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Abstract: Collagen isolated from byproducts of common carp was hydrolyzed with alcalase enzyme
to obtain peptide fractions. The resulting >30 kDa (PF1), 10-30 kDa (PF2), 3-10 kDa (PF3) and
<1 kDa (PF4) fractions were studied for their antioxidant and functional properties. All peptide
fractions illustrated antioxidant activity at different concentrations (1, 5, and 10 mg/mL). Although
PF4 indicated the highest DPPH radical-scavenging activity (87%) at a concentration of 1 mg/mL, the
highest reducing power (0.34) and hydroxyl radical scavenging activity (95.4%) were also observed
in PF4 at a concentration of 10 mg/mL. The solubility of the peptide fractions was influenced by
pH. The lowest solubility of the peptide fractions was observed at pH 4. The highest emulsifying
activity index (EAI) was observed for PF4 (121.1 m?/g), followed by PF3 (99.6 m? /g), PF2 (89.5 m?/g)
and PF1 (78.2 m?/g). In contrast to what has been found in the case of EAI, the emulsion stability
of the peptide fractions decreased at lower molecular weight, which ranged from 24.4 to 31.6 min.
Furthermore, it was revealed that PF1 had the highest foam capacity (87.4%) and foam stability
(28.4 min), followed by PF2 and PF3. Overall, the findings suggest that peptide fractions isolated
from byproducts of common carp are a promising source of natural antioxidants for application in
functional food and pharmaceutical products.

Keywords: antioxidative activity; functional property; solubility; common carp; byproducts and
waste; hydrolyse; proteins; amino acid composition

1. Introduction

Fish is considered highly perishable food, i.e., starts to spoil immediately after being
caught. It is necessary to employ different processing methods, such as filleting, packing,
salting, or smoking, to improve fish shelf life [1]. These methods usually produce high quan-
tities of byproducts, i.e., between 30 and 70% of total fish mass, representing an interesting
source of micro- and macronutrients that, in most cases, are not properly exploited [2].
Considering the growing demand for fish products on a global level (179 million tons in
2018, which is expected to increase to 204 million tons in 2030 [3]), it is necessary to find
new forms to valorize fish byproducts and avoid the environmental impact related to the
inappropriate disposal of these residues.
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Filleting is the main fish processing step, generating up to 70—75% of solid byproducts
such as bones, skins, heads, scales, skeletons, tails, viscera, etc. These byproducts represent
a valuable source of collagen and gelatin with a large quantity of high-quality proteins [4,5].
Collagen is a connective protein-based tissue which contains hydroxyproline, proline and
glycine as major amino acids, and presents a huge potential to produce bioactive peptides
through hydrolysis [6]. Fish byproducts have proved to be an interesting alternative for
obtaining collagen in comparison with traditional sources, i.e., mainly skins and bones of
pigs or cows, since fish-derived collagen is not considered a potential spreader of diseases
(such as bovine spongiform encephalopathy or foot and mouth disease). Additionally, its
use is not associated with religious controversies, like cow-derived collagen in India or
pig-derived collagen among Muslim and Jewish communities [7].

Enzymatic hydrolysis of proteins yields bioactive peptides with several interesting
characteristics, such as antioxidant, antimicrobial, antihypertensive or antithrombotic
properties, as well as a high content of essential amino acids [8,9]. Enzymatic treatment
is also preferred since it avoids toxic chemicals and residual organic solvents, which is
especially important in food and pharmaceutical industries. Some commercial enzymes
commonly used in the enzymatic hydrolysis of fish proteins are alcalase, papain, pepsin,
trypsin, and pancreatin. Specifically, alcalase has proven to have an excellent capacity to
generate bioactive peptides from different types of fish byproducts, such as yellowfin tuna
heads [10], aquaculture turbot wastes [11] or salmon skin [12]. Previous researchers have
reported that alcalase was the most effective among several proteases in the hydrolyzation
gelatin from skipjack Katsuwonus pelamis scales; the resulting peptides displayed strong
antioxidant activities [13].

Aerobic life entails the generation of reactive oxygen species (ROS) which participate
in some cell signal processes but which also induce deleterious effects on different macro-
molecules, including DNA. The oxidative stress produced by ROS can trigger diseases like
Alzheimer’s, Parkinson’s, diabetes, cardiovascular disorders and cancer [14]. Fish-derived
bioactive peptides represent a valuable source of natural antioxidants capable of scavenging
ROS and reducing cellular damage. Furthermore, in vivo research has also demonstrated
that bioactive peptides with high antioxidant capacities also possess strong ACE-inhibitory,
antimicrobial, and anti-inflammatory activities [15]. This is especially relevant since some
synthetic antioxidants are suspected of causing a potential risk to human health in high
doses [15], thus making it interesting to find bio-based antioxidant alternatives.

Common carp (Cyprinus carpio) is considered one of the most relevant species of fresh-
water fish. It is usually reared in polyculture, semi-intensive systems along with other
species belonging to the cyprinidae family such as silver carp (Hypophthalmichthys molitrix),
grass carp (Ctenopharyngodon Idella) and bighead carp (Aristichthys nobilis). Although com-
mon carp is native to Central Asia and Eastern Europe, this species has spread to more than
120 countries where it is currently cultured and consumed [16]. Freshwater fish production
depends largely on carp species, with common carp being the fourth most-produced fish in
aquaculture globally [17]. Several studies have assessed the antioxidant capacity of protein
hydrolysates from common carp residues and roe [18]. As far as we know, no studies to
date have focused on the antioxidant and techno-functional properties of bioactive peptides
derived from collagen hydrolysate of common carp byproducts. Lastly, this paper aims to
find an alternative way to valorize and use the fish byproduct while also managing waste
generation. Therefore, the antioxidant and functional properties of four peptide fractions
derived from the collagen hydrolysate of common carp were investigated.

