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ARTICLE INFO ABSTRACT

Keywords: The exploration of fishery wastes for the extraction of value-added biocompounds has become a topic of current
Sbark interest. The aim of this work was to promote a circular economy model by obtaining oil by enzymatic hydrolysis
Fish waste from Mustelus schmitti livers and incorporating it into bread. The oil extraction reaction was carried out using
g;{ers Alcalase® 2.4 L at pH 8.0, 55 °C of temperature for 60 min. Fatty acid analysis showed that the oil was rich in »-3
Omega-3 long chain fatty acids (LCo3PUFAs), with the eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
Encapsulation being the main constituents (13 and 70 % of total PUFAs, respectively). Then, an external gelation method was
Alginate developed to produce alginate capsulates loaded with the extracted oil. The encapsulation efficiency (EE) was
Breads 93.41 %. Finally, capsulated and unencapsulated fish oil were used to develop breads and more than 95 % of EPA

and DHA were recovered after baking. Thus, 20 g of baked product can provide about 45 % of the recommended
minimum daily intake of EPA plus DHA. The results suggest that it is possible to use the liver from the nar-
rownose smoothhound (Mustelus schmitti) shark fishery to produce value-added products based on a circular

economy.

1. Introduction

Nowadays, the responsible use of natural resources is leading to the
consideration of alternative and new approaches that allow sustainable
development based on the integral use of raw materials. This global
transition towards a circular economy affects all socio-productive sec-
tors and fishing activity is one of them. The fish processing industry
poses problems in the areas of environmental social and economy, due to
the great amount of waste generated by the fish processing. These wastes
are considered as important sources of compounds with high added
value, such as hydroxyapatite, collagen, gelatin, lipids, enzymes, hy-
drolysates and bioactive peptides (Ideia et al., 2020). The narrownose
smoothhound (Mustelus schmitti) is a shark that is commercially
exploited by industrial and artisanal fleets in Argentina and Uruguay. It
is generally marketed fresh for consumption, peeled, headless and gut-
ted, generating a high percentage of waste and by-products.

Previous reports indicate that cartilaginous fish livers contain large
amounts of oil rich in ®—3 long-chain fatty acids (LCo3PUFAs, which

are important in the human diet and are of commercial and scientific
interest (Ozyllnlaz & Oksiiz, 2015; Sellami et al., 2018; Lamas & Massa,
2019). They are essential for growth, development, optimal functioning,
and maintenance of lifelong health and well-being (Calder, 2014). At the
functional level, n-3 eicosapentaenoic acid (EPA; 20:5n-3) and docosa-
hexaenoic acid (DHA; 22:6n-3) appear to be the most important due to
their essential roles as structural components, signaling messengers, and
precursors of metabolic processes (Morais et al., 2015). In addition,
many studies have demonstrated the beneficial effects of these fatty
acids in the prevention and treatment of some cardiovascular diseases,
inflammatory processes, cancer, and hypertension (Calder, 2014). In
recent years, the relationship between the consumption of these fatty
acids and the reduction of the symptoms of COVID19 has been studied
(Weill, 2020). As a result, the use of fish oil has gained increasing
attention in the pharmaceutical and food industries over the past few
decades.

The conventional method for fish oil extraction is wet reduction,
which involves drastic temperature and pressure conditions for protein
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coagulation and the use of organic solvents in the process (Bonilla
Mendez & Concha, 2018). Due to the high degree of unsaturation, fish
oil is extremely susceptible to oxidation, whithigh temperatures
inducing oxidation and degradation of thermolabile substances while
the use of solvents poses a health and environmental risk (Aitta et al.,
2021). In line with the circular economy guidelines, the trend is to
develop environmentally friendly methods for fish oil extraction based
on processes with low energy consumption, allowing the use of alter-
native solvents, renewable natural substances and, in turn, providing a
safe extract/product of high quality (Ivanovs & Blumberga, 2017). In
this sense, several methods have been reported such as supercritical
fluid extraction, microwave assisted extraction, ultrasound assisted
extraction and enzymatic extraction (Ivanovs & Blumberga, 2017).
Enzymatic hydrolysis is an emerging technology that offers advantages
such as the use of moderate temperatures and pH, where a protease
hydrolyzes peptide bonds and releases oil from soluble components in
aqueous phases and sediments (Glowacz-Rozynska et al., 2016; Lamas &
Massa, 2019; Lamas, 2022).

