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Abstract

This study aimed to produce antioxidant peptide fractions from Skipjack tuna (Katsuwonus
pelamis) head by-products through enzymatic hydrolysis and membrane filtration. Raw
materials were sequentially hydrolyzed with Alcalase® (4 h) and Flavourzyme® (1 h),
reaching a final degree of hydrolysis of 18.5 ± 0.9%. The crude hydrolysate was fractionated
using ceramic membranes with molecular weight cut-offs of 8, 3, and 1 kDa. Some peptide
fractions presented a relevant proportion of short-chain peptides (>50% w/w) and free
amino acids (>10% w/w), as well as a high content of essential amino acids (>64% mol),
supporting their value as dietary ingredients for aquafeeds. In vitro antioxidant activities
were assessed by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging and ferrous
ion chelation assays. Some fractions (e.g., F3R1 with IC50 = 1.04 ± 0.01 mg·mL−1 for
metal chelating activity) displayed significantly improved (p < 0.05) antioxidant properties
compared to the unfractionated hydrolysate (IC50 = 2.75 ± 0.08 mg·mL−1). This may be
linked to their molecular weight profile and hydrophobic amino acid content. These results
demonstrate the potential of the proposed approach to obtain bioactive peptide fractions
with functional properties for aquafeeds. Zootechnical trials are needed to assess their
effects on feed utilization and in vivo mitigation of oxidative stress.

Keywords: skipjack tuna (Katsuwonus pelamis) heads; fish farming; enzymatic hydrolysis;
membrane separation; radical scavenging activity; metal chelation

1. Introduction
According to the State of World Fisheries and Aquaculture 2024 (SOFIA), worldwide

production of aquatic animals from capture fisheries and aquaculture reached a record of
185 million tonnes in 2022, where aquaculture farming represented 51% of total production,
surpassing extractive catches. This report states that 89% of total aquatic production
was destined for human consumption, estimating an average consumption of 20.7 kg per
capita [1]. The increase in fish and seafood consumption is mostly associated with higher
demand for processed products rather than raw fish. Fish and seafood processing involves
several operations (e.g., heading, evisceration, boiling, and marinating), which generates
large quantities of by-products (e.g., fillet remains, heads, viscera, bones, scales, and fins)
which represent 55–65% in weight of the global catch per year [2].

The tuna canning industry plays a relevant role in the Spanish fish processing sector,
representing more than 70% of the total value of canned products produced in 2024 [3].
The main by-products resulting from tuna canning operations include heads (13% w/w),
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skin (10% w/w), viscera (8% w/w), bones (6% w/w), and fins (1% w/w) [4]. Their specific
protein and lipid composition make tuna by-products suitable for processing into fish oil
and protein hydrolysates. For instance, tuna heads present on average 15% w/w proteins
and 13.5% w/w lipids, as well as being a source of minerals such as hydroxyapatite or
calcium phosphates [5–7]. The enzymatic valorization of tuna by-products into protein
hydrolysates represents a promising strategy to enhance the economic value of these
underutilized materials. By-products from tuna species such as skipjack (Katsuwonus
pelamis) and yellowfin tuna (Thunnus albacares) have been widely reported as substrates
for producing enzymatic hydrolysates containing bioactive peptides. These peptides,
which remain inactive within the native protein structure, exert biological activity upon
release through enzymatic hydrolysis. Among their bioactivities, antioxidant effects are
the most extensively studied due to their relevance in health promotion and disease
prevention. For example, hydrolysates derived from skipjack tuna milt or gelatin have
demonstrated strong in vitro radical scavenging and metal chelation capacities. After
purification via ultrafiltration membranes and chromatographic methods, several isolated
peptides have shown in vivo protective effects against oxidative cell damage induced
by H2O2 or skin injury caused by ultraviolet-A radiation [8,9]. Sisa et al. [10] valorized
yellowfin tuna tails to obtain different added-value products such as muscle proteins—
evaluated as a nitrogen source for protease growth—and gelatins from tuna skins. These
were further hydrolyzed by an optimized enzymatic procedure to release antioxidant
peptides with maximal DPPH radical scavenging activity. The antioxidant capacity of
papain hydrolysates from yellowfin tuna skin collagen papain has been confirmed by
in silico (i.e., molecular docking) and in vitro (i.e., DPPH radical scavenging activity)
assays [11]. Beyond their antioxidant properties, peptides derived from tuna by-products
exhibit diverse biological activities, including Angiotensin I-converting enzyme (ACE)
inhibitory activity [12]—linked to blood pressure regulation—as well as antimicrobial [13]
or immunomodulatory [14] capacities. These studies support the use of these underutilized
biomaterials in the food and pharmaceutical industries.

Fish processing by-products can also be valorized as sustainable protein sources for
aquafeed production. In contrast to seafood, fish farming depends on the use of com-
pound feeds, with national consumption in Spain reaching 181,000 tonnes in 2023 [15].
The formulation of aquafeeds (i.e., selection of the raw material, inclusion, and evalua-
tion of the digestibility) is crucial to ensure the viability and sustainability of aquaculture
systems. In this sense, protein represents a critical component in feed formulation, with
dietary inclusion levels recommended at 50–65% by weight for larval stages [16], de-
creasing progressively for juvenile and adult stages. Fishmeal remains the predominant
protein source in aquafeeds, with approximately 86% of its global production intended for
aquafeed manufacture [1].

The sharp increase in demand for fish meal for aquaculture and livestock farming,
combined with declining fishery catches, has doubled the cost of this ingredient over the
past two decades, driving the search for alternative protein sources [17]. In this context,
by-products from the fish industry represent a cost-effective and renewable feed source
that can meet the nutritional requirements for protein and lipids of aquaculture species [18].
However, their direct use in aquafeeds may be technically limited by the presence of
insoluble components and their deficient digestibility in larvae and juveniles [19,20]. In this
regard, several studies suggest the partial replacement of crude fish protein by enzymatic
hydrolysates, improving the digestibility and palatability of aquafeeds [21–24].

