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Abstract: Whey contains proteins and peptides that allow obtaining ion-complexes, which are bioactive
and can be used in the pharmaceutical and food industries. In this paper, the complexation levels of
Fe(Il), Ca(ll), and Mg(Il) with whey peptides were evaluated, as well as the antioxidant activity. Sweet
whey was treated with TCA (24%) to precipitate the high-molecular-mass proteins, and the resulting
whey was dialyzed and freeze-dried. Whey powder was resuspended in an aqueous solution containing
the ions separately. Metal-peptide interaction was evaluated by measurement of free ions. Besides, the
molecular weight of peptides (by SDS-PAGE) and the antioxidant activity (FRAP assay) were
determined. According to the results, higher metal fixation was observed to Ca(ll) and Fe(ll); likewise,
Fe(I)-peptide fraction showed the highest antioxidant activity, increasing five-fold over sweet whey.
In conclusion, whey protein hydrolysis is not essential to obtain peptides with metal binding and
antioxidant activities.
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1. Introduction

Whey is the residual fraction of milk after coagulation and casein separation obtained
during cheese processing [1]. Based on the production process, whey is classified into two
groups "sweet" and "acid". Sweet whey (pH 6-7) is obtained by adding proteolytic enzymes,
while acid whey (pH 3.6-4.5) is the result of the acidification of milk by a fermentation process
or by the addition of organic acids to coagulate the caseins [2, 3].

Differences in the chemical composition of whey depend on the origin of milk, the type
of cheese manufactured, and the technological process used. However, whey components
include protein, lactose, salts, vitamins, and peptides. Also, whey contains bioactive proteins
and peptides, such as lactoferrin and casein macro peptide (CMP) [4].

Recently, it has been reported that peptides with common structural properties are found
within whey, such as short amino acid chains (2 to 9), hydrophobic amino acid residues in
addition to proline, lysine, or arginine groups, and resistance to the action of digestive
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peptidases, which allows their absorption and passage into the bloodstream, without alteration
[5].

Furthermore, whey proteins can interact with cations by forming intermolecular salt
links, electrostatic protection (shielding), and direct linkage to protein binding sites. These
interactions can change the conformation of proteins and peptides, affecting the biological
functionality of industrialized whey protein powders, such as whey proteins concentrated
(WPC) [6].

Protein-bound metal ions could have the advantage of forming complexes with
applications in the field of health and food science and technology [7]. An example of this is
the use of protein-metal systems as supplements.

In fact, it is known that the deficiency in the intake of some minerals causes a failure in
the body, which leads to the suffering of diseases like osteoporosis, hypertension, and anemia
[8]. Among the minerals that have received the most attention are Ca, Fe, and Mg, which
perform important functions related to human health [9]. Since foods are the main source of
these minerals and are not always bioavailable, alternatives have been sought to improve their
systematical absorption.

Thus, considering the characteristics of whey proteins and the role played by many
peptides in health [4, 5], this work aimed to evaluate the metal-binding activity of peptides
from whey by complexation with Fe(l11), Mg(ll) and Ca(ll) to consider their potential use in
fields such as medicine, human health, and food science and technology.

2. Materials and Methods

2.1. Reagents.

All reagents used were analytical grade. Calcium chloride dihydrate (CaCl2-2H20),
magnesium chloride hexahydrate (MgCl2-6H20), ferrous chloride tetrahydrate (FeClz2-4H20),
and ferrozine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trichloroacetic acid,
hydrochloric acid, and hydroxylamine were acquired from J.T. Baker (Center Valley, PA,
USA). Solutions of arsenazo Il and magnesium xylidyl were obtained from Spinreact
(Barcelona, Spain). All solutions were prepared with deionized water (0.09 puS cm™).
Acrylamide, bisacrylamide, cross-linker, and Coomassie Blue G-250 were purchased from
Bio-Rad (Hercules, CA-USA).

2.2. Whey.

2.2.1. Sample.

Whey was obtained by enzymatic coagulation of caseins from 8 L of whole milk. Milk
was skimmed and pasteurized at 90°C for 10 min. Skim milk was heated at 35°C, and 4 mL of
renin was added, leaving for 45 min to obtain the curd, which was cut-filtered. Later, whey was
pasteurized (90°C for 10 min) and stored at -20°C in an amber flask of 100 mL.

2.2.2. Physicochemical composition.

Physicochemical parameters were measured according to Alomirah and Alli [10]. The
composition of whey was performed using Lactoscan MCC50. Total solid, protein, pH, and
conductivity were determined. Whey was analyzed at room temperature without previous
treatment.
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2.2.3. Sample preparation.

Proteins of high molecular weight were precipitated with a 24 % trichloroacetic acid
(TCA) solution, according to Mileriene et al. [11] methodology with some modifications. A
250-mL aliquot of whey was transferred into the beaker, then 10.5 mL of TCA solution was
added, and the reaction was carried out for 3 h. After that, the mixture was centrifuged at 18
000 x g for 10 min. The supernatant was dialyzed using deionized water (0.09 uS cm™) at 4 °C
with slow stirring until the conductivity value was constant. The conductivity was measured
with a conductivity meter (ORION-130). Later, the liquid was freeze-dried (Freeze Dry
System/Freezone 4.5 de Labconco), and the whey concentrate (WC) was stored in refrigeration
until its use.

