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The antioxidant properties of sweet and acid whey products were incremented by polymerization of their proteins by glycation of
whey protein concentrates (WPC) and their hydrolyzates (WPCH)with ribose and glucose in individual experiments under similar
concentration. Heating at 50∘C during 20 h maximum and pH 7 and pH 9 were used in all tests. The higher activity was found in
WPC glycosylates products with ribose at pH 7 and heating during 10–15 h. In comparable form, antioxidant activity in WPCH
was incremented by prior hydrolysis to glycation with 25–45% of hydrolysis degree. Further functional properties of whey proteins
(solubility, emulsion, and foam) were also improved by the polymerization with ribose. The color of polymerized products due to
Maillard reactions was associated with antioxidant activity of each compound; however comparative color in glycosylates products
with glucose and ribose did not show this effect.

1. Introduction

Today is known the mediator action of some biopolymers on
structure and lipid oxidation of sensitive foods; among them
are the functionalwhey proteins [1–3].Due to their antioxida-
tive effects (which include chelating of prooxidant transition
metals), lowmolecular weight, easy absorption, high activity,
hypoallergenicity, and relatively high stability under different
conditions, whey proteins may be utilized in formulations of
substitutes of synthetic compounds such as butylated hydrox-
yanisole (BHA), butylated hydroxytoluene (BHT), and tert-
butyl hydroquinone (TBHQ). Mainly proteins as lactoferrin
[4], serum albumin [5], and free radical scavenging by amino
acid residues such as cysteine and tyrosine [6, 7] are described
as retardants of the fast deterioration of foods and to prevent
the autoxidation of their components.

However, in order to improve their properties and func-
tionality, currently, various researches have been carried out
to get better effects of whey products on foods by treatments
aimed at modifying chemical structure. Recent studies show
that antioxidant capacity can be incremented by enzymatic

hydrolysis [8–11], chemical methods such as acetylation,
deamination, succinylation, and reductive alkylation, and
creating covalent cross-links (polymerization) between food
biopolymers and carbohydrates [12, 13]. In particular, special
attention has been provided to the effect exerted by reducing
sugars on the structure and protein via Maillard reaction
(MR).

Additionally, polymerization or glycation has also a
significant impact on protein functionality as gelling, heat
stability, emulsifying, and foaming capability. Thus these
compounds can exhibit improvement in the antioxidant
capacity and functionality when they are added in emulsions
[14, 15]. MR products can also increment the properties
of the food such as appearance, flavor, and texture during
their processing and storage [16–18]. Furthermore, they also
may significantly improve the other biological competences
as antimicrobial ability and antihypertensive properties [19–
21]. However, despite these benefits, the glycation by MR
may negatively affect the purpose of modification of whey
proteins. Products of MR can act as prooxidants, depending
on the states or progress of the reaction. The thermal and pH
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conditions, nature, and concentration of proteins and sugars
contribute to this drastic and contrary effect.

Sugar fragmentation and degradation of amino acids
(Strecker degradation) occurring in advanced stages of the
reaction may aggravate antioxidant action. In addition, poly-
merized compounds which in turn produce irreversible or
intermediates reactions and the interaction between them,
may also affect the antioxidant activity of the products
of glycation. Besides training of melanoidins characterized,
many of them with typical aroma and flavor [22] are found as
product of MR in advanced stages. Therefore, the manipula-
tion of whey proteins properties is an important topic in food
industries and more studies are necessary to determine the
potential glycation and their influence on their functionality
as food additive. Due to the complexity of MR, it is necessary
to deepen the study of parameters to these reactions and type
of carbohydrate utilized in the glycation.

The aim of this work was to evaluate the antioxidant
activity and functional properties of products obtained by
combination of enzymatic hydrolysis and glycation process of
proteins concentrates from milk bovine whey. Hydrolyzates
were obtained by contact with Bacillus subtilis. Nature of the
sugar on functionality of products was analyzed by individual
experiments with ribose and glucose under controlled condi-
tions of carbohydrate concentration, temperature, and pH.

2. Materials and Methods

2.1. Materials. Samples of 2 L of acid and sweet bovine
whey milk were provided by a cheese industry localized in
Mexico. The 2,2azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) and reducing sugars, glucose, ribose, and ara-
binose were purchased from Sigma Aldrich. Other chemicals
agents used were of analytical grade.

2.2. Preparation of Whey Protein Concentrates. Samples of
whey of 1 L were filtered to remove fat and casein particles
by vacuum filtration usingWhatman filter paper number 40.

Then, whey was concentrated by ultrafiltration process
(UF) to obtain whey proteins concentrates (WPC). In this
case was used cross-flow zirconium-titanium ceramic mem-
brane of 15 kDa cut-off and polymeric membrane (hollow
fiber) of 6 kDa cut-off (Pall). Tubular housing of tangen-
tial flow of membrane was adapted to a peristaltic pump.
The transmembrane pressures were adjusted and controlled
to 3.0 and 0.3 bar in ceramic and polymeric membrane,
respectively. Whey feeding was performed at 25∘C to both
concentration processes. In eachUF experiment, two streams
were obtained: the retentate (WPC) and permeate (lactose
and minerals, mainly).

Diafiltration was performed by addition of five volumes
of deionized water to the retentate to maintain a constant
volume during UF process [23].

UF was stopped after approximately 18 h of filtration.
Proteins in whey and WPC were determined by Biuret
method. The percent yield (𝑌) of WPC was calculated using

%𝑌 = 𝑉2𝐶2
𝑉1𝐶1
(100) , (1)

where 𝐶
2
is protein concentration in the retentate after UF;

𝐶
1
is protein concentration in the whey sample; 𝑉

1
is initial

volume ofwhey sample; and𝑉
2
is final volume in the retentate

after UF.
To perform the next experiments, WPC products were

chosen according to the highest proteins concentration.

