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Abstract: The aim of this work was to characterize the antioxidant properties of some of the peptides
present in bromelain mung bean meal protein hydrolysate (MMPH). The MMPH was subjected to
two rounds of bioassay-guided reversed-phase HPLC separation followed by peptide identification
in the most potent fractions using tandem mass spectrometry. Twelve antioxidant peptides, namely,
HC, CGN, LAN, CTN, LAF, CSGD, MMGW, QFAAD, ERF, EYW, FLQL, and QFAW were identified
and assayed for antioxidant properties. CTN, HC, CGN, and CSGD were the most potent (p < 0.05)
DPPH radical scavengers with EC50 values of 0.30, 0.29, 0.28, and 0.30 mg/mL, respectively, which
are lower than the 0.03 mg/mL obtained for reduced glutathione (GSH). CTN, HC, CGN, and CSGD
exhibited the most potent (p < 0.05) scavenging activities against hydroxyl and superoxide radicals
with EC50 values that are similar to those of GSH. The cysteine-containing peptides also had stronger
ferric reducing antioxidant power and metal chelation activity than peptides devoid of cysteine.
In contrast, MMGW, ERF, and EYW had poor radical scavenging and metal chelation activities.
We conclude that the availability of the sulfhydryl group may have enhanced antioxidant potency
while the presence of bulky groups such phenylalanine and tryptophan had an opposite effect.

Keywords: mung bean; bromelain; membrane ultrafiltration; protein hydrolysate; antioxidant;
peptide sequencing; RP-HPLC

1. Introduction

Free radicals, especially reactive oxygen species such as superoxide radicals (O2
•),

hydroxyl radicals (OH•), peroxyl radicals (ROO•), hydrogen peroxide (H2O2), and singlet
oxygen, are critical because they directly affect cells of living organisms, which, if unat-
tended to, can lead to health problems [1]. This is because only micrograms or lower
quantities of ROS can play beneficial roles in the human body while excessive levels could
become toxic and lead to cellular damages. Excessive levels of ROS can arise if there is an
imbalance between their production and the natural detoxification processes in biological
systems. The presence of excess ROS in the body can lead to oxidative stress, which dam-
ages vital macromolecules (especially proteins and lipids), and lead to accelerated aging
as well as increased risk of developing various diseases, like Parkinson’s, Alzheimer’s,
atherosclerosis, diabetes, cancer, and neurodegenerative disease [2–5].

Antioxidant substances, both synthetic and natural have become significant for sup-
pressing reactive species to maintain human health. However, synthetic antioxidants like
butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) may have carcino-
genic side effects and their uses are being discouraged [6]. Therefore, several natural
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compounds are being studied as potential replacements for synthetic antioxidants. In order
to be acceptable alternatives, these compounds should be able to neutralize ROS and pre-
vent or reduce cellular damages. One of the most studied natural alternatives to synthetic
antioxidants are the food protein-derived peptides, which are normally obtained through
enzymatic hydrolysis of food proteins and have been extensively evaluated for potential
therapeutic functions in preventing cellular damages from oxidative stress and promoting
human health [7]. Bioactive peptides normally contain 2–20 amino acid residues with
low molecular weight and have a variety of biological activities depending on the type of
amino acid, molecular size, and sequence [8,9]. The antioxidant activities of several plant
protein-derived peptides have been determined including chickpea [10,11], wheat [12],
barley [13], soybean [14], corn [15], rapeseed [16,17], and mung bean [18–21].

Mung bean meal is a by-product from vermicelli processing and is usually discarded
as waste even though it has approximately 70% protein (w/w dry basis). In a previous
study, mung bean meal was produced as a flavor enhancer using enzymatic hydrolysis
with bromelain [22]. Peptides and free amino acid in the hydrolysate are key compounds
for its flavor and taste. However, these peptide and amino acids could play various
functional properties and bioactive activities, including the ability to act as antioxidants.
Previous studies have reported other bioactive properties in mung bean peptides and
protein hydrolysates such as antihypertensive [23,24], anti-allergic [25], and anti-tumor [26].
However, only few studies have reported the antioxidant activities of specific peptide
sequences derived from mung bean protein hydrolysate. Moreover, research exploring the
active sequences of the antioxidant peptides obtained from mung bean protein hydrolysate
using bromelain is limited. Knowledge of amino acid sequence is critical to elucidating
structure-function properties with a view to developing highly potent antioxidant peptides.
Therefore, this study was carried out to identify and determine the in vitro functional
performance of antioxidant peptide sequences present in a bromelain mung bean protein
hydrolysate.

2. Results and Discussion
2.1. Antioxidant Activities of Peptide Fractions from the First Round of RP(C12)-HPLC

Peptides present in the <1 kDa fraction of mung bean protein hydrolysate that con-
tributed to a high antioxidant activity potential were identified using two consecutive
rounds of RP(C12)HPLC as previously described [23]. In the first RP(C12)HPLC round,
the mung bean peptides were pooled into twelve fractions (1–12) based on their retention
time (Figure 1).Molecules 2021, 26, x FOR PEER REVIEW 3 of 16 
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Figure 1. Initial separation of mung bean protein hydrolysate by reversed-phase (C12) HPLC into
12 fractions (1–12). Reprinted from Journal of Functional Foods, Vol. 64, Sonklin, C., Alashi, A.M.,
Laohakunjit, L., Kerdchoechuen, O., & Aluko, R.E. Identification of antihypertensive peptides from
mung bean protein hydrolysate and their effects in spontaneously hypertensive rats, Article 103635.
Copyright (2020), with permission from Elsevier.
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The principle of the RP-HPLC involves separating peptides based on their differences
in hydrophobicity (hydrophobic/hydrophilic characters). The hydrophilic peptides were
eluted first while the more hydrophobic peptides become eluted later. The twelve peptide
fractions were assayed for their antioxidant activities using five different methods including
DPPH radical scavenging activity, hydroxyl radical scavenging activity, superoxide radical
scavenging activity, FRAP, and metal chelating activity (Figure 2).
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Figure 2. Antioxidant activities of crude mung bean meal protein hydrolysate (MMPH), <1 kDa peptides and peptide 

fractions derived from the 1st round of RP(C12)HPLC (P1–P10): DPPH scavenging activity (A), hydroxyl radical scaveng-

ing activity (B), superoxide radical scavenging activity (C), FRAP (D), and metal ion chelation activity (E). Data are ex-

pressed as mean ± standard deviation (n = 3). a,b,c,… Different letters indicate significantly different mean values (p < 

0.05). 