The importance of the extraction method lies in the need to obtain a
constant supply of fresh fish oil with a high content of LCo3PUFAs and
with physicochemical and organoleptic properties that are suitable
throughout the period of manufacture and storage of fish oil-based
products. Oxidation of LCw3PUFAs present in matrix foods can easily
degrade their quality. Therefore, it is important to evaluate the chemical
and physical factors that promote oxidation during processing, storage
and distribution. Exposure to oxygen and light and heating are factors
that accelerate the oxidation of fish oil lipids, reducing the stability and
shelf life of fish oil-containing products (Kolanowski et al., 2006).
Encapsulation technology is widely recognized as an effective tool to
deliver and protect oil-based actives from the external environment,
overcoming organoleptic limitations of their use in food systems (Ban-
nikova et al., 2018). In this technique, a matrix or polymeric coating
protects the fish oil from the effects of pH, temperature, moisture, and
oxygen (Khoshnoudi-Nia et al., 2022). Sodium alginate, a water-soluble
linear polysaccharide, is successfully used as an encapsulation material
of bioactive compounds as its bioaccessibility and bioactivity are pre-
served due to its chemically inert interior (Wu et al., 2017).

In this context, this work aimed to promote a circular economy
model by obtaining fish oil by enzymatic hydrolysis from the livers of
narrownose smoothhound (Mustelus schmitti). The oil obtained was
characterized by its physicochemical parameters and fatty acid content.
This study also reports the preparation of fish oil-loaded capsules using
sodium alginate as shell material by the external gelation method. The
encapsulation efficiency and the fatty acid content of the prepared
capsulates were determined. Finally capsulated and un-encapsulated
fish oil were used to develop an omega-3 enriched bread and the EPA
and DHA recoveries were calculated. This will allow to valorize the liver
waste from the narrownose smoothhound for application in the food
industry for human consumption.

2. Materials and methods
2.1. Biological samples

Specimens of Mustelus schmitti gatuzo were caught off during the
research cruises performed by the National Institute for Fisheries
Research and Development (INIDEP) during 2022. These were received
at the "Laboratory of Fishery Products Technology" and immediately
gutted. The liver of each specimen was separated, packed in poly-
ethylene bags, and frozen at —80 °C until use. For oil extraction, 2
batches of n = 17 livers were used and extraction treatments were
applied to each batch.

2.2. Engyme-assisted oil extraction procedure

An enzyme-assisted procedure was used for lipid extraction. The
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enzyme used was Alcalase® 2.4 L, an endopeptidase from Bacillus
licheniformis, which is considered GRAS (Generally Recognized as Safe)
for protein modification and pet food production, among other appli-
cations. Approximately 100 g of minced liver was mixed with water (1:1
w/v) and homogenized at 50 °C. The mixture was then heated to a
temperature of 55 °C + 2.5 °C and enzymatic hydrolysis was initiated by
the addition of protease (enzyme/raw material ratio: 2 %). The pH was
maintained at 8.0 & 0.3 and controlled by the addition of 1 M NaOH.
The reaction was allowed to proceed for 60 min, after which the enzyme
was inactivated by heating at 85 °C for 10 min. The hydrolysate was then
centrifuged at 20,000 g for 30 min at 4 °C. Finally, the tubes were placed
upright in a freezer (at —20 °C) and all fractions were separated by
cutting the frozen contents of the tubes and pooling the oil top layers.