2.3. Preparation of Hydrolyzed Products from Whey Protein
Concentrates. Hydrolyzed productsWPCHwere obtained by
direct contact of substrates WPC with suspended biomass of
Bacillus subtilis in relation 1 : 1. WPC samples were previously
adjusted to pH 7. B. subtilis was previously maintained in the
laboratory on nutrient broth agar slants (5 g/L beef extract,
10 g/L peptone, 5 g/L sodium chloride, 18 g/L agar, and pH 7–
7.4) and stored at 4∘C [23].

The hydrolysis was performed in a shaking bath (Shel-
Lab) at 100 rpm and 50∘C. In this experiment, WPCwas used
as control group; the sample was treated under the same
experimental conditions.

Upon completion of the hydrolysis experiment (24 h),
the B. subtilis was inactivated at a temperature of 70∘C in a
water bath for 3min, then the tubes were centrifuged for 15
minutes at 5000 rpm, and the supernatant was diluted with
dilution factor of 100, to determine the protein concentration
by Biuret method [23]. Degree of hydrolysis (%DH) of WPC
was determined by measuring the proteins concentration
every 2 hours during 12 h of uninterrupted hydrolysis andwas
calculated by [23]

%DH =
𝐶
𝑜
− 𝐶
𝑓

𝐶
𝑓

(100) , (2)

where 𝐶
𝑜
is the initial protein concentration in WPC and

𝐶
𝑓
is the protein concentration in supernatant hydrolyzed

product for hydrolysis time.

2.4. Preparation of Polymerized Products from Whey by
Glycation Process. Polymerized products from whey by gly-
cation process were obtained by the coupling of the samples
WPC and WPCH with a carbohydrate (ribose and glucose),
according to a method previously developed [24].

Carbohydrate solution was previously prepared by buffer
dissolution pH 7 of sodium citrate and buffer dissolution pH
9 of sodium carbonate, each one with 0.2 g of carbohydrate.

Samples of WPC and WPCH were placed in direct
contact with carbohydrate (1 : 4 v/v) at pH 7 and pH 9, in
individual experiments. The mixtures were stirred at room
temperature for 1 h to form uniform dispersion. Afterwards,
the mixtures were then incubated at 50∘C during 20 h.

For the period of glycation process, each mixture was
sampled in intervals of time of 5 h to 20 h. Productswere char-
acterized by color change, antioxidant activity, and functional
properties.

Sweet and acid whey were used as control group; the
samples were only heated under the same experimental
conditions.

Glycated productswere identified asW,WPC-R,WPC-G,
and WPCH-R, WPCH-G for whey, whey concentrates, and
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hydrolyzed product with ribose and glucose in different times
of hydrolysis and glycation processes, respectively.

2.5. Determination of the Properties of Whey Products

2.5.1. Antioxidant Activity. The antioxidant activity of whey
products was assessed by scavenging of theABTS radical [25].

ABTS∙+ radical was previously prepared as follows:
0.0336 g of ammonium persulfate and 0.0194 g of ABTS
were diluted in 30mL of distilled water. This solution was
incubated during 16 h at 25∘C in the dark. After this time,
40mL of ABTS∙+ solution was dissolved in 960mL of
absolute ethanol, reaching an absorbance of 0.7 ± 0.2 to
754 nm.

A calibration curve using ascorbic acid 0.002019M was
built as standard substance. Solutions from 0 to 0.8mM
ascorbic acid were prepared in this stage.

Aliquots of 20 𝜇L of these solutions were added to 980 𝜇L
of ABTS solution (absorbance of 0.7 ± 0.2 to 754 nm).
Each mixture was incubated in the dark for 7min, and the
absorbance at 754 nm was measured for all samples.

The ABTS radical scavenging activity (%AA) was calcu-
lated as inhibition percentage according to

%AA =
𝐴
𝑐
− 𝐴
𝑠

𝐴
𝑐

(100) , (3)

where 𝐴
𝑐
is the absorbance of the control (ABTS solution

without samples) and 𝐴
𝑠
is the absorbance of the samples of

ascorbic acid.
Antioxidant activity of whey products was analyzed in a

similarmanner. Briefly, 20𝜇L of each productwasmixedwith
980 𝜇L of the diluted ABTS, the mixture was incubated in
the dark for 7min, and the absorbance at 734 nm was also
measured.

The change in absorbance with the percent inhibition of
the radical ABTS∙+ was calculated for each sample. The data
were reported as antioxidant activity equivalent to ascorbic
acid (AAEAA) and %AA [23].

2.5.2. Functional Properties. The functional properties of
whey products were analyzed by measuring their solubility
at pH 4.5 and 6.8, emulsions, and foaming capacities.

Solubility was calculated as the total protein concentra-
tion in the supernatant of products after centrifugation at pH
4.6 as a percentage of the initial concentration at pH 6.8 [26].

Whey products (25 ± 5mg) were dispersed in 10mL of
deionized water and the pH was adjusted with HCl (1 N)
or NaOH (1N) when necessary. The dispersion was mixed
for 30min and centrifuged continuously (𝑥g × 2056) for
10min (Hettich Zentrifugen 32 R). The amount of protein in
the supernatant was determined by the Biuret method; the
solubility was expressed as the percentage of protein in the
supernatant, the total in the initial products.

Emulsification capacity of whey products and their sta-
bility were analyzed using the method developed by Pearce
and Kinsella [27]. In this case, 1.5mL of corn oil was added to
22.5mg whey products previously dissolved in 4.5mL 0.01M
phosphate buffer, pH 7. The mixture was homogenized at
20,000 rpm at room temperature during 1min.