2. Materials and Methods
2.1. The Extraction of Collagen from Common Carp Fish Byproduct

The mixed byproducts used in this study contained heads, skins, and skeletons of
common carp fish; they were obtained from the filleting process line of Khazar shilat Co.,
Gorgan, Iran. The isolation of collagen was carried out based on the method presented by
Zamorano-Apodaca (2020) [5], with minor modifications. Firstly, noncollagenous proteins
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were eliminated by soaking the byproduct in 0.1 M NaOH using a solid material to alkaline
solution ratio of 1:10 (w/v) for 8 h. Also, the extracted collagen was bleached with 0.5%
NaClO with 1:4 (w/v) for 30 min. The collagen was extracted with 0.5 M acetic acid solution
for 24 h with a solid /solution ratio of 1:10 (w/v) at 25 °C. The mixture was then centrifuged
(MPW-260, Warsaw, Poland) at 10,000 x g for 20 min before dialysis was carried out using
20 volumes against 0.1 M acetic acid. The retentate was freeze-dried (Multi-manifold, Tamil
Nadu, India) and stored at —80 °C until further analysis.

2.2. Preparation of Collagen Hydrolysate

The obtained collagen was hydrolyzed according to the method of Sun et al. (2022) [19]
with some modifications. Collagen powder was dissolved in deionized water at a concen-
tration of 6.67% (w/v) and adjusted to pH 8.0 with NaOH (1 M). Then, the solution was
hydrolyzed with 2% alcalase (v/v) from Bacillus licheniformis (>2.4 U/g, Sigma Aldrich,
St. Louis, MO, USA) at 55 °C for 3 h. For enzyme inactivation, the solution was kept at
—20 °C for 10 min.

The mixture was centrifuged at 10,000 x g at 4 °C for 15 min, and the supernatant was
obtained as the hydrolysate. The hydrolysis degree was measured by determining the free
amino groups (NH3) via the trinitrobenzyl sulfonic acid (TNBS) technique [5].

2.3. Isolation of Peptide Fractions

The four peptide fractions were separated by sequential ultrafiltration (Millipore Co.
Waltham, MA, USA) with molecular weight cut-offs of 30, 10, and 3 kDa. Thus, four frac-
tions (retentate) were obtained >30 kDa (PF1), 10-30 kDa (PF2), 3-10 kDa (PF3) and <3 kDa
(PF4), and immediately freeze dried. The percent yields of the fractions were calculated as
the ratio of peptide weight of each fraction to peptide weight of the hydrolysate.

2.4. Amino Acid Analysis

The amino acid composition was estimated according to the method described by
Hadidi et al. (2021) [20] by high performance liquid chromatography (HPLC) system
(Shimadzu, Tokyo, Japan) with a fluorescence detector (RF-20AXS, Shimadzu, Tokyo,
Japan). First, 50 mg of samples were hydrolyzed by 2 mL of 6 N HCl at 110 °C for 24 h.
Next, 10 uL of samples was added to 20 pL reagent (AccQ-fluor derivatization) and mixed
at 55 °C for 10 min. A mixture of acetonitrile (60% v/v) and sodium acetate buffer (pH 4.9)
was used as an eluent.

2.5. Antioxidant Activities
2.5.1. DPPH Radical-Scavenging Activity

The method of Haghani et al. (2021) [21] was used to determine DPPH free radical
scavenging activity of the peptide fractions. First, 50 puL of the peptide fractions at 1, 5,
and 10 mg/mL (in MilliQ water) was mixed with 500 uL of 0.1 mM DPPH in 95% (1:1,
v/v) ethanol and incubated with shaking for 30 min at room temperature. Then, the
absorbance was read at 517 nm using a UV-Visible spectrophotometer (DS5, Edinburgh
Instruments, Livingston, UK). A control (without sample) and blank (95% ethanol) were
included. Ascorbic acid was included as the positive control. The DPPH radical scavenging
activity was calculated as follows:

DPPH radical scavenging activity (%) = (Ao — A1)/(Ag) x 100%

where A, A; is the absorbance of the control at 517 nm and the absorbance in the presence
of sample, respectively.

2.5.2. Hydroxyl Radical Scavenging Activity

Hydroxyl radical scavenging activity was measured colorimetrically by a UV-Visible
spectrophotometer at 536 nm based on the method of Zamorano-Apodaca et al. (2020) [5].
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First, 0.2 mL of the peptide fractions at concentrations of 1, 5, and 10 mg/mL (in distilled
water) was mixed with 0.9 mL of sodium phosphate buffer (pH 7.4), 0.1 mL of 10 mM
ethylenediaminetetraacetic acid (EDTA), 0.1 mL of FeSO4 (10 mM), and 0.5 mL of «x-
deoxyribose (10 mM). Next, 0.2 mL of H,O, (10 mM) was added to start the reaction.
After incubation in darkness at 37 °C for 1 h, 1.0 mL of trichloroacetic acid (2.8%) was
added to stop the reaction. Subsequently, 1.0 mL of 1.0% 2-thiobarbituric acid (TBA) was
added, mixed, and kept in a boiling water bath for 20 min to develop color. After cooling,
the absorbance was determined to be 532 nm. Distilled water was used as the blank.
Ascorbic acid was used as the positive control. The hydroxyl radical scavenging activity
was calculated using the following equation:

Hydroxyl radical scavenging activity (%) = (Ag — A1)/ (Ag) x 100%

where Ay, Aj is the absorbance of the control at 532 nm and the absorbance in the presence
of sample, respectively.

