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ABSTRACT Duck blood is rich in protein. It is one of
the main by-products in the slaughter industry. The
objective of this research was to optimize and establish a
method for producing duck plasma antioxidant peptides.
The composition of duck plasma powder was analyzed.
Protease selection experiment (Alcalase, Protamex, and
Flavourzyme) and single-factor experiment were per-
formed, and response surface methodology was used to
determine the optimal hydrolysis conditions for duck
plasma. Among the proteases, Alcalase hydrolysate
exhibited the strongest 1,1-diphenyl-2-picrylhydrazyl

scavenging rate. The optimum enzymatic hydrolysis
conditions were hydrolysis time of 6 h, temperature of
65.5°C, pH 10.0, and enzyme-to-substrate ratio of 0.3%.
The 1,1-diphenyl-2-picrylhydrazyl scavenging rate
reached 64.84%, and the ratio of essential amino acids was
38.76%. Briefly, the duck plasma hydrolysate exhibited
strong antioxidant properties and reasonable composition
of amino acids. Thus, it may be used as a nutritional or
functional ingredient in foods or medicines. This research
provides a theoretical basis for comprehensive processing
and high value utilization of duck plasma.
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INTRODUCTION

Duck blood is a major edible by-product in the slaughter
industry. It is also used in fertilizers, binders, and feed-
stuffs. Blood is a good source of nutrients, and it is consid-
ered a nonallergenic protein compared with soy and dairy
proteins (Sorapukdee and Narunatsopanon, 2017). How-
ever, most of the duck blood is discarded as waste. Because
of the unpalatability and dark color of the blood cells and
whole blood, the application of duck blood plasma (DBP)
in food is considered more acceptable. Duck blood plasma
can be separated using a high-speed centrifuge or sepa-
rator. Blood plasma is rich in protein. It accounts for
more than 60% of the blood by weight (Ockerman and
Hansen, 2000). It is a potential resource for the develop-
ment of bioactive peptides.

Hydrolysis is an effective way to produce bioactive
peptides from proteins in food resources (Korhonen and
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Pihlanto, 2006). Recently, peptides from food sources
are gaining attention (Nedjar-Arroume et al., 2008;
Miyake et al., 2011; Samaranayaka and Li-Chan, 2011;
Bah et al., 2016; Cheng et al., 2016; Wu et al., 2017),
and these natural peptides are considered relatively
safe. Excessive free radicals could cause or accelerate
chronic diseases (Wu et al., 2017). The intake of antioxi-
dants could protect the body from free radicals and block
the progression of these diseases (Miyake et al., 2011; Bo
et al., 2016). The food-derived antioxidative peptides
showed activities in vivo conditions affecting the body’s
antioxidant system (Korhonen, 2009; Sarmadi and
Ismail, 2010; Samaranayaka and Li-Chan, 2011). Thus,
producing antioxidant peptides by hydrolysis may be a
promising method to use the DBP. It has been reported
that the hydrolysates of porcine plasma (Liu et al.,
2010) and bovine plasma (Seo et al., 2015) have antioxi-
dant activity. Peptides are consecutively formed and
degraded during hydrolysis. However, to our knowledge,
there has not been any research on the preparation of
antioxidant peptides by hydrolysis of DBP. Thus, the
hydrolysis parameters should be carefully selected and
optimized to obtain the strongest antioxidant peptides
from DBP hydrolysates (DBPH).
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Response surface methodology (RSM) is a common and
effective method to optimize hydrolysis. Response surface
methodology has been widely applied in food research for
process optimization (Paseephol et al., 2007; Ren et al.,
2008; Ye et al., 2018; Zheng et al., 2018b). Therefore, the
objective of this study was to establish optimal conditions
for the hydrolysis of DBP to produce antioxidant peptides
based on the 1,1-diphenyl-2-picrylhydrazyl (DPPH)
radical-scavenging activity. This could be an effective
method toimprove the utilization of DBP and reduce envi-
ronment pollution. These peptides may be used in human
diet in the future.

