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ABSTRACT
Keywords: Protein concentration and hydrolysis have been widely used in sweet whey to produce a variety of
Acid whey food products, while the use of acid whey has been limited due to its high salinity and acidity, hence

Antioxidant activity ~ this study aimed to obtain different protein concentrates from Colombian double-cream cheese acid
Bioactive peptides ~ whey by ultrafiltration (UF), salt treatment (ST), and thermal precipitation (TP); and to evaluate their
Enzymatic hydrolysis ~potential application in the production of antioxidant hydrolysates by enzymatic hydrolysis with alcalase
Protein concentrate  (ALC), chymotrypsin (CHY), and flavourzyme (FLA). Regarding the protein concentration, the UF, TP,
and ST concentrates presented a protein content of 49, 75, and 53% and protein yield of 46, 28, and
43%, respectively. After enzymatic hydrolysis, the soluble protein content decreased in the UF and ST
concentrates, while the free amino acid concentration increased in all concentrates. The UF and ST
concentrates showed a higher degree of hydrolysis with ALC (33.76 and 33.57%, respectively) and FLA
(40.35 and 31.60%, respectively). Concerning antioxidant activity, the UF and ST concentrates treated with
ALC (5,675 and 5,199 ymol Trolox L, respectively) and CHY (4,663 and 4,419 ymol Trolox L, respectively)
were the most effective in scavenging the ABTS radical. All the FLA hydrolysates presented higher
reducing power (152-183 umol Trolox L") and the UF concentrate, and its hydrolysates showed greater
iron-chelating activity. In conclusion, UF and ST are valuable methods for acid whey protein recovery
and concentration, which could be converted into potential antioxidant peptides by proteolytic processes.

RESUMEN

Palabras clave: La concentracion e hidrdlisis de proteinas se han aplicado ampliamente en el lactosuero dulce para
Lactosuero acido producir una variedad de productos alimenticios, mientras que el uso de lactosuero &cido ha sido limitado
Actividad antioxidante debido a su alta salinidad y acidez, por lo tanto este estudio tuvo como objetivo obtener diferentes
Péptidos bioactivos ~ concentrados de proteina a partir de lactosuero acido de queso colombiano mediante ultrafiltracion (UF),
Hidrolisis enzimatica tratamiento con sal (ST) y precipitacion térmica (TP); asi como evaluar su potencial aplicacion en la
Concentrado proteico produccién de hidrolizados antioxidantes por hidrdlisis enzimatica con alcalasa (ALC), quimotripsina
(CHY) y flavourzima (FLA). Respecto a la concentracién de proteina, los concentrados de UF, TP y ST
presentaron un contenido de proteina de 49, 75 y 53% y un rendimiento de proteina de 46, 28 y 43%,
respectivamente. Después de la hidrdlisis enzimatica, el contenido de proteina soluble disminuyé en los
concentrados de UF y ST, mientras que la concentracion de aminoacidos libres aument6 en todos los
concentrados. Los concentrados de UF y ST mostraron un mayor grado de hidrélisis con ALC (33,76 y
33,57%, respectivamente) y FLA (40,35 y 31,60%, respectivamente). En cuanto a la actividad antioxidante,
los concentrados de UF y ST tratados con ALC (5.675 y 5.199 pmol Trolox L, respectivamente) y
CHY (4.663 y 4.419 pmol Trolox L™, respectivamente) fueron los mas efectivos en atrapar el radical
ABTS. Todos los hidrolizados de FLA presentaron mayor poder reductor (152-183 pmol Trolox L) y el
concentrado de UF y sus hidrolizados mostraron mayor actividad quelante de hierro. En conclusion, UF
y ST son métodos valiosos para la recuperacion y concentracion de proteinas de lactosuero &cido, las
cuales podrian convertirse en potenciales péptidos antioxidantes mediante procesos proteoliticos.
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hey proteins are a mix of globular proteins

obtained from whey including B-lactoglobulin

(~50%), a-lactoalbumin (~20%), bovine

serum albumin (~10%), immunoglobulins
(~10%), and other minor protein fractions of low abundance.
These proteins constitute about 20% of the total milk protein
content, which have excellent nutritional, biological, and
functional properties. Whey proteins are rich in essential
and branched-chain amino acids (Khaire and Gogate
2019), they are also precursors of bioactive peptides
(Olvera-Rosales et al. 2023), have emulsifying, gelling,
and foaming properties, and possess a high digestibility
(Embiriekah et al. 2018). All these characteristics make
whey a valuable dairy raw material in the food industry
for developing value-added products.

Whey proteins are highly diluted in whey, which contains
6-7% of total solids; for that reason, the implementation
of techniques for their isolation and concentration is
necessary. Methods, such as precipitation and membrane
separation, have been used for the recovery of whey
proteins, and both methods depend on the physicochemical
properties of whey (Jiménez et al. 2012; Yadav et al. 2014).
Precipitation of whey proteins is achieved by heating or
adding specific chemicals (salts) that cause the insolubility
of whey proteins for their easy removal. The membrane
separation allows the fractionation of whey components
depending on their molecular size. Specifically, ultrafiltration
is the most used industrial method for the recovery of whey
proteins (Khaire and Gogate 2019). These processes may
influence the yield as well as the nutritional and biological
properties of proteins (Jiménez et al. 2012).

