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Background. Bioactive peptides can prevent damage associated with oxidative stress in
humans when consumed regularly. Recently, peptides have attracted immense interest
because of their beneficial functional properties, safety and little or no side effects
when used at high concentration. Most antioxidant peptides are small in size, less
than 1 kDa, and contains a high proportion of hydrophobic amino acid. Particularly,
tyrosine, leucine, alanine, isoleucine, valine, lysine, phenyalanine, cysteine, methionine
and histidine in peptide chain exhibited high antioxidant activity. Mungbean meal
protein (MMP) is highly abundant in hydrophobic amino acids. It indicated that MMP
might be a good source of antioxidants. Therefore, the objectives were to optimize
the conditions used to generate mungbean meal protein hydrolysate (MMPH) with
antioxidant activity from bromelain and to investigate the antioxidant activities of
different molecular weight (MW) peptide fraction.
Methods. Response Surface Methodology (RSM) was used for screening of the optimal
conditions to produce MMPH. After that MMPH was fractionated using ultrafiltration
membranes with different MW distributions. Crude-MMPH and four fractions were
investigated for five antioxidant activities: 2,2,1-diphenyl-1-picrylhydrazyl (DPPH),
hydroxyl, superoxide, ferric reducing antioxidant power (FRAP) and metal ion
chelation activity.
Results. The optimal condition to produce the MMPH was 15% (w/w) of bromelain
and hydrolysis time for 12 h which showed the greatest DPPH and ABTS radical
scavenging activity. After mungbean protein from optimal condition was separated
based on different molecular weight, the DPPH radical scavenging activity was the
highest for the F4 (less than 1 kDa) peptide fraction. Metal ion chelating activity was
generally weak, except for the F4 that had a value of 43.94% at a protein concentration
of 5 mg/mL. The F4 also exhibited high hydroxyl and superoxide activities (54 and
65.1%), but moderate activity for ferric reducing antioxidant power (0.102 mmole
Fe2+/g protein) compared to other peptide fractions and crude-MMPH. Molecular
weight and amino acid were the main factors that determined the antioxidant activities
of these peptide fractions. Results indicated that F4 had strong antioxidant potentials.
Discussion. The lowest MW fraction (less than 1 kDa) contributed to the highest
DPPH, superoxide, hydroxyl and metal chelation activity because influence of low
MW and high content of hydrophobic amino acid in peptide chain. Results from this
study indicated that MMPH peptides donate protons to free radicals because they had
significantly high DPPH value compared to superoxide, hydroxyl and FRAP, which
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reactions were electron donation. Moreover, MMPH peptides had the ability to inhibit
transition metal ions because of highly abundant glutamic acid and aspartic acid in
peptide chain.
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INTRODUCTION
Bioactive peptides are usually obtained by enzymatic hydrolysis of food proteins. Normally,
peptides within their parent protein chain cannot exhibit bioactive function but these
functions can be activated after cleavage by (Chi et al., 2014). Apart from enzymatic
hydrolysis, these peptides can also be cleaved from parent proteins by microbial enzymes
and during food processing (Pownall, Udenigwe & Aluko, 2010). Enzymatic hydrolysis
is a suitable way to produce bioactive peptides without losing nutritional value (He et
al., 2013). Additionally, the use of enzymatic hydrolysis of protein can help to control
the end product, thereby producing desirable target peptides (Adler-Nissen, 1986). It is
an inexpensive method for cleaving proteins to peptides and free amino acids and, the
solubility of the peptide products is usually higher than that of the parent protein with
their amino acid profile can remain essentially unchanged or probably enhanced in some
fractions (Cumby et al., 2008).
An antioxidant is a substance that counteracts the oxidative reaction caused by free
radicals (Lobo et al., 2010). The most widely used synthetic antioxidants are butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and tert -butylhydroquinone
(TBHQ) but the use of synthetic antioxidants is under strict regulation because they
are toxic to human health (Ng, Tan & Khor, 2017). In recent years, natural antioxidants
have attracted immense interest because of their beneficial functional properties and safety.
Natural antioxidants have little or no side effects when used at high concentration (Pownall,
Udenigwe & Aluko, 2010; Li et al., 2008). Bioactive peptides are used in the formulation of
functional food that can prevent damage associated with oxidative stress in the human
body when consumed regularly (Alashi et al., 2014). Recently, many studies are interested
in generating bioactive peptides from plant protein sources (Udenigwe & Aluko, 2011).
Some factors that influence the bioactivity of peptide are size, amino acid composition
and sequence (Arise et al., 2016). Generally, bioactive peptides have two to twenty amino
acid residues per chain and often contain high proportion of hydrophobic amino acid
(Udenigwe & Aluko, 2011). Almost all bioactive peptide that contain Tyr, Leu, Ala, Ile,
Val, Lys, Phe, Cys, Met and His exhibited high antioxidant activity (Wattanasiritham et
al., 2016). However, the antioxidant properties of hydrolysates depend on the protease
specificity, the degree of hydrolysis (DH), and the nature of the released peptides (molecular
weight (MW) and amino acid composition) (Arise et al., 2016).
Mungbean meal is a by-product of vermicelli or green bean noodle industry and has
a protein content of 70% (w/w). Owing to its high protein and hydrophobic amino acid
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contents and abundance, investigating its bioactivity is an important aspect of adding
value to this by-product obtained from this growing industry (Sonklin, Laohakunjit
& Kerdchoechuen, 2011). Bioactive peptides from mungbean protein were hydrolysed
using Alcalase, Neutrase and Virgibacillus sp., which the peptides derived from these
enzymes, possessed antioxidant and angiotensin I converting enzyme (ACE) inhibitory
activities (Lapsongphon & Yongsawatdigul, 2013; Li et al., 2006). Previous studies have
shown that mungbean hydrolysed using bromelain could generate flavour peptides that
have umami flavour characteristics and also antioxidant properties (Sonklin, Laohakunjit
& Kerdchoechuen, 2011; Sonklin et al., 2018). Despite the antioxidant properties from
mungbean meal protein hydrolysate have been reported, the capability of the peptide
fractions to retain these activities is unknown. Therefore, the objectives of this study were
to optimize the conditions used to generate mungbean meal protein hydrolysate with
antioxidant activity from bromelain and to investigate the antioxidant activities of each
peptide fractionated based on different molecular weight.

MATERIALS AND METHODS
Materials
Mungbean meal and bromelain was provided from Sittinun Co., Ltd., Thailand and KMuch-Industry Co., Ltd. (Bangkok, Thailand). Mungbean meal was defatted using hexane
based on a previously described method (Sonklin, Laohakunjit & Kerdchoechuen, 2011).
All chemical reagents were of analytical grade. 2,2-diphenyl-1-picrylhydrazyl (DPPH),
glutathione reduced (GSH), 1-10-Phenanthroline, 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ),
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p0 -disulfonic acid monosodium salt hydrate
(ferrozine) and pyrogallol were purchased from Sigma Aldrich (MO, USA). All other
reagents were purchased from Fisher Scientific (Hampton, NH, USA) except stated
otherwise.

