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raw material
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Introduction: Fish rest raw material generated from the fish processing industry
may be a useful resource for recovery of added value compounds. The application
of non-thermal novel technologies can improve the extraction. High-pressure
processing (HPP) has long been used for the preservation and extension of the shelf
life of seafood. It also constitutes a promising technology for the increased recovery
of valuable compounds, such as lipids and proteins. The objective of this study was
to assess the yield and the chemical composition of the fractions obtained after
enzymatic hydrolysis on a mixture of Atlantic salmon (Salmo salar) and rainbow
trout (Oncorhynchus mykiss) rest raw material pretreated by high-pressure (HP).

Methods: Six different pretreatments were applied prior to enzymatic hydrolysis;
600MPa x 8 min, 600MPa x 4 min, 400MPa x 8 min, 400 MPa x 4 min, 200MPa
x 8 min, 200 MPa x 4 min.

Results and discusssion: These applied pretreatments did not yield higher oil
extraction compared to the control. However, the fish protein hydrolysates
(FPH) contained higher amount of protein when compared to the FPH obtained
from the control.

KEYWORDS

fish protein hydrolysates, fish oil, high-pressure processing, fish rest raw material,
salmon, trout

1 Introduction

Fishery and aquaculture global production came up to a record of 214 million tonnes in
2020, where 89% of it was directed to human consumption (FAO, 2022). Increased supplies,
income growth, and improvement in applied technologies are among the factors contributing
to the increased per capita consumption of aquatic food (20.2kg) in 2020 compared to the
previous years. Salmon and rainbow trout are species with high demand, especially in North
America and Europe (FAO, 2022). However, as fisheries and aquaculture production expand,
a proportional amount of fish rest raw material is generated. This consists of heads, bones,
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trimmings, viscera, skin, frames, belly flaps, and intestines, which may
reach up to 70% of the processed fish (Rustad et al., 2011).

Several studies have shown that the enzymatic hydrolysis of fish
rest raw material, utilizing exogenous enzymes, provides a method to
increase the revenue through the recovery of valuable compounds,
such as lipids and proteins. In addition to nutritional properties these
can display a pharmaceutical potential (Liaset et al., 2000; Slizyte et al.,
2005; Kim and Mendis, 2006; Araujo et al., 2021; Bartolomei
etal., 2023).

Novel non-thermal technologies, such as UV-light (UV),
ultrasound (US), irradiation (IR), cold plasma (CPL), high-pressure
processing (HPP), and pulsed electric field (PEF), have been studied
extensively for their ability to preserve and extend the shelf-life of
seafood avoiding nutritional loss while keeping their sensory quality
(Olatunde and Benjakul, 2018; Ekonomou and Boziaris, 2021).
Furthermore, the recent application of these technologies in fish rest
raw materials appeared promising and gained high commercial
interest as they may facilitate an increased recovery of value-added
products compared to traditional extraction methods (Al Khawli
etal, 2019; Ali et al., 2021; De Aguiar Saldanha Pinheiro et al., 2021).
More specifically, HPP may disrupt the non-covalent interactions in
biological tissues, leading to cell membrane destruction, increased cell
permeability, and moderate denaturation and unfolding of proteins
(Tao et al,, 2014). Thus, when HPP is implemented as pretreatment
before enzymatic hydrolysis, an improved enzyme-substrate
interaction can be observed, causing a significant generation of
bioactive compounds (Thoresen et al., 2020; Zhang et al., 2021).
However, due to limited knowledge of the influence of the application
of high-pressure treatment on the extraction of valuable compounds
from seafood rest raw material, more research in this field is needed
(Hassoun et al., 2023; Siddiqui et al., 2023).

The current study aims to assess the impact of high-pressure
processing at varying pressure levels and hold times on a mixture of
salmon and rainbow trout side streams. This pretreatment occurs
before enzymatic hydrolysis and focuses on extraction yield and the
characteristics of the resulting fractions.

2 Materials and methods
2.1 Preparation of samples

Fresh Atlantic salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss) (4-6h after slaughter) were purchased from
Hofseth Aqua AS in Alesund, Norway and transported on ice to the
laboratory. Fish was immediately eviscerated by hand, and the rest raw
material (heads, tails, skin, bones, and trimmings) was minced using
a mincer (Hobart A200N) with a hole size of 9mm. The minced raw
material (1:1 w/w Atlantic salmon and rainbow trout) was placed in
plastic bags of approximately 1.1kg per unit before being transferred
to —80°C. Further, the samples were sent frozen to Teagasc research
center (Dublin, Ireland) for high-pressure (HP) treatment.