Whey proteins can be enzymatically hydrolyzed to produce
hydrolysates containing peptides with various functions
(Olvera-Rosales et al. 2023). These hydrolysates have been
reported to act as antioxidants by different mechanisms:
inactivation of reactive oxygen species, free radical
scavenging, inhibition of lipid peroxidation, chelation of
metal ions, or a combination of these mechanisms (Olvera-
Rosales et al. 2023). The composition of hydrolysates and
their bioactivity can be affected by the enzyme specificity,
the nature, concentration, and extent of denaturation
of protein substrate, and physicochemical conditions
applied during the enzymatic process. These factors can
impact the accessibility of enzymes to protein substrate,

which may result in the production of hydrolysates with a
diversity of peptides of different sizes and structures that
can exhibit a wide range of biological activities (Zou et
al. 2016; Olvera-Rosales et al. 2023).

Different whey protein products, such as whey protein
concentrates (WPC), isolates (WPI), and hydrolysates
(WPH), are mainly manufactured from sweet whey, which
is obtained by enzymatic coagulation of milk. In contrast,
the use of acid whey, which is obtained by fermentation or
the addition of organic or mineral acids, is limited due to its
high acidity and salinity (Nishanthi et al. 2017). Both sweet
and acid whey have different compositions, which could
affect the final composition of hydrolysates obtained from
them and thus their biological properties. In Colombia, acid
whey can be produced during the manufacture of double-
cream cheese, a stretched-curd and non-matured cheese
traditionally made from a mixture of fresh and acidified
cow milk. It is one of the most widely marketed cheeses
in the country (representing approximately 30% of total
cheese consumption) (Londofo-Zapata et al. 2017), with
a monthly production of around 3,000 tons in 2023 that
has increased in recent years (Ministerio de Agricultura'y
Desarrollo Rural 2024). A limited number of studies appear
in the literature on the comparison of methods for the acid
whey protein concentration and the enzymatic hydrolysis
of these products to obtain hydrolysates with different
compositions that may exhibit antioxidant capacity. This
demonstrates the need to conduct further research in this
area, which could contribute to the generation of alternatives
that add value to acid whey. For this reason, this study
aimed to obtain different whey protein concentrates from
Colombian double-cream cheese acid whey by ultrafiltration
and precipitation methods, and to evaluate their potential
application in the production of antioxidant hydrolysates by
enzymatic hydrolysis.

MATERIALS AND METHODS

Materials

Double-cream cheese whey was obtained from the
Laboratory of Dairy Products of the Universidad Nacional
de Colombia (Medellin, Colombia). Enzymes used for
hydrolysis: Alcalase 2.4 L and Flavourzyme 1,000 L were
supplied by Novozymes, while a-Chymotrypsin was
purchased from Sigma-Aldrich. All other chemicals and
reagents of analytical grade were purchased from Merck.

Rev. Fac. Nac. Agron. Medellin 78(2): 11077-11088. 2025



Protein concentrates from Colombian cheese acid whey as a source of antioxidant hydrolysates obtained by proteolysis

Preparations and characterization of whey protein
concentrate

Ultrafiltration, salt treatment, and thermal precipitation were
used for the whey protein concentration. A whey sample
(500 mL) containing 0.7% of the protein was used in all
tests. For ultrafiltration (UF), whey was processed in a
tangential ultrafiltration module Vivaflow 50R equipped with
a 10 kDa regenerated cellulose membrane. The sample
was concentrated 20-fold and lyophilized. Salt treatment
(ST) was carried out according to the method described
by Lozano et al. (2008), with some modifications. The
precipitation was performed with 50% ammonium sulfate
(291 g ammonium sulfate per Liter of whey) at 4 °C. The
precipitate was recollected by centrifugation (5,000xg, 20
min, 4 °C), dissolved in distilled water and desalinated
using 10 kDa cut-off membrane (Vivaflow 50R). Then, the
desalinated sample was freeze-dried. Thermal precipitation
(TP) was performed according to Tari et al. (2021), with
some modifications. Whey was heated in a water bath
(Memmert WNB14) to 85 °C for 5 min, cooled on ice and
recollected by centrifugation at 5,000xg for 20 min at 4 °C.
The precipitate was recovered and freeze-dried.