Screening conditions to produce enzymatic MMPH using Response
Surface Methodology (RSM)
Response Surface Methodology (RSM) was used for screening the optimal conditions used
to produce mungbean protein hydrolysate according to the method described by Sonklin
et al. (2018). The optimal condition was selected based on enzyme content and hydrolysis
time which contributed to the highest degree of hydrolysis, DPPH and ABTS scavenging
activities. Defatted mungbean meal 10 g was mixed in 100 mL of distilled water, and
acidified to pH 6.0 using 2 M HCl. Bromelain was added to samples at 5, 10, 15 and 20%
(w/w). All samples were hydrolysed for 6, 12, 18 and 24 h, respectively. After complete
reaction at each hydrolysis time, enzymatic reaction was terminated by heating at 95 ◦ C for
15 min, cooled in a water bath, filtered, freeze dried and analysed for degree of hydrolysis
(DH) (Flavia & Maria, 1998), DPPH and ABTS (Sonklin et al., 2018) as bellowed.
The degree of hydrolysis (DH): The DH was determined using trichloroacetic acid (TCA), as
described by Flavia & Maria (1998). Total protein was measured by the Kjeldahl method.
The DH values were calculated with the following equation.
%DH = (Soluble protein in TCA/Total protein) × 100.
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DPPH scavenging activity: The scavenging activity of peptide samples against DPPH
radicals was determined using a previously described method (Girgih et al., 2011) with
slight modifications for a 96-well microplate. Samples were dissolved in 0.1 M sodium
phosphate buffer, pH 7.0 containing 1% (w/v) Triton X-100. DPPH was dissolved in
methanol to a final concentration of 100 µM. Peptide samples (100 µL) were mixed with
100 µL of the DPPH solution in the 96-well microplate to a final assay concentration of 0.5
mg/mL and incubated at room temperature in the dark for 30 min. The absorbance values
of the blank (Ab ) and samples (As ) were measured at 517 nm. The blank well contained
sodium phosphate buffer instead of the peptide sample. The percentage of DPPH radical
scavenging activity of the samples was determined using the following equation:
(Ab − As )
× 100.
Ab
The ABTS radical-scavenging activity: The ABTS activity was determined with an assay,
modified from Binsan and co-workers (2008). The stock solutions were 7.4 mM 2,20 azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) solution and 2.6 mM potassium
persulfate solution. The working solution was prepared by mixing the two stock solutions
in equal quantities and allowing them to react for 12 h at room temperature in the dark. The
solution was then diluted by mixing 1 mL ABTS solution with 50 mL ethanol to obtain an
absorbance of 1.1 ± 0.02 units at 734 nm using a spectrophotometer. Fresh ABTS solution
was prepared for each assay. The sample (50 µL) was mixed with 950 µL of ABTS solution,
and the mixture was left at 25 ◦ C for 2 s in the dark. The absorbance was then measured at
734 nm using a spectrophotometer. The control was prepared in the same manner, except
distilled water was used instead of the sample. The blank was 50 µL of sample solution
mixed with 950 µL ethanol. The ABTS radical-scavenging activity was calculated as:
DPPH radical scavenging activity(%) =

(Acontrol + Ablank ) − Asample
× 100.
Acontrol
For the RSM step, enzyme concentration (x1 ) and hydrolysis time (x2 ) were independent
variables. Three responses (y) were analysed DH, DPPH and ABTS. Each response can be
described by the equation below (Khuri & Cornell, 1987).

ABTS radical scavenging activity(%) =

y = b0 + b1 x1 + b2 x2 + b12 x1 x2 + b11 x12 + b22 x22
Where: b0 was the constant regression coefficients of the model. b1 and b2 were the linear
regression coefficients of the model. b11 and b22 were the quadratic regression coefficients
of the model. b12 was the interaction regression coefficients.
The experiment plan was designed and statistically analysed for the effects of the
independent variables using the SPSS 22.0 program. A p-value less than 0.05 was considered
statistically significant (p < 0.05). Statistica program 5.0 (StatSoft Inc., 1995, USA) was
used to build the surface plots of each variables.

Preparation of peptide fractions with different molecular weight
distributions
MMPH (crude-MMPH) from the optimized hydrolysis condition was selected for the
ultrafiltration step. The crude-MMPH was fractionated through a series of ultrafiltration
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membranes with molecular weight cut-off (MWCO) of 10, 5 and 1 kDa (Millipore,
Darmstadt, Germany). This process yielded four fractions: F1 (MW > 10 kDa), F2 (MW
5–10 kDa), F3 (MW 1–5 kDa) and F4 (MW <1 kDa). The fractions were freeze-dried and
stored at −20◦ C until used.

Determination of the amino acid compositions
Total and free amino acid of crude-MMPH and free amino acid of peptide fractions
(F1, F2, F3, and F4) were analysed according to the method described by Li et al. (2008).
Pre-treatment of total amino acid analysis, sample was carried out by hydrolysing samples
using 6 M HCl at 110 ◦ C for 22 h, samples were vigorously shaken and filtered. The acid
in the permeate dried using a desiccator and re-dissolved using 1 mL of 0.02 HCl. The
dried samples were kept at 4 ◦ C until it was injected into the HPLC. For the pre-treatment
of free amino acid analysis, trichloroacetic acid (TCA) was added to samples at ratio
1:1 and incubated for 2 h. After incubation, samples were filtered and centrifuged at
6,000 g for 10 min. Supernatant was collected and stored at 4 ◦ C before injection. After
pre-treatment step, each samples were injected into reversed-phase, high performance
liquid chromatography (RP-HPLC) (Agilent 1100; Agilent Technologies, Santa Clara, CA,
USA). The following conditions were used for analysis. O-phthaldialdehyde (OPA) was
added into column (Zorbax 80 A C18 column (4.6 i.d. × 180 mm; Agilent Technologies,
Palo Alto, CA, USA)) for pre-column derivatization. Samples (1 µL) were injected into
the column using two mobile phases. Mobile phase A was 7.35 mM of sodium acetate :
triethylamine : tetrahydrofuran at ratio 500 : 0.12 : 2.5 (v/v/v) and acidified to pH 7.2 with
acetic acid. Mobile phase B was 7.35 mM sodium acetate : methanol : acetonitrile with ration
1:2:2 (v/v/v) and adjusted to pH 7.2. The system was operated at 40◦ C and peaks detected
at two wave-lengths 338 and 262 nm. Eighteen amino acids (Ala, Arg, Asp, Cys, Glu, Gly,
His, Ile, Leu, Lys, Met, Phe, Pro, Ser, Thr, Tyr, Val and Trp) were used as external standards.