The stability of products was determined in qualitative
form when a breakdown of the emulsion was observed; the
volume of added oil was registered and used to calculate the
percent %CEM by

%CEM = 𝑉
𝑉
1

(100) , (4)

where 𝑉 is mL of oil and 𝑉
1
is mL of whey products.

Regarding foaming capacity (FC) of products, it was
determined at pH 7, adjusting the samples with NaOH (0.1 N)
at 20∘C.

For the test, 1mL of sample was mixed with 72mL of
distilled water with stirring for 3min using a high-speed
stirrer of 2000 rpm. FC was determined by volume of sample
achieved after this time, using

CE =
𝑉
𝑓
− 𝑉
𝑖

𝑉
𝑖

(100) , (5)

where 𝑉
𝑓
and 𝑉

𝑖
are the final and the initial volumes of

sample, respectively.
The color change of whey products obtained by MR

during glycation was also determined. Spectra of 200 to
700 nm using a Perkin Elmer spectrophotometer Lambda 35
were obtained for each sample. The results were shown as
identification of redness and yellowness color in the products.
Sample whey was used as standard to obtain the spectra.

2.6. Statistical Analysis. Statistica 7.0 software (Statsoft Inc.,
Tulsa, OK, USA) was utilized to analyze the data obtained
from whey characteristics, antioxidant activity, and func-
tional properties on glycation products in experiments with
three replicates. Results were compared using ANOVA and
Tukey post hoc test (𝑃 < 0.05).

3. Results and Discussion

3.1. Products fromWhey Proteins Concentrates. Thesweet and
acid whey samples showed pH of 6.5 and 4.5, respectively,
values representing the difference between both whey types,
which depends on the technological process used to manu-
facture the cheese.

The average content (7.89 ± 0.1 and 8.73 ± 0.1 g/L)
indicated that both whey types did not have significant
difference in protein content and the values obtained were
within those reported by Tovar Jiménez et al. [23] (6–13 g/L).
Difference inwhey featuresmay be attributed to themilk used
and the cheese elaboration.

Concerning UF processes of whey, it was found that
performing the UF with polymeric membrane was possible
to achieve an excellent yield in the protein concentration
among 96–98% for sweet and acid whey. The products from
UF were identified asWPC-1 (from sweet whey and retentate
from polymeric membrane); WPC-2 (from acid whey and
retentate from polymeric membrane); WPC-3 (from sweet
whey and retentate from ceramic membrane); WPC-4 (from
acid whey and retentate from ceramic membrane).

Table 1 shows protein composition of WPC products
obtained by UF processes with ceramic membrane of 15 kDa
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Table 1: Protein concentration (g/L) in crude whey and WPC
products by UF processes.

Membrane Ceramic Polymeric
Sample type Whey WPC WPC
Acid 8.73 ± 0.5 5.35 ± 0.4 8.55 ± 0.3
Sweet 7.89 ± 0.3 4.58 ± 0.5 7.41 ± 0.3
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Figure 1: Percentage of yield in WPC by UF processes of sweet and
acid whey with polymeric and ceramic membrane.

and polymeric membrane of 3 kDa, while Figure 1 shows the
final percent yield (𝑌) of each WPC. Difference between the
yields in the UF is due to cut-off of membranes. Therefore,
it is possible that the proteins of great molecular weight as
albumin, Immunoglobulins, and lactoferrin are found intact
in the WPC from ceramic membrane, but fewer amounts
of 𝛽-lactoglobulin and 𝛼-lactalbumin are present in the
retentates from 15 kDa membrane, since another amount of
these proteins is found in their permeate streams.

Under yield result inUF process, in this stagewere chosen
the products WPC-1 and WPC-2 (retentates from polymeric
membrane) to continue with their hydrolysis.

3.2. Hydrolyzed Products from Whey Protein Concentrates.
Degree of hydrolysis (%DH) achieved during 24 h was 45–
60% from WPC-1 and WPC-2, respectively. Data of hydrol-
ysis process are showed in Figure 2. This test indicated that
during 12 h the changes were observed asmore representative
in the two types of whey due to enzymatic action from B.
subtilis. After this period, the %DH increased very slowly.

Differences of enzymatic action from B. subtilis have been
reported in other researches; however other substrates and
enzymatic extracts or purified enzymes from B. subtilis have
been used in these experiments. For example, maximum
values around 70% of hydrolysis were found on rapeseed
meal with enzymatic extract [28] and similar percentage
with commercial proteases such as Alcalase on soybean
and Subtilisin on whey proteins can be seen in [29, 30].
Particularly, in [30], it was found that 26% DH of whey
proteins is obtained after two hours of direct contact with
Subtilisin to achieve 70% in 10 h, which could be compared
with %DH obtained in this work.
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Figure 2: %DH from WPC-1 and WPC-2 with biomass from B.
subtilis.

3.3. Polymerized Products from Whey Proteins by Glycation
Process. Hundred eighty coded polymerized products were
obtained during 20 h. Data are reported by conforming sweet
or acid whey produced by only heating (W-1 and W-2);
glycation of WPC from each whey type and ribose and
galactose (WPC-1, WPC-2, WPC-1-R, WPC-1-G, WPC-2-
R, and WPC-2-G); and glycation of hydrolyzed products
obtained with 25, 35, and 45% DH of WPC of sweet whey
hydrolysis and 25, 45, and 60% DH of WPC of acid whey,
during 4, 8, and 12 h, respectively (WPCH-1-25-R, WPCH-
1-35-R, WPCH-1-45-R, WPCH-2-25-R, WPCH-2-45-R, and
WPCH-2-60-R), for pH 7 and pH 9 and of the same form to
glucose.

