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Defatted grape seed meal (DGSM) can be hydrolysed to produce antioxidant soluble peptide hydrolysates to be
used as colour stabiliser in red wines. This study focuses on the bleaching of hydrolysates to minimise the in-
fluence of its colour when added to wine. DGSM was dephenolised using 75% methanol (MeOH), 1% potassium
metabisulphite (PMB) or sequential 75% MeOH+1% PMB. The most dephenolised sample was selected for
further bleaching trials, using different agents and concentrations: polyvinylpolypyrrolidone (30 and 150 g/hL
PVPP), activated charcoal (1 and 5 g/L AC), resin (25% and 50% v/v R), and a sequential treatment with 5 g/L
AC followed by 50% R (AC + R). Dephenolisation process did not significantly (p < 0.05) affect the nitrogen
content peptide. The highest dephenolisation and the lowest colour intensity was achieved with the sequential
treatment. After bleaching, resin treatments resulted in the lowest content in nitrogen peptide (~12-21% peptide
loss) and amino acids, while R50 and AC + R produced the highest lightness and the lowest chroma. PVPP and
low dose AC did not significantly reduce antioxidant activity. Overall, bleaching with AC5, R50, and AC + R
produced promising bleached soluble peptide hydrolysates, with notable antioxidant capacity, producing viable

candidates for further colour stabilisation in red wine.

1. Introduction

The food industry annually generates a significant volume of waste
along the supply chain. In the EU alone, 55 million tonnes of food waste
were produced in 2022, 20% of which came from processing and
manufacturing, surpassed only by household waste (Eurostat, n.d.). An
inadequate management of this waste contributes to greenhouse gas
emissions and supports the lasted of pests and pathogens (Gomez-Garcia
et al., 2021). The EU has proposed legally binding goals to reduce food
waste by 10% in processing and manufacturing by 2030 (European
Commission, 2023). Therefore, the food industry is paying more atten-
tion on transforming residual waste into value-added products,
encouraging the development of a circular economy that promotes
resource efficiency and waste reduction.

Industries related to fruits and vegetables are responsible for
considerable amounts of total food waste (Simoes et al., 2021, pp.
619-644). The wine industry generates waste equivalent to

approximately 25% of the total grape weight during vinification (Dwyer
et al., 2014). Grape pomace is one of the most extensively explored
by-products, accounting for 62% of total waste (Ruggieri et al., 2009),
being a rich source of bioactive compounds, including lipids, phenolics,
proteins, minerals, and dietary fibres (Chakka & Babu, 2022), with
significant potential in food, cosmetic and pharmaceutical applications.
Within grape pomace, the grape seeds are separated for oil extraction in
the industry; however, the resulting defatted seeds, still contains sig-
nificant protein fractions with potential for valorisation. These proteins
have relevance to the food industry for their functional properties but
also have technological attributes suitable for application in the industry
(Cejudo-Bastante et al., 2022; De Angelis et al., 2024; Mora-Garrido
et al., 2022; Rodriguez-Munoz et al., 2025).

Climate change is having an impact on grape harvests in warm-
climate regions, leading to a reduction of the phenolic compounds
content, particularly anthocyanins and copigments, which play a crucial
role in wine colour stabilisation through copigmentation (Mira de
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Orduna, 2010). This decrease makes it difficult to retain colour during
storage and increases the need for strategies to enhance anthocyanin
stabilisation. In this context, recent studies have scrutinized the positive
effect of adding protein hydrolysates from defatted grape seed meals to
wine during its stabilisation phase (Mora-Garrido, Escudero-Gilete,
Gonzalez-Miret, et al., 2024). The peptides present in the protein hy-
drolysate may interact non-covalently with phenolic compounds
(Lopez-Molina et al., 2025), enhancing copigmentation equilibrium and,
subsequently, potentially contributing to colour stability.

The protein hydrolysate from defatted grape seed meals exhibits a
characteristic brown colour (Mora-Garrido, Escudero-Gilete, Heredia, &
Cejudo-Bastante, 2024; Rodriguez-Munoz et al., 2025), similar to other
protein hydrolysates derived from oilseeds, such as pumpkin or sesame
seeds (Singh et al., 2022). This is particularly relevant since colour is one
of the most important attributes influencing consumer perception and
product acceptance. One reason for the brown colour may be the pres-
ence of phenols and their interaction with proteins (Tilley et al., 2023).
The phenols present in the seeds oxidise and turn into quinones (elec-
trophilic species) that, in presence of proteins (which have a nucleo-
philic amino group), form a brown quinone-protein adduct (Schieber,
2018). The brownish tonality could also be due to the formation of
melanoidins (Sakai et al., 2022) produced by Maillard reaction, in which
a reducing sugar reacts with an amino group of a protein and, through a
series of subsequent steps, leads to the formation of brown polymers
known as melanoidins (El Hosry et al., 2025). In this line, exploring
decolouration strategies (through dephenolisation and bleaching) could
be beneficial to improve the visual impact of protein hydrolysates and
their suitability to be used in food applications.

These brown compounds, mainly associated with quinone-protein
adducts and polymerised pigments, can be reduced or removed using
a variety of different methodologies. Some methods are specifically
designed to remove phenolic compounds, such as the extraction using
70% ethanol, which has been reported to achieve up to a 53% reduction
in a canola seed protein (Jiang et al., 2021). Adsorption methods can
also remove phenolic compounds, employing materials such as activated
charcoal (Wang et al., 2025) or macroporous resins (Firdaous et al.,
2017) to bind and remove these compounds from the hydrolysate ma-
trix. Alternatively, oxidative bleaching, such as treatment with
hydrogen peroxide followed by catalase, has been shown to be an
effective method to reduce pigments derived from both phenolic com-
pounds and Maillard reactions, without leaving chemical residues (Sakai
et al., 2022). In practice, the challenge resides in achieving the most
significant reduction in brown tonality without compromising the
functional properties of the protein hydrolysate.

This work focused on achieving decolourisation of soluble peptide
hydrolysates without compromising the protein content, involving a
prior dephenolisation of defatted grape seed meal followed by a
bleaching step of the soluble peptide hydrolysates. The main objective
was to compare the effect of different bleaching agents at varying con-
centrations, in terms of their ability to reduce brown coloration and their
influence on the chemical characteristics (the colorimetric characteris-
tics, the nitrogen peptide content, amino acid content, antioxidant ca-
pacity, and peptide profile) of the bleached peptide hydrolysates. This
study could represent an important advance in warm-climate oenology,
since permits to establish an optimal procedure for obtaining peptide
hydrolysates focused on the red wine color stabilisation.

2. Materials and methods
2.1. Chemical and reagents

The endoprotease Novo-ProD® was supplied by Novozymes
(Copenhagen, Denmark). The bleaching agents were provided by
Agrovin S.A. (Alcazar de San Juan, Ciudad Real, Spain): activated
charcoal as a black powder with 75-100% carbon purity, cation ex-
change resin as a brown-black monodisperse bead gel with a total
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exchange capacity (Na™ form) of 2.05 eq/L, and PVPP as a white powder
with 75-100% polyvinylpyrrolidone purity). 2,2-Azino-bis (3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and 6-hydroxy-2,5,7,8-tetrame-
thylchromane-2-carboxylic acid (Trolox) were provided by
Sigma-Aldrich (Madrid, Spain), and 2,2-diphenyl-1-picrylhydrazyl
(DPPH) by Alfa Aesar (Ward Hill, MA, USA). Methanol and potassium
metabisulphite were supplied by Honeywell (Charlotte, NC, USA) and
Enartis (San Martino di Trecate, Novara, Italia), respectively. 30%
ammonia and 96% sulphuric acid were acquired by Panreac (Barcelona,
Spain), and sodium hydroxide and hydrochloric acid were purchased
from Fluorochem (Derbyshire, UK), and VWR (Radnor, PA, USA),
respectively.

