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A B S T R A C T

Grape seeds recovered from grape marc distillation are rich in lipids, proteins, and carbohydrates, but their 
structured lignocellulosic matrix limits aqueous recovery of intracellular oil bodies. This study developed an 
extraction strategy combining ultrasound pretreatment with aqueous enzymatic hydrolysis using a pectinolytic 
cocktail (E1) and Alcalase® in simultaneous (SIM) or sequential (SEQ) configurations. Ultrasound pre-treatment 
markedly intensified the process, increasing oil recovery up to ~17–18% within 4 h, compared to 5–6% obtained 
with enzymatic treatments alone. Kinetic modelling showed configuration-dependent mechanisms: SIM and US 
+ SIM followed pseudo-first-order kinetics, with apparent rate constants of 0.332 ± 0.007 and 0.799 ± 0.011 
h− 1, respectively, whereas SEQ was best described by a Gompertz model (k = 1.71 ± 0.12 h− 1; t0 = 2.64 ± 0.04 h) 
and US + SEQ by a logistic model (k = 5.72 ± 0.45 h− 1; t0 = 2.36 ± 0.04 h). The process also enabled co-recovery 
of protein and carbohydrate fractions (8.03% and 8.15% respectively) under US + SEQ. The extracted oils 
retained a grape seed oil-like fatty acid profile dominated by linoleic acid, while US + SIM showed the strongest 
antioxidant activity, with IC50 values of 40.21 ± 0.25 μg mL− 1 for DPPH and 29.39 ± 1.41 μg mL− 1 for ABTS. The 
protein-rich fraction showed dose-dependent antimicrobial activity against Escherichia coli, Pseudomonas aeru
ginosa, and Staphylococcus epidermidis. Overall, this strategy provides a solvent-reduced route for grape seed 
fractionation, although key factors such as enzyme cost, ultrasound energy consumption, and downstream 
processing operations should be evaluated to unlock industrial scale implementation.

1. Introduction

The global cultivation of Vitis vinifera is one of the most economically 
and culturally important agricultural activities worldwide (Mussagy 
et al., 2026). The global vineyard surface exceeds 7 million hectares, 
with Europe representing the main production area (Lopes et al., 2025). 
In 2024, global wine production reached approximately 226 million 
hectolitres, with Italy, France, and Spain among the leading producers 
(Voccia et al., 2025). However, the wine sector generates large amounts 
of agro-industrial by-products that require sustainable management 
strategies (Chen et al., 2020; Di Fraia et al., 2024; Petrillo et al., 2021; 
Spigno et al., 2017).

Grape pomace, mainly composed of skins, stems, and seeds, accounts 
for about 20–30% of the processed grape mass (Ivanov & Godjevargova, 
2024). Its disposal may cause environmental concerns due to acidic pH, 

high organic load, and phenolic content, contributing to soil acidifica
tion and increased Biological Oxygen Demand (BOD) and Chemical 
Oxygen Demand (COD) if not properly managed (Ivanov & 
Godjevargova, 2024; Lopes De Menezes et al., 2018; Munsch et al., 
2024). Therefore, winery by-product valorisation has become increas
ingly relevant within circular economy and waste-to-resource ap
proaches (Pasqualone et al., 2014; Troilo et al., 2022).

Among pomace fractions, grape seeds represent approximately 25% 
of the biomass and are particularly valuable due to their content of 
polyunsaturated fatty acids, mainly linoleic acid, tocopherols, phytos
terols, proteins, dietary fibres, and phenolic compounds (Guaita et al., 
2026). These features make them attractive for food, nutraceutical, 
cosmetic, and bioenergy applications (Samy et al., 2025; 
Thirumalaivasan, Nangan, et al., 2025; Yilmaz et al., 2019). Neverthe
less, efficient oil extraction remains challenging because lipids are 
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stored in intracellular oil bodies within cotyledon cells, stabilized by 
phospholipids, oleosins, and a protein–polysaccharide matrix 
(Thirumalaivasan, Kanagaraj, et al., 2025). This structure requires 
extraction strategies able to disrupt both cell walls and lipid–protein 
assemblies.

Conventional solvent-based extraction is still widely used because of 
its high efficiency, but it involves large solvent volumes, high energy 
demand, and long processing times. Moreover, it mainly targets oil re
covery, leaving other valuable fractions underexploited (Breniaux et al., 
2025; Martins et al., 2023). Green technologies, including 
ultrasound-assisted extraction and supercritical fluid extraction, have 
been proposed to improve mass transfer and reduce solvent use 
(Breniaux et al., 2025; Thirumalaivasan, Kanagaraj, et al., 2025; 
Villacís-Chiriboga et al., 2026). However, these methods are often 
optimized for selected compounds rather than for the integrated valor
isation of the whole biomass.

