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Peptide extraction from silver carp (Hypophthalmichthys molitrix) scales via enzymatic hydrolysis
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Abstract

In this work, peptides were extracted from Silver carp (SC) scales via protease hydrolysis and separated using two
membranes (M1 and M2). The results revealed that the water: SC scale ratios of 50.6 mL/g, alkaline protease 1
(AP1) dose of 2313.6 U/mL, and pH of 8.14 were the optimal hydrolysis conditions, and the peptide yield reached
88.77 £ 0.32%. The optimal conditions of peptide separation were clarified: the operating pressure of the M1 (M2)
was 0.25 (0.4) MPa, the liquid temperature was 30°C, and the operation time was 65 min. In this case, the per-
meability of the M1 (M2) reached 91.73 £ 96% (79.83 + 7.23%), and the average molecular weight of the peptides
was 758 Da (576 Da). Compared with M1 peptides, M2 peptides contained more acidic and aromatic amino acids
exhibiting free-radical scavenging and tyrosinase inhibition properties. It might provide a way to utilize SC scales

as a promising material to produce bioactive peptides.
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Introduction

Silver carp (SC), Hypophthalmichthys molitrix, a freshwa-
ter fish, has the highest aquaculture production in China.
In 2020, the SC aquaculture output reached 3.81 million
tons and was 2.30 times that of tilapia (Oreochromis mos-
sambicus, 1.65 million tons) (China Fishery Statistical
Yearbook, 2020). In the last decade, only a small part of
SC scales has been used to produce local characteristic
food products, while most of them are processed into
inexpensive feed and even discarded as garbage, which
possess serious threats to biological resources (Kraiem
et al., 2015). SC scales are rich in biomolecules, and other
advantages include low price, small size, easy processing
through enzymolysis, and low production cost (Xu et al.,
2021). Therefore, there is a tendency to replace tilapia

scales with those of SC scales to produce fish scale pep-
tides by inland processing companies.

Previous studies on fish scale peptides have mainly
focused on the structure of fish scales and the physi-
cochemical properties of their peptides. For instance,
Okuda et al. (2009) reported that the hydroxyapatite con-
tent of fish scales reached 19.31%, which could directly
affect the extraction rate of the peptides. Chen et al.
(2016) clarified that the preparation of collagen from
fish scales through acid extraction resulted in a substan-
tial loss of collagen. The use of enzymatic extraction of
peptides does not introduce foreign substances, ensur-
ing the purity of the product (Liu et al., 2012). Recent
studies have mainly focused on biological functions and
action pathways, such as fish scales peptides and glycated
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peptides conjugated with xylose via Maillard reac-
tion (FSP-MRPs), which could protect against alcohol-
induced liver damage. FSP-MRPs significantly reduce
the elevated activities of serum aspartate aminotransfer-
ase and alanine aminotransferase, decrease the elevated
levels of hepatic malondialdehyde and triglycerides, and
inhibit the decrease of hepatic superoxide dismutase,
catalase, and glutathione peroxidase caused by alcohol-
induced liver damage (Chen et al., 2020). Peptides
derived from crimson snapper scales possess excellent
free-radical scavenging activities in vitro, and red tila-
pia scales can be used as a starting material for produc-
ing antioxidant peptides (Cai et al., 2021; Sierra et al.,
2021). To the best of our knowledge, these studies rarely
involved peptide extraction and separation processes,
which are very important in controlling product qualities
and production costs and are urgently needed in indus-
trial production.

Extraction optimization of peptides usually refers to
the degree of hydrolysis (DH). The higher the DH, the
more complete the enzymatic hydrolysis, but this does
not mean that the peptide has high biological activity
(Gbogouri et al., 2004). In industry, the yield of peptides
with specific molecular weights (i.e., target peptides)
is the key indicator for measuring the production effi-
ciency and the quality of products. In this study, consid-
ering peptide yield as an indicator, peptides of SC scales
(SCSPs) were extracted by protease hydrolysis subjected
to response surface methodology (RSM). The SCSPs were
then separated and purified through membrane filtra-
tion, followed by analysis of the amino acid (AA) compo-
sition by ion-exchange chromatography with ninhydrin
postcolumn derivatization. This work provides reference
data for further utilization of SC scales and the efficient
production of peptides.