2.2. Samples

The starting material, defatted grape seed meal (DGSM) from the
varieties Tempranillo (red grape) and Airén (white grape), was supplied
by Alvinesa Natural Ingredients S.A (Daimiel, Ciudad Real, Spain).
DGSM is an already defatted residue (0.4% fat) generated during the
industrial processing of grape pomace, obtained after extracting com-
ponents of interest as alcohols, phenols, and bitartrate. After washing
and drying, grape seeds are separated, grounded, and subjected to oil
extraction using hexane, which were further desolventised to obtain
DGSM (Mora-Garrido et al., 2022). The DGSM was ground in the labo-
ratory with a mill (IKA A11-B, IKA®, Staufen, Germany), to facilitate the
protein extraction, and stored in darkness at room temperature. DGSM
used in all assays came from the same industrial batch.

2.3. Dephenolisation of DGSM

Some phenols are coloured molecules and may influence the colour
of the sample. On the other hand, phenols can act as copigments in
stabilising the colour of red wine, so their presence could interfere with
the interpretation of the interactions between the peptide and the
anthocyanin pigments in red wine. Therefore, it is important to remove
phenolics from DGSM before to proceed to their bleaching.

Following the adapted method of Jara-Palacios et al. (2014), two
solvents were tested, individually and sequentially applied, to evaluate
their efficacy. Three extraction assays (each in triplicate) were per-
formed on DGSM: i) 75% (v/v) methanol, ii) 1% (w/v) potassium met-
abisulphite, and iii) a sequential extraction with 75% methanol followed
by 1% potassium metabisulphite. 4 g of DGSM was mixed with 10 mL of
extraction solvent and shaken at 2500 rpm on a VXM-TDGB multi-tube
vortex mixer (Ohaus, Nanikon, Switzerland). Then, samples were
centrifuged at 4000 rpm for 5min at 4 °C (Microfuge® 22R, Beckman
Coulter™, Brea, CA, USA) to separate the solid residue (dephenolised
DGSM) from the supernatant (phenolic extract). The procedure was
subsequently repeated twice using 5 mL of the extraction solvent. In the
sequential assay (iii), 20 mL of 1% potassium metabisulphite was
applied to the solid residue previously dephenolised with 75% meth-
anol, following the same procedure described above. Subsequently, the
pooled supernatants for each treatment were adjusted to a final volume
of 25 mL with their respective extraction solvents. Thus, the extraction
assays resulted in three phenolic extracts, those obtained with 75%
methanol, with 1% potassium metabisulphite, and with the sequential
procedure, and the corresponding three dephenolised meals (DM), by
using 75% methanol (DMM), 1% PMB (DMS), and the sequential
extraction (DMMS). A non-dephenolised DGSM was considered as
control.

2.4. Obtaining soluble peptide hydrolysate from DGSM

Soluble peptide hydrolysate was obtained as described by
Rodriguez-Munoz et al. (2025). The DGSM used for hydrolysis was
previously dephenolised with 75% of methanol followed by 1% potas-
sium metabisulphite. Seven hundred g of dephenolised DGSM, was
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mixed with 3.5 L of distilled water (20:80, w/v) in a 7 L bioreactor (Bio
Console ADI 1025, Applikon Biotechnology, Inc., Delf, Netherlands) and
was kept in constant agitation on basic medium (3 h, 180 rpm, 25 °C, pH
10.5 using 30% NHjs). The non-protein fraction (precipitate) was sepa-
rated and discarded by centrifugation (20 min, 14,880 x g, 4 °C) (Avanti
J-26 XP Centrifuge, Beckman Coulter, California, USA), and the soluble
proteins (supernatant) was concentrated under vacuum in a rotary
evaporator (60 °C, 1 h) to eliminate NHg, and subsequently decreasing
pH, and thus prevent the further formation of salts. The resulting protein
concentrate was heated in a water bath to inactivate endogenous en-
zymes (80 °C, 5 min) and then submitted to enzymatic hydrolysisina 3 L
bioreactor using 0.6 v/v Novo-ProD® endoprotease enzyme under
optimal conditions (pH 9, 60°C, 2h) (Rdsa et al., 2018). The crude
hydrolysate obtained was concentrated in a rotary evaporator at 80 °C
until the volume was reduced by about half. The pH was adjusted to 3.5
(usual pH of wine) using 32% HCI to induce the precipitation of
non-hydrolysed peptides. The supernatant (soluble peptides hydroly-
sate) was separated by centrifugation (15,000 x g, 4 °C, 20 min), and the
precipitate was discarded. Approximately 0.5 L of soluble peptide hy-
drolysate was obtained, filtered through filter paper to remove possible
residues, and used for all subsequent analyses.

2.5. Bleaching process of peptide hydrolysates

Three bleaching agents at two different concentrations (following
the manufacturer's recommendations), were applied: poly-
vinylpolypyrrolidone (PVPP, 30 and 150 g/hL), activated charcoal (AC,
1 and 5 g/L), and resin (R, 25% and 50% (v/v); a sequential treatment
(5g/L AC followed by 50% R) was also evaluated. The bleaching pro-
cedures were performed, in triplicate. The bleaching agents was added
to 100 mL of dephenolised soluble peptide hydrolysate, previously ob-
tained, and stirred (800 rpm) on a magnetic stirrer (Nahita-Blue 692;
Auxilab S.L., Navarra, Spain). In the case of activated charcoal, the
mixture was centrifuged (3000 x g, 5 min) to separate the particles of
charcoal from the supernatant. All solutions were filtered through 0.45
pm mixed cellulose ester filter (MF-Millipore™, Merck, Darmstadt,
Germany). The resulting solutions were then concentrated under vac-
uum in a rotary evaporator (60 °C) and lyophilised for further charac-
terisation. Thus, seven DEd soluble peptide hydrolysates resulted:
obtained with PVPP (PH-PVPP30 and PH-PVPP150), activated charcoal
(PH-AC1 and PH-AC5), resin (PH-R25 and PH-R50), and charcoal +
resin (PH-AC5+R50). A non-bleached soluble peptide hydrolysate was
considered as control (PH-C).

2.6. HPLC-DAD analysis of polyphenolic compounds of DGSM

1 mL of phenolic extract was filtered by 0.45 pm nylon filter prior to
injection for chromatographic analysis. The identification and quanti-
fication of phenolics (flavan-3-ols, and hydroxycinnamic acid, benzoic
acid and flavonol derivatives) was performed according to Jara-Palacios
et al. (2020). Analyses were carried out using an Agilent 1290 chro-
matographic system, equipped with a quaternary pump, a UV-vis diode
array detector (scan 200 to 770 nm), an automatic injector and the
ChemStation software (Palo Alto, CA, USA). 1.5 pL was injected onto a
C18 Eclipse Plus 120 column (1.8 pm, 50 x 2.1 mm), maintained at 25
°C. The solvents were 0.01% formic acid (eluent A) and acetonitrile
(eluent B), the flow rate was 1.0 mL/min. The elution gradient was: 0-5
min, 5% B; 5-20 min, 50% B; and 20-25 min, 100% A. Detection and
quantification wavelengths were set at 280 nm for flavan-3-ols and
benzoic acid derivatives, 320 nm for hydroxycinnamic acid derivatives,
and 360 nm for flavonol derivatives, by comparing the areas and
retention times with the standards of (4)-catechin, gallic acid and
protocatechuic acid, caffeic acid and quercetin, respectively, using
calibration curves. Quantification was carried out in triplicate, and the
results were expressed as total concentration of each phenolic family
computed as the sum of the content of individual compounds (pg/g
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DGSM).