Whey protein concentrates were characterized by analysis
of the following parameters: protein, a-lactalbumin
(a-La), B-lactoglobulin (B-Lg), lactose, fat, and moisture.
The total protein content was determined by the Kjeldahl
method of the AOAC (AOAC 2002). o.-La and B-Lg were
analyzed by HPLC-DAD on a Shimadzu Prominense liquid
chromatography equipped with Diode Array Detector
(SPD-M20A), with the following conditions: column, RP
JUPITER C18 (5 pm, 250x4.6 mm, 300 A, Phenomenex);
elution system: eluent A, 0.1% (v/v) of trifluoroacetic acid
in water; eluent B, 90% (v/v) of acetonitrile and 0.09%
(v/v) of trifluoroacetic acid in water; gradient, 0-20 min
linear from 75% A to 45% A, 20-25 min 45% A, 25-35 min
linear to 100% A, 35-36 min linear from 100% A to 75%
A; column temperature, 35 °C; sample temperature, room
temperature.; injection volume, 10 pL; acquisition time,
36 min; flow rate, 1 mL min™; UV detector: A=228 nm.
LabSolutions Software (Shimadzu, LC solution Version
1.22 SP1) was used for data analysis (Waters Co.). Lactose
concentration was determined by the dinitrosalicylic acid
(DNS) method (Ghasemi et al. 2017). Fat was extracted
with hexane (3x10 mL), sonicated (15 min), and centrifuged
(5,000xg, 10 min). The supernatants were collected, and fat
content was then determined gravimetrically after hexane
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was evaporated in a vacuum rotary evaporator (40 °C).
Moisture content was carried by a gravimetric method
(105 °C - Memmert UFE 400) (AOAC 2002).

Protein yield was also determined using Equation (1):

g of proteinin WPC

Protein yield (%)=
g of proteinin acid whey

x100] (1)

Where WPC is whey protein concentrate.

Enzymatic hydrolysis

Each whey protein concentrate was suspended in deionized
water at a concentration of 1% (w/v) on a protein equivalent
basis, and pH was adjusted by 1 M NaOH to obtain the
optimal value for the enzyme using a pH-meter. The
hydrolysis was performed using various enzymes under
the following parameters: enzyme/substrate ratio, 1/50
(w/w); pH=8.0 for Alcalase and Chymotrypsin and pH=7.0
for Flavourzyme; temperature, 45 °C. The digestion was
allowed for 24 h with continuous stirring. Samples were
removed at 0, 4, and 24 h, heated at 85 °C for 10 min,
and placed in an ice bath to inactivate the enzymes. The
insoluble solids were recollected by centrifugation at
5,000xg for 10 min and the obtained supernatants were
adjusted to pH=7.0 and stored at -20 °C.

Degree of hydrolysis (DH)
The degree of hydrolysis (DH) was determined using the
o-phthaldialdehyde (OPA) method (Spellman et al. 2003).
The OPA reagent (100 mL) was prepared by combining
the following solutions: 10 mL of 50 mM OPA (in methanol)
and 10 mL of 50 mM N-acetyl-L-cysteine (NAC), 5 mL of
20% (w/v) sodium dodecyl sulfate (SDS) and 75 mL of
borate buffer (0.1 M, pH=9.5). The reagent was protected
from light and stirred at least 1 h before use. For the
assay, 10 L of sample (or standard) was mixed with 1.2
mL of OPA reagent and the absorbance was recorded at
340 nm after 2 min using an UV-Vis spectrophotometer.
A calibration curve was prepared using leucine (0-2 mg
mL"). The degree of hydrolysis (DH) was calculated
according to the methodology described by Anzani et al.
(2018) as indicated in Equation 2:

DH(%) = (N, /N

free’ " “total

) x 100 2

Where N, . are the moles of free nitrogen atoms from a-
amino groups of amino acids after hydrolysis measured




11080

by the OPA assay, and N, are the total moles of nitrogen
atoms in solution before hydrolysis calculated by the ratio
of total grams of proteins and the average residual amino
acid molecular mass (MW 110 Da).

Protein and free amino acids concentration

The soluble protein content in the supernatant of the
hydrolysates was determined by the Bradford method
(Nwachukwu and Aluko 2019), using bovine serum albumin
as a standard. The free amino acid content was estimated
by the ninhydrin method (Quintanilla et al. 2019), using
leucine as the standard.

Antioxidant activity

The in vitro antioxidant activity was evaluated by measuring
the ABTS radical scavenging activity, reducing power,
and Iron (I1) chelating capacity. ABTS radical cation was
generated according to the method described by Corréa
et al. (2014). 10 pL of hydrolysate (or standard) was
mixed with 1 mL of diluted ABTS solution. After 6 min, the
absorbance was registered at 734 nm and the results were
reported as Trolox equivalents (umol Trolox L) using a
Trolox calibration curve.

The reducing power of the hydrolysates was assessed
according to the method of Jayanthi and Lalitha (2011),
with slight modifications. A 250 pL sample (or standard)

Zapata Bustamante S, Ciro Velasquez HJ, Sepuilveda Valencia JU, Durango Restrepo DL, Gil Gonzalez JH

was mixed with 250 pL of phosphate buffer (0.2 M,
pH=6.6) and 250 pL of a potassium ferricyanide solution
(1%, w/v). After 20 min of incubation at 50 °C, 250 pL
of a trichloroacetic acid solution (10%, w/v) was added
and the resulting mixture was centrifuged at 3,000xg for
10 min. Then, 500 pL of supernatant was mixed with
500 pL of distilled water and 100 pL of a ferric chloride
solution (0.1%, w/v). The absorbance was read at 700
nm and the results were expressed as Trolox equivalents
(umol Trolox L).

