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Abstract: The effects of microwave pretreatment on the antioxidant activity and stability of enzymatic
products from milk protein (MP) were studied. The peptide content, molecular weight distribution,
and amino acid composition of MP hydrolysate were also measured to explain the change of an-
tioxidant activity under microwave pretreatment. The results showed that microwave pretreatment
increased the degree of hydrolysis of MP with the power of 400 W for the highest value. The DPPH
scavenging activity and the total antioxidant capacity of MP pretreated by microwave with a power
of 300 W presented the highest effect and increased by 53.97% and 16.52%, respectively, compared to
those of control. In addition, the results of thermal stability and in vitro digestion of MP hydrolysate
showed that the MP hydrolysate pretreated by microwave exerted excellent antioxidative stability,
especially for the microwave power of 300 W. After pretreated with microwave, the peptide content
increased as the rise of power and it reached the peak at the power of 400 W. The molecular weight
of MP hydrolysate pretreated by microwave with the power of 300 W showed more percentage of
peptides between 200 Da and 500 Da. The result of amino acid composition showed that total amino
acid (TAA) content of MP hydrolysate pretreated by microwave with power of 400 W showed the
highest value, which increased by 7.58% compared to the control. The ratio of total hydrophobic
amino acids to the TAA of MP hydrolysate showed the most increased amplitude with the microwave
power of 300 W. The antioxidant activity of MP hydrolysate was related to the peptide content, and it
was also relevant to the amino acid category and content. In conclusion, microwave pretreatment is an
effective method for the preparation of antioxidant peptides and an increase in antioxidant stability.

Keywords: microwave pretreatment; antioxidant activity; stability; enzymatic products; milk protein

1. Introduction

Milk is rich in high-quality protein, and it is an important food product to humans
because of its nutritional value [1]. Milk protein (MP) contains many active amino acid
sequences, and it can hydrolyze under the action of protease to generate peptides with
bioactivities [2], such as antihypertensive, antioxidant, immunomodulatory, and antimicro-
bial activities [3]. The bioactivity of peptides is related to the type of protease [4], the degree
of hydrolysis (DH) or enzymatic time [5], the molecular distribution of the peptides [6], and
the amino acid composition [7]. The optimization of enzymatic parameters can improve
the activity of the product to a certain extent. However, it is still unable to improve the
enzymatic reaction efficiency and product activity of protein hydrolysate because of the
tight structure of protein material.

In recent years, many new physical processing technologies, such as ultrasound [8,9],
ultra-high pressure [10], microwave [11,12], etc., are applied to assist hydrolysis in ob-
taining a higher content or bioactivity of peptides from foodborne protein. Some of the
equipment such as a high hydrostatic pressure and irradiation is very expensive and hence
not readily available, especially for home scale use [13]. Compared with other traditional ex-
traction methods, microwave-assisted extraction has the advantages of a rapid and uniform
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heating, a high thermal efficiency, no pollution, and a high solvent recovery rate, which can
significantly shorten the extraction time, improve the extraction rate, and save costs [14].
Microwave refers to electromagnetic waves with a frequency of 300 MHz-300 GHz and
wavelengths between 1 mm and 1 m. The basic properties of microwaves usually show
three characteristics: penetration, reflection, and absorption. Foodborne protein can absorb
microwaves and cause the modification of protein structure. Researches showed that mi-
crowave assisted enzymatic hydrolysis could shorten enzymatic time, improve the reaction
rate and increase the peptide yield [15,16]. The bioactive peptides are commonly used as
antioxidant bioactive products or are added to other foods as a natural antioxidant additive,
and most applications of bioactive peptides involve thermal treatment. In addition, some
foodborne bioactive peptides fail to show the functional activity after oral administration
in vivo due to the excessive degradation in the gastrointestinal tract. These two factors
(thermal treatment and oral administration in vivo) significantly influence the bioactivity
of protein hydrolysate [17,18]. However, most of the researchers studied the effects of
microwave pretreatment on the bioactive activity of protein hydrolysate and little research
aimed at the antioxidant activity and antioxidant stability of hydrolysate from the material
of MP after a high temperature and gastrointestinal digestion.

Therefore, the objectives of this study were to investigate the effect of microwave
pretreatment on the antioxidant activity and stability of enzymatic products from MP. The
specific research contents were divided into three related parts: (1) to investigate the effects
of microwave pretreatment on the antioxidant activity of MP hydrolysate; (2) to study
the stability of MP hydrolysate under high temperatures at different times and digestion
in vitro; and (3) to study the effects of microwave pretreatment on the characterizations of
MP hydrolysate.

2. Materials and Methods
2.1. Materials

Pasteurized fresh milk was bought from Bright Dairy Food Co., Ltd. (Shanghai,
China) with the protein content of 3.4% and fat content of 0%. Alcalase 2.4 L with an
activity of 196,636 U/mL (determined by the Folin—phenol method) was purchased from
Novozymes Biotechnology Co. Ltd. (Tianjin, China). 1,1-diphenyl-2-picrylhydrazyl (DPPH)
was purchased from Sigma-Aldrich Corp (Saint Louis, MO, USA). Pepsin and pancreatin
were bought from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Aprotinin
(6511 Da), bacitracin (1422 Da), Gly-Gly-Tyr-Arg (451.2 Da) and Glycyl-Glycyl-Glycine
(189.1 Da) were bought from Beijing Enjiayi Tech Co., Ltd. (Beijing, China). All other
reagents used in the experiment were of analytical grade.

2.2. Microwave Pretreatment of MP

A 400 mL of fresh milk was added with 4 mol /L NaOH to adjust the pH of the solution
to 8.5. Then it was put into microwave equipment (NN-DS59]B, Panasonic Appliances
Microwave Oven (Shanghai, China) Co., Ltd.) for pretreatment. Then the microwave power
was adjusted to 200, 300, 400, 600, 800, and 1000 W, respectively, with the pretreated time of
2 min. The MP without microwave pretreatment (the power of 0 W) was set as control.