2.3. Evaluation of metal binding capacity.

Metal solutions (Ca?*, Fe?*, and Mg?*) were prepared from their corresponding
chlorides, according to Table 1. The recommended daily intakes (RDI) were considered for
experimental conditions [9]. Samples of WC (500 mg) were resuspended in 10 mL of each
metal (Table 1). Mixtures were stirred at room temperature, and a sample was taken each hour
for 5 hours to measure the amount of free metal ions. All analyses were carried out in triplicate.

Table 1. Experimental conditions for the study of the metal binding capacity.
Experimental system | Metal ion Concentration, mgL™!
ca(ll) 700
800!
900
Fe(Il) 10
15!
20
Mg(I1) 250
350!
9 450
These concentrations correspond to Recommended Daily Intake (RDI) for each metal.

O (N0 |W|IN (-

2.3.1. Calcium.

The determination was performed according to Brown and Rydvist [12] with
modifications proposed by Zhang et al. [13]. An aliquot of 50 pL of the sample was diluted
1:10 in a buffer solution of phosphate (1mol L, pH 8), and 10 pL of the diluted solution was
added at 1 mL of arsenzo I1l. The blue complex of calcium-arsenazo formed was measured at
650 nm. The concentration of free calcium ions was calculated by comparing it with a
calibration curve from 0 to 50 mgL™* of Ca?*.

2.3.2. lron.

The methodology proposed by Jrad et al. [14] was used with some modifications. An
aliquot of the sample (500 pL) was added at 100 pL of hydroxylamine 1.4 mol L in HCI 0.1
mol L. The reaction was carried out for 10 min at room temperature, and then 100 pL of
ferrocin (pH = 9.5) was added. The magenta complex formed was measured at 562 nm. The
concentration of free ferrous ions was calculated by comparing it with a calibration curve from
0 to 2 mgL? of Fe?".
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2.3.3. Magnesium.

A reaction between magnesium and Magon sulfonate (an alkaline solution of
magnesium xylidyl) was developed. An aliquot of 50 pL of the sample was diluted 1:10 in
Britton-Robinson buffer solution (0.4mol L, pH 11.2), and 10 pL was mixed with 1 mL of
xylidyl reagent. The complex formed was measured at 546 nm, and the concentration of free
magnesium ion was calculated by comparing it with a calibration curve from 0 to 5 mgL™* of
Mg?*.

2.4. Peptide separation by Tris-Tricine SDS-PAGE.

The method proposed by Schéagger and Von Jagow [15] was used considering the
modifications proposed by Sebastidn-Nicolas et al. [16]. The protein concentration of the
samples was analyzed with the Bradford method and standardized at 150 mg L. This analysis
was performed for the following samples: whey, WC resuspended at 5% in deionized water,
WC complexed with Ca?" (800 mg L), WC complexed with Fe?* (20 mg L), and WC
complexed with Mg?* (350 mg L). All samples of WC complexed with metal ions were
previously freeze-dried and resuspended at 5% in deionized water. Electrophoresis was
performed on a 16.5% T gel from a 30% T solution (acrylamide:bisacrylamide ratio 19:1 and
5% cross-linker). The gels were stained with Coomassie Blue G-250 and analyzed with Image
J software (1J 1.46r, v.1.8.0 112, Bethesda, MD, USA, 2004).

2.5. Antioxidant activity determination.

The antioxidant activity of the WC complexed with metal ions was measured by FRAP
assay. FRAP reagent was prepared from a buffer of 300 mM acetates at pH 3.6, ferric chloride
hexahydrate (FeCls*6H20) 20 mM, and TPTZ (4,6-tripryridyl-S-triazine) 10 mM; these
solutions were mixed in proportions 10:1:1. WC complexed with each metal ion was treated as
described in section 2.4. A 250 pL-aliquot of resuspended was mixed with 1 mL of FRAP
reagent and was diluted to 10 mL with deionized water. The solution was placed in a water
bath for 10 min at 37°C. The absorbance was measured at 593 nm. The results were expressed
as umol of Trolox / g of sample.

3. Results and Discussion

3.1. Whey characterization.

The results of the whey physicochemical analysis are shown in Table 2. Water is the
component that represents the highest percentage (87.09%), followed by lactose (3.33%) and
proteins (2.33%). The whey composition varies considerably depending on the characteristics
of the milk used to produce cheese, the type of cheese produced, and the process used to make
it [17].

Table 2. Physicochemical characterization of whey.

Parameter Value! %RSD
Fat (%) 0.42+0.02 4.92
Solids (%) 6.2610.05 0.79
Density (g/mL) 1.02+0.00 0.02
Lactose (%) 3.33+0.03 0.87
Proteins (%) 2.3340.02 0.99
Temperature (°C) 13.154+0.64 4.84
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Parameter Value! %RSD
Freezing point (°C) -0.37+0.00 0.93
pH 6.124+0.03 0.41
Conductivity (mS cm™) 3.61+0.02 0.42

Yalues are the average of three replicates, * is the standard deviation, and %RSD is the percentage of relative
standard deviation.

The whey presented 0.57% solids, which include some minerals, such as sodium,
calcium, and magnesium, mainly [18]. According to data reported by Jelen and Tossavainen
[19], both sweet and acid whey present 6.3-7% solids, and phosphorus and divalent ion
chlorides have been reported as the main mineral sources in whey. The results showed that the
conductivity of the analyzed whey was 3.61 mS cm; this value was lower than that reported
(8 mS cm™) by Carvalho et al. [20], who consider that the high conductivity in whey is due to
both the mineral content and the salts added to the milk during the manufacture of the cheese.