The results indicate that fraction P1 had the highest DPPH scavenging, hydroxyl, and 

superoxide radical scavenging activities at 34.92%, 41.15%, and 25.63% respectively. Frac-

tions P5 and P9 had the strongest FRAP with 0.21 and 0.20 mM Fe2+ reduced/mg peptide, 

respectively, while fraction 3 showed the highest metal chelation activity at 28.79%. The 

results suggest that most of the fractions contributed to at least one antioxidant activity, 

which reflect the presence of several antioxidant peptides with a wide range of hydropho-

bicity (directly related to elution time) in the mung bean protein hydrolysate. Most of the 

later-eluting fractions (P5–P12) showed a high potential for antioxidant activities, except 

Figure 2. Antioxidant activities of crude mung bean meal protein hydrolysate (MMPH), <1 kDa pep-
tides and peptide fractions derived from the 1st round of RP(C12)HPLC (P1–P10): DPPH scavenging
activity (A), hydroxyl radical scavenging activity (B), superoxide radical scavenging activity (C),
FRAP (D), and metal ion chelation activity (E). Data are expressed as mean ± standard deviation (n
= 3). a,b,c, . . . Different letters indicate significantly different mean values (p < 0.05).

The results indicate that fraction P1 had the highest DPPH scavenging, hydroxyl,
and superoxide radical scavenging activities at 34.92%, 41.15%, and 25.63% respectively.
Fractions P5 and P9 had the strongest FRAP with 0.21 and 0.20 mM Fe2+ reduced/mg
peptide, respectively, while fraction 3 showed the highest metal chelation activity at 28.79%.
The results suggest that most of the fractions contributed to at least one antioxidant activity,
which reflect the presence of several antioxidant peptides with a wide range of hydropho-
bicity (directly related to elution time) in the mung bean protein hydrolysate. Most of the
later-eluting fractions (P5–P12) showed a high potential for antioxidant activities, except
for metal chelation. Fraction P1 had the best antioxidant activities for DPPH radical, hy-
droxyl radical and superoxide radical but poor activity for FRAP and metal ion chelation.
Therefore, the results revealed that not only later-eluting (higher hydrophobic character)
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peptide fractions have strong antioxidant activities. This might have been influenced by
the high hydrophilic character of fraction P1, which indicate presence of excess electrons
available for neutralizing free radicals. The results are consistent with an earlier report
suggesting that the presence of aspartic acid residues enhance DPPH radical scavenging
activity of food protein hydrolysates [27]. Fraction P1 was selected for further separation by
a second round of RP(C12)HPLC and subsequent peptide sequence identification because
of the strong free radical scavenging activities.

2.2. Antioxidant Activities of Peptide Fractions from the Second Round of RP(C12)HPLC

In order to identify the peptides potentially responsible for the antioxidant activities,
fraction P1 was further separated by a second RP(C12)HPLC and pooled into three fractions
(1A, 1B, and 1C) as shown in Figure 3.
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Figure 3. Separation of fraction P1 by second round of reversed-phase (C12) HPLC into 1A, 1B, and
1C sub-fractions.

Results of the antioxidant assays indicate similarities in potency of fraction 1B and
1C, which were different from that of fraction 1A (Figure 4). For example, fractions 1B
and 1C had DPPH radical scavenging activities of 64.70% and 64.50%, in addition to
hydroxyl radical scavenging activity of 59.78% and 57.30%, respectively. However, the
superoxide radical scavenging activity was lower at 22.27% and 21.70% for fractions 1B
and 1C, respectively. In contrast, fractions 1A, 1B, and 1C all had very poor FRAP and
metal ion chelation activity. Based on their strong radical scavenging activities, fractions
1B and 1C were selected for peptide sequencing by tandem mass spectrometry (MS/MS).
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Figure 4. Antioxidant activities of P1 fractions derived from the second round of RP(C12)HPLC (1A–1C): DPPH scaveng-

ing activity (A), hydroxyl radical scavenging activity (B), superoxide radical scavenging activity (C), metal ion chelation 
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limitations in the absence of a protein database to confirm the obtained sequences. 

  

Figure 4. Antioxidant activities of P1 fractions derived from the second round of RP(C12)HPLC
(1A–1C): DPPH scavenging activity (A), hydroxyl radical scavenging activity (B), superoxide radical
scavenging activity (C), metal ion chelation activity (D), and FRAP (E). Data are expressed as mean ±
standard deviation (n = 3). a,b,c Different letters indicate significantly different mean values (p < 0.05).

2.3. Sequencing and Antioxidant Activities of Peptides

A precursor/fragment ion relationship is established for target amino acid sequence,
which identifies each peptide at a selected mass-to-charge ratio (m/z) value that can be
detected using a mass spectrometer. From the deconvoluted diagrams shown in Figures 5
and 6, 14 y-ions were detected from 1B and 9 from 1C. The MS/MS ions and derived amino
acid sequences for peptides present in fractions 1B and 1C are shown in Figures 5 and 6,
respectively. However, it should be noted that de novo peptide sequencing has limitations in
the absence of a protein database to confirm the obtained sequences.
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Figure 5. De-convoluted annotated MS/MS fragmentation spectra of peptides in fraction 1B and the
corresponding de novo sequencing: HC (A), CGN (B), YE (C), LAN (D), CTN (E), LAF (F), MMGW
(G), QFAAD (H), CSGD (I), and YT (J).
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Figure 6. De-convoluted annotated MS/MS fragmentation spectra of peptides in fraction 1C and the
corresponding de novo sequencing: ERF (A), EYW (B), FLQL (C), and QFAW (D).

The ten oligopeptides obtained from fraction 1B are HC, YT, YE, LAN, CTN, LAF,
CGN, CSGD, MMGW, and QFAAD while those present in fraction 1C are ERF, EYW,
FLQL, and QFAW. The twelve peptide sequences (HC, CGN, LAN, CTN, LAF, CSGD,
MMGW, QFAAD, ERF, EYW, FLQL, and QFAW) having the highest intensity from the mass
spectrometry were selected for synthesis and their antioxidant properties determined as
shown in Table 1. Leucine and isoleucine have similar MS/MS fragmentation patterns but
leucine was selected for the peptides because our previous work showed about 1.5 times
the level of isoleucine in the protein hydrolysate [18]. However, due to the potential for
high false positive rate during de novo sequencing, a manual validation of the presence of
all the peptides will have to be conducted in future studies.

2.3.1. DPPH Radical Scavenging Activity (DRSA)

The peptides CGN, HC, CTN, and CSGD had the strongest DRSA as reflected in
the lower EC50 values when compared to the remaining peptides (Table 1). The results
are consistent with a previous study, which indicated that the presence of asparagine
(N), threonine (T), and aspartic acid (D) contributes strongly to the DRSA of food protein
hydrolysates [27].
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Table 1. Antioxidant activities of selected peptide sequences identified from fractions 1B and 1C *.

