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Abstract

Although there is a precedent for enriching bread with plant-based ingredients or muscle tissue, the use of fish protein
hydrolysates (FPH) in baking remains underexplored, especially if the FPH comes from fish by-products. The impact of
adding FPH from sea bass and salmon heads in bread-making, analysing its sensory, proximate and physicochemical effects
was assessed. The influence of different antioxidants during hydrolysis was also evaluated. Four bread formulations were
produced with varying levels of wheat flour replacement by FPH (2.5% and 5%) and a control bread. A comprehensive evalu-
ation of the breads included analyses of proximate composition, texture, colour, sensory attributes and crumb structure at
both macro- and microscopic levels. The incorporation of FPH led to increased protein content and moisture, particularly
noticeable at the 5% replacement level. Sensory differences emerged between the control and FPH-enriched breads; the 2.5%
formulation retained desirable sensory properties, whereas the 5% substitution introduced less favourable traits such as bitter-
ness, a fishy odour and rancid notes. Textural changes included greater bread hardness, which correlated with modifications
in crumb microstructure, notably larger alveoli and subtle shifts in crust and crumb colour. Among the tested antioxidants,
those based on carnosic acid proved most effective in preserving quality. In conclusion, FPH could serve as a viable option
for nutritionally enriching bread, although it is advisable to keep substitution levels low (2.5%). These findings underscore
the potential of FPH as an ingredient in baked products and contribute to circular economy in the fishing industry.
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Introduction

Bread may be defined as the product resulting from the bak-
ing of a dough obtained by mixing flour and water, with
or without the addition of salt, leavened with the aid of
baker’s yeast or sourdough (Spanish Goverment, 2019).
It is believed that the first bread was produced around
10,000-12,000 years BCE and may have been developed
through deliberate experimentation with water and cereal
flour. Some authors speculate that the origins of bread could
have been a mixture of semi-milled grains lightly moistened,
which could have been baked in the sun, on a hot stone or
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simply left abandoned next to a fire or various heat sources
(Dupaigne, 1999). After that, the Egyptians were the pio-
neers who popularized the art of bread-making worldwide.
The importance of this product led to its control, production
and distribution, and has been used as a mean of exerting
political influence over the population for at least the last
2000 years. Even today, bread scarceness is synonymous of
difficult times, while the promise of its provision is used as
a lure for a better life (Mondal & Datta, 2008).

Bread consumption has seen a marked increase globally,
with significant increases in countries such as India, Philip-
pines and Egypt, where 38%, 27% and 27% of consumers,
respectively, have increased their intake in the last year. This
increase highlights the popularity of bread and its derivatives
as a basic, convenient and affordable food. In fact, baked
goods show a higher average global penetration (81%) than
other foods such as meat and poultry (76%), dairy products
(74%), desserts and ice cream (64%) and sweet and savoury
snacks (64%) (Glanbia nutritionals, 2024). A similar trend is
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observed in European countries like Spain, where the indus-
trial production of fresh bread reached 3.3 million tonnes
in 2022, 65% more than the previous year. In addition to
fresh bread, there is also significant production of long-life
bread (28,397 tonnes of breadsticks in 2022). This led to a
consumption of 27.9 kg per person in 2022 (MERCASA,
2023). The reasons for this rise would be its versatility of
preparation, relatively low price and high energy contribu-
tion. Moreover, in developed countries, the reformulation
of bread (whole grain, seeded, low-salt, etc.) has made it
a more attractive product (Liu et al., 2019; Sgrensen et al.,
2022).

Bread is traditionally produced using refined wheat flour
due to its gluten-forming proteins, gliadin and glutenin,
that provide the desired bread texture and volume. How-
ever, refining wheat reduces its nutritional quality through
significant losses in dietary fibre, vitamins, minerals and
phytochemicals (Wandersleben et al., 2018). Furthermore,
the natural absence of certain compounds, such as amino
acids, some of which are essential in the human diet (lysine)
must be also considered (Pomeranz & Shellenberger, 1970).
For this reason, and with the aim of making a more com-
plete product from a nutritional point of view, several studies
have included oilseeds and other vegetable ingredients (e.g.
flaxseed, sesame, sunflower, chia, soybean or lentils, among
others), achieving a nutritional fortification in certain macro-
nutrients (especially protein) and bioactive compounds (such
as amino acids, polyunsaturated fatty acids, minerals or vita-
mins) with different properties (Betoret & Rosell, 2020; de
Lamo & Goémez, 2018), but also producing sensory changes
whose effect has not always been evaluated. However, the
use of fish for enriching this product has been less explored
and, to date, has mainly been limited to fortification with fish
pieces that are commonly consumed by itself (Pomeranz &
Shellenberger, 1970).

The addition of protein hydrolysates (whey, casein, col-
lagen, soy) has been shown to significantly alter the rheo-
logical properties of dough. For instance, they tend to reduce
water absorption and lead to increased dough development
and formation times, which can result in the weakening
of the gluten network when the substitution level is high
(Nogueira et al., 2020; Prieto-Vazquez del Mercado et al.,
2022). Regarding the texture of the final bread product, these
hydrolysates often increase hardness, reduce elasticity and
may negatively impact specific volume, especially when the
added protein replaces a substantial portion of the original
flour. Animal-derived hydrolysates exhibit more pronounced
effects on firmness and texture compared to many plant-
based hydrolysates, which, at moderate levels, may induce
less drastic changes (Gani et al., 2015). From a sensory per-
spective, acceptance may decline when hydrolysates impart
bitter flavours or undesirable aromas, or when the texture
becomes dry, rubbery or overly firm. However, several

@ Springer

studies report that sensory changes are not drastic when the
concentration is kept low and conditions such as hydration,
dough formulation and the degree of hydrolysis of the pro-
tein product are optimized (Song et al., 2018).

In this sense, aquatic animal foods (whether captured or
farmed) are characterized by their high protein content (with
remarkable quantities of essential amino acids), having also
the highest content of long-chain polyunsaturated omega-3
fatty acids than any other animal-derived food. Additionally,
they generally have higher mineral and vitamin content than
most terrestrial meats and processed meat products, includ-
ing vitamins (vitamin A, vitamin D, vitamin E, vitamin B12,
folic acid, choline, coenzyme Q10) and minerals (calcium,
magnesium, iron, copper, zinc, iodine, selenium and triva-
lent chromium) (Tacon et al., 2020). Furthermore, there is
considerable scientific evidence on the direct health ben-
efits of consuming fish and fish products, including (but not
limited to) the reduction of the risk of death from coronary
heart disease and stroke (Forouhi et al., 2018), the reduction
of the risk of diabetes (Wallin et al., 2012), the increase in
gestation duration and improvement in visual and cognitive
development (Hellberg et al., 2012), among others.

For this reason, fish is a widely consumed food all over
the world, with an increase in its consumption in the last
decades (FAO, 2022), which has led to a raise in fish by
product generation. In recent years, FAO’s estimation of
post-harvest losses in the seafood sector has remained at
20-35% of the catch, occurring at various stages of the value
chain. Approximately 17.9 to 39.5 million tonnes of whole
fish are discarded annually by commercial fishing opera-
tions. Besides quality deterioration along the supply chain,
in 2021, 23.8 million tonnes were directed to by-products,
although the same report highlights that not all potential
processing discards at sea or from small-scale producers
were included (World Economic Forum, 2024). As stated
previously, fish processing yields significant by-products,
involving the head, bones, skin, viscera and other often dis-
carded parts that usually constitute 30-50% of the total fish
weight (Al Khawli et al., 2019). For example, in the case
of sea bass and salmon, whose global productions in 2023
and 2024 were 286,967 and 2,800,000 tons, respectively, the
amount of by-products generated could reach approximately
114,786.8 tons for sea bass and 1,120,000 tons for salmon
(Abdel-Rahim et al., 2025; Haq et al., 2025). However, it
is well known that the nutritional richness is not limited
exclusively to the traditionally consumed parts. Studies have
demonstrated that in fish by-products remain a great source
of beneficial macro- (protein, aminoacids, polyunsaturated
fatty acids) and micronutrients (vitamins, minerals) for
humans (Gehring et al., 2011; Smichi & Kharrat, 2016). In
that sense, the production of such substantial quantities of
by-products requires the development of sustainable and effi-
cient resource utilization techniques. For that reason, there
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is increasing interest in identifying innovative approaches to
use these by-products effectively because, as some authors
claim, seafood must employ the concepts of life cycle think-
ing and the circular economy to increase production effi-
ciency and mitigate its environmental impact (Cooney et al.,
2023). However, the valorisation of fish by-products still
faces several obstacles that hinder their full utilisation. Their
composition is highly variable and prone to rapid spoil-
age, which complicates processing and requires cold-chain
logistics. Scaling up also demands significant investment
in technology and infrastructure, while economic returns
are uncertain. In addition, strict regulations and limited
consumer acceptance of products derived from by-products
hinder wider adoption. These factors explain why valorisa-
tion practices are not yet broadly implemented despite their
potential (Coppola et al., 2021; Hopkins et al., 2025; Nirmal
et al., 2022).