2.3. Enzymatic Hydrolysis of MP

The enzymatic hydrolysis of MP was conducted according to our previous study [19].
After microwave pretreatment, the MP was cooled to 50 °C using a water bath. Then
the pH of MP was adjusted to 8.5, and the alcalase was added to initiate the enzymatic
reaction. During the enzymatic process, the pH of the reaction system was maintained at
8.5 using 1 mol/L NaOH, and the consumption of NaOH was recorded. After 60 min of
the enzymatic reaction, the sample was put in boiled water to inactive enzyme. Then it was
centrifuged at 12,000 g for 10 min and the supernatant was collected for further analysis.
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2.4. The Degree of Hydrolysis (DH) of MP

The DH of MP was determined according to the method of Adler-Nissen [20] by the
pH-stat method using the following Equation (1):
h V xN
DH(%) = — x100 = ——— x 1 1
(%) hmtx 00 axmthx 00 1)
where, V is the consumption of NaOH solution (mL); N: molar concentration of NaOH
solution (mol/L), which is 1 mol/L in this paper; « is the average degree of dissociation
of «-NH; of MP, which is 0.96 in this paper; m is the protein amount of MP (g); /i1 is the
number of peptide bonds per unit mass, which is 8.2 mmol/g of MP [21].

2.5. Antioxidant Activity Analysis
2.5.1. DPPH Scavenging Capacity Assay

The DPPH assay was done according to the method of Chen et al. [22] with some
modifications. A 2 mL of 0.1 mol/L DPPH (dissolved in ethanol) was added to 2 mL
hydrolysate. Then the mixture was kept in the dark at 37 °C for 30 min and the absorbance
was quickly measured after the reaction at 517 nm by ultraviolet spectrum. The DPPH
scavenging activity was calculated by the following Equation (2):

Al — A,
—=x1 2
P x 100 )

where, Aj: the absorbance of blank (ethanol instead of protein-hydrolysate); A;: the
absorbance of sample; A;: the absorbance of background (ethanol instead of DPPH).

DPPH scavenging activity (%) =1 —

2.5.2. Total Antioxidant Capacity Assay

The procedure followed the method of Thaipong et al. [23] with some modifica-
tions [24]. An equal volume of 7.4 mmol/L ABTS and 2.6 mmol/L potassium persulfate
was mixed and reacted for 12 h at room temperature in the dark to prepare ABTS working
solution. Diluted the working solution with absolute ethanol so that its absorbance at
734 nm was 0.7 £ 0.02 units at 734 nm using the spectrophotometer. The 1 mL of MP
hydrolysate was mixed with 4 mL ABTS solution and reacted for 2 h in a dark condition.
Then the absorbance was measured at 734 nm using the spectrophotometer. The total
antioxidant capacity was calculated by the following Equation (3):

Ay — As

Total antioxidant capacity (%) =1 —
where, A3: the absorbance of the sample replaced by distilled water; A4: the absorbance of
the sample; As: the absorbance of the ABTS working solution replaced by distilled water.

2.6. Stability of Antioxidant Activity of MP Hydrolysate
2.6.1. Effects of Heat Treatment at different times on Antioxidant Activity of
MP Hydrolysate

The heat stability of MP hydrolysate at different times was conducted according to
the method of Escudero et al. [25] with some modifications. The MP hydrolysates were
treated at 50, 75, 90, 105, and 120 °C, respectively, for 10 min. Furthermore, the hydrolysates
were treated at 105 °C for 5, 10, 15, 30, and 60 min. Then the samples were cooled to 25 °C
and centrifuged at 12,000 x g for 10 min. The supernatant was collected to determine the
antioxidant activity.

2.6.2. Antioxidant Activity of MP Hydrolysate after Digestion In Vitro

The antioxidant activity of MP hydrolysate after digestion by gastric proteases was
assessed using pepsin and pancreatin according to the method of Laparra [26] with some
modifications [27]. After adjusting the pH to 2.0 with 4 mol/L HCl, the MP hydrolysate
was added with 2% (enzyme to substrate ratio) pepsin. The digestion was kept at 37 °C
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for 2 h under continuous stirring. Then the pH of the digestion solution was adjusted to
7.5 with 4 mol/L NaOH and 2% (enzyme to substrate ratio) pancreatin was added. After
digestion at 37 °C for 3 h, the enzyme was inactivated by heating in boiled water for 10 min.
Then the sample was centrifuged at 12,000 x g for 10 min and the supernatant was used for
the analysis of antioxidant activity.

2.7. Peptide Content

A 15% of TCA (w/v) was added to MP hydrolysate with a volume ratio of 1:2. The
mixture was reacted at 25 °C for 1 h to precipitate macromolecular proteins. Then the
sample was centrifuged at 12,000 x g for 10 min and the supernatant was used to determine
the peptide content according to the Folin—phenol method [28].

2.8. Molecular Weight Distribution of MP Hydrolysate

The molecular weight distribution of MP hydrolysate was determined by high perfor-
mance liquid chromatography. Chromatographic conditions were as follows: column of
TSK gel G2000 SWXL 300 mm x 7.8 mm, flow velocity of 0.5 mL/min, injection volume of
10 uL, and column temperature of 30 °C. The standard solutions with 0.1% mass concentra-
tion were prepared with the mobile phase. After filtering with a 0.45 um water membrane,
the standard solutions were injected, respectively, to obtain the chromatograms of a series
of standard products. The calibration curve was obtained by plotting the logarithm of the
relative molecular mass (IgMr) against the retention time. The MP hydrolysates were also
injected after filtering with 0.45 um water film. Substitute the sample chromatogram data
into the calibration curve for integration to obtain the corresponding percentage of the
peak area.

2.9. Amino Acid Analysis

The amino acid composition of MP hydrolysate was analyzed by an automatic amino
acid analyzer (5433D, Sykam, Eresing, Germany) [29]. A 6 mol/L HCl was added to MP
hydrolysate and the mixture was sealed in a tube at 110 °C for 24 h. Then the sample was
centrifuged at 12,000 g for 10 min. The supernatant was collected and filtered by 0.22 um
water film. Then it was injected into automatic amino acid analyzer.