2.5.3. Reducing Power

First, 100 ug of peptide fractions (at concentration of 1, 5, and 10 mg/mL) were added
to 100 pL 0.2 M phosphate buffer (pH 6.6) and 100 pL 1% potassium ferricyanide and
incubated at 50 °C for 20 min. Plates were incubated for another 10 min at 50 °C after
the addition of 100 puL 10% tricholoacetic acid and 20 pL 0.1% ferric chloride. Finally,
absorbance was read at 700 nm [5].

2.6. Functional Properties
2.6.1. Solubility

The solubility of the peptide fractions was determined according to a previously
reported method with some modifications [22]. Briefly, one gram of each peptide fraction
was dispersed in 100 mL phosphate buffer (0.01 M) at pH 4.0, 7.0, and 10.0. 2 M NaOH
or 2 M HCl were used for adjustment of the pH. The mixture was kept in orbital shaking
for 1 h at 25 °C. The supernatant was separated after centrifuging at 10,000 x g for 15 min.
The concentration of protein was then calculated based on the protein standard curve
obtained using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA). The extent of solubility was calculated by the division of protein content (mg) in the
supernatant and the total weight of sample (1000 mg).

2.6.2. Emulsifying Properties

The emulsion activity index (EAI) and stability index (ESI) of the four peptide fractions
were determined by modifying the method defined by Pearce and Kinsella (1978) [23]. A
protein suspension with a concentration of 10 mg/mL was prepared in distilled water at
pH 7. The solution (8 mL) was mixed and homogenized with sunflower oil (2 mL) using a
homogenizer (SBS-MR-2500, Steinberg systems, Zielona Gora, Poland) at 20,000 rpm for
1 min. After that, the emulsion (25 uL) was taken from the bottom of the centrifuge tube
and then added to SDS solution (2.5 mL, 0.1% w/v). The absorbance of the mixture was
determined at 500 nm using a UV-Vis spectrophotometer (DS5, Edinburgh Instruments,
Livingston, UK) at 0 (Ag) and 10 min (A1p), whereby 0.1% SDS was considered as a blank.
EAI and ESI were calculated as follows:

2 x 2303 x Ag x DF
2 _ 0
EAI(‘“ /g)_ c x @ x 1000

where A and Ajg are absorbance at 0 and 10 min, respectively; DF represents the dilution
factor; and c and ¢ are the concentration of peptide fraction (g/mL) and the oil faction
(v/v), respectively.
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2.6.3. Foam Properties

The foaming properties of the peptide fraction were measured according to the method
described in a previous report [24]. First, foam was fabricated by stirring the sample mixture
(10 mL, 1 mg/mL) for 2 min at 15,000 RPM. Foaming capacity (FC) and foam stability (FS)
were calculated as follows:

Vo-Vp
— X

b
V30— Vo

0

FC (%) = 100

FS (%) = x 100
where V}, represents the volume of the suspension before homogenization, and V( and V3
are the volume of the suspension after homogenization at 0 min and 30 min, respectively.

2.7. Statistical Analysis

Experimental data were analyzed with ANOVA (one-way analysis of variance). The
significant difference among the mean values was examined by Duncan’s test (p < 0.05)
with SPSS 23.0 software (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Amino Acid Composition of the Extracted Collagen and Their Peptide Fractions

The yields of peptide fractions for PF1, PF2, PF3, and PF4 were 21.4, 26.6, 18 and 31.7%,
respectively. The antioxidant and functional properties of peptides are directly related to
their amino acid composition, as well as their structure and hydrophobic properties [25].
The amino acid composition of all peptide fractions and extracted collagen is shown in
Table 1. Both collagen and peptide fractions showed different types of amino acids that
were capable of contributing to antioxidant activity: hydrophobic amino acids (isoleucine,
leucine, methionine, phenylalanine, tyrosine, threonine, valine, alanine, glycine, proline
and serine), amino acids with the capacity of chelating pro-oxidative transition metals
(histidine, aspartic/asparagine and glutamic/glutamine) and amino acids capable of do-
nating electron/hydrogen (glutamic/glutamine and methionine) [26]. Arginine, lysine
and histidine, i.e., amino acids with positive charge and associated with antimicrobial
activity, are also present in all fractions [27]. The most abundant amino acids identified
in collagen and PF1-PF4 were glycine (28% in collagen, 23% in PF1-PE3 and 15% in PF4),
proline (13% in collagen, 9% in PF1-PF3 and 3.5% in PF4), glutamic/glutamine (10% in
collagen and PF1-PF2, 11% in PF3 and 7% in PF4), arginine (9% in collagen and PF2, 11% in
PF1, 10% in PF3 and 6% in PF4), alanine (8% in collagen, 10% in PF1-PF2, 9% in PF3 and
11% in PF4) and aspartic/asparagine (5% in collagen and PF1-PF2, 6% in PF3 and 17% in
PF4). All these amino acids have properties that allow them to increase the antioxidant
activity of peptides [25], except for arginine, which is positively charged and contributes
to antimicrobial activity [26]. It is important to note that even though the quantity of
amino acids in PF4 was considerably lower than the values obtained for other fractions,
the histidine and aspartic/asparagine content in PF4 were significantly higher (10% and
17%, respectively, in contrast to 3-8% and 5-6% in all other cases). Amino and carboxylic
groups from aspartic/asparagine, as well as imidazole ring from histidine, have proved to
possess a strong pro-oxidative transition metal-chelating capacity [15,26]. This fact could
explain the higher antioxidant activity observed by PF4 in comparison to all other fractions
(Table 2).
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Table 1. Amino acid composition (expressed as % of total amino acids) of extracted collagen and

peptide fractions.

