concentration of the SHMP
had a significant effect (p < 0.05) on the turbidity measurement. However, the chain length
of SHMP did not affect the turbidity measurement. When the MPC dispersions containing
8% protein were heated, the sample with no SHMP had a turbidity of 1.46. The turbidity of
all SHMP-treated samples was similar to the sample with no SHMP except for the sample
containing 0.15% small SHMP. Therefore, the chain length did not affect the turbidity of
heated MPC dispersions containing 8% protein, but the concentration did. When the 10%
protein samples were heated, the sample with no SHMP had a turbidity of 2.61, similar to
samples with 0.25% SHMP, whose turbidity ranged from 2.76 to 2.87. Samples containing
0.15% long, medium, and small SHMP had turbidity in the range of 1.97–2.03, which was
statistically different from the sample with no SHMP added. The chain length did not affect
the turbidity of heated MPC dispersions containing 10% protein, but the concentration did.
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4. Conclusions

In unheated protein dispersions, the apparent viscosity, turbidity, and △E significantly
increased with the increased concentrations of added SHMP. At the same time, the particle
size significantly decreased. When protein dispersions were heated, the concentration of
added SHMP significantly influenced those properties. Dispersions containing 6 and 8%
protein showed a significant increase in the HCT when SHMP with different chain lengths
was applied. However, dispersions containing 10% protein were primarily affected by the
concentration of the added SHMP rather than the chain length.

This might be due to the high concentration of proteins in that dispersion, as more
SHMP might have been added to detect the influence of the phosphate chain length on its
HCT. In conclusion, the phosphate chain length of SHMP mainly affected the stability of
high-protein milk dispersions as it showed a higher HCT when the short phosphate chain
length of SHMP was used. Therefore, using the short phosphate chain SHMP might be the
most suitable emulsifying salt in products requiring high heat treatment, such as UHT and
retort sterilized high-protein beverages.

Author Contributions: B.J.Z.: Formal Analysis, Investigation, Writing—Original Draft, Writing—Review
and Editing; J.K.A.: Conceptualization, Methodology, Resources, Writing—Review and Editing,
Supervision, Project Administration, Funding Acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors acknowledge the financial support of the Midwest Dairy.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the KU laboratory for performing the P-NMR on the SHMP
samples. Support for the NMR instrumentation was provided by NSF Chemical Instrumentation
Grant # 0840515. They also thank the Midwest Dairy Foods Research Center (MDFRC) for their
financial support in running this project.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gandhi, V.P.; Zhou, Z. Food demand and the food security challenge with rapid economic growth in the emerging economies of

India and China. Food Res. Int. 2014, 63, 108–124. [CrossRef]
2. Anema, S.G. Age Gelation, Sedimentation, and Creaming in UHT Milk: A Review. Compr. Rev. Food Sci. Food Saf. 2019, 18,

140–166. [CrossRef]
3. Gaur, V.; Schalk, J.; Anema, S.G. Sedimentation in UHT milk. Int. Dairy J. 2018, 78, 92–102. [CrossRef]
4. Datta, N.; Deeth, H.C. Age Gelation of UHT Milk—A Review. Food Bioprod. Process. 2001, 79, 197–210. [CrossRef]
5. Modler, H.W. Functional Properties of Nonfat Dairy Ingredients—A Review. Modification of Products Containing Casein. J.

Dairy Sci. 1985, 68, 2195–2205. [CrossRef]
6. Cano-Ruiz, M.E.; Richter, R.L. Changes in Physicochemical Properties of Retort-Sterilized Dairy Beverages During Storage. J.

Dairy Sci. 1998, 81, 2116–2123. [CrossRef] [PubMed]
7. Culler, M.D.; Saricay, Y.; Harte, F.M. The effect of emulsifying salts on the turbidity of a diluted milk system with varying pH and

protein concentration. J. Dairy Sci. 2017, 100, 4241–4252. [CrossRef] [PubMed]
8. Kaliappan, S.; Lucey, J.A. Influence of mixtures of calcium-chelating salts on the physicochemical properties of casein micelles. J.

Dairy Sci. 2011, 94, 4255–4263. [CrossRef]
9. Stover, F.S.; Bulmahn, J.A.; Gard, J.K. Polyphosphate separations and chain length characterization using minibore ion chromatog-

raphy with conductivity detection. J. Chromatogr. A 1994, 688, 89–95. [CrossRef]
10. Singh, R.; Amamcharla, J.K. Effect of pH on heat-induced interactions in high-protein milk dispersions and application of

fluorescence spectroscopy in characterizing these changes. J. Dairy Sci. 2021, 104, 3899–3915. [CrossRef]
11. Sereys, A.; Muller, S.; Desic, S.; Troise, A.; Fogliano, V.; Acharid, A.; Lacotte, P.; Birlouez-Aragon, I. Potential of the FAST index

to characterize infant formula quality. In Handbook of Dietary and Nutritional Aspects of Bottle Feeding; Wageningen Academic
Publishers: Wageningen, The Netherlands, 2014; pp. 65–656. [CrossRef]