In relation to the pH detected (6.12), the whey was classified as sweet [4]. pH is a
physicochemical parameter that indicates the chemical conditions within the whey. It was
known that acidic pH favors calcium dissolution, while at neutral or slightly basic pH, calcium
is binding as colloidal salt integrated at phosphates linked by Thr or Ser. In addition, CMP is
found in whey, which has a phosphate residue derived from the breakdown of k-casein during
manufactured cheese and is capable of binding divalent ions [21].

3.2. Purification and concentration of whey peptides.

After the precipitation of whey proteins with CCIsCOOH, 9% of solid (fat, protein, and
non-fat solids) and 91% of supernatant (water, lactose, and other dissolved solids) were
obtained. The supernatant was dialyzed until obtaining a constant conductivity close to or equal
to that of deionized water (0.09 uS cm™). The freeze-dried residual had a 0.45% yield of solids,
corresponding to molecules with molecular weights close to 14 kDa. Because it was dialyzed
with cellulose acetate films, the material's pores did not allow the passage of molecules greater
than 10 kDa. This ensured both the absence of peptides less than 10 kDa and of metal ions in
the freeze-dried solid after dialysis.

3.3. Evaluation of metal binding capacity.

The metal binding capacity was evaluated in the freeze-dried fraction containing
molecules greater than 10 kDa. Even though most of the bioactive peptides reported are of low
molecular weight, there are studies that demonstrate the binding metal capacity of whey
proteins and peptides with molecular weights close to 14 kDa [3], including CMP [22].

3.3.1. Calcium-binding.

Table 3 shows the results obtained from the Ca?*-peptide complexation. After the
Tukey test (p=0.05), no significant differences between the concentrations evaluated were
shown. In all cases, the percentages of Ca?" retained were greater than 95%. The best
complexation conditions were obtained at 800 mg L™, in which a fixation percentage of 98.8%
was observed from the second hour, which was maintained until the end of the study.

According to the results obtained, solids present in WC, such as peptides, could be
capable of complexing with calcium. This capacity could be caused by casein-derived
fractions, which contain phosphate that is covalently bound as a monoester to the serine and
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threonine residues, and naturally interact with calcium ions formed by colloidal calcium
phosphate [23].

Table 3. Percentage of calcium fixed (%Carixeq) in the freeze-dried and dialyzed whey (containing molecules

>10 kDa).

Time (h) Concentration (mg L)

700 800 900

%Carixed! AviCafixed %o Cafixed! AviCafixed % Catfixed! AveCafixed
1 96.96+0.13 95.35+0.04 95.73+0.08
2 97.96+0.12 1 98.82+0.08 3.47 96.50+0.12 0.77
3 99.36+0.00 0 99.15+0.06 0.33 97.64+0.08 1.13
4 99.36+0.00 0 99.314+0.06 0.16 98.69+0.01 1.01
5 99.3640.00 0 99.5840.06 0.27 99.114+0.01 0.42

Values are the average of three replicates + standard deviation.

3.3.2. Iron binding.

Ferrous ions at 15 mg L™ showed less complexation than with the other concentrations
studied (Table 4). Additionally, the statistical analysis showed that this concentration is
different from each other by Tukey test (p=0.05). Likewise, Fe(ll) ion had lower binding power
compared to that calculated for calcium. This is also attributed to the fact that in the case of

calcium the range of concentrations evaluated was up to 45 times greater than that of iron.

Table 4. Percentage of iron [as Fe(l1)] fixed (%Ferixeq) in the freeze-dried and dialyzed whey (containing

molecules >10 kDa).

Time (h) Concentration (mg L)
10 15 20
%o Fefixed” AvoFefixed YoFefixed” AgpFefixed Yo Fefixed AosFefixed
1 95.9940.07° 93.8040.06° 95.5840.012
2 96.66+0.122 0.67 93.8840.05° 0.08 99.02+0.06° 3.44
3 96.85+0.142 0.19 93.9040.02° 0.02 99.11+0.012 0.09
4 96.81+0.092 -0.04 94.18+0.05" 0.28 98.3440.00? -0.77
5 99.19+0.012 2.38 94.40+0.03° 0.22 98.34+0.00* 0

Values are the average of three replicates + standard deviation. Different letters between columns indicate a
significant difference (p < 0.05).

In addition, it has been shown that the affinity for the binding of calcium and iron to
phosphopeptides is different for each of these metals [24]. Besides, a better result was obtained
at 20 mg L due to an increase of fixed iron by protein fraction until 99.1% during the initial
three hours (Table 5). After this period, a decrease of 0.77% was observed. It is known that
some casein fractions that may not be present in whey (mainly B-casein) have a higher affinity
for iron than any whey protein, which could be associated with the low iron binding capacity
in fractions obtained [25].

Kibangou et al. [26] consider that not all protein fractions are the same in their
interaction with Fe(ll) because their amino acid composition is diverse, especially those that
have a phosphate residue (such as serine, in casein phosphopeptides), besides their
electronegativity. Several studies have shown that the binding sites for the formation of iron-
peptide complexes correspond mainly to the carboxylic groups, as well as to the e-amino of
lysine, the nitrogen of guanidine in arginine, and histidine imidazole nitrogen; likewise,
glycine, proline, glutamic acid, and aspartic acid may be involved [27].
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3.3.3. Magnesium binding.

According to the results (Table 5), the percentage of retained magnesium was higher
than 94% for the three tested concentrations, and no significant differences were shown after
applying a Tukey test (p=0.05).

Table 5. Percentage of magnesium fixed (%Mgrixed) in the freeze-dried and dialyzed whey (containing
molecules >10 kDa).