In this context, aqueous enzymatic extraction (AEE) has gained 
attention as a sustainable biorefinery strategy. Enzymes can promote the 
disruption of cell-wall components and protein–lipid structures under 
mild conditions, enabling oil recovery together with protein- and 
carbohydrate-rich fractions (Prezioso et al., 2026; Sun et al., 2022; Tociu 
et al., 2021). However, AEE efficiency strongly depends on process 
configuration and substrate accessibility. To the best of our knowledge, 
systematic comparisons between sequential and simultaneous enzy
matic strategies under ultrasound-assisted conditions in highly lignified 
seed matrices, combined with kinetic analysis of the extraction behav
iour, remain limited (Angioletti Decker et al., 2026; Ghosh et al., 2026; 
Matei et al., 2026; Verma et al., 2026).

Therefore, the present study aims to develop and evaluate a solvent 
free, ultrasound-assisted enzymatic extraction strategy for grape seeds 
recovered after grape marc distillation; this biomass represents a real 
industrial residue generated during ethanol production. The proposed 
approach combines physical pre-treatments with both simultaneous and 
sequential enzymatic hydrolysis. The objectives are: (i) to optimize oil 
recovery under mild, solvent-free conditions; (ii) to characterize the 
fatty acid composition and nutritional quality of the extracted oil; (iii) to 
evaluate the co-recovery of protein and carbohydrate fractions; and (iv) 
to assess the functional properties of the recovered products.

Overall, this work proposes a solvent free extraction strategy that 
enhances both yield and multi-fraction valorisation, contributing to the 
development of green approaches for winery by-products.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals and reagents used in this study were of analytical or 
HPLC grade and were used as received without further purification. 
Bidistilled water was used for all aqueous solutions. Two commercial 
enzymatic formulations were employed: a pectolytic enzyme cocktail 
(Prezioso et al., 2026) and the protease Alcalase® (Sigma-Aldrich, 
Milan, Italy), as described below. Cellulase from Trichoderma reesei 
(Celluclast®, Sigma-Aldrich) and Viscozyme®-based preparations 
(Sigma Aldrich) were also tested.

2.2. Enzymatic cocktails

2.2.1. Pectolytic enzyme cocktail
The pectolytic cocktail (E1), kindly provided by Enolife srl (Mon

temesola, Italy), contained pectin lyase, pectin methylesterase, and 
polygalacturonase, with declared minimum activities of 50 U g− 1, 350 U 
g− 1, and 1750 U g− 1, respectively. Enzymatic activities were expressed 
in International Units (U), defined as the amount of enzyme capable of 
releasing 1 μmol of reaction product per minute under specified assay 
conditions.

In addition to its pectinolytic activity, E1 exhibited hydrolytic 

activity toward other plant cell wall polysaccharides, including xylan, 
carboxymethylcellulose, glucan, galactomannan, and arabinogalactan, 
as previously demonstrated (Prezioso et al., 2026).

2.2.2. Proteolytic enzyme (Alcalase®)
Alcalase® is a commercial protease preparation derived from Bacillus 

licheniformis, commonly used in food and bioprocessing applications. It 
acts primarily as an endoprotease and exhibits optimal activity in the pH 
range 7.0–8.5. The preparation used in this study had a declared activity 
of ≥ 0.75 Anson Units (AU) mL− 1. One Anson Unit corresponds to the 
amount of enzyme required to release 1 μmol of tyrosine equivalents per 
minute from casein under defined assay conditions.

2.3. Sample preparation and matrix pre-treatment

Grape seeds were supplied by Distilleria De Luca s. r.l. (Novoli, Italy) 
as by-products of grape marc distillation. As provided by the supplier, 
after distillation, the exhausted grape marc is dried in a rotary drum 
dryer reaching temperatures of approximately 98–100 ◦C; subsequently 
the seeds are separated from the marc and typically shipped to oil 
companies for extraction with organic solvents. Therefore, the recovered 
seeds should be considered as a pre-processed industrial by-product 
rather than as fresh grape seed material.

Seeds were washed with bidistilled water at room temperature for 
48 h under constant agitation, to remove residual must components and 
free sugars that could interfere with enzymatic hydrolysis and analytical 
determinations; subsequently they were treated with 96% (v/v) ethanol 
for 20 min to detach residual sugars and surface phenolic compounds 
and reduce possible surface microbial contamination. Importantly, this 
step was intended solely for washing purposes and was not designed to 
extract lipids as for conventional solvent-based extraction methods. 
After rinsing with bidistilled water, seeds were dried in a ventilated oven 
at 30 ◦C until constant weight. Dried grape seeds were grounded using a 
laboratory blender (Oster, model 867-66, Auburn, Michigan, United 
States) and sieved to obtain a particle size ≤ 1.0 mm. Prior to enzymatic 
extraction, ground seeds were suspended in sterile bidistilled water at a 
solid-to-liquid (S/L) ratio of 1:6 (w/v) and subjected to a short thermal 
treatment at 100 ◦C for 5 min. This step was applied as a mild physical 
disruption pre-treatment to enhance cell wall permeability while mini
mizing thermal degradation of sensitive compounds. Samples were 
immediately cooled in an ice bath before further processing.