2.3. Physicochemical characterization of oils

The nutritional value of the oils extracted by solvent extraction and
the oils extracted by the methods studied was evaluated by quantifying
the fatty acids. First, the oils were subjected to methylation to convert
FAs to fatty acid methyl esters (FAMEs) using hexane and KOH/MeOH
(ISO, 2011).The sample was mixed vigorously and then 2 mL of NaCl
and 2 mL of hexane were added. The sample was left for 5 min, and the
FAMEs dissolved in hexane were analyzed using a gas chromatograph
(Shimadzu GC-2010 equipped with a flame ionization detector, Shi-
madzu Corporation, Kyoto, Japan) and a capillary column (30 m x 0.32
mm; 0.25 pm film thickness; Omegawax 320, Darmstadt, Germany). A
split injector (50:1) was used at a temperature of 250 °C. The following
temperatures were programmed into the column: 120 °C for 20 min,
heated to 200 °C at 1 °C/min, held at 200 °C for 1 min, heated again to
220°Cat 5 °C/min, and finally held at 220 °C for 20 min. The carrier gas
used was nitrogen. The temperature of the oven was increased to 240 °C
at a rate of 5 °C/min and held for 5 min. A volume of 1 pL of sample was
injected and FA peaks were identified using external standards (Supelco
FAME Mix C4-C24 + PUFA N°1 Marine Source, Pennsylvania, USA). The
results were processed using Shimadzu GC Solution software.

The quality was characterized according to the guidelines of the
American Oil Chemists’ Society (AOCS) by the acidity index (AI) (AOCS,
Ca 5a-40, 2009). In addition, the Peroxide Value (PV) (AOCS, Cd 8-53,
2009) was measured to evaluate the primary oxidation level. Color was
measured using the Gardner color scale (Gardner-Delta Color Compar-
ator, Florida, USA, AOCS Td 1a-64, 2009). Relative density was deter-
mined using a pycnometer calibrated at 20 °C.

2.4. Preparation of fish oil rich in LCw3PUFAs beads

Fish oil obtained by enzymatic reaction was encapsulated using so-
dium alginate (Sigma Aldrich) by external gelation according to Alvarez
and Lamas (2021). Sodium alginate was dispersed in preheated distilled
water with stirring until homogenized (15 g/L). This solution was
allowed to stand overnight at room temperature with constant stirring.
The discontinuous emulsion was then prepared by adding the oil to the
alginate solution. A 1:3 ratio of dispersed oil phase to continuous phase
was used. The mixture was then homogenized for 2 min at medium
speed using an Ultra-Turrax (Omni Mixer, Germany) to obtain the
emulsion. The emulsion was then extruded through a tip-ended syringe
and dropped into 0.1 M calcium chloride (CaCl2) gel to form oil-loaded
calcium alginate beads. The tip was fixed 5 cm above the surface of the
gelling bath. The solution was gently stirred with a magnetic stirrer to
prevent the beads from sticking, and left in the gelling bath for
approximately 30 min to harden. Finally, the beads were stored in a
desiccator for 7 days and then oven dried at 30 °C for 24 h.

2.5. Encapsulation efficiency

To evaluate the encapsulation efficiency (EE), the unencapsulated oil
was measured according to Morales et al. (2020) with modifications.
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The lipid residues constituting the unencapsulated oil were weighted.
First, a filter paper was used to absorb the excess oil from the wet beads.
The filter paper was then dried in an oven until a constant weight was
reached, followed by solid-liquid extraction with hexane for 5 h. Hexane
was also used to extract the oil present in the calcium chloride solution,
which was also quantified. The amount of encapsulated oil (Wo3) was
calculated as the difference between the initial amount of oil used to
prepare the emulsion (Wol) and the total unencapsulated oil (Wo2).

Wo3 = Wol — —Wo2.

The EE was expressed as the percentage of encapsulated oil regarding
the amount of oil weighted firstly.

EE (%) = 100 x (Wo3 / Wol)

To determine the free fatty acid profile of the encapsulated fish oil,
lipids were extracted by the method of Bligh and Dyer (1959) and
analyzed by methylation followed by gas chromatography according to
ISO (2011).

2.6. Shape and sphericity of beads

Size and shape were determined by analyzing a photographic
sequence using a Canon PowerShot G9 camera attached to a Zeiss Stemi
2000-C binocular loupe with Axiovision measurement software. The
maximum and minimum diameter (dmax, dmin) were determined, and
the sphericity was estimated as follows:

® = 2dmin/(d min + d max).