Materials and Methods
Materials

SC scales were purchased from Liangzihu Aquatic
Products Processing (Wuhan, China). Alkaline prote-
ase 1 (AP1, 2,400,000 U/mL, liquid) and neutral pro-
tease (NP, 1600 AU/g, powder) were purchased from
Genencor Bioengineering (Jiangsu, China). Alkaline
protease 2 (AP2, 2400 U/mg, powder) and flavor
protease (FP, 500 U/mg, powder) were provided by
Novozymes Biotechnology (Jining, China). Alkaline
protease 3 (AP3, 200 U/mg, powder) was acquired
from Yuanye Biotechnology (Shanghai, China). The fil-
tration membranes were supplied by Langji (Shanghai,
China). All reagents in the experiments were of analyt-
ical grade.

Peptide extraction from silver carp

Preparation of peptides

To remove impurities from the SC scales, 4% (v/v) HCI
was added at a ratio of 10:1 (mL/g, v/w). An ultrasonic
cleaner (KQ3200db, Kunshan Ultrasonic Instrument
Co., Ltd., China) with 90 W was used to assist decal-
cification for 2 h. The decalcified scales were washed
repeatedly with flowing water and put into a blast dry-
ing oven (DHG-9203A, Shanghai Yiheng Scientific
Instrument Co., Ltd.,, China) at 50°C for 18 h. After
the procedure, transparent, decalcified SC scales were
obtained. Proteases were then used to hydrolyze the SC
scales. Membrane filtration was carried out by using lab-
oratory membrane separation equipment (LNG-NF-101,
Shanghai Langi Membrane Separation Equipment
Engineering Co., Ltd., China). Finally, white peptide pow-
der was obtained by freeze-drying.

Selection of proteases

Five grams of decalcified scales were put into distilled
water. At the appropriate temperature and pH condi-
tions, five proteases (AP1, AP2, AP3, NP, and FP) were
used to hydrolyze the SC scales, with all proteases
at the same enzyme activity of 4800 U/mL. The enzy-
matic hydrolysis conditions were as follows: liquid to
solid ratio of 10:1 (v/w), enzyme content of 2 uL, and a
hydrolysis time of 4.5 h. To obtain the supernatants, the
inactivated liquid was centrifuged at 2775 g for 20 min.
The peptide yield of the supernatant was used as the
indicator of the enzymatic hydrolysis effect for selecting
protease.

Enzymatic hydrolysis optimization based on response
surface methodology

After screening protease, the yield of peptide was used
as the index of enzymatic hydrolysis effect to conduct
single-factor experiment. The effects of water to SC scale
ratios (10-60 mL/g), protease dose (0.6—1.6 pL/mL), and
pH value (7.5-10.0) on peptide yield were carefully stud-
ied. The factors of fish scale mass, enzymatic hydrolysis
time, and temperature remained at 1 g, 4 h, and 50°C,
respectively.

Combined with the results of the single-factor experi-
ments and considering the peptide yield as the response
value, the Box—Behnken design of RSM was employed
to conduct a three-factor and three-level experiment
for further optimization of the hydrolysis conditions.
Three-dimensional response surface and contour
maps were generated to analyze the contributions of
the factor to the response value as well as the interac-
tion among factors (Davidovich-Pinhas et al., 2015).
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Table 1. Process factors and levels.

Coded variable levels

Variables Code Unit —1 0 1

Water:SC scale A mL/g 45 50 55
AP1 dose B pb/mL 0.9 1.0 1.1
pH © 75 8.0 85

As shown in Table 1, the three variables and their respec-
tive ranges were selected on the basis of single-factor tests.