2.4. Ultrasound-assisted extraction (UAE)

Ultrasound-assisted pretreatment was performed using an ultrasonic 
bath (Elmasonic P, Elma Schmidbauer GmbH, Singen, Germany) oper
ating at a frequency of 37 kHz (nominal power 130 W) and equipped 
with a 100 W auxiliary heating system to control the temperature 
raising.

Grape seed suspensions were prepared by mixing 7 g of grape seed 
flour with 42 mL of distilled water in 50 mL polypropylene centrifuge 
tubes. The tubes were positioned vertically in the central region of the 
bath and processed in batches. To ensure reproducibility across runs, the 
number of tubes, sample mass, liquid volume, and positioning config
uration were kept constant for all ultrasound-assisted treatments.

The samples were sonicated for 60 min at 30 ◦C. Based on the nom
inal bath power, the specific energy input was calculated as approxi
mately 1.60 kJ g− 1 of suspension. This value represents a calculated 
process descriptor and not the actual acoustic energy delivered to each 
individual sample.

Non-sonicated controls were prepared as described above, but 
without ultrasound exposure. During the corresponding pretreatment 
period, the control suspensions were maintained under mechanical 
agitation. Following treatment, both sonicated and non-sonicated sus
pensions were centrifuged at 8500 × g for 15 min to separate the 
recovered fractions. The selected operating conditions were based on 
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ultrasound-assisted extraction protocols previously reported for oilseed 
matrices (Thilakarathna et al., 2023).

2.5. Selection of commercial enzyme cocktails and reaction conditions 
optimization

A preliminary screening was conducted to identify the most effective 
enzyme cocktails and operating conditions for oil release from grape 
seeds. Carbohydrase-based formulations, including Celluclast®, Visco
zyme®-based preparations, and the pectolytic enzyme cocktail E1, were 
tested alone and in combination with Alcalase®. Enzyme loading was 
selected on a mass basis rather than normalized on enzymatic activity 
units, because the commercial preparations have different enzymatic 
specificities and declared activities. Solid-to-liquid (S/L) ratio and 
enzyme-to-substrate (E/S) ratio were preliminarily evaluated under 
controlled extraction conditions. The screening showed that oil recovery 
increased when the S/L ratio was changed from 1:4 to 1:6, whereas no 
relevant improvement was observed at higher ratios. Similarly, lower 
enzyme dosages markedly reduced oil recovery, while higher enzyme 
loading did not provide a proportional increase in yield. Therefore, the 
S/L ratio was fixed at 1:6 (w/v), and the final enzyme dosages were set at 
0.1% (w/w) for the pectolytic enzyme cocktail E1 and 0.05% (w/w) for 
Alcalase®, both calculated with respect to dry grape seed flour mass. 
These conditions were selected as practical operating parameters 
balancing extraction efficiency and enzyme consumption.

At the selected dosage of 0.1% (w/w), E1 supplied approximately 
0.050 U g− 1 dry seed of pectin lyase, 0.350 U g− 1 dry seed of pectin 
methylesterase, and 1.750 U g− 1 dry seed of polygalacturonase, based 
on the supplier-declared minimum activities. Alcalase® had a declared 
activity of ≥0.75 Anson Units (AU) mL− 1 and a density of 1.18 g mL− 1 at 
20 ◦C. Therefore, at the selected dosage of 0.05% (w/w), Alcalase® 
supplied approximately ≥3.2 × 10− 4 AU g− 1 dry seed.

Oil extraction was monitored after 0, 0.5, 1, 2, 3, 4, 6, 8, 12, 18, and 
24 h of incubation with the enzyme mixtures. Since oil yield reached a 
plateau after approximately 4–6 h, an extraction time of 4 h was selected 
as the standard condition for subsequent experiments.