2.2 HP treatment

Frozen fish samples were thawed overnight (4°C) prior to HP
treatment. The fish samples underwent a HP treatment using a
commercial-scale Hyperbaric 420 High-Pressure Processor, with a
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pressure vessel of 200 L volume (HPP Tolling, St. Margaret’s Dublin,
Ireland), where pressure conditions of 200, 400, and 600 MPa were
applied for hold times of 4 and 8 min, respectively. Sample temperature
prior to HP treatment was 3.4°C and post-treatment temperature of
the product was 6.5°C. The inlet water temperature throughout HPP
was 9.0+0.5°C. The pressurization rate for each treatment was
100 MPa/min. A control sample was also included, which did not
undergo HP treatment, providing a reference for comparison
purposes. Following the HP treatment, all the samples, including the
control, were stored at —80°C and then sent back frozen to NTNU
Alesund for further analysis.

2.3 Enzymatic hydrolysis

Frozen raw material, both pretreated with HP and control (without
pretreatment), was left to thaw in the cold room overnight at 6+2°C
prior to enzymatic hydrolysis. A small amount of the minced raw
material, corresponding to each pretreatment and the control, was
freeze-dried (Freezone 12 L, —84°C, Labconco Corporation, Kansas City,
USA) and stored at —80°C for further analysis, while the rest was
subjected to enzymatic hydrolysis (Figure 1). The hydrolysis was carried
out in duplicate in 4L closed glass vessels, where an equal proportion of
raw material and warm water (50°C) was used. To enhance the quality
of the final product, the hydrolysis was performed away from direct
sunlight and flushed by nitrogen (Yorulmaz et al., 2011), which was
inserted into the vessels for 30s. Then, the vessels were placed in a water
bath with a temperature of 53°C under stirring (150 rpm). When the
mixture’s temperature reached 50°C, natural antioxidants previously
prepared at University of Zagreb (Dalsvag et al., 2021) were added as a
mix of chamomile and oregano extracts in a ratio of 1:1 which was added
at an amount of 1.5mL/kg raw material. After 10min, the enzymes
Papain FG and Bromelain 400 GDU/g (both from Enzybel) were
introduced into the vessels in equal proportion, in a total amount of 0.1%
(w/w) (1:1), and the hydrolysis was left to proceed for 1h. Next, the
mixture was filtered through a sieve with a hole size of 1.4 x 1.4mm
where solids/paste were removed, weighed, and stored at —80°C until
analysis. Part of the solids/paste was freeze-dried prior to storage. The
remaining hydrolysate mixture was equally divided into borosilicate glass
beakers of 500mL and transferred to a microwave oven where the
inactivation of the enzymes took place at 90°C for 15min. The
hydrolysate mixture was left to chill before further centrifugation at
2250xg for 45 min. Centrifugation separated the hydrolysate mixture
mass into four layers which were collected and analysed; the oil layer on
the top, followed by the emulsion, the water-soluble fish protein
hydrolysate (FPH), and the sludge at the bottom. After weighing, all the
fractions were stored at —80°C for further analysis. Part of the emulsion,
FPH, and sludge was freeze-dried and held at —80°C.

2.4 Product yield and recovery of protein
and oil

The product yield of each fraction was calculated as a percentage
of the total initial weight of the raw material (w/w) before enzymatic
hydrolysis. The protein and oil recovery in each fraction obtained after
enzymatic hydrolysis was determined as a percentage of the total
content of protein and oil (w/w), respectively, present in the raw
material prior to enzymatic hydrolysis.
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FIGURE 1

Schematic illustration of the procedure on applying HP pretreatment and enzymatic hydrolysis of a mixture of Atlantic salmon (Salmo salar) and
rainbow trout (Oncorhynchus mykiss) rest raw materials and the final products.
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2.5 Chemical analysis

2.5.1 Moisture and ash content

The moisture content of raw material, solids/paste, protein,
emulsion, and sludge, before and after the freeze-dryer, was
determined by drying at 105°C until constant weight (24h), according
to (
determined by holding the samples at 550°C overnight ( )

). The ash content of non-freeze-dried samples was
Both moisture content and ash were determined in duplicate.

2.5.2 Crude protein content

The crude protein content was measured in triplicate in dried
samples multiplying % total nitrogen by the nitrogen-to-protein
conversion factor (NPCF) of 6.25, using the Dumas combustion
principle, performed in an NDA 702 Dumas Nitrogen Analyser (Velp
Scientifica, Italy). In cases where the measured crude protein content
deviated from the expected value, a mathematical calculation was
employed, taking into account the oil and ash content.