The average size and shape of the beads were calculated from at least
25 randomly selected beads from each batch. For shape, if the value
obtained by the calculation of ® > 0.95, they were considered spherical
and slightly oval; if 0.95 > ® > 0.90, they were considered oval and
pear-shaped, and for values below 90, the beads are deformed, i.e. un-
acceptable (Davarci et al., 2017).

2.7. Breads formulations, developed and recoveries of EPA and DHA after
baking

The experimental formulation of the developed breads contained the
typically used ingredients such as wheat flour, whole wheat flour, salt,
dehydrated yeast and water. Encapsulated and unencapsulated fish oil
was added directly to develop a bakery product with high LCo3PUFA
content as described in Table 1. These ingredients were mixed, ho-
mogenized, and kneaded. Kneading was performed using a Peabody
brand stand mixer (PE-BM101 220v) until the desired texture was ach-
ieved, and then the bread dough was held for 30 min to leaven. The
loaves were then baked at 120 °C for 25 min in pans (3 cm high; 6 cm
diameter). Finally, the loaves were removed from the hot molds and
allowed to cool to room temperature.

To determine the nutritional composition of the breads, moisture
content, ash, protein, carbohydrates and fiber were measured (AOAC,
2005 methods). To assess the effect of baking on target fatty acids, re-
coveries of EPA and DHA were determined according to Henna and
Norziah (2011). First, all bread samples were ground using a domestic

Table 1

Formulation of breads.
Ingredient g% Control FEO FFO
Wheat flour 28 28 28
Whole wheat flour 28 28 28
Fish Oil - 3 3
Yeast 0.4 0.4 0.4
Salt 0.6 0.6 0,6
Water 43 40 40
Total 100 100 100

FEO Encapsulated fish oil, FFO Free fish oil.
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mill (Philips) at high speed for 3 cycles of 30 s. Then, lipid extraction was
performed using cloroformo: metanol, according to the method of Bligh
and Dyer (1959). Then, the extracted lipid was subjected to methylation
followed by gas chromatography as previously described (ISO, 2011) to
evaluate the fatty acid profile. The following calculations expressed the
recoveries of EPA (EPA R) and DHA (DHA R):

EPAR (%) = 100
x (EPA Content GC analysis / EPA content added in the bread)

DHAR (%) = 100
x (DHA Content GC analysis / DHA content added in the bread)

The encapsulation efficiency obtained was considered to calculte the
final content of EPA and DHA added.

2.8. Statistical analysis

The experiments were performed in duplicate, and the results
expressed as a mean value + standard deviation. The coefficient of
variation was assed to evaluate data dispersion, and taking as an
acceptable value less than or equal to 10 %, indicative that the arith-
metic mean was representative of the data set. To carry out the analysis,
Duncan’s test was conducted using the InfoStat (2017) Software.

3. Results and discuss

3.1. Extraction yield and physicochemical characterization of the
obtained oils

According to Bligh & Dyer’s determination, Mustelus schmitti livers
showed a fat content of 19.90 %. The solvent extraction is assumed to
result in the recovery of the total lipids present in the raw material.
Enzymatic hydrolysis is a suitable method for the extraction of lipids
from fishery by-products, which is more efficient than traditional ther-
mal oil extraction in terms of oil recovery (Ivanovs & Blumberga, Zhang
et al., 2021). The protease used, its activity, concentration, pH, and
temperature affect oil yield and recovery (Ivanovs & Blumberga, 2017).
In this study, the percentage yield of the oil obtained by enzymatic
hydrolysis with respect to the initial fat content was around 80 %.
Previous results using Alcalase® 2.4 L to extract oil from viscera of
Trachurus lathami were lower (Lamas & Massa, 2022). Using the same
enzyme, Gbogouri et al. (2006) achieved about 90 % oil yield from
salmon heads. In contrast, Glowacz-Rozynska et al. (2016) obtained
lower yields from the same feedstock (70 % oil from salmon heads) by
hydrolysis with other proteases. Liu and Dave (2022) reported that the
highest oil recoveries obtained with the use of Alcalase® 2.4 L were
96.3 % from the heads and frames of farmed Atlantic salmon and 67.1 %
from the viscera of farmed Atlantic salmon. This suggests that the raw
material, mainly the tissue type and lipid content, influences the final
yield of extracted oil (Lamas & Massa, 2019).