Fractions Sequences m/z z Mass (Da) DRSA (EC50,
mg/mL)

HRSA (EC50,
mg/mL)

SRSA (EC50,
mg/mL)

FRAP (mM Fe2+

Reduced/mg
Peptide)

MCA (EC50,
mg/mL)

1B HC 130.19 2 258.08 0.29 ± 0.01 ef 0.56 ± 0.03 ef 0.15 ± 0.01 ef 0.71 ± 0.03 a 1.34 ± 0.04 b

CGN 147.22 2 292.08 0.28 ± 0.01 f 0.74 ± 0.02 e 0.04 ± 0.01 g 0.08 ± 0.00 e 0.04 ± 0.01 g

LAN 158.95 2 316.18 ND 5.31 ± 0.06 b 1.54 ± 0.02 c 0.01 ± 0.00 h 0.36 ± 0.02 defg

CTN 169.09 2 336.11 0.30 ± 0.01 e 0.64 ± 0.03 ef 0.04 ± 0.01 g 0.11 ±0.00 d 0.04 ± 0.01 g

LAF 175.41 2 349.20 ND 0.31 ± 0.03 f 0.02 ± 0.01 g 0.01 ± 0.00 h 10.78 ± 0.89 a

CSGD 191.13 2 380.10 0.30 ± 0.01 e 0.78 ± 0.03 e 0.04 ± 0.01 g 0.16 ± 0.00 c 0.26 ± 0.02 efg

MMGW 262.70 2 523.19 1.39 ± 0.01 c 5.96 ± 0.47 a 1.58 ± 0.04 b 0.04 ± 0.00 g 0.77 ± 0.03 cd

QFAAD 276.32 2 550.24 ND 2.67 ± 0.23 c 0.57 ± 0.01 e 0.01 ± 0.00 h 1.16 ± 0.02 bc

1C ERF 226.09 2 450.22 4.87 ± 0.54 a 2.25 ± 0.33 d 1.34 ± 0.01 d 0.01 ± 0.00 h 0.63 ± 0.01 def

EYW 249.12 2 496.20 1.32 ± 0.03 d ND 1.75 ± 0.03 a 0.06 ± 0.00 f 0.69 ± 0.02 de

FLQL 260.42 2 519.31 ND ND ND 0.01 ± 0.00 h ND
QFAW 276.17 2 550.25 1.67 ± 0.01 b ND ND 0.03 ± 0.00 g 0.07 ± 0.0 1 g

Glutathione (GSH) 0.03 ± 0.00 e 0.60 ± 0.01 ef 0.04 ± 0.01 g 0.61 ± 0.02 b 0.18 ± 0.01 gf

* ND: no detectable activity; EC50 = effective concentration that scavenged 50% of free radicals (DPPH, SRSA, HRSA) or bind 50% of iron (metal chelation); DRSA, DPPH radical scavenging activity; HRSA,
hydroxyl radical scavenging activity; SRSA, superoxide radical scavenging activity; FRAP, ferric reducing antioxidant power; MCA, metal chelating activity. Data are expressed as mean ± standard deviation (n =
3). a,b,c, . . . Different letters indicate significantly different (p < 0.05) mean values in the same column.
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The presence of excess or readily donated electrons on these amino acid residues
could have potentiated the DRSA of CGN, HC, CTN, and CSGD. Moreover, cysteine
has been reported to enhance DRSA because the sulfur molecule and sulfhydryl group
(SH group) in its molecule are stronger oxidizing agents than other amino acids without
sulfur in their structure. This is more effective especially if the Cys is located in the N- and
C-terminal [9,15], which supports the strong DRSA of CGN, HC, CTN, and CSGD. The SH
group can donate hydrogen atom to quench the DPPH radical, and in the process becomes
S·, which reacts with and neutralizes other DPPH radical molecules to become sulfonyl
(SO2) or disulfide (S-S) compounds, resulting in free radical chain termination [28]. The
results obtained in this work show that all the most active peptides (CGN, HC, CTN, and
CSGD) contained Cys in their N-terminal or C-terminal. The results are consistent with the
role of cysteine as a major contributing amino acid to the strong antioxidant potency of GSH,
a natural cellular tripeptide [9,29]. While the peptides obtained in this study had higher
EC50 value of DRSA than GSH, the EC50 values of CGN, HC, CTN, and CSGD are lower
than that of GPP (EC50 of 1.927 mg/mL), a peptide derived from Bluefin leatherjacket [30].
The lower EC50 value indicates higher antioxidant potential. The results indicated that these
peptides could inhibit DPPH radical better than GPP peptide. In contrast, peptide ERF
had the poorest DRSA with a high EC50 value of 4.87 mg/mL, which is almost 162 times
lower than the activity obtained for GSH, the potent cellular antioxidant peptide. EYW,
which has glutamic acid (E) at the N-terminal and QFAW also showed weaker DRSA when
compared to CGN, HC, CTN, and CSGD. The presence of lysine (Y) has been reported to
be negatively correlated with DRSA, which could be responsible for the weaker activity
of EYW. It is pertinent to note that EYW, QFAW, and MMGW all have tryptophan at
the C-terminal, which seem to reduce DRSA potency of the peptides. Peptide LAN had
poor DPPH activities and were not able to effectively scavenge DPPH. Similarly, the three
peptides with no detectable activity (LAF, QFAAD, and FLQL) all contain phenylalanine
but whether this residue is responsible for the lack of DRSA remains to be investigated.
However, for this set of peptides, the presence of aromatic amino acids correlated with
weak DRSA. The results are consistent with previous studies that suggested that, while the
low molecular weight of peptides could promote antioxidant activity, the sequence within
the peptide chain and the position and type of amino acids were the main factors [11,31,32].

2.3.2. Hydroxyl Radical Scavenging Activity (HRSA)

The hydroxyl radical is one of the most reactive oxygen radicals, causing radical chain
reactions and inducing severe damage to cells in the human body, including destruction of
carbohydrates, nucleic acids, lipids, and proteins, which makes it an important free radical
and a target of antioxidants in the human body [29,33]. Peptides LAF, HC, CTN, CGN,
and CSGD were the most potent hydroxyl radical scavengers with EC50 values lower than
1 mg/mL and similar to that of GSH (Table 1). Other peptides, ERF, QFAAD, MMGW, and
LAN, showed poor hydroxyl scavenging radical activity with higher EC50 values while
EYW, FLQL, and QFAW had no detectable activities. A comparison of LAN with LAF
suggests that the presence of phenylalanine (F) at the C-terminal provides better HRSA than
asparagine in the same position. The observed difference may be due to the reported ability
of the aromatic ring in phenylalanine to donate hydrogen atom to the hydroxyl radical and
thus terminate the free radical chain reaction [32,33]. HC, CTN, CGN, and CSGD exhibited
strong hydroxyl radical scavenging activity that is similar to their DRSA, which could be
attributed to the presence of cysteine at the N- or C-terminal. The sulfhydryl group in
cysteine can also donate a proton to neutralize the hydroxyl radical. Therefore, the results
suggest that the presence of cysteine or phenylalanine at the N- or C-terminal could make
a significant contribution to the HRSA of peptides [32]. The EC50 values for LAF, HC, CTN,
CGN, and CSGD are lower (stronger HRSA) than the 2.358 mg/mL reported for Bluefin
leather jacket peptide GPP [30] while the LAF had similar value as VLYEE (EC50 0.353
mg/mL), a peptide obtained from croceine muscle protein hydrolysate [29] and FY (EC50
0.41 mg/mL), a peptide derived from perilla seed protein [34]. In the case of phenylalanine,
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which is present in LAF and FY (perilla seed peptide), both of these possessed strong HRSA.
On the other hand, leucine, which is found in LAF and YL (perilla seed peptide) lacked
HRSA. The results suggest that the presence of phenylalanine at the N- or C-terminal could
be largely related effective HRSA. In contrast, peptides that contained leucine at C-terminal
had low HRSA. Therefore, the results support the principle that type of amino acid and its
position has significant effect on antioxidant activity.