2.10. Statistical Analysis

Statistical analysis was performed with SPSS 23.0. One-way ANOVA analysis and
LSD multiple range tests were performed. The mean and standard deviation were reported
and the significant differences among mean values were at p < 0.05. Experiments for each
sample were done in triplicate.

3. Results
3.1. The DH of MP

The DH of protein has significant correlations to the bioactivity of protein-hydrolysates.
The effect of microwave pretreatment on the DH of MP was shown in Figure 1. All the
microwave pretreatments increased the DH of MP except for the microwave power of
1000 W. Compared to the control (the microwave power of 0 W), the MP pretreated by
microwave with 400 W showed the highest DH with the value of 15.78%, which increased
by 29.28%. The DH of MP pretreated by microwave with the power of 300 W and 600 W
had no significant difference (p > 0.05) compared to that of 400 W. The DH values reported
in this study are similar to that of MP pretreated by microwave [30]. The DH of MP increase
might be due to the protein unfolding associated with the pretreatment [31]. Microwaves
may promote the cross-linking of protein molecules, especially the disulfide bonds and
destroy the covalent or non-covalent bonds between protein molecules [32]. The microwave
pretreatment made the hydrophobic groups of protein exposed. As the microwave power
went up, the protein molecular started to aggregate. When the microwave power increased
to 1000 W, the aggregation degree of protein was deeper [33]. Proper protein modification
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favors proteolysis, while excess denaturation has the opposite effect. This resulted in the
reduction of the DH of MP at a microwave power of 1000 W compared to others.
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Figure 1. The effects of microwave pretreatment on the DH of MP. Results represent the means of
three determinations =+ standard deviation. Means with different superscripts (a, b, c) are significantly
different (p < 0.05).

3.2. Antioxidant Activity of MP Hydrolysate

DPPH scavenging activity is a commonly used index in many studies for evaluating
the free radical scavenging potentials of natural compounds in vitro and their antioxidant
effect [34]. The impacts of microwave pretreatment on the DPPH scavenging activity of
MP hydrolysate were shown in Figure 2A. All the microwave pretreatments of MP with
different powers showed a higher DPPH scavenging activity compared to that of the control.
The DPPH scavenging activity of the microwave with the power of 300 W showed the
highest value of 43.99% and increased by 53.97% compared to that of the control, and it had
no significant influence compared to that of 400 W and 600 W. The total antioxidant capacity
of MP hydrolysate after pretreated by microwave (Figure 2B) showed the similar trend to
that of the DPPH scavenging activity. The total antioxidant capacity of MP pretreated by
microwave with the power of 300 W showed the highest value of 52.83%, which increased
by 16.52% compared to that of the control. These results were in line with that of the DH
of MP (Figure 1). Research showed that high values of DH are positively correlated with
a high bioactivity [35]. In addition, they were inconsistent with that of sunflower meal
protein, which showed that the microwave power of 400 W was higher than that of 300 W
and 600 W [36]. The difference might be relevant in the solubility of protein material. The
material of MP was soluble, and it could be affected at a lower microwave power compared
to insoluble protein.

3.3. Stability of MPHydrolysate

The bioactive peptides were used for antioxidant bioactive products or added to other
foods as a natural antioxidant. Therefore, it is necessary to evaluate their stability under
high temperature processing conditions. The effects of temperature on the antioxidant
activity of MP hydrolysate after being pretreated by microwave are listed in Figure 3.
The results showed that microwave pretreatment could increase the heat stability of MP
hydrolysate compared to that of the control. All the pretreatments decreased the magnitude
of the reduction in antioxidant activity. The DPPH scavenging activity of MP hydrolysate
pretreated by microwave showed a higher stability below the temperature of 90 °C. Com-
pared to the control, the MP hydrolysate with the pretreatment of 300 W microwave power
showed the highest DPPH scavenging activity with the value of 34.01% and increased



Foods 2022, 11, 1759

6 of 13

DPPH scavenging activity (%)
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10 4

by 89.89% (Figure 3A) at the temperature of 120 °C. The total antioxidant capacity of
MP hydrolysate decreased as the temperature went up (Figure 3B). The MP hydrolysate
pretreated by microwave with the power of 300 W showed the highest activity with the
value of 44.28%. Similar results were observed on the effect of heat processing time on the
antioxidant activity of MP hydrolysate pretreated by microwave (Figure 3C,D). Microwave
pretreatment increased the antioxidant stability of MP hydrolysate at a high temperature
from 5 to 60 min compared to that of the control. The MP pretreated by microwave with
the power of 300 W presented the highest antioxidant stability. The stability rate of the
DPPH scavenging activity and total antioxidant capacity of MP hydrolysate pretreated
by microwave with the power of 300 W increased by 21.19% and 8.02%, respectively. The
MP hydrolysate pretreated by microwave had a certain anti-oxidative stability, especially
for the DPPH scavenging activity. This indicated that a high temperature (above 90 °C)
could lead to the loss of antioxidant activity of peptides from MP. Microwave pretreatment
reduced this loss. These results were consistent with that of Zhao [37] who found that the
antioxidant activity of protein hydrolysate from Spanish Mackerel decreased when treated
under 80 and 100 °C. And the same phenomenon was found in Antarctic krill (Euphausia
superba) proteins [38].
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Figure 2. Antioxidant activity: DPPH scavenging activity (A) and total antioxidant capacity
(B) of MP hydrolysate after pretreated by microwave. Results represent the means of three
determinations + standard deviation. Means with different superscripts (a, b, ¢, d) are significantly
different (p < 0.05).