Antioxidant properties of peptide fractions
DPPH scavenging activity
The scavenging activity of peptide samples against DPPH radical was determined using the
described method of Girgih et al. (2011) which was explained in above. The EC50 (peptide
fractions that inhibited 50% of DPPH radical) of the samples were determined. The EC50
was calculated using a non-linear regression from a plot of percentage of DPPH activity
versus peptide concentrations (0.2, 0.4, 0.6, 0.8 and 1.0 mg/mL). Glutathione, which was
positive control (glutathione, GSH), was reacted with DPPH as same as samples.
Hydroxyl radical scavenging activity
The hydroxyl radical scavenging assay was modified using the method described by Ajibola
et al. (2011). Samples and positive control (glutathione, GSH) were dissolved in 0.1 M
sodium phosphate buffer (pH 7.4) to a final concentration of 2 mg/mL. The reactions
were carried out in a 96-well microplate. Fifty microliters 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 (H2 O2 ) was added and absorbance read at 536 nm every 10 min for 1 h while
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incubating at 37 ◦ C with continuous shaking. The percentage hydroxyl radical scavenging
activity was calculated using the following equation:
Hydroxyl radical scavenging activity(%)
(1Amin−1 (blank) − 1Amin−1 (sample))
=
× 100
1Amin−1 (blank)
where 1Amin−1 (blank) and 1Amin−1 (sample) were the change in rate of reaction of
blank and sample, respectively.

Superoxide radical scavenging activity
A range of sample concentrations (0.2, 0.4, 0.6, 0.8 and 1.0 mg/mL final) were prepared by
dissolving them in 50 mM Tris-HCl buffer, pH 8.3 containing 1 mM EDTA. Samples (80 µL)
were pipetted into clear microplate well, buffer was used for the blank well. Glutathione
(GSH) was used as the positive control. The reaction was measured immediately using a
spectrophotometer at 420 nm after adding 40 µL of 1.5 mM pyrogallol in 10 mM HCL
for 4 min at intervals of 1 min (Xie et al., 2008). The superoxide scavenging activity was
calculated using the following equation:
(1Amin−1 (blank) − 1Amin−1 (sample))
× 100
1Amin−1 (blank)

where 1Amin−1 (blank) and 1Amin−1 sample were the change in rate of reaction of
blank and sample, respectively.

superoxide scavenging activity(%) =

Ferric reducing antioxidant power (FRAP)
The FRAP assay was performed according to the method of Benzie & Strain (1996) as
described by Karamać and co-worker (2016). The FRAP reagent was prepared by mixing
0.3 M acetate buffer, 10 mM TPTZ at pH 3.6 in 40 mM HCl, 20 mM FeCl3 .6H2 O pH 3.6
at ratio of 5:1:1 (v/v/v). Samples were dissolved in deionized water at concentration of
2 mg/mL. The reaction was carried out in a 96-well microplate. Samples and FRAP reagent
were incubated at 37 ◦ C before adding 40 µL of samples to 200 µL of the FRAP reagent and
absorbance was measured at 593 nm. Glutathione (GSH), which was the positive control,
was reacted with FRAP reagent as same as sample. A standard curve was generated using
FeSO4. 7H2 O (0.03–0.9 µmol/mL) and results were reported as mmole of Fe2+ reduced per
g protein from the regression slope of the standard curve.

Metal ion chelation activity
The metal ion chelating activity of peptide fractions was measured using the method
described by Xie et al. (2008). Samples were prepared to final concentrations of 0.5, 1.0,
3.0 and 5.0 mg/mL using the deionized water, which served as the blank. Samples and
glutathione (GSH, positive control) were separately mixed with 0.05 mL of 2 mM FeCl2 ,
1.85 mL of deionized water, 0.1 mL of 5 mM of ferrozine solution in a reaction tube for
10 min at room temperature. Subsequently, 20 µL of mixed solution were pipetted into 96
well microplates and absorbance measured at 562 nm. The percentage of chelating activity
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was calculated using the following equation:
Metal chelating activity(%) =

(Ab − As )
× 100.
Ab

Where Ab is the absorbance values of blank, and As is the absorbance values of sample.

Statistical analysis
All assays were determined in triplicate. Results were subjected to one way analysis of
variance (ANOVA) using SAS program Version 6.0 (SAS Institute, 1997, USA). Statistical
significance of difference between samples was accepted at p-value less than 0.05 (p < 0.05)
using the Duncan’s multiple range test (DMRT).

RESULTS
Screening of optimum conditions to produce MMPH by bromelain
using RSM
The optimum bromelain treatment conditions used to produce MMPH was determined
using the RSM. The effect of different enzyme treatment conditions on DH, DPPH and
ABTS are reported using a quadratic equation. Enzyme concentration (x1 ) and hydrolysis
time (x2 ) a statistically significant interaction (p < 0.05) on the DH, DPPH and ABTS value
were shown in Table 1 and significant values of DH, DPPH and ABTS were performed in
the equations for each variable are shown below:
DH : y = 8.401 + 3.305X1 + 2.318X2 − 0.0986X12 − 0.0654X22 − 0.0256X1 X2

(1)

DPPH : y = −2.967 + 8.468X1 + 3.429X2 − 0.254X12 − 0.0951X22 − 0.0307X1 X2
ABTS : y = 0.238 + 9.255X1 + 1.418X2 − 0.310X12 − 0.0296X22 − −0.0007961X1 X2 .

(2)
(3)

The equations showed that enzyme concentration (X1 ) was higher important factors
affecting DH, DPPH and ABTS values than hydrolysis time (X2 ) because an estimated
regression coefficient of X1 presented the higher value. The determination coefficients
(R2 ) of the DH, DPPH and ABTS were 0.818, 0.925 and 0.969, respectively. The equations
were used to build response surface plots to predict the critical points and effectiveness
of DH (Fig. 1A), DPPH (Fig. 1B) and ABTS (Fig. 1C). For response surface plots, DH,
DPPH, ABTS values increased with increasing enzyme concentration and hydrolysis time
until the critical point, all of three variables were constant and slightly decreased. Results
indicated that enzyme concentration and hydrolysis time had influenced on DH, DPPH,
ABTS values of mungbean meal protein hydrolysate.
An optimum condition to produce MMPH was selected from an overlay of Figs. 1–3 and
choosing the range of enzyme concentration and hydrolysis time which gave the maximum
DH, DPPH and ABTS activity. Results showed that the optimal enzyme concentration was
10–18% and hydrolysis time 8–24 h. Therefore, 15% of bromelain and 12 h hydrolysis
time were chosen to produce MMPH. The models used were confirmed by observed and
predicted values as showed in Table 2. Results showed that the predicted values which were
derived from the models were close to the observed value.
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Table 1 Model Regression Coefficients Estimated by Multiple Linear Regressions for the degree of hydrolysis (DH), DPPH radical-scavenging activity (DPPH) and ABTS radical-scavenging activity (ABTS)
of MMPHs.a
Coefficient
DH

DPPH

ABTS

8.401*

−2.967*

0.238*

X1

3.305*

8.468*

9.255*

X2

2.318*

3.429*

1.418*

constant
linear

quadratic
X12

−0.0986*

X22

*

−0.254*

−0.310*

−0.0654

*

−0.0951

−0.00296*

−0.0256*

−0.3070*

0.0007961*

0.818

0.925

0.969

interactions
X1 × X2
2

R

Notes.
a
A model in which x1 = enzyme concentration, x2 = hydrolysis time.
*Significant at p < 0.05.