The quality and oxidative stability of the extracted oil samples were
evaluated (Table 2). The acid value was found to be 3.69 mg KOH/g oil
and 3.27 mg KOH/g oil for solvent and enzyme extracted oil, respec-
tively. Acidity is considered an important quality parameter because it is
associated with the freshness of the raw material. In addition, the
extraction methods used and the composition of the oil affect the acidity
levels (Lamas & Massa, 2019). The PV indicates the degree of rancidity
at the time of testing (De Greyt & Kellens, 2005). The oils showed an
acceptable PV for crude fish liver oil of good quality for human con-
sumption, which was less than 5 mEq /kg oil in both cases (Codex Ali-
mentarius, 2017). The optimal values obtained for the oil enzyme
extracted suggest that the procedure was carried out with care, keeping
it free from the effects of oxygen, heat and light. According to Masson
(1994), several limits and quality standards have been established for
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Table 2
Physicochemical characteristics of Narrownose smoothhound liver oil.
Parameter 0il sample
B&D Alcalase® 2.4L
Acidity (mg KOH/g) 3.69a£0,17 3.27a+0.13
Peroxide value (meqOy/kg) 4.36b+0.11 3.52a+0.173

Color (Gardner scale) 11-12 7-8
Density (mg/mL) 0.938a+0.003 0.931a+0.003

Values are expressed by mean value + standard deviation (n = 2).

Different lowercase letters in the row denote significant differences among the
extraction methods (p < 0.05). “a” means the lowest value, “b” means the
highest value.

B&D Bligh & Dyer extraction method.

Alcalase® 2.4 L extraction method.

fish oil for fish feed, with fresh oil having peroxide levels between 3.9
and 5 meq Oy/kg.

Regarding the color, shark liver oil enzyme extracted showed a dark
yellow, translucent and bright hue. The Gardner scale showed values
from 7 to 8 being optimun regarding the data of quality standards for
crude fish oils (Gardner scale of 14) (Lamas & Massa, 2019). The
solvent-extracted oil was darker and more opaque, with a Gardner scale
value between 11 and 12. The density values obtained were in accor-
dande with other values reported for cartilaginosus fish liver oils (Sell-
ami et al., 2018; Lamas & Massa, 2019; Lamas, 2022).

3.2. Fatty acids profile of oils

The knowledge of the nutritional properties of the oils extracted from
the Narrownose smoothhound liver was the first step towards their
valorization in order to evaluate the formulation of bakery products and
to be able to disseminate their quality. The fatty acid composition of
shark liver oils obtained by solvent and enzymatic extraction are shown
in Table 3. Also, the fatty acids profile obtained from the capsulates are
described there. The profile of all samples is distributed as follows:
PUFAs, saturatef fatty acids (SFAs), and monounsaturated fatty acid
(MUFASs).

The most dominant SFA was palmitic acid (C16:0), followed by
stearic acid (C18:0) and myristic acid (C14:0). Higher amounts of pal-
mitic acid have been reported in liver oils from other cartilaginous
species (Ould El Kebir et al., 2007; Sellami et al., 2018; Lamas & Massa,
2019; Lamas, 2022). Furthermore, the major MUFA was oleic acid
(C18:1) followed by palmitoleic acid (C16:1). These results are consis-
tent with data previously reported for other cartilaginous species caught
in the same region, such as Zearaja flavirostris and Atlantoraja castelnaui
(Lamas & Massa, 2019). In addition, Sellami et al. (2018) found a pre-
dominance of the same fatty acids in the MUFAs fraction in oils obtained
from different ray species from the Tunisian coasts. Interestingly, the
main LCo3PUFAs were EPA (C20:5) and DHA (C22:6), with the content
of both in the oil obtained with enzymes standing out with respect to the
oil obtained by extraction with solvents. As can be seen, EPA and DHA
represent around the 8 and 77 % of the total PUFAs, respectively, in the
oil obtained by solvent extraction. The content of EPA and DHA were
found to be 13 and 70 %, respectively, in the enzyme-assisted obtained
shark oil. The results were similar to those reported in studies from livers
of other cartilaginous species using the same extraction methods (Lamas
& Massa, 2019). Based on the fatty acid composition, oils from the liver
of the shark Narrownose Smoothhound (Mustelus schmitti) could be
considered an important source of LCo3PUFAs.