Amino Acid Collagen PF1 PF2 PF3 PF4
(>30 kDa) (10-30 kDa) (3-10 kDa) (<3 kDa)
Essential amino acid
Histidine (His) 0.97 2.62 6.58 7.41 10.67
Isoleucine (Ile) 0.85 1.45 1.49 1.17 1.46
Leucine (Leu) 1.91 1.88 1.67 1.34 3.35
Lysine (Lys) 3.67 4.19 4.48 4.19 5.02
Methionine (Met) 0.48 0.74 0.83 0.80 ND
Phenylalanine (Phe) 0.58 1.08 1.20 0.95 1.26
Tyrosine (Tyr) 043 0.49 041 0.41 0.94
Threonine (Thr) 5.02 4.85 3.86 2.89 5.54
Valine (Val) 1.25 2.45 2.39 2.01 1.57
Non-essential amino acid
Alanine (Ala) 8.35 10.20 10.42 942 11.61
Aspartic/asparagine (Asp) 4.62 5.07 4.81 5.55 17.47
Arginine (Arg) 9.31 11.51 9.51 10.13 6.49
Glycine (Gly) 27.81 23.25 23.39 23.70 15.06
Glutamic/glutamine (Glu) 10.02 10.67 10.64 11.45 7.22
Proline (Pro) 12.89 9.53 8.99 9.05 3.66
Hydroxyproline (Hyp) 9.30 7.65 6.70 6.72 5.75
Serine (Ser) 2.55 2.37 2.64 2.81 2.93
Table 2. Antioxidant activity of the isolated peptide fractions.
Peptide Fraction Concentration DPPH Radical Hydroxyl Radical Reducing Power
(mg/mL) Scavenging Activity (%) Scavenging Activity (%) (OD at 700 nm)
PF1 (>30 kDa) 1 61.83 + 135N 53.70 + 1.35 K 0.07 £ 0.017
5 65.76 + 1438 61.06 + 0.867 0.09 + 0.01 hi
10 7133 £0.76f 66.36 +£1.011 0.12 + 0.01 8"
PF2 (10-30 kDa) 1 65.93 4 0.93 8 66.80 4+ 1.441 0.09 & 0.01 M
70.93 4+ 0.97 f 7113 + 1.60 " 0.148 4 0.004 8
10 7653 £ 1.25¢ 7726 +0.87 8 0.184 + 0.010f
PF3 (3-10 kDa) 1 7270 +£131°f 76.96 + 1.79 8 0.115 + 0.007 8h
77.60 £ 1.13¢ 86.86 +1.25 f 0.18 £ 0.01f
10 84.46 +1.09 ¢ 91.46 + 1.024 0.24 +0.01¢
PF4 (<3 kDa) 1 87.06 + 1.40° 88.76 + 0.76 € 0.138 + 0.003 &
8223 +0.904 91.80 +0.70 4 0.25+0.01¢
10 76.20 = 1.15¢ 95.46 + 0.56 < 0.34+0.014
Ascorbic acid 1 88.73 + 1.36 P 94.10 £ 0.52°¢ 0.64 £0.01°¢
5 94.36 + 0.98 2 96.83 + 0.61 2P 0.82 +0.03P
10 95.46 +1.202 98.26 +0.352 142 +£0.062

Results are illustrated as means & SD and values within each column with the different letters are significantly

different (p < 0.05).

3.2. Antioxidant Activity of Peptide Fractions
3.2.1. DPPH Radical Scavenging Activity

DPPH'’ displays a strong absorption band at 517 nm as a stable radical, which vanishes
in the presence of free radical scavengers, since the DPPH free electron is paired off [15].
The capacity of peptide fractions to scavenge DPPH' radicals is shown in Table 2; notably,
all peptide fractions had a DPPH radical scavenging activity superior to 60%. The highest
scavenging activity (87%) was for PF4 (<3 kDa) at 1 mg/mL, i.e., very close to the value
displayed by the positive control at the same concentration (88%). These results were
superior to those reported by Chi et al. using Spanish Mackerel skin (scavenging activity
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below 30% for peptide fractions superior to 30 kDa) [27] and were in agreement with those
obtained by Zamorano-Apodaca et al. with byproducts of different fish species (maximum
DPPH' scavenging activity of 81% for <3 kDa fraction at 5 mg/mL) [5]. The DPPH radical
scavenging activity was dependent on concentration (p < 0.05) in all peptide fractions.
Only in the case of PF4, the radical activity increased when the concentration decreased;
the opposite trend was observed in all other fractions. This fact could be explained by
considering that in the case of low molecular weight fractions, the exposure of certain amino
acids, such as alanine, glycine, or glutamic acid, could be favored, thereby resulting in
higher interaction between peptides and lipid substances and promoting the stability of free
radicals [28]. In general, the good results obtained could be associated with the presence of
electron/hydrogen-donor peptides in the collagen hydrolysates, which interrupt radical
chain reactions thanks to their capacity to react with free radicals [15].

3.2.2. Hydroxyl Radical Scavenging Activity

Hydroxyl radicals (OH") are among of the most reactive oxygen species; they pose
a potential risk to several cellular structures [29]. In our work, the hydroxyl radical
scavenging activity of all peptide fractions assayed was superior to 60%, except for PF1
(>30 kDa) at 1 mg/mL, which showed an activity of 53% (Table 2). The maximum OH"
scavenging activity obtained was 95% for PF4 (<3 kDa) at 10 mg/mL, which was higher
than the maximum reported by Zamorano-Apodaca et al. (89% at 15 mg/mL for <3 kDa
fraction) [5]. In all fractions, it was possible to notice a dependency between OH' scavenging
activity and concentration (p < 0.05), in such a manner that scavenging activity increased
when the concentration was higher. This direct relationship between OH’ scavenging
activity and concentration was also observed in PF4 (<3 kDa), indicating that a higher
exposure of small peptide fractions has no negative impact in the case of OH’ deactivation.
The good results obtained in most of the fractions could be related to the activity of
electron/hydrogen-donor peptides, as well as the presence of hydrophobic amino acids in
the composition of these peptides (Table 1). Some amino acids detected also have the ability
to chelate pro-oxidative transition metals, thus favoring the reduction and deactivation
of OH" free radicals [28]. All these facts could explain the dependency between OH’
scavenging activity and concentration in all fractions.