2.5.3 Total lipid content
Oil extraction was performed in duplicate using a mixture of

water, methanol, and chloroform, as described by (

)-

2.5.4 Determination of free amino acid (FAA)
composition
The FAAs in the obtained protein hydrolysates was determined in
triplicate, as described by with modifications.
1 mL of water-soluble protein extract was transferred to Eppendorf
tubes before adding 0.25mL of 10% sulfosalicylic acid, followed by

shaking. The solutions were stored in a cold room (4°C) for 30 min

Frontiers in

and then centrifuged for 10min at 17400xg with an Eppendorf
Microcentrifuge 5418R (Eppendorf AG, Germany). The obtained
supernatant was suitably diluted and filtered before being inserted into
vials and further analysed by high-pressure liquid chromatography
(VHPLC Dionex Ultimate 3,000, Thermo Fisher Scientific Inc., USA)
using a Nova Pak C18 column (Waters™, USA).

2.6 Degree of hydrolysis (DH)

The DH of fish protein hydrolysates was evaluated in duplicate by
. Suitably diluted protein
hydrolysate was titrated with NaOH after mixing with formaldehyde,

the formol titration method of

using an automatic titrator (TitroLine® 7,800, Xylem Analytics,
Mainz, Germany) coupled with a platinum electrode (Pt 62):

% free amino groups
X

DH% = 100

% total nitrogen

2.7 Statistical analysis

Effects of treatments on product yield and chemical composition
was evaluated by ANOVA. A significance level of p<0.05 was
established to assess the statistical significance of observed differences
between treatment groups and control. Post hoc analysis was
performed using Tukey’s honestly significant difference (HSD) test
and Student’s t-test to identify mean differences. The statistical analysis
was conducted using SigmaPlot software, version 14 (Systat Software
Inc., San Jose, California, USA).
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3 Results and discussion

3.1 Product yield

The applied HPP conditions did not exhibit a significant influence
on the yield of oil, emulsion, and FPH fractions obtained after
enzymatic hydrolysis of samples consisting of a mixture of rainbow
trout and Atlantic salmon rest raw material (Figure 2). However,
between the quantity of oil and emulsion, and the applied pretreatment
a correlation (r=0.833 and r=0.845, respectively) was observed.
Specifically, higher applied pressure led to a decreased yield of oil and
emulsion. The pretreatment conditions of 600 MPa x 8 min, 600 MPa
x4 min, 400 MPa x 8 min, and 400 MPa x 4 min resulted in significantly
lower amounts of oil compared to the pretreatments 200 MPa x 8 min
and 200 MPa x 4 min. The control demonstrated the highest oil yield.
These findings are opposed to the results presented by Thoresen et al.
(2020) in their study on HP pretreated residual materials from the
chicken industry prior to enzymatic hydrolysis. Furthermore, the
pretreatment 200 MPa x 4min along with the control showed
significantly higher emulsion yield compared to the other
pretreatments. In contrast, the pretreatment 400 MPa x 4 min resulted
in the lowest emulsion yield. However, it is worth highlighting that
there was no significant difference in the emulsion yield among this
pretreatment and the pretreatments 600 MPa x 4 min and 400 MPa
X 8 min.

As displayed in Figure 2, apart from the sample pretreated at
200 MPa x 4 min, the remaining samples subjected to various HPP
conditions showed a slightly higher yield of FPH compared to the
control. The highest FPH vyield was obtained from the sample
pretreated at 600 MPa x 4 min. However, this difference was not
statistically significant. This increase could be attributed to protein
unfolding due to HPP leading to enhanced FPH volume (Thoresen
etal., 2020) during enzymatic hydrolysis and the subsequent reduction
in hydrophobic free amino acids, as shown in section 3.4.

10.3389/fsufs.2024.1313975

The yield of sludge and solids/paste obtained after enzymatic
hydrolysis was significantly affected by the applied HPP conditions
and particularly pressure (Figure 2). The quantity of sludge obtained
from samples subjected to pretreatment at 600 MPa x 8 min, 600 MPa
X 4min, 400 MPa x 8min, and 400 MPa x 4min was found to
be significantly lower compared to the sludge quantity obtained from
samples pretreated at 200 MPa x 8 min, 200 MPa x 4min, or the
control. The latter resulted into a significantly higher amount of sludge
among all tested conditions suggesting that no HP pretreatment or
application of lower pressures can result in greater sludge formation
after enzymatic hydrolysis compared to the samples pretreated at
higher pressures. These findings could confirm the assumption that
the conformational changes in proteins due to HPP may have
improved the availability of proteins for hydrolysis contributing to
reduced sludge generation.

Regarding the yield of solids/paste fractions, the highest quantity
was observed in samples pretreated at 600 MPa x 8 min, 600 MPa x
4min, 400 MPa x 8 min, and 400 MPa x 4 min with no statistically
significant difference among them. However, the sample pretreated at
200 MPa x 8 min demonstrated a significantly lower yield of solids/
paste. Further, the sample pretreated at 200 MPa x 4min and the
control resulted in the lowest amount of solids/paste. These findings,
highlight the significant correlation (r=0.938) between the HP
pretreatment conditions and the subsequent yield of solids/paste after
enzymatic hydrolysis (Figure 3).