A quadratic model is given in the following formula
(Atukuri et al., 2019):

k k k
Y=By+ Y BX;+ D BXI+ ) BXX +s O

i=1 i=1 i=1

iJ
Where, Y is the response function; B, is the center point
of the system; ¢ is the random error; B, B, and B, repre-
sent the coefficients of the linear, quadratic, and interac-
tive effects, respectively; and X, X? and XX, represent
the linear, quadratic, and interactive effects of the inde-
pendent variables (water:SC scale, AP1 dose, and pH

value), respectively.

Peptides isolated via membrane filtration

A total of 3 L SCSP samples (12.2 mg/mL) were prepared.
Polyethersulfone (PES) resin with a filtration area of
0.24 m? was used as the NF membrane. In the experiment,
a 5000 Da membrane (M1) was operated to remove pro-
teases and macromolecular impurities from the samples.
Filtrates with molecular weights less than 5000 Da were
further separated through a 3000 Da membrane (M2).
Then, the 3000-5000 Da filtrates were marked as M1 pep-
tides, and filtrates < 3000 Da were marked as M2 peptides.

The effects of operating pressure (0.10-0.45 MPa), oper-
ating time (5—80 min), and operating temperature (10—
40°C) were analyzed for membrane flux. In the operation
time experiment, starting from the first drop of filtrate in
the measuring cylinder, samples were taken every 5 min.
In other experiments, sampling was concluded after
5 min of operation.

Determination of membrane flux and peptide
transmittance

Membrane flux (J_, L/[m?+h]) refers to the volume of fil-
trate that passes through the membrane per unit time
and unit membrane area under certain operating con-
ditions. This is usually used to measure the permeation
rate and capacity of membrane elements to the material

liquid. Membrane flux is expressed by the following for-
mula (2):

v
tx Am

Jm (L/m? -h) = (2)
Where, v (L) is the filtrate volume, ¢ (h) is the operating
time, and A_ (m?) is the membrane filtration area.

Two groups of 5 L SCSP solutions (pH 7.5, concentration
12.2 mg/mL) were prepared, and filtrates were collected
through the M1 and M2 under their optimal operating
pressures. The membranes were washed repeatedly with
deionized water, and the eluate was collected and com-
bined with the filtrates. The total volume of filtrates was
then determined. According to the law of material bal-
ance, the permeability of peptides (P, %) was calculated
by the below formula (3):

P (%) =M 5 100% 3)
€o XV
Where, ¢, (mg/mL) is the mass concentration of the fil-
trate, v, (mL) is the filtrate volume, c, (mg/mL) is the ini-
tial mass concentration of the solution, and v, (mL) is the
initial volume of the solution.

Determination of peptide yield

Peptide yield can be characterized by the biuret method
via the colors of the complexing reactant between the
peptide bond and copper sulfate. It was determined
by the method with minor modifications (Zhang et al.,
2019). A standard solution of 10 mg/mL bovine serum
albumin was diluted to different concentrations and
mixed with 4 mL of biuret reagent. After reacting for
30 min at room temperature, the absorbance value of the
solution was measured at 540 nm with distilled water as
the blank control. Drawing a standard curve, the regres-
sion equation was obtained as follows: y = 0.0549 x
+ 0.002 (R* = 0.9992 in the concentration range of
0-10 mg/mL), where y (A) is the absorbance and x
(mg/mL) is the concentration of bovine serum protein.

The SCSP sample was added to a 15% (w/v) trichloroace-
tic acid solution with a volume ratio of 1:1 for precipitat-
ing proteins. After vortexing, the mixture was reacted for
10 min and then centrifuged at 2775 g for 20 min. The
supernatant was mixed with 4 mL of biuret reagent, left
to react for 30 min at room temperature, and its absor-
bance was measured at 540 nm using a double beam UV
spectrophotometer (UH5300, Hitachi Co., Ltd., Japan).
The corresponding concentration was obtained by com-
parison with the standard curve, and the yield of peptide
(Y, %) was calculated according to Equation (4).

Y (%) =Lnf:”x100% @)
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Where, ¢, (mg/mL) is the peptide concentration in the test
solution, fis the dilution ratio, v (mL) is the total volume
of test liquid, and m (mg) is the total mass of the sample.