3.2.3. Reducing Power

Reducing power assays are commonly employed to measure the capacity to donate
electron/hydrogen from natural antioxidants to free radicals [15]. The results collected in
Table 2 show that there is a dependency between concentration and reduction power for
all fractions (p < 0.05), i.e., higher concentrations imply higher reducing power. Lower-
molecular-weight fractions show better reduction power than others, and the best result
reported (reducing power of 0.34) was achieved by PF4 (<3 kDa) at 10 mg/mL, similar to
the results of Zamorano et al. under the same conditions (0.345 at 10 mg/mL for <3 kDa
fraction) [5]. It is important to note that the highest reducing power obtained was only
about 25% of the result displayed by ascorbic acid at 10 mg/mL. The superior performance
of ascorbic acid in comparison to bioactive peptide fractions has been described by other
authors [5,15]; it could be explained by considering the lactone structure of this organic acid,
which allows the donation of electrons from the unsaturated ring to free radicals [29]. This
electron-donation process could be more efficient than donation from electron/hydrogen
donor peptides, thus explaining the difference between the results obtained by peptide
fractions and the positive control.

3.3. Functional Properties of Peptide Fractions
3.3.1. Solubility
Solubility is one of the most critical factors in the development of proteins and their

hydrolysates. It can influence other functionalities of proteins, like foaming and emulsifying
properties [5]. As presented in Figure 1, the solubility of the peptide fractions was found to
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be influenced by pH; the lowest solubility of the peptide fractions was observed at pH 4.
The results confirmed that with an increment of pH from 4 to 7, a much higher pH of the
peptide fractions was attained. No significant change was exhibited in the solubility as the
pH further increased. At pH 4, the solubilities of PF1, PF2, PF3, and PF4 were 81.3, 82.2, 87.3,
and 89.1%, respectively, indicating that the solubility increased at lower size, probably due
to the fact that small molecules are more polar. Due to the electrostatic interactions of the
amino acids and their ability to form hydrogen bonds with water, the solubility of peptide
fractions was suitable [30]. The lowest solubility of salmon byproduct hydrolysates was
detected at pH 4 [31]. Differences in the solubility of the peptide fractions might be ascribed
to both peptide net charge, which increases as pH moves away from the isoelectric point,
and surface hydrophobicity, which enhances aggregation by hydrophobic contact [32].
These findings are in agreement with the results of the skin gelatin hydrolysates study,
which reported that the solubility of the gelatin hydrolysates derived from sole fish skin
decreased at lower pH [33].

120 - EpH4 EpH7 mpH10

100 a’ a 3@ 2 2 a

[ c L b I b I

80 A

Solubility (%)

20 A

PF1 PF2 PF3 PF4

Peptide fraction

Figure 1. Solubility of the isolated peptide fractions at pH 4.0, 7.0, and 10.0. Results are illustrated
as means £ SD and values within each column with the different letters are significantly different
(p <0.05).

3.3.2. Emulsifying Properties

Figure 2 illustrates the emulsifying activity index (EAI) and emulsion stability (ES) of
the isolated peptide fractions. The highest EAI was observed for PF4 (121.1 m?/g), followed
by PF3 (99.6 m?/ g), PF2 (89.5 m?/ g), and PF1 (78.2 m?/ g), denoting a significant increase in
EAI when the molecular weight of the peptide fraction was lower (p < 0.05). The same trend
was also found by Zamorano-Apodaca et al. [5], who reported that when the molecular
weight of the peptide fractions decreased, the EAI and superficial hydrophobicity increased
by the higher generation of small fat globules, allowing molecular rearrangement and
unfolding to occur at the emulsion interface, and hence, the subsequent diffusion at the
interface between oil and water. In contrast to what was found in the case of EAI, the ES
of the peptide fractions decreased at lower molecular weight, which varied from 24.4 to
31.6 min. In terms of minimizing interfacial tension, smaller peptides are less effective, but
this is not enough to improve their emulsion stability because of the lack of viscosity and
reorientation at the interface. As a result, they quickly disrupt the emulsion process. Similar
studies have observed that emulsion stability is improved with increasing the molecular
weight of peptides [34,35].
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Figure 2. Emulsifying activity index and stability of the isolated peptide fractions. Results are
illustrated as means =+ SD and values within each variable with the different letters are significantly
different (p < 0.05).