2.7. Colorimetric analysis

Colour was determined by diffuse reflectance using a CM-5 spec-
trophotometer (Konica Minolta, Tokyo, Japan), following the recom-
mendations of the Commission Internationale de 1'Eclairage (CIE, 2004).
CIELAB parameters (L*, a*, b*, C*,p, and h,p) were calculated consid-
ering the CIE 1964 10° Standard Observer and Standard Illuminant D65
as references. Measurements were performed in triplicate. Moreover,
colour differences (AE*,p) between pairs of samples were calculated as
the Euclidean distance between two points in the three-dimensional
CIELAB colour space, according to the CIE 1976 colour difference
formula:

AE*y, = [(AL*)? + (Aa*)? + (Ab*)?] /2

(@)
where AL*, Aa*, and Ab* correspond to the differences in lightness (L*),
a* and b* between pairs of samples.

The relative contributions of lightness (% A2L), chroma (% AZC), and
hue (% A%H) to the colour difference were calculated as quadratic dif-
ferences and expressed as percentages:

% AL =[(AL*)* / (AE*)*] x 100 )
% A2C=[(AC*s)? / (AE*3)?] x 100 3)
% A’ H=[(AH)? / (AE*4)?] x 100 @)

AH is deduced mathematically from AH= \/ (AE;,)2 —(ALY)* — (ACZb)2
)]

2.8. Nitrogen content of peptide (%)

The total nitrogen content was determined by the standard Kjeldahl
method (AOAC, 1995) using an Automatic Kjeldahl Distiller system (J.P.
Selecta, Barcelona, Spain). The nitrogen content of peptide (%) was
calculated based on the nitrogen content, considering a conversion
factor of 5.75 (Cejudo-Bastante et al., 2022). The peptide yield was also
calculated (nitrogen content of peptide (%) x sample weight
(g))/(DGSM  weight (g)). All determinations were performed in
triplicate.

2.9. Ion-exchange chromatography analysis of amino acid content

The amino acid profile (individual and total content) was determined
by ion-exchange chromatography with post-column derivatisation using
ninhydrin (Cejudo-Bastante et al., 2022). 5mg of each sample were
hydrolysed in 1 mL of 6 M HCI at 110 °C for 24 h. After hydrolysis, the
samples were centrifuged (11,357 x g, 4 °C, 15 min), and the acidic
supernatants (pH < 1) were adjusted to pH 2.0 with 6 M and 1 M NaOH.
Afterwards, 400 pL was mixed with 100 pL of 50 pM norleucine (internal
standard) and filtered through 0.45 pm nylon filters. Finally, the analysis
was carried out on a Biochrom 30+ Amino Acid Analyser (Biochrom
Ltd.,, Cambridge, UK) equipped with a high-pressure PEEK
cation-exchange column packed with Ultropac 8 resin and a UV-vis
detector. The wavelengths for detection were 440 nm for proline and
570 nm for all other amino acids. Quantification of amino acids was
performed in triplicate, and results were expressed as mg/g of soluble
peptide hydrolysate.

2.10. Peptide composition

Peptides present in the studied soluble peptide hydrolysates were
qualitative identified by RP-LC-MS/MS. The sample (6mg) was
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dissolved in 1 mL of ultrapure water (Milli-Q), filtered through a nylon
filter (0.45 pm) and analysed in an EASY-nLC II system attached to an
ion trap LTQ-Orbitrap-Velos-Pro hybrid mass spectrometer (Thermo
Scientific). Then, the peptides were concentrated by reverse phase
chromatography using a C18 RP precolumn (20 mm x 100 pm inner
diameter, 5pm particle size, 100 A pore size; Thermo Scientific), and
then separated using a C18 RP column (250 mm x 75 pm inner diam-
eter, 3 um particle size, 100 A pore size; Thermo, Scientific) at a flow of
0.3 pL/min. Subsequently, a 180-min chromatographic run was applied
using the following gradient: 5-25% solvent B over 135 min, 25-40%
solvent B over 45 min, 40-100% solvent B over 2 min, followed by 100%
solvent B for 18 min (solvent A: 0.1% formic acid in water, solvent B:
0.1% formic acid, 80% acetonitrile in water) (Cejudo-Bastante et al.,
2022). Electrospray ionization was conducted employing a Nano-Bore
Emitters Stainless Steel (30 pm ID; Proxeon) at 2.1kV with a 60%
S-Lens. Full scan MS spectra were acquired at a resolution of 30,000 over
the m/z range of 400-1600 (1 pscan), followed by 20 data dependent
MS/MS events (Top 20). The MS/MS isolation width was 2 units (in
mass-to-charge ratio units), with a normalised collision energy of 35%,
and dynamic exclusion was pursued for periods of 60s. Charge-state
screening was enabled to discard unassigned and singly charged pro-
tonated ions. The results were matched with the UniProt database and
Peaks X Pro software (version X Pro). The analyses were performed in
triplicate.

2.11. Antioxidant activity

Three different methods were performed to evaluate the antioxidant
capacity. DPPH and ABTS are spectrophotometric methods based on the
capacity to scavenge radicals through hydrogen atom or electron
transfer (Baliyan et al., 2022; Bessada et al., 2015; Hernandez-Rodriguez
etal., 2019, pp. 265-288). The absorbances were measured in an Agilent
8453 UV-vis spectrophotometer (Agilent Technologies, Palo Alto, CA,
USA). BRS system is an electrochemical technique based on the volta-
metric charge of the sample after electrochemical oxidation.

2.11.1. DPPH assay

The DPPH assay was conducted according to Soler-Rivas et al.
(2000). Briefly, 0.02g of sample was dissolved in 10 mL of PBS
(10mM NayHPO4, 1.8 mM KHyPO4, 2.7mM KCl, 137mM NacCl,
pH=7.4). To prepare the Trolox calibration curve, 30 pL of standard
Trolox was mixed with 300 pL of 108 pM DPPH methanolic solution,
and 570 pL of 80% (v/v) methanol. The reagent blank and samples
were prepared under the same conditions using 80% (v/v) of methanol
or sample solution, respectively. Subsequently, a pre-dilution test was
performed using 1/1 and 1/2 dilutions of samples, to ensure that
absorbance was within the calibration curve range. After 30 min in-
cubation (room temperature at dark), absorbances were measured at
515nm. The results were expressed as Trolox equivalents (TE)/g of
soluble peptide hydrolysate. All determinations were made in
triplicate.

2.11.2. ABTS free radical scavenging assay

The ABTS method was performed according to Re et al. (1999), with
some modifications. The ABTSe™ stock solution (7 mM) was prepared
with 2.45 mM potassium persulfate as oxidising agent, keeping it in the
dark at room temperature for 12-16h. The stock solution was then
diluted with PBS (1 mL of ABTS and 79 mL of PBS) to obtain the working
solution, adjusting the absorbance to 0.700 + 0.020 at 734 nm. PBS was
considered as blank. Subsequently, a pre-dilution test was performed on
the samples, using dilutions of 1/1 and 1/2 in triplicate. Finally, 50 pL of
sample was mixed with 2mL of the working reagent, measuring the
absorbance at 734 nm. The results were expressed as Trolox equivalents
(TE)/g of soluble peptide hydrolysate. The measurements were carried
out in triplicate.
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2.11.3. Electrochemical antioxidant capacity

The antioxidant activity was also performed, in triplicate, using a
BRS device (Bioquochem Redox System) supplied by BQC Redox Tech-
nologies (Oviedo, Spain), an electrochemical system working with
disposable screen-printed electrodes. A previous test was conducted to
determine the optimal working concentration and solvent for the anal-
ysis. Based on the BRS values reported by Corpas et al. (2024) for red
fruits, 6 mg of samples was dissolved in 1.5 mL of the provided elec-
trolyte solution. 100 pL of this mixture was placed on the electrode for
measurement. The results were expressed as Trolox equivalents (TE)/g
of soluble peptide hydrolysates. The antioxidant activity was deter-
mined in triplicate.