In this regard, the use of enzymatic hydrolysis technolo-
gies could be a useful way to reuse these by-products as
it is a rapid, safe, scalable and easily controllable method
to produce FPHs. Enzymatic hydrolysis of fish by-products
is already applied in the food industry, mainly for the pro-
duction of protein hydrolysates used as flavourings, feed
ingredients or dietary supplements. The process not only
hydrolyzes the protein phase but also enables the separa-
tion of lipid-rich and mineral-rich fractions. Thus, the pro-
cess itself is not novel. However, depending on the final
composition and intended use of the hydrolysates (e.g., as
sources of bioactive peptides in functional foods), they may
fall under the scope of Novel Foods regulation (Honrado
et al., 2024a, 2024b). This would allow the generation of
peptides (which are of a higher biological value than intact
proteins) and free amino acids. Additionally, it is considered
a fast and easily reproducible method; it can separate not
only peptide fractions but also oils from insoluble solids;
it avoids extreme physical and chemical treatments, com-
pared to chemical hydrolysis; it has the advantage of avoid-
ing the generation of chemical waste, besides being more
easily controllable, thus reducing unwanted reactions that
destroy high-value components of proteins. The result is
the generation of different fractions that could be applied
in various fields, such as biotechnology and the cosmetic or
nutrition industry (Araujo et al., 2021), as an ingredient that
can strengthen certain products that are nutritionally poor in
some nutrients. Hence, the protein fraction of these hydro-
lysates generated from by-products could serve as ingredi-
ents in various foods, making them much more nutritionally
complete. However, the production process of hydrolysates
involves the application of moderate temperatures, which
can negatively impact the already typically compromised
lipid profile (polyunsaturated fatty acids) of the by-product.
Antioxidants such as BHT (Butylated hydroxytoluene) are
known to be highly effective in preventing this degradation

(Xu et al., 2021). Concerns over their potential health risks
have led to their risk evaluation or ban in several countries.
Natural origin antioxidants, especially those based on rose-
mary extracts and tocopherol mixtures, have demonstrated
promising effects (Honrado et al., 2022). Therefore, it is of
interest to evaluate which naturally derived compounds are
most effective in preventing oxidation, thereby preserving
both the nutritional value and sensory quality of the product.

Therefore, the objective of this research was to evaluate
the effect of different antioxidants on preventing lipid oxi-
dation during fish protein hydrolysates (FPH) making and,
from a sensory, nutritional and physicochemical point of
view, the effect of adding FPH from different fish species
in bread-making.

Materials and Methodology
FPH Development

The main raw materials used to produce FPH were sea bass
(Dicentrarchus labrax) and salmon (Salmo salar) heads,
as examples of semi-fat farmed fish and fatty farmed fish,
respectively. The selection of fish heads was based on their
high nutritional value, as well as on the fact that they rep-
resent a large proportion of the by-products generated from
these species. These were supplied by Barna SA (Mundaka,
Spain). The manufacturing procedure followed for the
hydrolysates was as described in the research by Honrado
et al. (2023) with some modifications and can be visualized
in Fig. 1. Briefly, fish heads (2 kg), previously thawed, were
ground in a cutter (Sammic mod. SK-3, Azkoitia, Spain),
and the resulting paste was mixed with distilled water in
equal parts in a 5-L container. The mixture was then placed
in a hot water bath at 40 °C. Different commercial products
were added as antioxidants separately (0.25 and 0.5% of fish
weight) to check the effectiveness for each one. These prod-
ucts were carnosic acid-based oil-soluble Bordantix® (OSB)
and water soluble Bordantix® (WSB)—Evesa, La Linea de
la Concepcién, Spain—and tocopherol based Nutrabiol®
(NUT) and Tocobiol® (TOC)—BTSA, Madrid, Spain. A
control treatment without antioxidant was also carried out.
After that, the pH was adjusted to 7.00 using a pH metre
(Crison mod. pHmeter basiC 20, Alella, Spain) with 2 M
NaOH (Panreac Quimica SLU, Castellar del Vallés, Spain).
After pH adjustment, a mixture of enzymes was added
at a proportion of 0.5% of the weight of the ground fish.
Three enzymes were used at the same time: Protamex®,
Protana® Prime and Protana® UBoost (Novozymes, Bags-
vaerd, Denmark). These enzymes were chosen as previous
research demonstrated that this combination provided few
undesirable sensory attributes (bitterness or fish flavour,
among others). The pH decrease produced by the enzymatic
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Fig. 1 Functional ingredient (FPH) production process

reaction was compensated by the addition of 2 M NaOH.
This process was repeated until there were no pH changes
(approximately after 2 h). The enzyme was then inactivated
by heating at 90 °C for 15 min. The mixture was filtered
through a sieve (@ 1.2 mm) to remove solid residues, and
the liquid part was centrifuged at 4000 rpm for 10 min.
Three phases were obtained: the bottom phase consisted of
sludge, which was discarded; the aqueous phase, the most
abundant, was the FPH; the upper phase, containing fish oil
and phospholipids, was also discarded. The liquid FPH was
subjected to a second defatting process in a milk skimming
machine (Suministros Quimicos Arroyo, mod. ARR-DES
125). Finally, it was concentrated using a rotary evapora-
tor (Laborota mod. 4000, Schwabach, Germany) at 50 °C
until reaching 65° Brix (Kern mod. ORA 3SA, Albstadt,
Germany). The purpose of this stage was to adjust the hydro-
lysate for incorporation as an ingredient in bread-making
while achieving a reduction in water activity to improve its
preservation.

Characterization and Stability of the FPH
Oxidative Stability of the FPH

The peroxide value was determined as a measure of the
compounds generated during the initial stage of oxidation.
It was assessed for each sample using titration with 0.01
N sodium thiosulfate (Panreac Quimica SLU, Castellar del
Vallés, Spain) following the ISO 3960:2017 (International
Organization for Standardization, 2017) standard, with some
modifications. Between 0.5 and 1.5 g of the oil obtained
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after centrifugation of each sample were weighed into an
Erlenmeyer flask. Subsequently, 7.5 mL of acetic acid (Pan-
reac Quimica SLU, Castellar del Vallés, Spain), 5 mL of
hexane (Carlo Erba, Val de Reuil, France), and 200 pL of
a saturated potassium iodide solution (Carlo Erba, Val de
Reuil, France) were added. The mixture was stirred for two
minutes. Afterward, 25 mL of distilled water and 400 pL
of 1% starch solution (Panreac Quimica SLU, Castellar del
Vallés, Spain) were added. Finally, the titration was per-
formed using the 0.01 N sodium thiosulfate solution, and the
peroxide index was calculated using the following formula

(1).

[0 V-V, C-1000
PV(meq—2> = ( 0) @))]
kg m

where V is the volume of the standard sodium thiosulfate
solution used in the determination, in millilitre; V, is the
volume of the standard sodium thiosulfate solution used in
the blank determination, in millilitre; C is the concentration
of the sodium thiosulfate solution, in moles per litter and
m is the mass of the sample portion analysed, in grammes.