MATERIALS AND METHODS

Chemicals and Reagents

Duck plasma powder was provided from Purun
Biotechnology Co. (Shangdong, China). Alcalase 2.4 L,
Protamex, and Flavourzyme 500 mg were obtained
from Novozymes (Denmark). Glutathione and DPPH
were purchased from Sigma Chemical Co. (Missouri).
All other chemicals and reagents were of analytical grade
and were obtained from Jiancheng Chemical Regent Co.,
Ltd. (Nanjing, China).

Proximate Compositions

The proximate compositions of the plasma sample,
including moisture, CP, lipid, and ash, were assayed as
per the method of Association of Official Analytical
Chemists (2012). Each sample was determined in
triplicate.

DPPH radical — scavenging activity (%) = |

Amino Acid Composition

The amino acids of the plasma sample were analyzed
as per the method described by Zhu et al. (2014). Sam-
ples were hydrolyzed with 6 mol HCl at 110°C for
24 h. Then, the solution was filtered through a 0.45-pm
membrane filter (Millipore, Bedford, MA). The amino
acids were analyzed using a Hitachi L-8900A Auto
Amino Acid Analyzer (Hitachi Ltd., Japan). Trypto-
phan was not analyzed.

Preparation of Protein Hydrolysate

Three proteases (Alcalase, Protamex, and Flavour-
zyme) were evaluated to determine the optimum enzyme
for hydrolyzing DBP. Briefly, the substrate (DBP) was
dissolved in distilled water, homogenized at 5,000 rpm,
and preheated in a water bath to attain optimum condi-
tions (Alcalase pH = 9.0, 60°C; Protamex pH = 6.0,
50°C; and Flavourzyme pH = 6.0, 50°C), and then,
the enzymes were added at the same enzyme-to-
substrate (E/S) ratio (0.4 g enzyme/100 g protein).

1- (Asample - Ablank) / (Acontrol - Ablank)} X100
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The solution was incubated and stirred for 4 h. During
the reaction, the pH was adjusted using 1 mol HCI or
1 mol NaOH. Enzymatic hydrolysis was terminated by
heating at 100°C for 10 min. Then, the mixture was
rapidly cooled to room temperature in an ice bath and
centrifuged at 10,000 X ¢ for 10 min at 4°C. The super-
natant was collected to measure the antioxidant activity
and the degree of hydrolysis (DH).

1,1-Diphenyl-2-Picrylhydrazyl Scavenging
Activity

1,1-Diphenyl-2-picrylhydrazyl radical is a stable free
radical with the maximum absorption at 517 nm. In the
presence of antioxidants, free radicals are cleared,
resulting in the decrease of absorbance at 517 nm.
Thus, the antioxidant activity can be evaluated as per
the change of absorbance value. The DPPH assay has
been widely used to evaluate the antioxidant capacities
of natural compounds (Kaur and Geetha, 2006). The
assay was performed as per the method described by
Liu et al. (2017). Briefly, DPPH was dissolved in 95%
alcohol at a concentration of 0.2 mmol/L. The sample
group consisted of 1 mL sample solution and 1 mL
DPPH (in 95% ethanol). The blank was made up of
1 mL of 95% ethanol and 1 mL sample solution. The
control group contained 1 mLL DPPH mixed with
1 mL of 95% ethanol. All the mixtures were incubated
at 25°C for 30 min in the dark. Subsequently, absor-
bance was measured at 517 nm. The DPPH radical
scavenging activity was calculated as per the following
formula:

(1)

Degree of hydrolysis

The DH of plasma hydrolysate was calculated by
measuring the nitrogen content soluble in 10% trichloro-
acetic acid as per the method of Fonkwe and Singh
(1996) with slight modification. Briefly, the hydrolysate
(20 mL) was mixed with an equal volume of 20% tri-
chloroacetic acid. The mixture (10% trichloroacetic
acid) was stirred at room temperature and centrifuged
at 15,000 X g for 10 min at 4°C. The supernatant was
collected and lyophilized to calculate the content of sol-
uble protein by the Kjeldahl method (Amiza et al.,
2011). The percent DH was expressed as follows:

DH = 10% TCA — soluble protein in sample

— X100 (2)
total protein in sample

Single-Factor Experiment

Alcalase hydrolysis was studied as per the method
described in the section of “Preparation of Protein
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Hydrolysisates.” Enzyme concentration, temperature,
time, and pH could affect the antioxidant ability of the
hydrolysate. Single-factor experiments were conducted
as follows:

Effect of hydrolysis time: Duck blood plasma was
hydrolyzed for different durations (0.5, 1.5, 2.5, 3.5,
4.5,5.5,6.5, 7.5, and 8.5 h), and the E/S ratio, pH value,
and temperature were set at 0.3%, 9.0, and 60°C,
respectively.