3.4. In Vitro Digestion of MP Hydrolysate

Some food-protein-derived bioactive peptides failed to show functional activity after
oral administration in vivo due to the fact that they are hydrolyzed in the gastrointestinal
tract to peptides with a reduced activity [39]. Therefore, the antioxidant activity of MP
hydrolysate digested in vitro was evaluated. As shown in Figure 4, the DPPH scaveng-
ing activity and total antioxidant capacity of MP hydrolysate after being pretreated by
microwave increased with the power of 300 W of the highest value. This result indicated
that peptides in MP hydrolysate could make use of the gastrointestinal digestive enzymes
to generate more antioxidant peptides. These results were inconsistent with the litera-
tures [40,41], which showed the influence of resistance to digestion or the breaking down
of peptides in the gastrointestinal tract. The difference might result from the difference in
protein material, type of protease, and enzymatic parameter.
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Figure 3. Thermal treatment on the DPPH scavenging activity (A), total antioxidant capac-
ity (B), treatment time on the DPPH scavenging activity (C), and total antioxidant capacity
(D) of MP hydrolysate after pretreated by microwave. Results represent the means of three
determinations + standard deviation.
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Figure 4. The effect of digestion in vitro on DPPH scavenging activity (A) and total antioxidant
capacity (B) of MP hydrolysate after pretreated by microwave. Results represent the means of three
determinations + standard deviation. Means with different superscripts (a, b, ¢, d) are significantly
different (p < 0.05).
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3.5. Peptide Content

The effects of microwave pretreatment with different powers on the peptide content
were shown in Figure 5. The peptide content of MP hydrolysate after pretreated by
microwave increased significantly (p < 0.05) compared to that of the control (without
microwave pretreatment) except for the microwave power of 1000 W. The highest peptide
content was observed at a microwave power of 400 W with the value of 20.24 mg/mL
and increased by 27.66% compared to the control. Microwave pretreatment was capable
of enhancing the solubilization and protein recovery in subsequent enzymatic hydrolysis.
The peptide content was a positive correlation with the DH of MP (Figure 1). These results
were similar to that of microwave pretreatment on the chicken feather [42] and defatted
soybean meal [43].
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Figure 5. Peptide content of MP hydrolysate after pretreated by microwave. Results represent the
means of three determinations =+ standard deviation. Means with different superscripts (a, b, ¢, d)
are significantly different (p < 0.05).

3.6. Molecular Weight Distribution of MP Hydrolysate

The effect of microwave pretreatment with the power of 300 W on the molecular
weight distribution chromatogram of MP hydrolysate was shown in Figure 6. From the
chromatogram, it could be seen that after microwave pretreatment, MP with a larger
molecular weight was hydrolyzed compared to that of the control. As shown in Table 1,
the peak area of the MP hydrolysate pretreated by microwave was higher under the same
injection volume. This was related to the protein/peptide content of hydrolysate, and it was
consistent with the results of the peptide content (Figure 5). The molecular weight of MP
hydrolysate between 200 Da and 500 Da was much higher than that of the control and the
molecular weight more than 500 Da decreased with more protein/peptide hydrolyzed to
short chain peptides. The results showed that short chain peptides had a high contribution
rate for bioactivity antioxidant [44,45]. These results indicated that microwave pretreatment
could increase the DH of MP, the peptide content of MP hydrolysate, and the content of
small molecular peptides, which improved the antioxidant activity of MP hydrolysate.
This proved that microwave pretreatment of MP was an effective way to promote the
enzymatic process.
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Figure 6. Chromatogram of molecular weight distribution of hydrolysate from MP. (A) Control
(without the microwave power of 0 W) and (B) microwave pretreatment of MP with the power of
300 W.

Table 1. The molecular weight distribution of hydrolysate from MP.

Control Microwave Pretreatment
Molecular
Weight (Da) Peak Area Content Peak Area Content
107 (mV X s) (%) 107 (mV X s) (%)
>500 15.08 77.75 15.13 64.53
200-500 2.51 12.94 5.98 25.52
<200 1.81 9.31 2.33 9.95
Total 19.40 100.00 23.44 100.00

Microwave pretreatment with the power of 300 W.

3.7. Amino Acid Composition

The results of the amino acid content of MP hydrolysate pretreated by different
microwave powers are listed in Table 2. All the hydrolysates were rich in Asp, Glu,
Met, Leu, and Lys. The total amino acid (TAA) content of MP hydrolysate pretreated by
microwave with the power of 400 W showed the highest value, which increased by 8.03%
compared to the control. This result is consistent with that of the peptide content (Figure 5).
The ratio of total hydrophobic amino acids (THAA) to the TAA of MP hydrolysate showed
the highest amplitude with the microwave power of 300 W. The ratio of acidic amino
acids (AAA) to basic amino acids (BAA) in MP hydrolysate pretreated by microwave was
calculated and that of 200 W showed the highest value. Peptides derived from natural
proteins with a higher hydrophobicity have demonstrated excellent antioxidative properties
in vitro [46], and the ratio of AAA to BAA might have a better digestive stability during
the digestion process [47]. This resulted in the stability of MP hydrolysate after microwave
pretreatment (Figures 3 and 4). The peptide content of MP hydrolysate pretreated by
microwave with the power of 400 W showed the highest value. However, the antioxidant
activity of it was lower than that of 300 W. The result of amino acid analysis explained
this phenomenon. The antioxidant activity of MP hydrolysate was related to the peptide
content, and it was also relevant to the amino acid category and content.
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Table 2. Amino acid content of MP hydrolysate pretreated by microwave (mg).

Category 0 200 300 400 600 800 1000
ASP 1.12 1.22 1.38 1.25 1.28 1.21 1.20
THR 0.38 0.37 0.42 0.38 0.41 0.41 0.35
SER 1.12 1.14 0.94 1.14 0.92 1.15 0.92
GLU 1.71 2.25 227 2.32 2.00 1.84 221
GLY 0.46 0.50 0.49 0.48 0.46 0.48 0.43
ALA 0.41 0.48 0.46 0.43 0.42 0.42 0.37
CYS 0.01 0.07 0.02 0.00 0.02 0.01 0.03
VAL 0.49 0.47 0.59 0.50 0.56 0.54 0.51
MET 1.39 1.42 1.47 1.46 1.44 1.41 1.51
ILE 0.79 0.81 0.86 0.80 0.89 0.85 0.79
LEU 1.36 1.37 1.49 1.39 1.44 1.43 1.38
TYR 0.82 0.80 0.89 0.82 0.88 0.85 0.81
PHE 0.40 0.45 0.53 0.51 0.48 0.44 0.47
HIS 0.68 0.56 0.63 0.55 0.66 0.75 0.55
LYS 3.62 3.24 3.34 3.83 3.79 3.71 3.19
ARG 0.88 0.88 0.98 0.98 0.99 0.94 0.93
PRO 0.47 0.54 0.61 0.56 0.56 0.54 0.55

AAA* 2.84 3.46 3.65 3.58 3.28 3.05 341
BAA ** 5.18 4.68 4.94 5.36 5.44 5.40 4.67

THAA *** 5.31 5.53 6.00 5.65 5.78 5.64 5.58

TAA 16.12 16.53 17.35 17.42 17.18 16.99 16.19

* THAA, total hydrophobic amino acids, involves Met, Phe, Val, Leu, Ile, Pro, and Ala. ** AAA represents acidic
amino acids (Asp and Glu). *** BAA represents basic amino acids (Arg, Lys, and His).