Table 2
Trial

Observed and predicted values for optimizing the hydrolysis condition.
Conditionsa

DH

DPPH

ABTS

obs

pre

obs

pre

obs

pre

1

x1 = 10%, x2 = 18 h

48.9

47.5

79.1

81.7

81.2

77.9

2

x1 = 15%, x2 = 12 h

46.7

49.6

94.9

88.8

82.3

82.5

3

x1 = 15%, x2 = 24 h

40.1

44.3

78.4

83.4

82.2

86.6

4

x1 = 20%, x2 = 12 h

45.0

47.3

86.4

84.9

77.1

77.6

5

x1 = 20%, x2 = 24 h

43.1

40.8

79.0

77.6

78.0

78.7

Notes.
obs, observed; pre, predicted.
a
x1 represents enzyme concentration. x2 represents hydrolysis time.

Amino acid composition of peptide fractions
The crude-MMPH was analysed for both total amino acids and free amino acids, but F1, F2,
F3 and F4 were used to analyse only total amino acids. High content of Glu, Asp, Lys, Arg,
Leu, Ser, Pro and Phe were found in the crude-MMPH (162.66, 104.39, 72.11, 67.00, 62.93,
54.27, 48.01 and 45.61 mg/g protein, respectively) (Table 3). The predominant amino
acids were hydrophobic amino acids (HHA) group. The highly abundant in peptides were
found in Crude-MMPH. Therefore, it can refer that F1-F4 had a plenty of peptides as well.
Asp and Glu were the highest in all peptide fractions (Table 3). In particular, F4 had the
highest content of Glu, Arg, Gly, Leu, Met, Tyr, Phe, Trp and Ser. All peptide fractions
had high amounts of total HAA, and the contents were quite similar in each fraction. The
proportion of aromatic amino acid contents (Tyr, Phe, Trp) in fraction F4 was also found
to be the highest compared to the other peptide fractions.
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Figure 1 Response surface plots for the effects of enzyme concentration and hydrolysis time. Response
surface plots for the effects of enzyme concentration and hydrolysis time on (A) the degree of hydrolysis
(DH), (B) DPPH radical-scavenging activity (DPPH) and (C) ABTS radical-scavenging activity (ABTS).
Full-size DOI: 10.7717/peerj.5337/fig-1
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Table 3

Amino acid composition of crude-MMPH and its ultrafiltrated peptide fractions.
Content (mg / g Protein)a

Group

Acidic (−)

Basic (+)

Hydrophobic

Aromatic

Hydrophilic
Total

Total amino acid (% w/w Protein)a

Amino
acid

Total amino
acids

Free amino
acids

Amino acid
in peptide
form

F1

F2

F3

F4

Asp

104.39 ± 3.93

1.06 ± 0.04

103.33 ± 3.89

14.23 ± 0.15

13.84 ± 1.54

13.74 ± 0.57

11.77 ± 0.80

Glu

162.66 ± 2.044

16.92 ± 0.51

145.70 ± 2.55

18.30 ± 0.02

17.95 ± 0.23

18.23 ± 0.95

18.72 ± 0.95

Lys

72.11 ± 6.12

28.94 ± 0.20

43.17 ± 5.93

8.15 ± 0.19

8.32 ± 0.43

8.00 ± 0.64

6.89 ± 0.45

Arg

67.00 ± 1.39

22.10 ± 0.27

44.91 ± 1.12

6.63 ± 0.57

6.71 ± 0.55

6.72 ± 0.26

6.85 ± 0.47

His

20.01 ± 0.76

11.58 ± 0.59

8.81 ± 0.16

3.55 ± 0.66

3.07 ± 0.69

2.75 ± 0.55

3.02 ± 0.56

Gly

36.78 ± 2.52

5.49 ± 0.86

31.29 ± 3.38

3.19 ± 0.45

3.78 ± 0.48

3.73 ± 1.07

3.98 ± 0.20

Ala

40.02 ± 1.26

10.36 ± 0.23

29.66 ± 1.03

4.12 ± 0.28

3.97 ± 1.03

3.91 ± 0.80

4.88 ± 0.57

Val

36.48 ± 1.50

6.68 ± 0.25

29.80 ± 1.75

4.48 ± 0.54

5.18 ± 0.45

5.30 ± 0.45

5.02 ± 0.95

ILe

36.86 ± 1.84

3.63 ± 0.17

33.23 ± 2.01

4.72 ± 0.55

4.64 ± 0.69

4.67 ± 2.06

3.56 ± 0.95

Leu

62.93 ± 0.15

22.29 ± 0.14

40.64 ± 0.11

6.48 ± 0.28

6.63 ± 0.91

6.70 ± 0.74

8.60 ± 0.74

Pro

48.01 ± 1.09

3.57 ± 0.10

44.44 ± 0.99

4.97 ± 0.22

5.59 ± 1.19

6.17 ± 0.26

3.62 ± 0.71

Met

8.90 ± 1.39

4.60 ± 0.11

4.30 ± 1.50

1.00 ± 0.21

1.13 ± 0.37

1.09 ± 0.49

1.60 ± 0.54

Cys

3.97 ± 0.34

0.19 ± 0.23

3.78 ± 0.57

2.27 ± 0.18

0.83 ± 0.64

0.60 ± 0.54

0.30 ± 0.16

Tyr

29.03 ± 2.72

5.24 ± 1.15

23.79 ± 1.58

3.73 ± 0.08

3.37 ± 0.62

3.44 ± 0.57

3.81 ± 0.57

Phe

45.61 ± 1.39

7.06 ± 0.16

38.55 ± 1.54

4.73 ± 0.23

5.08 ± 0.43

5.17 ± 1.78

6.58 ± 0.93

Trp

6.05 ± 0.31

1.18 ± 0.17

4.87 ± 0.48

0.70 ± 0.04

0.74 ± 0.40

0.78 ± 0.76

0.83 ± 0.70

Ser

54.27 ± 2.38

13.70 ± 0.88

40.57 ± 3.25

5.48 ± 0.29

5.76 ± 1.03

5.67 ± 0.79

6.50 ± 0.76

33.41 ± 1.71

5.93 ± 0.27

27.48 ± 1.44

3.34 ± 0.35

3.46 ± 0.33

3.37 ± 0.06

3.52 ± 0.76

868.51

170.54

697.98

100

100

100

100

Thr

Notes.
a
Each value is expressed as the mean ± SD (n = 3).