12. Singh, H. Heat stability of milk. Int. J. Dairy Technol. 2004, 57, 111–119. [CrossRef]

https://doi.org/10.1016/j.foodres.2014.03.015
https://doi.org/10.1111/1541-4337.12407
https://doi.org/10.1016/j.idairyj.2017.11.003
https://doi.org/10.1205/096030801753252261
https://doi.org/10.3168/jds.S0022-0302(85)81091-2
https://doi.org/10.3168/jds.S0022-0302(98)75787-X
https://www.ncbi.nlm.nih.gov/pubmed/9749375
https://doi.org/10.3168/jds.2017-12549
https://www.ncbi.nlm.nih.gov/pubmed/28434743
https://doi.org/10.3168/jds.2010-3343
https://doi.org/10.1016/0021-9673(94)00906-6
https://doi.org/10.3168/jds.2020-19304
https://doi.org/10.3920/978-90-8686-223-8_28
https://doi.org/10.1111/j.1471-0307.2004.00143.x


Foods 2024, 13, 1383 13 of 13

13. Corredig, M.; Nair, P.K.; Li, Y.; Eshpari, H.; Zhao, Z. Invited review: Understanding the behavior of caseins in milk concentrates.
J. Dairy Sci. 2019, 102, 4772–4782. [CrossRef] [PubMed]

14. Crowley, S.V.; Megemont, M.; Gazi, I.; Kelly, A.L.; Huppertz, T.; O’Mahony, J.A. Heat stability of reconstituted milk protein
concentrate powders. Int. Dairy J. 2014, 37, 104–110. [CrossRef]

15. Pandalaneni, K.; Amamcharla, J.K.; Marella, C.; Metzger, L.E. Influence of milk protein concentrates with modified calcium
content on enteral dairy beverage formulations: Physicochemical properties. J. Dairy Sci. 2018, 101, 9714–9724. [CrossRef]

16. Power, O.M.; Fenelon, M.A.; O’Mahony, J.A.; McCarthy, N.A. Influence of sodium hexametaphosphate addition on the functional
properties of milk protein concentrate solutions containing transglutaminase cross-linked proteins. Int. Dairy J. 2020, 104, 104641.
[CrossRef]

17. McCarthy, N.A.; Power, O.; Wijayanti, H.B.; Kelly, P.M.; Mao, L.; Fenelon, M.A. Effects of calcium chelating agents on the solubility
of milk protein concentrate. Int. J. Dairy Technol. 2017, 70, 415–423. [CrossRef]

18. Mizuno, R.; Lucey, J.A. Properties of Milk Protein Gels Formed by Phosphates. J. Dairy Sci. 2007, 90, 4524–4531. [CrossRef]
[PubMed]

19. de Kort, E.; Minor, M.; Snoeren, T.; van Hooijdonk, T.; van der Linden, E. Effect of calcium chelators on physical changes in casein
micelles in concentrated micellar casein solutions. Int. Dairy J. 2011, 21, 907–913. [CrossRef]

20. Choi, I.; Zhong, Q. Physicochemical properties of skim milk powder dispersions prepared with calcium-chelating sodium
tripolyphosphate, trisodium citrate, and sodium hexametaphosphate. J. Dairy Sci. 2020, 103, 9868–9880. [CrossRef]

21. Birlouez-Aragon, I.; Nicolas, M.; Metais, A.; Marchond, N.; Grenier, J.; Calvo, D. A Rapid Fluorimetric Method to Estimate the
Heat Treatment of Liquid Milk. Int. Dairy J. 1998, 8, 771–777. [CrossRef]

22. Shaikh, S.; O’Donnell, C. Applications of fluorescence spectroscopy in dairy processing: A review. Curr. Opin. Food Sci. 2017, 17,
16–24. [CrossRef]

23. Birlouez-Aragon, I.; Sabat, P.; Gouti, N. A new method for discriminating milk heat treatment. Int. Dairy J. 2002, 12, 59–67.
[CrossRef]

24. Mizuno, R.; Lucey, J.A. Effects of Emulsifying Salts on the Turbidity and Calcium-Phosphate–Protein Interactions in Casein
Micelles. J. Dairy Sci. 2005, 88, 3070–3078. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3168/jds.2018-15943
https://www.ncbi.nlm.nih.gov/pubmed/30981474
https://doi.org/10.1016/j.idairyj.2014.03.005
https://doi.org/10.3168/jds.2018-14781
https://doi.org/10.1016/j.idairyj.2020.104641
https://doi.org/10.1111/1471-0307.12408
https://doi.org/10.3168/jds.2007-0229
https://www.ncbi.nlm.nih.gov/pubmed/17881673
https://doi.org/10.1016/j.idairyj.2011.06.007
https://doi.org/10.3168/jds.2020-18644
https://doi.org/10.1016/S0958-6946(98)00119-8
https://doi.org/10.1016/j.cofs.2017.08.004
https://doi.org/10.1016/S0958-6946(01)00131-5
https://doi.org/10.3168/jds.S0022-0302(05)72988-X
https://www.ncbi.nlm.nih.gov/pubmed/16107395

	Introduction 
	Materials and Methods 
	Experimental Design 
	Heat Coagulation Time (HCT) 
	Apparent Viscosity 
	Mean Particle Size and Zeta Potential 
	FAST Index 
	Color (E) 
	Turbidity 

	Statistical Analysis 

	Results 
	Heat Coagulation Time (HCT) 
	Apparent Viscosity 
	Mean Particle Size 
	Zeta Potential 
	FAST Index 
	Front-Face Fluorescence Spectroscopy 
	Right-Angle Fluorescence Spectroscopy 

	Color (E) 
	Turbidity 

	Conclusions 
	References

