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A B S T R A C T

This study investigates the production of plant protein hydrolysates from defatted grape seed flour and barley 
spent grains, by-products of wine, beer and whiskey industries, using limited hydrolysis with subtilisin or trypsin. 
The hydrolysates were characterized by protein content, molecular weight, antioxidant capacity, interfacial 
adsorption, dilatational rheology, and interfacial conformational changes using synchrotron radiation circular 
dichroism. Physical and oxidative stability of 5 % echium oil-in-water emulsions (pH 7), stabilized by the hy
drolysates, were studied during seven days of storage. The trypsin-derived hydrolysate from brewers' spent grains 
resulted in the most physically stable emulsion due to enhanced interfacial adsorption and higher dilatational 
modulus. Alternatively, the trypsin-treated grape seed flour hydrolysate provided the emulsion with the highest 
oxidative stability, aligning with its superior in vitro antioxidant capacity. These results show the potential of 
wine and brewery industry side streams as a sustainable source of plant-based emulsifiers with application in 
omega-3 delivery systems.

1. Introduction

Cardiovascular diseases (CVD) are the leading cause of death 
worldwide, causing 18.6 million deaths in 2019 [1,2]. The underlying 
cause of CVD is atherosclerosis, and the consumption of omega-3 poly
unsaturated fatty acids (n-3PUFA), mainly eicosapentaenoic (EPA, 
C20:5 n-3) and docosahexaenoic acid (DHA, C22:6 n-3), is related to a 
reduction in the residual risk of CVD [3,4]. The primary dietary sources 
of EPA and DHA are fish (e.g. sardine, mackerel, and anchovy) and fish 
oil supplements [5]. However, Western countries have a low fish intake, 
thus the development of appropriate omega-3 enriched food is necessary 
to meet nutritional requirements [6,7]. In addition, the global supply of 
seafood from wild capture fisheries is unlikely to meet the global needs 
of EPA and DHA of the world's increasing population [5]. Given this 

unbalance between supply and demand, it is imperative to identify new 
sources of n-3PUFA and develop strategies to increase their 
consumption.

Plant based sources of alpha-linolenic (ALA, C18:3 n-3), such as 
flaxseed, chia, soybean, hemp, canola, have emerged as economical, 
dietary acceptable and sustainable alternative to fish oil and fish oil 
supplements [8]. This is because mammals can biosynthesize EPA and 
DHA from both ALA and stearidonic (SDA, C18:4 n-3) acids, with SDA 
being the more efficient precursor [9]. Therefore, non-conventional 
vegetable oils, like echium oil, have drawn attention due to the SDA 
content. Extracted from Echium plantagineum L. seeds, echium oil has a 
high content of n3PUFA, particularly 28 % of ALA and 12 % of SDA [10].

The biggest challenge to produce omega-3 enriched food for boosting 
n-3PUFA consumption, is to avoid lipid oxidation, which reduces oil's 
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nutritional value and product sensorial properties [11]. In this regard, 
oil-in-water (O/W) emulsions are commonly used as delivery systems 
for the incorporation of n3-PUFA into water-based food matrices [12]. In 
emulsions, the oil-water interface plays a central role in lipid oxidation 
since it is the place where pro-oxidant species (oxygen, free radicals and 
metal ions) encounter oil to start the oxidation process [13]. This is 
affected by many factors, such as droplet size, interface composition, 
presence of pro- and antioxidant compounds and emulsifier properties 
(interfacial viscoelasticity, net charge) [13–15].

Animal proteins are often used as natural emulsifiers in O/W emul
sions due to their excellent amphiphilic properties. However, a huge 
research effort is being made to replace them with sustainable plant 
protein-based alternatives [16]. Moreover, this transition is not 
straightforward since most plant protein ingredients drastically differ 
from the commonly used animal proteins, such as dairy-derived ones, 
due to their insolubility in aqueous media [13]. Enzymatic hydrolysis is 
a safe, simple, and cheap method to improve the emulsifying and anti
oxidant capacity of plant proteins by increasing the plant protein solu
bility and interfacial activity by exposing buried hydrophobic groups 
[17,18]. Side-stream products from food industry (e.g., wineries and 
breweries) are sustainable, low-cost and available sources of plant 
proteins, and therefore adding value to these by-products is of utmost 
relevance [18–20].

First, wineries produce 10 million tons per year of grape pomace, 
which is used as raw material for fertilizers, animal feed [22] and wine 
alcohol production. Moreover, the production of grape seed oil, gener
ates defatted grape seed flour with a content of 10–11 % protein [21]. 
There are previous studies optimizing the extraction of grape seed 
protein, which have reported some emulsifying activity for the protein 
extracts [21,25]. Nevertheless, and to our knowledge, there are no 
works in the literature evaluating the use of enzymatic hydrolysis to 
produce grape seed protein hydrolysates with combined emulsifying and 
antioxidant capacity. Secondly, brewers dispose 40 million tons of wet 
brewer's spent grain annually in the world, being traditionally used as 
animal feed due to its high protein content (around 20 %) [20,23]. 
Extensive efforts have been made to increase the value of spent grains by 
using them as a food ingredient to fortify pasta and bakery products due 
to their high protein and fibre content [24]. Although other authors have 
reported the emulsifying activity of protein hydrolysates obtained from 
spent grains [26–28], the interfacial properties of the hydrolysates, as 
well as the physical and oxidative stability of the resulting emulsions, 
have not yet been studied.

In light of the above, the aims of this study were (i) to produce and 
characterize plant-protein hydrolysates obtained by limited enzymatic 
hydrolysis of defatted grape seed flour and barley spent grains from 
whiskey and beer production (ii) to evaluate the interfacial properties 
(interfacial adsorption, dilatational rheology and interfacial conforma
tional changes) as well as the in vitro antioxidant capacity of the ob
tained hydrolysates (iii) to investigate the physical and oxidative 
stability of 5 % echium oil-in-water emulsions stabilized with the ob
tained hydrolysates. Thus, this work provides new insights into the 
interfacial properties of plant protein hydrolysates and their emulsifying 
and antioxidant capacity, which are of special relevance for the physical 
and chemical stabilization of omega-3 delivery emulsions.

2. Materials and methods

2.1. Materials

Defatted grape seed flour was kindly donated by Agralco S. Coop. 
(Navarra, Spain). A 100 % malted barley spent grain from whiskey 
production was kindly donated by Liber Distillery (Granada, Spain). A 
non-malted barley spent grain from beer production was kindly donated 
by Alhambra Brewery (Granada, Spain). Alcalase 2.4 L (subtilisin EC 
3.4.21.62) and PTN 6.0S (trypsin 3.4.21.4) were supplied by Novozymes 
(Bagsvaerd, Denmark). Refined echium oil was purchased from De Wit 

Speciality Oils (De Waal, Tescel, The Netherlands) and kept at − 80 ◦C 
until use. The supplier reports an addition of 1000 ppm of mixed to
copherols (α-tocopherol: 7–14 %; β-tocopherol: 1–3 %; γ-tocopherol: 
35–46 %; δ-tocopherol: 14–20 %). Previous studies regarding the sta
bility of this refined echium oil identified delta, gamma and alfa- 
tocopherols (439.78 ± 0.42, 1016.44 ± 0.43 and 139.09 ± 0.43 mg/ 
kg oil, respectively) [10]. In addition, endogenous gamma-tocopherol 
was identified in echium oil extracted directly from Echium plantagi
neum L. seeds (in a range of 536.9 ± 0.22 to 782.24 ± 6.35 mg/kg oil) 
[29,30]. Reagents (ferrozine, p-anisidine, ferrous chloride, 2-diphenyil- 
picrylhydrazyl (DPPH)) were purchased from Sigma-Aldrich.

2.2. Pretreatment and hydrolysis of side-stream products

2.2.1. Drying and inactivation of endogenous enzymes
Barley spent grains have a high moisture content (70–80 %), making 

it susceptible to spoilage and deterioration [31]. Hence, 100 % malted 
and non-malted barley spent grains from whiskey and beer production 
(W and B, respectively) were divided into three small portions (approx. 
10 kg) and each portion was dried at 100 ◦C for 8 h to extend micro
biology and chemical stability until hydrolysis analysis. Thus, the dried 
materials were milled using a Knifetec 1095 (Foss Tecator, Hoganas, SE) 
before hydrolysis. The defatted grape seed flour (G) was hydrolyzed as 
supplied. The three raw materials (G, W, B) were kept at 8 ◦C until 
hydrolysis and their moisture were determined by infrared moisture 
determination balance (AD-4714.2, A&D Company, Tokyo, JPN).

To evaluate the activity of endogenous enzymes, an aqueous solution 
at 2.5 % wt. protein concentration of all raw materials was placed into a 
stirred tank reactor under hydrolysis conditions (50 ◦C, pH 8.0) without 
any commercial enzyme addition [32]. An automatic titrator 718 Stat 
Titrino (Metrohm, Herisau, Switzerland) was used to keep the pH con
stant by addition of 1 M NaOH. If endogenous enzyme activity was 
confirmed, a thermal deactivation treatment (90 ◦C, 15 min) was per
formed before enzymatic hydrolysis.

2.2.2. Enzymatic hydrolysis
The hydrolysis was performed as described by García-Moreno et al. 

(2016) [33], with some modifications. An aqueous solution at 2.5 % wt. 
protein concentration was pre-heated in a hot water bath (90 ◦C, 15 min) 
before being placed into a stirred tank reactor to adjust the hydrolysis 
conditions (50 ◦C, pH 8.0). Subsequently, subtilisin or trypsin enzymes 
were added at the enzyme/subtract ratio (E/S) of 0.5 wt%, and the 
hydrolysis was conducted until the degree of hydrolysis (DH) of 5 % was 
obtained, which was calculated according to the pH-stat method [37] 
described by Eq. (1). 