The iron (1l) chelating capacity was determined according
to the method described by Corréa et al. (2014), with some
modifications. A 100 uL sample (or standard) was mixed
with 840 pL of distilled water, 20 pL of 2 mM ferrous sulfate
and 40 pL of 5 mM ferrozine (3-(2-pyridyl)-5,6-bis(4-phenyl-
sulfonic acid)-1,2,4-triazine). After 10 min, the absorbance
was registered at 562 nm. Distilled water and EDTA
(40 pug mL"") were used as negative and positive controls,
respectively. The results were expressed using Equation 3:

Activity chelating (%) = { 1_[Absorbance of sample ]] X100 (3)

Absorbance of control

Figure 1 shows the methodology described above in
the preparation of the whey protein concentrates and
hydrolysates and their characterization.

DOUBLE-CREAM CHEESE ACID
WHEY
A
o Whey protein h ization of th
Chara;tleggatlon of e concentrates > Hydrolysates of C ar?]ct(;enfatlotn of the
S (WPCs) WPCs ydrolysates
A B T S v
..... lrati Alcalase i
Protein Ultrafiltration (UF) - (ALC) i .
Lactose ¢ P e 4 L d Soluble protein
Fat Free amino acids
) ) Degree of hydrolysis
Mostre  { . Salt treatment (ST) . ChV(’gﬁ?’)PS'n ANTIOXIDANT
ACTIVITY: ABTS,
....................................... reducing power, iron-
_____ Thermal ! Flavourzyme (FLA) chelating capacity
precipitation (TP)

Figure 1. Outline of the preparation of the whey protein concentrates and hydrolysates and their characterization.
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Statistical analysis

The methods of protein concentration were compared using
one-way analysis of variance (ANOVA) followed by the least
significant difference (LSD) test using Statgraphics Centurion
XVI (Statpoint Technologies, Inc.). For enzymatic hydrolysis,
three-way repeated measures ANOVA were carried out to
analyze the effects of the method of protein concentration,
enzyme used, and hydrolysis time on the soluble protein
content, free amino acid concentration, degree of hydrolysis,
and antioxidant activity, using SAS University Edition
Software (SAS Institute, Inc.). All determinations were
done in triplicate and values were expressed as mean +
standard deviation, and differences between means were
considered statistically significant at P<0.05.

RESULTS AND DISCUSSION

Composition of whey protein concentrates

A whey protein concentrate (WPC) is a processed form
of whey proteins containing at least 25% protein, which
is obtained by removing sufficient amounts of non-
protein components (lactose, fat, and minerals) from
whey by different protein separation and concentration
techniques (Kilara and Vaghela 2018). In this study, three
WPCs were obtained by ultrafiltration (UF), salt treatment
(ST), and thermal precipitation (TP) from double-cream
cheese whey and their chemical composition is shown
in Table 1. These products contained approximately
49-75% protein, 5-35% lactose, 2-5% fat, and 7-8%
moisture.

Table 1. Chemical composition of whey protein concentrates obtained by ultrafiltration (UF), salt treatment (ST), and thermal precipitation

(TP).

Composition (%)

UF
Protein 48.87+3.78°
o.-Lactalbumin 7.90+1.112
[B-Lactoglobulin 27.29+3 492
Protein yield 46.29+2.80°
Lactose 34.70+1.06°
Fat 5.36+0.55°
Moisture 8.09+0.472

Whey protein concentration method

ST TP
74.85+0.21° 52.67+5.98
18.88+1.94°
19.98+1.39° -
27.72+4.05° 43.00+2.43

5.30£0.19° 16.49+0.37°
3.34+0.26° 2.16+0.07°
7.89+0.69? 7.28+0.05°

Results represent the mean of three experimental repetitions + standard deviation (n=6). Different letters in each row represent significant
(P<0.05) differences between mean values.

The composition of the UF concentrate and the protein
content of the TP concentrate were similar to those of
WPC50. In the case of the ST concentrate, the protein

content was consistent with WPC75, and the lactose and
fat contents were close to those reported by Jiménez et
al. (2012), as shown in Table 2.

Table 2. Chemical composition of whey protein products.