4. Discussion

Most of the research focused on the effects of microwave pretreatment on the bioactive
activity of protein hydrolysate, but little research focused on the antioxidant activity and its
stability of MP hydrolysate after high temperature and gastrointestinal digestion. Therefore,
the objectives of this study were to investigate the effect of microwave pretreatment on the
antioxidant activity and stability of enzymatic products from milk protein. The microwave
pretreatment increased the DH of MP and antioxidant activity of MP hydrolysate except
for 1000 W. This might be relevant to the exposure of hydrophobic groups of protein
during microwave process and as the microwave power went up, the protein molecular
start to aggregate, which is not beneficial for enzymatic hydrolysis [33]. Proper protein
modification favors proteolysis, while excess denaturation has the opposite effect. Our
previous research showed that a high temperature (95 °C, 20 min) caused the excessive
aggregation of protein molecules of grass carp, which is not conducive to proteolysis [9].
This resulted in the reduction of the DH of MP at a microwave power of 1000 W compared
to others. The microwave power of 400 W showed the highest DH, but it had no significant
difference (p > 0.05) compared to that of 300 W.

The antioxidant activity of MP hydrolysate pretreated by microwave with the power
of 300 W showed the highest value, and it had a different influence (p < 0.05) compared to
microwave pretreatment with the power of 400 W. In addition, the antioxidant activity of
MP hydrolysate pretreated by microwave with a power of 300 W during thermal treatment
and digestion in vitro showed better stability compared to others. This result was inconsis-
tent with that of the DH of MP. It might be relevant to the peptide content or amino acid
composition of MP hydrolysate after different pretreatments. Then, the characterization
of MP hydrolysate was researched to reveal the reason why different microwave powers
presented different results in antioxidant activity and its stability. From the result it could
be seen that the peptide content of MP hydrolysate was consistent with that of the DH of
MP. The molecular weight of MP hydrolysate pretreated by microwave showed a higher
content of peptide between 200 Da and 500 Da, and a molecular weight more than 500
Da decreased significantly. This showed that microwave pretreatment could reduce the
amount of macromolecular protein and increase the uniformity of MP hydrolysate. The
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result of amino acid analysis showed that the total amino acid content of MP hydrolysate
after being pretreated by a microwave power of 400 W showed the highest value. This
result was in line with that of peptide content and DH. The ratio of THAA to TAA of
MP hydrolysate showed the highest amplitude with the microwave power of 300 W, and
this result was consistent with that of the antioxidant activity. From the results it could
be seen that the microwave pretreatment of MP could increase the antioxidant activity
and its stability of MP hydrolysate during high temperature and digestion in vitro, and
the antioxidant activity was not only related to the peptide content. What is more, it was
relevant to the amino acid category and content in MP hydrolysate.

It is hoped that this research can be helpful in the preparation and application of
antioxidant peptides from MP. It is also hoped that the microwave pretreatment method
can provide an effective method for the preparation of relatively stable antioxidant peptides
from MP. The milk antioxidant peptides pretreated by microwave has broad application
prospects in the prevention and treatment of free radical-induced diseases and anti-aging.
Meanwhile, the further studies are focused on the design of microwave equipment with
more choice among 300 W and 400 W, for example, 320, 340, 360, and 380 W to choose
a better microwave power for the preparation of active peptides. Other thermophysi-
cal processing methods can also be discussed on the preparation of antioxidant peptide
from MP.

5. Conclusions

All the microwave pretreatments increased the DH of MP except for the power of
1000 W and that with 400 W showed the highest value compared to the control. All the
microwave pretreatments of MP showed a higher DPPH scavenging activity and total
antioxidant capacity with 300 W as the highest value and increased by 53.97% and 16.52%,
respectively, compared to that of the control. The DPPH scavenging activity of MP hy-
drolysate pretreated by microwave showed a higher stability below the temperature of
90 °C. After digestion in vitro, the antioxidant activity of MP hydrolysate increased, and
this result indicated that the gastrointestinal digestive enzymes could be enzymatically
decomposed into antioxidant peptides. The peptide content of MP hydrolysate after pre-
treated by microwave increased significantly (p < 0.05) except for the 1000 W microwave
power. The highest peptide content was observed at a microwave power of 400 W, which
was consistent with the result of the DH of MP. The result of molecular weight distribu-
tion showed that the molecular weight between 200 Da and 500 Da of MP hydrolysate
pretreated by microwave with power of 300 W was much higher than that of the control.
The TAA content of MP hydrolysate pretreated by microwave with a power of 400 W
showed the highest value, which increased by 7.58% compared to the control. This result is
consistent with that of peptide content and the DH of MP. The ratio of THAA to TAA of
MP hydrolysate showed the highest amplitude with the microwave power of 300 W. The
results showed that after microwave pretreatment, the peptide content, the ratio of small
molecule peptides, and the antioxidant peptide content increased, which resulted in the
increase in antioxidant activity and stability. In conclusion, microwave pretreatment is an
effective method for the preparation of antioxidant peptides and increased the antioxidant
stability.