2.3.3. Superoxide Radical Scavenging Activity (SRSA)

Another important oxygen species or free radical is the superoxide radical. The strongest
SRSA (lowest EC50 value) was also displayed by the peptide LAF and is similar to the GSH
activity (Table 1). Other peptides with strong EC50 values (<1.0 mg/mL) include HC, CGN,
CTN, CSGD, and QFAAD, with activities that are similar to that of GSH. The peptides FLQL
and QFAW did not have any measurable SRSA. Apart from LAF, the presence of cysteine may
have also contributed to the strong SRSA of some of the peptides. Therefore, cysteine might
be the most important amino acid responsible for scavenging of the superoxide radicals in
this study. Jin et al. [15] also reported that the corn protein-derived peptide CSQAPLA with a
cysteine residue at the N-terminal had better SRSA than two other peptides that contained no
cysteine. Both the free forms and residual side chains of cysteine can oxidize the oxygen free
radical (oxygen free radical-mediated oxidation) to becomes cysteine disulfides or sulfonic
acid, which results in the termination of the free radical reaction [35]. The peptide CYIE
obtained from protein hydrolysates of blood cockle, which had cysteine at its N-terminal, had
an SRSA EC50 value of 2.31 mg/mL [36], which is higher (weaker activity) than those of HC,
CGN, CTN, CSGD, and QFAAD in the present study. Previous reports have also reported
strong contributions of cysteine to the SRSA of CSQAPLA, CQV, QCV, QVC, and QCA [15,37].
Moreover, the peptides LAF, CGN, CTN, and CSGD all exhibited stronger superoxide radicals
scavenging activity than GVPLT (EC50 2.881 mg/mL) obtained from Bluefin leather jacket [30],
and MDLFTE (EC50 0.75 mg/mL) and WPPD (EC50 0.46 mg/mL) from hydrolysates of blood
cockle [36].

2.3.4. Ferric Reducing Antioxidant Power (FRAP)

Only the peptide HC showed strong FRAP with a similar value as the standard GSH
while CSGD and CTN had moderate values (Table 1). Interestingly, all the peptides with
the strong or moderate FRAP also had cysteine in their sequence. The presence of cysteine
at the peptide terminals may have facilitated electron donation to reduce the ferric ion
to the more stable divalent ferrous ion. The results are consistent with a previous report
indicating strong contributions of cysteine to FRAP of peptides [15,27]. The presence of
histidine might also be another factor that contributed positively to the strong FRAP of
HC. Usually, histidine-containing peptides act as antioxidants mainly by electron transfer,
which could assist in reducing the ferric ion, depending on the pH of the environment [38].
Furthermore, the ability of the imidazole group to undergo resonance stabilization can
enhance electron sharing or donation to the ferric ion [38]. In contrast, peptides such as
ERF, EYW, FLQL, QFAAD, and LAF that are devoid of cysteine or histidine residues had
poor ability to share or donate electrons to the ferric ion, which could be responsible for
the observed poor FRAP. While glutamic acid (E) has been suggested to contribute to a
strong FRAP of peptides, the presence of aromatic amino acids is detrimental and may
have contributed to the weak FRAP of ERF and EYW [27].

2.3.5. Metal Ion Chelating Activity (MCA)

Metal chelation is necessary to protect living cells from the toxic effects of metal-catalyzed
free radical generating reactions, especially through the Fenton reaction. The MCA refers to the
capacity of peptides to bind metal ions such as Cu2+ and Fe2+ thereby preventing the oxidative
damage of biological macromolecules in human body such as proteins and nucleic acids [8].
Mung bean peptides had variable MCA with stronger activities (EC50 values less than the 0.18
mg/mL for GSH) obtained for CGN, CTN, and QFAW (Table 1). The peptides CSGD and LAN
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had slightly higher EC50 values than GSH but are stronger metal chelators when compared to
HC, MMGW, QFAAD, ERF, and EYW. While previous works have suggested that amino acids
like sulfur and acidic amino acids might have significant effects on the MCA of peptide, results
from the present study indicate the importance of other amino acid residues. The suggested
contributions of sulfur and acidic amino acids are due to the excess electrons, which could
enhance electrostatic and ionic interactions with iron [39]. However, with the exception of LAN
and QFAAD, the present results differ from previous reports showing that chickpea protein
hydrolysate [40] and rice bran protein hydrolysate [41] with strong MCA contained asparagine
and glutamine. However, chickpea peptides containing asparagine with same -CONH2 group
as glutamine (Q) at the N-terminal position of peptides also showed very strong MCA [40],
which is similar to the results obtained for QFAW in this research. Therefore, it is possible that
the -CONH2 group in its side chain molecule can chelate the transition metal ions (Fe2+ and
Cu2+). In contrast, FLQL with glutamine in the penultimate position had no detectable MCA,
which indicates that position of the amino acid is critical to bioactive properties. The MCA of
glutamine is believed to be due to the univalent -CONH2 group in its structure. The carbonyl
group (C=O) acts as a ligand molecule, and can tightly bind with metal ions to becomes a
stable complex molecule [42]. High MCA is not only related to sulfur and acidic amino acids
but also basic amino acids. Peptide HC had moderate MCA probably because the imidazole
ring in histidine side chain can interact with metal ions [40]. Therefore, sulfur, acidic and basic
amino acids had significant positive effects on MCA of the peptides.

3. Materials and Methods
3.1. Materials

Mung bean meal was provided by Sittinan Co. Ltd., Lat Lum Kaeo District, Pathum
Thani, Thailand. Before hydrolysis, mung bean meal was extracted twice with hexane to
obtain the defatted meal. Bromelain was provided by KMuch-Industry Co., Ltd. (Bangkok,
Thailand). All other chemical reagents were of analytical grade and purchased from Fisher
Scientific (Oakville, ON, Canada) or Sigma Aldrich (St. Louis, MO, USA).

3.2. Preparation of Peptide Fractions from Mung Bean Hydrolysate

Defatted mung bean meal was hydrolyzed using 15% (w/w) bromelain (enzyme
activity = 97,540 CDU) at pH 6.0 and temperature 50 ◦C for 12 h according to a pre-
viously detailed method [43]. The mung bean meal protein hydrolysate (MMPH) was
further fractionated using an ultrafiltration membrane with molecular weight cut off 1 kDa.
The permeate (<1 kDa peptide fraction) was collected, freeze dried, and stored at −20 ◦C.