DH =
Nb × Vb

Mp
⋅
1
α⋅

1
htot

⋅100 with α =

(
10pH− pK

)

1 − 10pH− pK (1) 

where: (DH) degree of hydrolysis; (Nb) base normality; (Vb) volume of 
base consumed; (Mp) protein mass in the reactor; (htot) total number of 
peptide bonds present (8.6); (α) Average degree of dissociation of 
α-amino groups at 50 ◦C; reaction pH 8.0 and average pK of the released 
α-amino groups (7.177).

Subtilisin, EC 3.4.21.62, of bacterial origin (Alcalase 2.4 L) and 
trypsin, EC 3.4.21.4, from animal sources (PTN 6.0S) were used in this 
work since they are widely employed commercial proteases, which have 
been previously reported in numerous studies to produce protein hy
drolysates exhibiting emulsifying activity [15,34–36]. Hydrolysates 
production with a low degree of hydrolysis (DH = 5 %) was targeted to 
obtain peptides retaining a relatively large size and optimal balance 
between hydrophilic and hydrophobic amino acid residues, which fa
cilitates their ability to adsorb and unfold at the oil/water interface [15].

After the hydrolysis, the reaction mixture was heated (90 ◦C, 15 min) 
to inactivate the added enzyme and cooled at room temperature in an 
iced water bath. The hydrolysate was centrifuged (Z 206 A, Hermle, 

M.S. Bisinotto et al.                                                                                                                                                                                                                            International Journal of Biological Macromolecules 308 (2025) 142736 

2 



Germany) at 770 x g for 15 min, and the supernatant was filtered in an 8 
mm paper filter under vacuum to be subsequently freeze-dried and 
stored at − 20 ◦C until further analysis. The obtained hydrolysates were 
coded as follows: defatted grape seed flour (G) hydrolyzed by subtilisin 
or trypsin (GS and GT), 100 % of malted barley spent grains from 
whiskey production (W) hydrolyzed by subtilisin or trypsin (WS and 
WT), and 100 % non-malted barley spent grains from beer production 
(B) hydrolyzed by subtilisin or trypsin (BS and BT).

2.2.3. Protein yield from enzymatic hydrolysis
The efficiency of each enzymatic treatment to release solids from the 

original matrix and solubilize plant protein was expressed as total solids 
recovery and plant protein solubility, as described by Eqs. (2) and (3): 

Total solids recovery (%) =

(

Mh/Mt

)

× 100 (2) 

where Mh represents the total mass of freeze-dried hydrolysate obtained, 
while Mt is the total mass of side-stream product used to produce the 
hydrolysate. 

Plant protein solubility (%) =

(
(
mhp × Mh

)/(
mtp × Mt

)

)

×100 (3) 

where mhp represents the protein content of the hydrolysate and Mh is 
the total mass of freeze-dried hydrolysate obtained, mtp represents the 
total crude protein of the original side-stream product and Mt is the total 
mass of side-stream product used to produce the hydrolysate.

2.3. Characterization of raw materials and hydrolysates

2.3.1. Protein content
The protein content of all side stream products and respective hy

drolysates were determined by the AOAC method (997.09) [38], 
assuming a nitrogen-to-protein conversion factor of 6.25. Measurements 
were performed in triplicate, and results expressed as mean ± standard 
deviation.

2.3.2. Isoelectric point
The isoelectric point of the plant protein hydrolysates was deter

mined by automatic titration with 0.5 M NaOH, 0.1 M and 1 M HCl in 
Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). The 
assay was performed in triplicate and the results were expressed as mean 
± standard deviation.

2.3.3. Amino acid profile
The amino acid profiles were determined using an automatic amino 

acid analyzer Biochrom 30+ (Biochrom, Cambridge, UK) according to 
Lazarević et al. (2022) [39]. First, samples were diluted, norleucine was 
added as an internal standard, and acid hydrolysis was carried out with 
6 M HCl (110 ◦C for 21 h). After cooling down at room temperature, the 
solution was dried at Speed Vac and resuspended in sodium citrate 
loading buffer (pH 2.2) (Biochrom, Cambridge, UK) at a final volume of 
25 mL. Then, it was filtered with 0.22 μm PTFE filter and transferred into 
a vial (Agilent Technologies, Santa Clara, CA, USA) to be injected into 
the strong ion exchange chromatography column to separate the amino 
acids. The eluent was mixed with ninhydrin, which, in the presence of 
the separated amino acids, resulted in coloured compounds being 
photometrically detected. All amino acids were detected at 570 nm, 
except for proline, which was detected at 440 nm. The identification was 
made by comparison of the sample peak retention time to the retention 
time of the Amino Acid Standard Solution kit (Sigma-Aldrich, St. Louis, 
MI, USA). The quantification was carried out based on calibration curves 
of standards for each amino acid in molar percentage. Measurements 
were carried out in triplicate, and the results were expressed as mean ±
standard deviation.

2.3.4. Molecular weight distribution of hydrolysates
Molecular weight distribution was performed according to Bisinotto 

et al. (2021) [40]. The hydrolysates (5 mg of protein/mL) were solubi
lized in a sodium phosphate buffer (25 mM pH 7.4 with 150 mM NaCl) 
and sonicated for 10 min. Then, the solution was filtered through a 0.45 
and 0.22 μm Nylon filter before injection (500 μL) into the column 
Superdex 30 Increase 10/300 GL (GE Healthcare, Chicago, Illinois, 
USA). The same buffer was used as the mobile phase in an isocratic flow 
rate of 0.5 mL/min. The detection was performed at 280 nm in a Size- 
Exclusion Chromatography, SEC (AKTA Purifier, GE Healthcare, Chi
cago, Illinois, USA) equipped with Unicorn 5.11 Software. The molec
ular weight was determined by comparison to a calibration curve built 
up with the following standard compounds: L-Tyrosine (217.7 Da), 
Vitamin B12 (1355.37 Da), Insulin (5807.6 Da), Ribonuclease A 
(13,700 Da) (Sigma-Aldrich, St. Louis, MI, USA). Measurements were 
carried out in duplicate and expressed as the percentage of area under 
the curve.

2.4. Determination of in vitro antioxidant capacity

2.4.1. 2,2-Diphenyil-picrylhydrazyl (DPPH) radical scavenging capacity
The DPPH radical scavenging capacity of the hydrolysates was 

determined as the IC50 value, which represents the hydrolysate con
centration (mg protein/mL) that inhibits 50 % of DPPH activity [41]. 
For this purpose, an aqueous solution of each hydrolysate and its serial 
dilution (from 0.6 to 0.01 mg protein/mL) were prepared. Thus, 1 mL of 
the hydrolysate aqueous solution was mixed with 1 mL of 0.1 mM DPPH 
methanolic solution, stirred for 1 min and left to react for 30 min at room 
temperature in the dark. Afterwards, the absorbance was read in a 
spectrophotometer at 515 nm (Asample). Sample control for each hy
drolysate aqueous solution concentration were run following the same 
protocol by adding 1 mL of methanol instead of the DPPH solution 
(Asample control), and a blank reaction was made by adding 1 mL of 
distilled water instead of hydrolysate solution (Ablank). A triplicate of 
measurement was performed, and the percentage of DPPH inhibition 
was calculated as follows: 

DPPH inhibition (%) =

(

1 −

((
Asample − Asample control

)

Ablank

))

×100 (4) 

The natural logarithm of sample concentration was plotted against 
the percentage of DPPH inhibition. Thus, from the linear region of the 
curve, the half maximal inhibitory concentration (IC50) was calculated 
from the linear equation. The results were expressed as mean ± standard 
deviation.

2.4.2. Iron (Fe+2) chelating capacity
The capacity of each hydrolysate to chelate ferrous ions (Fe2+) was 

measured as previously described by García-Moreno et al. (2014) [41]. 
In short, two falcon tubes were prepared for each sample reaction, where 
1 mL of sample (hydrolysate aqueous solution in different concentra
tions from 2 to 0.1 mg protein/mL) was added to 3.7 mL of distilled 
water and 0.1 mL of 2 mM ferrous chloride aqueous solution. The total 
volume was stirred vigorously for 10 s and left to react for 3 min at room 
temperature. Then, 0.2 mL of 5 mM ferrozine aqueous solution was 
added to one of the falcon tubes (sample tube), and 0.2 mL of distilled 
water was added to the second falcon tube (sample control tube). The 
mixture was stirred vigorously for 10 s and left to react for 10 min at 
room temperature before the absorbance was read at 562 nm. A blank 
was filled with distilled water instead of hydrolysate aqueous solution. 
The measurements were done in triplicate, and the iron chelating ca
pacity was calculated as follows: 

Iron chelating activity (%) =

(

1 −

((
Asample − Asample control

)

Ablank

) )

× 100

(5) 
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The natural logarithm of sample concentration was plotted against 
the percentage of iron chelating capacity. Therefore, from the linear 
region of the curve, the half maximal inhibitory concentration (IC50) 
was calculated from the linear equation. The results were expressed as 
mean ± standard deviation.