The determination of the malondialdehyde (MDA) con-
tent according to the cd 19-90 method (AOCS, 1990) was
performed to determine secondary lipid oxidation products.
Initially, sample distillation was performed using a distillation
apparatus (Velp Sicentidica mod. UDK 129, Usmate Velate,
Italy) in the presence of trichloroacetic acid (Merck, San Luis,
USA). The distillate was then reacted with 0.28% w/v thiobar-
bituric acid (Merck, San Luis, USA). Simultaneously, a stand-
ard curve was generated using 1,1,3,3-tetramethoxypropane
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(TMP) (Merck, San Luis, USA). The standard curve and sam-
ples were incubated in a 100 °C water bath for 40 min (J. P.
Selecta mod. 3,000,544, Abrera, Spain). Finally, after cooling,
absorbance was measured at 532 nm using a spectrophotom-
eter (ONDA mod. UV-20, Beijing, China). Measurements
were conducted in triplicate.

Anisidine assay was also conducted following ISO
6885:2016 (International Organization for Standardiza-
tion, 2016). First, 0.2 to 2 g of the sample was weighed into
25-mL volumetric flasks, which were then filled to volume
with isooctane (VWR, Rosny-sous-Bois, France). Three tubes
were prepared as follows: Al contained 5 mL of the sample
solution and 1 mL of a p-anisidine solution (Sigma Aldrich,
Steinheim, Germany) in acetic acid at a concentration of 0.02
M; A2 contained 5 mL of isooctane and 1 mL of the aforemen-
tioned p-anisidine solution; A3 contained 5 mL of the sample
solution and 1 mL of acetic acid. After preparation, the tubes
were incubated in the dark for 10 min, and the absorbances
were measured at a wavelength of 350 nm using a spectropho-
tometer (ONDA model UV-20, Beijing, China). Finally, the
anisidine index was calculated using the following formula (2):

AV (1,2 (A=A, - Ay)) )

_100-0-V
B m
where V is the volume in which the sample for analysis is dis-
solved, in millilitre; m is the mass of the portion for analysis,
in grammes;Q is the sample content of the measured solution,
based on which the anisidine index is expressed, in grammes
per millilitre (Q=0.01 g/mL); 1.2 is the correction factor for
the dilution of the analysis solution with 1 mL of glacial ace-
tic acid reagent, and A0, Al and A2 are the absorbance of
the contents of tubes AQ, A1 and A2 after the reaction time,
respectively.

The TOTOX value was determined as a comprehensive
indicator of oil deterioration to assess the stability of the
raw material. It serves as a metric for evaluating the oxi-
dation level of oils and fats, particularly in products rich
in omega-3 fatty acids, such as fish, krill or algal oils, by
integrating the peroxide value (primary oxidation) and
the anisidine value (secondary oxidation). The following
formula was applied (3):

totox = (2 - PV) + AV 3)

Values below 10 are considered ideal, while values
above 20 indicate a rancid oil with reduced health bene-
fits. Intermediate values suggest an acceptable oil but with
signs of oxidation (Argalys, 2020; Ozdemir et al., 2021).

Proximate Composition of the FPH and Water Activity (a,)

The determination of the moisture content was performed
in triplicate using gravimetry and oven drying (J. P. Selecta

mod. 2,005,167, Abrera, Spain) at a temperature of 105 °C
according to method 950.46 (AOCS, 1990).

The determination of the fat content was carried out
according to the method proposed by Bligh and Dyer (1959).
Firstly, the samples were placed in centrifuge tubes, and then
fat extraction was performed using chloroform and metha-
nol (CARLO ERBA Reagents, Sabadell, Barcelona), KCl
(Panreac Quimica SLU, Castellar del Vallés, Spain), and
distilled water. Once the mixture was homogenized, it was
centrifuged at 4000 rpm, 4 °C for 10 min (Hettich, mod 320
R, Tuttingen, Germany), and the lower phase was extracted
and transferred to a pre-weighed capsule. The chloroform
was allowed to evaporate, and the fat content was deter-
mined by weight difference. Measurements were conducted
in triplicate.

The total protein content was determined in triplicate
using the Kjeldahl method 992.15 (AOCS, 1990), based
on the determination of organic nitrogen. One gramme of
hydrolysate was weighed and placed in a distillation tube
along with a catalyst tablet (VWR, Llinars del Valles, Spain)
and 12 mL of 98% sulfuric acid (Panreac Quimica SLU,
Castellar del Vallés, Spain). It was then placed in a digester
(VELP Scientifica, DK 6 heating digester Kjeldahl, Usmate
Velate, Italy) at 420 °C for 1 h. Subsequently, distillation
of the previously alkalized digest with 50 mL of 35% w/v
NaOH (Panreac Quimica SLU, Castellar del Vallés, Spain)
was carried out using a Kjeldahl apparatus (Velp Sicentidica
mod. UDK 129, Usmate Velate, Italy). The distillate was
collected in a 3% w/v boric acid solution (VWR, Llinars
del Valles, Spain). Finally, titration was performed with 0.1
N HCI (Carlo Erba, Sabadell, Spain) in the presence of the
Tashiro indicator. Protein content was calculated using a
protein-nitrogen conversion factor of 6.25.

For ash content, 3 g of the different samples were placed
in a pre-weighed porcelain crucible and ignited in an ashing
furnace maintained at 550 °C by 24 h. The ash content was
determined as soon as white ash was obtained, and a con-
stant weight was maintained. The total carbohydrate content
was determined by weight difference.

Bread-Making Process

Bread loaves (baguette type) were prepared. All bread loaves
were made in the Pilot Plant of the Medicine Veterinary
Faculty. Four types of bread loaves enriched with different
proportions of the prepared FPH from sea bass and salmon
heads were prepared and compared against a control bread.
Two treatments were enriched with 2.5% and 5% sea bass
FPH, and the other two with 2.5% and 5% salmon FPH
(Table 1). For the bread preparation, the first step was to mix
the flour with salt, and then, warm water mixed with fresh
yeast and the hydrolysate was added. After that, a knead-
ing machine was used for 5 min (Sammic Mod. BM-11,
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Table 1 Bread formulations

R Formulation Refined Leavening (g) Salt(g) Seabass FPH (g) Salmon FPH (g) Water (g)

developed in this research. SB wheat flour

seabass; S salmon. 2.5 and 5 (@

refer to the percentage of flour

substitution with seabass or Control 1000 24.00 1800  0.00 0.00 630.00

salmon FPH SB-2.5 985.00 24.00 18.00  15.00 0.00 620.00
SB-5 970.00 24.00 18.00 30.00 0.00 610.00
S-2.5 985.00 24.00 18.00 00.00 15.00 620.00
S-5 970.00 24.00 18.00 00.00 30.00 610.00

Azkoitia, Spain) to promote gluten development and obtain
an elastic and lump-free dough. It was allowed to rest for 1 h
in the fermentation oven at 35 °C and 80% relative moisture
(Salva mod. FC-05, Guipuzcoa, Spain). Once the dough had
doubled in volume, it was divided in 250-g portions and then
shaped into baguettes. These rested for an additional 30 min
in the fermentation oven. After that, they were baked in the
oven with steam injection in the first seconds at 240 °C for
10 min. The loaves measured 38 cm in length, 6 cm in width
and 4 cm in height. Once at room temperature, the bread was
finally stored in in airtight bags and frozen (—20 °C) for a
period not exceeding 5 days. For all the subsequent analysis
bread were baked at 180 °C for 5 min.

FPH Fortified Bread Characterization
Bread Proximate Composition Analysis and a,,

A food mincer (Moulinex model Moulinette A320R1, Alen-
con, France) was used to homogenize the sample. The mois-
ture, protein fat and ash contents were determined following
the same procedures as those described in the “Proximate
Composition of the FPH and Water Activity (a,,)” section.
Measurements were conducted in triplicate.

The a,, of the samples was measured with the LabMAS-
TER-a,, (Novasina, Switzerland) at 25 °C. Three measure-
ments were performed on each of the pre-crushed breads.