Besides their improved digestibility, some marine peptides can display specific biolog-
ical activities, such as antimicrobial, anti-inflammatory, immunomodulatory, or antioxidant,
among others [25–27]. The incorporation of natural antioxidants, such as specific peptides,
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into aquafeeds serves two main purposes: (i) extending the shelf life of the feed by limiting
the oxidation of lipid ingredients (e.g., triglycerides, phospholipids, and lecithin) formu-
lated alongside proteins; (ii) mitigating the oxidative stress in farmed species. The latter is
achieved by neutralizing the reactive oxygen species (ROS) generated by environmental
factors commonly present in aquaculture systems (e.g., high rearing densities, presence of
ammonia, heavy metals, pathogens, or other stressors) [21,28].

Fish protein hydrolysates are complex mixtures comprising undigested proteins,
peptides, and free amino acids. To obtain the bioactive peptides, it is essential to separate the
raw hydrolysate into fractions based on molecular weight. In this context, the combination
of enzymatic hydrolysis with membrane separation is extensively reported in the literature
as an effective strategy for the simultaneous production and recovery of peptide fractions
with improved biological activity [13,29]. Membrane separation performance is often
limited by fouling, the irreversible accumulation of feed components on the membrane
surface or within its pores. Therefore, an efficient membrane fractionation process requires
the appropriate selection of membrane characteristics (e.g., material and molecular weight
cut-off) and operating parameters (e.g., crossflow velocity and transmembrane pressure),
as well as effective strategies for fouling control and membrane cleaning [30].

This study proposes an integrated process for obtaining antioxidant peptide fractions
from tuna head by-products, intended as functional ingredients for aquaculture feeds.
To this end, tuna heads from the canning industry were enzymatically hydrolyzed us-
ing sequential treatment with Alcalase and Flavourzyme. The fish protein hydrolysates,
rich in short-chain peptides and free amino acids, were then fractionated via sequential
ultrafiltration using ceramic membranes with 1, 3, and 8 kDa molecular weight cut-offs,
yielding peptide fractions with narrow molecular weight distributions. These fractions
were evaluated for their in vitro antioxidant activity, including DPPH radical scavenging
and ferrous ion chelation. This procedure is suitable for recovering peptide fractions with
antioxidant activity to take part as functional ingredients of aquafeeds.

2. Materials and Methods
2.1. Production of Tuna Head Hydrolysates

Skipjack tuna (Katsuwonus pelamis) heads were obtained from the fish canning fac-
tory Conservera de Tarifa (Tarifa, Cádiz, Spain). These materials were ground and kept
refrigerated at −20 ◦C prior to analysis. The average proximate composition of tuna head,
determined according to the official methods [31], was 38.4% protein, 9.6% lipid, and
11.5% mineral matter.

Tuna heads were ground and homogenized with water, obtaining 2 L of suspension
with 15% w/w of protein. The protein suspension was transferred to a stirred tank reactor,
immersed in a water bath to maintain a constant reaction temperature. The reaction mixture
was then subjected to a 5 h enzymatic treatment at pH 7.5 and 55 ◦C. The reaction started by
the addition of Alcalase 2.4 L® (Novozymes, Bagsværd, Denmark) at an enzyme/substrate
ratio of 3% w/w. After completing 4 h, the enzyme preparation Flavourzyme® (Novozymes,
Denmark) was added to the reaction mixture at an enzyme/substrate ratio of 3% w/w. The
reaction was then allowed to proceed for 1 h. These operation conditions are based on
previous research on tuna heads, where the combined enzymatic treatment was optimized
to produce a final hydrolysate enriched in short-chain peptides and free amino acids [32].

The pH was monitored and maintained throughout the reaction using an automated
titrator (718 Stat Titrino, Metrohm, Switzerland). According to the pH-stat method [33],
the degree of hydrolysis (DH), defined as the number of available peptide bonds cleaved



Antioxidants 2025, 14, 770 4 of 19

by proteolysis, was related to the amount of titration agent (NaOH 1 N) added to keep a
constant pH throughout the reaction.

DH% =
Vb·Nb

α·mP·htot
× 100 (1)

where Vb and Nb stand for the volume (mL) and normality (meq·mL−1) of base consumed,
mP (g) is the mass of protein fed to the reactor, htot is the number of milliequivalents of
peptide bonds per gram of protein (8.6 meq·g−1 of protein), and α is the average degree
of dissociation of the α-amino group, which was assumed to be 0.7320 for pH 7.5 and
55 ◦C [33,34].

The enzymatic reaction was stopped by heating at 100 ◦C for 15 min, assuring enzyme
thermal inactivation. The resulting tuna head hydrolysate (THH) was cooled down to room
temperature and filtered through a Büchner funnel with Whatman cellulose paper of 8 µm
pore size to remove insoluble materials (e.g., scales and fishbones) and fats. The prefiltered
hydrolysate was kept at 4 ◦C for 15 h at the most prior to membrane fractionation.

2.2. Fractionation of the Tuna Head Hydrolysates with Ceramic Ultrafiltration Membranes
2.2.1. Operation of the Ceramic UF Membranes

The prefiltered hydrolysates were separated into different peptide fractions by a se-
quential ultrafiltration treatment. Three ceramic ultrafiltration membranes (Tami, Nyons,
France) of molecular weight cut-offs (MWCOs) of 8, 3, and 1 kDa were selected for the frac-
tionation. The membranes consisted of a single tubular channel with a hydraulic diameter
of 6 mm and length of 25 cm, providing a filtration area of 0.0042 m2. The ultrafiltration
(UF) modules were operated in batch concentration mode, yielding a permeate stream,
while the retentate was recycled to the feed vessel. For each batch concentration, 2 L of feed
solution was filtered at 50 ◦C, 1 bar of transmembrane pressure, and a crossflow velocity of
3.3 m·s−1. This operation proceeded until attaining a volume concentration factor of 1.6.
This parameter was defined as the ratio between the volume of permeate collected and the
initial volume (2 L) of the feed solution. The time required for the concentration varied
from 2.5 h to 4.8 h, depending on the membrane MWCO.