3.3. First Round of Reversed-Phase High-Performance Liquid Chromatography (RP(C12)HPLC)
Peptide Separation

The less than 1 kDa peptide fraction was further purified by a two-step RP(C12)HPLC
using a Varian 940-LC system (Agilent Technologies, Santa Clara, CA, USA) according
to a previous method [23]. Briefly, the <1 kDa peptide fraction was diluted in Buffer
A (0.1% trifluoroacetic acid, TFA in Milli-Q water) at a concentration of 100 mg/mL
and was filtered sequentially first through a 0.45 µm and then 0.2 µm membrane discs
before injection. The filtered sample was injected (4 mL) onto a 21 × 250 mm (5 µm)
C12 preparative column (Phenomenex Inc., Torrance, CA, USA) and Buffer B (0.1% TFA
in methanol) was used to elute peptides at a flow rate of 10 mL/min using a linear
gradient from 0%–100% Buffer B over 60 min. Eluted peptides were detected at 214 nm,
collected every minute and pooled into 12 fractions (P1–P12) based on their elution time.
The 12 fractions were evaporated under vacuum in a rotary evaporator (maintained at a
temperature at 45 ◦C) in order to remove solvent from the fractions; the aqueous residues
were then freeze-dried and analyzed for antioxidant activities.
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3.4. Second Round of RP(C12)HPLC Separation

Fraction (P1) from the initial RP(C12)HPLC was further purified on the C12 prepara-
tive column since it showed the highest antioxidant activities. Fraction P1 was dissolved in
Buffer A at a concentration of 25 mg/mL. The sample was filtered through a 0.2 µm disc
filter and 2 mL injected onto the preparative C12 column. Sample elution was carried out
at a flowrate of 2 mL/min with a linear gradient of 40–60% Buffer B for 45 min; eluted pep-
tides were detected at 214 nm and collected every minute. P1 was pooled into 3 fractions
(1A–C) based on elution time. The fractions obtained were evaporated under vacuum in
a rotary evaporator as described above, and the aqueous residues were freeze-dried and
stored at −20 ◦C. Antioxidant activity of the freeze-dried fractions were determined.

3.5. Identification of Peptide Sequences

Amino acid sequence of peptides present in 1B and 1C (fractions with strongest
antioxidant activities) were carried out by first generating the tandem mass spectrometer
(MS/MS) spectra using an Absciex QTRAP® 6500 MS System coupled with an electrospray
ionization source (Absciex, Foster City, CA, USA) as previously described [23]. The freeze-
dried fractions were dissolved (100 µg/mL) in 20% acetonitrile followed by direct infusion
(10 µL) into the mass spectrometer. The following instrument parameters were used:
Ion source: Turbo Spray Ion Drive, Operation mass scan mode: Low mass mode with
mass scan rage 55–1,000 Da, Vacuum gauge: 3.1 × 10−5 Torr, Source temperature (at set
point): 399 ◦C, Scan Type: Enhanced Product Ion (EPI), Polarity: Positive ion mode and
Scan rate: 2000 Da/s. The MS/MS spectra data were obtained from the Absciex operating
program. The amino acid sequence of each peptide was subsequently identified by de novo
peptide sequencing using the PEAKS® software, version 7 (Bioinformatics Solutions Inc.,
Waterloo, ON, Canada). The raw files from Absciex operating program (.wiff) were loaded
into PEAKS operating program. The high intensity peaks from 1B and 1C were selected for
sequence identification. The condition of sequence identity was set with trypsin enzyme
specificity (instead of bromelain), precursor mass tolerance was set to 0.5 Da, fragment
ion tolerance was set to 0.5 Da and with acceptable average local confidence (ALC) ≥75%.
The predicted peptide sequences were synthesized (>95% purity) by Genscript USA Inc.
(Genscript USA Inc., Piscataway, NJ, USA) and their antioxidant activities analyzed.

3.6. Determination of Antioxidant Properties
3.6.1. DPPH Radical Scavenging Activity

The scavenging activity of peptide samples (0.6 mg/mL) against DPPH radical was
carried out according to the method described by Alashi et al. [44]. Peptide samples were
dissolved in 0.1 M sodium phosphate buffer, pH 7.0 containing 1% (w/v) Triton X-100.
DPPH was dissolved in 95% ethanol to a final concentration of 100 µM. Peptide samples
(100 µL) at various concentrations were mixed with 100 µL of the DPPH solution in a
96-well plate while the blank contained 100 µL buffer instead of sample. The reaction
mixtures were subsequently incubated at room temperature in the dark for 30 min followed
by measurement of absorbance values at 517 nm. Reduced glutathione (GSH) was used as
a positive control and assayed the same way as samples and blank.

The DPPH radical-scavenging activity was calculated using the following equation:

DPPH radical scavenging activity (%) =
Ablank− Asample

Ablank
× 100 (1)

The effective peptide concentration that scavenged 50% of the DPPH radicals (EC50)
was determined from the regression plot of concentration against percentage scavenging
activity using GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA).

3.6.2. Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging assay was carried out using the modified method
described by Ajibola et al. [45]. Peptide samples and positive control (GSH) were dissolved
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in 0.1 M sodium phosphate buffer (pH 7.4) at various concentrations. The reactions were
carried out in a 96-well microplate, where 50 µL of samples or buffer (blank) was mixed
with 50 µL of 3 mM 1,10-phenanthroline in 0.1 M sodium phosphate buffer (pH 7.4) and
50 µL of 3 mM FeSO4. To initiate the Fenton reaction, 50 µL of 0.01% hydrogen peroxide
(H2O2) was added and absorbance read at 536 nm every 10 min for 1 h while incubating at
37 ◦C with continuous shaking. The percentage hydroxyl radical scavenging activity was
calculated using the following equation:

Hydroxyl radical scavenging activity (%) =
(∆Amin−1(blank)− ∆Amin−1(sample)

∆Amin−1(blank)
× 100 (2)

where, ∆Amin−1(blank) and ∆Amin−1(sample) are the change in rate of reaction of blank
and sample, respectively. EC50 values were calculated as described above for DPPH.

3.6.3. Superoxide Radical Scavenging Activity

Samples at varying concentrations were prepared by dissolving in 50 mM Tris–HCl
buffer, pH 8.3 containing 1 mM EDTA. Samples (80 µL) were pipetted into clear microplate
wells while a similar volume of buffer was used for the blank well and GSH as the positive
control. After adding 40 µL of 1.5 mM pyrogallol (prepared in 10 mM HCl), and 80 µL
buffer to each well, the reaction was measured immediately using a spectrophotometer
at 420 nm for 4 min at intervals of 1 min [46]. The superoxide scavenging activity was
calculated using the following equation:

Uperoxide scavenging activity (%) =
(∆Amin−1(blank)− ∆Amin−1(sample)

∆Amin−1(blank)
× 100 (3)

where, ∆Amin−1(blank) and ∆amin−1(sample) are the change in rate of reaction of blank
and samples, respectively. EC50 values were calculated as described above for DPPH.