Author Contributions: Conceptualization, H.M.; methodology, X.Y.; validation, X.Y.; formal analysis,
X.R; investigation, X.Y.; writing—original draft preparation, X.Y.; writing—review and editing, X.Y.;
visualization, X.Y.; supervision, H.M.; project administration, H.M.; funding acquisition, X.Y. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Youth Science Fund Project of Natural Science Foundation
of Hebei Province, China (C2019406071); Science and Technology Project of Hebei Education Depart-
ment, China (BJ2019046) and the Foundation for High-level Talents of Chengde Medical University,
China (201902). Technology Innovation Guidance Project-Science and Technology Work Conference
of Hebei Provincial Department of Science and Technology (the year of 2020), China.



Foods 2022, 11,1759 12 0f13

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We thank Hebei Key Laboratory of Nerve Injury and Repair for providing
necessary experimental conditions.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Zhu, X.; Guo, W.; Kang, F; Kong, F; Zhu, Q. Determination of protein content of raw fresh cow’s milk using dielectric spectroscopy
combined with chemometric methods. Food Bioprocess Tech. 2016, 9, 2092-2102. [CrossRef]

Mohanty, D.P.; Mohapatra, S.; Misra, S.; Sahu, P.S. Milk derived bioactive peptides and their impact on human health—A review.
Saudi ]. Biol. Sci. 2016, 23, 577-583. [CrossRef] [PubMed]

Hernandez-Ledesma, B.; Garcia-Nebot, M.].; Fernandez-Tomé, S.; Amigo, L.; Recio, I. Dairy protein hydrolysates: Peptides for
health benefits. Int. Dairy J. 2014, 38, 82-100. [CrossRef]

Wang, Z.; Liu, X; Xie, H.; Liu, Z.; Rakariyatham, K.; Yu, C.; Shahidi, F.; Zhou, D. Antioxidant activity and functional properties of
Alcalase-hydrolyzed scallop protein hydrolysate and its role in the inhibition of cytotoxicity in vitro. Food Chem. 2021, 344, 128566.
[CrossRef]

Villanueva-Lazo, A.; Paz, S.M.-d.l; Rodriguez-Martin, N.M.; Millan, E; Carrera, C.; Pedroche, J.J.; Millan-Linares, M.d.C.
Antihypertensive and Antioxidant Activity of Chia Protein Techno-Functional Extensive Hydrolysates. Foods 2021, 10, 2297.
[CrossRef]

Karimi, A.; Azizi, M.H.; Gavlighi, H.A. Fractionation of hydrolysate from corn germ protein by ultrafiltration: In vitro antidiabetic
and antioxidant activity. Food Sci. Nutr. 2020, 8, 2395-2405. [CrossRef]

Suarez, L.M.; Fan, H.; Zapata, ].E.; Wu, J. Optimization of enzymatic hydrolysis for preparing cassava leaf hydrolysate with
antioxidant activity. Food Bioprocess Tech. 2021, 14, 2181-2194. [CrossRef]

Hayta, M.; Benli, B.; Imen, E.; Kaya, A. Optimization of antihypertensive and antioxidant hydrolysate extraction from rice bran
proteins using ultrasound assisted enzymatic hydrolysis. J. Food Meas. Charact. 2020, 14, 2578-2589. [CrossRef]

Yang, X.; Li, Y.; Li, S;; Ren, X.; Oladejo, A.O.; Lu, F; Ma, H. Effects and mechanism of ultrasound pretreatment of protein on
the Maillard reaction of protein-hydrolysate from grass carp (Ctenopharyngodon idella). Ultrason. Sonochem. 2020, 64, 104964.
[CrossRef]

Zhu, W,; Yang, W.; Ying, B.; Li, X; Li, J.; Li, Y. Optimization of ultra high pressure coupled with enzymatic hydrolysis technology
and its effect on the taste of hydrolysate of pollock bone. Sci. Technol. Food Ind. 2019, 40, 214-219.

Irmak, S.; Meryemoglu, B.; Sandip, A.; Subbiah, J.; Mitchell, R.; Sarath, G. Microwave pretreatment effects on switchgrass and
miscanthus solubilization in subcritical water and hydrolysate utilization for hydrogen production. Biomass Bioenerg. 2018, 108,
48-54. [CrossRef]

Li, M;; Xia, S.; Zhang, Y.; Li, X. Optimization of ACE inhibitory peptides from black soybean by microwave-assisted enzymatic
method and study on its stability. LWT 2018, 98, 358-365. [CrossRef]

Jin, J.; Okagu, O.D.; Udenigwe, C.C. Differential Influence of Microwave and Conventional Thermal Treatments on Digestibility
and Molecular Structure of Buckwheat Protein Isolates. Food Biophys. 2022, 17, 198-208. [CrossRef]

Zhu, Y.; Wang, L.; An, J.; Lii, M.; Sun, J.; Guo, N.; Fu, Y. Response surface optimized enzymatic hydrolysis-microwave assisted
extraction process of mulberry leaf polysaccharide. Bull. Bot. Res. 2020, 40, 635-640.

Hall, F; Liceaga, A. Effect of microwave-assisted enzymatic hydrolysis of cricket (Gryllodes sigillatus) protein on ACE and DPP-IV
inhibition and tropomyosin-IgG binding. J. Funct. Foods 2020, 64, 103634. [CrossRef]

Falade, E.O.; Mu, T.H.; Zhang, M. Improvement of ultrasound microwave-assisted enzymatic production and high hydrostatic
pressure on emulsifying, rheological and interfacial characteristics of sweet potato protein hydrolysates. Food Hydrocolloid. 2021,
117,106684. [CrossRef]

Delgado, M.C.O.; Tironi, V.A.; Afién, M.C. Antioxidant activity of amaranth protein or their hydrolysates under simulated
gastrointestinal digestion. LWT 2011, 44, 1752-1760. [CrossRef]

Zhu, C.; Zhang, W.; Kang, Z.; Zhou, G.; Xu, X. Stability of an antioxidant peptide extracted from Jinhua ham. Meat Sci. 2014, 96,
783-789. [CrossRef]

Yang, X.; Li, Y;; Li, S.; Oladejo, A.O.; Wang, Y.; Huang, S.; Zhou, C.; Wang, Y.; Mao, L.; Zhang, Y.; et al. Effects of multi-frequency
ultrasound pretreatment under low power density on the enzymolysis and the structure characterization of defatted wheat germ
protein. Ultrason. Sonochem. 2017, 38, 410—-420. [CrossRef]

Adler-Nissen, J. Enzymic Hydrolysis of Food Proteins; Elsevier Applied Science Publishers: New York, NY, USA, 1986.