2.5. Determination of interfacial properties

2.5.1. Synchrotron radiation circular dichroism (SRCD)
SRCD measurements were carried out on the AU-CD beamline at the 

ASTRID2 synchrotron radiation source, (ISA, Department of Physics & 
Astronomy, Aarhus University in Denmark) to investigate the confor
mational changes in the secondary structure of peptides from the hy
drolysates when they are (a) solubilized in buffer solution to (b) being 
adsorbed at the oil-water interface in O/W emulsions [14]. Measure
ments were carried out similarly to our previous works [15,42]. As 
usual, the calibration of the SRCD spectrometer was confirmed daily 
using camphorsulfonic acid for optical rotation magnitude and wave
length [43]. A 0.01 cm path length quartz Suprasil cell (Hellma GmbH & 
Co., Germany) was used for far-UV SRCD measurements at 25 ◦C. The 
far-UV SRCD spectra were recorded in triplicate from 280 to 170 nm in 
1 nm steps, with a dwell time of 2 s per point.

First, a stock solution of each hydrolysate was prepared by diluting 
the hydrolysate in 10 mM phosphate buffer pH 7, stirring for at least 4 h, 
or overnight, when possible, at room temperature. Then, the stock so
lution was added to the buffer until 2%wt. of protein (protein solution). 
For SRCD measurements, the protein solutions were further diluted 
(1:22, v/v) in the same buffer to reduce absorbance.

Second, an oil-in-water (O/W) emulsions were produced by 
dispersing 5 wt% tricaprylin oil in the stock solution of each hydrolysate 
to the final concentration of 2 wt% of protein. A 30 s pre- 
homogenization in Polytron™ PT 1200E at 18,000 rpm (Kinematica 
AG, Malters, CHE) was performed, followed by a secondary homogeni
zation using a Q125 sonicator (Qsonica, Newtown, CT, USA) equipped 
with a 3 mm probe (maximum amplitude 180 μm). Emulsions were 
homogenized at an amplitude of 75 %, running 2 passes of 30 s with a 
break of 1 min between passes. An SDS-stabilized O/W emulsion was 
also prepared under the same conditions as described above. This 
emulsion and its dilutions were used for SRCD baseline correction. Five 
hundred microliters of each emulsion were centrifuged at 13,500 rpm 
for 30 min (Eppendorf Minispin®, Eppendorf Nordic, Denmark) to 
separate the resulting bottom phase (aqueous phase) from the top phase 
(oil phase). The oil phase was later re-suspended, with buffer addition of 
the same amount as the original aqueous phase removed. This was 
carried out to separate the excess hydrolysate in the aqueous phase, 
which allowed the CD signal to be obtained from only the peptides 
located at the O/W interface. The re-suspended oil phase, untreated 
emulsion, and aqueous phase were further diluted in buffer (1:4, 1:22, 
and 1:22 v/v) to adjust the maximum absorbance measured. The whole 
process of preparing and measuring all the different solutions described 
above was accomplished within 2.5 days and carried out in duplicate. 
Temperature scans were carried out for re-suspended oil phases ob
tained from emulsions stabilized with GT and BT hydrolysates, and 
SRCD measurements were taken at temperatures from 5.7 ◦C to 84.5 ◦C 
in steps of 5 ◦C, recorded in triplicate at each step.

2.5.2. Interfacial adsorption and dilatational rheology
Interfacial tension (adsorption) and dilatational rheology quantifi

cation were carried out according to Pérez-Gálvez et al. (2024) [15] and 
Ruiz-Álvarez et al. (2022) [44], with slight modifications. The experi
ment was performed in a pendant drop (PD) tensiometer designed at the 
University of Granada (patent ES 2 153 296 B1/WO 2012/080536 A, 
ES), which operates with DINATEN© and CONTACTO© Software (both 
developed at the University of Granada). The PD tensiometer is 
described elsewhere [45].

The experiment is fully computer-controlled by DINATEN© Soft

ware, which also records the interfacial tension response to the area 
deformation and calculates the drop volume (V, μL), the interface area 
(A, mm2), and interfacial tension (IFT, mN/m) based on Axisymmetric 
Drop Shape Analysis (ADSA) of the digitalized pendant drop images, 
adjusting to the Young-Laplace equation of capillarity (Maldonado- 
Valderrama et al., 2015; Ruiz-Álvarez et al., 2022). Based on DINATEN© 
outputs, CONTACTO© Software calculates the complex dilatational 
modulus (E) and related quantities (storage (E′) and loss (E″) modulus), 
given in the general case by Eq. (6). 

E = Eʹ+ i Eʹ́ = (εd)+ (i fηd) (6) 

where: E′ is equal to interfacial dilatational elasticity (εd), the interfacial 
layer property to resist deformation and restore initial interfacial tension 
after stress; E″ is proportional to dilatational interfacial viscosity (ηd) and 
oscillatory angular frequency (f). The interfacial dilatational viscosity 
measures the speed of the relaxation process to restore the equilibrium 
after the disturbance, representing the ability of the interfacial layer to 
adapt to a deformation [47].

In the present work, an aqueous solution of each of the six hydro
lysates (GS, GT, WS, WT, BS, and BT) at concentration of 0.1 g protein/L 
was prepared in ultrapure water. The pH solution was adjusted to 7 by 
0.2 M NaOH addition. The solution remained under stirring overnight at 
4 ◦C, and the pH was confirmed and adjusted, if needed, before the 
analysis. The aqueous solutions were prepared in duplicate, and time 
was given to reach the temperature of 25 ◦C. The initial droplet volume 
and interfacial area were set to 30 μL and 45 mm2, respectively. Drops 
were formed directly into echium oil contained in a thermostated 
cuvette. The IFT of the bare echium oil-water interface was checked 
prior each experiment providing values of 25.0 ± 0.5 mN/m.

After equilibration of the interfacial layer, the droplet was subjected 
to sequential area deformation with varying frequency (linear rheology) 
and amplitude (nonlinear rheology). At linear rheology, the initial 
interfacial area deformation ([A − A0] / A0) was kept at 5 % while the 
frequency of the periodic deformation varied as follows: 0.01, 0.02, 
0.05, 0.1, 0.2, 0.4 Hz. At non-linear rheology, the oscillating frequency 
was maintained constant at 0.02 Hz and the initial interfacial area 
deformation was set to 5, 10, 20, and 30 %. All measurements were at 
least in duplicate.

2.6. Production of emulsions and sampling

Six different emulsions containing 5 % wt. of echium oil and stabi
lized with each hydrolysate (GS, GT, WS, WT, BS, and BT) were pro
duced, according to Padial-Domínguez (2020) [47]. In brief, each 
hydrolysate was solubilized in milli-Q water (2 % wt. of protein) and 
stirred overnight at 4 ◦C to completely rehydrate the protein. Then, a 10 
% sodium-azide aqueous solution was added to the aqueous phase to a 
final concentration in the coarse emulsion of 0.05 % (v/w), and the pH 
was adjusted to 7.0 by 0.2 M NaOH addition. A pre-emulsion process (3 
min at 15,000 rpm) was carried out in an Ultra-turrax T-25 homogenizer 
(IKA, Staufen, Germany), with the oil phase (echium oil, 5 %, w/w) 
dispersed in the aqueous phase in the first minute. The coarse emulsions 
were homogenized in two stages high-pressure homogenizer (Panda 
PLUS 2000, GEA Niro Soavi, Lübeck, Germany) at 450/75 bar, applying 
3 passes. Finally, to accelerate the oxidation, FeSO4 aqueous solution 
was added to the emulsion at a final concentration of 100 μM of ferrous 
ions (Fe2+). Twenty-five milliliters of emulsion were poured into 50 mL 
amber glass bottles and stored at 25 ◦C for 7 days. Samples were taken 
on days 0, 2, 5, and 7 for emulsion physical and oxidative stability 
analysis. For the latter, the bottle atmosphere was then saturated with 
nitrogen gas and conserved at − 80 ◦C until the analysis was carried out. 
The ζ-potential was determined on day 1.
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2.7. Physical stability of emulsions

2.7.1. ζ-Potential
The net electrical surface charge of droplets in each emulsion was 

measured on day 1 of storage in a Zetasizer Nano ZS (Malvern In
struments Ltd., Worcestershire, UK) fitted with DTS-1070 disposable 
capillary cell (Malvern Instruments, Ltd., United Kingdom). The emul
sions were diluted (1:10) in distilled water and 1 mL was introduced into 
the capillary cell to analyze the ζ-potential, which was set to − 100 to 
+50 mV, and the samples were analyzed with 100 runs. The particle 
refractive index, particle absorption index, and dispersant refractive 
index were 1.45, 0.001, and 1.33, respectively. Measurements were 
carried out in triplicate.

2.7.2. Droplet size and size distribution
The droplet size and size distribution were measured by laser 

diffraction in a Malvern Mastersizer 3000 equipment (Malvern In
struments Ltd., Worcestershire, UK) [47]. The emulsions were directly 
diluted in distilled water under recirculation (3000 rpm) until obscu
ration of 10–15 %. The refractive index was 1.481 for the dispersed 
phase (echium oil) and 1.330 for the dispersant (distilled water). Mea
surements were carried out in triplicate and results were expressed as 
volume mean diameter (D4,3) (Eq. (7)), Sauter mean diameter (D3,2) (Eq. 
(8)), percentile 90 (D90). 

D(4,3) =
∑

nidi
4/∑

nidi
3 (7) 

D(3,2) =
∑

nidi
3/∑

nidi
2 (8) 

where n represents the number of droplets with a specific diameter, d is 
the diameter of the droplet, and i represents the size class of the droplets.