DPPH radical scavenging activity
The activity of crude-MMPH and its ultrafiltrated peptide fractions to scavenge the DPPH
radical is presented as the EC50 value (Fig. 2). The R2 of GSH, Crude-MMPH, F1, F2, F3 and
F4 was 0.9922, 0.9771, 0.8888, 0.9805, 0.9619 and 0.7962, respectively. Crude-MMPH and
its peptide fractions scavenged the radical to a 50% inhibition at a range of 0.4 –0.9 mg/mL.
All peptide fractions had low EC50 values of DPPH than the hydrolysate. EC50 value of
fraction 4 showed the lowest EC50 as 0.53 mg/mL, followed by F1, F3 and F2 with EC50 as
0.63, 0.68 and 0.69, respectively. EC50 value of fraction 4 (0.53 mg/mL) was quite close to
the EC50 value of standard which was glutathione (0.41 mg/mL).
Hydroxyl radical scavenging activity
Hydroxyl radicals scavenging activity of crude-MMPH and its ultrafiltrated peptide
fractions were analysed in triplicates. Crude-MMPH and its fractions exhibited different
hydroxyl scavenging activities, as shown in Fig. 3A. The <1 kDa (F4) fraction had superior
ability when compared to crude-MMPH and all other fractions. F4 showed 54.50 %
of hydroxyl scavenging activity, followed by F1, crude-MMPH, F2 and F3 which were
49.64, 39.91, 35.18 and 26.61, respectively. Glutathione which was a standard showed the
significantly greater than Crude-MMPH and its ultrafiltration peptide fractions (98.68%).
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Figure 2 The effective concentration that scavenged 50% (EC50 ) values for DPPH. The effective concentration that scavenged 50% (EC50 ) values for DPPH scavenging activity values of crude-MMPH and its
ultrafiltrated peptide fraction.
Full-size DOI: 10.7717/peerj.5337/fig-2

Superoxide radical scavenging activity
Superoxide radicals scavenging activity assay was used to determine the antioxidant activity
of crude-MMPH and peptide fractions. Figure 3B shows that the superoxide radical
scavenging activity of crude-MMPH and its fractions increased distinctly with increasing
concentration from 1.2 to 2.0 mg/mL. The peptide fraction less than 1 kDa (F4) showed
stronger superoxide scavenging activity in all concentration in comparison to the peptide
fractions that had higher molecular weight. At 1.8 mg/mL of peptide concentration,
F4 contributed to the greatest superoxide radical scavenging activity with 65.10%. The
superoxide radical scavenging activity of GSH showed 63.06% which was slightly higher
than F4. Even though samples were used at 2 mg/mL of protein concentration, the
superoxide radical scavenging activity of all samples was lower than 50%.

Ferric reducing activity power (FRAP)
FRAP is related to the generated Fe2+ as shown in mmole Fe2+ /g protein. As depicted
in Fig. 3C, FRAP of crude-MPH and its fraction increased significantly with increasing
protein concentration from 0.2–1 mg/mL. Moreover, FRAP of peptide fractions in this
study increased with increasing in the molecular weight of peptides. F1 (>10 kDa), which
had a HMW, had the greatest reducing power at all concentrations. F1 generated Fe2+ as
0.061, 0.107, 0.118, 0.231 and 0.242 mmole Fe2+ /g protein when used protein concentration
at 0.2, 0.4, 0.6, 0.8 and 1.0 mg/mL protein, respectively.

Metal chelation activity
Metal chelation activity of crude-MMPH and all ultrafiltrated peptide fractions had poor
activity. At the highest concentrations (5 mg/mL), metal chelation activity value of all
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Figure 3 Antioxidant activities of crude-MMPH and its ultrafiltrated peptide fraction. (A) hydroxyl
scavenging activity, (B) superoxide scavenging activity, (C) ferric reducing antioxidant power (FRAP), and
(D) metal chelation activity.
Full-size DOI: 10.7717/peerj.5337/fig-3
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peptide fractions was less than 50% (Fig. 3D). Glutathione showed a low metal chelation
activity (53.25 %) as well. In addition, the current study showed that low molecular
weight peptide fractions contributed good metal chelation activity of all concentrations.
Particularly, the highest metal chelation activity was observed for only F4. F4 fraction
contributed to the greatest activity with 43.94% when using concentration at 5 mg/mL.
The metal chelation activity of F3 and F4 at 5 mg/mL did not significant difference from
4 mg/mL. Results can identify that 5 mg/mL was the limited concentration of MMPH
peptides for metal chelation activity. Although the metal chelation activity of other peptide
fractions was inconsistent, the trend was slightly increased with decreased molecular
weights.