Determination of peptide molecular weight

The molecular weight of the peptides was determined by
gel permeation chromatography (GPC, Waters 2690 D,
Waters Co., USA). The chromatographic conditions (Jia
et al., 2010) with some modifications were as follows:
using an aqueous-phase separation column, the flow rate
was 0.6 mL/min, the mobile phase was 0.1 M NaNO,
aqueous solution, and the buffer solution was sodium
acetate solution at pH 2.7. Here, a Waters 2410 refrac-
tive index detector was used, and both the column and
detector temperatures were kept at 313 K. The molecular
weight of the peptide was determined by using polyeth-
ylene oxide as the standard.

Amino acid analysis

The AA compositions were analyzed by an AA analyzer
(L-8900, Hitachi Co., Japan) according to the method
reported by Matsuo et al. (2019). The enzymatic hydro-
lysate and peptides were dissolved in 0.02 M HCI solu-
tion, and the suspension was filtered through a 0.45 um
filter. Then, the samples were sent to the Food Quality
Supervision, Inspection, and Testing Center of the
Ministry of Agriculture (Wuhan, China) for AA analy-
sis. The samples were analyzed by ninhydrin postcolumn
derivatization through an AA analyzer equipped with a
C18 column (4.6 x 150 mm, 5 um, Waters Co., USA). The
AA contents were calculated using standard AAs.

Statistical analysis

Data were analyzed via SPSS 20.0 Statistical Analysis
System (SPSS Inc., USA). One-way analysis of variance

Table 2. Effect of different proteases on the yield of peptides.

Peptide extraction from silver carp

(ANOVA) with Duncan’s multiple range test was used
to examine significant (at P values of 0.05) differences
between comparable treatments. One-way ANOVA is
used to study the difference of the average value of the
dependent variable among different groups under differ-
ent levels of a single factor. Data were analyzed by RSM
using Design-Expert statistical software (DX 10.0.4, Stat-
Ease Inc, USA) to optimize the enzymatic hydrolysis
conditions. All experiments were performed with three
independent replicates, and the means + standard devia-
tions (SD) of the replicates were reported.

Results and Discussion

Different proteases affect the yield of Silver carp scale
peptides

Results are expressed as mean + SD from triplicate deter-
minations. Different lowercase letters show a significant
(P < 0.05) difference among the time groups, and differ-
ent capital letters show a significant (P < 0.05) difference
among the protease groups.

As shown in Table 2, AP resulted in higher yields of pep-
tides during the entire enzymolysis process than NP and
FP. In addition to hydrolyzing peptide bonds, AP has Ser
active sites that can also hydrolyze ester bonds and amide
bonds, as well as promote transesterification and trans-
peptidation (Puri et al., 2002).

In the case of APs, the SCSP yield in the AP1 and AP3
groups was significantly higher (P < 0.05) than that in
the AP2 group during the entire enzymatic hydroly-
sis process, indicating that the hydrolyzing ability of
AP relates to its state and that higher enzyme activ-
ity can be observed in the liquid state than in the solid
state. Compared with AP3, AP1 led to a superior yield
of SCSPs most of the time, where the yield of SCSPs
reached a maximum of 31.27 £ 1.22%. The SCSP yields

Peptide yield (%)

Time (min) AP1 AP2 AP3 NP FP

30 26.99 + 0.14P2 26.06 + 0.89° 23.36 +1.10¢ 17.14 + 1.8782 11.93 + 1.83%2
60 31.27 £1.22% 28.84 +1.61 27.23 +0.90% 24.62 + 0.50%° 17.85 + 1.39%
90 31.90 + 0.220% 30.77 + 1.39P0 28.02 + 0.98¢° 26.25 + 1.188% 19.98 +0.03%
120 32.15 + 0.39¢bxd 31.22 +1.04% 28.49 + (.828 27.89 +0.185 21.16 + 0.25°
150 32.67 +0.58° 30.94 + 1.02¢¢ 28.58 + 1.138 28.24 + 0.655% 22.01 + 0.56"%
180 32.54 + (.52¢0<d 31.52 +0.91¢ 29.29 +0.758% 29.48 + 0.578% 22.00 + 0.65"%
210 32.45 + (.74 31.39+0.77¢ 28.85 + 1.285 29.45 + 1,058 22.40 + 1.10°%
240 33.29 + 0.66% 31.98 +£0.79¢ 28.48 + 0.508 29.44 + 1,598 22.52 +0.51Ad
270 33.46 +0.96™ 31.78 + 1.40% 28.53 +0.90¢ 30.15+ 0.798¢ 23.50 + 0.59%