2.7.3. Creaming index
On day of preparation (0), all emulsions were filled into graduate 

creaming tubes to allow measuring of the creaming rate on 0, 2, 5, and 7 
days of storage at 25 ◦C. The creaming index (CI) was calculated as 
described by Eq. (9). 

CI (%) =
H
Ho

×100 (9) 

where H is the height of aqueous phase separated at the bottom of the 
graduated cylindrical tube, and Ho is total height of emulsion in the 
tube.

2.7.4. Multiple light scattering measurement
The physical stability of emulsions was further evaluated by multiple 

light scattering measurement in an optical analyzer Turbiscan LAB 
(Formulaction, Toulouse, France), as previously described by Ospina- 
Quiroga et al. (2024) [48]. To this end, 20 mL of each emulsion, 
without any dilution, were poured into a flat-bottomed glass cylindrical 
cell. Then, a mobile reading head, composed of a near infrared light- 
emitter and two detectors (transmission (T) and backscattering (BS)), 
scanned the glass cell containing the sample along its heigh, plotting BS 
against height and time and calculating the Turbiscan Stability Index 
(TSI). The BS is affected by particle migration (creaming, sedimentation) 
and particle size variation (coalescence, flocculation) [49]. The Tur
biscan Stability Index (TSI) value is an average of all processes taking 
place in the sample (thickness of sediment and clear layer, process of 
particles settling) [50]. The experiment was repeated at days 0, 2, 5, and 
7 of storage.

2.8. Oxidative stability of emulsions

2.8.1. Peroxide value (PV)
Five hundred milligrams of emulsion were added to 20 mL of 2- 

propanol/hexane (1:1, v/v) and mixed for 5 min to extract the echium 
oil. The solution was centrifuged at 670 ×g for 2 min (Hermle D-78564, 
Hermle Labortechnik GmbH, Germany), and the upper phase was 
poured into a 10 mL Pyrex glass tube to be dried under nitrogen gas flow. 
The extracted oil was resuspended in 10 mL of 2-propanol, from which 3 
mL were transferred to three other Pyrex tubes, one to determine the 
mass of oil extracted by gravimetry and two for carrying out oxidation 
analyses. Hydroperoxide content was determined on the lipid extracts 
using the colorimetric ferric-thiocyanate method as described by Shan
tha and Decker (1994) [51]. The absorbance was measured at 485 nm in 
a Genesys 30 visible spectrophotometer (Thermo Fisher Scientific). The 
lipid extraction was performed in duplicate, and the peroxides mea
surement was carried out in quadruplicate. Results were expressed as 
meq O2/kg oil.

2.8.2. p-Anisidine value (p-AV)
Secondary oxidation products (aldehydes) were quantified by p-AV 

analysis, as described by the ISO method [52]. Extracted oil (~150 mg) 
was mixed with hexane, vortexed, and separated into two equal vol
umes. The first volume was mixed with p-anisidine dissolution in acetic 
acid, whereas the second volume was employed as the control. All of 
them were covered and left in the dark for 10 min before measuring 
absorbance at 350 nm. The results are expressed as a 100-fold increase in 
absorbance of a test solution that was reacted with anisidine at certain 
conditions stipulated by the ISO method.

2.9. Statistical analysis

Statistical data analysis was conducted on GraphPad Prism version 
10.3.0 for Windows (GraphPad Software, Boston, MA, USA). Data 
normality was evaluated by the Shapiro Wilk test. According to 
normality test, to compare time-dependent changes inside each group of 
emulsion, repeated measure (RM) one-way ANOVA or Friedman test 
was performed followed by Tukey test or Dunn's multiple comparison 
test, respectively. To compare hydrolysate effects among groups of same 
enzymatic treatment and time, one-way ANOVA or Kruskal-Wallis test, 
followed by Tukey test or Dunn's post hoc testing was used. To compare 
the effect of enzymatic treatment at the same raw material and days of 
storage, paired t-test or Wilcoxon test was performed. Data were 
expressed as the mean ± standard deviation and the significant level 
was set at p-value of 0.05.

3. Results and discussion

3.1. Enzymatic hydrolysis and characterization of hydrolysates

3.1.1. Enzymatic hydrolysis
Activity of endogenous enzymes was confirmed in all raw materials, 

although in lower intensity in spent grains derived from whiskey pro
duction. Thus, various time and temperature conditions were tested for 
thermal inactivation of these endogenous enzymes, resulting in effective 
slowing down of the proteolytic activity of the present enzymes under 
the conditions of 90 ◦C for 15 min (Supplementary material, Fig. S.1). 
Thus, carrying out the thermal deactivation would imply that the release 
of peptides from the starting protein material is only because of the 
exogenous enzymes added. Serine endopeptidases, such as subtilisin 
(EC.3.4.21.14) and trypsin (EC.4.21.4), are among the most used pro
teases to produce emulsifying and antioxidant peptides from both ani
mal and plant derived raw materials [15,18,33,53,54]. On the one hand, 
Alcalase is a commercial enzyme preparation from Bacillus licheniformis, 
made mainly of subtilisin A, an endopeptidase with broad spectrum of 
action that preferably cleaves terminal hydrophobic amino acids [17]. 
On the other hand, trypsin is a highly specific protease that exclusively 
cleaves C-terminal to arginine or lysine [55]. Therefore, the enzyme 
cleavage specificity and the type of side stream material, which de
termines the type of peptide bonds available, play a crucial role in the 
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hydrolysis yield and characteristics of the hydrolysate.
The efficiency of the enzymatic treatment was described in terms of 

total solids recovery and protein recovery (Table 1). Before the hydro
lysis, the protein content of the raw materials agreed with those previ
ously reported in the literature, ranging from 12.1 ± 1.1 wt% for grape 
seed flour to 18.9 ± 0.3 wt% for brewer's spent grains. Spent grains 
obtained from whisky production showed a slightly lower protein con
tent (11.5 ± 0.2 wt%) than previously reported. The main proteins in 
barley spent grains are hordeins (35–55 %, high molecular weight) and 
glutelin (23 %, low molecular weight), exhibiting great emulsifying 
properties [23,56]. However, protein extractability depends on the 
brewing process steps since protein and carbohydrate complexes may be 
formed during the mashing process [23]. Moreover, during the malting 
process, barley proteins are partially degraded into amino acids and 
small peptides by several endogenous proteases [57]. Hence, the low 
protein content of spent grains from whisky production may be related 
to these processes, that previously extracted or denatured barley pro
teins. These processes may also explain why, at the same hydrolysis 
conditions in comparison to brewer's spent grains, the hydrolysis of 
spent grains from whisky presented the highest total solids recovery and 
protein solubilization, without increasing the protein content in the WS 
and WT hydrolysates (11.4 % and 11.5 %, respectively) comparing to 
the starting material. As a result, it may be the underlying reason for 
further differences between W and B hydrolysates regarding emulsifying 
capacity as indicated in the subsequent sections. Grape seed proteins are 
mainly composed of 11S and 7S globulins, storage proteins of large 
molecular weight, also presenting functional properties, such as good 
solubility and emulsifying capacity [58]. In the present study, enzymatic 
treatments could poorly (<5 %) recover solids from defatted grape seed 
flour (G) (Table 1). However, the hydrolysates obtained (GS and GT) 
presented an increased protein content in comparison to the original 
protein content of the flour.

Among the six hydrolysates, BS and BT had highest protein content 

(36.9–39.6 wt%), followed by the grape seed hydrolysates (26.2–27.2 
wt%) and the whisky hydrolysates (11.5 wt%) (Table 1). Interestingly, 
no marked differences were observed in the protein recovery and pro
tein content of the hydrolysates between the two enzymatic treatments 
assayed (subtilising or trypsin), except for WS which showed a consid
erably higher solids and thus protein solubilization when compared to 
WT (Table 1). In any case, it should be noted that the limited DH (5 %) 
resulted into a lower protein recovery than other plant materials hy
drolysates (such as sunflower and olive seed flours) at 20 % of DH [48]. 
Although protein content could be increased by further hydrolysis of the 
starting materials, the DH of 5 % was choose since it has been previously 
reported to improve the emulsifying activity of the hydrolysates [33,48].

3.1.2. Molecular weight distribution
The progress of enzymatic hydrolysis (measured by DH) as well as 

the total solids and protein recovery are intrinsically correlated to the 
molecular weight (MW) distribution of the hydrolysates. Fig. 1 shows 
the MW distribution of the hydrolysates split into five categories (frac
tions >7 kDa, 5–7 kDa, 3–5 kDa, 1–3 kDa, and 0.1–1 kDa). The original 
chromatograms are shown in the Supplementary material (Fig. S.2). BS 
and BT hydrolysates presented the highest proportion of large molecular 
weight compounds (fractions 3–5 kDa, 5–7 kDa, and superior to 7 kDa). 
Intermediate peptides (1 to 3 kDa) were prevalent in WS and WT hy
drolysates. Finally, GS and GT had a higher content of short peptides 
(from 0.1 to 1 kDa) (Fig. 1), which may be related to the low total solids 
recovery (<5 %) in the hydrolysis of G (Table 1), since just short pep
tides were extracted from the original raw material, or the larger 
released peptides were further hydrolyzed once in solution by the 
enzymes.

Compared to parent proteins, peptides present smaller sizes, and 
their hydrophobic and polar groups are more exposed, which helps to 
increase aqueous solubility, diffusivity, and amphiphilic potential [59]. 
In addition, the molecular size, amino acid sequence, and composition 

Table 1 
Solids and protein recovery of the enzymatic processes and protein content and amino acid composition of the hydrolysates.