3.6.4. Ferric Reducing Antioxidant Power (FRAP)

The FRAP assay was performed according to the modified method of Karamać
et al. [47]. The FRAP reagent was prepared by mixing 0.3 M acetate buffer, 10 mM TPTZ at
pH 3.6 in 40 mM HCl, and 20 mM FeCl3.6H2O pH 3.6 at ratio of 5:1:1 (v/v/v). Samples or
GSH were dissolved in deionized water to obtain varying reaction concentrations and the
reaction carried out in a 96-well microplate. The FRAP reagents were incubated at 37 ◦C
and 200 µL taken and added to 40 µL of samples followed by absorbance measurement
at 593 nm. A standard curve was generated using FeSO4·7H2O (0.03–0.9 µmol/mL) and
results were reported as mmol of Fe2+ reduced per g protein from the regression slope of
the standard curve.

3.6.5. Metal Ion Chelating Activity

To assay for metal ion chelating activity, samples were prepared to varying concen-
trations in deionized water. Samples, GSH, or blank (water) were mixed separately with
0.05 mL of 2 mM FeCl2, 1.85 mL of deionized water, and 0.1 mL of 5 mM of ferrozine
solution in a reaction tube for 10 min at room temperature. Subsequently, 200 µL of each
sample solution were pipetted into 96 well microplates and absorbance measured at 562
nm [46]. The percentage metal ion chelating activity was calculated using the following
equation:

Metal chelating activity (%) =

(
Ablank − Asample

)
Ablank

× 100 (4)

EC50 values were calculated as described above for DPPH.

3.7. Statistical Analysis

All the in vitro assays were performed in triplicate and means of data analyzed using
the analysis of variance ANOVA) by SAS program Version 9.0. (SAS Institute, Cary, NC,
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USA). Statistical significance of differences between samples was accepted at p < 0.05 using
the Duncan’s multiple range test.

4. Conclusions

This research work studied the antioxidant properties of 12 peptide sequences identi-
fied from the bromelain digest of mung bean proteins. DRSA was correlated to the presence
of cysteine residues at the N-terminal and C-terminal of peptides, which indicate significant
contributions of the sulfhydryl groups. In contrast, the presence of phenylalanine had a
negative effect on the DRSA of peptides. The presence of tryptophan also reduced antioxi-
dant potency. Scavenging of other free radicals such as hydroxyl and superoxide was also
highly dependent on the presence of cysteine in the peptides. The role of glutamine was
dependent on location within the peptide with the N-terminal position contributing to
stronger antioxidant properties while presence at the penultimate position had an opposite
effect. Overall, CTN, CGN, and HC exhibited the strongest free radical scavenging and
metal ion chelation properties with values that are comparable to those obtained for GSH.

Author Contributions: Conceptualization, N.L. and R.E.A.; methodology, C.S., N.L., A.M.A., and
R.E.A.; formal analysis, C.S. and A.M.A.; resources, N.L. and R.E.A.; data curation, C.S. and A.M.A.;
writing—original draft preparation, C.S.; writing—review and editing, A.M.A. and R.E.A.; visualiza-
tion, C.S. and A.M.A.; supervision, N.L., A.M.A., and R.E.A.; project administration, N.L. and R.E.A.;
funding acquisition, N.L. and R.E.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by The Thailand Science Research and Innovation (TSRI) and
King Mongkut’s University of Technology Thonburi, and King Mongkut’s University of Technology
North Bangkok, Thailand. We acknowledge support from the Natural Sciences and Engineering
Council of Canada (NSERC), funding reference number RGPIN 2018-06019. Cette recherche a été
financée par le Conseil de recherches en sciences naturelles et en génie du Canada (CRSNG), numéro
de référence RGPIN 2018-06019.

Data Availability Statement: Data are contained within the article. The peptide sequences have been
submitted to the BIOPEP database (http://www.uwm.edu.pl/biochemia/index.php/en/biopep).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Wang, L.; Ding, L.; Yu, Z.; Zhang, T.; Ma, S.; Liu, J. Intracellular ROS scavenging and antioxidant enzyme regulating capacities of

corn gluten meal-derived antioxidant peptides in HepG2 cells. Food Res. Int. 2016, 90, 33–41. [CrossRef] [PubMed]
2. Harnedy, P.A.; O’Keeffe, M.B.; Fitz-Gerald, R.J. Fractionation and identification of antioxidant peptides from an enzymatically

hydrolysed Palmaria palmata protein isolate. Food Res. Int. 2017, 100, 416–422. [CrossRef] [PubMed]
3. Homayouni-Tabrizi, M.; Asoodeh, A.; Soltani, M. Cytotoxic and antioxidant capacity of camel milk peptides: Effects of isolated

peptide on superoxide dismutase and catalase gene expression. J. Food Drug Anal. 2017, 25, 567–575. [CrossRef] [PubMed]
4. Ko, S.-C.; Kim, D.; Jeon, Y.-J. Protective effect of a novel antioxidative peptide purified from a marine Chlorella ellipsoidea protein

against free radical-induced oxidative stress. Food Chem. Toxicol. 2012, 50, 2294–2302. [CrossRef] [PubMed]
5. Pham-Huy, L.A.; He, H.; Pham-Huy, C. Free Radicals, Antioxidants in Disease and Health. Int. J. Biomed. Sci. IJBS 2008, 4, 89–96.
6. Wu, R.; Wu, C.; Liu, D.; Yang, X.; Huang, J.; Zhang, J.; Liao, B.; He, H. Antioxidant and anti-freezing peptides from salmon

collagen hydrolysate prepared by bacterial extracellular protease. Food Chem. 2018, 248, 346–352. [CrossRef]
7. Ganesan, K.; Xu, B. A critical review on phytochemical profile and health promoting effects of mung bean (Vigna radiata). Food Sci.

Hum. Wellness 2018, 7, 11–33. [CrossRef]
8. Nwachukwu, I.D.; Aluko, R.E. Structural and functional properties of food protein-derived antioxidant peptides. J. Food Biochem.