Effect of E/S ratio: The E/S ratios in the experiment
were set as 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6%, whereas the
hydrolysis time, pH value, and temperature were set at
5.5 h, 9.0, and 60°C, respectively.

Effect of pH values: Duck blood plasma was hydro-
lyzed at different pH values (8.0, 8.5, 9.0, 9.5, 10.0,
10.5, 11.0), whereas the E/S ratio was 0.3% and the in-
cubation was performed at a constant temperature of
60°C for 5.5 h.

Effect of incubation temperature: Duck blood plasma
was hydrolyzed at various incubation temperatures (50,
55, 60, 65, 70, 75, and 80°C), whereas the E/S ratio, pH
value, and hydrolysis time were fixed at 0.3%, 9.5, and
5.5 h, respectively.

Optimization of Hydrolysis Conditions

Based on the single-factor experiment, RSM was used
to study the influence of different hydrolysis conditions
on DPPH scavenging activity. A central composite
design (CCD) was used to optimize hydrolysis condi-
tions using 4 independent variables, which were reaction
temperature (X;), pH (Xj), time (X3), and the ratio of
E/S (X,). Design-Expert software, version 8.6 (Stat-
Ease, Inc., Minneapolis), package was used to establish
the RSM—-CCD model. The factors and design levels
for the CCD independent variables are shown inTables 1
and 2. The experiments were performed in a randomized
form and repeated thrice under identical conditions
(Hamid et al., 2014). Central composite design was
used to fit the second-order response surface model,
which required 30 experiments, including 6 center
points, 16 factorial points, and 8 axial points
(Table 2). The second-order polynomial regression equa-
tion is as follows:

Y =4,+ Zﬁsz?"' Z Z 6inin (3)

i=1 j=itl

where Y is the predicted response representing DPPH scav-
enging rate; f is constant, and B;, By, Bj;, are the regression
coefficients for linear, quadratic, and interaction terms,
respectively. The experiments were run randomly. The
DBPH was lyophilized and stored at —20°C for further
analysis.

Statistical Analysis

The assays of DH and DPPH were conducted in trip-
licate, and data analysis was performed by the Duncan’s
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multiple range test using SAS 9.0 software (P < 0.05).
The response values of the RMS model were analyzed
using ANOVA.

RESULTS AND DISCUSSION

Duck Blood Plasma Compositions

The proximate chemical compositions of spray-dried
DBP are summarized in Table 3. Spray-dried DBP had
high protein content (72.38%). The lipid, moisture,
and ash content were 1.8, 7.5, and 10.2%, respectively.
The protein content was lower than that (89.7%) of
whole duck blood powder (Sorapukdee —and
Narunatsopanon, 2017). On the other hand, the protein
content of DBP was higher than that of duck blood
corpuscle powder (38.74%) (Zheng et al., 2014). Thus,
DBP with high protein content and low lipid is suitable
for preparing bioactive peptides.

Amino Acid Composition

The amino acid composition of DBP is shown in
Table 4. Duck blood plasma was rich in Glu, Asp, Leu,
and Lys, which is consistent with previous reports. Re-
searchers (Sorapukdee and Narunatsopanon, 2017,
Zheng et al., 2018b) showed that these were the main
amino acids in duck blood and blood cells. The amino
acid composition was reasonable, and the ratio of essential
amino acids (38.92%) was higher than the ideal protein
value recommended by the Food and Agriculture Organi-
zation of the United Nations (WHO, 2007). In addition,
duck plasma is rich in antioxidant amino acids and hydro-
phobic amino acids (Table 4). The presence of hydropho-
bic amino acids plays a significant role in the elimination of
free radicals (Chen et al., 1996; Samaranayaka and Li-
Chan, 2011). It is reported that antioxidant amino acids
contribute to the antioxidant activity of peptides. There-
fore, DBP is a high-quality raw material and can be consid-
ered a food source to produce antioxidant peptides.