Time (h) Concentration (mg L)
250 350 450
(%)l\/lgfixed1 AveMgfixed 0/0'\/|gfixed1 AveMgfixed (%)|\/|gfixed1 AveMgfixed
1 97.9140.00 98.51+0.000 94.2140.67
2 97.91+0.00 0 98.5140.000 0 94.54+0.00 0.33
3 97.9140.00 0 98.5140.000 0 97.134+1.56 2.59
4 97.9140.00 0 98.51+0.000 0 98.8440.00 1.71
5 97.9140.00 0 98.51+0.000 0 98.8410.00 0

Values are the average of three replicates + standard deviation.

Magnesium ions showed the highest retention at 450 mg L™, and regarding results
obtained at RDI of ions, magnesium had higher retention than ferrous ions. However, all
magnesium and iron ions retentions obtained were lower than those shown for calcium ions.
According to reports, calcium is the preferred ion linked by whey proteins special by CMP
[28], in comparison with other divalent ions.

3.3.4. Comparison of metal binding.

Comparing obtained results of the ions complexation, a direct relation was observed
with the affinity of each ion with peptides in the medium. Furthermore, this kind of interaction
varies according to ions' coordination capacity with amino groups of free peptides. It has been
demonstrated that ion affinity depends on ionic force and the peptide chain [24]. For example,
a-LA hydrolysates can complex calcium, copper, iron, magnesium, manganese, phosphorus,
and zinc, while B-LG hydrolysates preferentially complex calcium, cadmium, copper, iron,
magnesium, manganese, and zinc.

Figure 1 shows a comparison of percentage changes in the binding ions. It was observed
that although magnesium has the same coordination number as calcium, the binding percentage
of magnesium does not change, and they are lower than calcium. These differences could derive
from phosphate groups in the CMP structure, which has one linked to Thrl61, leading to
calcium fixation. In contrast, the iron fixation was higher than calcium and magnesium even
though variations between concentrations had a significant difference, which was not observed
in the other ions.

100

99 +

% Fixation

97 4

96 +
+ Ca(ll) = Fe(Il) = Mg(ll)

95 + + + +
0 1 2 3 4 5
Time, h
Figure 1. Comparison of percentage changes on the binding ions at the best conditions (Ca?* at 800 mg L, Fe?*
at 20 mg L™, and Mg?* at 350 mg L1).
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The interaction of metal ions with proteins affects their biological properties, which
could be used both in the field of health and in industrial applications in the manufacture of
functional and nutraceutical foods [27]. These interactions also lead to the formation of
metalloproteins, metallo-complexes, or nanoparticles, in which the structures of proteins bind
metals through carboxyl groups forming coordination bonds (metalloproteins) or by
electrostatic interactions (metallo-complexes and nanoparticles) [29].

It has been observed that the factors combined, such as protein structure and pH,
establish the chelating capacity of the whey proteins. Thus, this property has been used to
develop peptides and proteins linked to Cu, Fe, and Zn with the possibility of application in
health [30]. On the other hand, calcium, iron, and magnesium are available in their organic and
inorganic forms, influencing their absorption and bioavailability. In addition, the inhibition or
increase in the bioavailability of these minerals may be due to many dietary factors [31].
Phytates, oxalates, and polyphenols are examples of some inhibitors since they are chelating
agents of divalent ions such as Fe(ll), Ca(ll), or Mg(ll) [32, 33]. Due to the physiological
importance of these minerals, strategies have been seeking to increase their absorption, so using
peptides as metal chelators is a good alternative.

3.4. Peptides separation by SDS-PAGE: metal ions effect.

Figure 2 shows both gel and electropherograms obtained from separation of peptides
before and after complexation. The complex of Ca®* (lane F) and Fe?* (lane E) showed a
decrease in the apparent concentration of low molecular weight peptides (peptides zone) and
an increase in higher molecular weight peptides concentration. This behavior was not observed
in the complex with Mg?* (lane D).

) (b)

©]| @

peptite

Figure 2. Peptide separation from whey, gel, and electropherograms. (a) peptide standard, (b) Whey, (c-f)
freeze-dried whey and resuspended at 5 % in deionized water: (c) without complexation treatment, (d)
complexed with Mg?* (350 mg L), (e) complexed with Fe?* (20 mg L) and (f) complexed with Ca?* (800 mg
L.

https://biointerfaceresearch.com/ 8 of 13


https://doi.org/10.33263/BRIAC136.565
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.565

Complexation reactions carried out could derive from ion metal coordination with
peptides [27]. Both coordination links with nitrogen and those generated between oxygen (from
phosphate) and calcium, increase the molecular weight of peptides [31].

The chelation capacity of metal ions with peptides has been associated mainly with
aminoacidic composition [4]. Also, Ca(ll) and Fe(ll) chelation by peptide fractions derived
from whey hydrolysates [30] and casein hydrolysates [34] have been evaluated. Different
possibilities of ion chelating have been discussed, relating the binding with interactions with
oxygen, carbonyl groups, and nitrogen of amino or imino groups. In addition, other peptides
have been demonstrated to interact with the oxygen of the carboxylic group and nitrogen from
the amido group, which leads to the formation of calcium coordination links through sharing
an electron pair [35].