DISCUSSION
The optimum condition to produce MMPH was investigated using response surface plots
of DH, DPPH and ABTS which were built by statistically acceptable equations at p < 0.05.
Because the determination coefficients (R2 ) of the DH (0.818), DPPH (0.925) and ABTS
(0.969) equations were higher than 0.7, which indicated that the regression models were
appropriate and acceptable (Moore, Notz & Flinger, 2013). In addition, the predicted values
were close to the observed value (Table 1). At the end of DH, DPPH and ABTS response
surface plots (Figs. 1A–1C), they showed constant and slightly decreased. It might be cause
of an over saturation of the protease enzyme. The over saturation of the protease enzyme
occurred when using higher enzyme concentration and hydrolysis time, brought about
decreasing in hydrolysis which caused a decrease in its biological activity. The DPPH and
ABTS value were also decreased (Ovissipour et al., 2009).
Amino acid composition of crude-MMPH which derived from the optimal condition was
analysed. Crude-MMPH contained highly abundant in hydrophobic amino acids (HAA)
because bromelain which is an endoprotease which cleaved at hydrophobic position inside
the protein chain. Especially, Arg, Lys and Phe were the site-specific cleavage of bromelain
enzyme, resulting in high amount of HAA (Adler-Nissen, 1986; Sonklin, Laohakunjit &
Kerdchoechuen, 2011). F4 had the highest proportion of aromatic and hydrophobic amino
acids in peptide chain compared to other peptide fractions. Moreover, F4 contained low
molecular weight peptide less than 1 kDa. Therefore, it can be assumed that F4 will exhibit
the highest antioxidant activity. From the previous studies, LMW peptides which were rich
in aromatic and hydrophobic amino acids in chain expressed high antioxidant potentials
(Ajibola et al., 2011).
In order to confirm the antioxidant abilities and to investigate type of antioxidant
reaction of peptides from mungbean meal protein hydrolysate. Five antioxidant activities
were used to analyse. All ultrafiltrated peptide fractions had low EC50 values of DPPH than
that of the hydrolysate. This indicated that purified peptides exhibited stronger antioxidant
activity based on their molecular weight as the F4 (≤1 kDa) had a significantly lower EC50
value than other peptide fractions and crude-MMPH. The low molecular weight (LMW)
peptides scavenged DPPH activity better than the high molecular weight (HMW) peptides.
Peptide fractions from canola meal protein, barley hordein and hemp protein hydrolysate
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have shown similar activities and trends to those observed in this study (Alashi et al.,
2014; Bamdad & Chen, 2013; Girgih et al., 2011). Glutathione (GSH) was used as a positive
control in this study because GSH is a peptide which contributes to great antioxidant
activity. GSH composed of cysteine, glutamic acid glycine in its peptide chain and it can be
antioxidant by serving as a proton donor to free radicals (Pompella et al., 2003). Samples
in this study were also peptide which had high abundance of glutamic amino acid and
hydrophobic amino acid in peptide chain. As the basic knowledge, the hydrophobic can
inhibit free radicals by proton donation. Therefore, the properties of glutathione can be a
proper standard for peptide samples in this study. Moreover, EC50 value of F4 was close to
the glutathione. It implied that the peptide fraction of MMPH have molecular weight less
than 1 kDa was an effective antioxidant peptides which could scavenge DPPH radical and
prevent the free radical associated with oxidative stress. The peptide in mungbean meal
protein hydrolysate can donate hydrogen atom to DPPH radical. The reaction is based
on a colour change from purple (DPPH) to clear yellow colour due to DPPH gaining
the proton and becoming a stable radical molecule (Liu et al., 2010). Besides MW, the
amino acid composition is an important factor that affects antioxidant properties. Peptide
fraction F4, which exhibited the highest DPPH scavenging activity, had high contents of
total hydrophobic and aromatic amino acid. Peptides that are composed of these amino
acids in their chain can easily scavenge the DPPH radical. In addition, the hydrophobic
and aromatic group improved the solubility of peptide in non-polar environment (Kim,
Je & Kim, 2007). Therefore, mungbean meal peptides showed strong inhibition of DPPH
radicals.
Hydroxyl radicals are highly active when compared to other reactive oxygen radicals. The
hydroxyl radical can react with almost all biomolecules in cells, affecting ageing and chronic
diseases. Consequently, the defence of the hydroxyl radical is necessary for the protection
of many metabolic disorders associated with the hydroxyl radical (Ajibola et al., 2011). The
high activity observed for F4 may also be an influence of the low molecular weight peptides,
as reported in various studies (Cheung et al., 2012; Ajibola et al., 2011). By contrast, F1 (>10
kDa) showed higher hydroxyl radical scavenging activity than F2 (5–10 kDa) and F3 (1–5
kDa) that they had lower molecular weight than F1. From this study, it could be indicated
that amino acid composition in peptide chain had more influenced on hydroxyl scavenging
activity than size of peptide. However, sequence in peptide might have strong effected on
activity as well.
MMPH peptides and GSH (positive control) showed low hydroxyl radical scavenging
activity. It might be a reason that MMPH peptides had poor ability to react with
hydroxyl radical by donating electron or form double bond, in order to become
hydroxycyclohexadienyl radicals which are stable molecules (Lee, Koo & Min, 2004).
Results correlated with amino acid composition in peptide chain of mungbean meal
protein which composed of higher amount of hydrophobic amino acid than Met, Cys
and aromatic amino acid which Met, Cys and aromatic amino acid could donate electron
and form double bond to hydroxyl radical (Lee, Koo & Min, 2004). Therefore, peptides
from mungbean meal protein showed low activity even using concentration to 2 mg/mL. In
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addition, crude-MMPH expressed higher activity than its purify peptides which were F2 and
F3. It might be due to the potential synergistic effect of various peptides in crude-MMPH.
Another harmful oxygen specie is superoxide radicals (O002 ) because a lot of biological
reactions can produce the superoxide radicals. Superoxide radicals are very important
precursor to generate various highly reactive radicals such as hydroxyl radical and can be
the necessary radical for the initiation of lipid oxidation. Therefore, superoxide radicals
are used to determine the antioxidant activity of hydrophilic and hydrophobic compounds
(Kanatt, Chander & Sharma, 2007). From the results in this study, low molecular weight
peptides showed the greatest superoxide radical scavenging activity. It indicated that
had influence on superoxide activity. Even though mungbean protein peptide fractions
composed of high content of Glu and Asp which they were reported that contribute strong
inhibition of superoxide radicals (Tao et al., 2018), this peptide fractions did not show high
superoxide radical scavenging activity. The cause for the low superoxide activity was not
clear, but it may be related to sequence of Glu, Asp and Arg in side chain. These amino
acids contribute to strong activity when they were in the terminal of chain because they
could donate electron to superoxide radical (Tao et al., 2018). Thus, results could predict
that most of mungbean peptide might be Glu, Asp and Arg were in internal chain. More
interesting aspect from this study, this is evident in the observed activity as superoxide
radical scavenging activity slightly higher than those of the hydroxyl radical scavenging
activity at 2 mg/mL, whereas the hydroxyl radicals are more potent reactive species than
the superoxide radicals (Cacciuttolo et al., 1993). Results indicated that peptides from
mungbean meal were good ability for suppression of superoxide radicals. However, results
obviously indicated that MMPH is antioxidant peptide which moderate ability to prevent
oxygen species radical (hydroxyl and superoxide) for cell damage protection.
FRAP assay is used to detect the ability of antioxidant substances to reduce ferric ions
(Fe3+ ) to ferrous ions (Fe2+ ). The results are presented as Fe2+ reducing power which is
the ability of the peptides to be electron donors and to stop the chain reaction that leads
to the continuous production of free radicals (Carrasco-Castilla et al., 2012). This study
showed that FRAP activity significantly increased with increasing of concentration from 0.2
mg/mL to 0.8 mg/mL and after that the activity of all peptide fractions was quite constant at
1.0 mg/mL. It might be a limit of ability of peptide to donate electron to Fe3+ . In addition,
FRAP of peptide fractions in this study increased with increases in the molecular weight
of peptides. This implied that the molecular weight might not be the most important
contributing factor to the ferric ion reducing power. The amino acid in peptide chain and
sequence had also influence on FRAP antioxidant activity.
Result correlates with amino acid composition. Asp (acidic), Lys (basic), Ile
(hydrophobic), Pro (hydrophobic) and Cys (aromatic) in F4 were found low amount
compared to other peptide fractions. These amino acids play an important role for FRAP
(Udenigwe & Aluko, 2011), leading to low FRAP activity in F4 (<1 kDa). Moreover, Met,
Cys, Tyr, Met, Trp, His and Lys can improve ferric reducing potential (Rajapakse et al.,
2005; Carrasco-Castilla et al., 2012) which these amino acids were lower in F4 had in
comparison to the other peptide fractions. This might be one of the contributing factors
affecting the reduction in ferric reducing activity power observed for F4.
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Chelation of metal ions is an assay used to measure antioxidant ability, which the
reactive oxygen species (ROS) are catalysed by transition metal iron and copper derived
from chelation of metal ions. ROS stimulate the oxidation reaction of unsaturated lipid and
promotion of oxidative damage at different levels (Saiga, Tanabe & Nishimura, 2003). The
result from this study and some previous studies suggested that metal ion chelation activity
may not depend on molecular weight, but might be associated with small molecule and the
coordination site which can act as an iron chelator (Kong & Xiong, 2006). Results in this
study show that mungbean meal peptides showed poor metal chelation activity as same as
GSH (positive control). The reason might be related to high amount of hydrophobic amino
acid in peptide chain which reacted with free radicals by proton donation. By contrast to
metal chelation activity, this reaction related to electron donating substrates (Kong &
Xiong, 2006). GSH reacted with free radical by proton donation, resulting in poor metal
chelation activity in GSH as well. Moreover, Asp and Glu, especially at the end terminal
of peptide chain, contributed to strong metal chelation activity. They contributed to extra
electrons to improve electrostatic and ionic interaction between themselves and metal ion
(Zhu et al., 2008). Even though mungbean peptide fractions were rich in Glu and Arg,
peptides did not express high metal chelation activity. Results related to FRAP activity of
mungbean peptides.