Selection of Protease Enzymes

Protease was one of the important factors affecting the
antioxidant activity of peptides. Different proteases could
affect the antioxidant property of protein hydrolysates
(Dong et al., 2008; Yang et al., 2013). Therefore, it is
important to select an appropriate protease. Three kinds
of proteases were used to hydrolyze DBP. The DPPH

Table 1. Factors and design levels for the RSM-CCD independent
variables.

Level
Factor Code —a -1 0 +1 +o
Reaction temperature (°C) Xy 55 60 65 70 75
pH Xy 7.5 8.5 9.5 105 11.5
Reaction time (h) X3 4.5 5 5.5 6 6.5
Ratio of E/S (%, w/w) X, 01 02 03 04 05

Abbreviations: CCD, central composite design; E/S, enzyme to
substrate; RSM, response surface methodology.
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Table 2. The CCD-RSM design for optimizing hydrolysis conditions.

Code level of variables

Run number  x; (X;) xo (Xa) x3 (X3) x4 (Xy) Response value Y (%)  Type of point
1 60 (—1) 8.5 (-1) 5(-1) 02(-1) 37.36 Factorial
2 70 (+1) 8.5(-1) 5(-1) 0.2 (-1) 47.63 Factorial
3 60 (—1) 10.5 (+1) 5 (1) 0.2 (-1) 50.8 Factorial
4 70 (+1) 105 (+1) 5(-1)  02(-1) 45.02 Factorial
5 60(~1)  85(-1)  6(+1) 02(-1) 39.60 Factorial
6 70 (+1) 8.5(-1) 6(+1) 0.2(-1) 52.62 Factorial
7 60 (—1) 10.5 (+1) 6 (+1) 0.2 (-1) 59.69 Factorial
8 70 (+1) 105 (+1)  6(+1) 02(-1) 56.66 Factorial
9 60 (—1) 8.5(-1) 5(—1)  04(+1) 38.53 Factorial
10 70 (+1) 8.5 (—1) 5(-1) 0.4 (+1) 49.46 Factorial
11 60 (—1)  10.5 (+1) 5(-1) 04 (+1) 56.26 Factorial
12 70 (+1)  10.5 (+1) 5(-1) 04 (+1) 49.67 Factorial
13 60 (-1)  85(-1)  6(+1) 04 (+1) 38.46 Factorial
14 70 (+1) 8.5 (—1) 6 (+1) 0.4 (+1) 53.75 Factorial
15 60 (=1)  10.5 (+1) 6(+1) 0.4 (+1) 59.28 Factorial
16 70 (+1) 105 (+1)  6(+1) 04 (+1) 57.08 Factorial
17 55 (—a) 9.5 (0) 55(0)  0.3(0) 44.29 Axial
18 75 (+0) 9.5 (0) 5.5 (0) 0.3 (0) 52.25 Axial
19 65 (0) 75(-) 5500  0.3(0) 31.84 Axial
20 65 (0) 115 (+a)  55(0) 0.3 (0) 51.58 Axial
21 65 (0) 95(0)  45(-w) 0.3 (0) 50.13 Axial
22 65 (0) 9.5 (0) 6.5(+0) 0.3 (0) 62.15 Axial
23 65 (0) 9.5 (0) 55(0) 0.1 (—a) 50.77 Axial
24 65 (0) 9.5 (0) 5.5 (0) 0.5 (+) 53.68 Axial
2 65 (0) 9.5 (0) 55(0)  0.3(0) 62.05 Center
26 65 (0) 9.5 (0) 5.5 (0) 0.3 (0) 62.65 Center
27 65 (0) 9.5 (0) 5.5 (0) 0.3 (0) 63.33 Center
28 65 (0) 9.5 (0) 55(0)  0.3(0) 61.65 Center
29 65 (0) 9.5 (0) 5.5 (0) 0.3 (0) 63.78 Center
30 65 (0) 9.5 (0) 5.5 (0) 0.3 (0) 62.65 Center