Bread Colour Characterization

The colour measurement was conducted in triplicate using a
colorimeter (Minolta mod. CM-2002, Osaka, Japan) previ-
ously calibrated against a standard black and white refer-
ence. The CIELAB system was employed, wherein the L*
coordinate signifies brightness on a scale ranging from 0
(black) to 100 (white). The a* coordinate denotes the red-
green index, with negative values indicating green hues and
positive values indicating red hues. The b* coordinate signi-
fies the yellow-blue index, with negative values representing
blue hues and positive values representing yellow hues (Luo,
2015). Colour measurements were taken on both the crust
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and center of the crumb of 2-cm-thick slices from each type
of bread. The variation in colour induced by the addition of
the hydrolysate was assessed by calculating the total colour
difference (AE, Eq. 4), following the methodology outlined
in the research of (Honrado et al., 2023).

AE = \/ (AL*)? + (Aa*)? + (Ab*)? )

—T * — T * . — g%

where AL=L Bread containing FPH L Control bread» Aa=a
— g% . —h* —h*

Bread containing FPH 4™ Control bread> Ab=b Bread containing FPH b

Control bread

Bread Instrumental Texture Profile Analysis (TPA)

Texture profile analysis (TPA) was conducted for the 5
types of bread using a texture analyser (Stable Micro Sys-
tems Mod. TA-XT2i, Godalming, UK) equipped with a
flat aluminium cylindrical probe (@ 5 c¢cm). The analysis
comprised two compression cycles with a 20-s separation
time between them (decompression). Texture parameters
determined included hardness, adhesiveness, elasticity,
cohesiveness, gumminess, chewiness, resilience and frac-
turability. Test settings were as follows: pre-test, test and
post-test speed: 1 mm/s; sample deformation: 65% of the
distance; force threshold: 10 g (Mamat et al., 2014). The
texture profile analysis was conducted once the breads had
reached room temperature, using 2-cm cube shaped crumb
pieces. These cubes were obtained through meticulous cut-
ting with a scalpel to achieve clean cuts that would not alter
the crumb structure. Measurements were repeated 8 times
for each type of bread.

Evaluation of the Penetration Characteristics of the Bread
Crust

A puncture test was also performed to evaluate the penetra-
tion characteristics of the crust. The test parameters were as
follows: load cell 5 kg, pre-test, test and post-test speed of
15 mm/s and a penetration distance of 15 mm. The puncture
was performed using the P2N flat probe. 8 punctures were
made on six crust slices.
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Digital Image Analysis: Bread Alveolate

To analyze the crumb structure, three slices (2.5 cm thick)
were taken from the central region of each bread, and each
slice was photographed using a camera (Canon, mod. Pow-
ershot G10, Tokyo, Japan) under the same conditions. The
image, in TIFF file format, was analysed with the image anal-
ysis Image-J software (Rasband, 1997-2012) (. A manually
selected area of equal size from the central part of the slice,
representative of the total crumb of each slice, was chosen.
The colour image was converted to an 8-bit image and ana-
lysed in grayscale (0 black, 255 white). Image segmentation
(conversion to binary, black-and-white image) was performed
by the software. An appropriate grey threshold level was found
iteratively, varying the grey level until the image retained the
fundamental features of the monochromatic counterpart. This
threshold value selection method best represented the funda-
mental features of the images. With this approach, and using
the same program, measuring the surface of the black colour
(alveoli), it was possible to determine the average area of the
alveoli, the number of alveoli per unit area and the area fraction
(the percentage of the area occupied by alveoli).

Bread Scanning Electron Microscopy (SEM)

For SEM visualisation, a cross-section of the crumb was
freeze-dried and then Au/Pd coated and then observed at
25 %, 100 %X, 500 x and 1000 X magnification and 15kV in a
scanning electron microscope (JEOL mod. JSM 6360-LV,
Tokyo, Japan). This allowed us to visualise differences in
the internal structure of the bread that can explain the behav-
iour found in the instrumental texture hardness and sensory
analysis.

Bread Sensory Characterization

The bread sensory analysis was carried out in the tast-
ing room of the Pilot Plant of the Faculty of Veterinary
Medicine, complying with ISO 8589:2007 (International
Organization for Standardization, 2007): Individual booths,
climate-controlled at 25 °C and equipped with lighting at a
colour temperature of 6500 K. A panel of 10 trained sensory
assessors was employed following ISO 8586:2023 (Interna-
tional Organization for Standardization, 2023). These sen-
sory assessors had previously demonstrated sensory sensitiv-
ity in preliminary tests, received considerable training and
were able to make consistent and repeatable assessments of
various commercial bread samples (ISO 8586:2023). This
also allowed the assessors to acquaint themselves with the
attribute terms and the scoring system.

For the sensory characterization of the developed breads,
a modified version of the flash profile technique proposed

by Dairou & Sieffermann (2002) was employed to deline-
ate the organoleptic properties of treatment. The advantage
of this technique is that the sensory assessor receives all
the samples at once and evaluates them on the same scale,
allowing direct comparison between them. Prior to this char-
acterization, each assessor received a sample of each treat-
ment to develop a lexicon for characterizing the samples.
Subsequently, the lexicon generated by each assessor was
pooled and analysed through the differential semantic analy-
sis, leading to a consensus that facilitated the compilation of
the list of attributes to be evaluated (Ainsa, 2023). Finally,
15 attributes were selected: crust toasting intensity, crumb
brown colour, alveoli size, crunchiness intensity, crumb elas-
ticity, crust toasted aroma, crumb typical aroma, crumb fishy
smell, crust fishy flavour, crumb rancid smell, bitter taste,
umami taste, salty taste and aftertaste.

The analysis involved the utilization of an unstructured
lineal scale measuring 10 cm for each descriptor considered
wherein sensory evaluators were asked to assess each prod-
uct. The loaves were heated in the baking oven at 240 °C for
5 min and then cut into 4 cm thick slices. The samples were
presented simultaneously on ceramic plates, in a different
and randomized sequence for each sensory evaluator. Two
sessions were held on consecutive days to check the homo-
geneity of the evaluators’ measurements. Each panelist had
access to water and apple ad libitum to cleanse the palate
between samples.

Statistical Analysis

All results obtained from the different analyses were sub-
jected to statistical analysis using the Office software Micro-
soft Excel and the statistical software XLSTAT (Addinsoft®,
2016). The first step was to check the homogeneity of the
values using box plot graphs. Once checked and outliers
removed (after performing Grubb’s test), the normality of
the values was verified with Shapiro—Wilk’s test. For phys-
icochemical results, an ANOVA (two ways with interaction)
was carried out. This model included treatments as fixed
variables and the three replicates as a random effect, also
the interaction between them was studied too. Approximate
F-ratio tests for each fixed effect were conducted, and the
critical value for a statistical effect was taken at p <0.05. A
pairwise comparison between means was carried out using
Fisher’s multiple comparisons test. However, for the AE, a
comparison against a control test (bilateral Dunnett) was
performed instead of Fisher’s test. Regarding sensory analy-
sis, a generalized procrustean analysis (GPA) was conducted
to analyse the proximity of sensory attributes to each bread.

For the sensory evaluations results, a flash profiling anal-
ysis was conducted, which included a multifactorial analysis
(MFA). This test provided the coordinates of the attributes,
which were subsequently used to determine the coordinates
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of the products. Using these coordinates, an HAC (hierar-
chical agglomerative clustering) was performed, employing
Euclidean distance, Ward’s method for agglomeration, and
the adapted Hartigan index for truncation. This yielded a
dendrogram, allowing for the identification of which treat-
ments differed from each other, and which were similar.
However, this method did not reveal significant differences
among attributes, nor did it explain the reasons for the
observed differences between products.

To address this, a rank table was obtained from the flash
profiling analysis: the product with the lowest intensity for a
given attribute was assigned a rank of 1 for that attribute. In
cases where several products tied for a specific attribute, the
assigned rank corresponded to the average of the ranks of the
tied products. Based on the mean ranks obtained from this
table, the Kruskal-Wallis test was applied at a significance
level of 5%, followed by a post hoc multiple comparison test
using the Steel-Dwass-Critchlow-Fligner test. This approach
allowed for the identification of attributes that significantly
differed among the samples.

To obtain a comprehensive overview and identify the var-
iables characterizing each treatment, as well as the potential
relationships among these variables, a principal component
analysis was conducted. This analysis included proximate
composition, colour characterization of both crumb and
crust, texture characteristics of crust and crumb and digital
image analysis.