The ceramic ultrafiltration membranes were arranged into two different configurations,
each one comprising two consecutive UF units of decreasing molecular weight cut-off
(8 + 1 kDa; 3 + 1 kDa). As shown in Figure 1, both sequences allowed the recovery of
several fractions, noted as R (i.e., retentate streams) and F (i.e., filtrate streams). For instance,
the THH feed filtered through the 8 kDa membrane was separated into the fractions R8 and
F8. The permeate F8 was subsequently filtered through the 1 kDa membrane, yielding the
retentate fraction F8R1 (i.e., the fraction passing through the 8 kDa membrane but retained
by the 1 kDa membrane) and the permeate F8F1 (i.e., the peptide fraction permeating
through both membranes). Similarly, the membrane sequence 3 + 1 kDa separated the
hydrolysate into the peptide fractions R3, F3R1, and F3F1. Each membrane fraction was
freeze-dried and kept at −20 ◦C before analysis.
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Figure 1. Process flowsheet showing the enzyme reactor and the two membrane configurations
employed to obtain bioactive peptide fractions from Skipjack tuna by-products. THHs: Tuna Head
Hydrolysates. R8, R3: retentate streams from the 8 and 3 kDa MWCO membranes, respectively.
F8, F3: permeate streams from the 8 and 3 kDa MWCO membranes, respectively. F8R1, F3R1:
retentate streams obtained after filtration through 1 kDa of F8 and F3, respectively. F8F1, F3F1:
permeate streams obtained after filtration through 1 kDa of F8 and F3, respectively.

2.2.2. Determination of Membrane Permeability

Before operation, each ceramic membrane was hydrated with de-ionized water at
50 ◦C for 1 h, with recirculation of both permeate and retentate streams to the feed tank. At
this point, the water permeability of the membrane was determined by passing de-ionized
water at 50 ◦C and a crossflow velocity of 3.3 m·s−1, measuring the permeate flux (i.e.,
volumetric flow of permeate per unit of membrane area) at increasing transmembrane
pressure. The water permeability of the three ceramic membranes (8, 3, and 1 kDa) was
evaluated by linear regression of the observed values of water flux (Jw) against the applied
transmembrane pressure (TMP). The membrane intrinsic resistance (RM) was calculated
as the inverse of the slope of water permeate flux against the transmembrane pressure
according to Equation (2).

RM =
TMP

Jw
(2)

2.2.3. Modeling of the Permeate Flux

The permeate flux was fitted to a dynamic model based on the series-resistance
approach [35–37]. This classic model considers that the total resistance against membrane
filtration can be split into three contributions: the resistance provided by the membrane
active layer (RM), the resistance of the concentration polarization layer (RCP), and the
resistance due to the irreversible deposition of fouling materials (RF). The fouling resistance
is time-dependent, as it increases with the deposition of foulant solutes on the membrane
surface, which is assumed to follow first-order kinetics with rate constant k.

J =
TMP

RM + RCP + RF(t)
(3)

In crossflow ultrafiltration, the permeate flux does not decrease indefinitely. Still,
it reaches a minimum steady value J∞. At this point, the tangential flow counteracts
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the deposition of new solutes on the membrane surface, preventing fouling. All these
assumptions lead to Equation (4):

J =
J0

1 +
(

J0−J∞
J∞

)
·
(
1 − e−k·t) (4)

where J0 and J∞ are the initial and steady values of observed permeate flux, respectively.
The kinetic constant k represents the rate of deposition of foulant materials onto the
membrane surface.

2.2.4. Cleaning Treatment of the Ceramic UF Membranes

An alkaline cleaning treatment was proposed to restore the permeability of the mem-
branes after operation. The cleaning sequence started with an initial rinse of the permeate
port with demineralized water at 3.3 m·s−1 and no transmembrane pressure. Then an alkali
solution, containing 20 g·L−1 NaOH plus 2 g·L−1 Sodium Dodecyl Sulphate (SDS), was
passed through the membrane at 50 ◦C and a crossflow velocity of 3.3 m·s−1 for 30 min.
The cleaning protocol was concluded with a final neutralization step with demineralized
water until attaining neutral pH in both permeate and retentate streams. The percentage
efficiency of the cleaning treatment (%E) was then calculated by Equation (5):

%E =
R1 − RNaOH

R1 − RM
× 100 (5)

where RM is the intrinsic membrane resistance, evaluated before operation by Equation (2),
R1 is the resistance of the fouled membrane after UF, and RNaOH is the hydraulic resistance
provided by the ceramic membrane after the alkaline cleaning treatment.

2.3. Characterization of the Membrane Peptide Fractions
2.3.1. Determination of Soluble Protein of the Peptide Fractions

The concentration of soluble protein in the crude hydrolysate (THH) and the permeate
and retentate membrane fractions was determined using the Bicinchonicic Acid (BCA)
method [38]. This procedure is based on the reduction of cupric ions by proteins under
alkaline conditions. The reduced Cu(I) forms a complex with BCA, which can be detected
spectrophotometrically at 562 nm.

2.3.2. Amino Acid Composition of the Fractions F3F1 and F3R1

The amino acid composition of the membrane fractions F3F1 and F3R1, permeate and
retentate streams obtained after successive filtration of the crude hydrolysate through 3
and 1 kDa, was determined using an automatic amino acid analyzer Biochrom 30 with
ion exchange chromatography (Biochrom, Cambridge, UK). The samples were digested
with 6 M HCl at 110 ◦C for 20 h, prior to analysis. The digested samples were then cooled
and dissolved in sodium citrate buffer (pH 2.2). The amino acid profile was determined
through ninhydrin color reaction and photometric detection at 570 nm. The results were
expressed as molar percentage.

2.3.3. Molecular Weight Distribution of the Peptide Fractions

The molecular weight distribution of the UF fractions was determined by size exclu-
sion chromatography (SEC) on a Superdex peptide 100/300 GL column (GE, Health care,
Uppsala, Sweden). To this end, freeze-dried fractions were dissolved in ultrapure water
with 10 mg of protein·mL−1. A volume of 100 µL was injected to the SEC column eluted
at 0.5 mL·mL−1, employing as the mobile phase a mixture 70:30 of ultrapure water with
acetonitrile. The molecular weight composition of the UF fractions was reported as the
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percentage area of the absorbance at 280 nm against the retention time. A calibration curve
was obtained by employing as standards glycine (Gly, 75 Da), alanine (Ala, 89 Da), tripep-
tide Phe-Gly-Gly (279 Da), hexapeptide (Gly)6 (360 Da), vitamin B12 (1355 Da), insulin
(5733 Da), aprotinin (6511 Da), and ribonuclease (13,700 Da).