Tables 2 to 6 show a summary of the main results on
features of some glycosylated product from sweet and acid
whey with ribose and glucose. In particular, products with
higher antioxidant activity are shown in Figure 3.

Principally, data of Table 2 correspond to glycosylated
products from sweet and acid whey by heating of samples.
AAEAAvalues indicated that a significant enhancement (0.55
to 0.75) was observed in the products by only acid and sweet
whey heating for 15–20 h at pH 7. However no enhancement
was observed in samples at pH 9.

In relation toWPC products, a higher AAEAA value was
obtained in WPC-R conjugates (0.56 to 1.02) at pH 7 with
heating time, while the increment of AAEAA in WPC-G
conjugates was less (0.56 to 0.78) at pH 7 and pH 9. Data can
be observed in Tables 3 and 4.

Information from WPCH conjugate products corre-
sponding to glycosylated WPC with ribose previously
hydrolyzed with biomass from B. subtilis is shown in Tables
5 and 6. AAEAA values of these products indicate that
hydrolyzed WPCH can increment their AAEAA value by
polymerization with carbohydrates. In general, WPCH con-
jugates exhibited adequate potency to react with free radicals.
%DH was sufficient to liberate reactive peptides and produce
polymerized products with high AAEAAA values in all
experiments. Particularly, productswith 25%DH fromWPC-
acid whey-ribose at pH 7 achieved 1.55–1.85 of AAEAA and
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Table 2: Features of glycosylated product from sweet and acid whey with heating to 50∘C, pH 7 and pH 9.

Sample Glycosylation time (h) Product Antioxidant activity Functional properties
%AA AAEAA (mM/L) %Solubility %Emulsion %Foam

Sweet whey at pH 7

0 W7-1 25.10 ± 0.2 0.55 80 ± 0.2 20 ± 0.1 1.3 ± 0.2
5 W7-1-30 29.05 ± 0.2 0.57 78 ± 0.2 22 ± 0.1 1.3 ± 0.2
10 W7-1-60 32.43 ± 0.1 0.68 78 ± 0.2 21 ± 0.1 1.3 ± 0.1
15 W7-1-120 34.67 ± 0.2 0.70 75 ± 0.2 22 ± 0.1 1.2 ± 0.2
20 W7-1-180 35.31 ± 0.2 0.75 75 ± 0.2 20 ± 0.1 1.1 ± 0.1

Sweet whey at pH 9

0 W9-1 19.65 ± 0.5 0.41 75 ± 0.2 20 ± 0.1 1.0 ± 0.1
5 W9-1-30 20.33 ± 0.2 0.42 71 ± 0.2 19 ± 0.2 1.1 ± 0.1
10 W9-1-60 20.99 ± 0.3 0.42 74 ± 0.2 20 ± 0.2 1.1 ± 0.1
15 W9-1-120 21.85 ± 0.3 0.43 75 ± 0.2 19 ± 0.2 1.1 ± 0.2
20 W9-1-180 22.59 ± 0.3 0.45 75 ± 0.2 19 ± 0.1 1.2 ± 0.1

Acid whey at pH 7

0 W7-2 42.21 ± 0.4 0.62 70 ± 0.1 17 ± 0.1 0.8 ± 0.1
5 W7-2-30 44.76 ± 0.5 0.65 68 ± 0.2 17 ± 0.1 0.7 ± 0.1
10 W7-2-60 48.32 ± 0.5 0.73 65 ± 0.1 15 ± 0.1 0.5 ± 0.1
15 W7-2-120 49.05 ± 0.5 0.75 65 ± 0.1 14 ± 0.2 0.5 ± 0.2
20 W7-2-180 49.88 ± 0.3 0.76 60 ± 0.1 13 ± 0.1 0.5 ± 0.2

Acid whey at pH 9

0 W9-2 21.22 ± 0.1 0.42 70 ± 0.1 15 ± 0.1 0.8 ± 0.2
5 W9-2-30 22.54 ± 0.1 0.43 72 ± 0.1 17 ± 0.1 0.8 ± 0.1
10 W9-2-60 22.78 ± 0.2 0.43 78 ± 0.2 18 ± 0.2 0.8 ± 0.1
15 W9-2-120 23.94 ± 0.2 0.44 78 ± 0.2 18 ± 0.2 0.9 ± 0.1
20 W9-2-180 24.05 ± 0.2 0.44 75 ± 0.2 17 ± 0.1 0.8 ± 0.1

Table 3: Features of glycosylated product fromWPC of sweet and acid whey with ribose, heating to 50∘C, pH 7 and pH 9.

Sample Glycosylation time (h) Product Antioxidant activity Functional properties
%AA AAEAA (mM/L) %Solubility %Emulsion %Foam

WPC
sweet whey with ribose at pH 7

0 WPC7-1-R 51 ± 0.6 0.56 90 ± 0.2 80 ± 0.2 25 ± 0.2
5 WPC7-1-30-R 53 ± 0.5 0.58 88 ± 0.2 80 ± 0.2 25 ± 0.2
10 WPC7-1-60-R 55 ± 0.5 0.65 88 ± 0.2 78 ± 0.1 26 ± 0.2
15 WPC7-1-120-R 60 ± 0.2 0.70 85 ± 0.1 78 ± 0.1 26 ± 0.2
20 WPC7-1-180-R 77 ± 0.2 0.75 85 ± 0.1 75 ± 0.1 27 ± 0.2