2.12. Statistical analysis

Statistical analysis was performed using Statistica v.8.0 software
(StatSoftInc., 2007). To ensure the validity of statistics applied to the
results, normality was evaluated using Shapiro Wilk test, and homo-
scedasticity of variances using Levene's test. Subsequently, a one-way
analysis of variance (ANOVA) was applied to establish statistical dif-
ferences among treatments and samples, followed by a Tukey post hoc
test. Principal component analysis (PCA) was also conducted, using the
correlation matrix to standardise variables, to identify the main con-
tributors to variance. Furthermore, a Pearson's correlation analysis was
applied to evaluate if there is a relation between the parameters.

Throughout the text, the term ‘significant’ is used only to indicate
statistical significance (p-values < 0.05).

3. Results and discussion
3.1. Dephenolisation of DGSMs

3.1.1. Determination of phenolic compounds of DGSM

The phenolic content of the extracts obtained from DGSM were
determined, including total and individual compounds belonging to four
phenolic families: flavan-3-ols (catechin derivatives), hydroxycinnamic
acid derivatives (HCAD) (coumaric acid derivatives and other de-
rivatives), benzoic acids (gallic acid and protocatechuic acid, and their
derivatives), and flavonols. In general, the phenolic content was low
(0.1-0.5 pg/g) (Fig. 1), substantially lower than that typically found in
grape seeds (Mora-Garrido et al., 2022), since DGSM has already un-
dergone exhaustive extraction of compounds (phenols, among them) by
the grape pomace industry. Regardless of the extraction solvent, the
benzoic acids family showed the highest concentration, followed by
flavan-3-ols and HCAD.

The extracts obtained with 75% MeOH contained the highest con-
centration of total phenols (0.50 pg/g), showing significant differences
compared with those obtained with 1% PMB (0.28 pg/g) (Fig. 1), which
isin accordance with Jara-Palacios et al. (2014). As expected, the second
extract of the sequential treatment conducted to extracts with the
significantly lowest content (0.1 pg/g).

Considering individual compounds, the extracts obtained with 75%
MeOH showed significantly higher concentration of flavan-3-ols, HCAD,
and benzoic acids, mainly due to the presence of gallic acid and proto-
catechuic acid derivatives (0.14 ug/g in both cases). These results
highlight the strong extraction capacity of this solvent. In contrast, the
extracts obtained with 1% PMB not only contained lower content of
benzoic acids, but also exhibit different extraction profile, recovering
different benzoic acid compounds compared with 75% MeOH, specif-
ically gallic and protocatechuic acids (0.13 and 0.09 pg/g, respectively).
These findings indicate that PMB displayed a certain selectivity for these
phenolics (Jara-Palacios et al., 2020), which was further confirmed
when the DGSM dephenolised with 75% MeOH was submitted to
additional dephenolisation with 1% PMB, and only gallic and proto-
catechuic acids were found in the extract.

Therefore, the sequential application of 75% MeOH followed by 1%
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Phenolic family Compounds 75% MeOH

Flavan-3-ols Catechin derivatives a

Hydroxycinnamic acid € oumaric acid derivatives

derivatives (HCAD) Other HCAD a

Benzoic acids Gallic acid c
Protocatechuic acid b
Gallic acid derivatives a
Protocatechuic derivatives a

Flavonols Flavonol derivatives a

Total phenols

LWT 258 (2026) 119962

1% PMB
b

1% PMB (after 75% MeOH)
b

0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05
0

) =

c oo s
Concentration (ng/g DGSM)

Bl S O O IGEECHE O O

Fig. 1. Heat map of the content of phenolic compounds of DGSM extracts, obtained with different solvents 75% MeOH, 1% PMB, and 1% PMB after 75% MeOH.
Coloured cells encode concentration (pg/g DGSM). For each phenolic compound, different letters indicate significant (p < 0.05) differences among solvents according

to Tukey's test.

PMB resulted in a virtually complete extraction (recovery) of the
phenolic content, proving to be the most effective process for dephe-
nolisation, and ensuring the production of a dephenolised DGSM.

3.1.2. Colorimetric analysis of dephenolised DGSMs

Phenolic compounds participate in oxidation reactions eventually
giving rise to brown pigments, which could contribute to the dark brown
colour of DGSM (Yu et al., 2024). Thus, the removal of these compounds
is expected to yield a DGSM with a lighter, less saturated colour with a
reduced contribution of brown tonality. The colour of the dephenolised
DGSMs (DMM, DMS, and DMMS) was measured to evaluate the impact
of phenolic removal, compared to the control meal (DGSM,
non-dephenolised). The CIELAB units ranged from 36.49 to 42.76 for
lightness (L*), 16.23 to 18.83 for chroma (C*,p), and 56.08 to 60.41 for
hue (hyp) (Table 1). Based on the CIELAB parameters (L*, C*p, and hap),
DMM displayed the lowest lightness (L*, 36.49) values, followed by
DGSM (L%, 38.96), producing the darkest defatted grape seed meals,
probably due to the MeOH-induced darkening. In contrast, DGSM
treated with PMB (DMS) resulted in the lightest dephenolised samples
(L*, 42.76), and the sequential use of MeOH and PMB (DMMS) produced
intermediate lightness values (L*, 40.51). Therefore, the effect of
dephenolisation on the lightness of samples is highly dependent on the
solvent used. Furthermore, the phenolic removal diminishes colour in-
tensity, which is evidenced in a decrease of chroma in all the dephe-
nolised samples. Among them, DMMS samples had the lowest colour
intensity (C*,p, 16.23). The increased lightness and reduced colour in-
tensity observed when PMB is used (DMS and DMMS) can be attributed
to the significantly extraction of gallic and protocatechuic acids
compared with the extraction with 75% methanol. A possible additional
contribution is the reaction of sulphite with phenolic quinones (brown
pigments), which leads to the formation of colourless adducts and a
consequent reduction of browning (Narvaez-Cuenca et al., 2011).
Regarding hue (hgp), although small differences exist among samples,
those treated with 1% PMB (DMS and DMMS) displayed significantly
higher values towards yellow hue (hyp, 60.41 and 59.47, respectively),
mainly in samples treated exclusively with this solvent. Overall, DMMS

Table 1

could be the best option for subsequent hydrolysate obtention, as it is
expected to have the least contribution on the CIELAB parameters of the
final product, in the light of its lighter and less yellow saturated colour.

The effect of dephenolisation treatment on colour was assessed by
pairwise comparisons with DGSM using the colour difference formula
(AE*,) (Fig. 2). All dephenolisation methods produced colour differ-
ences (AE*,p) up to >3 CIELAB units, regardless of the solvent (Fig. 2).
The colour differences produced by MeOH (DMM) affected predomi-
nantly to quantitative colour parameters, with lightness (%A2L) being
the main contributor, followed by chroma (%A%C). The changes
occurred by dephenolisation with 1% PMB are mainly due to the qual-
itative colour parameter, that is, the hue (%A%H) (55%), followed by
lightness (42%). Furthermore, dephenolisation with 1% PMB after 75%
MeOH treatment (DMMS) also generate colour differences, mainly
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Fig. 2. Colour differences (AE*,,) and percentages of the relative contributions
of lightness, chroma, and hue (%A%L, %A%C, and %A%H) of grape seed meal
(DGSM) and dephenolised grape seed meal with 75% MeOH (DMM), 1% PMB
(DMS), and 75% MeOH+1% PMB (DMMS).

CIELAB colour parameters (L*, C*4, h,p) and nitrogen content peptide (%) of control and dephenolised grape seed meal. Mean =+ standard deviation (n = 4).