2.4. Determination of the Antioxidant Activities of the Peptide Fractions

Two antioxidant properties were investigated in the UF fractions, namely the ability
to sequestrate DPPH radicals and ferrous ion chelating activity. The scavenging activity
of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals was determined by the method of Picot
et al. [39]. To this end, a serial dilution of hydrolysates (1 mL) was mixed with 1 mL of
0.1 mM DPPH solution in methanol. After incubation for 30 min, the absorbance was
measured at 515 nm. DPPH radical scavenging activity was calculated by Equation (6):

DPPH radical scavenging, % =

(
1 −

Asample − Acontrol

Ablank

)
(6)

where the control sample was obtained by replacing DPPH radical solution with methanol,
and the blank was a 1:1 mixture of DPPH radical solution and distilled water.

Ferrous ion chelating capacity was determined following the method proposed by
Decker and Welch [40]. A set of hydrolysate dilutions (1 mL) was mixed with 3.7 mL of
distilled water and 0.1 mL of FeCl2 solution. After incubation for 3 min at room temperature,
a volume of 0.2 mL of FerrozineTM 5 mM was added and the new solution was incubated
for 10 min. The absorbance was then measured at 562 nm. Percentage ferrous ion chelating
activity was calculated by Equation (7):

Fe2+ chelating, % =

(
1 −

Asample − Acontrol

Ablank

)
(7)

where the control sample was prepared without the addition of FerrozineTM and the blank
solution contained water instead of hydrolysate solution. Both antioxidant properties were
reported as the halfway inhibitory concentration (IC50, mg/mL).

2.5. Statistical Analysis

Data were subjected to analysis of variance (ANOVA) by using Statgraphics Centurion
XVI ™ (Statistical Graphics Corp., Rockville, MD, USA). Tukey’s multiple range test was
used to evaluate significant differences between the molecular weight distribution and
in vitro antioxidant activities of the peptide fractions. Differences between mean values
were considered significant at a level of confidence of 95% (p < 0.05).

3. Results and Discussion
3.1. Production of the Tuna Head Hydrolysates

Figure 2 illustrates the evolution of DH over the 5 h reaction. The hydrolysis curve
can be divided into two regions, corresponding to the sequential enzymatic treatment.
During the initial Alcalase stage, DH increased rapidly, followed by a gradual plateau as
the concentration of accessible peptide bonds decreased. The addition of Flavourzyme
after 4 h resulted in an immediate increase in DH; however, it soon stabilized around
DH 18.5 ± 0.9%.
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Figure 2. Time evolution of the percentage DH for the enzymatic treatment with Alcalase (4 h,
pH 7.5, 55 ◦C) + Flavourzyme (1 h, pH 7.5, 55 ◦C).

Alcalase is a commercial preparation derived from Bacillus licheniformis, with subtilisin
as its main enzymatic component. Subtilisin is a broad-spectrum serine endoprotease that
preferentially cleaves peptide bonds with hydrophobic and aromatic residues. It exhibits
maximal proteolytic activity at alkaline pH (8–9) and at temperatures ranging from 50 to
60 ◦C [33,41]. Due to its broad specificity and high proteolytic activity within the experi-
mental conditions (pH 7.5 and 55 ◦C), it is expected that the extent of hydrolysis is primarily
determined by the Alcalase treatment. In contrast, Flavourzyme is a commercial enzymatic
cocktail, derived from Aspergillus oryzae, mostly composed of amino- and dipeptidases.
According to Merz et al. [42], Flavourzyme shows optimal peptidase activity at near-neutral
pH (6–7) and temperatures in the range 55–65 ◦C.

The addition of Flavourzyme did not significantly affect the overall DH; however, it
promoted the release of free amino acids and low-molecular-weight peptides, predomi-
nantly dipeptides. This is supported by the molecular weight distribution of the crude hy-
drolysate (THH), shown in Figure 3, where peptides below 1 kDa accounted for 29.2 ± 2.4%
w/w of the total area.

The sequential application of Alcalase followed by Flavourzyme exhibited a synergistic
effect: Alcalase initially hydrolyzed the globular proteins into larger peptide fragments,
which were subsequently cleaved at their N-terminal sites by the exopeptidases present in
the Flavourzyme complex. This combined treatment is commonly reported in the literature
to obtain bioactive short-chain peptides or high protein recovery from fish by-products
such as tilapia scales [43], cod heads [44], or sturgeon cartilage [45], among others.
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Figure 3. Molecular weight distribution of the UF peptide fractions (percentage of curve area). All the
data are expressed as mean ± standard deviation of triplicate measurements. Different superscript
letters indicate significant differences (p < 0.05) among the UF streams. THH: tuna head hydrolysate.
R8, R3: retentate fractions from the 8 and 3 kDa MWCO membranes, respectively. F8R1, F3R1:
retentate streams obtained after filtration through 1 kDa of F8 and F3, respectively. F8F1, F3F1:
permeate fractions obtained after filtration through 1 kDa of F8 and F3, respectively.

3.2. Fluid-Dynamic Study of the Membrane Filtration
3.2.1. Water Permeability of the Ceramic Membranes

The water permeability of the three ceramic membranes tested (8, 3, and 1 kDa)
was evaluated by linear regression of the observed values of water flux (Jw) against the
applied transmembrane pressure (TMP). The intrinsic membrane resistance (RM) was
calculated as the inverse of the slope of Jw against TMP, as illustrated in Figure S1. Table 1
summarizes the values of RM (bar·m2·h/L) for the three ceramic membranes studied. In
accordance with Hagen–Poiseuille’s law, membrane resistance to water flux increased as the
molecular weight cut-off (MWCO) of the membranes decreased, varying from 1.31 × 10−2

to 2.12 × 10−2 bar·m2·h/L for 8 and 1 kDa MWCO, respectively.

Table 1. Hydraulic resistances of the ceramic membranes before (clean, RM) and after batch concen-
tration (fouled, R1). Parameters of the resistance-in-series model: initial permeate flux (J0), steady
permeate flux (J∞) and fouling rate constant (k). Percentage cleaning efficiency of the alkaline treat-
ment. Note that the 8 kDa MWCO membrane required a second cleaning stage to recover its full
permeability. F8, F3: permeate streams from the 8 and 3 kDa MWCO membranes, respectively. F8F1,
F3F1: Permeate streams obtained after filtration through 1 kDa of F8 and F3, respectively.