WPC
sweet whey with ribose at pH 9

0 WPC9-1-R 40 ± 0.3 0.50 85 ± 0.2 80 ± 0.2 26 ± 0.1
5 WPC9-1-30-R 41 ± 0.5 0.54 80 ± 0.2 78 ± 0.3 25 ± 0.1
10 WPC9-1-60-R 45 ± 0.5 0.58 75 ± 0.2 75 ± 0.2 23 ± 0.1
15 WPC9-1-120-R 54 ± 0.5 0.65 78 ± 0.2 78 ± 0.1 25 ± 0.2
20 WPC9-1-180-R 60 ± 0.5 0.76 78 ± 0.2 79 ± 0.1 26 ± 0.1

WPC
acid whey with ribose at pH 7

0 WPC7-2-R 55 ± 0.5 0.56 89 ± 0.2 82 ± 0.1 30 ± 0.1
5 WPC7-2-30-R 59 ± 0.5 0.62 88 ± 0.1 80 ± 0.2 30 ± 0.2
10 WPC7-2-60-R 70 ± 0.3 0.70 85 ± 0.1 78 ± 0.3 27 ± 0.2
15 WPC7-2-120-R 80 ± 0.5 1.02 85 ± 0.1 80 ± 0.1 25 ± 0.3
20 WPC7-2-180-R 77 ± 0.5 0.92 83 ± 0.1 78 ± 0.1 23 ± 0.3

WPC
acid whey with ribose at pH 9

0 WPC9-2-R 40 ± 0.1 0.50 75 ± 0.1 65 ± 0.1 19 ± 0.2
5 WPC9-2-30-R 45 ± 0.5 0.53 78 ± 0.1 70 ± 0.3 20 ± 0.3
10 WPC9-2-60-R 45 ± 0.5 0.55 79 ± 0.1 70 ± 0.1 20 ± 0.2
15 WPC9-2-120-R 48 ± 0.1 0.55 80 ± 0.2 70 ± 0.1 22 ± 0.3
20 WPC9-2-180-R 46 ± 0.3 0.50 75 ± 0.2 65 ± 0.1 20 ± 0.3
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Table 4: Features of glycosylated product fromWPC of sweet whey with glucose and heating to 50∘C, pH 7 and pH 9.

Sample Glycosylation time (h) Product Antioxidant activity Functional properties
%AA AAEAA (mM/L) %Solubility %Emulsion %Foam

WPC
sweet whey with glucose at pH 7

0 WPC7-1-G 50 ± 0.5 0.30 70 ± 0.1 62 ± 0.1 25 ± 0.1
5 WPC7-1-30-G 58 ± 0.6 0.42 75 ± 0.1 66 ± 0.2 28 ± 0.1
10 WPC7-1-60-G 59 ± 0.5 0.42 75 ± 0.1 65 ± 0.2 30 ± 0.1
15 WPC7-1-120-G 60 ± 0.7 0.52 77 ± 0.2 65 ± 0.1 30 ± 0.2
20 WPC7-1-180-G 62 ± 0.5 0.55 75 ± 0.3 61 ± 0.1 25 ± 0.1

WPC
sweet whey with glucose at pH 9

0 WPC9-1-G 39 ± 0.5 0.20 71 ± 0.2 60 ± 0.1 20 ± 0.3
5 WPC9-1-30-G 40 ± 0.3 0.19 70 ± 0.2 62 ± 0.2 22 ± 0.3
10 WPC9-1-60-G 45 ± 0.5 0.23 70 ± 0.1 65 ± 0.2 22 ± 0.1
15 WPC9-1-120-G 46 ± 0.5 0.20 75 ± 0.2 66 ± 0.3 25 ± 0.1
20 WPC9-1-180-G 46 ± 0.5 0.28 78 ± 0.2 67 ± 0.1 25 ± 0.2

WPC
acid whey with glucose at pH 7

0 WPC7-2-G 49 ± 0.5 0.30 80 ± 0.1 66 ± 0.1 30 ± 0.2
5 WPC7-2-30-G 50 ± 0.6 0.30 85 ± 0.1 69 ± 0.1 32 ± 0.2
10 WPC7-2-60-G 52 ± 0.6 0.30 86 ± 0.1 69 ± 0.1 35 ± 0.1
15 WPC7-2-120-G 55 ± 0.3 0.35 86 ± 0.1 70 ± 0.1 36 ± 0.1
20 WPC7-2-180-G 55 ± 0.3 0.33 81 ± 0.2 71 ± 0.1 33 ± 0.1

WPC
acid whey with glucose at pH 9

0 WPC9-2-G 55 ± 0.3 0.56 76 ± 0.1 65 ± 0.2 28 ± 0.1
5 WPC9-2-30-G 58 ± 0.3 0.68 78 ± 0.1 65 ± 0.1 25 ± 0.1
10 WPC9-2-60-G 69 ± 0.3 0.68 80 ± 0.2 69 ± 0.3 28 ± 0.2
15 WPC9-2-120-R 78 ± 0.3 0.78 75 ± 0.2 65 ± 0.3 25 ± 0.1
20 WPC9-2-180-R 75 ± 0.3 0.75 73 ± 0.2 65 ± 0.1 20 ± 0.1

products with 45% DH at pH 9 achieved only 1.1 of AAEAA
whereas conjugate products by glycation of hydrolyzed with
glucose showed always a lower increase in AAEAA.

In terms of reactants nature, it is understandable that
WCPH products were more reactive than WPC; this is due
to presence of free amino acids. However, it was found that
major contributors to the radical scavenging capacity were
primarily composed of WCPH although other authors noted
that either the intermediates or the final brown polymer can
function as hydrogen donors and that sugar caramelization
can also contribute to the antiradical activity [31].

The most reactive peptides are the –NH
2
groups of lysine

as well as the group –NH
2
located at the amino terminus.