CONCLUSION
MMPH and its ultrafiltration fractions had antioxidant activities with the potential to
inhibit several antioxidant reactions. F4 that had molecular weight less than 1 kDa showed
the highest DPPH radical scavenging activity, superoxide scavenging activity, hydroxyl
scavenging activity and metal chelation activity, but this fraction had poor ferric reducing
power. Moreover, the low molecular weight peptide fractions had antioxidant activities
that were higher than the crude-MMPH, except for ferric reducing activity. This study
could confirm that size of peptide and amino acid compositions in peptide chain have an
important effect on antioxidant activities. From the mechanism of the reaction, this work
determined the potential of antioxidant activity was divided into two main groups: proton
donation (hydrogen atom transfer) and electron donation (electron transfer). The reaction
of DPPH is proton donation. The reaction of FRAP, superoxide, hydroxyl is electron
donation. Therefore, our findings suggested that the antioxidant mechanism of peptides
obtained mungbean could react with many species of free radicals by multiple mechanisms,
including donation of protons and electrons and chelation of transition metals. Moreover,
mungbean meal peptides showed strong proton donation to free radicals (DPPH). The
cause was that they were rich in hydrophobic amino acids and aromatic amino acids.
However, to determine the specific mechanism of antioxidant activity, the sequences will
be further studied to understand the correlation between the peptide structure and specific
antioxidant mechanisms. This study shows that mungbean protein can be developed as a
value-added commercial functional food ingredient, which it will increase its economic
value.

Sonklin et al. (2018), PeerJ, DOI 10.7717/peerj.5337

16/20

ACKNOWLEDGEMENTS
We would like to thank King Mongkut’s University of Technology Thonburi, Thailand and
Prof. Rotimi E. Aluko’s Lab, the Department of Human Nutritional Sciences, University of
Manitoba, Canada for kindly supporting the project with additional chemical, instruments
and work space.

ADDITIONAL INFORMATION AND DECLARATIONS
Funding
This work was funded by The Royal Golden Jubilee Ph.D. Program ((PHD/0107/2553;
2.J.KT/53.I.2). The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
The Royal Golden Jubilee Ph.D. Program: PHD/0107/2553; 2.J.KT/53.I.2.

Competing Interests
The authors declare there are no competing interests.

Author Contributions
• Chanikan Sonklin conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper, analyzed all experiment, collected
data, interpreted the results, performed the statistical analysis of data and drafted the
manuscript.
• Natta Laohakunjit conceived and designed the experiments, analyzed the data,
contributed reagents/materials/analysis tools, approved the final draft, designed the
experiments, read and approved this manuscript.
• Orapin Kerdchoechuen contributed reagents/materials/analysis tools, taught and
checked the correction of the statistical analysis.

Data Availability
The following information was supplied regarding data availability:
The raw data are provided in a Supplemental Information 1.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.5337#supplemental-information.

REFERENCES
Adler-Nissen J. 1986. Enzymic hydrolysis of food protein. New York: Elsevier Applied
Science Publishers.

Sonklin et al. (2018), PeerJ, DOI 10.7717/peerj.5337

17/20

Ajibola CF, Fashakin JB, Fagbemi TN, Aluko RE. 2011. Effect of peptide size on
antioxidant properties of African yam bean seed (Sphenostylis stenocarpa) protein
hydrolysate fractions. International Journal of Molecular Sciences 12:6685–6702
DOI 10.3390/ijms12106685.
Alashi AM, Blanchard CL, Mailer RJ, Agboola SO, Mawson AJ, He R, Aluko RE.
2014. Antioxidant properties of Australian canola meal protein hydrolysates. Food
Chemistry 146:500–506 DOI 10.1016/j.foodchem.2013.09.081.
Arise AK, Alashi AM, Nwachukwu ID, Ijabadeniyi OA, Aluko RE, Amonsou EQ.
2016. Antioxidant activities of Bambara groundnut (Vigna subterranean) protein hydrolysates and their membrane ultrafiltration fractions. Food & Function
7:2431–2437 DOI 10.1039/c6fo00057f.
Bamdad F, Chen I. 2013. Antioxidant capacities of fractionated barley hordein hydrolysates in relation to peptide structures. Molecular Nutrition & Food Research
57:493–503 DOI 10.1002/mnfr.201200252.
Benzie IF, Strain JJ. 1996. The ferric reducing ability of plasma (FRAP) as a measure
of ‘‘antioxidant power’’: the FRAP assay. Analytical Biochemistry 239:70–76
DOI 10.1006/abio.1996.0292.
Binsan W, Benjakul S, Visessanguan W, Roytrakul S, Tanaka M, Kishimura H.
2008. Antioxidative activity of Mungoong, an extract paste, from the cephalothorax of white shrimp (Litopenaeus vannamei). Food Chemistry 106:185–193
DOI 10.1016/j.foodchem.2007.05.065.
Cacciuttolo MA, Trinh L, Lumpkin JA, Rao G. 1993. Hyperoxia induces DNA
damage in mammalian cells. Free Radical Biology and Medicine 14:267–276
DOI 10.1016/j.foodchem.2007.05.065.
Carrasco-Castilla J, Hernández-Álvarez AJ, Jiménez-Martínez C, Jacinto-Hernández
C, Alaiz M, Girón-Calle J, Vioque J, Dávila-Ortíz G. 2012. Antioxidant and
metal chelating activities of Phaseolus vulgaris L. var. Jamapa protein isolates, phaseolin and lectin hydrolysates. Food Chemistry 131:1157–1164
DOI 10.1016/j.foodchem.2011.09.084.
Cheung IW, Cheung LK, Tan NY, Li-Chan EC. 2012. The role of molecular size in
antioxidant activity of peptide fractions from Pacific hake (Merluccius productus)
hydrolysates. Food Chemistry 134:1297–1306 DOI 10.1016/j.foodchem.2012.02.215.
Chi C, Wang B, Deng Y, Wang Y, Deng S, Ma J. 2014. Isolation and characterization of
three antioxidant pentapeptides from protein hydrolysate of monkfish (Lophius litulon) muscle. Food Reseach International 55:222–228
DOI 10.1016/j.foodres.2013.11.018.
Cumby N, Zhong Y, Naczk M, Shahidi F. 2008. Antioxidant activity and waterholding capacity of canola protein hydrolysates. Food Chemistry 109:144–148
DOI 10.1016/j.foodchem.2007.12.039.
Flavia MN, Maria A. 1998. Production and characterization of enzymatic hydrolysate from soy protein isolate. LWT—Food Science Technology 31:624–631
DOI 10.1006/fstl.1998.0396.