Membrane
MWCO

Membrane Resistances Resistance-in-Series Model, Equation (4) % Cleaning Efficiency,
Equation (5)

Initial, RM
Bar·m2·h·L−1

Fouled, R1
Bar·m2·h·L−1

Permeate
Stream

J0
L·m−2·h−1

J∞
L·m−2·h−1 k h−1 1st Stage 2nd Stage

8 kDa 1.31 × 10−2 2.50 × 10−2 F8 57.49 46.28 0.4794 66.87 23.13
3 kDa 1.98 × 10−2 3.10 × 10−2 F3 49.66 35.16 0.4933 99.79 -

1 kDa fed F8 2.12 × 10−2 3.75 × 10−2 F8F1 35.04 24.75 0.7227 99.90 -
1 kDa fed F3 2.12 × 10−2 4.02 × 10−2 F3F1 39.06 28.28 0.5892 99.24 -
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3.2.2. Time Evolution of the Permeate Flux During Batch Concentration

Figure 4 shows the evolution of the permeate flux during batch ultrafiltration, up to
the final volume concentration factor (VCF) of 1.6. The total duration of the concentration
process ranged from 2.4 h (8 kDa membrane fed with THH) to 4.7 h (1 kDa membrane pro-
cessing F8). In general, the permeate flux declined markedly during the initial 60–90 min of
concentration (corresponding to VCF 1.1–1.2), after which it gradually stabilized, reaching a
near-steady state. This trend was more evident in the case of the 1 kDa MWCO membrane.
Such behavior, widely reported in crossflow ultrafiltration, is attributed to the formation of
a dynamic fouling layer on the membrane surface. The growth of this layer is counteracted
by the shear forces of the retentate stream, leading to a steady value of permeate flux
J∞ [46].

The experimental permeate flux values were fitted to the dynamic resistance-in-series
model described by Equation (4). The model parameters—initial flux (J0), steady-state
flux (J∞), and the fouling rate constant (k)—were estimated by nonlinear regression and
are summarized in Table 1. The model showed a good fit to the experimental data, with
coefficients of determination (R2) ranging from 0.9723 for the permeate F3F1 to 0.9977 for
F8. The solid lines in Figure 3 represent the model predictions, showing good agreement
with the observed data.

The permeation rate of peptide species increased with the membrane molecular weight
cut-off (MWCO), as evidenced by J0 and J∞ values. In the final filtration step using the 1 kDa
membrane, a higher resistance was observed for stream F8 compared to F3. This behavior
can be attributed to the MW distribution of F8, which contains a greater proportion of
large peptides that may contribute to membrane fouling. This was confirmed by the higher
estimated value of the fouling rate constant k (0.7227 h−1).

All membranes used in this study featured an active layer composed of titanium
dioxide, which exhibits a point of zero charge (i.e., the pH at which the membrane surface
has no net electrical charge) near pH 7 in aqueous solutions [47]. Under the operating
conditions, this implies that the membrane surfaces carried a neutral to slightly negative
net charge. Therefore, it can be concluded that the fouling rate constant (k) was primarily
influenced by the membrane’s molecular weight cut-off (MWCO) and the concentration of
peptides present in the feed streams.

3.2.3. Cleaning Efficiency of the Alkaline Treatment

Following batch concentration, the fouled membranes underwent alkaline cleaning
for 30 min at 50 ◦C, as previously described. The cleaning protocol concluded with a final
rinse with water until the effluent reached neutral pH. The hydraulic resistance was then
determined (Figure S1), calculating the cleaning efficiency of the alkaline treatment by
Equation (5). Table 1 reports the hydraulic resistances of the clean (RM) and the fouled
membranes after ultrafiltration (R1), as well as the efficiencies of the cleaning protocol.

A single alkaline stage fully restored the permeability of the 3 and 1 kDa membranes,
achieving cleaning efficiencies above 99%. This high performance is attributed to the
alkaline hydrolysis of proteins adsorbed on the membrane surface and within the pores,
releasing soluble peptides that are removed during rinsing [48,49]. In contrast, the 8 kDa
membrane showed only a 67% recovery after a single cleaning cycle, requiring a second
treatment. In macroporous membranes, fouling is controlled by protein adsorption within
pores rather than surface deposition or cake formation. Alkaline agents are generally
less effective at removing internal foulants than those on the surface, a phenomenon also
observed in whey protein filtration using MF ceramic membranes [50].
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Figure 4. Evolution of the permeate flux (L·m−2 membrane·h−1) as a function of the operation time
(h) and the volume concentration factor (VCF). The blue solid curves represent the permeate flux
predicted by the dynamic resistance-in-series model (Equation (5)). F8, F3: permeate streams from the
8 and 3 kDa MWCO membranes, respectively. F8F1, F3F1: permeate streams obtained after filtration
through 1 kDa of F8 and F3, respectively.

3.3. Evaluation of the Peptide Fractions as Natural Antioxidants for Aquaculture Diets
3.3.1. Content of Soluble Protein and Amino Acid Composition of the Peptide Fractions

Table 2 presents the content of soluble protein of the membrane streams, which was
determined by the BCA method. The crude hydrolysate presented a concentration of
soluble protein of 9.35 ± 0.33 g·L−1. The different membrane fractions presented average
levels of soluble protein ranging from 5.17 ± 0.14 g·L−1 (F3F1) to 10.73 ± 0.26 g·L−1 (R8).
The retentates from the first membrane separation stage through 8 or 3 kDa presented
higher contents of protein, which progressively declined throughout the fractionation.

Two membrane fractions, F3R1 and F3F1—retentate and permeate streams resulting
from the sequential filtration of THH through 3 and 1 kDa membranes—were analyzed
for their amino acid profile, expressed in mol percentage (Table 2). Overall, membrane
purification did not significantly alter the amino acid profile, as all peptide fractions origi-
nated from the same enzymatic hydrolysate. The analytical method involved complete acid
hydrolysis of the protein content, ensuring that the released amino acids were uniformly
distributed between the permeate and retentate streams. Additionally, it should be noted
that tryptophan (THR) and cysteine (CYS) were not determined by the analytical procedure
due to their degradation after the acid digestion pretreatment.
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Table 2. Concentration (g·L−1) of soluble protein of the crude hydrolysate and the membrane
fractions. Amino acid composition (mol %) of the membrane streams F3R1 and F3F1. THH: tuna
head hydrolysate. R8, R3: retentate fractions from the 8 and 3 kDa MWCO membranes, respectively.
F8R1, F3R1: retentate streams obtained after filtration through 1 kDa of F8 and F3, respectively. F8F1,
F3F1: permeate fractions obtained after filtration through 1 kDa of F8 and F3, respectively.