Results and Discussion
Characterization and Stability of the FPH

Oxidative Stability of the FPH

Table 2 shows the oxidation indices obtained with the incor-
poration of different antioxidants for the two species studied.

Table 2 Peroxide, TBARS, anisidine and Totox indexes for seabass
and salmon FPH. WSB water-soluble Bordantix®; OSB oil-soluble
Bordantix ®; NUT Nutrabiol®; TOC Tocobiol®. 0.2 and 0.5 refers

In relation to the peroxide index, it was observed that
sea bass FPH samples treated with Bordantix®, in both its
water-soluble (WSB) and lipid-soluble (OSB) forms, exhib-
ited the lowest peroxide indices. However, no significant
differences were detected compared to the control treatment.
This suggests that the effect of Bordantix on peroxide for-
mation is negligible for this species. In the case of salmon
FPH, a similar behaviour was noted. Nevertheless, a signifi-
cant (p <0.05) reduction in the peroxide index compared to
the control was observed when using Bordantix or Toco-
biol. This effect might be more noticeable in salmon due to
its higher content of polyunsaturated fats (Honrado et al.,
2024a, 2024b).

Regarding secondary lipid oxidation indexes, it can be
observed that sea bass had significantly higher TBARS
and anisidine indices compared to salmon, which could be
related to the freshness of the by-products used, as accord-
ing to the theory of lipid oxidation, all the peroxides would
have turned into secondary oxidation compounds (Badui,
2006). Nonetheless, in both species, the effect exerted by
the different antioxidants can be observed, and the results
are similar for both. Overall, Bordantix®, a product based on
rosemary extract, provided good protection against oxidation
in both species, especially its water-soluble version (WSB).
In both cases, a reduction in oxidation indices was observed
when the concentration used was doubled (p < 0.05). Toco-
biol (TOC) also showed good effectiveness in the case of
salmon, although in this situation, no significant differ-
ences were observed when the dose was doubled. Nutrabiol
(NUT) clearly had no protective effect against oxidation,
and a counterproductive effect was observed when the dose
was increased.

Considering the peroxide and anisidine indicators, the
Totox index was calculated, providing an overall measure
of the oxidation of an oil or fat. In the case of sea bass FPH,
the lowest indices were obtained using Bordantix, showing
statistically significant differences from the rest of treat-
ments (p <0.05). For salmon, although a protective effect

to the concentration of antioxidants in relation to fish mass. Different
letters denote statistically significant differences for the same physico-
chemical parameter among the various treatments (¥*** = p < 0.001)

WSB0.2 WSB05 O0OSB02 OSB0.5 NUT02 NUTO0.5 TOC02 TOCO0.5 Control

Seabass  Peroxide value (meq O,/kg) 4.60°8  4.344 4.89°B 45548 10308 9.38D 5.86¢ 5365¢ 46148
TBARS (mg MDA/kg)***  1.25C 0.714 1.71F 1.42¢P 1.66F 1.008 1.49PE 1.37¢P 1.80F
Anisidin®*#* 13.484 12.75% 15.828 12,684  23.43F 18.89P 16.15%¢ 1618  20.07°
Totox** 22.674 21.424 25.60%  21.78%  44.03F 37.64F 27.86°°  26.908¢  29.29P

Salmon  Peroxide value (meq O,/kg)  4.175C 6.64F 5.58PF 44580 10.64F 11.65% 3.63%B 2814 6.298
TBARS (mg MDA/kg)***  0.05° 0.05¢ 0.058 0.05¢ 0.118 0.19F 0.058 0.044 0.10°
Anisidin®*#* 0.818 0.624B 0.868 0.344 2.06° 3.076 0.444 0.334 1.45¢
Totox 9.158 13.90¢ 12.02¢  9.25B 23340 26378 750" 5944 14.03¢
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was observed when using Bordantix, the use of Tocobiol
significantly reduced this index. Once again, the composi-
tion of the fat appears to influence the effectiveness of one
antioxidant over another. Moreover, in these polyunsaturated
fats, the use of antioxidants composed of mixtures of toco-
pherols, sterols and squalene appears to have a significantly
greater effect compared to other antioxidants, particularly
those consisting solely of tocopherol mixtures (Honrado
et al., 2022).

These results are consistent with the study conducted by
Sajib et al. (2022), in which the use of WSB and OSB was
shown to reduce TBARS values during Herring storage. It is
worth noting that the use of antioxidants based on rosemary
extracts (carnosic acid) proved to be the most effective in
preventing the formation of peroxides. This could be related
to the structure of this acid and its derivatives, as they pos-
sess two hydroxyl groups in the ortho position on carbons
C11 and C12, which confer strong antioxidant properties.
Moreover, it can act as a “cascade” antioxidant, as the sub-
sequent products of its oxidation reaction still retain some
antioxidant function (Hrebien-Filisiriska, 2021).

The different behaviour observed for Bordantix and Toco-
biol among species could be explained by the interaction
between the chemical structure of the antioxidants and the
lipid profile of the raw materials studied. Bordantix is a rose-
mary extract enriched in phenolic diterpenes (e.g., carnosol,
carnosic acid), which act as chelators and hydrogen donors
in lipid matrices. In contrast, Tocobiol is a formulation based
on tocopherol mixtures, whose main mechanism involves
scavenging peroxyl radicals in lipid phases. Salmon is known
for its high content of long-chain n-3 fatty acids, which are
particularly susceptible to lipid peroxidation, whereas the
lipid composition of sea bass contains comparatively more
monounsaturated fatty acids (Nechev et al., 2021). Conse-
quently, it is plausible that the mixture of phenolic diterpe-
nes in Bordantix is more effective in a matrix with a lower
relative proportion of highly unsaturated PUFAs (sea bass),
while the tocopherols in Tocobiol, due to their ability to
scavenge radicals in highly unsaturated lipid phases, perform
better against the highly polyunsaturated profile of salmon
(Nogala-Kalucka et al., 2005). These results are consistent
with those obtained by Mira Sanchez (2019), who found that
in monounsaturated oils rosemary extracts were effective in
reducing both primary and secondary oxidation products,
whereas in fish oil (highly polyunsaturated) they were able
to reduce hydroperoxide formation but not that of second-
ary products. A synergistic effect between diterpenes has
also been demonstrated: effectiveness increases when the
carnosic acid/carnosol ratio is between 5 and 6.

The behaviour of Nutrabiol® has also been observed in
other studies in which tocopherols have been used, such as
those by Zuta et al. (2007) and Drusch et al. (2008), con-
cluding that the best effect was obtained at concentrations

between 50 and 100 ppm. Later, it was discovered that
a-tocopherols could participate in free radical reactions and
contribute to the accumulation of hydroperoxides, especially
in polyunsaturated fats like that of salmon and when oils are
exposed to heat (Cafio-Ochoa et al., 2022). Additionally,
tocopherols can also reduce Fe*3and Cu*? ions to generate
hydroperoxides, making the addition of chelating agents an
option to avoid this undesirable effect (Drusch et al., 2008).
For all these reasons, the hydrolysates used for bread pro-
duction included 0.5% WSB as an antioxidant.

Proximate Composition Analysis and a,,

Table 3 shows the proximate composition of salmon and
seabass FPH once they were concentrated until moisture was
around 40%. It was observed that an FPH with a high protein
content was obtained. It is worth noting that this protein is
mostly hydrolyzed, so the possible presence of peptides with
bioactive functions (antioxidant, antimicrobial, anticancer
and antihypertensive, among others) could be of interest
when enriching other food matrices (Honrado et al., 2024a,
2024b). The produced hydrolysates represented a significant
increase in protein content compared to the raw material:
3.02 times more in the case of seabass heads (Munekata
et al., 2020) and 3.52 in the case of salmon (Pires et al.,
2024). However, these FPH were below the protein levels
found in other studies, as water removal was not so intense.
For example, in the study by Gbogouri et al. (2004), where
FPH from salmon heads were obtained, the protein content
was 82.3%, but the sample was freeze-dried to remove the
water.