The increased quantity of solids/paste in samples subjected to
higher pressures may be attributed to protein denaturation induced
by HPP. It has been reported that higher pressures, specifically above
300 MPa, can lead to increased protein denaturation (Lullien-Pellerin
and Balny, 2002), resulting in the formation of aggregates that are
resistant to enzymatic degradation during hydrolysis (Wang et al.,
2015; Joye, 2019). Consequently, the limited enzymatic breakdown of
proteins, along with the possibility of denatured proteins encapsulating
lipids within the protein matrix (Chapleau et al., 2004), may contribute
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to the elevated generation of solids/paste during enzymatic hydrolysis.
This could also account for the lower oil and sludge yield obtained
from samples pretreated by HPP compared to the control, as a
correlation (r=0.890) has been identified between the oil and solids/
paste fractions. Furthermore, a significant correlation (r=0.992) was
observed between the sludge and solids/paste fractions. The solids/
paste mass obtained from the control was dominated by fish bones.

3.2 Protein and oil recovery

The application of HPP had a significant impact on the protein
recovery within the FPH, sludge, and solids/paste fractions. Moreover,
HPP application significantly affected the recovery of oil within the
sludge and solids/paste fractions. Concerning the FPH fractions, the
protein recovery in the control (40.8+0.1g/100g dry weight) was
significantly higher than that recovered in samples subjected to HP
pretreatment (Table 1). Among the pretreated samples, the FPH of the
sample pretreated at 200 MPa x 4 min exhibited the highest protein
recovery (39.5+0.1g/100 g dry weight), while the lowest was observed
at 400 MPa x 8 min (32.5+0.1g/100g dry weight). The oil recovery
within FPH fractions was correlated (r=0.837) with the applied
pressure and time. The FPH of the control gave a significantly higher
value (1.1£0.1g/100g dry weight) compared to the FPH of samples
pretreated by HP (Table 2). The values within the FPH fractions of the
pretreated samples ranged between 0.3+0.0g/100g dry weight and
0.8+£0.0g/100g dry weight, with the lowest oil recovery observed in
FPH of the sample pretreated at 400 MPa x 8 min and the highest in
FPH of the sample pretreated at 200 MPa x 8 min, respectively. The
duration of the applied pretreatment influenced significantly the
protein recovery within the FPH fractions, while it did not exhibit a
notable effect on the oil recovery. Among samples subjected to the
same pressure, the protein recovery within the FPH of samples
pretreated for 4min was significantly higher compared to those
pretreated for 8 min. This observation could suggest that prolonged
HP pretreatment could potentially result in decreased protein
recovery in FPH.

In the sludge fractions, the values varied between 9.5+0.1g/100g
dry weight and 31.7+£0.6g/100g dry weight for the protein and
2.6+0.1g/100g dry weight and 8.2+0.5g/100g dry weight for the oil
recovery (Tables 1, 2). The sludge fraction obtained from the sample
pretreated at 600 MPa x 8 min displayed the lowest protein and oil
recovery values, in contrast to the control, which demonstrated the
highest recovery levels. As the applied pressure decreased, there was
a noticeable increase in protein and oil recovery within the sludge
fractions. It is worth noting that the protein and oil recovery in sludge
showed a significant correlation (r=0.942 and r=0.939, respectively)
with the sludge yield (Figure 2), indicating that higher sludge yield was
associated with an increased protein and oil recovery within the
sludge fractions.

A significantly decreasing trend was evident in both the protein
and oil recovery within the solids/paste fractions as the applied
pressure decreased or no pressure was applied, as illustrated in
Tables 1, 2. This could be attributed to the observed increase in solids/
paste yield with higher applied pressure. The protein and oil recovery
in solids/paste displayed a significant correlation (r=0.928 and
r=0.952, respectively) with the quantity of this fraction (Figure 2).
Thus, a significantly higher protein recovery was observed in the
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solids/paste fraction acquired from the sample pretreated at 600 MPa
x 8min (55.4%3.7g/100g dry weight) compared to the other
pretreatments. The pretreatment 400 MPa x 4 min gave the highest oil
recovery (42.6+0.7g/100g dry weight), although no statistically
significant difference was exhibited between this pretreatment and the
solids/paste fraction of the pretreatments 600 MPa x 8min
(41.9+3.6g/100 g dry weight) and 400 MPa x 8 min (41.4+1.1g/100g
dry weight). Additionally, a significant correlation (r=0.945) was
noticed between the oil and protein recovery within the solids/paste
fractions corresponding to various pretreatments, supporting the
assumption that lipids could be potentially entrapped by denatured
proteins within the protein matrix (Chapleau et al., 2004). Thus, for
the pretreatments 600 MPa x 8 min, 400 MPa x 8 min, 400 MPa x
4min, the solids/paste fraction emerged as the fraction with the
highest protein recovery.