Content of Soluble Protein Amino Acid Composition of F3R1 and F3F1

Stream
Concentration,

g·L−1 Amino Acid
Mol Percentage

F3R1 F3F1

THH 9.35 ± 0.33 ALA 7.41 ± 0.15 6.73 ± 0.22
R8 10.73 ± 0.26 ARG 18.16 ± 0.96 18.29 ± 0.67

F8R1 6.36 ± 0.49 ASN + ASP 0.05 ± 0.00 0.05 ± 0.00
F8F1 4.92 ± 0.29 GLN + GLU 1.50 ± 0.15 1.49 ± 0.21
R3 10.29 ± 0.29 GLY 16.19 ± 0.67 17.46 ± 0.41

F3R1 5.50 ± 0.56 HIS 3.86 ± 0.13 * 4.62 ± 0.19
F3F1 5.17 ± 0.14 ILE 4.93 ± 0.16 5.17 ± 0.13

LEU 8.22 ± 0.19 * 9.06 ± 0.13
LYS 2.85 ± 0.12 2.86 ± 0.17
MET 4.71 ± 0.19 3.97 ± 0.21
PHE 8.65 ± 0.12 * 8.04 ± 0.07
PRO 1.56 ± 0.07 * 0.68 ± 0.12
SER 3.92 ± 0.25 3.39 ± 0.23
THR 4.51 ± 0.48 4.52 ± 0.78
TYR 5.64 ± 0.24 6.04 ± 0.14
VAL 7.85 ± 0.41 7.61 ± 0.25

Total Amino Acids 1 100 ± 1.44 100 ± 1.27
Total Essential Amino Acids 2 64.74 ± 1.21 64.14 ± 1.13

Total Hydrophobic Amino Acids 3 63.16 ± 0.90 64.76 ± 0.63
1 Tryptophan (TRP) and cysteine (CYS) were not determined by the amino acid analysis. 2 Essential Amino Acids:
ARG, HIS, ILE, LEU, LYS, MET, PHE, THR, TRP (not detected), and VAL. 3 Hydrophobic Amino Acids: ALA,
GLY, ILE, LEU, MET, PHE, PRO, TRP (not detected), TYR, and VAL. * Significant differences (p < 0.005) between
F3R1 and F3F1.

Aquatic species require a well-balanced proportion of dietary amino acids for their
development. These are substrates for protein synthesis and contribute to the regulation of
several physiological processes of the farmed fish such as feed intake, oxygen and carbon
dioxide transport, metabolism, cell signaling, or immune response [51]. Amino acids are
categorized as essential (EAAs), conditionally essential, and non-essential (NEAAs) amino
acids. The former cannot be synthesized by farmed animals and should be supplied by
diet. In total, 10 amino acids are identified as essential for fish species (Table 2). According
to FAO recommendations for farmed fish, they should account for 40–60% of the protein
dietary intake [52]. As shown in Table 2, the protein fraction of both membrane streams
presented a relevant proportion of EAAs, above 64% mol of crude protein. Both protein
fractions presented a similar amino acid profile, characterized by high levels of arginine
(18.2%), glycine (16.2–17.5%), leucine (8.2–9.1%), phenylalanine (8.0–8.7%), and valine
(7.6–7.9%). The average lysine content of both membrane fractions was 3.14 ± 0.32% w/w
of total protein, below dietary recommendations (5.5–6.5% w/w of protein content) [52].
This essential amino acid is considered a limiting factor in fish nutrition, and its actual
content should be considered when including these protein fractions in aquafeeds.

3.3.2. Molecular Weight Distribution of the Peptide Fractions

Fish protein hydrolysis is a mild technology that generates peptides with enhanced
nutritional value and a range of bioactive properties, including antioxidant, antihyperten-
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sive, antimicrobial, and secretagogue activities, among others. However, the relationship
between peptide structure and biological function is still not fully understood, as it is
influenced by multiple factors such as molecular weight (MW) distribution, secondary
structure of the bioactive peptides, amino acid sequence, hydrophobicity, net charge, and
acid–base characteristics. Several studies highlight the role of the MW distribution of
hydrolysates on their bioavailability and potential bioactivity [13,53,54]. In this context,
membrane-based fractionation of fish protein hydrolysates (FPHs) allows the isolation of
peptide fractions within specific MW ranges, which may present improved bioactivity with
respect to the intact protein.

The MW distribution of the product streams R8, F8R1, F8F1, R3, F3R1, and F3F1
is presented in Figure 3. The SEC profiles were divided into five fractions: A (>8 kDa),
B (3–8 kDa), C (1–3 kDa), D (0.3–1 kDa), and E (<0.3 kDa) (Figures S2 and S3). High-MW
peptides above 3 kDa (fractions A+B) dominated the retentate streams R8 and R3, likely
consisting of intact protein and large peptides generated by Alcalase. They underwent
further hydrolysis by Flavourzyme, yielding short-chain peptides (mostly 2–3 residues) and
free amino acids. The second UF stage through 1 kDa significantly increased the proportion
of low-MW peptides, with fraction D being predominant in both the final retentate and
permeate streams.

Peptide fractions recovered through membrane fractionation show promise as feed in-
gredients due to their high digestibility and potential bioactivity. Although the underlying
mechanisms are not fully understood, several studies have reported that dietary peptide
supplementation improves larval rearing outcomes, including higher survival rates, in-
creased weight gain, and reduced skeletal abnormalities [55–58]. Kotzamanis et al. [59], for
instance, recommend moderate levels of peptides in the range 500–2500 Da for optimal
larval development. In this regard, the fractions C and D, representing 56–58% of the
membrane fractions F8F1 and F3F1, could find application as ingredients in aquaculture
formulations. Moreover, free amino acids have been reported to improve feed palatability
and promote weight gain in juvenile and adult fish [23,60,61]. In this study, the amino acid
content of the permeate streams F8F1 and F3F1 supports their potential use as attractant
ingredients in aquafeeds.