Whey protein

Protein (%) Lactose (%) Fat (%) References
concentrates
_ ) ) U.S. Dairy Export Council 2006
WPCS0 50-52 3337 56 Kilara and Vaghela (2018)
WPC75 75-78 U.S. Dairy Export Council 2006
Other WPC obtained o
by ST 5.67 3.3 Jiménez et al. (2012)
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All these methods had a significant effect (P<0.05) on
protein recovery with a yield of 28-46% in the different
products (Table 1). No statistically significant differences
(P>0.05) were found in total protein content and yield
in the products obtained by TP and UF, respectively.
ST produced a higher protein content with a lower yield
level compared to TP and UF. This concentrate was
subjected to a desalination step that could increase purity
with a decrease in yield due to possible loss of protein
material. The different protein separation and concentration
techniques allowed to obtain WPCs from Colombian
double-cream cheese whey with a protein content and
yield comparable to that of previous studies. Jiménez
et al. (2012) obtained different WPCs by precipitation,
ultrafiltration, and freeze drying with a protein content
of 20-35% and protein yield of 40-53%. They reported
that higher protein content was obtained by ultrafiltration
and ammonium sulfate precipitation. Yadav et al. (2014)
reported a maximum soluble protein recovery of 53%
from the supernatant of K. marxianus fermented cheese
whey using thermal precipitation (100 °C, pH=4.5 and 10
min of incubation).

Statistically significant differences in o-La and -Lg content
in the products from UF and ST were observed (Table 1).
With respect to the total whey protein content, a-La and
B3-Lg comprised about 16 and 56% in UF concentrate, and
25 and 27% in ST concentrate, respectively. Poor solubility
of the TP concentrate was shown, causing difficulties for
the determination of a-La and B-Lg. O’'Loughlin et al.
(2012) reported that heating of WPI results in the loss of
native protein (a-La, B-Lg, and bovine serum albumin),
aggregate formation, and insolubilization. They detected a
reduction of solubility from 90+1 to 31+2% when samples
were heated at 80 °C for 10 min compared to the unheated
sample. Jiménez et al. (2012) found a-La, B-Lg, bovine
serum albumin, and other minority proteins (lactoferrin and
immunoglobulin) in WPCs obtained by UF and ammonium
sulfate precipitation, while they were not detected when
thermal precipitation was used. In addition, there were no
modifications to protein structure during the ultrafiltration
process, which is important for biopeptide production.

Enzymatic hydrolysis of whey protein concentrates
WPCs were subjected to enzymatic hydrolysis using
different enzymes (ALC, CHY, and FLA), and the progress
of the hydrolysis was evaluated by determining the soluble

protein content, free amino acid concentration, and degree
of hydrolysis (Figure 2). Higher protein solubility was
observed inthe UF and ST concentrates at time 0, as shown
in Figure 2A, which is important for the hydrolytic process.
Concerning the TP concentrate, thermal denaturation
is one of the effects of heating on the protein structure
and functionality. This denaturation can be reversible
or irreversible, leading to partial unfolding or aggregate
formation involving covalent bonds, and electrostatic, and
hydrophobic interactions (Wijayanti et al. 2014). Solubility in
the TP concentrate could be affected by thermal treatment
(85 °C, 5 min) as reported by O’Loughlin et al. (2012). As
hydrolysis progressed, a decrease in the protein content in
the UF and ST concentrates was detected. Their protein
structure was principally affected by ALC and CHY. No
statistically significant changes in the soluble protein
content of the TP concentrate were presented with any
enzyme during hydrolysis. During heat treatment, whey
proteins undergo conformational changes exposing reactive
groups that can lead to sulfhydryl (-SH)/disulfide (S-S)
interchange reactions or other intra- and intermolecular
interactions, forming aggregates, and affecting the solubility
of the proteins (Wijayanti et al. 2014). In contrast, the free
amino acid content increased in all concentrates over time
during hydrolysis (Figure 2B). The results obtained are
consistent with other studies. Embiriekah et al. (2018) also
detected a decrease in the soluble protein content while
an increase in the free amino acid concentration in whey
protein hydrolysates prepared with pepsin and trypsin.
In addition, increments in the free amino acid content in
sheep protein whey hydrolysates were reported by Corréa
et al. (2014). Notably, the UF and ST hydrolysates had
higher free amino acids when hydrolyzed with FLA followed
by those obtained using ALC after 24 h of hydrolysis. In
general, all CHY hydrolysates presented lower free amino
acid content. ALC is an endopeptidase from Bacillus
licheniformis with broad specificity (Corrochano et al.
2019), and FLA is an enzymatic complex from Aspergillus
orysae with both exo- and endopeptidase activity (Merz
et al. 2015). Thus, both enzymes could cause greater
release of amino acids compared to CHY, which cleaves
at the carboxylic side of aromatic and bulky amino acids
(Gauthier and Pouliot 2003).