The protein and oil recovery in the emulsion was correlated
(r=0.879 and r=0.801, respectively) with the pretreatment conditions
(Tables 1, 2) and the emulsion yield (Figure 2). The control exhibited
significantly higher protein (9.4+0.1g/100g dry weight) and oil
(6.8+0.1g/100g dry weight) recovery in the emulsion compared to
the samples pretreated by HP. Among the various HP pretreatment
conditions studied, the emulsion obtained from the sample pretreated
at 200 MPa x 4 min exhibited the highest protein and oil recovery.

The oil fraction acquired from the control displayed the highest
oil recovery (69.6+4.0g/100g dry weight). However, no statistically
significant difference was observed between the oil recovery in the
control and that of samples subjected to pretreatment at 200 MPa x
8min (69.0+£1.4g/100g dry weight) and 200MPa x 4min
(62.0+4.6g/100g dry weight). These findings align with the results
reported by Zhang et al. (2021) in their study regarding oil extraction
from fish heads, where ultra-high pressure was employed as a
pretreatment before enzymatic hydrolysis. Both studies demonstrated
that, among the various pretreatment conditions tested, the highest oil
recovery was observed in samples that underwent pretreatment at
lower pressure levels.

3.3 Proximate composition

The protein, lipid, and ash content within the FPH, sludge, and
paste/solids fractions did not appear to be influenced by the applied
HPP conditions (Figure 4). Nevertheless, significantly higher protein
content was observed in the FPH obtained from the samples
pretreated at 600MPa x 8min (96.43+0.4g/100g dry weight),
400 MPa x 4min (97.2+0.1g/100g dry weight), and 200 MPa x 4min
(91.4+0.1g/100g dry weight) compared to the control
(90.6+0.2¢g/100g dry weight) (Figure 4A). However, there was no
significant difference in protein content between the FPH of the
sample pretreated at 600 MPa x 8 min and 400 MPa x 4 min. Although
the protein yield across the FPH fractions did not show significant
differences (Figure 2), there was a tendency for a slightly higher
protein composition in the FPH derived from these specific
pretreatments. This could confirm the assumption that HPP may
facilitate protein unfolding and, due to thermal fluctuations, enhance
protein solubility in the FPH fractions (Thoresen et al., 2020), leading
to improved protein concentration in these. Regarding the lipid
content in the FPH, a correlation emerges with the applied pressure
and duration of pretreatment (r=0.836). The lipid content in the FPH
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FIGURE 3

lllustration of the solids/paste fractions obtained after enzymatic hydrolysis on samples consisting of a mixture of rainbow trout and Atlantic salmon
rest raw material subjected to HPP and on the control; (A) solids/paste corresponding to HPP 600 MPa x 8 min, (B) solids/paste corresponding to

HPP 600 MPa x 4 min, (C) solids/paste corresponding to HPP 400 MPa x 8 min, (D) solids/paste corresponding to HPP 400 MPa x 4 min, (E) solids/paste
corresponding to HPP 200 MPa x 8 min, (F) solids/paste corresponding to HPP 200 MPa x 4 min, (G) solids/paste corresponding to the control.

[ cmsee

TABLE 1 Protein recovery in emulsion, FPH, sludge, and solids/paste fractions obtained after enzymatic hydrolysis on samples consisting of a mixture
of rainbow trout and Atlantic salmon rest raw material subjected to HPP and on the control expressed as g/100 g dry weight (mean + SD, n = 2).

Fractions 600 MPa 400 MPa 200 MPa Control
8 min 4 min 8 min 4 min 8 min 4 min

Emulsion 3.1+0.1 2.5+0.1 2.740.0 2.1+0.1 3.240.1 6.4+0.1 9.4+0.1

FPH 34.5+0.1 35.4+0.2 325+0.1 37.840.0 35.4+0.1 39.5+0.1 40.8+0.1

Sludge 9.540.1 112402 10.240.0 11.1£0.1 20.4+0.2 25.5+0.1 31.7+0.6

Solids/paste 55.4+3.7 24.6+1.3 46.2+1.0 423412 28.9+0.3 145+1.2 N/A*

SUM 102.4%3.7 73.7+13 91.5+1.0 93.3+1.2 87.940.4 85.9+1.2 81.840.6

#N/A: not assessed.

from the control (2.83+0.20g/100 g dry weight) appeared significantly
higher than that from HP pretreated samples. Among the various
pretreated samples, the FPH derived from that subjected to 200 MPa
x 4min demonstrated the highest lipid content (1.8+0.0g/100g dry
weight). In contrast, the lowest lipid content was observed in the FPH
obtained from the sample pretreated at 400MPa x 8min
(0.7£0.0g/100g dry weight). Regarding ash content, notable
differences were observed, with significantly higher levels found in the
FPH from the samples pretreated at 600 MPa x 4 min, 400 MPa x
8min, and 200 MPa x 8 min compared to the other conditions.