3.3.3. Foaming Properties

The foam capacity (FC) and foam stability (FS) of the isolated peptide fractions as
two major parameters for the foaming characteristic of proteins and peptides are indicated
in Figure 3. It was found that PF1 had the highest FC (87.4%) and FS (28.4 min), followed by
PF2 and PF3. The FC and FS of the isolated peptide fractions were enhanced significantly
(p < 0.05) with the increasing molecular weight of the fractions. Peptide fractions with high
molecular weights show the needed force to form foam due to their ability to reorganize
their structure at the air—water interface [36]. Three elements influence foam formation:
the transportation, penetration, and restructuring of molecules at the water—air interface.
A protein with a good foam forming property must be capable of migrating quickly to
the water—air interface, unfolding, and reorganizing there [37]. A study on the functional
properties of different peptide fractions extracted from a byproduct of several fish species
by Zamorano-Apodaca et al. (2020) also showed peptide fractions; the study reported that
molecular weights of more than 30 kDa possessed a stronger FC and FS than those with
lower molecular weights [5].
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Figure 3. Foam capacity and stability of the isolated peptide fractions. Results are illustrated as
means £ SD and values within each variable with the different letters are significantly different
(p < 0.05).
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4. Conclusions

In conclusion, this study revealed that four peptide fractions derived from the collagen
hydrolysis of common carp fish byproducts possessed antioxidant and functional properties.
The highest antioxidant activity (DPPH and hydroxyl radical scavenging activities and
reducing power) was for the low molecular weight peptide fraction (PF4, <3 kDa). In
addition, the solubility of the peptide fractions was affected by pH. The PF1 (>30 kDa) had
the greatest foam capacity, foam stability, and emulsifying activity index, but the lowest
emulsion stability. As a result, peptide fractions of collagen derived from common crab
fish byproducts produced by larger fish processing companies might be a viable option as
a functional ingredient for several industries.

Author Contributions: Conceptualization, M.H. and A.M.; methodology, D.J.G.-S. and M.V.; formal
analysis and resources: D.J.G.-S., M.V. and A.Z.]. writing—original draft preparation, D.].G.-S. and
M.V, A.Z]. and M.H. writing—review and editing: M.H.; supervision, A.M., M.H. and ].M.L.; project
administration and funding acquisition: A.M. and J.M.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: Jose M. Lorenzo thanks to GAIN (Axencia Galega de Innovacion) for supporting
this review.

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

References

1. Majidiyan, N.; Hadidi, M.; Azadikhah, D.; Moreno, A. Protein Complex Nanoparticles Reinforced with Industrial Hemp Essential
Oil: Characterization and Application for Shelf-Life Extension of Rainbow Trout Fillets. Food Chem. X 2022, 13, 100202. [CrossRef]

2. FAO (Food and Agriculture Organization of the United Nations). Fish By-Products Utilization, Getting More Benefits from
Fish Processing | Food Loss and Waste in Fish Value Chains. Available online: https:/ /www.fao.org/flw-in-fish-value-chains/
resources/articles/fish-by-products-utilization-getting-more-benefits-from-fish-processing/en/ (accessed on 7 December 2021).

3. Stankus, A. State of World Aquaculture 2020 and Regional Reviews: FAO Webinar Series. FAO Aquac. Newsl. 2021, 63, 17-18.

4. Hadidi, M.; Majidiyan, N.; Jelyani, A.Z.; Moreno, A.; Hadian, Z.; Khanegah, A.M. Alginate/Fish Gelatin-Encapsulated Lacto-
bacillus Acidophilus: A Study on Viability and Technological Quality of Bread during Baking and Storage. Foods 2021, 10, 2215.
[CrossRef] [PubMed]

5. Zamorano-Apodaca, ].C.; Garcia-Sifuentes, C.O.; Carvajal-Millan, E.; Vallejo-Galland, B.; Scheuren-Acevedo, S.M.; Lugo-Sanchez,
M.E. Biological and Functional Properties of Peptide Fractions Obtained from Collagen Hydrolysate Derived from Mixed
By-Products of Different Fish Species. Food Chem. 2020, 331, 127350. [CrossRef] [PubMed]

6.  Nurilmala, M.; Hizbullah, H.H.; Karnia, E.; Kusumaningtyas, E.; Ochiai, Y. Characterization and Antioxidant Activity of Collagen,
Gelatin, and the Derived Peptides from Yellowfin Tuna (Thunnus Albacares) Skin. Mar. Drugs 2020, 18, 98. [CrossRef] [PubMed]

7.  Easterbrook, C.; Maddern, G. Porcine and Bovine Surgical Products: Jewish, Muslim, and Hindu Perspectives. Arch. Surg. 2008,
143, 366-370. [CrossRef]

8. Qian, B,; Zhao, X,; Yang, Y.; Tian, C. Antioxidant and Anti-inflammatory Peptide Fraction from Oyster Soft Tissue by Enzymatic
Hydrolysis. Food Sci. Nutr. 2020, 8, 3947. [CrossRef]

9. Hadidi, M.; Boostani, S.; Jafari, S.M. Pea Proteins as Emerging Biopolymers for the Emulsification and Encapsulation of Food
Bioactives. Food Hydrocoll. 2022, 126, 107474. [CrossRef]

10. Safari, R.; Motamedzadegan, A.; Ovissipour, M.; Regenstein, ].M.; Gildberg, A.; Rasco, B. Use of Hydrolysates from Yel-
lowfin Tuna (Thunnus Albacares) Heads as a Complex Nitrogen Source for Lactic Acid Bacteria. Food Bioprocess Technol. 2012,
5,73-79. [CrossRef]

11. Vazquez, J.A.; Rodriguez-Amado, L; Sotelo, C.G.; Sanz, N.; Pérez-Martin, R.I.; Valcarcel, J. Production, Characterization,
and Bioactivity of Fish Protein Hydrolysates from Aquaculture Turbot (Scophthalmus Maximus) Wastes. Biomolecules 2020,
10, 310. [CrossRef]

12.  See, S.F.; Hoo, L.L.; Babji, A.S. Optimization of Enzymatic Hydrolysis of Salmon (Salmo Salar) Skin by Alcalase. Int. Food Res. ].