2019, 43, e12761. [CrossRef]
9. Tian, M.; Fang, B.; Jiang, L.; Guo, H.; Cui, J.; Ren, F. Structure-activity relationship of a series of antioxidant tripeptides derived

from β-Lactoglobulin using QSAR modeling. Dairy Sci. Technol. 2015, 95, 451–463. [CrossRef]
10. Ertani, A.; Nardi, S.; Francioso, O.; Sanchez-Cortes, S.; di Foggia, M.; Schiavon, M. Effects of Two Protein Hydrolysates Obtained

From Chickpea (Cicer arietinum L.) and Spirulina platensis on Zea mays (L.) Plants. Front. Plant Sci. 2019, 10, 954. [CrossRef]

http://www.uwm.edu.pl/biochemia/index.php/en/biopep
http://doi.org/10.1016/j.foodres.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/29195889
http://doi.org/10.1016/j.foodres.2017.07.037
http://www.ncbi.nlm.nih.gov/pubmed/28873704
http://doi.org/10.1016/j.jfda.2016.10.014
http://www.ncbi.nlm.nih.gov/pubmed/28911643
http://doi.org/10.1016/j.fct.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22542554
http://doi.org/10.1016/j.foodchem.2017.12.035
http://doi.org/10.1016/j.fshw.2017.11.002
http://doi.org/10.1111/jfbc.12761
http://doi.org/10.1007/s13594-015-0226-5
http://doi.org/10.3389/fpls.2019.00954


Molecules 2021, 26, 1515 15 of 16

11. Torres-Fuentes, C.; del mar Contreras, M.; Recio, I.; Alaiz, M.; Vioque, J. Identification and characterization of antioxidant peptides
from chickpea protein hydrolysates. Food Chem. 2015, 180, 194–202. [CrossRef] [PubMed]

12. Zhu, K.; Zhou, H.; Qian, H. Antioxidant and free radical-scavenging activities of wheat germ protein hydrolysates (WGPH)
prepared with alcalase. Process. Biochem. 2006, 41, 1296–1302. [CrossRef]

13. Xia, Y.; Bamdad, F.; Gänzle, M.; Chen, L. Fractionation and characterization of antioxidant peptides derived from barley glutelin
by enzymatic hydrolysis. Food Chem. 2012, 134, 1509–1518. [CrossRef]

14. Ranamukhaarachchi, S.; Meissner, L.; Moresoli, C. Production of antioxidant soy protein hydrolysates by sequential ultrafil-tration
and nanofiltration. J. Memb. Sci. 2013, 429, 81–87. [CrossRef]

15. Jin, D.-X.; Liu, X.-L.; Zheng, X.-Q.; Wang, X.-J.; He, J.-F. Preparation of antioxidative corn protein hydrolysates, purification and
evaluation of three novel corn antioxidant peptides. Food Chem. 2016, 204, 427–436. [CrossRef] [PubMed]

16. He, R.; Girgih, A.T.; Malomo, S.A.; Ju, X.; Aluko, R.E. Antioxidant activities of enzymatic rapeseed protein hydrolysates and the
membrane ultrafiltration fractions. J. Funct. Foods 2013, 5, 219–227. [CrossRef]

17. He, R.; Ju, X.; Yuan, J.; Wang, L.; Girgih, A.T.; Aluko, R.E. Antioxidant activities of rapeseed peptides produced by solid state
fermentation. Food Res. Int. 2012, 49, 432–438. [CrossRef]

18. Sonklin, C.; Laohakunjit, N.; Kerdchoechuen, O.; Ratanakhanokchai, K. Volatile flavour compounds, sensory characteristics and
antioxidant activities of mungbean meal protein hydrolysed by bromelain. J. Food Sci. Technol. 2017, 55, 265–277. [CrossRef]

19. Chunkao, S.; Youravong, W.; Yupanqui, C.T.; Alashi, A.M.; Aluko, R.E. Structure and Function of Mung Bean Protein-Derived
Iron-Binding Antioxidant Peptides. Foods 2020, 9, 1406. [CrossRef]

20. Wongekalak, L.-O.; Sakulsom, P.; Jirasripongpun, K.; Hongsprabhas, P. Potential use of antioxidative mungbean protein hy-
drolysate as an anticancer asiatic acid carrier. Food Res. Int. 2011, 44, 812–817. [CrossRef]

21. Zheng, Z.; Wang, M.; Li, J.; Li, J.; Liu, Y. Comparative assessment of physicochemical and antioxidative properties of mung bean
protein hydrolysates. RSC Adv. 2020, 10, 2634–2645. [CrossRef]

22. Sonklin, C.; Laohakunjit, N.; Kerdchoechuen, O. Physicochemical and Flavor Characteristics of Flavoring Agent from Mungbean
Protein Hydrolyzed by Bromelain. J. Agric. Food Chem. 2011, 59, 8475–8483. [CrossRef]

23. Sonklin, C.; Alashi, M.A.; Laohakunjit, N.; Kerdchoechuen, O.; Aluko, R.E. Identification of antihypertensive peptides from mung
bean protein hydrolysate and their effects in spontaneously hypertensive rats. J. Funct. Foods 2020, 64, 103635. [CrossRef]

24. Xie, J.; Du, M.; Shen, M.; Wu, T.; Lin, L. Physico-chemical properties, antioxidant activities and angiotensin-I converting en-zyme
inhibitory of protein hydrolysates from mung bean (Vigna radiate). Food Chem. 2019, 270, 243–250. [CrossRef] [PubMed]

25. Budseekoad, S.; Yupanqui, C.T.; Alashi, A.M.; Aluko, R.E.; Youravong, W. Anti-allergic activity of mung bean (Vigna radiata (L.)
Wilczek) protein hydrolysates produced by enzymatic hydrolysis using non- gastrointestinal and gastrointestinal enzymes. J.
Food Biochem. 2019, 43, e12674. [CrossRef] [PubMed]

26. Soucek, J.; Skvor, J.; Poucková, P.; Matousek, J.; Slavík, T.; Matousek, J. Mung bean sprout (Phaseolus aureus) nuclease and its
biological and antitumor effects. Neoplasma 2006, 53, 402–409.

27. Udenigwe, C.C.; Aluko, R.E. Chemometric Analysis of the Amino Acid Requirements of Antioxidant Food Protein Hydrolysates.
Int. J. Mol. Sci. 2011, 12, 3148–3161. [CrossRef]

28. Wu, R.; Wu, C.; Liu, D.; Yang, X.; Huang, J.; Zhang, J.; Liao, B.; He, H.; Li, H. Overview of Antioxidant Peptides Derived from
Marine Resources: The Sources, Characteristic, Purification, and Evaluation Methods. Appl. Biochem. Biotechnol. 2015, 176,
1815–1833. [CrossRef] [PubMed]

29. Chi, C.-F.; Hu, F.-Y.; Wang, B.; Li, Z.-R.; Luo, H.-Y. Influence of Amino Acid Compositions and Peptide Profiles on Antioxidant
Capacities of Two Protein Hydrolysates from Skipjack Tuna (Katsuwonus pelamis) Dark Muscle. Mar. Drugs 2015, 13, 2580–2601.
[CrossRef] [PubMed]

30. Chi, C.-F.; Wang, B.; Wang, Y.-M.; Zhang, B.; Deng, S.-G. Isolation and characterization of three antioxidant peptides from protein
hydrolysate of bluefin leatherjacket (Navodon septentrionalis) heads. J. Funct. Foods 2015, 12, 1–10. [CrossRef]