Caetano-Silva et al. [36] demonstrated that sequences derived from hydrolyzed whey
proteins containing Glu and Asp have a high capacity to bind iron owing to their carboxylic
groups. Four peptides derived from caseins hydrolysis corresponding from a-S1-casein (f99-
105), a-S2-casein (f40-47), p-casein (f121-128), and B-casein (f192-198), have been studied
by their iron binding capacity [37]. These reports focus on peptides obtained from protein
hydrolysates of caseins or whey. However, no previous hydrolysis of whey proteins was
realized in this study.

3.5. Antioxidant activity of complex ion-peptide.

The results of antioxidant activity by FRAP assay are shown in Table 6. It was observed
that the highest antioxidant activity was obtained in peptide fractions linked to Fe(ll). Fractions
treated with calcium or magnesium did not show significant differences between them,
although their antioxidant activity was higher than that of the control. Lactoferrin, as part of
whey proteins, has been described as antioxidant [38]. This protein is a natural glycoprotein
with different biological activities, such as: antiviral, anti-inflammatory, and anticancer, and
with effects on the immune system. In some cases, whey protein hydrolysis has been used to
increase the antioxidant capacity [39].

Table 6. Antioxidant capacity of the freeze-dried and dialyzed whey before and after metal complexation.

Sample Concentration (mgL™1)! FRAP assay (as umol Trolox/g dw)
Control 16.80+2.04

Ca(ll)-whey 800 43.761+0.32

Fe(I1)-whey 20 75.6840.24

Mg(Il)-whey 350 46.8010.32

The control sample is referred to as freeze-dried and dialyzed whey without ion complex. *Corresponding to
concentration for obtaining high metal fixation: Ca(Il) 800 mg L%, Fe(l1) 20 mg L' and Mg (I1) 350 mg L. dw:
dry weight of the sample. Values are average of three replicates. + standard deviation.

Although the antioxidant activity has been evaluated only in the whey proteins and their
hydrolysates, no studies reflect the antioxidant capacity due to the transport of metal ions by
specific peptide fractions. In fact, it has been shown that the whey fractions with molecular
weights below 1 kDa have the best antioxidant properties compared to those with higher
molecular weight [39, 40].

Recently, it has been shown that glycosylated peptide fractions of hydrolyzed whey
proteins have high antioxidant activity after being thermally hydrolyzed [41]. Furthermore,
antioxidant activity is also favored by enzymatic hydrolysis [42-45]. According to these
studies, the antioxidant properties of whey proteins are favored by hydrolytic fractionation. In
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the present work, it is demonstrated that the antioxidant activity increases with the carrying of
metal ions, without the need to hydrolyze the whey proteins until obtaining peptides.

4. Conclusions

Molecular weight fractions <14.4 kDa (a-LA) could carry metal ions, with Ca(ll) and
Fe(I1) being these metal ions with the highest affinity. The complexation of the low molecular
weight fractions with the Ca(ll) and the increase in the molecular weight of the peptides by the
SDS-PAGE analysis verified Fe(ll) ions. Through an electrophoretic study, it is possible to
determine the chelating capacity of peptide fractions from food matrices, such as whey.

Complexing metal ions could increase the antioxidant capacity of the peptide fractions
of whey without previous chemical or enzymatic hydrolysis. Even though calcium has been
associated with milk proteins, complexation with ferrous ions seems to be the one that most
favor the increase in the antioxidant activity of this type of fraction. However, deepening the
structural studies of the peptide fractions capable of carrying metals is necessary to determine
the incidence of certain amino acid chains or chemical factors that influence the complexation
process.

Funding

This research was funded by Consejo Nacional de Ciencia y Tecnologia México, Project
number CB-2013-220163.

Acknowledgments

L.G.G.O,,E.C.L.,J.J.0., and A.C.O. thank Sistema Nacional de Investigadores for the stipend
received.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Nishanthi, M.; Vasiljevic, T.; Chandrapala, J. Properties of whey proteins obtained from different whey
streams. Int. Dairy J. 2017, 66, 76-83, https://doi.org/10.1016/j.idairy;j.2016.11.0009.

2. Pires, A.F.; Marnotes, N.G.; Rubio, O.D.; Garcia, A.C.; Pereira, C.D. Dairy by-products: A review on the
valorization of whey and second cheese  whey. Foods 2021, 10, 1067,
https://doi.org/10.3390/foods10051067.

3. Rocha-Mendoza, D.; Kosmerl, E.; Krentz, A.; Zhang, L.; Badiger, S.; Miyagusuku-Cruzado, G.; Mayta-
Apaza, A.; Giusti, M.; Jiménez-Flores R.; Garcia-Cano, I. Invited review: Acid whey trends and health
benefits. J. Dairy Sci. 2021, 104, 1262-1275, https://doi.org/10.3168/jds.2020-19038.

4. Olvera-Rosales, L.B.; Cruz-Guerrero, A.E.; Garcia-Garibay, J.M., Gomez-Ruiz, L.C.; Contreras-L6pez, E.;
Guzman-Rodriguez, F.; Gonzalez-Olivares, L.G. Bioactive peptides of whey: obtaining, activity, mechanism
of action, and further applications. Crit. Rev. Food Sci. Nutr. 2022, 1-31,
https://doi.org/10.1080/10408398.2022.2079113.

5. Dinika, I.; Verma, D.K.; Balia, R.; Utama, G.L.; Patel, A.R. Potential of cheese whey bioactive proteins and
peptides in the development of antimicrobial edible film composite: A review of recent trends. Trends Food
Sci. Technol. 2020, 103, 57-67, https://doi.org/10.1016/j.tifs.2020.06.017.