Abbreviations: CCD, central composite design; RSM, response surface methodology; x, the actual level of

variables; X, the code level of variables.

scavenging activity was used to evaluate the antioxidant
property of the hydrolysates. As shown in Figure 1, all
the hydrolysates exhibited higher DPPH scavenging rate
than DBP (P < 0.05). The order of the antioxidant activ-
ity was as follows: Alcalase hydrolysate > Flavourzyme
hydrolysate > Protamex hydrolysate. The DPPH scav-
enging rate of Alcalase hydrolysate was significantly
higher than that of others (P < 0.05). The difference be-
tween Flavourzyme hydrolysate and Protamex hydroly-
sate was not significant (P > 0.05). The data indicated
that antioxidant activity of the protein hydrolysates was
significantly influenced by the type of protease. Different
hydrolysates had different antioxidant activities, perhaps
because of the different amino acid compositions (Zhang
et al., 2011). Alcalase hydrolysate exhibited the highest
DPPH scavenging rate (50.96%), which was consistent
with previous reports. Similar to porcine blood plasma
(Liu et al., 2010) and bovine blood plasma (Seo et al.,
2015) hydrolyzed by proteases, Alcalase hydrolysate
showed significant antioxidant activity. The results

Table 3. Proximate composition of spray-dried duck blood
plasma.’

Item Duck blood plasma
Protein (%) 72.38 * 4.43
Lipid (%) 1.8 *0.09
Moisture (%) 7.5 *0.52
Ash (%) 10.2 +0.84

"Values represent means + SD from triplicate measurement.

showed that Alcalase is an effective enzyme to produce
antioxidant peptides.

Degree of hydrolysis is an important parameter in the
hydrolysis process. Degree of hydrolysis affects the size
and the amino acid composition of peptides, which could
modulate their biological activity (Sila and Bougatef,
2016). The hydrolysate of Alcalase exhibited the highest
DH (25.47%), followed by that of Flavourzyme and then
Protamex (Figure 1). The molecular weight of the hy-
drolysates with high DH is lower than the hydrolysates
with low DH (Li et al., 2007). In the study, Alcalase hy-
drolysates, which had the highest DH, exhibited the
highest DPPH scavenging activity, which is consistent
with the results of the studies by Li et al. (2007) and
Ren et al. (2008). Thus, Alcalase was selected to prepare
antioxidant peptides for further studies.

Single-Factor Experiment

To obtain the desired hydrolysate, optimization of
process parameters for enzymatic hydrolysis is essential.
As shown in Figure 2A, DH value increased with the pro-
longation of enzymatic hydrolysis time; however, the DH
increased slightly beyond 5.5 h. Liu et al. (2010) and Seo
et al. (2015) showed that the DH of the hydrolysates
increased with an increase in hydrolysis time. The
DPPH scavenging rate increased first and then
decreased with the prolongation of enzymatic hydrolysis
time. At the hydrolysis time of 5.5 h, the scavenging rate
was the highest (60.01%). It may be because that the
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Table 4. Amino acid composition of duck blood plasma (DBP) and their hydrolysates (DBPH).

Amino acid DBP (g/100 g) DBPH (g/100 g)

Amino acid

DBP (g/100 g) DBPH (g/100 g)

Asp 6.23 = 0.16 6.84 + 0.21
Thr' 3.67 = 0.09 4.24 *0.14
Ser 3.50 + 0.05 3.87 + 0.09
Glu 10.61 * 0.26 11.53 + 0.28
Gly 2.76 *+ 0.14 3.11 = 0.07
Ala® 3.49 = 0.13 4.21 = 0.16
Cys” 2.44 + 0.08 2.68 + 0.15
Val'? 4.32 +0.18 4.56 + 0.19
Met* 1.51 * 0.12 1.66 = 0.08