G GS GT W WS WT B BS BT

Total solids recovery (%) – 4.1 ± 0.2e 4.7 ± 0.1d – 27.4 ± 0.1a 19.9 ± 0.1b – 8.3 ± 0.2c 8.3 ± 0.3c

Protein recovery (%) – 9.0 ± 0.4f 10.3 ± 0.1e – 27.2 ± 0.1a 19.8 ± 0.1b – 17.4 ± 0.5c 16.2 ± 0.6d

Protein content (g/100 g) 12.1 ± 1.1e 26.2 ± 0.2c 27.2 ± 0.3c 11.5 ± 0.2e 11.4 ± 0.2e 11.5 ± 0.2e 18.9 ± 0.3d 39.6 ± 0.1a 36.9 ± 0.2b

Isoelectric point (mV) – 1.39 ± 0.2d 1.77 ± 0.0c – 3.12 ± 0.0a 1.39 ± 0.1a – 2.75 ± 0.1b 2.84 ± 0.0b

Amino acid (% molar)
His 2.3 ± 0.0a 1.3 ± 0.0h 1.4 ± 0.0g 2.2 ± 0.0b 2.1 ± 0.0c,d 2.0 ± 0.0e 2.1 ± 0.0b,c 2.0 ± 0.0d 1.8 ± 0.0f

Ile 2.5 ± 0.2e 2.4 ± 0.1e 4.0 ± 0.0b,c 4.0 ± 0.0b,c 3.6 ± 0.1d 3.9 ± 0.0c 4.1 ± 0.0b 4.3 ± 0.0a 4.1 ± 0.0b

Leu 5.0 ± 0.2h 5.3 ± 0.0g 5.9 ± 0.0f 7.8 ± 0.1c 6.8 ± 0.1e 7.3 ± 0.0d 10.7 ± 0.0a 7.6 ± 0.0c 8.2 ± 0.0b

Lys 3.3 ± 0.1b,c 1.4 ± 0.0f 1.9 ± 0.0e 4.4 ± 0.4a 3.6 ± 0.1b 3.1 ± 0.0c,d 3.1 ± 0.1c,d 4.1 ± 0.0a 2.8 ± 0.0d

Met 1.0 ± 0.1d 0.9 ± 0.0d 1.0 ± 0.0d 1.3 ± 0.1c 1.7 ± 0.0b 1.7 ± 0.0b 1.3 ± 0.1c 1.9 ± 0.0a 1.7 ± 0.0b

Cys 1.1 ± 0.0a 1.1 ± 0.1a 0.8 ± 0.0b 0.6 ± 0.0c 1.1 ± 0.0a 0.6 ± 0.1b,c 0.6 ± 0.1c 1.1 ± 0.0a 1.1 ± 0.0a

Phe 2.6 ± 0.0d 3.8 ± 0.2c 3.7 ± 0.1c 4.3 ± 0.1b 3.7 ± 0.1c 4.2 ± 0.0b 4.7 ± 0.0a 4.3 ± 0.1b 4.7 ± 0.0a

Tyr 1.7 ± 0.2c,d 2.1 ± 0.0b,c 2.3 ± 0.1b 0.9 ± 0.2f 1.6 ± 0.3d,e 1.6 ± 0.1d,e 1.1 ± 0.2e,f 3.1 ± 0.0a 2.9 ± 0.1a

Thr 3.8 ± 0.0f 3.0 ± 0.1h 3.3 ± 0.0g 4.9 ± 0.1a 4.9 ± 0.0a 4.4 ± 0.0c 4.3 ± 0.0d 4.6 ± 0.0b 4.0 ± 0.0e

Val 4.5 ± 0.1g 4.9 ± 0.0f 6.2 ± 0.0d 7.2 ± 0.1a 7.2 ± 0.0a 6.9 ± 0.0b 6.1 ± 0.1d,e 6.5 ± 0.1c 5.9 ± 0.0e

Asp 9.1 ± 0.3b,c 10.5 ± 0.0a 9.5 ± 0.0b 9.0 ± 0.3c 9.1 ± 0.0b,c 8.2 ± 0.0d 7.0 ± 0.1e 8.5 ± 0.0d 7.0 ± 0.1e

Glu 22.6 ± 0.7c 29.4 ± 0.0a 26.2 ± 0.0b 14.9 ± 0.7g 15.9 ± 0.2f,g 18.2 ± 0.0e 17.9 ± 0.1e 16.3 ± 0.0f 20.6 ± 0.0d

Ser 6.9 ± 0.1a,b 6.8 ± 0.0b,c 7.1 ± 0.0a 6.9 ± 0.1b,c 6.8 ± 0.1b,c 6.3 ± 0.0d 6.7 ± 0.0c 6.2 ± 0.0d 6.0 ± 0.0e

Arg 4.3 ± 0.2a 2.2 ± 0.0d 3.4 ± 0.0b 2.8 ± 0.1c 3.0 ± 0.3b,c 2.7 ± 0.0c 2.1 ± 0.2d 4.2 ± 0.0a 3.1 ± 0.0b,c

Ala 7.5 ± 0.1d 7.1 ± 0.0d,e 6.8 ± 0.0e 9.8 ± 0.4a 9.8 ± 0.1a 8.9 ± 0.0b 9.8 ± 0.2a 8.1 ± 0.0c 7.6 ± 0.0d

Pro 4.6 ± 0.2e 4.6 ± 0.0e 4.8 ± 0.1e 9.7 ± 0.5c,d 9.9 ± 0.0c 11.6 ± 0.0a,b 11.3 ± 0.1b 9.3 ± 0.0d 11.9 ± 0.0a

Gly 17.1 ± 0.1a 13.1 ± 0.0b 11.8 ± 0.0c 9.4 ± 0.2d 9.3 ± 0.1d 8.4 ± 0.0e 7.1 ± 0.2g 7.8 ± 0.0f 6.5 ± 0.0h

Distribution of amino acids (% molar)
Hydrophobic* 27.8 ± 0.7f 29.2 ± 0.3e 32.4 ± 0.1d 44.1 ± 0.1b 42.7 ± 0.1c 44.5 ± 0.1b 48.0 ± 0.0a 42.2 ± 0.1c 44.2 ± 0.0b

Hydrophilic** 41.7 ± 0.7b 44.8 ± 0.1a 42.4 ± 0.0b 33.2 ± 0.1e 33.6 ± 0.1d,e 34.2 ± 0.0d 32.3 ± 0.1f 35.1 ± 0.1c 35.3 ± 0.0c

Neutral*** 30.4 ± 0.0a 26.1 ± 0.1b 25.2 ± 0.1c 22.7 ± 0.1e 23.7 ± 0.2d 21.4 ± 0.1f 19.8 ± 0.1h 22.7 ± 0.0e 20.5 ± 0.0g

Abbreviations: (− ) not applicable/determined; G: defatted grape seed flour; W: barley spent grains from whisky production, B: barley spent grains from beer pro
duction; GS, WS, BS: G, W, and B hydrolysate obtained from subtilisin, respectively; GT, WT, BT: G, W, and B hydrolysate obtained from trypsin, respectively; 
*Hydrophobic (Ala, Val, Met, Phe, Leu, Ile, Pro); **Hydrophilic (Arg, Asp, His, Lys, Glu); ***Neutral (Ser, Gly, Thr, Tyr, Cys) Values are means ± standard deviations of 
three measurements. Different small letters at the same raw present difference at significant level of p < 0.05 by one-way ANOVA and Tukey test.
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— particularly the presence of hydrophobic amino acids such as His, 
Met, Cys, Pro, Val, Phe, Tyr, and Trp — have been reported to play an 
important role in the antioxidant capacity of peptides. This capacity can 
be exerted through different mechanisms, such as stabilizing free radi
cals by electron donation or chelating metal ions [33]. Since free radi
cals and metal ions are reactive species that can initiate the lipid 
oxidation cascade, antioxidants with the capacity to act through these 
mechanisms are essential for providing oxidative stability to emulsions. 
Particularly, the location of the antioxidants at the oil-water interface, 
where peptides adsorb and unfold, is of special relevance since this is the 
place where lipid oxidation begins in emulsions [13,15,33].

Large peptides, containing significant hydrophobic patches, can 
appropriately unfold at the O/W interface providing steric hindrance 
and electrostatic repulsion [33,60]. In this regard, the enzymatic treat
ment with trypsin is more interesting since it generates higher content of 
large peptides (MW superior to 7 kDa) in comparison to subtilisin hy
drolysis. It is a consequence of the high selectivity of trypsin, which 
cleaves a considerably limited type of peptide bonds when compared to 
subtilisin. Similar results were previously obtained for other plant-based 
substrates such as olive meal [15]. Previous studies have reported the 
marked influence of the molecular weight of peptides on their emulsi
fying activity, with hydrolysates produced at low DH (limited hydroly
sis) showing higher emulsifying activity [33,61]. For instance, chickpea 
protein hydrolysate obtained with Alcalase (1:1 U/mg E/S) showed high 
emulsifying capacity when obtained at DH of 4 %, and soy protein iso
lated hydrolyzed with trypsin (0.5 % E/S) at DH of 6 % [47,62]. 
Moreover, sunflower and olive seed meals were hydrolyzed with trypsin 
or subtilisin (E/S 0.5 %) at DH of 5 % and pH of 7 or 4 showing improved 
emulsifying properties of the hydrolysates produced at DH 5 %, pH 7 
with trypsin [15].