6. Pan, D.; Lu, H.; Zeng, X. A newly isolated Ca binding peptide from whey protein. Int. J. Food Prop. 2013,
16, 1127-1134, https://doi.org/10.1080/10942912.2011.576361.

https://biointerfaceresearch.com/ 10 of 13


https://doi.org/10.33263/BRIAC136.565
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.idairyj.2016.11.009
https://doi.org/10.3390/foods10051067
https://doi.org/10.3168/jds.2020-19038
https://doi.org/10.1080/10408398.2022.2079113
https://doi.org/10.1016/j.tifs.2020.06.017
https://doi.org/10.1080/10942912.2011.576361

https://doi.org/10.33263/BRIAC136.565

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kazimierska, K.; Kalinowska-Lis, U. Milk proteins—Their biological activities and use in cosmetics and
dermatology. Molecules 2021, 26, 3253, https://doi.org/10.3390/molecules26113253.

Gharibzahedi, S.M.T.; Jafari, S.M. The importance of minerals in human nutrition: Bioavailability, food
fortification, processing effects and nanoencapsulation. Trends Food Sci. Technol. 2017, 62, 119-132,
https://doi.org/10.1016/j.tifs.2017.02.017.

Zand, N.; Christides, T.; Loughrill, E. Dietary intake of minerals. In: de la Guarda, M., Garrigues, S. (Eds.),
Handbook of mineral elements in food 2015, Wiley Blackwell, Oxford, UK,
https://doi.org/10.1002/9781118654316.ch2.

Alomirah, H.F.; Alli, I. Separation and characterization of B-lactoglobulin and a-lactalbumin from whey and
whey protein preparations. Int. Dairy J. 2004, 14, 411-419, https://doi.org/10.1016/j.idairy;j.2003.09.006.
Mileriene, J.; Serniene, L.; Kondrotiene, K.; Lauciene, L.; Kasetiene, N.; Sekmokiene, D.; Andruleviciute,
V.; Malakauskas, M. Quality and nutritional characteristics of traditional curd cheese enriched with thermo-
coagulated acid whey protein and indigenous Lactococcus lactis strain. Int. J. Food Sci. Technol. 2021, 56,
2853-2863, https://doi.org/10.1111/ijfs.14922.

Brown, M.; Rydvist, B. Arsenazo I11-Ca?*. Effect of pH, ionic strength and arsenazo IlI concentration on
equilibrium binding evaluated with Ca?* ion-sensitive electrodes and absorbance measurements. Biophys. J.
1981, 36, 117-137, https://doi.org/10.1016/S0006-3495(81)84720-0.

Zhang, H.; Fishman, N.; Allen, K.; Madey, S.; Armato, A.; Klotzkin, D. A calcium measurement system
potentially  suitable  for  at-home  monitoring. IEEE  Sens.  Lett. 2022, 6, 1-4,
https://doi.org/10.1109/LSENS.2022.3166345.

Jrad, Z.; Oussaief, O.; El-Hatmi, H.; Bouaziz, M.A. Fortification of goat yogurt with roasted date seeds
(Phoenix dactylifera L.) powder: impact on nutritional, technological, phenolic profile, antioxidant and
sensory properties. J. Food Meas. Charact. 2022, 16, 4675-4686, https://doi.org/10.1007/s11694-022-01559-
z.

Schégger, H.; Von Jagow, G. Tricine-sodium dodecy! sulfate-polyacrylamide gel electrophoresis for the
separation of proteins in the range from 1 to 100 kDa. Anal. Biochem. 1987, 166, 368-379,
https://doi.org/10.1016/0003-2697(87)90587-2.

Sebastian-Nicolas, J.L.; Contreras-L6pez, E.; Ramirez-Godinez, J.; Cruz-Guerrero, A.E.; Rodriguez-Serrano,
G.M.; Aforve-Morga, J.; Jaimez-Ordaz, J.; Castafieda-Ovando, A.; Pérez-Escalante, E.; Ayala-Nifio, A.;
Gonzélez-Olivares, L. G. Milk fermentation by Lacticaseibacillus rhamnosus GG and Streptococcus
thermophilus SY-102: Proteolytic profile and ACE-inhibitory activity. Fermentation 2021, 7, 215,
https://doi.org/10.3390/fermentation7040215.

Kaur, N.; Sharma, P.; Jaimni, S.; Kehinde, B.A.; Kaur, S. Recent developments in purification techniques
and industrial applications for whey valorization: A review. Chem. Eng. Commun. 2020, 207, 123-138,
https://doi.org/10.1080/00986445.2019.15731609.

Liu, J.; Wang, X.; Zhao, Z. Effect of whey protein hydrolysates with different molecular weight on fatigue
induced by swimming exercise in mice. J. Sci. Food Agric. 2014, 94, 126-130,
https://doi.org/10.1002/jsfa.6220.

Jelen, P.; Tossavainen, O. Low lactose and lactose-free milk and dairy products: Prospects, technologies and
applications. Aust. J. Dairy Technol. 2003, 58, 161-165.

Carvalho, F.; Prazeres, A.R.; Rivas, J. Cheese whey wastewater: Characterization and treatment. Sci. Total
Environ. 2013, 445446, 385-396, https://doi.org/10.1016/j.scitotenv.2012.12.038.