2.6. Enzyme treatment

Enzyme treatment of grape seeds was carried out in 50 mM sodium 
citrate buffer (pH 5.0) under mild agitation (120 rpm), following two 
different protocols:(i) a simultaneous enzymatic treatment (SIM), in 
which E1 (0.1% w/w) and Alcalase® (0.05% w/w) were added at the 
beginning of the reaction, and the suspension was incubated at 40 ◦C for 
4 h; (ii) a sequential enzymatic treatment (SEQ), in which E1 (0.1% w/ 
w) was first added and incubated at 37 ◦C for 2 h at pH 5.0; then the pH 
was adjusted to 6.5 by dropwise addition of 0.5 M NaHCO3 solution 
followed by the addition of Alcalase® (0.05% w/w) and further incu
bation for 2 h at 55 ◦C. Combined treatments included ultrasound pre- 
treatment prior to enzymatic hydrolysis. After the enzymatic incuba
tion, samples were centrifuged at 8500 × g for 15 min at 30 ◦C, resulting 
in separation into an oil layer (grape seed oil, GSO) and a protein–lipid 
emulsion (grape seed protein, GSP), and a solid residual phase (press 
cake). After oil yield determination, the recovered oil was immediately 
analysed for fatty acid composition and FTIR characterization. 
Conversely, the protein-rich cream and the carbohydrate-rich aqueous 
fractions, were frozen stored in sealed containers at − 20 ◦C until 
compositional, FTIR, and antimicrobial analyses.

2.7. Oil yield determination and pH monitoring

Oil yield was determined gravimetrically and expressed as a per
centage relative to the initial dry mass of grape seeds: 

Oil yield (%) =
mass of extracted oil

initial mass of grape seeds
× 100 

The pH of the reaction slurry was monitored at defined time intervals 
(0, 0.5, 1, 2, 3, 4, 6, 8, 12, 18, and 24 h) using a calibrated pH electrode 
in order to determine changes in the pH of the biomass during the 
enzymatic hydrolysis step.

2.7.1. Kinetic modelling of oil extraction
Oil extraction kinetic data were fitted by nonlinear regression using 

three kinetic models: pseudo-first-order, Gompertz, and logistic models 
(Polmann et al., 2019). The pseudo-first-order model was used to 
describe extraction profiles characterized by a progressive approach to 
an asymptotic yield and was expressed as: 

Y(t)=Y∞[1 − exp(− kt)]

where Y(t) is the oil yield at extraction time t, Y∞ is the asymptotic oil 
yield predicted by the model, and k is the apparent extraction rate 
constant.

Sigmoidal extraction profiles were described using Gompertz and 
logistic models. The Gompertz model was expressed as: 

Y(t)=Y∞exp{ − exp[ − k(t − t0)]}

where Y∞ is the maximum predicted oil yield, k is the apparent slope 
parameter, and t0 is the inflection time.

The logistic model was expressed as: 

Y(t) =
Y∞

{1 + exp[ − k(t − t0)]}

where Y∞ is the maximum predicted oil yield, k is the logistic slope 
parameter, and t0 is the inflection time.

Model adequacy was evaluated using R2, adjusted R2 (R2adj), RMSE, 
corrected Akaike Information Criterion (AICc), and residual analysis. 
Adjusted R2 was used to account for the different number of fitted pa
rameters among the tested models, while RMSE was used to quantify the 
average prediction error. Residual plots were inspected to verify the 
absence of evident systematic trends and to support model selection 
beyond R2 values alone.

2.8. Fatty acid composition

The analysed matrices were treated for 15 min at 60 ◦C with a 10% 
boron trifluoride/methanol solution (1.4 M, 0.8 mL) and 100 μL of 
dimethoxy propane (Di Meo, Salzano, et al., 2023). Before lipid 
extraction, a known amount of heptadecanoic acid (C17:0) was added as 
an internal standard. The internal standard was carried through all 
analytical steps, including extraction, transmethylation, and GC–FID 
analysis, to correct for analytical variability and ensure reliable quan
tification of fatty acid methyl esters. Then, each solution was extracted 
twice with n-hexane, and the organic phases were combined and dried. 
The resulting fatty acid methyl esters were redissolved in n-hexane, 
filtered through a Millex filter, and injected into a gas chromatograph 
(Di Meo, Giacco, et al., 2023). The gas chromatography (GC) apparatus 
consisted of an Agilent GC 8890 A instrument equipped with a split/s
plitless injector and flame ionization detector (FID detector, and an 
Agilent 7693 A automatic liquid sampler. The analysis was performed 
using an Agilent HP-88 capillary column (100 m × 0.25 mm, film 
thickness 0.20 μm). The following parameters were set during the ex
periments: sample volume injected, 0.8 mL, fed into the injector via an 
autosampler heated to 250 ◦C, with a split ratio of 100:1; N2 carrier gas, 
40 psi, constant pressure mode; oven heating program: 100 ◦C (10 min), 
10 ◦C min− 1 to 180 ◦C (5 min), 1 ◦C min− 1 to 200 ◦C (25 min), 4 ◦C 
min− 1 to 230 ◦C (10 min); detector temperature: 280 ◦C; H2: 
40 mL min− 1; air: 400 mL min− 1; compensation gas: 25 mL min− 1. Fatty 
acid methyl esters were identified by comparing their retention times 
with those of 22 commercial fatty acid standards purchased from 
Supelco (Sigma-Aldrich Group, St. Louis, MO, USA), with the limit of 
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quantitation of 14 ppb. Representative GC–FID chromatograms of the 
fatty acid methyl esters obtained from SIM, SEQ, US + SIM, and US +
SEQ oil samples are reported in the Supplementary Material as 
Fig. S3A–D.