3.1.3. Amino acid composition and in vitro antioxidant capacity
Subtilisin-derived hydrolysates containing low MW peptides (ob

tained by hydrolysis at high DH) have been reported to show high 
antioxidant capacity [17,53]. In fact, peptides with nucleophilic 
sulphur-containing amino acids (Cys and Met), aromatic ring (Tyr, and 

Phe), imidazole-ring (His), indole and pyrrolidine ring (Trp and Pro), 
basic (Lys, Arg), and hydrophobic amino acid may promote antioxidant 
capacity by scavenging radicals and hydrogen donation to electron- 
deficient radicals [53,63].

Table 1 shows the amino acid composition of the starting plant-based 
materials, and the hydrolysates obtained. The enzymatic treatment 
changed the composition of some amino acids in the hydrolysates in 
comparison to starting materials (Table 1). Grape seed flour and barley 
spent grains from whisky and beer production presented similar amino 
acid composition to the previous content describe in the literature 
[27,64]. However, it is worth noting that >40 % of WS, WT, BS, and BT 
amino acids were hydrophobic. Regarding the antioxidant amino acids 
described above, Cys and Met increased in the hydrolysates WS and BS 
and were maintained in GS, compared to the raw materials. Nonetheless, 
Phe was reduced in WS and BS hydrolysates and increased in GS. 
Moreover, Tyr increased in the six hydrolysates, while the three original 
raw materials had higher amounts of His than the six hydrolysates. 
Trypsin hydrolysis increased Pro content in WT and BT while subtilisin 
increase the content of Lys in WS and BS. Both amino acids (Pro and Lys) 
content was reduced in GS, GT in comparison to G.

In vitro screening tests are cost-efficient assays to investigate the 
antioxidant capacity of new compounds. The six hydrolysates were 
analyzed according to their ability to scavenge DPPH radicals and 
chelate metal ions (e.g. Fe+2) (Fig. 2). The GS and GT hydrolysates 
showed the highest antioxidant capacity based on their lowest IC50 for 
both antioxidant mechanisms. Interestingly, although W and B were 
barley spent grains, WS and WT hydrolysates presented higher DPPH 
radical scavenging capacity. On the contrary, BS and BT were more 
effective in the iron chelating mechanism. In addition, it was observed 
that the enzymatic treatment influenced the antioxidant capacity of 
hydrolysates. For instance, GS and BS showed higher DPPH radical 
scavenging capacity. On the other hand, GT and BT presented higher 
iron chelating activity. Conversely, subtilisin hydrolysis of W has shown 
increased iron chelating activity in comparison to trypsin hydrolysis, 
with no difference in the DPPH radical scavenging capacity.

There is no consensus in the literature whether hydrolysates with 
higher antioxidant capacity are generated by low or high DH. However, 
peptides with hydrophobic amino acids such as His, Met, Cys, Pro, Val, 
Phe, Tyr and Trp are describe as antioxidants by DPPH scavenger ca
pacity while peptides with His, Glu, Asp, Lys, and Arg present iron 
chelating activity [33]. Hence, the antioxidant capacity exhibited by W 
and B hydrolysates may be related to a higher percentage of hydro
phobic amino acids, especially His, Cys, Met, Tyr, Pro, Lys. Likewise, the 
antioxidant capacity of grape flour seed hydrolysates might be explained 
by their content in His, Cys, Met, Phe, Tyr, and Arg. Moreover, the 
higher amount of low molecular weight peptides in GS and GT hydro
lysates also might contribute to improve their antioxidant capacity 
[21,32].

Other compounds than antioxidant peptides may also influence the 
antioxidant capacity of hydrolysates, such as phenolic compounds. 
Around 70 % of grape phenolic compounds remain in the solid residue 
after wine production. Grape seed flour has proanthocyanidins, flavo
noids, phenolic acids, and stilbenes [65]. Barley spent grain also has 
phenolic compounds such as ferulic acid, p-coumaric acid, sinapic acid, 
and caffeic acids [31,64]. The composition of phenolic compounds was 
not the focus of our study. Thus, future research may confirm the 
presence of these minor components in the hydrolysates, which might 
explain the considerably higher DPPH radical scavenging activity of 
grape hydrolysates.

3.2. Interfacial properties of hydrolysates

3.2.1. Secondary structure and interfacial conformation of adsorbed 
hydrolysates

Far-UV circular dichroism is a well-established technique for char
acterizing the secondary structure of proteins and peptides [14]. It is 

Fig. 1. Molecular weight distribution (percentage area under the curve) of 
hydrolysates. Sample's code first letter refers to the original side-stream mate
rial (defatted grape seed flour (G), barley spent grains from whisky production 
(W) and barley spent grains from beer production (B)), followed by enzymatic 
treatment (hydrolysis with subtilisin (S) or trypsin (T)). Different small letters 
indicate difference among hydrolysates obtained from the same enzymatic 
treatment according to one-way ANOVA and Tukey post-hoc test (p < 0.05). 
(+) Indicates differences between enzymatic treatment at the same original 
side-stream product by unpaired t-test (p < 0.05).
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based on the differential absorption of left or right-handed circularly 
polarised light, below 240 nm (far-UV), due to the molecule's chiral 
centre or three-dimensional structure, creating a chiral environment 
[66]. Therefore, it is interesting to investigate if the adsorption of 
emulsifying peptides at the O/W interface promotes a conformational 
change in the peptide structure in order to maximize contact points to 
the interface, and how this affects the interfacial adsorption and me
chanical strength of the interfacial protein film which will determine the 
physical stability of the stabilized emulsions [14,67,68].

The far-UV SRCD spectra of each hydrolysate in solution (pH ~ 7) 
shows that peptides dissolved in the aqueous phase present mostly a 
negative band around 190–200 nm, which characterizes a disordered 
structure (Fig. 3). However, the reconstituted emulsion (after separation 
of the solubilized compounds in the aqueous phase of the original 
emulsion) showed a different CD signal, except for GS and GT (Fig. 3a, b) 
that did not change their conformation when adsorbed at the O/W 
interface. Measurements of the centrifuged aqueous phase and diluted 
emulsions showed no significant difference in CD spectra compared to 
the solutions (Supplementary material Fig. S.5).

The folding and unfolding of proteins depend on the number and 
distribution of disulphide bonds, the flexibility of the chains, and the 
distribution and exposure of hydrophobic regions. Upon adsorption, at 
the O/W interface the peptides may adopt a new secondary structure, 
including changes in β-sheet and α-helix content [14]. On one hand, 
peptides present in WS and WT showed a maximum positive tending CD 
signal near 190 nm and minimum negative signals at 208 and 222 nm 
when adsorbed at the O/W interface, which is an indicative of an in
crease in α-helical structure (Fig. 3c, d) [69]. On the other hand, BS and 
BT reconstituted emulsions present an increase in β-sheet structure, 
characterized by a negative elliptic signal at 217 nm (Fig. 3e, f) and the 
positive tending band at ~190 nm. In this matter, the balance between 
hydrophilic and hydrophobic amino acids makes the peptide chains to 
be oriented above and below the plane of the β-strand [14,15]. The 
secondary structure composition of barley protein concentrates was 
reported to be variable depending on the type of protein extraction 
methods [70]. When analyzed by Fourier transformation infrared 
spectroscopy (FTIR), a barley protein concentrated obtained by alkaline 
extraction followed by enzymatic carbohydrates hydrolysis, presented 
most of the α-helix secondary structure, due to the enriched content of 
globulins and D hordeins, and lower amount of B hordeins and serpins. 
In addition, barley protein concentrated obtained by alkaline extraction 

and isoelectric precipitation showed 45 % of β-turns and 25 % of α-he
lices [56].

To contribute with hydrolysates characterization regarding their 
thermal stability once they adsorb at the O/W interface, the far-UV 
SRCD spectra of the reconstituted emulsions stabilized with GT and BT 
were recorded at different temperature (from 6 to 85 ◦C) (Supplemen
tary material Fig. S.6.A and B). The eGT and eBT reconstituted emulsion 
were stable until approximately 40 and 60 ◦C respectively, after which 
the intensity of the spectra decreased while further increasing the tem
perature. Interestingly, the structure was totally recovered after cooling 
to room temperature (Fig. S.6.A). Similar results were observed for 
emulsions stabilized with olive meal hydrolysate, being stable until 
40 ◦C before a heat-induced change to the intensity of the CD signal, 
being partially reversible after re-cooling to 25 ◦C [15].

3.2.2. Interfacial adsorption and dilatational rheology
The kinetics of interfacial adsorption of proteins/peptides shows 

generally three periods: induction, adsorption, and stabilization. Firstly, 
in the induction period, compounds diffuse from the bulk solution to the 
interface, producing small changes in the interfacial tension (IFT). 
Secondly, in the adsorption period, a sharp decrease in IFT is observed as 
the compound is adsorbed at the interface. Lastly, in the stabilization 
period, the interface saturates, and conformational rearrangements may 
occur until a stable IFT value is achieved [16]. In drop tensiometers, the 
adsorption capacity of peptides depends on their diffusion towards the 
O/W interface, while the reduction in interfacial tension is more 
strongly influenced peptide amphiphilicity rather than by their size 
[67].