Blanco, P.M.; Achetoni, M.M.; Garcés, J.L.; Madurga, S.; Mas, F.; Baieli, M.F.; Narambuena, C.F.
Adsorption of flexible proteins in the ‘wrong side’of the isoelectric point: casein macropeptide as a model
system. Colloids Surf. B: Biointerfaces 2022, 217, 112617, https://doi.org/10.1016/j.colsurfb.2022.112617.
Manso, M.A.; Lépez-Fandifio, R. k-Casein macropeptides from cheese whey: Physicochemical, biological,
nutritional, and technological features for possible uses. Food Rev. Int. 2004, 20, 329-355,
https://doi.org/10.1081/fri-200033456.

Liao, W.; Liu, S.; Liu, X.; Duan, S.; Xiao, S.; Yang, Z.; Cao, Y.; Miao, J. The purification, identification and
bioactivity study of a novel calcium-binding peptide from casein hydrolysate. Food Funct. 2019, 10, 7724-
7732, https://doi.org/10.1039/C9FO01383K.

Vegarud, G.E.; Langsrud, T.; Svenning, C. Mineral-binding milk proteins and peptides; occurrence,
biochemical and  technological  characteristics.  Br. J.  Nutr. 2000, 84, 91-98,
https://doi.org/10.1017/s0007114500002300.

https://biointerfaceresearch.com/ 11 of 13


https://doi.org/10.33263/BRIAC136.565
https://biointerfaceresearch.com/
https://doi.org/10.3390/molecules26113253
https://doi.org/10.1016/j.tifs.2017.02.017
https://doi.org/10.1002/9781118654316.ch2
https://doi.org/10.1016/j.idairyj.2003.09.006
https://doi.org/10.1111/ijfs.14922
https://doi.org/10.1016/S0006-3495(81)84720-0
https://doi.org/10.1109/LSENS.2022.3166345
https://doi.org/10.1007/s11694-022-01559-z
https://doi.org/10.1007/s11694-022-01559-z
https://doi.org/10.1016/0003-2697(87)90587-2
https://doi.org/10.3390/fermentation7040215
https://doi.org/10.1080/00986445.2019.1573169
https://doi.org/10.1002/jsfa.6220
https://doi.org/10.1016/j.scitotenv.2012.12.038
https://doi.org/10.1016/j.colsurfb.2022.112617
https://doi.org/10.1081/fri-200033456
https://doi.org/10.1039/C9FO01383K
https://doi.org/10.1017/s0007114500002300

https://doi.org/10.33263/BRIAC136.565

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Tenenbaum, M.; Deracinois, B.; Dugardin, C.; Matéos, A.; Romelard, A.; Auger, J.; Boulier, A.; Ravallec,
R.; Flahaut, C.; Cudennec, B. Identification, production and bioactivity of casein phosphopeptides—a review.
Food Res. Int. 2022, 157, 111360, https://doi.org/10.1016/j.foodres.2022.111360.

Kibangou, 1.B.; Bouhallab, S.; Henry, G.; Bureau, F.; Allouche, S.; Blais, A.; Guérin, P.; Arhan, P.; Bouglé,
D.L. Milk proteins and iron absorption: Contrasting effects of different caseinophosphopeptides. Pediatr.
Res. 2005, 58, 731-734, https://doi.org/10.1203/01.pdr.0000180555.27710.46.

Athira, S.; Mann, B.; Sharma, R.; Pothuraju, R.; Bajaj, R.K. Preparation and characterization of iron-chelating
peptides from whey protein: An alternative approach for chemical iron fortification. Food Res. Int. 2021, 141,
110133, https://doi.org/10.1016/j.foodres.2021.110133.

Cao, Y.; Miao, J.; Liu, G.; Luo, Z.; Xia, Z.; Liu, F.; Yao, M.; Cao, X.; Sun, S.; Lin, Y.; Lan, Y.; Xiao, H.
Bioactive peptides isolated from casein phosphopeptides enhance calcium and magnesium uptake in Caco-2
cell monolayers. J. Agric. Food Chem. 2017, 65, 2307-2314, https://doi.org/10.1021/acs.jafc.6b05711.
Rodzik, A.; Pomastowski, P.; Sagandykova, G.N.; Buszewski, B. Interactions of whey proteins with metal
ions. Int. J. Mol. Sci. 2020, 21, 2156, https://doi.org/10.3390/ijms21062156.

Caetano-Silva, M.E.; Simabuco, F.M.; Bezerra, R.M.N.; da Silva, D.C.; Barbosa, E.A.; Moreira, D.C.; Brand,
G.D.; de Almeida Leite, J.R.D.S.; Pacheco, M.T.B. Isolation and sequencing of Cu-, Fe-, and Zn-binding
whey peptides for potential neuroprotective applications as multitargeted compounds. J. Agric. Food Chem.
2020, 68, 12433-12443, https://doi.org/10.1021/acs.jafc.0c03647.

Walters, M.; Esfandi, R.; & Tsopmo, A. Potential of food hydrolyzed proteins and peptides to chelate iron or
calcium and enhance their absorption. Foods 2018, 7, 172, https://doi.org/10.3390/foods7100172.

Guéguen, L.; Pointillart, A. The bioavailability of dietary calcium. J. Am. Coll. Nutr. 2000, 19, 119-136,
https://doi.org/10.1080/07315724.2000.10718083.

Thankachan, P.; Walczyk, T.; Muthayya, S.; Kurpad, A.V.; Hurrell, R.F. Iron absorption in young Indian
women: the interaction of iron status with the influence of tea and ascorbic acid. Am. J. Clin. Nutr. 2008, 87,
881-886, https://doi.org/10.1093/ajcn/87.4.881.