2.9. Calculated oxidizability index

The calculated oxidizability value (COX) was determined according 
to Fatemi and Hammond (Fatemi & Hammond, 1980):  

2.10. Nutritional quality indices

Lipid quality indices were calculated from fatty acid composition 
using the following equations (Ulbricht & Southgate, 1991):

Atherogenicity Index (AI) 

AI =
C12 : 0 + 4C14 : 0 + C16 : 0
∑

MUFA +
∑

ω6 +
∑

ω3 

Thrombogenicity index (TI) (Santos-Silva et al., 2002) 

TI =
C14 : 0 + C16 : 0 + C18 : 0

0.5
∑

MUFA + 0.5
∑

ω6 + 3
∑

ω3 + (ω3/ω6)

Hypocholesterolemic/Hypercholesterolemic ratio (HH) 
(Martínez-Pineda et al., 2024) 

HH =
C18 : 1 + C18 : 2 + C18 : 3 + C20 : 4 + C20 : 5 + C22 : 5 + C22 : 6

C14 : 0 + C16 : 0 

2.11. Antioxidant activity of grape seed oil extracts

2.11.1. DPPH• radical scavenging assay
The DPPH• radical scavenging activity of grape seed oil extracts was 

determined according to (Pérez et al., 2015). Briefly, 50 μL of each 
extract, prepared at concentrations of 12.5, 25, 50, 100, and 
200 μg mL− 1, were mixed with 150 μL of DPPH• ethanolic solution, 
400 μM, in a 96-well microplate. The reaction mixture was incubated for 
30 min at 37 ◦C in the dark, and the absorbance was then measured at 
517 nm using a microplate reader.

DPPH• radical scavenging activity was expressed as percentage in
hibition and calculated as follows: 

DPPH scavenging activity (%) =

(
Acontrol − Asample

)

Acontrol
x 100 

where A control is the absorbance of the DPPH• solution without sam
ple, and A sample is the absorbance of the reaction mixture containing 
the grape seed oil extract.

2.11.2. ABTS•+ radical scavenging assay
The ABTS•+ radical scavenging activity was evaluated using the 

ABTS radical cation decolorization assay, according to Perez et al. with 
minor modifications (Pérez et al., 2015). The ABTS•+ radical cation was 
generated by reacting 7 mM ABTS aqueous solution with K2S2O8, at a 
final concentration of 2.45 mM. The mixture was kept in the dark at 
room temperature for 12–16 h. Before use, the ABTS•+ solution was 
diluted with ethanol to an absorbance of 0.700 ± 0.020 at 734 nm.

For the assay, 190 μL of diluted ABTS•+ solution was mixed with 
10 μL of grape seed oil extract, prepared at concentrations ranging from 

12.5 to 200 μg mL− 1, in a final volume of 200 μL. After 6 min of reaction 
at room temperature, the absorbance was measured at 734 nm using a 
microplate reader.

ABTS•+ radical scavenging activity was expressed as percentage 
inhibition and calculated as follows: 

ABTS scavenging activity (%) =

(
Acontrol − Asample

)

Acontrol
x 100 

where A control is the absorbance of the ABTS•+ solution without 
sample, and A sample is the absorbance measured in the presence of the 

grape seed oil extract.

2.11.3. IC50 determination
The antioxidant efficiency of grape seed oil extracts was further 

assessed by calculating the IC50 values for both DPPH• and ABTS•+

assays. IC50 was defined as the extract concentration required to achieve 
50% radical scavenging activity.

IC50 values were obtained from concentration–response curves built 
using the inhibition values measured at 12.5, 25, 50, 100, and 
200 μg mL− 1. The curves were fitted by nonlinear regression analysis. 
Lower IC50 values were considered indicative of higher antioxidant ac
tivity. IC50 values were calculated for each independent replicate and 
expressed as mean ± standard deviation.