Regarding the fat content, minimal values were obtained
because of the defatting process carried out. The present fat,
mostly polyunsaturated, may have beneficial effects on con-
sumers. Several experimental investigations on in vivo and
in vitro models have proven that fish oil possesses several
health benefits, including anti-obesity, anticancer, cardiopro-
tective, anti-inflammatory, neuroprotective, hepatoprotective
and immunostimulatory properties (Das et al., 2024).

The ash values were quite similar for both FPH and,
surprisingly, relatively high. Various studies have reported
average ash values ranging between 10 and 15%, although
in some cases they have reached up to 27%. The reasons
for these elevated levels lie in the hydrolysate production

Table 3 Proximate composition for seabass and salmon FPH. Differ-
ent letters show statistically differences between FPH for each param-
eter (*** = p < 0.001)

Moisture Protein (%) Fat (%)*** Ash (%) a,,
(%)***
Seabass 41.678 48.33 1.058 8.96  0.845
Salmon 40.16% 48.66 0.374 10.81  0.835
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process. Specifically, the mincing step, in which the skeleton
is also ground, and the addition of NaOH during hydrolysis
to maintain a stable pH (Chalamaiah et al., 2012; Henriques
et al., 2021).

FPH Fortified Bread Characterization
Proximate Composition and a,,

Table 4 shows the proximate composition of the breads
developed in this study. Regarding moisture content, it can
be observed that it increased as the percentage of hydro-
lysate substitution rose, being more pronounced in the case
of salmon FPH and statistically significant (p < 0.05) at the
5% substitution level.

In terms of protein content, there was an increase of
approximately 1.5%, which was significantly different from
the control (p < 0.05). In this context, these prototypes could
potentially be labelled as a source of protein. Furthermore,
the increase in biologically valuable amino acids would
likely be evident, and with a high probability, this increase in
protein content may include peptides with bioactive effects,
thus providing health benefits to consumers (Gbogouri et al.,
2004; Pires et al., 2024) and also better digestibility. Addi-
tionally, the presence of these peptides could be related to
the observed increase in moisture content, as several studies
have determined that peptides generated during hydrolysis,
containing polar groups (NH2 and COOH), could enhance
water retention capacity (Alahmad et al., 2022; Dinakarku-
mar et al., 2022).

Fat content remained similar across all samples, with only
SB-5, S-2.5 and S-5 showing significant differences from the
control (p < 0.05), although the differences were lower than
0.2%. This could be because the FPHs exhibited lower lipid
content compared to wheat flour. However, as demonstrated
by previous studies, this fat is of excellent quality, with a
predominance of polyunsaturated fatty acids such as ALA,
EPA and DHA (Honrado et al., 2024a, 2024b).

Ash content also increased as the substitution percentage
rose, contributing various minerals. For instance, the study
by de la Fuente et al. (2023) found 6832 pg/g of P, 822 pg/g

Table 4 Proximate composition and a,, of breads developed. SB sea-
bass; S salmon. 2.5 and 5 refers to percentage of wheat flour substitu-
tion with FPH. Different letters denote statistically significant differ-

of Mg, 789 ug/g of Ca, 74.5 png/g of Zn and 0.98 ug/g of
Se in hydrolysates obtained from salmon heads. Similarly,
values of 2507 pg/g of Ca and 1277 pg/g of P have been
reported for sea bass heads (Munekata et al., 2020).

The water activity (a,,) values increased as the substi-
tution percentage did, being more evident in the samples
containing salmon FPH. Similar behaviour was found in the
study of Oprea et al. (2024), although in a slighter manner.
This could be associated with the fact that replacing part of
the wheat flour with fish hydrolysate reduces the amount
of available gluten, which could alter the dough’s ability to
retain water in a structured manner. If the hydrolysate cannot
compensate for this structural function of gluten, there may
be more free water that is not bound to the protein network,
and this could potentially increase a,, (Arendt & Dal Bello,
2011).

Bread Colour Characterization

Figure 2 shows the CIELAB coordinates for both the crust
and crumb of the control bread and the breads with wheat
flour replaced by FPH.

Regarding the crust, significant differences (p <0.05)
were found in the a* and b* coordinates. In terms of the a*
coordinate (green—red), the breads with FPH were character-
ized by having a less reddish colour compared to the control.
Concerning the b* coordinate (blue-yellow), only S-2.5 and
S-5 were differentiated by having less yellowish tones, which
could be related to the inherent colour of the FPH. How-
ever, this behaviour may be explained by the fact that the
breads with FPH have a higher moisture content, affecting
water evaporation during baking. A moister crust tends to
caramelize less and form a less intense colour (Huang et al.,
2022). Another possible reason could be that the peptides
present in the FPH have an inhibitory effect on the forma-
tion of advanced glycation end-products, as proposed in the
study by Arasteh et al. (2023), where inhibitions of up to
99% were achieved using FPH at a concentration of 0.16%
in model systems.

As for the crumb, significant differences were only
found in the a* coordinate, where the SB-2.5 sample was

ences between treatments for the same physicochemical parameter (*
=p < 0.05; %% = p < 0.00])

Moisture (%)*** Protein (%)* Fat (%)*%* Ash (%)* Carbohydrates a, FwE
(%)*
Control 24.96" 10.234 0.86° 2454 60.828 0.8754
SB-2.5 25.034 11.708 0.855€ 2.56%B 59.458 0.8998
SB-5 26.698 11.768 0.828 2.685C 58.344AB 0.912¢
S-2.5 25.004 11.458 0.754 2.59ABC 60.16° 0.8998
S-5 28.86¢ 12.168 0.744 2.72¢ 56.66" 0.923P
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Fig.2 Colour characterization

for crust (A) and crumb (B) A

of different breads assayed.

SB, seabass; S, salmon; 2.5 60.0
and 5 refer to the susbtitution
percentaje with FPH. Different
capital letters denote statisti-
cally significant differences
between treatments for the same
colour coordinate (p <0.05).

AE was also significant againts
control for both crust and crumb
(»<0.05)

CIELAB coordinates

Control

60.0

CIELAB coordinates

-10.0 Control

significantly different from the other FPH samples, but
none of them differed from the control. The small col-
our differences observed in the crumb could be related
to the inherent colour of the hydrolysate used. A similar
behaviour was found in the study by Desai et al. (2018),
which employed a protein concentrate from salmon fish
(Oncorhynchus tschawytscha). The authors stated that
bread colour is the result of complex reactions depend-
ing on the physicochemical characteristics of the dough
(water, starch and lysine content) and the temperature used
during the baking process. A similar effect was observed
in bread enriched with protein of plant origin, as in the
study by Sanz-Penella et al. (2013) using Amaranthus
cruentus flour. Regarding AE, all treatments were signifi-
cantly different from the control, although none of them
were significantly different from each other. According to

Table 5 Results of parameters assessed in the instrumental texture
profile analysis (TPA). SB seabass; S salmon; 2.5 and 5 refers to the
susbtitution percentaje with FPH. Different letters denote statistically
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(Ozgoren & Yapar, 2019), the crumb values would be con-
sidered detectable by untrained individuals, whereas the
crust values would be regarded as different colors within
the same color group.

Bread Instrumental Texture Profile Analysis (TPA)

The Table 5 presents the results of the TPA conducted on
the various treatments. The mechanical characteristics of the
TPA are categorized into primary attributes: hardness, cohe-
siveness and springiness in bread. Secondary attributes in
bread include chewiness and gumminess, which are derived
from the calculations of the primary attributes (Setser, 1993).

Hardness increases or decreases depending on the protein
source, addition level or flour treatment (Prieto-Vazquez del
Mercado et al., 2022). In our study, hardness increased with

significant differences between treatments for the same TPA param-
eter (*** = p < 0.001)

Hardness (g)*** Cohesiveness™** Springiness®** Chewiness*** Gumminess***
CONTROL 920.42* 0.69¢ 0.96° 611.74* 635.43%
SB-2.5 2515.14P 0.675¢ 0.874 1447.91P 1676.47°
SB-5 1498.318 0.658 0918 870.685C 965.058
S-2.5 2071.32¢ 0.59 0.854 1040.02¢ 1227.61¢
S-5 1155.66"B 0.675¢ 0918 704.66°8 772.88A8
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the incorporation of FPH, and several factors may explain this
behaviour. Firstly, there may be an interaction between FPH
and gluten proteins, hindering the development of the gluten
structure and leading to greater rigidity in the bread structure.
Additionally, water absorption by the FPH reduces the amount
of free water available for proper gluten development. The con-
tribution of minerals could also affect dough hardness. This
behaviour has also been observed in other studies, such as the
research by Cho et al. (2019) where an increase in the substi-
tution percentage with anchovy (Engraulis japonicus) hydro-
lysate led to an increase in hardness. However, in our study, a
5% substitution resulted in a decrease in hardness compared
to the 2.5% level, which may be related to the higher moisture
content of these samples. This behaviour was also observed in
the study of Desai et al. (2018) with breads supplemented with
Tilapia (Oncorhynchus tschawytscha) powder.