Frontiers in Sustainable Food Systems

DH in the FPH fractions did not appear to be influenced by the
pretreatment conditions. As depicted in Figure 4A, the samples
pretreated at 600 MPa x 4min (22.6% +0.8), and 200 MPa x 8 min
(23.1%+0.0) showed slightly higher DH in the obtained FPH
compared to the FPH from the control (22.0% + 1.6). However, this
difference was not statistically significant.

The protein content within the paste/solids fractions did not
exhibit significant difference among the pretreatments 600 MPa x
8min (53.7£3.6g/100g dry weight), 400MPa x 8min
(50.8+1.1g/100g dry weight), 400 MPa x 4 min (49.6 +1.4g/100g dry
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TABLE 2 Oil recovery in oil, emulsion, FPH, sludge, and solids/paste fractions obtained after enzymatic hydrolysis on samples consisting of a mixture of
rainbow trout and Atlantic salmon rest raw material subjected to HPP and on the control expressed as g/100 g dry weight (mean +SD, n = 2).

Fractions 600 MPa 400 MPa 200 MPa
8 min 4 min 8 min 4 min 8 min 4 min
0il 46.5+4.9 57.240.5 49.1+4.5 42.7+0.7 69.0+1.4 62.0+4.6 69.6+4.0
Emulsion 3.740.1 3.3+0.1 2.9+0.0 23+0.1 43+0.1 6.2+0.1 6.8+0.1
FPH 0.4+0.1 0.6+0.2 0.3+0.0 0.5+0.0 0.8+0.0 0.6+0.1 1.140.1
Sludge 2.6+0.1 3.9+0.2 3.1+0.0 4.8+0.0 6.7+0.3 73402 8.2+0.5
Solids/paste 419436 33.0+1.3 41.4+1.1 42.6+0.7 27.240.0 15.2+0.8 N/A*
SUM 94.9+6.1 98.0+1.4 96.7+4.6 93.0+1.0 108.0+1.4 91.4+4.6 85.7+4.0
*N/A: not assessed.
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FIGURE 4

Chemical composition of different fractions obtained after enzymatic hydrolysis on samples pretreated by HPP and the control; (A) proximate
composition (g/100 g dry weight, mean + SD, n=2), DH (%, mean + SD, n = 2) of FPH (B) proximate composition of emulsion (g/100 g dry weight,
mean + SD, n = 2), (C) proximate composition of paste/solids (g/100 g dry weight, mean + SD, n = 2), (D) proximate composition of sludge (g/100 g dry

weight, mean + SD, n =2).

weight), and 200MPa x 8min (51.0+0.5g/100g dry weight)
(Figure 4C). On the other hand, the highest lipid content was observed
in the paste/solids fractions obtained from the pretreatments 600 MPa
X 4min (43.4%1.6g/100g dry weight) and 400MPa x 4min
(46.7+0.8g/00g dry weight), with no significant difference between
these two conditions. As for the ash content, there was a correlation
between the pretreatment conditions (applied pressure and time) and
the ash content in the fractions (r=0.816). The solids/paste fraction
derived from the control, which primarily consisted of bones,
exhibited the highest ash value (29.0+2.90g/100g dry weight). In
contrast, the fraction corresponding to the 400MPa x 4min
pretreatment condition displayed the lowest (3.7+2.3g/100g dry
weight). One of the possible utilization of the solids/paste fraction
could be its application as a nutrient-rich substrate for microalgae
cultivation (Pleissner et al., 2023). This approach could represent a
sustainable utilization of the fractions generated in this study.
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The sludge fractions displayed a significant correlation between
the protein and lipid content (r=0.995). Sludge obtained from the
pretreatments 600 MPa x 8min (76.3+£0.9g/100g dry weight),
400MPa x 8min (76.2£0.1g/100g dry weight), 200 MPa x 8 min
(75.6£0.9g/100 g dry weight), 200 MPa x 4 min (76.6 +0.4g/100g dry
weight), and the control (74.8+1.5g/100g dry weight) exhibited
higher protein content (Figure 4D). These pretreatments were
associated with lower lipid content. Nevertheless, no significant
difference was detected among these fractions concerning both
protein and lipid content. Furthermore, there were no significant
differences in the ash content among sludge fractions derived from the
pretreated samples and the control.