Fig. 4 shows the evolution of interfacial tension versus time for all 
the hydrolysates, where no induction period was observed. GS and GT 
presented the lowest interfacial activity, poorly reducing the interfacial 
tension, IFT around 22 mN/m. The lower content of hydrophobic amino 
acids in these hydrolysates (Table 1) had a negative impact in the 
amphiphilicity of the peptides, which were not able to adsorb at the O/ 
W interface and reduce IFT. Nevertheless, WS, WT, BS, and BT hydro
lysates could adsorb at the O/W interface and reduce IFT, showing po
tential as emulsifiers (final IFT between 15 and 18 Nm/m) (Fig. 4B). 
These hydrolysates presented peptides with medium and large MW and 
almost 40 % hydrophobic amino acids, which contributed to the 
adsorption and potential unfolding at the O/W interface [16]. BT 
showed the highest reduction of IFT, which is explained by higher 

Fig. 2. IC50 value for A) DPPH scavenging and B) Iron chelating capacity of all hydrolysates. Sample's code first letter refers to the original side-stream product 
(defatted grape seed flour (G), barley spent grains from whisky production (W) and barley spent grains from beer production (B), followed by enzymatic treatment 
(hydrolysis with subtilisin (S) or trypsin (T)). Different small letters indicate difference among hydrolysates obtained from the same enzymatic treatment according to 
one-way ANOVA and Tukey post-hoc test (p < 0.05). (+) Indicates differences between enzymatic treatment at the same original side-stream product by unpaired t- 
test (p < 0.05).
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molecular weight of the peptides present in this hydrolysate (Fig. 1), as 
well as their adequate amphiphilicity because of a high content of hy
drophobic amino acids (Table 1), which both favour their adsorption 
and unfolding at the O/W interface [15].

According to previous study, proteins and polysaccharides com
plexes formed by electrostatic, hydrogen bonding, hydrophobic, and 

non-covalent bonds may affect the interfacial properties due to their 
effect on adsorption, viscoelasticity, mechanical strength, and electro
static interactions at the interface [68]. In this regard, protein and car
bohydrates interactions, as well as the amino acid content and 
intermedium MW compounds, might have improved the adsorption 
capacity of WS and WT hydrolysates to unfold at the interface and 

)b)a

)d)c

)f)e

GT GS 

WT WS 

BT BS 

Fig. 3. Far-UV SRCD spectra for solutions (blue lines) and tricaprylin oil-water reconstituted interface (red lines), for replicate A (solid line) and replicate B (dash 
line).To account for varying concentrations of sample used for measurement (necessary due to the nature of the samples), spectra have been scaled according to the 
absorbance spectra measured simultaneously with the CD spectra, to better compare the shape and magnitude.
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reduce IFT.
Adsorbed peptides at the O/W interface undergo a conformational 

secondary structure change to unfold at the interface [71], producing 
viscoelastic films [67]. To evaluate the viscoelasticity of the interfacial 
peptide film, frequency sweeps (linear rheology) reveal time-dependent 
deformation behaviour, while amplitude sweeps (nonlinear rheology) 
describe the response of the interfacial layer, as strength and degree of 
linearity, to the amplitude of deformation [72]. For all the interfacial 
films evaluated, the storage modulus (E′) was larger than the loss 
modulus (E″) (data not shown), which indicates a predominantly elastic 
interfacial layer [67]. All interfaces showed a complex modulus inferior 
to 25 mN/m, which was dependent on frequency (Fig. 5A). It implies 
short relaxation times suggesting flexible interfacial films [73]. Fig. 5B 
shows how the complex modulus varied with the amplitude of the 
applied dilatational deformation (from 5 to 30 %). It was observed that 
the complex modulus remained nearly constant showing a linear 
viscoelastic regime, indicating that the increase in amplitude did not 
affect the interfacial microstructure, implying weak peptides in
teractions at the O/W interface, leading to easily stretchable interfaces 
[73]. Nevertheless, it is worth mentioning that the interfacial film 
formed by the peptides present in the BT hydrolysate showed the highest 
complex modulus (Fig. 5A, B). This finding could be attributed to the 
gain in β-sheet structure of these peptides at the interface, which results 
in more inter-peptide interactions when compared to peptides with 
more α-helix structure [14,74].

3.3. Physical stability of emulsions

The emulsifying capacity of the hydrolysates was further investi
gated by their ability to stabilize 5 % echium oil-in-water emulsions. The 
most critical colloidal interactions for protein-coated oil droplets are van 
der Waals attraction, hydrophobic attraction, and steric and electric 
repulsions [75]. To produce physically stable emulsions, the repulsion 
interactions should be superior to the attraction interactions, as well as 
no other physical destabilization process, such as gravitational separa
tion (creaming), aggregation (flocculation or coalescence) should take 
place [75]. It is crucial to note that all emulsions contained a 2%wt. of 
protein, so consequently, other macro and micro components of plant 
hydrolysates rather than peptides and proteins (such as carbohydrates 
and polyphenols) were contained in the emulsions. These compounds 
may also impact the stability of emulsions.

Emulsion stabilized with GS (eGS) exhibited a monomodal distri
bution during storage, increasing droplet size from day 0 to day 7 

Fig. 4. Interfacial tension (IFT) of hydrolysates solutions: a) as function of time 
and b) after 3 h adsorption at constant interfacial area. Sample's code first letter 
refers to the original side-stream product (defatted grape seed flour (G), barley 
spent grains from whisky production (W) and barley spent grains from beer 
production (B), followed by enzymatic treatment (hydrolysis with subtilisin (S) 
or trypsin (T)). Different small letters indicate difference between protein type 
for the same enzymatic treatment; (+) indicate difference between enzymatic 
treatment for the same protein type, both at the significance level of p < 0.05.

Fig. 5. A) Complex interfacial dilatational modulus (E) of adsorbed layers of hydrolysates as a function of oscillation frequency (f) at 5 % area deformation. B) 
Complex interfacial dilatational modulus (E) of adsorbed layers of hydrolysates as a function of deformation (ΔA/A0) at oscillation frequency 0.05 Hz. Protein 
content in all solutions: 0.1 g/L, trycaprilin oil-water interfaces, T = 25 ◦C. Sample's code first letter refers to the original side-stream product (defatted grape seed 
flour (G), barley spent grains from whisky production (W) and barley spent grains from beer production (B)), followed by enzymatic treatment (hydrolysis with 
subtilisin (S) or trypsin (T)).

M.S. Bisinotto et al.                                                                                                                                                                                                                            International Journal of Biological Macromolecules 308 (2025) 142736 

10 



(Fig. 6A). In contrast, the emulsion stabilized with GT (eGT) showed a 
bimodal distribution from day 0 without changing the droplet size dis
tribution during storage (Fig. 6A). Although both hydrolysates showed 
non-organized secondary structure and poorly adsorbed at the O/W 
interface, the emulsion eGT presented low creaming index (Fig. 7B, and 
see also Fig. S.4 in Supplementary material) and the highest physical 
stability given by the lowest TSI (Fig. 7A). The high hydrophilic amino 
acids content and the majority low MW peptides contributed to poor 
diffusion of these peptides (GT) from the aqueous phase to the oil 
interface. Therefore, the energy conferred during the high-pressure 
homogenization may have contributed to improve diffusion of pep
tides to the interface during emulsion production and also increase their 
molecular flexibility and surface hydrophobicity, as described for 
insoluble soy peptides aggregates [76]. Moreover, tannins from grape 
were described as surface active compounds developing emulsion sta
bilization by steric and/or electrostatic repulsions between droplets 
covered by adsorbed polymers [77].

The emulsions stabilized by WS and BS hydrolysates (eWS and eBS) 
presented a polydisperse size distribution, while those stabilized by WT 
and BT hydrolysates (eWT and eBT) showed a monomodal distribution 
(Fig. 6B, C). After 7 days, the emulsions eWS and eWT presented the 
highest CI, while eBS, and eBT emulsions presented low destabilization 
by creaming (Fig. 7B and see also Fig. S.4 in Supplementary material). 
Our results agree with previous research [23], where the combination of 
amphiphilic protein and large content of fibres from brewer's spent 
grains was a double-edged sword. Although sufficient electrostatic 
repulsion was observed (around − 30 mV), the presence of fibres resulted 
in flocculation [23]. It might be the underline reason for eWT developed 
a worse physical stability in comparison to eGT, despite WT showed 

higher content of hydrophobic amino acids content, large MW size 
peptides and improved interfacial properties.

All emulsions presented a highly negative ζ-potential (lower than 
− 30 mV) on day 1 at pH 7 (Fig. 3), which correlates well with low pI of 
the hydrolysates (Table 1). Theoretically, this indicates that the elec
trostatic repulsions created between oil droplets might be high enough 
to avoid physical destabilization [46]. Nevertheless, the evolution of 
droplet size (Table 2) and droplet size distribution (Fig. 6) as well as the 
TSI and CI results (Fig. 7), including Turbiscan backscattering plots 
(Supplementary material Fig. S.3), revealed physical destabilization of 
emulsions. Thus, the peptide interfacial layer formed might not present 
the thickness and strength required to totally prevent droplet floccula
tion and/or coalescence [67]. In fact, according to dilatational rheology 
results, the hydrolysates produced weak interfaces (e.g., complex dila
tation and modulus lower than 35 mN/m) [14].

In any case, it should be noted that the most physically stable 
emulsion during storage was eBT, with the lowest D[3;2] and D[4;3] 
during storage, which leads to small droplet size and hence higher 
interfacial area (Table 2). This finding agrees with the high adsorption 
capacity to the O/W interface of this BT hydrolysate (lowest final IFT, 
Fig. 4) and an interfacial layer more resistance (highest complex 
modulus, Fig. 5) [78]. These features are intrinsically correlated to the 
high hydrophobic amino acids content and high percentage of high MW 
peptides, that boost the peptide's adsorption and their interactions at the 
interface [15]. In fact, the BT peptides gained in β-sheet structure when 
adsorbed at the O/W interface (Fig. 3), which revel their ability to un
fold and undertake a conformational change as surface active materials 
[14,15].