Xu, W,; Kong, B.; Zhao, X. Optimization of some conditions of Neutrase-catalyzed plastein reaction to mediate ACE-inhibitory
activity in vitro of casein hydrolysate prepared by Neutrase. ]. Food Sci. Technol. 2014, 51, 276-284. [CrossRef]

Chen, Y;; Liu, X,; Xiao, Z.; Hang, Y.; Liu, B. Antioxidant activities of polysaccharides obtained from Chlorella pyrenoidosa via
different ethanol concentrations. Int. J. Biol. Macromol. 2016, 91, 505-509. [CrossRef] [PubMed]


http://doi.org/10.1007/s11947-016-1791-1
http://doi.org/10.1016/j.sjbs.2015.06.005
http://www.ncbi.nlm.nih.gov/pubmed/27579006
http://doi.org/10.1016/j.idairyj.2013.11.004
http://doi.org/10.1016/j.foodchem.2020.128566
http://doi.org/10.3390/foods10102297
http://doi.org/10.1002/fsn3.1529
http://doi.org/10.1007/s11947-021-02693-0
http://doi.org/10.1007/s11694-020-00504-2
http://doi.org/10.1016/j.ultsonch.2020.104964
http://doi.org/10.1016/j.biombioe.2017.10.039
http://doi.org/10.1016/j.lwt.2018.08.045
http://doi.org/10.1007/s11483-021-09709-4
http://doi.org/10.1016/j.jff.2019.103634
http://doi.org/10.1016/j.foodhyd.2021.106684
http://doi.org/10.1016/j.lwt.2011.04.002
http://doi.org/10.1016/j.meatsci.2013.09.004
http://doi.org/10.1016/j.ultsonch.2017.03.001
http://doi.org/10.1007/s13197-011-0503-0
http://doi.org/10.1016/j.ijbiomac.2016.05.086
http://www.ncbi.nlm.nih.gov/pubmed/27235730

Foods 2022, 11,1759 13 0f 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Thaipong, K.; Boonprakob, U.; Crosby, K.; Cisneros-Zevallos, L.; Byrne, D.H. Comparison of ABTS, DPPH, FRAP, and ORAC
assays for estimating antioxidant activity from guava fruit extracts. J. Food Compos. Anal. 2006, 19, 669-675. [CrossRef]

Ilyasov, L.R.; Beloborodov, V.L.; Selivanova, I.A. Three ABTS.+ radical cation-based approaches for the evaluation of antioxidant
activity: Fast- and slow-reacting antioxidant behavior. Chem. Pap. 2018, 72, 1917-1925. [CrossRef]

Escudero, E.; Mora, L.; Toldra, F. Stability of ACE inhibitory ham peptides against heat treatment and in vitro digestion. Food
Chem. 2014, 161, 305-311. [CrossRef]

Laparra, ].M.; Vélez, D.; Montoro, R.; Barbera, R.; Farré, R. Estimation of arsenic bioaccessibility in edible seaweed by an in vitro
digestion method. J. Agric. Food Chem. 2003, 51, 6080-6085. [CrossRef]

Ketnawa, S.; Martinez-Alvarez, O.; Benjakul, S.; Rawdkuen, S. Gelatin hydrolysates from farmed Giant catfish skin using alkaline
proteases and its antioxidative function of simulated gastro-intestinal digestion. Food Chem. 2016, 192, 34—42. [CrossRef]
Ledoux, M.; Lamy, F. Determination of proteins and sulfobetaine with the folinphenol reagent. Anal. Biochem. 1986, 157, 28-31.
[CrossRef]

Yang, X.; Wang, L.; Zhang, F.; Ma, H. Effects of multi-mode S-type ultrasound pretreatment on the preparation of ACE inhibitory
peptide from rice protein. Food Chem. 2020, 331, 127216. [CrossRef]

Uluko, H.; Zhang, S.; Liu, L.; Tsakama, M.; Lu, J.; Ly, J. Effects of thermal, microwave, and ultrasound pretreatments on
antioxidative capacity of enzymatic milk protein concentrate hydrolysates. J. Funct. Foods 2015, 18, 1138-1146. [CrossRef]

Liu, Q.; Kong, B.; Xiong, Y.L.; Xia, X. Antioxidant activity and functional properties of porcine plasma protein hydrolysate as
influenced by the degree of hydrolysis. Food Chem. 2010, 118, 403—-410. [CrossRef]

Xiang, S.; Zou, H.; Liu, Y.; Ruan, R. Effects of microwave heating on the protein structure, digestion properties and Maillard
products of gluten. J. Food Sci. Technol. 2020, 57, 2139-2149. [CrossRef] [PubMed]

Lamacchia, C.; Landriscina, L.; D’Agnello, P. Changes in wheat kernel proteins induced by microwave treatment. Food Chem.
2016, 197, 634-640. [CrossRef] [PubMed]

Khan, I.T.; Nadeem, M.; Imran, M.; Ajmal, M.; Ali, S. Antioxidant activity, fatty acids characterization and oxidative stability of
Gouda cheese fortified with mango (Mangifera indica L.) kernel fat. J. Food Sci. Technol. 2018, 55, 992-1002. [CrossRef] [PubMed]
Khantaphant, S.; Benjakul, S.; Ghomi, M.R. The effects of pretreatments on antioxidative activities of protein hydrolysates from
the muscle of brownstripe red snapper (Lutjanus vitta). LWT 2011, 44, 1139-1148. [CrossRef]

Dong, C.; Li, E; Wang, L.; Ma, X.; Xu, J.; Kong, L. Microwave pretreatment of sunflower meal protein preparation of antioxidant
peptides. Sci. Technol. Food Ind. 2015, 36, 308-311. [CrossRef]