Colour parameters (CIELAB units)

Nitrogen content peptide (%)

I C*ap hap

DGSM 38.96 + 0.86 c 18.83 + 0.28 a 56.08 + 0.21 c 8.78 + 0.31 a
DMM 36.49 + 0.28 d 17.04 + 0.54 be 56.36 + 0.33 c 8.19 + 0.45 a
DMS 42.76 + 0.25 a 17.72 + 0.11 ab 60.41 + 0.12 a 8.11 + 0.28 a
DMMS 40.51 + 0.60 b 16.23 + 0.50 c 59.47 + 0.28 b 8.06 + 0.22 a

DGSM, control non-dephenolised; Dephenolised grape seed meals: DMM (treated with 75% MeOH), DMS (treated with 1% PMB), DMMS (treated with 75% MeOH +
1% PMB). Different letters in the same column indicate significant (p < 0.05) differences among samples according to Tukey's test.
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qualitative due to hue (56%), but also quantitative, due to chroma
(32%), resulting in a paler yellowish appearance. These results suggest
that the compounds extracted with the different solvents provide
distinct contributions to the colour differences. Therefore, the sequential
use of both solvents could be considered the most suitable option due to
the higher lightness and lower chroma of dephenolised DGSM, achieving
both qualitative and quantitative contributions to colour differences.

3.1.3. Nitrogen content peptide (%) of the dephenolised DGSMs

Table 1 shows the nitrogen peptide content of all dephenolised
samples, being approximately 9%, which is consistent with
Mora-Garrido et al. (2022) for similar raw material. Not-significant
(p >0.05) differences were observed among samples. These results
indicate that dephenolisation treatment did not affect the nitrogen
peptide content, regardless of the solvent used.

3.2. Bleached peptides hydrolysates

Based on the results of the dephenolisation assay, the DMMS (grape
seed meal dephenolised by using sequential treatment with MeOH and
PMB) was selected to perform the bleaching assay. The DMMS was
hydrolysed, and the soluble peptide hydrolysate was submitted to
different bleaching treatments using different concentrations of poly-
vinylpolypyrrolidone (PVPP), activated charcoal (AC) and resin (R). The
characteristics of the resulting bleached products were determined.

3.2.1. Colour properties

All hydrolysates were in the first quadrant of the (a*b*)-plane
(Fig. 3), corresponding to brownish hues, similarly to that reported by
Mora-Garrido, Escudero-Gilete, Heredia, and Cejudo-Bastante (2024)
and Rodriguez-Munoz et al. (2025). The values of the CIELAB colour
parameters (L*, C*,p and h,p) of unbleached and bleached peptides
hydrolysates are shown in Table 2. Significant differences were observed
for the hydrolysates bleached with AC and R at their highest concen-
trations, both individually and in combination (PH-AC5, PH-R50 and
PH-AC5+R50). Small and not-significant colour changes occurred with
the other treatments (PVPP, regardless of the concentration, and AC and
R at low proportions).
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Fig. 3. Representation of samples in the (a*b*) plane and their lightness (L*)
values. PH-C, control unbleached soluble peptide hydrolysates; PH-PVPP30,
soluble peptide hydrolysates treated with 30 g/hL PVPP; PH-PVPP150, pep-
tide hydrolysates treated with 150 g/hL PVPP; PH-AC1, soluble peptide hy-
drolysates treated with 1 g/L activated charcoal; PH-C5, soluble peptide
hydrolysates treated with 5 g/L activated charcoal; PH-R25, soluble peptide
hydrolysates treated with 25% resin; PH-R50, soluble peptide hydrolysates
treated with 50% resin; PH-C5+R50, soluble peptide hydrolysates treated with
5 g/L pmol Tx/g soluble peptide hydrolysate activated charcoal + 50% resin.
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The lightness (L*) values increased in all bleached hydrolysates,
achieving the highest one with the sequential treatment (PH-AC5+R50).
The chroma (C*g) values showed a similar behaviour to that of L*, in
this case with a decrease in values compared to the control. The highest
reduction of colour intensity occurred in the sequential treatment
(64%), followed by AC5 (36%) and R50 (26%) bleaching treatments.
Regarding hue values (h,p), bleaching induced changes towards yellow
tonalities (hap ~ 90°) with lower contribution of red colour (hy, ~ 0°).
Once again, the highest increase of hue was observed in PH-AC5+R50,
resulting in the greatest reduction of the typical brown colour of these
samples (Mora-Garrido, Escudero-Gilete, Heredia, & Cejudo-Bastante,
2024; Rodriguez-Munoz et al., 2025), followed by PH-AC5 and
PH-R50, being significant increases in the three cases. Consequently,
due to their reduced colour, PH-AC5, PH-R50 and PH-AC5+R50 could
serve as colour stabilisers to be used in winemaking, helping to preserve
the original wine colour and prevent undesirable brownish tonalities
over time.

3.2.2. Nitrogen content peptide (%)

The nitrogen content peptide (%) of the control (unbleached) and the
bleached soluble peptide hydrolysates are summarised in Table 2. The
protein content of PH-C (control) was 52%, which is similar to values
reported for non-dephenolised protein hydrolysates from defatted grape
seed meals (Mora-Garrido et al., 2022). Regarding the bleached hydro-
lysates, Table 2 shows that nitrogen peptide content was influenced by
the type and concentration of bleaching agent. The treatments with 30
g/hL PVPP and AC at both concentrations did not affect the nitrogen
content peptide (not-significant differences were found compared to
control), which, in terms of preserving protein content, indicate
adequate bleaching treatments of the hydrolysate for its subsequent use
in winemaking. In contrast, the use of 150 g/L PVPP, 25% resin and 50%
resin provoked significant nitrogen peptide reductions compared to
control (around 5%, 18% and 12%, respectively). The higher reduction
in protein content (21%) occurred in the sequential treatment (AC + R).

These results can be explained based on the different affinities of the
agents used. As described in the literature, although ion-exchange resins
establish n—n stacking interactions with phenols, the electrostatically
affinity for charged proteins and peptides appears to be more pro-
nounced (de Bruijn et al., 2009; Pismenskaya et al., 2020). Furthermore,
activated charcoal affects both phenolic compounds (Villacanas et al.,
2006) and large peptides and proteins (Xiao et al., 2014) by stablish-
ing different types of interactions (n-n interactions, electron donor,
hydrogen bonding or electrostatics, respectively) (Lorenc-Grabowska,
2015; Xiao et al., 2014). PVPP mainly shows affinity for polyphenols
(Postai et al., 2025) through a combination of hydrogen and hydro-
phobic bonding (Siebert & Lynn, 2007).

A direct relationship was observed between the decrease in nitrogen
content peptide and the colour changes. The treatments that led to the
largest peptides lost, resin (PH-R25 and PH-R50) and the sequential use
of both agents (PH-AC5-+R50), also resulted in the highest lightness and
lowest chroma values.

3.2.3. Amino acid composition

The amino acid composition of the soluble peptide hydrolysates
(control and bleached) was determined, including individual and total
amino acids (TAA) and their classification into sulfur (SAA: Cys and
Met), hydrophobic (HAA: Ala, Val, Met, Ile, Leu, and Phe), and aromatic
(AAA: Tyr, Phe, and His) amino acids (Table 3). It can be observed that
Glu was the predominant amino acid in all hydrolysates (36-47%),
followed by Gly (8-11%), Asp (8-10%), and Arg (5-7%). These findings
are consistent with previous studies (Cejudo-Bastante et al., 2022;
Mora-Garrido, Escudero-Gilete, Heredia, & Cejudo-Bastante, 2024;
Rodriguez-Munoz et al., 2025). Considering groups, HAA was the most
abundant (14-25% of TAA), followed by AAA (4-9% of TAA), and SAA
(1-2% of TAA), in all hydrolysates.