Thus, the fatty acid content obtained in this work and the physico-
chemical characteristics of the oil allow its encapsulation without the
need for a refining treatment. In this way, the oil obtained by enzymatic
hydrolysis was subjected to encapsulation and its efficiency and subse-
quent use in the preparation of bread were analyzed.
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Table 3

Fatty acid composition (g fatty acid/100 g of oil) of Narrownose smoothhound
(Mustelus schmitti): Oil extracted by solvents and enzymatic treatment, and
encapsulated.

0il sample
Fatty acid B&D Alcalase ® 2.4L FEO
14:0 1.97a+0.91 2.61a+0.13 2.16a+0.18
14:1 0.06a+0.01 0.04a+0.01 0.03a+0.01
15:0 0.36a+0.02 0.52a+0.08 0.33a+0.04
15:1 0.19a+0.02 0.23b+0.02 0.15a+0.01
16:0 13.20a+0.92 14.56a+1,23 12.55a+0.88
16:1 1.55a+0.05 2.10a+0.54 1.74a+0.62
17:0 0.51a+0.08 1.01a+0.07 0.53a+0.05
17:1 0.20a+0.02 0.23a+0.02 0.23a+0.03
18:0 4.18a+0.29 5.85b+0.22 4.05a+0.17
18:In9cyt 10.43a+0.55 13.41a+1.24 11.49a+0.87
18:1n7 2.07a+0.64 2.50a+0.20 2.03a+0.33
18:2n6¢ 0.42a+0.02 0.87a+0.04 0.49a+0.09
18:2n6t 0.10a+0.03 0.11a+0.01 0.10a+0.01
18:3n6 0.14a+0.01 0.22b+0.01 0.10a+0.02
18:3n3 0.20a+0.01 0.46b=+0.07 0.23a+0.03
20:0 0.19a+0.02 0.21a+0.01 0.15a+0.01
20:1 0.26a+0.01 0.40b+0.03 0.42b+0.02
20:2 1.39a+0.15 2.11b+0.33 1.25a+0.05
20:3n6 0.12a+0.02 0.13a+0.03 0.07a+0.02
21:0 0.02a+0.00 0.03a+0.01 0.04a+0.00
20:4 n-6 ARA 3.18ab+0.18 4.28b+0.44 2.45a+0.22
20:3n3 0.09a+0.01 0.18a+0.04 0.09a+0.01
20:5 n-3 EPA 4.07a+0.22° 7.42b+1.11 5.86ab+1,83%
22.0 0.08a+0.01 0.11+0.09 0.12a+0.03
22:1n9 0.28a+0.03 0.43+0.04 0.34a+0.01
24:0 0.07a+0.02 0.02a0.00 0.04a+0.00
22:6 n-3 DHA 36.17ab+2.06 38.03a+2.75 33.09a+1.17
24:1 0.28a+0.03 0.25a+0.01 0.40a+0.04
SFA 20.57a 24.94b 19.96a
MUFA 16.32a 20.58b 17.83a
PUFA 46.87a 53.80b 44.71a

Values are expressed by mean value (n = 2) +standard deviation. The same
letter in the line means values of each snacks are not different by the Duncan test
(p < 0.05). a it means the minor value, b it means the major value.

B&D Bligh& Dyer extraction method.

Alcalase® 2.4 L extraction method.

FEO Fish encapsulated oil.