Therefore, a higher content of residues lysine could lead to
a higher degree of protein glycation. The imidazole group of
histidine, the indole group of tryptophan, and the guanidino
group of arginine residues are also likely to react with
reducing sugars, but this possibility is lesser than amino
groups [32].

On the other hand, different coloration in conjugates
products was also observed during the heating period
for each carbohydrate. However, comparative experiments
showed that glycosylated products with glucose developed
an intense yellow color and characteristic odor, after 15 h of
heating, decreasing at pH 9, whereas glycosylated products
with ribose acquired a faint brownish yellow in similar
period.

Thus, it is possible that ribose present as more reactive
than the glucose during the different stages of MR, joining
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Figure 3: AAEAA of representative glycosylated products from
wheymilk in individual experimentswith ribose and glucose at 50∘C
and variations of pH 7 and pH 9.

the products substantially to ribose molecules; this reactive
property could be associated with antioxidant power of whey
products.

Recent researches have shown that the antioxidant prop-
erties of the proteins are enhanced by their conjugation par-
ticularly with glucose. Conjugate products from ovalbumin-
saccharides [33], whey protein isolate (WPI) [34], and specific
conjugates 𝛼-lactalbumin-glucose [35] showed an incre-
ment in their antioxidant activity when the proteins were
polymerized with glucose more greatly. These results were
highly consistent with the browning intensity of products.
Authors found that particularlyWPI-conjugates with glucose
after 7 days of dry heating at 60∘C showed an increase in
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Table 5: Features of glycosylated product from hydrolyzates fromWPC of sweet whey with ribose heating to 50∘C, pH 7 and pH 9.

Sample Glycosylation time (h) Product Antioxidant activity Functional properties
%AA AAEAA (mM/L) %Solubility %Emulsion %Foam

Hydrolyzate (25% HD) from
WPC of sweet whey with
ribose at pH 7

0 WPCH7-1-25-R 60 ± 0.7 0.54 90 ± 0.1 80 ± 0.1 10 ± 0.1
5 WPCH7-1-30-25-R 65 ± 0.5 0.55 90 ± 0.1 78 ± 0.1 15 ± 0.1
10 WPCH7-1-60-25-R 68 ± 0.7 0.55 90 ± 0.2 75 ± 0.1 15 ± 0.1
15 WPCH7-1-120-25-R 70 ± 0.8 0.58 89 ± 0.2 75 ± 0.2 15 ± 0.2
20 WPCH7-1-180-25-R 65 ± 0.6 0.49 85 ± 0.1 70 ± 0.2 10 ± 0.2

Hydrolyzate (35% HD) from
WPC of sweet whey with
ribose at pH 7

0 WPCH7-1-35-R 75 ± 0.5 0.68 90 ± 0.1 79 ± 0.1 20 ± 0.1
5 WPCH7-1-30-35-R 75 ± 0.6 0.70 90 ± 0.1 80 ± 0.1 22 ± 0.1
10 WPCH7-1-60-35-R 89 ± 0.8 1.85 85 ± 0.2 78 ± 0.2 25 ± 0.1
15 WPCH7-1-120-35-R 85 ± 0.5 0.95 85 ± 0.3 75 ± 0.2 20 ± 0.1
20 WPCH7-1-180-35-R 75 ± 0.8 0.71 82 ± 0.1 70 ± 0.1 20 ± 0.2

Hydrolyzate (45% HD) from
WPC of sweet whey with
ribose at pH7

0 WPCH7-1-45-R 64 ± 0.5 0.59 89 ± 0.1 76 ± 0.2 22 ± 0.2
5 WPCH7-1-30-45-R 65 ± 0.5 0.55 85 ± 0.2 77 ± 0.2 20 ± 0.2
10 WPCH7-1-60-45-R 63 ± 0.7 0.50 80 ± 0.1 75 ± 0.1 15 ± 0.1
15 WPCH7-1-120-45-R 50 ± 0.8 0.45 78 ± 0.1 70 ± 0.2 15 ± 0.3
20 WPCH7-1-180-45-R 40 ± 0.5 0.30 75 ± 0.1 66 ± 0.1 15 ± 0.3

Hydrolyzate (25% HD) from
WPC of sweet whey with
ribose at pH 9

0 WPCH9-1-25-R 49 ± 0.4 0.28 80 ± 0.1 69 ± 0.1 22 ± 0.1
5 WPCH9-1-30-25-R 50 ± 0.8 0.30 85 ± 0.1 75 ± 0.1 25 ± 0.1
10 WPCH9-1-60-25-R 52 ± 0.6 0.35 88 ± 0.2 79 ± 0.2 25 ± 0.3
15 WPCH9-1-120-25-R 53 ± 0.8 0.35 90 ± 0.2 80 ± 0.2 29 ± 0.1
20 WPCH9-1-180-25-R 55 ± 0.3 0.4 90 ± 0.2 85 ± 0.1 30 ± 0.1

Hydrolyzate (35% HD) from
WPC of sweet whey with
ribose at pH 9

0 WPCH9-1-35-R 50 ± 0.5 0.55 90 ± 0.1 88 ± 0.1 33 ± 0.1
5 WPCH9-1-30-35-R 56 ± 0.5 0.60 87 ± 0.1 89 ± 0.1 30 ± 0.2
10 WPCH9-1-60-35-R 58 ± 0.8 0.6 88 ± 0.2 78 ± 0.2 29 ± 0.2
15 WPCH9-1-120-35-R 55 ± 0.7 0.53 85 ± 0.2 75 ± 0.2 25 ± 0.2
20 WPCH9-1-180-35-R 50 ± 0.5 0.45 88 ± 0.1 80 ± 0.1 28 ± 0.2