Tle™? 3.08 = 0.07 3.51 = 0.14
Leu™® 6.18 *+ 0.22 6.93 = 0.26
Tyr’ 3.36 = 0.15 3.80 + 0.13
Phe'** 3.54 = 0.06 3.79 = 0.15
Lys'” 6.06 * 0.23 6.57 = 0.27
His” 1.99 * 0.15 3.04 = 0.20
Arg 5.38 + 0.21 6.72 + 0.22
Pro® 4.76 = 0.20 3.59 = 0.21

!'Essential amino acids.
2 Antioxidant amino acids.
*Hydrophobic amino acids.

peptides with antioxidant activity are enzymolyzed
again with the extension of reaction time, which results
in the decrease of its antioxidant activity. Thus, the anti-
oxidant activity of the hydrolysates increased and then
reduced. Hence, the optimal reaction time was 5.5 h.

As shown in Figure 2B, DH increased with the in-
crease in the E/S ratio. The scavenging capacity of
DPPH increased first and then decreased with the in-
crease in the E/S ratio. When the E/S ratio was 0.3%,
the DPPH scavenging capacity was the highest. As we
all know, when the substrate protein is enough, more
antioxidant peptides can be got by the increasing with
the E/S ratio. However, when the ratio of E/S is too
high, the antioxidant activity of the hydrolysates will
be reduced with the increasing of the ratio of E/S
because it might be attributed to the recleavage of anti-
oxidative fractions or enzyme inhibition (Zheng et al.,
2018b). Therefore, the optimum E/S ratio was 0.3%.

The DPPH scavenging rate and DH of DBPH were
effected by pH significantly. Duck blood plasma hydroly-
sates showed the highest DPPH scavenging rate
(59.82%) at pH = 9.5 and DH (28.81%) compared
with other pH values (Figure 2C). The optimum pH
for alkaline protease was 9.5, perhaps because very
high or very low pH reduces the catalytic activity of
the enzyme. Therefore, the optimum hydrolysis pH
was determined to be 9.5.

The DPPH scavenging rate and DH of DBPH were
effected by reaction temperature significantly. As shown
in Figure 2D, with the increase in reaction temperature,

the DH and DPPH scavenging rate increased first and
then decreased. Both of them reached their maximum
value at 65°C, 60.50% and 28.67%, respectively. The
enzyme activity is strongest at the optimum tempera-
ture. Excessive temperature can cause denaturation
and inactivation of the enzyme. Thus, the optimum tem-
perature was 65°C.

Optimization of Hydrolysis Parameters by
RSM

Based on the single-factor experiment, RSM was used
to study the influence of different hydrolysis conditions
on DPPH scavenging activity. The results of 30 treat-
ment conditions designed by CCD method are presented
in Table 2. The DPPH scavenging rate ranged from
31.84% to 63.78% under different conditions. By
applying multiple regression analysis, the relationship
between the response variables and the 4 independent
variables can be calculated by Equation (4).

Y = —1622.55172+25.11187 % X, +144.51271 * X,
+37.06958X;+188.81875X,—0.83775X, X
+0.35400X, X3 +0.38000X, X +2.42750X, X 5
+4.51250X, X, —16.50000X 53X, —0.14474X
—5.25854X5—6.60417X3—262.97917X2 (3)

(4)

C—DPPH
Q 60 - r 60
<
2 a —e—DH
Z 50 T - 50
H
g
= 40 F 40
g b b
54 T T 3
= L T =
2 30 a F 30 E
= — b =
&
¢

E 20 \\i___/"‘;\ L 20

10 1 ¢ F 10

0 0

Alcalase Flavourzyme Protamex Original

Figure 1. Effects of protease types on the degree of hydrolysis (DH) and the DPPH scavenging abilities of duck blood plasma (DBP) hydrolysis.
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Figure 2. Effect of reaction time (A), ratio of E/S (B), pH (C), and temperature (D) on the DH and DPPH scavenging activity of DBPH. Abbre-
viations: DBPH, duck blood plasma hydrolysate; DH, degree of hydrolysis; DPPH, 1,1-diphenyl-2-picrylhydrazyl; E/S, enzyme to substrate.

where X, Xo, X3, and X, refer to the coded values of reac-
tion temperature, pH, time, and ratio of E/S, respectively.