Sonklin et al. (2018), PeerJ, DOI 10.7717/peerj.5337

18/20

Girgih AT, Udenigwe CC, Li H, Adebiyi AP, Aluko RE. 2011. Kinetics of enzyme
inhibition and antihypertensive effects of hemp seed (Cannabis sati va L.) protein hydrolysates. Journal of the American Oil Chemists’ Society 88:1767–1774
DOI 10.1007/s11746-011-1841-9.
He R, Malomo SA, Alashi A, Girgih AT, Ju X, Aluko RE. 2013. Purification and
hypotensive activity of rapeseed protein derived renin and angiotensin converting enzyme inhibitory peptides. Journal of Functional Foods 5:781–789
DOI 10.1016/j.jff.2013.01.024.
Kanatt SR, Chander R, Sharma A. 2007. Antioxidant potential of mint (Mentha
spicata L.) in radiation-processed lamb meat. Food Chemistry 100:451–458
DOI 10.1016/j.foodchem.2005.09.066.
Karamać M, Kosińska-Cagnazzo A, Kulczyk A. 2016. Use of different proteases to
obtain flaxseed protein hydrolysates with antioxidant activity. International Journal
of Molecular Sciences 17:1027–1039 DOI 10.3390/ijms17071027.
Khuri AI, Cornell JA. 1987. Response surface: designs and analysis. New York: Marcel
Dekker Inc.
Kim SY, Je JY, Kim SK. 2007. Purification and characterization of antioxidant peptides
from hoki (Jhnius belengerii) frame protein by gastrointestinal digestion. Journal of
Nutritional Biochemistry 81:31–38 DOI 10.1016/j.jnutbio.2006.02.006.
Kong B, Xiong YL. 2006. Antioxidant activity of zein hydrolysates in a liposome
system and the possible mode of action. Journal of Agricultural and Food Chemistry
54:6059–6068 DOI 10.1021/jf060632q.
Lapsongphon N, Yongsawatdigul J. 2013. Production and purification of antioxidant
peptides from a mungbean meal hydrolysate by Virgibacillus sp. SK37 proteinase.
Food Chemistry 141:992–999 DOI 10.1016/j.foodchem.2013.04.054.
Lee J, Koo N, Min DB. 2004. Reactive oxygen species, aging, and antioxidant nutraceuticals. Comprehensive Reviews in Food Science and Food Safety 3:21–33
DOI 10.1111/j.1541-4337.2004.tb00058.x.
Li Y, Jiang B, Zhang T, Mu W, Liu J. 2008. Influence of enzymatic hydrolysis on the
nutritional, functional and antioxidant properties of protein hydrolysates prepared from seinat (Cucumis melo var. ibish) seeds. Food Chemistry 106:444–450
DOI 10.12691/jfnr-3-4-5.
Li G, Wan J, Le G, Shi Y. 2006. Novel angiotensin I-conventing enzyme inhibitory
peptides isolatied from Alcalase hydrolysate of mungbean protein. Journal of Peptide
Science 12:509–514 DOI 10.1002/psc.758.
Liu Q, Kong B, Xiong YL, Xia X. 2010. Antioxidant activity and functional properties of
porcine plasma protein hydrolysate as influenced by the degree of hydrolysis. Food
Chemistry 118:403–410 DOI 10.1016/j.foodchem.2009.05.013.
Lobo V, Patil A, Phatak A, Chandra N. 2010. Free radicals, antioxidants and functional foods: impact on human health. Pharmacological Reviews 4:118–126
DOI 10.4103/0973-7847.70902.
Moore DS, Notz WI, Flinger MA. 2013. The basic practice of statistics. Sixth Edition. New
York: W. H. Freeman and Company, 138.

Sonklin et al. (2018), PeerJ, DOI 10.7717/peerj.5337

19/20

Ng KL, Tan GH, Khor SM. 2017. Graphite nanocomposites sensor for multiplex detection of antioxidants in food. Food Chemistry 237:912–920
DOI 10.1016/j.foodchem.2017.06.029.
Ovissipour M, Safari R, Motamedzadegan A, Shabanpour B. 2009. Chemical and
biochemical hydrolysis of Persian sturgeon (Acipenser persicus) visceral protein. Food
and Bioprocess Technology 5:460–465 DOI 10.1007/s11947-009-0284-x.
Pompella A, Visvikis A, Paolicchi A, Tata VD, Casini AF. 2003. The changing faces
of glutathione, a cellular protagonist. Biochemical Pharmacology 66:1499–1503
DOI 10.1016/S0006-2952(03)00504-5.
Pownall TL, Udenigwe CC, Aluko RE. 2010. Amino acid composition and antioxidant
properties of pea seed (Pisum sativum L.) enzymatic protein hydrolysate fractions.
Journal of Agricultural and Food Chemistry 58:4712–4718 DOI 10.1021/jf904456r.
Rajapakse N, Medis E, Byun HG, Kim SK. 2005. Purification and in vitro antioxidant
effects of giant squid muscle peptides on free radical-mediated oxidative systems.
Journal of Nutritional Biochemistry 16:562–569 DOI 10.1016/j.jnutbio.2005.02.005.
Saiga A, Tanabe S, Nishimura T. 2003. Antioxidant activity of peptides obtained from
porcine myofibrillar proteins by protease treatment. Journal of Agricultural and Food
Chemistry 51:3661–3667 DOI 10.1021/jf021156g.
Sonklin C, Laohakunjit N, Kerdchoechuen O. 2011. Physicochemical and flavor
characteristics of flavoring agent from mungbean protein hydrolyzed by bromelain.
Journal of Agricultural and Food Chemistry 59:8475–8483 DOI 10.1021/jf202006a.
Sonklin C, Laohakunjit N, Kerdchoechuen O, Ratanakhanokchai K. 2018. Volatile
flavour compounds, sensory characteristics and antioxidant activities of mungbean
meal protein hydrolysed by bromelain. Journal of Food Science and Technology
55:265–277 DOI 10.1007/s13197-017-2935-7.
Tao J, Zhao Y, Chi C, Wang B. 2018. Bioactive peptides from cartilage protein hydrolysate of spotless smoothhound and their antioxidant activity in vitro. Marine
Drugs 16:100 DOI 10.3390/md16040100.
Udenigwe CC, Aluko RE. 2011. Chemometric analysis of the amino acid requirements
of antioxidant food protein hydrolysates. International Journal of Molecular Sciences
12:3148–3161 DOI 10.3390/ijms12053148.
Wattanasiritham L, Theerakulkait C, Wickramasekara S, Maier CS, Stevens JF. 2016.
Isolation and identification of antioxidant peptides from enzymatically hydrolyzed
rice bran protein. Food Chemistry 192:156–162
DOI 10.1016/j.foodchem.2015.06.057.
Xie Z, Huang J, Xu X, Jin Z. 2008. Antioxidant activity of peptides isolated from alfalfa
leaf protein hydrolysate. Food Chemistry 111:370–376
DOI 10.1016/j.foodchem.2008.03.078.
Zhu L, Chen J, Tang X, Xiong YL. 2008. Reducing, radical scavenging, and chelation
properties of in vitro digests of alcalase-treated zein hydrolysate. Journal of Agricultural and Food Chemistry 56:2714–2721 DOI 10.1021/jf703697e.

Sonklin et al. (2018), PeerJ, DOI 10.7717/peerj.5337

20/20