Hydrolyzate (45% HD) from
WPC of sweet whey with
ribose at pH 9

0 WPCH9-1-45-R 50 ± 0.5 0.43 89 ± 0.1 78 ± 0.1 28 ± 0.1
5 WPCH9-1-30-45-R 48 ± 0.8 0.35 85 ± 0.1 75 ± 0.1 25 ± 0.1
10 WPCH9-1-60-45-R 45 ± 0.8 0.30 80 ± 0.2 73 ± 0.1 20 ± 0.2
15 WPCH9-1-120-45-R 44 ± 0.5 0.25 80 ± 0.1 73 ± 0.1 18 ± 0.2
20 WPCH9-1-180-45-R 40 ± 0.5 0.20 75 ± 0.1 70 ± 0.2 15 ± 0.2

antioxidant activity and an increase in the color. It was seen
inUV-vis absorption and fluorescence intensity. Additionally
comparative data onWPI alone indicated that the conjugates
exhibited a better thermal stability.

Similar results were found in the present research; how-
ever here it is shown that conjugates-ribose enhances antiox-
idant action than glucose. Difference of antioxidant action
can also be associated with the presence of complex mix of
compounds developed during glycation of whey products.
Glucose could play an important role in the reduction
of antioxidant activity. Particularly hydroxyl groups could
inhibit this power [36, 37].

Carbohydrate type and pH could explain these results.
However, reactivity of carbohydrate in glycation process has
not been described still in clear form. According to [37], it
has been shown that reactivity decreases with the molecular
weight of carbohydrate, which would explain that cross-
linking and aggregation protein with ribose is incremented
in comparison with the glucose and this behavior could
be associated with the increment of antioxidant activity

of conjugate whey products-ribose. Reactivity of different
sugars is also given by the availability of its carbonyl group;
for example, glucose presents at least two closed forms (cyclic
anomers) in which the carbonyl group has disappeared.Thus
a correlation between the reaction rate of glycation and the
proportion of the open form of each sugar is also found in
these data.

Influence of pH in MR reaction during glycation process
may furthermore be observed on antioxidant action of whey
products; at basic pH, generally, the polymerization rate
increases. However the results cannot be described thus
radically.

In an early stage, MR generates Amadori products
(glycosylamines N-substituted by sugar-amine condensa-
tion) which are present due to reactions between amine
groups of proteins and carbonyl groups within the reducing
sugar, while intermediate stage and advanced stage are
characterized by formation of reactive intermediates such as
sugar-derived dicarbonyl compounds as 1-amino-2-deoxy-
2-ketoses (e.g., methylglyoxal, 3-deoxyosones, or glyoxal)
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Table 6: Features of glycosylated product from hydrolyzates fromWPC of acid whey with ribose, heating to 50∘C, pH 7 and pH 9.

Sample Glycosylation time (h) Product Antioxidant activity Functional properties
%AA AAEAA (mM/L) %Solubility %Emulsion %Foam

Hydrolyzate (25% HD) from
WPC of acid whey with ribose
at pH 7

0 WPCH7-2-25-R 60 ± 0.5 0.60 88 ± 0.3 80 ± 0.1 30 ± 0.2
5 WPCH7-2-30-25-R 65 ± 0.6 0.58 90 ± 0.2 80 ± 0.2 35 ± 0.2
10 WPCH7-2-60-25-R 68 ± 0.5 0.60 90 ± 0.1 80 ± 0.2 37 ± 0.2
15 WPC7-2-120-25-R 67 ± 0.5 0.63 85 ± 0.1 78 ± 0.2 35 ± 0.2
20 WPC7-2-180-25-R 65 ± 0.5 0.62 85 ± 0.1 79 ± 0.2 32 ± 0.2

Hydrolyzate (45% HD) from
WPC of acid whey with ribose
at pH 7

0 WPCH7-2-45-R 70 ± 0.5 0.61 90 ± 0.1 77 ± 0.2 30 ± 0.2
5 WPCH7-2-30-45-R 80 ± 0.4 0.75 85 ± 0.3 75 ± 0.1 28 ± 0.3
10 WPCH7-2-60-45-R 86 ± 0.6 0.85 85 ± 0.2 77 ± 0.1 30 ± 0.2
15 WPCH7-2-120-45-R 87 ± 0.5 1.55 84 ± 0.3 75 ± 0.1 25 ± 0.2
20 WPCH7-2-180-45-R 85 ± 0.6 0.90 87 ± 0.2 73 ± 0.1 25 ± 0.2

Hydrolyzate (60% HD) from
WPC of acid whey with ribose
at pH 7

0 WPCH7-2-60-R 83 ± 0.5 0.78 90 ± 0.2 75 ± 0.2 30 ± 0.2
5 WPCH7-2-30-60-R 85 ± 0.6 0.80 90 ± 0.1 77 ± 0.2 30 ± 0.1
10 WPCH7-2-60-60-R 88 ± 0.5 0.80 90 ± 0.2 80 ± 0.2 30 ± 0.1
15 WPCH7-2-120-60-R 80 ± 0.4 0.75 85 ± 0.2 78 ± 0.1 25 ± 0.2
20 WPCH7-2-180-60-R 80 ± 0.7 0.70 80 ± 0.1 75 ± 0.1 20 ± 0.2

Hydrolyzate (25% HD) from
WPC of acid whey with ribose
at pH 9

0 WPCH9-2-25-R 85 ± 0.7 0.75 90 ± 0.2 79 ± 0.1 30 ± 0.1
5 WPCH9-2-30-25-R 88 ± 0.5 0.80 90 ± 0.1 80 ± 0.1 30 ± 0.1
10 WPCH9-2-60-25-R 90 ± 0.5 1.38 86 ± 0.2 78 ± 0.1 28 ± 0.2
15 WPCH9-2-120-25-R 89 ± 0.5 0.78 85 ± 0.2 75 ± 0.1 25 ± 0.2
20 WPCH9-2-180-25-R 85 ± 0.6 0.75 82 ± 0.1 73 ± 0.2 25 ± 0.2