3.3.3. In Vitro Antioxidant Activities of the Peptide Fractions

Antioxidant supplementation is justified both to restrain lipid oxidation in aquafeeds
themselves and to neutralize the reactive oxygen species (ROS) generated under fish
farming conditions. The oxidation of lipid ingredients is a major concern for the fish feed
industry, since it reduces the stability and shelf life of aquafeeds. Moreover, the conditions
in aquaculture facilities—such as high stock density, alterations in environmental factors
(e.g., pH, temperature, salinity, ammonia, heavy metals, and light exposure), pathogens,
and other exogenous stressors—promote the release and accumulation of ROS (e.g., H2O2,
HOCl, OH•, and O2−) in fish tissues. These are highly reactive molecules that can damage
lipids, proteins, carbohydrates, or nucleic acids, altering their normal function [28,62].

The supplementation of aquafeeds with natural antioxidants, such as vitamins,
carotenoids, polyphenols, or peptides, avoids the potential human risks related to the
use of synthetic antioxidants (e.g., ethoxyquin, butylated hydroxytoluene, and tert-butyl
hydroquinone) [62,63]. Unlike other natural antioxidants, marine antioxidant peptides
have been less investigated. Although their structure–activity relationship has not been
fully elucidated, most of the antioxidant peptides identified so far have between 3 and
20 amino acid residues and contain hydrophobic residues (e.g., Val, Trp, Phe, and Pro)
within their sequence [28]. Their in vitro antioxidant activity is commonly assessed through
radical scavenging assays using compounds such as 2,2- diphenyl-1-picrylhydrazyl (DPPH)
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or 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS). Another group of an-
tioxidant assays evaluates the ability of peptides to chelate metal ions such as Fe2+ or Cu+,
which catalyze lipid oxidation reactions [64].

In this study, two in vitro antioxidant activities, namely DPPH radical scavenging
and Fe2+ chelating, were investigated in the peptide fractions obtained by sequential
membrane processing. Figure 5 compares the average values of the half-maximal inhibitory
concentration (IC50, mg·mL−1) of both bioactivities.

Figure 5. In vitro DPPH radical scavenging and ferrous chelating half-maximal inhibition
(IC50, mg·mL−1) of the membrane UF fractions. Different superscript upper- (A, B, C, D, E, F)
and lowercase letters (a, b, c, d, e) indicate significant statistical differences (p < 0.05) among mem-
brane fractions for DPPH radical scavenging and ferrous chelating activities, respectively. THH: tuna
head hydrolysate. R8, R3: retentate fractions from the 8 and 3 kDa MWCO membranes, respectively.
F8R1, F3R1: retentate streams obtained after filtration through 1 kDa of F8 and F3, respectively. F8F1,
F3F1: permeate fractions obtained after filtration through 1 kDa of F8 and F3, respectively.

The results show significant differences (p < 0.05) among the peptide fractions, al-
though no correlation was found between DPPH radical scavenging activity and MW
profile. For instance, the retentate fractions F8R1 and F3R1 presented no significant dif-
ferences with respect to the crude hydrolysate THH, although their content of short-
chain peptides below 1 kDa was significantly higher (Figure 3). The retentate frac-
tion R8 presented no significant differences in MW for THH except for the fraction D
(0.3–1 kDa), which was significantly lower. Despite its similar profile, R8 presented the
lowest IC50 value for in vitro DPPH radical inhibition (IC50 1.35 ± 0.08 mg·mL−1), followed
by F3F1 (2.03 ± 0.15 mg·mL−1). The latter is a permeate stream. Both fractions showed a
significant improvement in DPPH radical inhibition with respect to the crude hydrolysate
THH (IC50 3.32 ± 0.10 mg·mL−1).

There is no common opinion in the scientific literature regarding the relationship
between peptide MW and DPPH radical scavenging activity. Most of the radical scavenging
peptides isolated so far from tuna by-products are short-chain peptides (<1 kDa) containing
hydrophobic and aromatic amino acid residues (e.g., His, Pro, Tyr, and Val). This is related
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to their ability to donate hydrogen atoms/electrons to the radical [9,13,65] or enhance
the solubilization of the active peptides into the lipid phase, where they interact with
free radicals [8,66]. Similarly, Chi et al. [67] investigated the influence of amino acid and
peptide compositions on the antioxidant activities of Skipjack tuna hydrolysates obtained
with different commercial proteases. The authors reported that the hydrolysates showing
strong radical scavenging activities presented a high proportion of low-MW peptides
(between 3 and 6 amino acid residues, ~500 kDa) with relevant content of hydrophobic
and aromatic amino acids. On the contrary, Krasae et al. [68] and Sisa [10] found that
large peptides >10 kDa displayed high in vitro DPPH radical inhibitory activity in tuna
viscera autolysates and yellowfin tuna tails, respectively. This was attributed to either the
higher occurrence of hydrophobic residues in large peptides [68] or their ability to retain
the secondary structure [10].

Regardless of chain length, peptide hydrophobicity is generally accepted to enhance
radical scavenging activity. As shown in Table 2, both F3R1 and F3F1 streams presented
a similar content of hydrophobic amino acids (>60% mol.) although the proportion of
short-chain peptides below 1 kDa was significantly higher in F3F1. This fraction presented
the second lowest IC50 for DPPH radical scavenging activity.

As a general trend, our results indicate that the removal of large peptides by ultrafil-
tration through 8 and 3 kDa MWCO membranes had a positive impact on the in vitro Fe2+

chelating activity. The retentate streams F3R1 and F8R1 exhibited the highest chelating
potency, with IC50 values of 1.04 ± 0.01 mg·mL−1 and 1.32 ± 0.02 mg·mL−1, respectively.
Both fractions presented similar MW profiles, where the peptide fraction C+ D (0.3–3 kDa)
accounted for 52.1 ± 3.6% and 51.6 ± 1.7% of the MW distribution, respectively. The
permeate streams obtained from the 1 kDa filtration exhibited slightly higher IC50 values,
though still improved in comparison to the crude hydrolysate (IC50 2.75 ± 0.08 mg·mL−1).
Short-chain peptides are more soluble, exhibiting higher mobility to interact with metal
ions. The presence of histidine, cysteine, or negatively charged residues such as glutamic or
aspartic acid is reported to enhance metal chelation [8,66,69], although non-charged polar
groups such as hydroxyl, present in serine and threonine residues, can actively participate
in metal coordination [70]. Additionally, other studies highlight the role of aromatic and
hydrophobic residues (e.g., Leu and Phe) in stabilizing peptide–metal complexes [71]. The
improved metal chelation activity displayed by fractions F3R1 and F3F1 could be explained
by their content of low-MW peptides (<1 kDa) and amino acid composition.