3.3. 0il encapsulation, efficiency and fatty acid profile

The external gelation method to produce alginate capsules is widely
used due to its simplicity, making it a versatile technique in various
biological and pharmaceutical applications. Alginate hydrogel are usu-
ally used as a carrier matrix to encapsulate molecules with biological
importance (Chan et al., 2011). The capsules are obtained due to the
matrix formed by the cross-linking of the alginate chains present in the
emulsion and the Ca?" ions of the bath solution where the mixture is
dripped (Martins et al., 2017). The efficiency of the encapsulation is
related to the degree of cross-linking at the polymer surface of the
extruded droplet of emulsion (Bannikova et al., 2018). The encapsula-
tion efficiency obtained in the present work was 93.41 %. Reports of
previous work on encapsulation using the same method, using similar
concentrations of alginate and carrier oil, showed an EE of 70 % (Ban-
nikova et al., 2018) and 90 % Chan (2011). Morales et al. (2020) re-
ported an EE between 83 and 97 % using alginate and Prosopis nigra
biopolymer by the same method.

Thus, the efficiency obtained was satisfactory to evaluate its possible
use in the fortification of bakery products. However, to decide on its
suitability, the fatty acid profile was also analyzed. As expected, the fatty
acid profile of the encapsulated oil showed the same distribution as that
of the hydrolyzed oil used for encapsulation. The EPA content obtained
in the capsule was 78.94 % with respect to the encapsulated free oil,
while that of DHA was 87.02 %.

On the basis of these values, the required oil and capsule content was
designed to prepare bakery products that provide a significant amount
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of LCw3PUFAs.
3.4. Size and shape of wet beads

The size and shape of the beads obtained are shown in Fig. 1. The
average bead size was calculated by measuring at least 25 beads from 19
randomly selected batches. The average size of the beads produced was
3 mm in diameter. Regarding the shape of the beads, a sphericity factor
described by Davarci et al. (2017) was used to determine it quantita-
tively. The sphericity index obtained from the measurement of the 19
batches was 0.97. Therefore, the beads were found to be spherical. Using
the same concentration of alginate and similar oil loading (between 30
and 40 %), Chan (2011) reported that beads obtained from palm oil
using the same encapsulation technique measured approximately 2 mm
and were spherical. Similarly, Davarci et al. (2017) obtained beads with
a sphericity index of 0.95 for beads produced with the same alginate
concentration as in the present study. According to Chan (2011), the
minimum concentration of alginate required to form spherical beads
was 15 g/L, which is associated with a solution viscosity of 130 mPa s,
and is the same as that used in this work. It is likely that by using this
minimum concentration, viscous surface tension forces and impact drag
forces compete to maintain the shape of the droplet as the alginate liquid
droplet enters the gelling bath. In contrast, the viscosity of lower con-
centration alginate solutions is not sufficient to counteract the effects of
impact and drag. As a result, the droplets deform (Chan, 2011).

3.5. Breads nutritional properties

In order to add value to the extracted oil and to evaluate the possible
benefits of its encapsulation, bread was formulated as the final link in
the circular economy model. Bread is a universally consumed food,
which makes it a suitable product to be enriched with LCw3PUFAs. As
shown in Table 4, the nutritional composition of the breads analyzed
had no significant differences in ash and showed good protein content.
Lipids were higher in the breads with encapsulated and unencapsulated
oils than in the control. The fiber and carbohydrate contents correlated
with the wheat flour used as raw material. The incorporation of
LCw3PUFAs into bakery products presents the challenge of evaluating
the effect of high cooking temperatures and exposure to oxygen during
processing. In addition, in general, the long shelf life of different prod-
ucts requires that the fatty acids are stable over time, which is not an
issue for bread, which usually has a short shelf life (Hernandez, 2013). In
the present work, the focus was on the effect of processing and the
selected cooking conditions on the content of fatty acids, which was
acceptable for both encapsulated and free oil. As shown in Table 5 the
concentration of EPA and DHA in breads containing encapsulated and
free fish oil after baking was high. The recoveries of both fatty acids
were more than 95 %, although the results obtained for DHA were
slightly better. EPA recovery was higher in bread with encapsulated fish
oil than in bread with free fish oil, but the difference was not significant.
These results are similar to those found in previous work of our group
(data not published). Regarding the minimum recommended daily
intake for an optimal contribution of the benefits of these fatty acids
mentioned above, 20 g of bread would contribute about 45 % of it
(Simopoulos, 2002; Kris-Etherton et al., 2009).