The extent of whey protein hydrolysis was evaluated by

measuring the degree of hydrolysis (DH), which can be
quantified by the determination of free amino acids released
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during the hydrolytic process using compounds such as
o-phthaldialdehyde (OPA) (Spellman et al. 2003). DH
increased in all concentrates during enzymatic hydrolysis
(Figure 2C), reaching about 18-40, 13-34, and 7-34% in
the UF, ST, and TP concentrates at 24 h, respectively.
After 24 h of hydrolysis, the UF concentrate treated with
FLA presented higher DH followed by all ALC hydrolysates
and the ST concentrate hydrolyzed with FLA. Lower DH
in the TP concentrate treated with FLA and the CHY
hydrolysates were observed. A high DH with ALC and
FLA and a low DH with CHY is consistent with the fact
that the ALC and FLA hydrolysates presented greater free
amino acid content, and the CHY hydrolysates had the
lowest concentration. A high release of free amino acids
could relate to a high DH as reported in previous work
(Embiriekah et al. 2018). The type of protein substrate
(WPC), enzyme specificity, and time of hydrolysis could
influence the DH values. After 4 h of hydrolysis with ALC,
no statistically significant differences in DH were found in

A

all concentrates. The same was observed at 24 h. When
the concentrates were treated with CHY, there were no
statistical differences in the UF and ST concentrates after
4 and 24 h of hydrolysis. During the digestion with FLA,
the UF concentrate showed higher DH compared to the
ST and TP concentrates after 4 and 24 h of hydrolysis.
It is important to note that the DH of the ALC and FLA
hydrolysates increased as the time of hydrolysis increased.
In addition, the UF and ST concentrates were more sensitive
to the enzymatic action of ALC and FLA. Souza et al.
(2019) reported high DH in a WPC obtained by UF when
hydrolyzed with ALC. Additionally, as mentioned above,
ALC and FLA are enzymes with broad specificity that can
cleave protein substrates non-specifically, consistent with
the high degree of hydrolysis (DH) and free amino acid
content observed in the UF and ST concentrates treated
with these enzymes. In contrast, CHY cleaves specific
regions in the sequence, producing hydrolysates with lower
values for these characteristics.

7 _ i mOh m4h ~24h
- 6 h hi i 1
ISP 51 @ a ag g
S 4 -
S £ 3 k k
$2 f ' -
g 1 bedg ° ° b - cee oXd o6
0 _ - ¢ _
UF*ALC UF*CHY UF*FLA ST*ALC ST*CHY ST*FLA TP*ALC TP*CHY TP*FLA
Hydrolysate
B
— 3000 h
5
-'g 2500 ol |
S_ a0 I
S, 1500 g
K
sEw| s . . C
5 500 b ab & = ab ab g ab € © abl a.- a bj e s M=
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w UF*ALC UF*CHY UF*FLA ST*ALC ST*CHY ST*FLA TP*ALC TP*CHY TP*FLA
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Figure 2. Soluble protein (A), free amino acids (B), and degree of hydrolysis (C) of whey protein concentrates obtained by ultrafiltration (UF),
salt treatment (ST), and thermal precipitation (TP) hydrolyzed with alcalase (ALC), chymotrypsin (CHY), and flavourzyme (FLA) at 0 (black),
4 (gray), and 24 h (light gray) of hydrolysis. Results represent the meaning of three experimental repetitions + standard deviation. Samples

with different letters are significantly different (P<0.05).
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Antioxidant activity of whey protein hydrolysates
Antioxidant activity of the UF, ST, and TP concentrates
hydrolyzed with ALC, CHY, and FLA was examined in

vitro by measuring the ABTS cation radical scavenging
ability, reducing power, and iron-chelating capacity
(Figure 3).
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Figure 3. Antioxidant activity measured by ABTS assay (A), reducing power (B), and iron-chelating capacity (C) of whey protein concentrates
obtained by ultrafiltration (UF), salt treatment (ST), and thermal precipitation (TP) hydrolyzed with alcalase (ALC), chymotrypsin (CHY),
and flavourzyme (FLA) at O (black), 4 (gray), and 24 h (light gray) of hydrolysis. Results represent the meaning of three experimental
repetitionszstandard deviation. Samples with different letters are significantly different (P<0.05).

Both WPCs and their hydrolysates showed in vitro
antioxidant activity. The enzymatic hydrolysis improved
ABTS radical scavenging capacity and reduced the power
of all concentrates, and iron-chelating activity of the ST
and TP concentrates. As shown in Figure 3A, antioxidant
activity determined by ABTS assay ranged from 2,523 to
3,448, 2,567 to 3,742, and 454 t0 2,039 ymol Trolox L " in
the UF, ST, and TP concentrates after 4 h of hydrolysis;
and from 2,609 to 5,675, 4,360 to 5,199, and 2,101 to
3,560 pymol Trolox L' in the same concentrates at 24
h of hydrolysis, respectively. ABTS radical scavenging
capacity increased with hydrolysis time. Concerning
unhydrolyzed WPCs (0 h), this property increased 5-8-,
3-4-, and 5-24-fold after 4 h of hydrolysis, and 5-12-,