2.12. Protein quantification

The dried material was weighed and analysed for protein content 
using the Bradford colorimetric assay and Bovine serum albumin (BSA) 
as the standard (Kruger, 2009). for protein concentration estimation. 
Bovine serum albumin (BSA) was used as the standard for protein con
centration estimation. Protein concentration was expressed as a per
centage (% w/w) relative to the freeze-dried mass. To enable 
comparison with oil recovery, the protein yield was calculated as the 
amount of protein recovered relative to the initial dry mass of grape 
seeds, according to the following equation: 

Protein yield (%)=
mass of protein in the recovered fraction (g)

initial dry mass of grape seeds (g)
× 100 

The mass of protein in the recovered fraction was obtained by 
multiplying the protein concentration (% w/w) by the total mass of the 
freeze-dried fraction. The contribution of externally added enzymes (E1 
and Alcalase®) was accounted for and subtracted from the total protein 
content, to estimate only the protein fraction derived from grape seeds.

2.13. Carbohydrate determination

Total carbohydrate content in the aqueous phase was determined 
using a sulfuric acid-based colorimetric method (Albalasmeh et al., 
2013). Briefly, 1 mL of sample was mixed with 3 mL of concentrated 
sulfuric acid and vortexed for 30 s. After rapid heating, the mixture was 
cooled in ice for 2 min before measuring A315nm. Absorbance was then 
measured at 315 nm using a UV spectrophotometer. Blanks were pre
pared using deionized water. Quantification was performed using a 
glucose calibration curve. To enable comparison among different 
extraction conditions, the carbohydrate yield was calculated as the 
amount of carbohydrates recovered in the aqueous phase relative to the 
initial dry mass of grape seeds, according to the following equation: 

COX =
1(C16 : 1 + C17 : 1 + C18 : 1 + C20 : 1) + 10.3(C18 : 2) + 21.6(C18 : 3 + C20 : 3)

100 
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Carbohydrate yield (%) =
mass of carbohydrates in aqueous phase (g)

initial dry mass of grape seeds (g)
× 100 

2.14. FTIR analysis

Fourier Transform Infrared (FTIR) spectroscopy was performed on 
GSO, GSP, and press cake. Spectra were recorded over the range of 
4000–600 cm− 1 with a resolution of 4 cm− 1. FTIR spectroscopy was 
conducted using a PerkinElmer GX spectrometer. KBr pellets were pre
pared by mixing 3 mg of dried sample (either oil, protein, or biomass 
residue) with 197 mg of KBr. For oil analysis, a drop of oil was deposited 
onto the KBr pellet surface. For protein and biomass samples, lyophi
lized powdered material was used. FTIR spectra were recorded and 
processed using Origin software (v.2022b, OriginLab Corporation, 
Northampton, MA, USA).

2.15. Antimicrobial activity

Antimicrobial activity of GSO and GSP was assessed by the agar disk 
diffusion method against Staphylococcus epidermidis, Pseudomonas aeru
ginosa, and Escherichia coli. Bacterial strains were cultured in Lur
ia–Bertani (LB) broth at 37 ◦C for 18 h. The cultures were then adjusted 
to a density corresponding to ⁓ 1.0 × 108 CFU mL− 1, and 100 μL of the 
suspension were evenly spread onto LB agar plates. Grape seed oil 
samples were diluted in dimethyl sulfoxide (DMSO, 50% v/v) prior to 
application. Protein fractions were dissolved in sterile distilled water 
and applied to sterile paper disks to reach amounts of 10, 15, and 20 μg 
per disk. The disks were placed onto the inoculated agar surface and 
plates were incubated at 37 ◦C for 18–24 h.

Antimicrobial activity was determined by measuring the diameter of 
the inhibition zones (mm). Vancomycin (for S. epidermidis) and Poly
myxin B (for P. aeruginosa and E. coli) were used as positive controls at 
equivalent amounts. Sterile LB broth and distilled water served as 
negative controls for protein fractions, while DMSO and LB broth were 
used as solvent controls for oil samples. All experiments were performed 
in triplicate, and results were expressed as mean inhibition zone diam
eter (mm).

2.16. Statistical analysis

All experiments were performed in three independent biological 
replicates, each measured in technical triplicate. Results are reported as 
mean ± SD of the biological replicates (n = 3). Statistical analyses were 
performed using GraphPad Prism 10. One-way analysis of variance 
(ANOVA) followed by Tukey's multiple comparison test was used to 
compare oil yield, protein recovery, carbohydrate recovery, fatty acid 
composition, lipid quality indices and IC50 values among the different 
extraction treatments. Antioxidant activity data obtained from DPPH•

and ABTS•+ radical scavenging assays were analysed by two-way 
ANOVA, considering extraction treatment and sample concentration as 
fixed factors, followed by Tukey's multiple comparison test. Multiple 
comparisons were performed among treatments within each concen
tration. IC50 values were calculated for each independent replicate from 
nonlinear regression of the concentration-response curves and were then 
compared among treatments by one-way ANOVA followed by Tukey's 
HSD test. Antimicrobial data were analysed by two-way ANOVA fol
lowed by Tukey's multiple comparison test. Differences were considered 
statistically significant at p < 0.05.