In the emulsion fractions, a correlation was found between the
protein and lipid content and the applied pretreatment conditions
(r=0.882 and r=0.833, respectively). As the applied pressure increased,
protein content decreased while lipid content increased (Figure 4B).
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Thus, a significant correlation was observed between the protein and lipid
content within the emulsion fractions (r=0.967). The emulsion obtained
from the control displayed a significantly higher protein content
(53.1+0.8g/100g dry weight) than the emulsion from samples exposed
to HP pretreatment. Conversely, lower protein content was detected in
emulsion fractions from the samples pretreated at 600 MPa x 8 min
(44.6+1.3g/100g dry weight), 600 MPa x 4min (45.2+1.5g/100g dry
weight), and 200 MPa x 8 min (45.1+1.3g/100g dry weight). The same
pretreatment conditions corresponded to emulsion fractions with the
highest observed lipid content, while the emulsion corresponding to the
control demonstrated the lowest. The ash content values exhibited a range
between 1.1+0.0g/100g dry weight and 4.0+0.1g/100g dry weight. The
emulsion from the sample treated at 400 MPa x 8 min yielded the lowest
ash content, while the highest ash content was observed in the emulsion
from the sample subjected to pretreatment at 600 MPa x 8 min.

3.4 Free amino acid composition

The FAA composition of the FPH obtained from different HP
pretreatments in a mixture of rainbow trout and Atlantic salmon rest raw
material is presented in Table 3. Seventeen FAAs were identified and
analyzed in this study. The results indicated that there was a significant

10.3389/fsufs.2024.1313975

reduction in the levels of all individual FAAs between the FPH derived
from HP pretreated samples and the control. A significant correlation
(r=0.921) was observed between the applied HP pretreatment and the
total amount of FAAs. Higher pressure levels resulted in lower total FAA
levels, with the FPH pretreated at 600 MPa x 4min exhibiting the lowest
content (37.58 £0.64mg/g dry weight), while the FPH from the control
showed the highest content (72.06+1.31 mg/g dry weight). However,
significant differences were neither found between the samples pretreated
at 600 and 400 MPa nor between the FPH from the control and the
samples subjected to pretreatment at 200 MPa x 4min. A similar trend
was observed in the quantities of essential FAAs and non-essential FAAs.
In contrast to our findings, the study conducted by Yue et al. (2016) did
not observe a comparable decrease in the levels of essential FAAs on day
0 of storage during their investigation into the effects of HPP on squid
muscles. In the current study, leucine and lysine emerged as the
predominant essential FAAs, while glycine/arginine and alanine
dominated the non-essential FAAs. A significant observation was made
regarding the content of essential FAAs, as well as glutamine and alanine
(non-essential FAA), in the FPH obtained from samples subjected to
different levels of HPP. The data revealed a significant decrease in the
concentration of these amino acids in FPH derived from samples
pretreated at 600 and 400 MPa, with the content being approximately half
of that observed in samples pretreated at 200 MPa or the control. These

TABLE 3 Effect of HPP treatments on the FAA composition within a mixture of rainbow trout and Atlantic salmon rest raw material, mg/g dry weight, in
FPH (mean +SD, n=3).

Amino acids 600 MPa 400 MPa 200 MPa Control
8 min 4 min 8 min 4 min 8 min 4 min
Aspartic acid 0.39:£0.03* 0.34:£0.02 0.43£0.01° 0.61£0.06° 0.79+£0.02 1.08£0.06¢ 1.57£0.11¢
Glutamic acid 2.68+0.12 2.69£0.29% 2.44+0.03 2.47+0.21° 3.06+0.09° 3.09+0.20° 3.84+0.23¢
Asparagine 0.15+0.01° 0.18+0.10° 0.12+0.00° 0.24+0.10° 0.33+£0.02° 0.28+0.13° 0.30+0.04°
Histidine 1.98+0.08 2.14£0.10% 2.13£0.05% 2.25£0.19% 2.60+0.08" 2.41£0.02% 2.76£0.17¢
Serine 1.91£0.05 3.02+0.15 2.44+0.05¢ 2.47 £0.19¢ 3.17£0.12" 3.63+0.06° 3.54+0.21%
Glutamine 0.91:+0.04° 0.69 £0.05" 0.80£0.01" 0.62£0.05° 1.44£0.03 1.74%0.01¢ 1.83£0.11¢
Glycine/Arginine 5.64+0.20° 5.26+0.26° 5.68+0.15° 6.86£0.56° 7.13£0.47% 7.88+0.10° 7.42+0.44%
Threonine 2.18+0.08" 1.83+0.10° 1.90+0.05° 2.06+0.17 2.97+0.33 3.70+0.04° 3.2040.20°
Alanine 6.26£0.41° 7.53£0.35 7.40£0.17° 7.48+0.52° 9.60+0.28° 10.40£0.11¢ 11.09+0.65
Tyrosine 2.21£0.08" 1.44£0.13 1.45+0.03° 2.04+0.14° 2.93+0.12¢ 3.25+0.09 3.30+0.18¢
Aminobutyric acid 0.24+0.01% 0.26+0.02° 0.35+0.01° 0.29+0.04" 0.20+0.02° 0.24+0.02 0.17£0.06°
Methionine 1.71£0.14* 1.49£0.09* 1.82£0.04" 2.31£0.21° 3.87£0.16¢ 4.67£0.05 4.53+0.38¢
Valine 1.160.14° 1.11£0.02° 1.350.01 1.62£0.12° 3.40£0.14¢ 3.94+0.04¢ 4.25+0.19¢
Phenylalanine 2.07+0.18* 1.36+0.07° 1.53+0.08" 2.04+0.19° 3.39+0.14° 3.89+0.05¢ 3.75+0.22%
Isoleucine 0.75+0.02 0.69£0.04* 0.79£0.02® 0.93£0.07° 1.97£0.06¢ 2.24£0.06° 2.52£0.19°
Leucine 4.01£0.13* 3.13+0.18° 3.86+0.08" 4794033 9.27+£0.29¢ 10.61£0.17¢ 10.45+0.66°
Lysine 5.43+0.16° 4.47£0.19° 4.76£0.13® 5.34£0.47° 7.21£0.19¢ 8.04+0.15¢ 7.65+0.42
YESFAAs' 19.29+0.36" 16.22£0.32° 18.14£0.20" 21.33£0.70° 34.69 £0.55¢ 39.49+0.26" 39.11+0.98¢
YNESFAAS? 20.39+0.49° 21.42+0.56° 21.10+0.24° 23.06+0.83 28.63+0.58" 31.59+0.29" 33.06+0.87¢
YTFAAS® 39.68 +0.60° 37.58+0.64° 39.24+0.31° 44.45+1.09° 63.33+£0.80° 71.15+0.38° 72.06 +1.31¢
Bitter* 9.70+£0.30® 7.77£0.22° 9.35£0.12° 11.68+0.46" 21.91£0.39¢ 25.34£0.20° 25.50+0.84¢