5-6-, and 24-42-fold after 24 h of digestion in the UF,
ST, and TP concentrates, respectively. Although higher
increases were detected in the TP concentrate, the UF
and ST hydrolysates presented greater ABTS radical
scavenging ability when compared at the same hydrolysis
time. After 4 h of hydrolysis, this property was stronger
when both concentrates were treated with ALC and CHY,
and no statistically significant differences were detected
between them. In addition, better radical scavenging
capacity was exhibited in the UF and ST concentrates
digested with ALC at 24 h of hydrolysis. These results
suggest that the UF and ST methods could produce
substrates that processed with ALC and CHY, generate
hydrolysates with ABTS radical scavenging ability. The free
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radical scavenging capacity of the hydrolysates may be
attributed to peptides containing aromatic or hydrophobic
residues that act through hydrogen donation (Shazly et
al. 2017). Previous studies have revealed the antioxidant
properties of whey protein hydrolysates measured by the
ABTS assay. A WPC obtained by UF was hydrolyzed
with alcalase, flavourzyme, and a mix of these enzymes,
showing antioxidant activity by ABTS and ORAC, and its
activity was higher when treated with ALC (Souza et al.
2019). Corrochano et al. (2019) prepared whey protein
hydrolysates with alcalase, neutrase and bromelain from
a bovine WPI, and evaluated their antioxidant properties.
These hydrolysates exhibited ABTS radical scavenging
ability, and their activity was higher in comparison with
the unhydrolyzed counterpart.

Reducing power was also determined in all hydrolysates
in order to measure the ability of each of them to donate
electrons to iron (Figure 3B). Reducing power varied from
5610227, 3810 174, and 73 to 179 pmol Trolox L' after 4
h of hydrolysis, and from 65 to 183, 47 to 152, and 95 to
171 pmol Trolox L™ at 24 h of hydrolysis in the UF, ST, and
TP concentrates, respectively. This property increased at
4 h of hydrolysis and a slight decrease was detected after
24 hin all concentrates treated with FLA. No statistically
significant differences in the concentration hydrolyzed with
ALC at4 and 24 h of hydrolysis. Reducing power increased
1-6-, 1-8-, and 2-6-fold at 4 h, and 2-4-, 2-7-, and 3-5-fold
at24 hinthe UF, ST, and TP concentrates, respectively,
when hydrolyzed with ALC, CHY, and FLA, compared to
time 0 h. All concentrates hydrolyzed with FLA showed
higher reducing power, followed by the TP hydrolysates
obtained with ALC and CHY. Previous studies have shown
that the enzymatic hydrolysis of whey protein improved
the reducing power. This property evaluated in a sheep
whey hydrolysate obtained with a Bacillus sp. enzymatic
preparation was 115% higher than the unhydrolyzed
concentrate (Corréa et al. 2014). Corrochano et al. (2019)
found that the enzymatic hydrolysis significantly increased
the reducing power of a WPl when hydrolyzed with alcalase,
neutrase, and bromelain; and higher antioxidant activity
by ABTS, ORAC, and reducing power was exhibited
in the alcalase hydrolysate compared to the neutrase
and bromelain hydrolysates. It is important to note that
the presence of peptides, with specific sequences and
determined sizes, in the hydrolysates could be responsible
for the radical scavenging ability and reducing power
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by donating hydrogens or electrons, respectively. For
example, aromatic amino acids can contribute to antioxidant
potential by proton or electron transfer mechanisms (Zou
et al. 2016; Shazly et al. 2017; Corrochano et al. 2019;
Olvera-Rosales et al. 2023). Regarding the reducing
power, the FLA hydrolysates showed a higher content of
free amino acids and DH, and possibly contained short-
chain peptides that could favor the reducing capacity. It
has been reported that the low-molecular-weight peptides
present in the whey hydrolysates can positively influence
antioxidant properties (Zou et al. 2016). Additionally, higher
antioxidant activity was observed in casein hydrolysates
containing small peptides (Shazly et al. 2017).

Iron is a transition metal that can act as a promoter of the
Fenton reaction for the generation of hydroxyl radicals.
Its chelation could limit the iron available in free form to
participate in this reaction (Zou et al. 2016). As observed
in Figure 3C, the iron-chelating capacity of the UF, ST, and
TP concentrates ranged from 66 to 71, 18 to 23, and 8 to
13% after 4 h of hydrolysis, and 64 to 68, 41 to 44, and
11 to 13% at 24 h of enzymatic digestion, respectively.
The UF concentrate and its hydrolysates showed higher
iron-chelating capacity, which was comparable to EDTA
(62% at 40 pg mL™"). No changes in the chelating ability
of the UF concentrate treated with ALC were observed
after 4 and 24 h compared to time 0 h. An increase in the
chelating capacity of this concentrate when hydrolyzed
with CHY, while a slight decrease when digested with FLA
were detected in comparison with the unhydrolyzed UF
concentrate. The ST and TP concentrates showed higher
chelating properties at 24 h of hydrolysis with approximately
1.9-2.7- and 1.5-1.7-fold increments, respectively. Whey
proteins can bind iron ions as observed in the different
concentrates at time zero. Greater chelating capacity was
detected in the UF concentrates, which might be due to
that the UF process affects less the native protein structure
compared to the precipitation methods, as indicated by
Jiménez et al. (2012), where heating or the addition of
chemical components (salts) may cause perturbations in
the structure that could interfere with chelate formation.
The iron-chelating activity of whey proteins and their
hydrolysates have been reported previously. The ability
of the main whey proteins, such as a-La and -Lg, to bind
iron has been indicated (Sugiarto et al. 2009). Moreover,
sheep whey hydrolysates with ferrous-chelating ability
were obtained by enzymatic hydrolysis using a protease