Liu, G.; Guo, B.; Luo, M.; Sun, S.; Lin, Q.; Kan, Q.; He, Z.; Miao, J.; DU, H.; Xiao, H.; Cao, Y. A
comprehensive review on preparation, structure-activities relationship, and calcium bioavailability of casein
phosphopeptides. Crit. Rev. Food Sci. Nutr. 2022, 1-19, https://doi.org/10.1080/10408398.2022.2111546.
Zhao, L.; Huang, S.; Cai, X.; Hong, J.; Wang, S. A specific peptide with calcium chelating capacity isolated
from whey protein hydrolysate. J. Funct. Foods 2014, 10, 46-53, https://doi.org/10.1016/j.jff.2014.05.013.
Caetano-Silva, M.E.; Bertoldo-Pacheco, M.T.; Paes-Leme, A.F.; Netto, F.M. Iron-binding peptides from
whey protein hydrolysates: Evaluation, isolation and sequencing by LC-MS/MS. Food Res. Int. 2015, 71,
132-139, https://doi.org/10.1016/j.foodres.2015.01.008.

Miao, J.; Liao, W.; Pan, Z.; Wang, Q.; Duan, S.; Xiao, S.; Yang, Z.; Cao, Y. Isolation and identification of
iron-chelating  peptides from casein hydrolysates. Food Funct. 2019, 10, 2372-2381,
https://doi.org/10.1039/C8FO02414F.

Sabra, S.; Agwa, M.M. Lactoferrin, a unique molecule with diverse therapeutical and nanotechnological
applications. Int. J. Biol. Macromol. 2020, 164, 10461060, https://doi.org/10.1016/j.ijbiomac.2020.07.167.
Kleekayai, T.; O’Neill, A.; Clarke, S.; Holmes, N.; O’Sullivan, B.; FitzGerald, R.J. Contribution of hydrolysis
and drying conditions to whey protein hydrolysate characteristics and in vitro antioxidative properties.
Antioxidants 2022, 11, 399, https://doi.org/10.3390/antiox11020399.

de Castro, R.J.S.; Sato, H.H. Advantages of an acid protease from Aspergillus oryzae over commercial
preparations for production of whey protein hydrolysates with antioxidant activities. Biocatal. Agric.
Biotechnol. 2014, 3, 58-65, https://doi.org/10.1016/j.bcab.2013.11.012.

Zhang, X.; Gao, H.; Wang, C.; Qayum, A.; Mu, Z.; Gao, Z.; Jiang, Z. Characterization and comparison of the
structure and antioxidant activity of glycosylated whey peptides from two pathways. Food Chem. 2018, 257,
279-288, https://doi.org/10.1016/j.foodchem.2018.02.155.

Kheroufi, A.; Brassesco, M.E.; Campos, D.A.; Mouzai, A.; Boughellouta, H.; Pintado, M.E. Whey protein-
derived peptides: The impact of chicken pepsin hydrolysis upon whey proteins concentrate on their biological
and technological properties. Int. Dairy J. 2022, 134, 105442, https://doi.org/10.1016/j.idairyj.2022.105442.
Embiriekah, S.; Bulatovi¢, M.; Bori¢, M.; Zari¢, D.; Rakin, M. Antioxidant activity, functional properties and
bioaccessibility of whey protein hydrolysates. Int. J. Dairy Technol. 2018, 71, 243-252,
https://doi.org/10.1111/1471-0307.12428.

https://biointerfaceresearch.com/ 12 of 13


https://doi.org/10.33263/BRIAC136.565
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.foodres.2022.111360
https://doi.org/10.1203/01.pdr.0000180555.27710.46
https://doi.org/10.1016/j.foodres.2021.110133
https://doi.org/10.1021/acs.jafc.6b05711
https://doi.org/10.3390/ijms21062156
https://doi.org/10.1021/acs.jafc.0c03647
https://doi.org/10.3390/foods7100172
https://doi.org/10.1080/07315724.2000.10718083
https://doi.org/10.1093/ajcn/87.4.881
https://doi.org/10.1080/10408398.2022.2111546
https://doi.org/10.1016/j.jff.2014.05.013
https://doi.org/10.1016/j.foodres.2015.01.008
https://doi.org/10.1039/C8FO02414F
https://doi.org/10.1016/j.ijbiomac.2020.07.167
https://doi.org/10.3390/antiox11020399
https://doi.org/10.1016/j.bcab.2013.11.012
https://doi.org/10.1016/j.foodchem.2018.02.155
https://doi.org/10.1016/j.idairyj.2022.105442
https://doi.org/10.1111/1471-0307.12428

https://doi.org/10.33263/BRIAC136.565

44, Garcia, J.M.; Udenigwe, C.C.; Duitama, J.; Barrios, A.F.G. Peptidomic analysis of whey protein hydrolysates
and prediction of their antioxidant peptides. Food Sci. Hum. Wellness 2022, 11, 349-355,
https://doi.org/10.1016/j.fshw.2021.11.011.

45, Zapata-Bustamante, S.; Sepulveda-Valencia, J.U.; Correa-Londofio, G.A.; Durango-Restrepo, D.L.; Gil-
Gonzalez, J.H. Hydrolysates from ultrafiltrated double-cream cheese whey: Enzymatic hydrolysis,
antioxidant, and ACE-inhibitory activities and peptide characterization. J. Food Process. Preserv. 2021, 45,
€15790, https://doi.org/10.1111/jfpp.15790.

https://biointerfaceresearch.com/ 13 of 13


https://doi.org/10.33263/BRIAC136.565
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.fshw.2021.11.011
https://doi.org/10.1111/jfpp.15790