Italian Journal of Food Science, 2023; 35 (2)

47



Zu X-yetal.

show little improvement by prolonging the enzymolysis
time beyond 60 min. Thus, AP1 and a 60 min hydrolysis
time were selected for subsequent experiments.

Single-factor experiments

From Figure 1A, the yield of SCSP increased with
increasing water:SC scale ratio. At a ratio of 50 mL/g, the
peptide yield was 86.30 + 4.55%, which was significantly
(P < 0.05) higher than that of the lower-ratio groups.
No changes were observed among the 50 and 60 mL/g
groups. Per Figures 1B and 1C, the SCSP yield increased
initially and then decreased with a further increase
in AP1 dose and pH value. When the AP1 dose was
1 pL/mL, the SCSP vyield reached 87.97 + 2.03% and
was significantly (P < 0.05) higher than that of the other
groups. When the pH value was 8.0, the peptide yield
reached a maximum of 88.23 + 1.25%, which was sig-
nificantly higher than that of the pH 8.5-10.0 groups
(P < 0.05). Thus, a ratio of 50 mL/g, an AP1 dose of
1 uL/mL, and a pH value of 8.0 were implemented in the
subsequent experiments.

Notably, the effect of pH on the enzymatic hydrolysis
reaction is mainly manifested in changing the spatial
conformation and active site of the enzyme molecule
(Anwar and Saleemuddin, 1998). Therefore, insufficient
or excess pH will cause enzyme denaturation and change
the specific binding of the enzyme molecule to the sub-
strate, thus reducing the enzymatic hydrolysis effect and
peptide yield.
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100
g 80+
el
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>
S 40¢
&
A 20
0
10 20 30 40 50 60 70
Water:SC scale (mL/g)
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S oof
=
2
>
> 85}
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o 8ot

C

Peptide yield (%)

Optimization of enzymatic hydrolysis conditions by
response surface methodology

Response surface design and regression model variance
analysis

As shown in Table 3, the highest yield of SCSPs reached
90.7 £ 4.50% under the following conditions: pH = 8.0,
ratio of liquid to material = 50 mL/g, and AP1 amount
= 1.0 pL/mL. The yield results had a high error and were
further verified through ANOVA.

The results of ANOVA are shown in Table 4. The regres-
sion equation was obtained as follows: Y = 88.16 + 0.39
A -026B +240 C-3.25AB - 3.32 AC - 4.27 BC —
2.61 A% — 2.56 B? — 6.33 C% For the model, P = 0.0023
< 0.01, indicated that the model was highly significant.
The lack-of-fit phase P = 0.1606 > 0.05 indicated that the
data were reliable and that the fitting degree was good.
High correlation coefficients of R? and R? ; revealed that
there were good correlations between each single factor
(A, B, C) and the response value of Y (SCSP yield) and
could explain 93.41% of the test results. The F and P val-
ues (Prob > F) represent the influence of every factor
on the response value (Ikoma et al., 2003). As shown in
the results, the contributions of the three single factors
to the peptide yield were in the order of pH, water:SC
scale ratio, and AP1 dose. The primary term C, the inter-
action terms AB and AC, and the quadratic terms A?
and B? all significantly affected the peptide yield at the
P <0.05 level, and both the interaction terms BC and the
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W

a

ol
(=}

b

0
W

o«
O

b
b b

b
06 08 1.0 1.2 14 16 18
AP1 dose (unL/mL)

7.5 80 85 9.0 9.5 10.010.5

Figure 1.

pH

Effects of different water: SC scale values (A); AP1 doses (B); and pH values (C) on peptide yield. The different low-

ercase letters show significant (P < 0.05) differences among the columns.
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Table 3. Independent variables and response value.