In this sense, these results are acceptable and appropriate for the
product developed as freshly baked. However, it will be necessary to
study the shelf life of this product and to evaluate if there is a more
noticeable difference between free and non-free fish oil in this case.

The choice of fortification of fresh bread was based on its univer-
sality, convenience and ease of consumption and its short shelf life. It is
believed that the shelf life of bread is relatively short due to changes
associated with aging such as starch retrogradation, loss of moisture
content, distribution of water content between amorphous and crystal-
line zones, loss of flavor and crispness, increase in crumb and crust
firmness, and reduction in specific volume (Gray & Bemiller, 2003). On
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Fig. 1. Images of size and shape of oil-loaded calcium alginate wet beads a) in
calcium chloride collecting bath b) in calcium chloride collecting bath with
Canon PowerShot G9 camera attached to Zeiss Stemi 2000-C binocular loupe c¢)
in calcium chloride collecting bath with measuring bars.
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Table 4

Nutritional value of breads.
Sample % Moisture % Ash % Protein % Lipids %Carbohydrates % Fiber
Control 36.36+0.16a 1.28+0.10a 6.76+0.03a 1.52+0.22b 52.11+2.24a 1.97+0.24b
FEO 31.48+0.48a 1.18+0.04a 6.58+0.15a 3.22+0.31b 56.02+3.48b 1.52+0.08a
FFO 35.53+0.45b 1.09+0.02a 7.11+0.48ab 2.414+0.24a 52.30+2.72a 1.56+0.03a

Values are expressed by mean value (n = 2) + standard deviation.

The same letter in the column means values of each snacks are not different by the Duncan test (p < 0.05).

a it means the minor value, d it means the major value.
FEO Encapsulated fish oil, FFO Free fish oil.

Table 5
Percentage recovery of EPA and DHA in bread added with encapsulated or free
fish oil.

Sample  EPA EPAR  DHA DHAR EPA+DHA  EPA+DHA
mg/ % mg/ % mg/100 g mg/20 g
100 g 100 g bread bread

FEO 160.76  97.90 918.76  99.05 1079.52 215.90
+0.65°  +0.40°  +1.75%  £0.20°  +2.78% +3.22°

FFO 168.09  95.18 981.05  98.79 1148.38 229.67
+1.07°  +0.61°  +9.82*  £1.00°  +5.35" +4.73°

Values are expressed by mean value (n = 2) +standard deviation. The same
letter in the column means values of each snacks are not different by the Duncan
test (p < 0.05).

a it means the minor value, c it means the major value.

FEO Encapsulated fish oil, FFO Free fish oil.

the other hand, it is known that spoilage is also induced by microor-
ganisms that affect the shelf life of bread, especially in breads with high
moisture content. Thus, it would be of interest for future studies to
analyze both the effect of free and encapsulated fish oil on the physi-
cochemical characteristics and microbiological quality of breads and the
stability of fish oil added at the same time.

4. Conclusions

The fishing industry generates large amounts of waste worldwide
throughout the year, highlighting the need to focus efforts on its reuse
and promote the implementation of a circular economy in this sector.
This study found that the liver of the shark narrownose smoothhound
(Mustelus schmitti) is an important source of oil rich in long-chain ®—3
fatty acids. Its chemical and nutritional properties were shown to posi-
tion it as a candidate for use as an encapsulated and non-encapsulated
ingredient in bread formulation and potentially other functional foods
for human consumption. Spherical capsules of 3 mm diameter were
obtained with an encapsulation efficiency of more than 90 % using the
method chosen to formulate the capsules. The breads produced had a
good protein and fiber content compared with this type of product,
while the enriched breads were able to retain concentrations of EPA and
DHA of more than 95 %, even after baking. It should be noted that an
enzymatic process was used for oil extraction, which gave good yield
performance and represents an emerging technological alternative that
does not have a negative impact on the environment. Finally, it is
important to mention that this study is in line with several Sustainable
Development Goals (SDGs) proposed by the United Nation.
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