Significant differences among the mean values within the same row are denoted by distinct letters, with a significance level of p <0.05.
'ESFAAs: essential free amino acids; NESFA As: non-essential free amino acids; "TFAAs: total free amino acids; *Bitter: sum of methionine, phenylalanine, valine, isoleucine, leucine

(Pérez-Santaescolastica et al., 2019).
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results are consistent with the findings reported by Ahmed et al. (2021)
in their study on HP treated hammour (Epinephelus coioides) fillets. The
observed decrease in the concentration of the amino acids may
be explained by the solubilization from muscle proteins which occurred
at a slower rate compared to their conversion into biogenic amines
through the process of decarboxylation (Ciampa et al., 2012). A slight
increase in the concentration of serine, glycine/arginine, methionine,
phenylalanine, leucine, and lysine was observed in FPH samples
subjected to pretreatment at 200 MPa x 4min compared to control,
although the difference was not statistically significant. This observation
can be attributed to the release of these amino acids (AAs) from degraded
proteins as a result of improved proteolysis induced by HPP (Yue
etal., 2016).

Alterations in the concentration of individual FAAs can
significantly impact the taste properties of fish protein hydrolysates.
Specifically, the presence of hydrophobic AAs, such as phenylalanine,
valine, leucine, isoleucine, methionine, and proline, is closely associated
with the perception of bitterness (Pérez-Santaescoldstica et al., 2019).
The findings of our study could indicate that the bitter taste of FPH
could be influenced by HPP. Higher pressure levels applied during HPP
could be associated with reduced bitterness in FPH (Table 3).
Specifically, the FPH obtained from samples pretreated at 600 MPa x
4 min displayed the lowest content of hydrophobic FAAs, and therefore
should probably have the lowest bitter taste, while the FPH from the
control exhibited the highest amount of hydrophobic FAAs.

4 Conclusion

The study has shown that the applied HPP has a significant effect on
the protein recovery, but not on the protein, lipid, and ash content within
the FPH, sludge, and solids/paste fractions. Among the samples, the
control exhibited the highest protein and oil recovery in the FPH and
sludge, while the sample pretreated at 600 MPa x 8 min yielded sludge
with the lowest protein and oil recovery. The samples pretreated at
600 MPa x 8 min and 400 MPa x 4min produced FPH with the highest
protein content. Degree of hydrolysis was found to be unaffected by the
HPP. In addition, the application of HPP did not significantly impact the
yield of oil, emulsion, and FPH fractions. However, the yield of sludge
and solids/paste was notably influenced by the applied HPP conditions,
especially the applied pressure levels. The control sample exhibited the
highest oil, emulsion, and sludge yield, while the pretreatments at
400 MPa x 4min and 600 MPa x 8 min resulted in the lowest emulsion
yield. Furthermore, as the applied pressure increased, a decrease in the
total FAAs of FPH fractions was observed, with an equal decrease in the
amount of both essential and non-essential FAAs.
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