Bread cohesiveness refers to how the dough holds together
during chewing. The existing literature states that this param-
eter is barely modified when extra protein is incorporated
(Setser, 1993). This is what occurred in this study, where
statistically significant differences compared to the control
were only shown in SB-5 and S-2.5. The same behaviour
has been observed in other studies conducted where protein
concentrates or hydrolysates have been incorporated (Desai
et al., 2018). This suggests that cohesiveness may be influ-
enced by additional factors beyond gluten network integrity,
such as water distribution or interactions between non-glu-
ten proteins and starch. Further analysis would be needed
to clarify the specific mechanisms involved. Springiness
as resilience indicates the ability of bread to recover after
deformation due to compression. The behaviour is similar
to cohesiveness, decreasing when making higher substitu-
tion percentages. This behaviour could be related to the gas
trapped in the crumb. Some authors claim that the more gas
is trapped in the alveoli, the greater the recovery is (Haber
et al., 2019). Chewiness represents the energy needed to dis-
integrate bread structure ready to swallow (Setser, 1993). As
a secondary attribute, gumminess is related to hardness and
areas during compression, so the behaviour is quite simi-
lar. In our study chewiness increased when adding FPH, but
this increment was higher at 2.5% substitution level. Finally,
gumminess is also used to evaluate bread textural character-
istics as it becomes semisolid during mastication, having the
same behaviour than the previous one (Prieto-Vazquez del
Mercado et al., 2022). Similar behaviour was found in bread
fortified with animal protein, such as the one of grasshopper
(Schistocerca gregaria) of Haber et al. (2019).

Evaluation of the Penetration Characteristics of the Bread
Crust

The hardness and fracturability measurements obtained for
the different bread samples is shown in Table 6. An increase
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Table 6 Results of fracturability and hardness for the penetration test
carried out on bread’s crust. SB seabass; S salmon; 2.5 and 5 refers to
the susbtitution percentaje with FPH. Different letters denote statisti-
cally significant differences for the same parameter and between treat-
ments (*** = p < 0.001)

Fracturability (kg)*** Hardness (kg)***

CONTROL 0.2134 0.246*
SB-2.5 0.519¢ 0.548¢
SB-5 0.3708 0.4218¢
S-2.5 0.1604 0.2754
S-5 0.1874 0.3074B

in both properties was observed with the incorporation of
FPH. However, as with the crumb, the hardness and crust
fracturability values at 5% FPH were lower than at 2.5%.
The observed behavior could be related to the increase in
moisture content and the a,, of the samples. The differences
between the FPHs could be due to slight variations in fat
content or differences in the size and length of the peptides
present. Authors such as Pico et al. (2019) have found corre-
lations of r= —0.81 between hardness and moisture, and r=
—0.86 between hardness and water activity. Various studies
have shown that the presence of water induces the plasti-
cization and softening of the starch-protein structure, and
that the increase in water activity causes a transition from a
crystalline state to a rubbery state (Castro-Prada et al., 2009;
Pico et al., 2019).

Digital Image Analysis: Bread Alveolate

Table 7 shows the characterization performed on the bread
crumb. Specifically, the average size of the alveoli, the num-
ber of alveoli per unit area, as well as the percentage of the
total area occupied by an alveolus were studied.

Regarding the average size of the alveoli, it was observed
that the addition of FPH from both sea bass and salmon led
to an increase in their size (p <0.05). This increase was more

Table 7 Results of digital image analysis regarding the characteriza-
tion of the breads crumb: average alveoli area, alveoli density per sur-
face unit and total area belonging to alveoli. SB seabass; S salmon;
2.5 and 5 refers to the susbtitution percentaje with FPH. Different let-
ters denote statistically significant differences for the same parameter
and between treatments (*** = p < 0.001)

Average alveoli Alveoli/cm? ##3* Total area

area®** fraction
CONTROL 0.29% 172.18E 50.68%
SB-2,5 0.61€ 99.318 60.148
SB-5 0.81° 83.124 67.63P
S-2,5 0.448 148.85P 65.33¢
S-5 0.63¢ 106.92¢ 67.81°
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pronounced in the case of sea bass (106% and 176% larger
for SB-2.5 and SB-5, respectively) compared to salmon
(49% and 115% for S-2.5 and S-5, respectively). Because
of this increase in alveoli size, there was a decrease in the
number of alveoli per unit area (p <0.05). Finally, regarding
the area of the crumb occupied by an alveolus, an increase
was observed upon incorporating FPH.

This behaviour has been observed in other studies. For
example, the study by Ozén et al. (2023), in which bread was
fortified with bioactive peptides derived from chia, showed
that alveolar size was proportional to the increase in the per-
centage of fortification (3, 5 and 10 mg/g of flour). The most
probable reason for this behaviour would be the higher mois-
ture content of the dough. This can lead to a more flexible
and extensible dough, with more plastic behaviour, allow-
ing greater alveolar expansion (Rathnayake et al., 2018).
However, it could also be due to an interaction between the
peptides and gluten, weakening the bonds between gluten
molecules, allowing the alveoli to expand further before
breaking, or to increased yeast activity due to the additional
amino acids provided by the FPH.

Bread Scanning Electron Microscopy (SEM)

The dough, and later the crumb, forms an intricate matrix
composed of starch and gluten proteins, whose structure and
interactions can reveal important macroscopic changes. Fig-
ure 3 displays the microstructure of the crumb across differ-
ent bread samples. Distinct differences are observed between
the control sample and those containing FPH.

In the control sample, a well-developed gluten network
is evident, characterized by smaller and fewer cavities.
This structural integrity aligns with findings by Gallo et al.
(2022), who observed similar effects in breads enriched
with lentil flour. The control crumb also contains spherical
particles of varying sizes, which are identifiable as starch
granules (Ikram et al., 2021).

Conversely, samples with FPH show a different structural
pattern. Here, starch granules appear partially embedded in
the protein matrix, which may result from incomplete glu-
ten network development or reduced water availability for
gelatinization due to the binding of water to peptides and
proteins in the FPH (Pomeranz et al., 1984).

Notably, the FPH-enriched samples exhibit a denser,
more compact gluten network, with this effect being increas-
ingly pronounced as FPH concentration rises. Some stud-
ies suggest that this enhancement in network density may
stem from charged glutamate residues present in FPH, which
contribute to the strengthening of the gluten matrix. These
residues also likely increase the elastic (G') and viscous
(G") moduli of the starch gel (Gatkowska & Juszczak, 2019;
Zhang et al., 2024).

However, it is important to note that there appears to be a
threshold for FPH addition, beyond which the gluten struc-
ture weakens, leading to larger cavities and thinner walls, as
shown in the SEM images. This threshold effect may result
from the emulsifying properties of FPH, which encourage
starch granule aggregation and disrupt the orderly gluten
structure (Zhu et al., 2024). This structural shift correlates
with the trend observed in texture profile analysis (TPA),
where increased FPH levels (from 2.5 to 5%) are associated
with a reduction in bread hardness.

In summary, the SEM analysis indicates that moderate
FPH incorporation promotes a cohesive and dense crumb
structure, but higher FPH levels may compromise gluten
integrity, affecting texture.

Bread Sensory Characterization

Figure 4 illustrates the hierarchical agglomerative cluster-
ing derived from the coordinates of the different products.
As observed, this technique allowed for the differentiation
of two clusters: a first group comprising the control treat-
ment and a second cluster consisting of all treatments that
incorporated some type of FPH. Within this second clus-
ter, treatments with a 5% substitution of flour by FPH were
grouped in the same subgroup, whereas those with a 2.5%
substitution were in different subgroups.