The ANOVA was performed to determine the fitness
and statistical significance of the quadratic model for hy-
drolysis process. ANOVA and the effect of each model

terms are listed in Table 5. As shown in Table 5, the
model F value (292.84) and P value (P < 0.0001) showed
that the model provides statistically significant results.
The P value of lack of fit (0.6259) was used to measure
the fitness of the model, and it did not show significance
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Table 5. ANOVA for the quadratic polynomial mode.

Source Sum of square df Mean square F-value P-value Prob > F
Model 2,249.11 14 160.65 292.84 <0.0001"
X, 94.96 1 94.96 173.10 <0.0001"
Xy 564.93 1 564.93 1,029.76 0.0015"
X3 184.48 1 184.48 336.28 <0.0001"
Xy 14.79 1 14.79 26.96 0.0001"
XX 280.83 1 280.83 511.72 <0.0001"
X, X5 12.53 1 12.53 22.84 0.0025"
X, X,y 0.22 1 0.22 0.55 0.3211
XoX3 23.57 1 23.57 42.97 <0.0001"
XoXy 3.26 1 3.26 5.94 0.0277°
X3Xy 10.89 1 10.89 19.85 0.0153°
XX, 359.15 1 359.15 654.66 <0.0001"
XoXy 758.46 1 758.46 1,382.54 0.0003'
X3X3 T4.77 1 T4.77 136.29 <0.0001*
XXy 189.69 1 189.69 345.77 <0.0001"
Residual 8.23 15 0.55

Lack of fit 6.14 10 0.51 0.83 0.6259
Pure error 3.09 5 0.62

Cor total 2,257.34 29

R-Squared 0.9964

Adj R-Squared 0.9930

Pred 0.9849

R-Squared

Adeq Precision 58.689

'Significant within a 99.9% confidence interval.
2Signiﬁcamt within a 95% confidence interval.

(P > 0.05). Thus, the model is suitable. Furthermore, in
this case, R* = 0.9964, R®y4; = 0.9930, R?p,eq = 0.9849,
indicating that the model is reliable for the prediction of
DPPH scavenging activity and was fitted to the second-
order equation.

Table 5 shows that the DPPH scavenging rate was
affected by the 4 terms significantly (P < 0.01). Among
the 4 variables, the ratio of E/S had the largest effect on
the DPPH scavenging activity, followed by pH, and the ef-
fects of time and temperature were the smallest. Similarly,
the quadratic terms and interaction terms without XX,
show significance (P < 0.01) on the DPPH scavenging ac-
tivity. This indicated that the effect of each variable on the
response value is not a simple linear relationship but a
quadratic relationship, and the interaction exists between
the variables. The interactions between the 2 factors are
shown in Figure 3. As shown in the Figures 3A-C, with
the increase in enzymatic hydrolysis temperature,
DPPH scavenging rate increased first and then decreased.
As shown in Figures 3A, 3D, 3E, the DPPH scavenging
rate increased first and then decreased with the increase
in the E/S ratio. As for Figures 3C, 3D, 3F, the antioxi-
dant activity increased with the prolongation of hydrolysis
time. In Figures 3B, 3E, 3F, with the increase in pH value,
the antioxidant activity increased first and then
decreased. When the pH was about 9.5, the DPPH scav-
enging rate reached its maximum. We can predict that
the interaction between pH and temperature/time is sig-
nificant based on the shape of contour, which is consistent
with the variance analysis.

Verification of the Predictive Model

In accordance with the established model for optimiza-
tion analysis, the highest DPPH scavenging activity of

65.58% occurred at the hydrolysis temperature (X;) of
65.41°C, pH (X3) of 10.05, time (X3) of 6 h, and ratio of
E/S (Xy) of 0.3%. To further optimize the hydrolysis,
the test parameters were revised to hydrolysis tempera-
ture (X;) of 65.5°C, pH (Xj) of 10, time (X3) of 6 h,
and ratio of E/S (X,) of 0.3%. Verification tests (n = 3)
were carried out, and the DPPH scavenging rate was
found to be 64.84% = 1.24%. There is no significant dif-
ference between the measured value and the estimated
value by the analysis using SAS software. Therefore,
the model was reliable and can be used for optimizing hy-
drolysis. In addition, RSM was used to optimize the pro-
cess conditions of grass carp protein to prepare
antioxidant peptides (Ren et al., 2008). Chicken blood
corpuscle was hydrolyzed and optimized by RSM, and
then, AEDKKLIQ was identified with antioxidant activ-
ity as well as that of glutathione (Zheng et al., 2018a).