Zhao, G.; Yang, X.; Wang, Y.; Zhao, Y.; Chi, C.; Wang, B. Antioxidant peptides from the protein hydrolysate of Spanish mackerel
(Scomberomorous niphonius) muscle by in vitro gastrointestinal digestion and their in vitro activities. Mar. Drugs 2019, 17, 531.
[CrossRef]

Zhang, S.; Zhao, G.; Suo, S.; Wang, Y.; Chi, C.; Wang, B. Purification, Identification, activity evaluation, and stability of antioxidant
peptides from alcalase hydrolysate of antarctic krill (Euphausia superba) proteins. Mar. Drugs 2021, 19, 347. [CrossRef]

Fujita, H.; Yokoyama, K.; Yoshikawa, M. Classification and antihypertensive activity of angiotensin I-converting enzyme inhibitory
peptides derived from food protein. J. Food Sci. 2000, 65, 564-569.

Wu, J.; Ding, X. Characterization of inhibition and stability of soy-protein-derived angiotensin I-converting enzyme inhibitory
peptides. Food Res. Int. 2002, 35, 367-375. [CrossRef]

Chen, L.; Ejima, A.; Gu, R.; Lu, J.; Cai, M.; Sato, K. Presence of exopeptidase-resistant and susceptible peptides in a bacterial
protease digest of corn gluten. J. Agric. Food Chem. 2019, 67, 11948-11954. [CrossRef]

Cheong, C.W.,; Lee, Y.S.; Ahmad, S.A.; Ooi, PT.; Phang, L.Y. Chicken feather valorization by thermal alkaline pretreatment
followed by enzymatic hydrolysis for protein-rich hydrolysate production. Waste Manag. 2018, 79, 658-666. [CrossRef] [PubMed]
Roslan, M.A.M.; Sobri, Z.M.; Zuan, A.TK.; Cheak, S.C.; Rahman, A.A. Bioprospecting microwave-alkaline hydrolysate cocktail of
defatted soybean meal and jackfruit peel biomass as carrier additive of molasses-alginate-bead biofertilizer. Sci. Rep. 2022, 12, 254.
[CrossRef] [PubMed]

Niu, L.; Jiang, S.; Pan, L. Preparation and evaluation of antioxidant activities of peptides obtained from defatted wheat germ by
fermentation. J. Food Sci. Technol. 2013, 50, 53-61. [CrossRef] [PubMed]

Agrawal, H.; Joshi, R.; Gupta, M. Isolation and characterisation of enzymatic hydrolysed peptides with antioxidant activities
from green tender sorghum. LWT 2017, 84, 608-616. [CrossRef]

Rajapakse, N.; Mendis, E.; Jung, WK; Je, ].Y.; Kim, S.K. Purification of a radical scavenging peptide from fermented mussel sauce
and its antioxidant properties. Food Res. Int. 2005, 38, 175-182. [CrossRef]

Xie, N.; Liu, S.; Wang, C.; Li, B. Stability of casein antioxidant peptide fractions during in vitro digestion/Caco-2 cell model:
Characteristics of the resistant peptides. Eur. Food Res. Technol. 2014, 239, 577-586. [CrossRef]


http://doi.org/10.1016/j.jfca.2006.01.003
http://doi.org/10.1007/s11696-018-0415-9
http://doi.org/10.1016/j.foodchem.2014.03.117
http://doi.org/10.1021/jf034537i
http://doi.org/10.1016/j.foodchem.2015.06.087
http://doi.org/10.1016/0003-2697(86)90191-0
http://doi.org/10.1016/j.foodchem.2020.127216
http://doi.org/10.1016/j.jff.2014.11.024
http://doi.org/10.1016/j.foodchem.2009.05.013
http://doi.org/10.1007/s13197-020-04249-0
http://www.ncbi.nlm.nih.gov/pubmed/32431340
http://doi.org/10.1016/j.foodchem.2015.11.016
http://www.ncbi.nlm.nih.gov/pubmed/26616997
http://doi.org/10.1007/s13197-017-3012-y
http://www.ncbi.nlm.nih.gov/pubmed/29487441
http://doi.org/10.1016/j.lwt.2010.10.009
http://doi.org/10.13386/j.issn1002-0306.2015.14.054
http://doi.org/10.3390/md17090531
http://doi.org/10.3390/md19060347
http://doi.org/10.1016/S0963-9969(01)00131-4
http://doi.org/10.1021/acs.jafc.9b04444
http://doi.org/10.1016/j.wasman.2018.08.029
http://www.ncbi.nlm.nih.gov/pubmed/30343798
http://doi.org/10.1038/s41598-021-02170-w
http://www.ncbi.nlm.nih.gov/pubmed/34996897
http://doi.org/10.1007/s13197-011-0318-z
http://www.ncbi.nlm.nih.gov/pubmed/24425887
http://doi.org/10.1016/j.lwt.2017.06.036
http://doi.org/10.1016/j.foodres.2004.10.002
http://doi.org/10.1007/s00217-014-2253-5

	Introduction 
	Materials and Methods 
	Materials 
	Microwave Pretreatment of MP 
	Enzymatic Hydrolysis of MP 
	The Degree of Hydrolysis (DH) of MP 
	Antioxidant Activity Analysis 
	DPPH Scavenging Capacity Assay 
	Total Antioxidant Capacity Assay 

	Stability of Antioxidant Activity of MP Hydrolysate 
	Effects of Heat Treatment at different times on Antioxidant Activity of MP Hydrolysate 
	Antioxidant Activity of MP Hydrolysate after Digestion In Vitro 

	Peptide Content 
	Molecular Weight Distribution of MP Hydrolysate 
	Amino Acid Analysis 
	Statistical Analysis 

	Results 
	The DH of MP 
	Antioxidant Activity of MP Hydrolysate 
	Stability of MPHydrolysate 
	In Vitro Digestion of MP Hydrolysate 
	Peptide Content 
	Molecular Weight Distribution of MP Hydrolysate 
	Amino Acid Composition 

	Discussion 
	Conclusions 
	References