Fig. 6. Droplet size distribution of emulsions at day 0 and 7 of storage. Emulsion's name code means that the first two letters refer to the hydrolysate used to stabilize 
the emulsion (defatted grape seed flour (eG), barley spent grains from whisky production (eW) and barley spent grains from beer production (eB)), followed by 
enzymatic treatment applied to the original side-stream product (hydrolysis with subtilisin (S) or trypsin (T)) and day of storage (0 or 7 days).

Fig. 7. Emulsions physical stability. A) TSI during storage. B) ζ-potential at day 1 of storage and creaming index (CI) after seven days of storage. Emulsion's code (e) 
first letter refers to the original side-stream material (defatted grape seed flour (G)), barley spent grains from whisky production (W) and barley spent grains from 
beer production (B), followed by enzymatic treatment (hydrolysis with subtilisin (S) or trypsin (T)).
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3.4. Oxidative stability of emulsions

The oxidative stability of the emulsions was evaluated by deter
mining the formation of primary and secondary oxidation products 
during storage (Figs. 8 and 9). The extent of oxidation of omega-3 PUFA 
can increase the content of primary oxidation products or lead to hy
droperoxides decomposition, resulting in an increase of secondary 
oxidation products [13]. In the present study, all emulsions maintained 
a peroxide concentration below 4 meq O2/kg oil. However, the higher PV 
in eGT and eBT at day 0 (around 3 meq O2/kg oil) may be related to 
oxidation during emulsion processing (homogenization), which in
corporates air and generates heat [48]. Our results show that eBS and 
eBT were the most oxidized emulsions, with p-anisidine value superior 
to 20. In contrast, a previous study showed that emulsions stabilized 
with sunflower and olive meal hydrolysates were more oxidative stable. 
These authors reported that during 7 days of storage, the PV of the 
emulsions was higher (around 10 meq O2/kg oil) but peroxides were 
decomposed into volatiles compounds at a lower rate, resulting in lower 
p-anisidine value (<6) [48].

Emulsions stabilized with GS presented higher content of hydro
peroxides compared with the emulsion stabilized with GT, whereas the 
opposite was observed for the emulsions stabilized with hydrolysates 
produced from brewer's spent grains (BS and BT). This finding correlates 

with the smaller droplet size of eGS and eBT emulsions when compared 
to eGT and eBS, respectively, which implies significant differences in the 
available specific surface area (Table 2). Indeed, eBS and eBT, due to 
their smaller droplet size and larger specific area, presented higher p-AV 
values (Fig. 9). Since all emulsions were prepared at pH > pI, the ferrous 
ions were attracted to the O/W interface [13]. This, combined with the 
poor antioxidant capacity of BS and BT hydrolysates (Fig. 2), contrib
uted to higher lipid oxidation as shown in Fig. 9. In contrast, eGS and 
eGT emulsions, with their larger droplet size, had a smaller specific area, 
and thus reduced contact area between pro-oxidants and oil where 
oxidation could be initiated [79]. Moreover, this hydrolysate has pre
sented a remarkable capacity to scavenge radicals and iron chelating 
(Fig. 2), which has increased emulsion oxidative stability [18].

4. Conclusions

This work shows the feasibility of producing protein-based emulsi
fiers from side streams of the wine, whisky, and brewing industries. 
Hydrolysis with trypsin of the studied side streams releases high mo
lecular weight peptides, leading to emulsions with smaller droplet sizes, 
less flocculation/coalescence, and lower creaming index when 
compared to hydrolysates produced with subtilisin. Particularly, the 

Table 2 
Droplet size of emulsions stabilized with hydrolysates.

D[3,2] (μm) D[4,3] (μm) D90 (μm)

Day 0 Day 7 Day 0 Day 7 Day 0 Day 7

eGS 0.9 ± 0.0B 1.8 ± 0.0B,*,+ 1.3 ± 0.0B 2.5 ± 0.0B,* 2.6 ± 0.0B 4.5 ± 0.0C,*
eGT 2.0 ± 0.1a,b,+ 1.7 ± 0.0a,b,* 3.2 ± 0.0b,+ 3.2 ± 0.1b,*,+ 5.3 ± 0.0b,+ 5.7 ± 0.1b,*,+

eWS 6.7 ± 0.7A,*,+ 3.7 ± 0.2A,B,+ 14.2 ± 0.7A,*,+ 9.0 ± 0.9A 25.8 ± 1.0A,*,+ 16.5 ± 0.4A,+

eWT 5.1 ± 0.0a,* 3.2 ± 0.2a 6.3 ± 0.1a 13.4 ± 1.9a,*,+ 10.7 ± 0.1a 10.6 ± 0.9a

eBS 0.5 ± 0.0B,+ 4.1 ± 0.4A,*,+ 0.9 ± 0.1B,+ 8.3 ± 0.5A,*,+ 1.8 ± 0.1B,+ 14.9 ± 0.7B,*,+

eBT 0.4 ± 0.0b 0.9 ± 0.0b,* 0.7 ± 0.0c 5.0 ± 1.2b,* 1.2 ± 0.0c 6.1 ± 0.6b,*

Abbreviations: Emulsion's name code means that the first two letters refer to the hydrolysate used to stabilize the emulsion (defatted grape seed flour (eG), barley spent 
grains from whisky production (eW) and barley spent grains from beer production (eB)), followed by enzymatic treatment applied to the original side-stream material 
(hydrolysis with subtilisin (S) or trypsin (T)). All results were expressed as means ± standard deviation (n = 6). Different capital letters, at the same column, indicate 
differences among hydrolysates produced by subtilisin treatment, at the same time of storage. Different small letters, at the same column, indicate differences among 
hydrolysates produced by trypsin treatment, at the same time of storage. (*) indicate difference between the same emulsion at day 0 and 7 of storage; (+) indicate the 
difference regarding enzymatic treatment, for a same hydrolysate at the same time of storage. The significance level was p < 0.05 for Kruskal-Wallis, t-test and 
Wilcoxon test.

Fig. 8. Primary oxidation products formed in the emulsions during storage 
(days). 
All results were expressed as means ± standard deviation (n = 3). Different 
small letters represent effect of hydrolysates used to stabilize the emulsion, 
produced by the same enzymatic treatment at the same time of storage; (*) 
represents, for the same emulsion, difference among days of storage, (+) rep
resents difference between enzymatic treatment for the same hydrolysates used 
and time of storage. The significance level was p < 0.05. Emulsion's name code 
means that the first two letters refer to the hydrolysate used to stabilize the 
emulsion (defatted grape seed flour (eG), barley spent grains from whisky 
production (eW) and barley spent grains from beer production (eB)), followed 
by enzymatic treatment applied to the original side-stream material (hydrolysis 
with subtilisin (S) or trypsin (T)).

Fig. 9. Secondary oxidation products formed in the emulsions during the 
storage (days). 
All results were expressed as means ± standard deviation (n = 3). Different 
small letters represent effect of hydrolysates used to stabilize the emulsion, 
produced by the same enzymatic treatment at the same time of storage; (+) 
represents difference between enzymatic treatment for the same hydrolysates 
used and time of storage; (*) represents, for the same emulsion, difference 
among days of storage. The significance level was p < 0.05. Emulsion's name 
code means that the first two letters refer to the hydrolysate used to stabilize the 
emulsion (defatted grape seed flour (eG), barley spent grains from whisky 
production (eW) and barley spent grains from beer production (eB)), followed 
by enzymatic treatment applied to the original side-stream material (hydrolysis 
with subtilisin (S) or trypsin (T)).
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tryptic hydrolysate produced from brewer's spent grains (BT) presented 
the highest interfacial adsorption and complex dilatational modulus 
which correlated with a high content of i) high molecular weight pep
tides and ii) hydrophobic amino acids. Indeed, the emulsion stabilized 
with BT showed the smallest droplet size and the highest physical sta
bility during storage. However, the high specific area of eBT and lower 
antioxidant capacity of BT hydrolysate resulted in a lower oxidative 
stability. Despite the low interfacial adsorption capacity of GT hydro
lysate, it resulted in a physically stable emulsion with large droplet size. 
Thus, the small specific surface area available in this emulsion together 
with the high antioxidant capacity of GT reduced lipid oxidation in this 
system. These findings have practical implications for the development 
of physicochemically stable omega-3 delivery systems by using protein- 
derived emulsifiers obtained from side streams of the winery and 
brewery industries.
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meat safety, nutritional quality and sensory profile, Int. J. Environ. Res. Public 
Health 19 (2022) e16819, https://doi.org/10.3390/ijerph192416819.

[40] M.S. Bisinotto, D.C. da Silva, L.C. Fino, F.M. Simabuco, R.M.N. Bezerra, A.E. 
C. Antunes, M.T.B. Pacheco, Bioaccessibility of cashew nut kernel flour compounds 
released after simulated in vitro human gastrointestinal digestion, Food Res. Int. 
139 (2021) 109906, https://doi.org/10.1016/j.foodres.2020.109906.

[41] P.J. García-Moreno, I. Batista, C. Pires, N.M. Bandarra, F.J. Espejo-Carpio, 
A. Guadix, E.M. Guadix, Antioxidant activity of protein hydrolysates obtained from 

discarded Mediterranean fish species, Food Res. Int. 65 (2014) 469–476, https:// 
doi.org/10.1016/j.foodres.2014.03.061.

[42] N.E. Rahmani-Manglano, N.C. Jones, S.V. Hoffmann, E.M. Guadix, R. Pérez-Gálvez, 
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