Kinetic data were fitted by nonlinear regression using pseudo-first- 
order, Gompertz, and logistic models. Model adequacy was evaluated 
using R2, corrected Akaike Information Criterion (AICc), RMSE, and 
residual analysis. AICc was calculated using the same number of 
experimental time points for each treatment (n = 11). The pseudo-first- 
order model was treated as a two-parameter model (Y∞, k), whereas 

Gompertz and logistic models were treated as three-parameter models 
(Y∞, k, t0). Residual plots were inspected to verify the absence of 
evident systematic trends and to support model selection beyond R2 

values alone.

3. Results and discussion

3.1. Optimization to recover oil and high value bioactive compounds

This study aimed to valorise grape seed biomass through the selec
tive recovery of oil and high value bioactive compounds within a green 
extraction framework. In this context, preliminary experiments were 
carried out to develop and optimize an AEE protocol for oil recovery 
from grape seeds derived from grape marc distillation, and to evaluate 
the effect of an additional UAE pre-treatment. A preliminary screening 
of different commercial enzymatic preparations was performed to 
identify the most suitable system for promoting oil release under 
aqueous conditions. The tested formulations included a pectinolytic 
cocktail (E1), a cellulolytic/hemicellulolytic preparation (Viscozyme®), 
cellulase from T. reesei (Celluclast®), and the proteolytic enzyme 
mixture Alcalase®. In all the preliminary experiments, oil yield was 
adopted as the key response variable.

The use of carbohydrase-based preparations alone resulted in 
negligible oil recovery. Specifically, the pectinolytic cocktail E1 led to 
oil yields below 1.3%, while Viscozyme® resulted in yields below 1.1%. 
Similarly, treatment with Celluclast® did not produce detectable oil 
extraction recovery. The use of Alcalase® alone also resulted in low 
yields (<0.9%). These results indicate that neither polysaccharide 
degradation nor proteolysis, when acting individually, are sufficient to 
effectively disrupt the lipid–protein matrix entrapping oil bodies in 
grape seed biomass.

Therefore, the combined action of cell wall degrading enzymes and 
proteases was investigated, with the aim of targeting both the structural 
polysaccharides of the cell wall and the proteinaceous components 
associated with oleosomes. Enzymes were tested in both simultaneous 
(SIM) and sequential (SEQ) configurations, and the reaction conditions 
for each approach were optimized.

Among all the combinations tested, the E1–Alcalase® system 
demonstrated the highest efficiency compared with the Celluclast® +
Alacalase® and Viscozyme® + Alcalase® combinations. Interestingly, 

Fig. 1. Time-dependent oil yield (%) obtained under simultaneous (SIM), 
sequential (SEQ), ultrasound-assisted simultaneous (US + SIM), and 
ultrasound-assisted sequential (US + SEQ) enzymatic treatments. Data are 
expressed as mean ± standard deviation of three independent extraction ex
periments (n = 3).
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E1 contains a combination of pectin-degrading enzymes, including 
pectin lyase, pectin methylesterase, and polygalacturonase, together 
with additional side activities toward hemicellulosic and non-pectic 
polysaccharides, such as xylan, glucan, galactomannan, and arabino
galactan (Prezioso et al., 2026).

The E1–Alcalase® system was therefore selected for subsequent 
optimization. Grape seeds were incubated for 4 h with the addition of 
different enzyme cocktails in either sequential or simultaneous mode. 
The simultaneous configuration (SIM) yielded approximately 5.0% oil, 
while the sequential protocol (SEQ) reached 5.3%, corresponding to a 
four-to five-fold increase compared with the individual enzyme treat
ments (Fig. 1). In contrast, the treatment with Viscozyme® + Alcalase® 
resulted in yields below 3.8%, whereas Celluclast® + Alcalase® ach
ieved only 1.3%, highlighting the limited efficacy of these enzyme 
systems.