A B

Run Water:SC AP1 dose c Y Peptide
no. scale (mL/g) (uL/mL) pH yield (%)

1 50 1.1 7.5 79.1+2.33
2 45 0.9 8.0 79.3 £5.04
3 45 1.0 7.5 72.7+3.21
4 55 1.1 8.0 80.2 £ 3.50
5 55 1.0 8.5 79.1+2.41
6 45 1.1 8.0 87.8 £5.58
7 50 1.0 8.0 87.6£5.18
8 50 1.1 8.5 76.4 +2.51
9 50 1.0 8.0 87.0£7.05
10 55 1.0 7.5 82.0+4.75
1 50 1.0 8.0 88.6 +2.01
12 55 0.9 8.0 84.7 £2.55
13 50 1.0 8.0 90.7 £4.50
14 50 0.9 75 73.6 £5.83
15 50 0.9 8.5 88.0£3.23
16 45 1.0 8.5 83.1£4.50
17 50 1.0 8.0 86.9 £ 5.05

quadratic term C? significantly affected the peptide yield
at the P < 0.01 level.

Analysis of the response surface plot

According to the interaction results from Table 3 and
Figure 2, with increasing AP1 dose, water:SC scale ratio,
and pH value, the SCSP yield initially increased and then
decreased. Among them, the pH and AP1 dose surface

Peptide extraction from silver carp

was steep, and the interaction between them showed a
strong effect on the yield of peptides (P = 0.0051 < 0.01).
In Figure 2, the contour map under the interaction of
each factor shows an oval shape and suggests the sig-
nificant interaction of each factor, which is consistent
with the results of ANOVA of the regression model.
The contour density along the pH value was higher than
that along the AP1 dose or water:SC scale ratio, indi-
cating that pH value had the most significant effect on
the peptide yield. This result is consistent with the data
in Table 4 (P = 0.0155 < 0.05). In addition, there was a
synergistic effect among the three factors of AP1 dose,
pH, and water:SC scale ratio. The synergy of these factors
significantly (P < 0.05 or P < 0.01) affected the yield of
peptides. For example, the single factor AP1 dose showed
little effect on the yield of SCSPs, whereas the interaction
of AP1 dose with pH significantly affected SCSP yield
(P=10.0051 <0.01).

Method validation

The optimal process parameters were obtained by
Design-Expert 10.0.4 Software. When the water:SC
scale ratio was 50.613 mL/g, the AP1 dose was 0.964 uL/
mL, and the pH value was 8.140. The highest peptide
yield was 88.57%. Thus, after optimization, the param-
eters water:SC scale ratio of 50.6 mL/g, an AP1 dose of
0.96 uL/Ml, and a pH of 8.14 were chosen. The experi-
ment was conducted in triplicate, and the peptide yield
was 88.77 £ 0.32%. There was no significant difference
between the obtained SCSP yield and the predicted value
of the regression equation, indicating that the model was
valid.

Table 4. Response surface quadratic model ANOVA and regression coefficient estimation.

Source Sum of squares df Mean square F P Prob > F
Model 452 9 50.22 11.03 0.0023 Significant
A-Water:SC scale 1.2 1 1.20 0.26 0.6234
B-AP1 dose 0.55 1 0.55 0.12 0.7381
C-pH 46.08 1 46.08 10.12 0.0155
AB 42.25 1 42.25 9.28 0.0187
AC 44.22 1 44.22 9.71 0.0169
BC 73.10 1 73.10 16.05 0.0051
A2 28.57 1 28.57 6.27 0.0407
B2 27.49 1 27.49 6.04 0.0437
(2 168.71 1 168.71 37.05 0.0005
Residual 31.88 7 4.55
Lack of fit 21.99 3 7.33 2.96 0.1606 Not significant
Pure error 9.89 4 247
Cor total 483.88 16
R?=0.9341 RZAdJ. =0.8494 CV =2.58%
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Figure 2. Three-dimensional response surface plots (A, C, and E) and contour maps (B, D, and F) for the interactions of

enzymatic hydrolysis conditions.