In the experiment, the DPPH scavenging rate of DBPH
was 64.84% at the concentration of 1.0 mg/mL, which was
lower than those in the RSM model of duck protein
(84.36%) (Wang et al., 2018). Porcine hemoglobin hydro-
lysate exhibited similar DPPH scavenging activity (67%)
at the concentration of 1.5 mg/mL (Sun et al., 2012).
Thus, DBPH showed antioxidant activity.

The bioactivities of a peptide are mostly dependent on
its amino acid composition (Ponall et al., 2010;
Chalamaiah et al., 2018). The antioxidant activities of
peptides show a close relationship with the amino acid
sequence, composition, structure, and hydrophobicity
(Zou et al., 2016; Wang et al., 2019). The amino acid
composition of DBPH is shown in Table 4. Duck blood
plasma hydrolysate was found to be rich in Glu, Leu,
Asp, Arg, and Lys, which was consistent with the main
amino acids of duck blood of Sorapukdee and
Narunatsopanon (2017) and Zheng et al. (2018b).
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Figure 3. Response surface plots showing correlation of (A) ratio of E/S and hydrolysis temperature; (B) hydrolysis temperature and hydrolysis
pH; (C) hydrolysis time and hydrolysis temperature; (D) ratio of E/S and hydrolysis time; (E) ratio of E/S and hydrolysis pH, and (F) hydrolysis time
and hydrolysis pH on the DPPH scavenging activity. Abbreviations: DPPH, 1,1-diphenyl-2-picrylhydrazyl; E/S, enzyme to substrate.

Proper positioning of antioxidant amino acids (Cys, Tyr,
His, and Met) has been reported to contribute greatly to
the potency of antioxidant peptides (Bellia et al., 2008;
Udenigwe and Aluko, 2011). The antioxidant amino
acid amounts to 14.69% in DBPH, which is higher
than that in rapeseed peptides (He et al., 2012). Hydro-
phobic amino acids play a significant role in the elimina-
tion of free radicals (Chen et al., 1996; Samaranayaka
and Li-Chan, 2011). Hydrophobic amino acid content
(Phe, Ala, Val, Pro, Leu, and Lys) was 29.65% in
DBPH. Sila and Bougatef (2016) reported that peptides
containing more hydrophobic amino acids showed stron-
ger antioxidant activity. The results revealed a high con-
tent of antioxidant amino acids and hydrophobic amino
acids in DBPH. Thus, the antioxidant ability may be
because of these amino acids. In addition, as shown in
Table 4, the amino acid composition is reasonable and

the ratio of essential amino acids (38.76%) was high.
Thus, DBPH can be a potential nutritional ingredient
in function foods.

CONCLUSION

An efficient and feasible technology for producing
antioxidant peptides from DBP was developed and opti-
mized by RSM. The optimum protease was found to be
Alcalase. The optimum conditions to obtain the highest
DPPH scavenging rate were as follows: hydrolysis tem-
perature, 65.5°C; E/S ratio, 0.3%; pH, 10.0; and hydro-
lysis time, 6.0 h. Under the given conditions, the DPPH
scavenging rate was 64.84%. The experimental value
agreed with the predicted value within a 95% confidence
interval, suggesting a good fit between the models and
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the experimental data. Therefore, this method can be
used to produce duck plasma antioxidant peptides.
This study indicated that DBPH shows antioxidant
activity. Based on the amino acid composition, DBPH
possesses a high nutritional value. Enzymatic hydrolysis
is a feasible and manageable technique to industrially
produce protein hydrolysate. Although further isolation
and characterization of antioxidant peptides is required,
the results indicate that the duck plasma could be used
as a high quality source of protein or as an additive for
function foods, as well as a research and development
base for animal blood. It is not a waste product but a
valuable protein resource with antioxidant activity.
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