11086

preparation from Bacillus sp. Their chelating capacity
increased after 2 h of hydrolysis from 13.8% (unhydrolyzed
concentrate) to 50.1% (Corréa et al. 2014). Cruz-Huerta et
al. (2016) obtained iron-binding peptides by hydrolysis of a
WPI with alcalase, pancreatin, and flavourzyme. The iron-
chelating capacity of hydrolysates could be related to the
presence of peptides with similar structural characteristics;
for example, carboxyl and amino groups in the amino acid
side chain can influence (Athira et al. 2021). Cruz-Huerta
et al. (2016) identified several iron-binding peptides rich
in negatively charged amino acids, such as Asp and Glu.
The ferrous-chelating capacity of WPI hydrolysate fractions
obtained by enzymatic hydrolysis and ultrafiltration were
also examined by O’Loughlin et al. (2015), where the
1-kDa permeate fraction showed chelating ability and
had an abundant positively charged amino acid content,
as Arg, His, and Lys. It is important to note that chelation
could facilitate and enhance the bioavailability of iron
and other minerals in humans in order to supply mineral
deficiencies (Olvera-Rosales et al. 2023).

Enzymatic hydrolysis of different WPCs released peptides,
which were able to scavenge free radicals, act as electron
donors, and chelate metal ions such as iron. All these
properties can contribute to the antioxidant activity of the
hydrolysates produced (Zou et al. 2016; Olvera-Rosales
et al. 2023). Differences in the antioxidant activity of
hydrolysates were found depending on the method of
protein concentration (UF, ST, and TP), type of enzyme
(ALC, CHY, and FLA), and hydrolysis time (4 and 24 h)
used in the hydrolytic process. WPCs obtained by UF and
ST were more susceptible to enzymes in order to produce
antioxidant hydrolysates. These processes could affect the
protein structure, and thus the accessibility of enzymes
to the protein substrate. Jiménez et al. (2012) indicated
that protein structure in WPC is maintained after UF,
which would be appropriate for the production of bioactive
peptides, and structural conformation could be modified by
the addition of chemicals (salts) to concentrate proteins.
When ST is used, UF or dialysis are necessary for the
removal of salts. Enzyme specificity can influence the
composition of whey protein hydrolysates. ALC and FLA
are non-specific peptidases (Merz et al. 2015; Corrochano
etal. 2019), while CHY has substrate specificity (Gauthier
and Pouliot 2003). As these enzymes cleave in different
sites, the hydrolysates could be composed of peptides
with different sizes and sequences, which can affect

antioxidant activity (Zou et al. 2016). Possibly, ALC and
CHY released principally peptides with radical scavenging
ability and chelating capacity, while FLA produced mostly
peptides containing electron donor residues. Regarding
the physicochemical conditions used during hydrolysis,
hydrolysis time can influence protein proteolysis. It
is important to establish an accurate time to produce
hydrolysates with biological activity (Corréa et al. 2014).
In this study, antioxidant activity measured by ABTS
assay and chelating capacity increased as hydrolysis
progressed in the mostly hydrolysates while reducing
power was superior in the FLA hydrolysates obtained at
4 h of digestion.

CONCLUSION

The techniques used for whey protein recovery can
significantly affect the final composition and yield of whey
protein concentrates (WPCs). In turn, enzymatic hydrolysis
can be influenced by the method of protein concentration,
enzyme specificity, and time of hydrolysis, all of which
impact the composition of the hydrolysates and their
antioxidant activity. In this study, ultrafiltration (UF) and
salt treatment (ST) were effective for the separation and
concentration of proteins from Colombian double-cream
cheese acid whey, leading to the production of WPCs,
and subsequently antioxidant hydrolysates. The enzymatic
hydrolysis of the WPCs enhanced their in vitro antioxidant
properties. Specifically, the concentrates obtained by UF
and ST showed better antioxidant capacity according to the
ABTS assay and iron-chelating capacity when treated with
ALC and CHY. Additionally, the concentrates enzymatically
processed with FLA exhibited greater reducing power
against iron. To gain a deeper understanding of
these findings, future studies on the purification and
characterization of hydrolysates are needed to establish
possible relationships between structure and antioxidant
activity. Furthermore, the use of UF, as a concentration
method, and commercial enzymes, such as ALC and FLA,
could be promising in obtaining antioxidant hydrolysates
from acid whey, and further research on scaling these
methods for industrial applications is deemed appropriate.
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