Table 3 shows that the type and concentration of the bleaching
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Table 2
Nitrogen content peptide (%) and the CIELAB colour parameters (L*, C*g, hqp) of the unbleached and bleached peptides hydrolysates. Mean and standard deviation
(n=23).
Colour parameters (CIELAB units)
Nitrogen content peptide (%)
L* C*ab hap
PH-C 52.21 + 0.54 a 42.36 + 1.44 c 35.18 + 1.52 a 62.45 + 1.82 d
PH-PVPP30 50.25 + 0.65 ab 44.01 + 1.38 c 34.61 + 2.87 a 64.06 + 1.66 d
PH-PVPP150 49.66 + 0.40 b 45.45 + 1.81 c 35.35 + 0.37 a 64.70 + 1.69 d
PH-AC1 51.47 + 0.15 ab 44.79 + 3.34 c 34.24 + 1.87 a 64.92 + 0.98 d
PH-AC5 50.83 + 0.02 ab 55.80 + 4.60 b 22.71 + 1.31 c 79.25 + 1.34 b
PH-R25 42.63 + 1.65 d 46.54 + 7.10 c 34.41 + 2.19 a 62.63 + 3.89 d
PH-R50 46.07 + 0.62 c 62.23 + 1.82 a 29.12 + 1.49 b 70.59 + 291 c
PH-AC5+R50 40.63 + 2.06 d 60.29 + 2.42 ab 12.67 + 0.52 d 83.65 + 1.77 a

Soluble peptide hydrolysates (PH) samples: PH-C, control unbleached; PH-PVPP30, treated with 30 g/hL PVPP; PH-PVPP150, treated with 150 g/hL PVPP; PH-AC1,
treated with 1 g/L activated charcoal; PH-C5, treated with 5 g/L activated charcoal; PH-R25, treated with 25% resin; PH-R50, treated with 50% resin; PH-C5+R50,
treated with 5 g/L activated charcoal + 50% resin. Different letters in the same column indicate significant (p < 0.05) differences among samples according to Tukey's

test.

product exerted a significant effect on the amino acid content. Thus,
PVPP produced no significant differences in the content of total and any
individual amino acids. The use of active charcoal had a significant ef-
fect in reducing AAA amount, indicating a certain affinity for specific
amino acids such as Phe and Tyr. This could be due to the presence of
aromatic rings in the structure of these amino acids (Xiao et al., 2014),
that favour the electrostatic and dispersive interactions with the surface
area of active charcoal (Villacanas et al., 2006). The samples in which
resin was applied (PH-R25, PH-R50, and PH-AC5+R50) showed signif-
icantly lower content of TAA, and all amino acid families (SAA, HAA,
and AAA). Resin bleaching yielded soluble peptide hydrolysates with the
lowest TAA values, corresponding to a substantial decrease of 40-64%,
mainly due to the loss of HAA and AAA (Ile, Leu, Phe, and Tyr), which
was particularly pronounced (Tyr was completely removed) in soluble
peptide hydrolysates bleached with sequential use of activated charcoal
and resin. According to several recent studies, aromatic amino acids
such as Phe and Tyr stabilise anthocyanin compounds by slowing down
their degradation process (Chung et al., 2017; Nie et al., 2022). Conse-
quently, the significant decrease in AAA content found in peptides hy-
drolysates bleached with activated charcoal and resin may restrict their
capacity to interact with wine anthocyanins and thus hinder the colour
stabilisation. Moreover, the decrease in the amount of specific amino
acids seems to be related to the colour changes of bleached peptides
hydrolysates. According to Sakai et al. (2022), the interaction between
low molecular melanoidins and the amino acids Lys and Arg could be the
principal factor that contribute to the protein colour, producing the
characteristic brown colour of the soluble peptide hydrolysates. There-
fore, the decrease of Lys and Arg (41% and 70% respectively) in peptides
hydrolysates treated with resin is consistent with the colour loss (the
most bleached hydrolysates) observed (Table 2).

The results indicated that neither TAA or the amino acid families
(SAA, HAA, AAA) were significantly influenced (p > 0.05) by the con-
centration used in each bleaching agent. Only punctual significant dif-
ferences were observed in individual amino acids content: a higher
content of Ser and lower of Arg as the concentration of activate charcoal
increased (confirming that a high number of interaction points with
these amino acids exists), or lower contents of Cys, Ile, Leu, Phe, His, and
Arg as resin concentration increased (confirming that higher resin
concentration provides more potential interaction sites with these
amino acids, facilitating their removal from the soluble peptide
hydrolysates).

3.2.4. Antioxidant activity

Fig. 4 shows the antioxidant capacity of all soluble peptide hydro-
lysates and the effect of the type and concentration of the bleaching
agent on antioxidant capacity. The soluble peptide hydrolysates had an
inherent high antioxidant capacity, which is consistent with previous
results (Rodriguez-Munoz et al., 2025). The three methods displayed

similar trend in all samples.

The type of bleaching product significantly influenced the antioxi-
dant activity. Considering ABTS method, PH-PVPP exhibited the highest
values, even higher than control (unbleached), which could be due to
the removal of some oxidised phenolic compounds that make increase
the total antioxidant capacity of the resulting bleached product. R and
AC treatments led to bleached soluble peptide hydrolysates with
significantly lower antioxidant capacity, mainly PH-R and PH-AC + R.
Results were similar for DPPH and BRS methods.

The amount of bleaching product also affected the antioxidant ac-
tivity, generally showing inverse concentration-dependent effect.
However, these differences were not showed by all the methods. The AC
treatment provoked significantly lower values as content increased,
observed in this case by the three essays. This effect was displayed only
by DPPH assay in PVPP treatments, and in resin treatments by DPPH and
ABTS assays.

Taken together, PVPP did not exert negative effects on antioxidant
activity, AC was negative only at high concentrations, resin exerted
negative effect for all concentrations, and the sequential use of high
concentration of AC and resin led to soluble peptide hydrolysates with
even lower values, suggesting that these materials remove different
antioxidant compounds.

Results from ABTS, DPPH and BRS indicate that resin bleaching,
especially when combined with activated charcoal, was associated with
a decrease in antioxidant capacity of hydrolysates, which could be
related to peptide loss during the bleaching process.

The amino acid composition may also contribute. Pearson analysis
supported a direct correlation, for the three methods, between antioxi-
dant activity and concentrations of HAA and AAA, as found in literature
(Zhao et al., 2022; Zou et al., 2016). Particularly, for resin treatments,
Pearson correlation between concentrations of HAA and AAA, and
antioxidant activity by BRS was r = 1. Within the AAA family, Tyr shows
strong activity (Liu et al., 2018), thus, the lack of Tyr in PH-AC5+R50
(Table 3) could explain the lowest values of antioxidant activity (Fig. 4).

3.2.5. Peptide composition

The LC-MS/MS analysis was performed on PH-C (control), PH-ACS5,
PH-R50, and PH-AC5+R50 to determine the amino acid sequences of the
peptides in the hydrolysates that exhibited the highest bleaching effi-
ciency and were considered as promising options for potential addition
to red wines (Table S1). This analysis allowed a comparative assessment
of how each bleaching treatment influenced the peptide sequence of
hydrolysates.