It should be noted that in vitro assays serve as a preliminary screening step to assess
whether protein-derived or other natural molecules have the potential to exert antioxidant
effects. In vivo assays using cell lines or aquatic models (e.g., zebrafish larvae and farmed
fish species) are required to accurately evaluate how these bioactive molecules mitigate
oxidative stress under physiological conditions.

4. Conclusions
Skipjack tuna heads were sequentially hydrolyzed with Alcalase (4 h) and Flavourzyme

(1 h), reaching a final DH of 18.5 ± 0.9%. The resulting crude hydrolysate was fractionated
by ceramic membranes with MWCOs of 8, 3, and 1 kDa to obtain peptide fractions, which
were characterized for their protein content, MW distribution, and in vitro antioxidant
activities. This approach allowed the recovery of peptide fractions (e.g., the permeate
streams F8F1 and F3F1) containing more than 50% w/w short-chain peptides (0.3–3 kDa)
and 12–15% w/w free amino acids. Besides their specific peptide composition, these frac-
tions also exhibited a high proportion of essential amino acids (>64% mol), supporting
their use as functional dietary ingredients in aquafeeds.
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In vitro assays revealed that certain membrane fractions showed enhanced DPPH
scavenging and metal chelation activities compared to the crude hydrolysate, which may
be associated with their MW profile and hydrophobic amino acid content. Overall, the
integrated process proposed in this study allows the valorization of Skipjack tuna head
by-products into functional peptide fractions with a desirable MW distribution and amino
acid composition and potential antioxidant activities. Future research should focus on
assessing the effects of these fractions on feed palatability, digestibility, and their capacity
to mitigate oxidative stress through in vivo zootechnical trials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox14070770/s1, Figure S1: Water flux (L·m−2) against trans-
membrane pressure (bar) for the ceramic ultrafiltration membranes at different operation stages:
initial (before ultrafiltration, blue straight line), fouled (after ultrafiltration until attaining a volume
concentration factor of 1.6) and after alkaline cleaning treatment. (a) 8 kDa MWCO membrane fed
tuna head hydrolysates (THH); (b) 3 kDa MWCO membrane fed tuna head hydrolyates; (c) 1 kDa
MWCO membrane fed the permeate stream from the 8 kDa membrane (F8); (d) 1 kDa MWCO
membrane fed the permeate stream from the 3 kDa membrane (F3); Figure S2: Size Exclusion Chro-
matograms for the crude tuna head hydrolysate (THH, top left); the retentate obtained after filtration
of THH through 8 kDa (R8, top right), the permeate obtained after successive filtration of THH
through 8 and 1 kDa (F8F1, bottom left), and the retentate obtained after successive filtration of
THH through 8 and 1 kDa (F8R1, bottom right). Actual absorbance values (mAU) at 285 nm were
normalized so that the total area below curve is unitary; Figure S3: Size Exclusion Chromatograms
for the retentate obtained after filtration of THH through 3 kDa (R3, top left); the retentate obtained
after successsive filtration of THH through 3 and 1 kDa (F3R1, top right), and the permeate obtained
after successive filtration of THH through 3 and 1 kDa (F3F1, bottom right). Actual absorbance values
(mAU) at 285 nm were normalized so that the total area below curve is unitary.
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70. Gulcin, İ.; Alwasel, S.H. Metal Ions, Metal Chelators and Metal Chelating Assay as Antioxidant Method. Processes 2022, 10, 132.

[CrossRef]
71. Sun, X.; Sarteshnizi, R.A.; Boachie, R.T.; Okagu, O.D.; Abioye, R.O.; Neves, R.P.; Ohanenye, I.C.; Udenigwe, C.C. Peptide–Mineral

Complexes: Understanding Their Chemical Interactions, Bioavailability, and Potential Application in Mitigating Micronutrient
Deficiency. Foods 2020, 9, 1402. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13197-018-3549-4
https://doi.org/10.1016/j.scitotenv.2024.173461
https://doi.org/10.1016/j.aquaculture.2015.01.026
https://doi.org/10.1111/jwas.12436
https://doi.org/10.1111/j.1365-2109.2012.03257.x
https://doi.org/10.1016/j.aquaculture.2024.740657
https://doi.org/10.1016/j.cbpa.2006.12.037
https://doi.org/10.1080/23308249.2016.1249279
https://doi.org/10.1016/j.aqrep.2022.101189
https://doi.org/10.3390/biology14010087
https://doi.org/10.1080/19440049.2010.508195
https://doi.org/10.3390/molecules27041343
https://doi.org/10.1007/s12649-020-01129-8
https://doi.org/10.3389/fnut.2021.813780
https://doi.org/10.3390/md13052580
https://doi.org/10.26656/fr.2017.7(5).270
https://www.ncbi.nlm.nih.gov/pubmed/40462219
https://doi.org/10.53388/FH20221101019
https://doi.org/10.3390/pr10010132
https://doi.org/10.3390/foods9101402

	Introduction 
	Materials and Methods 
	Production of Tuna Head Hydrolysates 
	Fractionation of the Tuna Head Hydrolysates with Ceramic Ultrafiltration Membranes 
	Operation of the Ceramic UF Membranes 
	Determination of Membrane Permeability 
	Modeling of the Permeate Flux 
	Cleaning Treatment of the Ceramic UF Membranes 

	Characterization of the Membrane Peptide Fractions 
	Determination of Soluble Protein of the Peptide Fractions 
	Amino Acid Composition of the Fractions F3F1 and F3R1 
	Molecular Weight Distribution of the Peptide Fractions 

	Determination of the Antioxidant Activities of the Peptide Fractions 
	Statistical Analysis 

	Results and Discussion 
	Production of the Tuna Head Hydrolysates 
	Fluid-Dynamic Study of the Membrane Filtration 
	Water Permeability of the Ceramic Membranes 
	Time Evolution of the Permeate Flux During Batch Concentration 
	Cleaning Efficiency of the Alkaline Treatment 

	Evaluation of the Peptide Fractions as Natural Antioxidants for Aquaculture Diets 
	Content of Soluble Protein and Amino Acid Composition of the Peptide Fractions 
	Molecular Weight Distribution of the Peptide Fractions 
	In Vitro Antioxidant Activities of the Peptide Fractions 


	Conclusions 
	References