Membrane flux and peptide permeability of each
component

As shown in Figure 3A, with increasing operating pres-
sure, the membrane flux increased gradually and then
plateaued. In general, the internal and external pressure
difference forms turbulence on the membrane surface,
which increases the tangential shear force of the filtrates,
thus leading to the increase of the flow rate and perme-
ability per surface unit membrane (Nghiem et al., 2005).
However, the membrane flux remained unchanged with
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increasing pressure when the two membrane pressures
(Figure 3) were greater than 0.25 and 0.4 MPa for M1
and M2, respectively. This is because the concentration
of solute molecules in the membrane surface area is high,
resulting in more macromolecule solutes accumulat-
ing on the surface of the membrane to form a gel layer
(Fugere et al., 2005). When the pressure is too high, the
thickening of the dense gel layer produces strong resis-
tance to the liquid material, thereby counteracting the
driving force generated by the pressure and reducing the
flux of the membrane.

L )
S v o

W
=

—®—5000Da
——3000Da

I3
U

(=]

9 18 27 36 45
Temperature (°C)

)
S

3
=

(=)
=

N
=

53
=

=1

3000Da

Nanofiltration membrane

5000Da

Figure 3. Effects of different operating pressures (A), temperatures (B), and times (C) on the membrane flux and peptide per-

meability of each component (D).
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As shown in Figure 3B, membrane flux increased lin-
early with gradual increase in the operating temperature.
The higher the temperature, the lower is the viscosity
and greater the thermal movement of solute molecules,
which facilitates the transport of solutes across the mem-
brane and increases the filtrate permeability per unit
membrane area (Lau and Ismail, 2009). When there is
excess temperature, the solute molecules accumulate on
the membrane surface and membrane pores over time,
reduce the mass transfer coefficient, and cause irrevers-
ible damage to the membrane elements (Benitez et al.,
2009). In addition, PES was used as the membrane ele-
ment material with a limit temperature of 40°C in this
experiment. Herein, although a high temperature was
beneficial to the increase in membrane flux, we still rec-
ommend that the temperature does not exceed 35°C
during operation.

In terms of the operating time data shown in Figure 3C,
the membrane flux decreased slowly in the early stage
and decreased rapidly in the intermediate stage. After
65 min, the membrane flux tended to be stable, proba-
bly because a large number of macromolecular solutes
were deposited on the membrane surface, forming a
permeable multilayer cake (Kaya and Dayanir, 2020).
Small-molecule solutes and solvent molecules can enter
the membrane pores. Under pressure, solutes with large
diameters are blocked by the filter cake layer and enter
the boundary layer into a circulation system (Choobar
et al., 2019). Thus, after 65 min, the material-liquid
boundary layer, filter cake layer, and inside of the mem-
brane pores reached dynamic equilibrium.

The calculated peptide permeability results are shown
in Figure 3D. The obtained peptides could penetrate
through the M1 and M2 membranes, and the perme-
ability was as high as 91.73 + 6.96% and 79.83 £ 7.23%,
respectively.

Determination of peptide molecular weight by gel perme-
ation chromatography

As shown in Table 5, the average molecular weight (Mw)
of the M1 peptides was 758 Da, accounting for 92.32%
of the peptides. The Mw of the M2 peptides was 576
Da, accounting for 79.16% of the peptides, and a range

Table 5. Molecular weight of filter samples.

Peptide extraction from silver carp

of 100-576 Da accounted for 100% of the peptides. This
observation was related to the damping effect of the
membrane material in the filtration process, where most
of the interception was of water-soluble, small-molecule
substances.