2011, 18, 1359-1365.


http://doi.org/10.1016/j.fochx.2021.100202
https://www.fao.org/flw-in-fish-value-chains/resources/articles/fish-by-products-utilization-getting-more-benefits-from-fish-processing/en/
https://www.fao.org/flw-in-fish-value-chains/resources/articles/fish-by-products-utilization-getting-more-benefits-from-fish-processing/en/
http://doi.org/10.3390/foods10092215
http://www.ncbi.nlm.nih.gov/pubmed/34574325
http://doi.org/10.1016/j.foodchem.2020.127350
http://www.ncbi.nlm.nih.gov/pubmed/32590267
http://doi.org/10.3390/md18020098
http://www.ncbi.nlm.nih.gov/pubmed/32023998
http://doi.org/10.1001/archsurg.143.4.366
http://doi.org/10.1002/fsn3.1710
http://doi.org/10.1016/j.foodhyd.2021.107474
http://doi.org/10.1007/s11947-009-0225-8
http://doi.org/10.3390/biom10020310

Antioxidants 2022, 11, 509 11 of 11

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Qiu, Y.T.; Wang, YM.; Yang, X.R.; Zhao, Y.Q.; Chi, C.F; Wang, B. Gelatin and Antioxidant Peptides from Gelatin Hydrolysate
of Skipjack Tuna (Katsuwonus Pelamis) Scales: Preparation, Identification and Activity Evaluation. Mar. Drugs 2019, 17, 565.
[CrossRef] [PubMed]

Huertas-alonso, A.].; Gavahian, M.; Gonzdlez-serrano, D.J.; Hadidi, M.; Salgado-ramos, M.; Prado Sanchez-Verdu, M.; Simirgiotis,
M.].; Barba, EJ.; Franco, D.; Lorenzo, ].M.; et al. Valorization of Wastewater from Table Olives: NMR Identification of Antioxidant
Phenolic Fraction and Microwave Single-Phase Reaction of Sugary Fraction. Antioxidants 2021, 10, 1652. [CrossRef] [PubMed]
Taheri, A.; Farvin, K.H.S.; Jacobsen, C.; Baron, C.P. Antioxidant Activities and Functional Properties of Protein and Peptide
Fractions Isolated from Salted Herring Brine. Food Chem. 2014, 142, 318-326. [CrossRef]

Zamora-Sillero, J.; Ramos, P.; Monserrat, ].M.; Prentice, C. Evaluation of the Antioxidant Activity In Vitro and in Hippocampal
HT-22 Cells System of Protein Hydrolysates of Common Carp (Cyprinus Carpio) By-Product. ]. Aquat. Food Prod. Technol. 2018, 27,
21-34. [CrossRef]

Franék, R.; Kaspar, V.; Shah, M.A.; Gela, D.; P8enicka, M. Production of Common Carp Donor-Derived Offspring from Goldfish
Surrogate Broodstock. Aquaculture 2021, 534, 736252. [CrossRef]

Chalamaiah, M.; Jyothirmayi, T.; Diwan, P.V.; Dinesh Kumar, B. Antioxidant Activity and Functional Properties of Enzymatic
Protein Hydrolysates from Common Carp (Cyprinus Carpio) Roe (Egg). |. Food Sci. Technol. 2015, 52, 5817-5825. [CrossRef]

Sun, S.; Gao, Y.; Chen, ].; Liu, R. Identification and release kinetics of peptides from tilapia skin collagen during alcalase hydrolysis.
Food Chem. 2022, 378, 132089. [CrossRef]

Hadidi, M.; Ibarz, A.; Pouramin, S. Optimization of Extraction and Deamidation of Edible Protein from Evening Primrose
(Oenothera Biennis L.) Oil Processing by-products and Its Effect on Structural and Techno-Functional Properties. Food Chem. 2021,
334, 127613. [CrossRef]

Haghani, S.; Hadidi, M.; Pouramin, S.; Adinepour, F.; Hasiri, Z.; Moreno, A.; Munekata, PE.S.; Lorenzo, ] M. Application of
Cornelian Cherry (Cornus mas L.) Peel in Probiotic Ice Cream: Functionality and Viability during Storage. Antioxidants 2021,
10,1777. [CrossRef]

Hadidi, M.; Jafarzadeh, S.; Ibarz, A. Modified Mung Bean Protein: Optimization of Microwave-Assisted Phosphorylation and Its
Functional and Structural Characterizations. LWT 2021, 151, 112119. [CrossRef]

Pearce, K.N.; Kinsella, J.E. Emulsifying Properties of Proteins: Evaluation of a Turbidimetric Technique. J. Agric. Food Chem. 2002,
26, 716-723. [CrossRef]

Hadidi, M.; Khaksar, EB.; Pagan, J.; Ibarz, A. Application of Ultrasound-Ultrafiltration-Assisted Alkaline Isoelectric Precipitation
(UUAAIP) Technique for Producing Alfalfa Protein Isolate for Human Consumption: Optimization, Comparison, Physicochemical,
and Functional Properties. Food Res. Int. 2020, 130, 108907. [CrossRef] [PubMed]

Aleman, A.; Giménez, B.; Montero, P.; Gomez-Guillén, M.C. Antioxidant Activity of Several Marine Skin Gelatins. LWT-Food Sci.
Technol. 2011, 44, 407-413. [CrossRef]

Liu, Q.; Kong, B.; Xiong, Y.L.; Xia, X. Antioxidant Activity and Functional Properties of Porcine Plasma Protein Hydrolysate as
Influenced by the Degree of Hydrolysis. Food Chem. 2010, 118, 403—410. [CrossRef]

Chi, C.E; Cao, Z.H.; Wang, B.; Hu, FY; Li, Z.R.; Zhang, B. Antioxidant and Functional Properties of Collagen Hydrolysates from
Spanish Mackerel Skin as Influenced by Average Molecular Weight. Molecules 2014, 19, 11211-11230. [CrossRef]