The peptides identified in all the hydrolysates ranged from 6 to 22
amino acids and had molecular weights between 604 and 2380 Da.
Similar findings have been recently reported in studies of defatted grape
seed protein hydrolysates obtained with different enzymes
(Mora-Garrido, Escudero-Gilete, Heredia, & Cejudo-Bastante, 2024;



Table 3
Individual and total amino acids content (ing/g hydrolysate) of unbleached and bleached soluble peptide hydrolysates. Mean and standard deviation (n = 3).
PH-C} PH-PVPP30} PH-PVPP150} PH-AC1} PH-AC5} PH-R25} PH-R50} PH-AC5+R50}

Asp 1432 + 106 a 1351 + 132 a 1412 + 107 a 1412 + 057 a 1295 + 117 a 962 + 009 b 1153 + 178 ab 576 =+ 030 c
Thr 4.09 =+ 0.23 a 353 £+ 033 a 3.56 + 0.77 a 368 £+ 035 a 407 £+ 044 a 216 + 009 b 229 + 041 b 1.51 + 013 b
Ser 837 =+ 0.34 ab 893 £+ 075 a 8.40 + 0.20 ab 813 + 0.30 ab 910 £+ 043 a 637 £+ 008 ¢ 7.53 =+ 0.86 bc 4.69 + 026 d
Glu 61.40 =+ 495 a 5946 + 378 a 58.62 + 553 a 61.22 + 477 a 6355 + 3.04 a 40.16 + 0.16 b 53.85 <+ 9.97 ab 25.84 + 126 ¢
Gly 1432 + 0.96 ab 1410 <+ 0.37 ab 14.04 + 0.80 ab 1430 + 0.97 ab 1456 + 0.79 a 960 + 0.06 c 11.86 =+ 1.94 bc 6.75 + 029 d
Ala 786 =+ 043 a 940 £+ 140 a 7.70 + 0.72 a 799 £+ 052 a 863 + 039 «cd 5.03 + 0.08 bc 5.72 =+ 0.96 bc 3.52 + 016 d
Cys 1.03 + 024 ab 1.01 + 0.05 a 1.04 + 011 ab 1.14 + 0.01 ab 1.04 + 0.04 ab 0.78 + 0.03 ab 1.01 + 013 ab 055 + 0.03 ab
Val 8.09 =+ 0.62 a 817 + 139 a 8.04 + 0.70 a 791 + 067 a 817 + 038 a 479 + 0.08 b 438 + 086 b 2.18 + 016 ¢
Met 279 =+ 0.80 ab 274 + 050 a 226 =+ 0.32 abc 243 + 0.30 abc 267 + 0.18 ab 1.17 + 0.11 be 1.03 + 0.62 ¢ 0.64 + 021 ¢
Ile 6.19 =+ 051 a 625 £+ 1.04 a 5.84 + 040 a 597 £+ 018 a 540 + 038 a 262 + 004 b 1.72 + 0.32 bc 0.64 + 003 c
Leu 966 + 073 a 967 + 072 a 9.03 + 066 a 931 + 009 a 869 + 063 a 339 + 011 b 239 + 041 b 072 £ 005 c
Tyr 528 + 1.21 a 444 + 0.65 ab 441 + 0.49 ab 3.87 + 0.54 ab 332 + 014 b 1.73 £+ 0.03 ¢ 1.52 =+ 0.14 «cd nd

Phe 7.50 =+ 1.50 a 6.28 + 1.19 ab 6.38 + 0.93 ab 591 <+ 0.80 ab 504 £+ 031 b 1.43 + 0.07 ¢ 117 + 0.07 ¢ 1.34 + 020 c
His 3.00 + 014 a 282 + 021 a 284 + 021 a 278 + 017 a 245 + 0.03 a 215 + 0.03 ab 1.77 + 012 b 1.76 + 008 b
Lys 3,51 + 0.21 ab 3.33 + 0.25 ab 3.40 + 0.25 ab 339 + 0.19 ab 326 + 0.04 a 268 + 0.03 bc 2.01 + 0.18 ¢ 1.83 + 022 ¢
Arg 11.84 + 076 a 1211 + 130 a 12.10 =+ 070 a 1114 + 052 a 9.00 + 016 b 7.94 + 0.02 bc 6.06 =+ 081 ¢ 3.53 + 015 d
TAA 169.24 + 1165 a 166.88 + 817 a 161.78 + 1961 a 163.08 + 9.58 a 162.77 + 989 a 101.65 + 042 b 11533 + 1855 b 6072 + 252 ¢
SAA 432 + 080 ab 375 + 196 a 330 + 043 abc 336 + 0.61 abc 370 + 022 ab 194 + 013 bc 129 + 028 bec 119 + 023 c
HAA 42.09 + 408 a 43.32 + 542 a 39.25 + 3.74 a 3951 + 195 a 3860 + 224 a 18.44 + 024 ¢ 15.89 + 2.99 bc 8.51 + 120 c
AAA 15.78 + 265 a 1355 + 1.84 ab 13.63 =+ 1.63 ab 1257 + 1.36 ab 11.25 + 123 b 531 + 0.08 ¢ 4.24 + 041 ¢ 2.94 + 050 c

Soluble peptide hydrolysates (PH) samples: PH-C, control unbleached; PH-PVPP30, treated with 30 g/hL PVPP; PH-PVPP150, treated with 150 g/hL PVPP; PH-AC1, treated with 1 g/L activated charcoal; PH-C5, treated
with 5 g/L activated charcoal; PH-R25, treated with 25% resin; PH-R50, treated with 50% resin; PH-C5+R50, treated with 5 g/L activated charcoal + 50% resin. Amino acids: Asp, aspartic acid; Thr, threonine; Ser, serine;
Glu, glutamic acid; Gly, glycine; Ala, alanine; Cys, cysteine; Val, valine; Met, methionine; Ile, isoleucine; Leu, leucine; Tyr, tyrosine; Phe, phenylalanine; His, histidine; Lys, lysine; Arg, arginine; TAA, total amino acids;
SAA, sulfur amino acids; AAA aromatic amino acids; HAA hydrophobic amino acids. nd: not detected. Different letters in the same row indicate significant (p < 0.05) differences among samples according to Tukey's test.
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Fig. 4. Antioxidant capacity (umol Tx/g soluble peptide hydrolysate) measured
by ABTS (a), DPPH (b) and BRS (c) of soluble peptide hydrolysates (PH): PH-C,
control unbleached; PH-PVPP30, treated with 30 g/hL PVPP; PH-PVPP150,
treated with 150 g/hL PVPP; PH-AC1, treated with 1 g/L activated charcoal;
PH-C5, treated with 5 g/L activated charcoal; PH-R25, treated with 25% resin;
PH-R50, treated with 50% resin; PH-C5+R50, treated with 5 g/L activated
charcoal + 50% resin. Bars show mean + SD (pmol TE/g). For each method,
different letters denote significant (p < 0.05) differences among samples ac-
cording to Tukey's test.

Rodriguez-Munoz et al., 2025). In all samples, over 90% of the peptides
were shorter than 15 aa, of which approximately 52-55% were very
short chains (<10 aa). Conversely, peptides longer than 20 amino acids
constituted less than 1%, not even been detected in PH-AC5-+R50.
Only fifty-three proteins from which the identified peptides came
were common in all hydrolysates. Some of these proteins (F6HZK2,
F6HZK3, A5CL75) were also previously identified in grape seed protein
hydrolysates (Mora-Garrido, Escudero-Gilete, Heredia, &
Cejudo-Bastante, 2024; Rodriguez-Munoz et al., 2025). Moreover, pep-
tides derived from the protein D7U302 have been also found in all
samples, except in PH-AC5+R50. This is aligned with the number of
peptides detected, which considerably decreased after bleaching
(Table S1), above all in PH-AC5+R50, affirming that the sequential
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application of AC and R were more susceptible to remove peptides.