To understand the reasons behind this behaviour, a radar
chart was created based on the rank table obtained from the
flash profiling analysis, as shown in Fig. 5. The results of
the Kruskal-Wallis test were also applied to this chart. Dif-
ferences were identified in 10 of the 14 evaluated attributes.

Specifically, significant differences were observed in
crust toast intensity and crumb brown colour, with FPH-
containing breads showing significantly higher values than
the control. This correlates with the decrease in L*, a* and
b* coordinates in the crust and the decrease in L* in the
crumb. This may be attributed to the inherent colour of the
FPH, as well as a greater degree of surface toasting due to
the addition of protein and fat. Correspondingly, a higher
crust toast aroma was also observed. Furthermore, FPH
breads displayed a significantly larger alveolar size com-
pared to the control, which, as indicated by the digital image
analysis, could be related to different dough behaviour due
to the higher water content.

The remaining attributes in which differences were found
could be considered undesirable. The addition of FPH
caused a fishy odour in the crumb and a rancid odour, par-
ticularly in the sea bass FPH and at the 5% substitution level,
correlating with the TBARS and anisidine analyses. In the
crust, the fishy flavour was significantly different from the
control for all treatments except SB-5. Possibly, the protein
contribution and the slight fat content (higher in comparison
to salmon FPH) helped to create a toasted flavour that masks
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Fig.3 Scanning electron micrographs of control bread and FPH-
enriched breads. A Control bread: dense gluten network with distinct,
smaller cavities. B Bread with 2.5% seabass FPH: moderately com-
pact gluten network. C Bread with 5% seabass FPH: further gluten
densification, increased starch embedding. D Bread with 2.5% salmon
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FPH: signs of compact structure similar to seabass. E Bread with 5%
salmon FPH: reduced structural integrity, showing more cavities. Cir-
cles denote starch granules, arrows indicate cavities and rectangles
mark areas likely weakened by increased FPH levels
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Fig.4 Dendrogram representing the hierarchical agglomerative clus-
tering for the different studied products. SB, seabass; S, salmon; 2.5
and 5 refer to the substitution percentage with FPH

the fishy flavour. Umami and bitter flavours also intensified
proportionally with the increase in FPH, likely due to the
use of enzymes that promote the generation of peptides with
these flavours. Lastly, samples with a 5% substitution were
the only ones that presented an aftertaste significantly dif-
ferent from the control.

The organoleptic properties associated with the fortifica-
tion of bread using FPH or fish by-product flours show nota-
ble variation depending on the type of fish used and the level

Fig.5 Sensory characterization
for the different breads incor-
porating FPH. SB, seabass; S,
salmon; cb elast: crumb elastic-
ity; cb typ aroma, crumb typical
aroma; cb ran smell, crumb
rancid smell; aft taste, after
taste; cb fish smell, crumb fishy
smell; ct fish flav, crust fishy
flavor; ct toast int, crust toasting
intensity; ct toast aroma, crust
toasted aroma; cb brown col,
crumb brown color; crunch int,
crunchiness intensity; alve size,
alveoli size. Different letters
denote statistically significant
differences among treatments
for the same sensory attrib-
ute(* =p <0.05;**=p<0.01
% =p<0.001)

Ctfish flav**

Salty taste

Umami taste*™

Bitter taste™*

Cb ran smell*

CJCONTROL

After taste*

of substitution. For instance, Oprea et al. (2024) observed
that breads enriched with FPH derived from cod (Gadus
morhua) by-products exhibited intensified bitter, salty and
sour notes, which became more pronounced with higher
substitution levels. These sensory traits also persisted after
swallowing, suggesting a potential limitation in consumer
acceptability at higher concentrations.

In contrast, Bastos et al. (2014) reported more favour-
able outcomes when using flour made from the head,
bones, viscera and skin of Red-tailed Brycon (Brycon
cephalus). Their study showed that breads containing 4.2%
and 8.4% substitution were preferred over the control, with
consumers giving higher ratings for texture, appearance,
taste and colour. This indicates that moderate inclusion
levels, depending on the source, can enhance overall
acceptability. Adding further complexity to the discus-
sion, Akusu et al. (2023) found no significant differences
in taste, aroma, colour or overall acceptability when 20%
of wheat flour was substituted with a composite fish flour
made from croaker and tilapia. Unlike Oprea et al. (2024),
whose findings pointed to a sensory threshold, and Bastos
et al. (2014), who identified an optimal substitution range,
Akusu et al. (2023) suggest that a relatively high inclusion
level can maintain sensory neutrality, at least under certain
formulation conditions. The differences observed com-
pared to other studies could be due to the raw materials
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ik
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used, as well as the enzymes employed, which may alter
the organoleptic properties of the hydrolysate. Another
possible reason could be the use of consumers rather than
a trained sensory panel.

Taken together, these studies illustrate how the source
of fish material, processing method and substitution level
can lead to divergent sensory outcomes, emphasizing the
importance of tailoring fortification strategies to both the
raw material and consumer preferences.

Global Characterization of Breads

From an overall point of view, the principal component anal-
ysis -PCA- (Fig. 6) biplot reveals a clear separation between
the control bread and those enriched with FPH, particularly
along the first principal component (F1), which accounts for
58.34% of the total variance. The control sample clusters on
the negative side of F1, associated with higher air pocket
density, cohesiveness, springiness and favourable crust col-
our parameters (a* and b¥*). In contrast, breads with increas-
ing levels of FPH substitution (S-2.5, SB-2.5, S-5, SB-5)
shift progressively toward the positive side of F1 and F2,
where they are strongly associated with undesirable sensory
traits such as fishy smell and flavour, rancid odour, bitter and

umami tastes, higher ash content and increased moisture.
Texture-related variables such as chewiness, gumminess,
crumb hardness and crust fracturability also increase with
FPH fortification, especially at higher substitution levels.

The control bread was associated with higher carbohy-
drate and fat content, greater red and yellow crust colour and
greater elasticity and cohesiveness. The breads containing
FPH were associated with higher moisture and ash content,
more intense red crumb colour, larger cell size and certain
sensory attributes related to a higher degree of toastiness.
Likewise, the breads with the highest percentage of substi-
tution were associated with a greater intensity of umami
flavour, brown crumb colour, rancid odour and a greater
aftertaste. To some extent, it was possible to establish the
existence of a certain relationship between moisture and cell
size and general textural characteristics.

These findings suggest that while FPH fortification may
alter nutritional content (e.g. higher fat and ash), it signifi-
cantly impacts sensory and texture attributes in a direction
likely to reduce consumer acceptability. Future studies
should focus on optimizing the level and type of FPH used,
possibly combining it with flavour-masking agents or tex-
ture-modifying ingredients to improve the sensory profile.
Moreover, understanding the threshold at which fortification
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Fig. 6 Principal component analysis showing the global characterization for control and breads containing FPH and possible interactions among

these variables
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begins to negatively affect consumer-relevant traits could
guide more targeted formulation strategies in functional
bread development.

Conclusions

This study demonstrates that fish protein hydrolysates (FPH)
from sea bass and salmon heads can be successfully incor-
porated into bread-making as sustainable functional ingre-
dients. Their inclusion enriched the breads with protein
and moisture, but also altered dough behaviour and crumb
architecture, leading to increased alveolar size and hard-
ness. These structural modifications were directly linked to
sensory outcomes: while breads with 2.5% FPH retained
desirable qualities such as pleasant aroma, balanced texture
and uniform toasting, the 5% substitution intensified off-
flavours (bitterness, rancid and fishy odours) and reduced
overall acceptability. Visual changes in crust and crumb col-
our further underscored the interplay between composition
and consumer perception.

Overall, FPH addition illustrates the dual potential of
nutritional enhancement and circular economy valorisation
of fish by-products. However, ensuring an optimal balance
between health-promoting benefits and consumer accept-
ance requires limiting substitution levels to 2.5%. Future
work should focus on improving the sensory profile of
higher inclusions, for instance through flavour-masking or
process optimisation, while exploring the functional bioac-
tivity of the peptides to fully unlock their value in bakery
applications.
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