Hydrolyzate (45% HD) from
WPC of acid whey with ribose
at pH 9

0 WPCH9-2-45-R 85 ± 0.5 0.70 90 ± 0.1 75 ± 0.1 30 ± 0.1
5 WPCH9-2-30-45-R 88 ± 0.5 0.79 85 ± 0.2 80 ± 0.1 30 ± 0.1
10 WPCH9-2-60-45-R 90 ± 0.4 0.80 83 ± 0.2 80 ± 0.3 30 ± 0.3
15 WPCH9-2-120-45-R 91 ± 0.5 1.10 80 ± 0.1 80 ± 0.1 30 ± 0.3
20 WPCH9-2-180-45-R 95 ± 0.3 1.30 78 ± 0.1 80 ± 0.2 25 ± 0.3

Hydrolyzate (60% HD) from
WPC of acid whey with ribose
at pH 9

0 WPCH9-2-60-R 80 ± 0.5 0.75 80 ± 0.2 75 ± 0.1 20 ± 0.2
5 WPCH9-2-30-60-R 75 ± 0.5 0.73 75 ± 0.2 70 ± 0.2 20 ± 0.1
10 WPCH9-2-60-60-R 76 ± 0.3 0.70 72 ± 0.2 70 ± 0.2 19 ± 0.1
15 WPCH9-2-120-60-R 75 ± 0.4 0.67 70 ± 0.2 65 ± 0.1 17 ± 0.1
20 WPCH9-2-180-60-R 70 ± 0.5 0.65 70 ± 0.2 65 ± 0.1 15 ± 0.1

which are produced with time, resulting in the formation of
polymerized compounds that may be interfering substances
affecting the antioxidant activity. In addition, alkaline and/or
heat treatment of proteins may be associated with the pro-
duction of several types of cross-linked amino acids such as
dehydroalanine, lysinoalanine, and histidinoalanine, which
may affect also antioxidant activity and the nutritional value
of the treated whey proteins [37]. Dehydration of sugars
occurs by two routes. Under acidic conditions are formed
furfurals and at alkaline conditions are formed the reductone.
The enolization of the C

2
and C

3
carbons and removal of the

amino group in position 1 give rise to the formation of 2,3-
dicarbonyl compounds (via 2,3-E), which causes further frag-
mentation of low molecular weight compounds as ketoalde-
hydes, reductone, and a-dicarbonyl compounds, while, at
acidic pH, enolization of C

1
andC

2
carbon and removal of the

amino group in position 1 and the carboxyl group at position
3 are favored, resulting in 1,2-dicarbonyl compounds (via 1,2-
E), as glyoxal and methylglyoxal, 1-desoxiglucosulosa, and 3-
desoxiglucosulosa, which may undergo further dehydration
resulting in furfural, such as 5-(hydroxymethyl) furfural
(HMF) [38].

Concerning functional properties of whey glycosylated
products, in this work it is shown that conjugates fromWPC
and WPCH had an excellent solubility; however this value
reduced notably in long heating products. Figure 4 shows
functional properties of glycosylated products from whey
milk in individual experiments with ribose and glucose at
50∘C and variations of pH 7 and pH 9.

Emulsion property did not change with respect to value
in whey, while foam property was incremented in some cases.
In general, a high volume of foam was obtained in WCP and
hydrolyzed with heating in 10 h at pH 7.

Under these data, the best products found in these tests
were those fromWPC-R andWPCH-R at pH 7 with heating
for 10–15 h.Therefore, conjugates obtained could be excellent
antioxidants and/or functional additives in formulated foods
[39].

Current studies have shown that conjugates from sodium
caseinate [40] and 𝛽-lactoglobulin [41] with galactose have
the capacity to form and stabilize food emulsions. The best
results were obtained in these experiments with glycated
proteins at 50∘C and pH 5 during 48 h (corresponding to the
latest steps of MR). This behavior can be attributed to the
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Figure 4: Functional properties of glycosylated products fromwhey
milk in individual experiments with ribose and glucose at 50∘C and
variations of pH 7 and pH 9.

higher adsorption efficiency and degree of interfacial interac-
tion exhibited by the glycoconjugates with this carbohydrate
and the fact that alkaline pH reduces significantly the foam
property.

4. Conclusions

The antioxidant activity and functional properties of sweet
and acid whey products were incremented by polymerization
of their proteins by glycation with heating and addition of
glucose and ribose.

Glycation of whey protein concentrates (WPC) and the
hydrolyzates (WPCH) with ribose and glucose showed dif-
ferent oxidation values.

The higher activity was found in WPC glycosylates
products with ribose at pH 7 and heating at 50∘C during
10–15 h. In the same way, antioxidant activity in WPCH was
incremented by prior hydrolysis to glycation in products
with 25–45% hydrolysis degree at pH 9. In these processes
was found an important dependence on pH conditions and
carbohydrate reactivity; therefore antioxidant activity was
associated with carbohydrate type used in glycation of whey
proteins.

Functional properties of these products (solubility, emul-
sion, and foam) were also maintained or improved by the
glycation with ribose.

The color in glycosylates products with glucose was more
intense than in products with ribose; however antioxidant
activity was not associated with this change. Formation of
hydroxyl groups could probably inhibit this action.

Other researchers are required to identify the structure
of the compounds in the conjugates that could inhibit the
capacities of conjugates with glucose. In addition, practical
applications of these products are necessary to test their
antioxidant capacity as additive in foods.
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