Hajfathalian, M.; Ghelichi, S.; Garcia-Moreno, PJ.; Moltke Serensen, A.D.; Jacobsen, C. Peptides: Production, Bioactivity,
Functionality, and Applications. Crit. Rev. Food Sci. Nutr. 2018, 58, 3097-3129. [CrossRef]

Pavithra, K.; Vadivukkarasi, S. Evaluation of Free Radical Scavenging Activity of Various Extracts of Leaves from Kedrostis
Foetidissima (Jacq.) Cogn. Food Sci. Hum. Wellness 2015, 4, 42—46. [CrossRef]

Smirnoff, N. Ascorbic Acid Metabolism and Functions: A Comparison of Plants and Mammals. Free. Radic. Biol. Med. 2018,
122,116-129. [CrossRef]

Chi, C,; Hu, F; Li, Z,; Wang, B.; Luo, H. Influence of Different Hydrolysis Processes by Trypsin on the Physicochemical,
Antioxidant, and Functional Properties of Collagen Hydrolysates from Sphyrna Lewini, Dasyatis Akjei, and Raja Porosa. |. Aquat.
Food Prod. Technol. 2016, 25, 616-632. [CrossRef]

Gbogouri, G.A.; Linder, M.; Fanni, J.; Parmentier, M. Influence of Hydrolysis Degree on the Functional Properties of Salmon
Byproducts Hydrolysates. J. Food Sci. 2004, 69, C615-C622. [CrossRef]

Sorgentini, D.A.; Wagner, ].R. Comparative Study of Foaming Properties of Whey and Isolate Soybean Proteins. Food Res. Int.
2002, 35, 721-729. [CrossRef]

Viji, P; Phannendra, T.S.; Jesmi, D.; Madhusudana Rao, B.; Dhiju Das, P.H.; George, N. Functional and Antioxidant Properties of
Gelatin Hydrolysates Prepared from Skin and Scale of Sole Fish. |. Aquat. Food Prod. Technol. 2019, 28, 976-986. [CrossRef]
Alolod, G.A.L.; Nufial, S.N.; Nillos, M.G.G.; Peralta, ].P. Bioactivity and Functionality of Gelatin Hydrolysates from the Skin of
Oneknife Unicornfish (Naso Thynnoides). ]. Aquat. Food Prod. Technol. 2019, 28, 1013-1026. [CrossRef]

Klompong, V.; Benjakul, S.; Kantachote, D.; Shahidi, F. Antioxidative Activity and Functional Properties of Protein Hydrolysate
of Yellow Stripe Trevally (Selaroides Leptolepis) as Influenced by the Degree of Hydrolysis and Enzyme Type. Food Chem.
2007, 102, 1317-1327. [CrossRef]

Amagliani, L.; Silva, ].V.C.; Saffon, M.; Dombrowski, J. On the Foaming Properties of Plant Proteins: Current Status and Future
Opportunities. Trends Food Sci. Technol. 2021, 118, 261-272. [CrossRef]


http://doi.org/10.3390/md17100565
http://www.ncbi.nlm.nih.gov/pubmed/31623339
http://doi.org/10.3390/antiox10111652
http://www.ncbi.nlm.nih.gov/pubmed/34829523
http://doi.org/10.1016/j.foodchem.2013.06.113
http://doi.org/10.1080/10498850.2017.1390027
http://doi.org/10.1016/j.aquaculture.2020.736252
http://doi.org/10.1007/s13197-015-1714-6
http://doi.org/10.1016/j.foodchem.2022.132089
http://doi.org/10.1016/j.foodchem.2020.127613
http://doi.org/10.3390/antiox10111777
http://doi.org/10.1016/j.lwt.2021.112119
http://doi.org/10.1021/jf60217a041
http://doi.org/10.1016/j.foodres.2019.108907
http://www.ncbi.nlm.nih.gov/pubmed/32156354
http://doi.org/10.1016/j.lwt.2010.09.003
http://doi.org/10.1016/j.foodchem.2009.05.013
http://doi.org/10.3390/molecules190811211
http://doi.org/10.1080/10408398.2017.1352564
http://doi.org/10.1016/j.fshw.2015.02.001
http://doi.org/10.1016/j.freeradbiomed.2018.03.033
http://doi.org/10.1080/10498850.2014.898004
http://doi.org/10.1111/j.1365-2621.2004.tb09909.x
http://doi.org/10.1016/S0963-9969(02)00067-4
http://doi.org/10.1080/10498850.2019.1672845
http://doi.org/10.1080/10498850.2019.1682094
http://doi.org/10.1016/j.foodchem.2006.07.016
http://doi.org/10.1016/j.tifs.2021.10.001

	Introduction 
	Materials and Methods 
	The Extraction of Collagen from Common Carp Fish Byproduct 
	Preparation of Collagen Hydrolysate 
	Isolation of Peptide Fractions 
	Amino Acid Analysis 
	Antioxidant Activities 
	DPPH Radical-Scavenging Activity 
	Hydroxyl Radical Scavenging Activity 
	Reducing Power 

	Functional Properties 
	Solubility 
	Emulsifying Properties 
	Foam Properties 

	Statistical Analysis 

	Results and Discussion 
	Amino Acid Composition of the Extracted Collagen and Their Peptide Fractions 
	Antioxidant Activity of Peptide Fractions 
	DPPH Radical Scavenging Activity 
	Hydroxyl Radical Scavenging Activity 
	Reducing Power 

	Functional Properties of Peptide Fractions 
	Solubility 
	Emulsifying Properties 
	Foaming Properties 


	Conclusions 
	References