Analysis of amino acids of different components

As presented in Table 6, M1 peptides contained more
hydrophobic AAs and basic AAs, while M2 peptides con-
tained more acidic (Glu, Asp) and aromatic AAs (Phe,
Try), as well as His, Val, and Iso. The proportions of Ala,
Gly, and Phe in M2 peptides were enhanced by 94.79,
860.60, and 17.95%, respectively, compared with those
in the enzymatic hydrolysate. Numerous studies have
shown that fish scales and skin peptides have antioxidant
effects. The smaller the molecular weight, the more obvi-
ous is the antioxidant function, based on gastrointestinal
absorption (Ngo et al., 2010; Wu et al., 2015). These func-
tions may be mainly related to their AA compositions
(Gémez-Guillén et al., 2011). Studies have revealed that
acidic AAs are weakly acidic due to them containing car-
boxylates that can dissociate H* and have a strong pro-
moting effect on the scavenging of DPPH and H,0O, free
radicals and the reduction of iron (Herndndez-Ledesma
et al., 2010). The electron-dense side-chain groups con-
tribute to the antioxidant properties of a peptide when
there are relatively high number of Try and His residues
in the peptide (Udenigwe and Aluko, 2011). In addition,
Schurink et al. (2007) noted that Phe and Val can inhibit
tyrosinase. Ishikawa et al. (2007) reported that Ala, Gly,
L-Iso, and L-Leu play a positive role in inhibiting melanin
synthesis. Based on the above studies, it was speculated
that the M2 peptides from SC scales may have a strong
free-radical scavenging effect and melanin inhibitory
effect.

Conclusion

Referring to the peptide yield as an indicator, AP1
showed the best enzymatic hydrolysis effect on SC scales.
According to theoretical and experimental results, a
water:SC scale ratio of 50.6 mL/g, AP1 dose of 2313.6 U/
mL, and a pH of 8.14 were determined to be the optimal
process parameters, and the peptide yield was as high

Sample Peak Mn Mw Mp Polymolecularity Area %

M1 peptide Main peak 499 758 850 1.382463 92.32
Minor peak 67 7 69 1.062646 7.68

M2 peptide Main peak 441 576 497 1.304956 79.16
Minor peak 88 100 119 1.135745 20.84
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Table 6. Amino acid compositions of different components.

Proportion (%)
Enzymatic

Amino acid hydrolysate M1 peptides M2 peptides
Asp - 0.59 £ 0.01 0.72 £ 0.05
Thr 0.25£0.00 0.55+0.00 -

Ser 0.47 £0.03 1.76 + 0.02 -

Glu 1.71+0.03 - 1.69 + 0.08
Pro - 0.34 £0.00 -

Ala 1.73+£0.03 4.55+0.08 3.37+£0.02
Gly 0.33£0.03 1.49 £ 0.02 3.17 £ 0.06
Cys 599+£0.66 19.15+£1.05  1.59+0.05
Val 2.74+0.15 - 2.32+0.04
Met 8.15+048  14.88+1.31 6.47 £ 0.04
lle 0.57 £0.00 - 2.61+0.03
Phe 13.15+£1.67 1057+145 1551+1.12
Orn - - 5.59 £+ 0.08
Lys 11.98+£1.09 976 +1.11 7.29 £ 0.46
His - - 0.14 +0.00
Trp 4982+329 3154+207 46.55+1.41
Arg 3.12+0.55 4.82 +0.56 2.00+0.00
Hydrophobic AAs  24.18 +1.17  34.67+1.23 2540+0.83
Basic AAs 15.08£1.01 1458+0.82 9.43+045
Acidic AAs 1.71+0.03 0.59 £ 0.01 2.41+0.06
Aromatic AAs 62.97 +228 4245+143 62.06+1.22

as 88.77 + 0.32%. In membrane separation, the optimal
operating pressure, temperature, and time for M1 were
0.25 MPa (0.4 MPa for M2), 35°C, and 65 min, respec-
tively. Under these conditions, the permeability of SCSPs
through the M1 (M2) was as high as 91.73 + 6.96% (79.83
+7.23%). The molecular weight of M1 (M2) peptides was
797 Da (576 Da), accounting for 92.32% (79.16%) of the
total peptides. M1 peptides contained more hydrophobic
and basic AAs, while M2 peptides contained more acidic
AAs, which can scavenge free radicals and inhibit tyros-
inases and melanin. This study will provide support for
the further utilization of SC scales.
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