Previous studies have shown that certain amino acids can interact
with malvidin-3-O-glucoside wine anthocyanins (Chamizo-Gonzalez
et al., 2021, 2022, 2023). It has also been reported that amino acids at
terminal position of peptides are important for antioxidant activity (Zou
et al., 2016). Therefore, identifying the residues at N- and C-terminal
positions of the peptides is relevant to understand how their addition
might influence colour stabilisation and antioxidant properties in red
wine. According to Table 4, N-terminal positions of the peptides in un-
bleached hydrolysates (PH-C) were mainly occupied by negative resi-
dues, Glu, Gln, and Val, which is in line with findings in similar peptides
hydrolysates (Rodriguez-Munoz et al., 2025). PH-R50 displayed the
same amino acids at N-terminal, affirming that the resin treatment did
not change the original distribution of amino acids at N-terminal and,
hence, the eventual capability of colour stabilisation of red wines.
Furthermore, the treatment with activated charcoal mainly affected Gln,
evidencing its affinity for peptides bearing it at that position. The
disappearance of Gln at N-terminal positions was in favour to the
respective acid (Glu), which has particular interest since
malvidin-3-O-glucoside specially binds with Glu (Lopez-Molina et al.,
2025), by van der Waals forces and hydrogen bonds, resulting in the
formation of copigmentation complexes that contribute to the stabili-
sation of the anthocyanin. The combined treatment with AC and R led to
a similar amino acid profile at N-terminal, although with high contri-
bution of Gly, which has also been proposed to interact with
malvidin-3-O-glucoside (Chamizo-Gonzalez et al., 2023). In this context,
the bleached hydrolysates that retain N-terminal Glu (PH-AC5 and
PH-R50) and Gly (PH-AC5+R50) could be regarded as having a greater
potential to stabilise wine colour by protecting malvidin-3-O-glucoside.
These findings are consistent with previous studies about the positive
effects of the addition of peptide hydrolysates from defatted grape seed
meal with similar amino acids in terminal positions on colour stabili-
sation of red wines (Mora-Garrido, Escudero-Gilete, Gonzalez-Miret,
et al., 2024, 2026).

Moreover, the predominant amino acids at the C-terminal in the
unbleached hydrolysate corresponded to Gln and Leu, followed by Phe
(Table 4). These results were in accordance with the findings of
Rodriguez-Munoz et al. (2025). The treatment with activated charcoal
(PH-AC5) displayed differences in the C-terminal compared to PH-C,
substituting Phe by Arg, which could be related to the significantly
lower content of Phe in soluble peptide hydrolysates treated with resin
(Table 3). Phe and Arg at the C-terminal position has been demonstrated
to enhanced antioxidant activity (Sae-Leaw et al., 2017; Zhu et al.,
2024); however, the marked reduction of nitrogen content peptide
observed in PH-AC5 and PH-AC5+4+R50 (Table 2) could mask any po-
tential increase in antioxidant capacity, which is actually lower (Fig. 4),
particularly in soluble peptide hydrolysates treated with the combined
action of AC and R. The additional use of resin on the soluble peptide
hydrolysates treated with activated charcoal (PH-AC5+R50) did not
alter the predominant C-terminal amino acid profile, also observed
when resin was applied to unbleached soluble peptide hydrolysates. This
confirms that bleaching with resin does not modify the distribution of
C-terminal amino acids. Moreover, the persistent presence of Gln as
C-terminal residue in PH-R50 and PH-AC5+R50 indicates favourable
conditions to possible wine colour stabilisation, considering the
demonstrated capacity of Gln to interact with malvidin-3-O-glucoside
(Chamizo-Gonzalez et al., 2023).

3.3. PCA

An unsupervised pattern recognition statistical analysis (principal
component analysis, PCA) was conducted to identify the principal pa-
rameters responsible for the differences between the samples (Fig. 5).
Following the Kaiser criterion (eigenvalues > 1), eleven significant
principal components were identified, which explain 100% of the total
variance. Fig. 5 shows the projection of the samples on the plane defined
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Table 4
Distribution (%) of the amino acids at the N-terminal and C-terminal positions of the samples.
N-terminal C-terminal
PH-C Q (10.0%) E (9.5%) V (9.0%) Q (16.4%) L (16.2%) F (13.3%)
PH-AC5 E (13.2%) N (9.6%) V (9.6%) L (18.2%) Q (13.9%) R (11.4%)
PH-R50 E (16.1%) V (10.4%) Q (8.83%) Q (19.0%) L (14.0%) F (10.4%)
PH-AC5+R50 G (11.8%) V (10.9%) N (10.1%) Q (20.2%) R (16.8%) L (16.8%)

Soluble peptide hydrolysates (PH) samples: PH-C, control unbleached; PH-C5, treated with 5 g/L activated charcoal; PH-R50, treated with 50% resin; PH-C5+R50,
treated with 5 g/L activated charcoal + 50% resin. Amino acids: N, asparagine; R, arginine; G, glycine; E, glutamic acid; Q, glutamine; L, leucine: F, phenylalanine; S,

serine; V, valine.
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Fig. 5. Scatterplot of soluble peptide hydrolysates (PH) samples (PH-C, control unbleached; PH-PVPP30, treated with 30 g/hL PVPP; PH-PVPP150, treated with 150
g/hL PVPP; PH-ACI, treated with 1 g/L activated charcoal; PH-C5, treated with 5 g/L activated charcoal; PH-R25, treated with 25% resin; PH-R50, treated with 50%
resin; PH-C5+R50, treated with 5 g/L activated charcoal + 50% resin) and variables (nitrogen content peptide; TAA, total amino acids; SAA, sulfur amino acids;
HAA, hydrophobic amino acids; AAA, aromatic amino acids; antioxidant activity: DPPH, ABTS and BRS; and CIELAB parameters) plotted onto the plane defined by

the first two principal components.

by the two principal components (PCs), which explained 90.98% of the
total variability. The PC-1 separated by typology of bleached samples
that differed the most from the unbleached control soluble peptide hy-
drolysates. Thus, soluble peptide hydrolysates treated with activated
charcoal at 5 g/L (PH-AC5), resin at both concentration (PH-R25 and
PH-R50) and the sequential use of bleaching products (PH-AC5+R50)
were located in the positive axis, distinguishing from the rest by their
higher values of lightness (L*) and hue (h*,p), lower values of antioxi-
dant capacity, nitrogen content of peptide and amino acid amounts. PC-
2 discriminated according to the concentration of bleaching products,
where soluble peptide hydrolysates treated with the highest contents are
on the negative axis, mainly associated with lower values of chroma, and
higher of lightness and hue, nitrogen content of peptide and all amino
acid families (TAA, HAA, SAA, and AAA).

4. Conclusions

The aim of this study was to achieve decolouration (by dephenoli-
sation and further bleaching) of hydrolysates from grape seed meals
without compromising the antioxidant peptide fraction, for minimising
their colour contribution to be used as colour stabiliser in winemaking.
Considering the results, the sequential use of methanol and potassium
metabisulphite seems to be the most effective dephenolisation strategy
to decolouring the grape seed meal without affecting the peptide frac-
tion. Furthermore, the use of activated charcoal at 5g/L could be
considered the most appropriate option for decolorising grape seed meal
soluble peptide hydrolysates, as it effectively reduces colour while
preserving peptides and antioxidant amino acids involved in colour
stabilisation. In contrast, the additional use of 50% resin produced even
more highly decolourised hydrolysates, although assuming a moderate
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loss of peptide and amino acid content. However, the preservation of
terminal amino acids potentially involved in anthocyanin interactions
suggesting a possible contribute to colour stabilisation in wine, which
could also make them feasible for use in winemaking. The use of PVPP,
regardless of concentration, is excluded due to limited decolourising
effect. Further research is needed to determinate the effectiveness of the
addition of these selected bleached peptides hydrolysates such colour
stabiliser of red wine from warm climates, focusing on colour evolution,
antioxidant stability, and sensory impact of the resulting wines.
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