31. Yang, R.; Li, X.; Lin, S.; Zhang, Z.; Chen, F. Identification of novel peptides from 3 to 10kDa pine nut (Pinus koraiensis) meal
protein, with an exploration of the relationship between their antioxidant activities and secondary structure. Food Chem. 2017,
219, 311–320. [CrossRef] [PubMed]

32. Zou, T.-B.; He, T.-P.; Li, H.-B.; Tang, H.-W.; Xia, E.-Q. The Structure-Activity Relationship of the Antioxidant Peptides from
Natural Proteins. Molecules 2016, 21, 72. [CrossRef] [PubMed]

33. Li, X.-R.; Chi, C.-F.; Li, L.; Wang, B. Purification and Identification of Antioxidant Peptides from Protein Hydrolysate of Scalloped
Hammerhead (Sphyrna lewini) Cartilage. Mar. Drugs 2017, 15, 61. [CrossRef]

34. Yang, J.; Hu, L.; Cai, T.; Chen, Q.; Ma, Q.; Yang, J.; Meng, C.; Hong, J. Purification and identification of two novel antioxidant
peptides from perilla (Perilla frutescens L. Britton) seed protein hydrolysates. PLoS ONE 2018, 13, e0200021. [CrossRef]

35. Stadtman, E.R.; Levine, R.L. Free radical-mediated oxidation of free amino acids and amino acid residues in proteins. Amino
Acids 2003, 25, 207–218. [CrossRef]

36. Yang, X.-R.; Qiu, Y.-T.; Zhao, Y.-Q.; Chi, C.-F.; Wang, B. Purification and Characterization of Antioxidant Peptides Derived from
Protein Hydrolysate of the Marine Bivalve Mollusk Tergillarca granosa. Mar. Drugs 2019, 17, 251. [CrossRef] [PubMed]

37. Leung, R.; Venus, C.; Zeng, T.; Tsopmo, A. Structure-function relationships of hydroxyl radical scavenging and chromium-VI
reducing cysteine-tripeptides derived from rye secalin. Food Chem. 2018, 254, 165–169. [CrossRef]

http://doi.org/10.1016/j.foodchem.2015.02.046
http://www.ncbi.nlm.nih.gov/pubmed/25766818
http://doi.org/10.1016/j.procbio.2005.12.029
http://doi.org/10.1016/j.foodchem.2012.03.063
http://doi.org/10.1016/j.memsci.2012.10.040
http://doi.org/10.1016/j.foodchem.2016.02.119
http://www.ncbi.nlm.nih.gov/pubmed/26988521
http://doi.org/10.1016/j.jff.2012.10.008
http://doi.org/10.1016/j.foodres.2012.08.023
http://doi.org/10.1007/s13197-017-2935-7
http://doi.org/10.3390/foods9101406
http://doi.org/10.1016/j.foodres.2011.01.043
http://doi.org/10.1039/C9RA06468K
http://doi.org/10.1021/jf202006a
http://doi.org/10.1016/j.jff.2019.103635
http://doi.org/10.1016/j.foodchem.2018.07.103
http://www.ncbi.nlm.nih.gov/pubmed/30174041
http://doi.org/10.1111/jfbc.12674
http://www.ncbi.nlm.nih.gov/pubmed/31353487
http://doi.org/10.3390/ijms12053148
http://doi.org/10.1007/s12010-015-1689-9
http://www.ncbi.nlm.nih.gov/pubmed/26041057
http://doi.org/10.3390/md13052580
http://www.ncbi.nlm.nih.gov/pubmed/25923316
http://doi.org/10.1016/j.jff.2014.10.027
http://doi.org/10.1016/j.foodchem.2016.09.163
http://www.ncbi.nlm.nih.gov/pubmed/27765232
http://doi.org/10.3390/molecules21010072
http://www.ncbi.nlm.nih.gov/pubmed/26771594
http://doi.org/10.3390/md15030061
http://doi.org/10.1371/journal.pone.0200021
http://doi.org/10.1007/s00726-003-0011-2
http://doi.org/10.3390/md17050251
http://www.ncbi.nlm.nih.gov/pubmed/31035632
http://doi.org/10.1016/j.foodchem.2018.01.190


Molecules 2021, 26, 1515 16 of 16

38. Esfandi, R.; Walters, M.E.; Tsopmo, A. Antioxidant properties and potential mechanisms of hydrolyzed proteins and peptides
from cereals. Heliyon 2019, 5, e01538. [CrossRef] [PubMed]

39. Zhu, L.; Chen, J.; Tang, X.; Xiong, Y.L. Reducing, radical scavenging, and chelation properties of in vitro digests of alcalase-treated
zein hydrolysate. J. Agric. Food Chem. 2008, 56, 2714–2721. [CrossRef]

40. Zhang, T.; Li, Y.; Miao, M.; Jiang, B. Purification and characterisation of a new antioxidant peptide from chickpea (Cicer arietium
L.) protein hydrolysates. Food Chem. 2011, 128, 28–33. [CrossRef] [PubMed]

41. Phongthai, S.; Rawdkuen, S. Fractionation and characterization of antioxidant peptides from rice bran protein hydrolysates
stimulated by in vitro gastrointestinal digestion. Cereal Chem. J. 2019, 97, 316–325. [CrossRef]

42. Saiga, A.E.; Nishimura, T. Antioxidative Properties of Peptides Obtained from Porcine Myofibrillar Proteins by a Protease
Treatment in an Fe (II)-Induced Aqueous Lipid Peroxidation System. Biosci. Biotechnol. Biochem. 2013, 77, 2201–2204. [CrossRef]
[PubMed]

43. Sonklin, C.; Laohakunjit, N.; Kerdchoechuen, O. Assessment of antioxidant properties of membrane ultrafiltration peptides from
mungbean meal protein hydrolysates. PeerJ 2018, 6, e5337. [CrossRef] [PubMed]

44. Alashi, A.M.; Blanchard, C.L.; Mailer, R.J.; Agboola, S.O.; Mawson, A.J.; He, R.; Girgih, A.T.; Aluko, R.E. Antioxidant prop-erties
of Australian canola meal protein hydrolysates. Food Chem. 2014, 146, 500–506. [CrossRef] [PubMed]

45. Ajibola, C.F.; Fashakin, J.B.; Fagbemi, T.N.; Aluko, R.E. Effect of Peptide Size on Antioxidant Properties of African Yam Bean Seed
(Sphenostylis stenocarpa) Protein Hydrolysate Fractions. Int. J. Mol. Sci. 2011, 12, 6685–6702. [CrossRef] [PubMed]

46. Xie, Z.; Huang, J.; Xu, X.; Jin, Z. Antioxidant activity of peptides isolated from alfalfa leaf protein hydrolysate. Food Chem. 2008,
111, 370–376. [CrossRef]
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