The superior performance of the E1–Alcalase® system may be 
attributed to the complementary action of a multifunctional carbohy
drase preparation and a proteolytic enzyme. E1 may promote cell-wall 
disruption, increase matrix porosity and improving access to the 
embedded oil bodies, while Alcalase® may hydrolyse oleosome- 
associated proteins and destabilise lipid–protein structures, thereby 
facilitating oil release. After identifying E1 and Alcalase® as the most 
effective enzyme combination, the main process parameters, including 
enzyme dosage and solid-to-liquid ratio (S/L) were further evaluated. 
Enzyme dosages of 0.1% (w/w) for E1 and 0.05% (w/w) for Alcalase® 
were found to be optimal. This optimal ratio may reflect the comple
mentary role of Alcalase®, whose proteolytic activity supports the 
matrix-degrading action of E1 by hydrolysing proteinaceous structures 
associated with oil bodies. At the same time, limited the Alcalase® 
dosage may prevent excessive proteolysis, particularly under simulta
neous treatment conditions, where high protease concentrations could 
partially degrade the proteinaceous components of the E1 cocktail and 
reduce the synergistic effect between the two enzymes.

Regarding, the solid-to-liquid (S/L) ratio, 1:6 (w/v) was determined 
as optimal. Ratios lower than 1:6 (w/v) caused biomass aggregation and 
limited enzyme accessibility, whereas higher dilution ratios reduced oil 
recovery because of inefficient droplet coalescence and phase 
separation.

Overall, these results demonstrate that both enzyme synergy and 
careful optimization of process parameters are essential to achieve 
effective matrix disruption and efficient oil recovery. To further inten
sify the extraction process, UAE was introduced as a mild physical 
strategy prior to the optimized enzymatic treatment. With the aim of 
enhancing matrix disruption and mass transfer, thereby improving 
enzyme accessibility and oil release.

The effect of UAE was evaluated by comparing the time-dependent 
oil extraction profiles obtained under simultaneous (SIM), sequential 
(SEQ) enzyme treatment, UAE + SIM, and UAE + SEQ conditions 
(Fig. 1).

In the absence of UAE, both SIM and SEQ protocols exhibited rela
tively slow extraction kinetics and lower final oil recoveries. The SIM 
treatment showed a gradual and asymptotic increase in oil yield, 
reaching ⁓ 5.95% after 24 h and approaching a plateau after 6–8 h.

However, from a process perspective, the increase in oil yield beyond 
4 h was minimal, indicating that most of the extractable oil had already 
been released within this time frame. Therefore, although the theoret
ical plateau was reached at longer times (4–6 h), 4 h was considered a 
practical equilibrium time, ensuring a favourable balance between 
extraction efficiency and process duration.

The SEQ protocol achieved a comparable final yield (≈6.00%) but 
displayed a pronounced initial lag phase (0–2 h), indicating that pre
liminary structural modifications were required before effective oil 
release could occur. The introduction of ultrasound significantly inten
sified and accelerated the process. Under UAE + SIM conditions, oil 
yield reached ⁓ 5.0% within the first 30 min, nearly matching the final 
yield obtained after 24 h under non-sonicated conditions. The final oil 

recovery increased to ⁓ 15.0%, corresponding to a ~2.5-fold 
enhancement compared with SIM (Fig. 1). The highest performance was 
observed under UAE + SEQ conditions, where oil recovery reached 
≈18.0%. Notably, about 96% of the total oil was extracted within the 
first 4 h (≈17.3%), with only marginal increases thereafter. These results 
demonstrate that the combination of ultrasound-induced structural 
disruption and sequential enzymatic hydrolysis significantly enhances 
matrix permeability and accelerates mass transfer, leading to faster and 
more efficient oil recovery.

Our results are particularly relevant when compared with the liter
ature. Traditional AEE of oilseeds typically requires between 12 and 24 h 
to achieve significant oil yields (Goula et al., 2018; Torabizadeh & 
Khaki, 2025). In contrast, in the present system, the integration of ul
trasound enabled the extraction equilibrium to be reached within only 
4 h, corresponding to an ⁓ 80% reduction in processing time.

3.2. Kinetic modelling and mechanistic interpretation

To quantitatively describe the extraction dynamics, the experimental 
data were fitted using pseudo-first-order, Gompertz, and logistic kinetic 
models; the results fitted curves and kinetic parameters are shown in 
Fig. S1 and Table 1, respectively. Model selection was based on the 
combined evaluation of AICc, adjusted R2, RMSE, and residual 
distribution.

As shown in Table 1, the pseudo-first-order model provided the best 
fit for SIM and US + SIM, showing the lowest AICc and RMSE values and 
supporting a diffusion-controlled extraction behaviour. In contrast, SEQ 
was better described by the Gompertz model, while US + SEQ was best 
fitted by the logistic model, consistently with the sigmoidal extraction 
profiles observed experimentally. Residual plots did not show evident 
systematic trends, further supporting the suitability of the selected 
models for describing the different extraction behaviours (Fig. S2). For 
the SIM and US + SIM the constant under ultrasound-assisted conditions 
suggests that ultrasound pretreatment reduced mass-transfer limita
tions, thereby promoting faster oil release.

In contrast, the kinetic profile observed for the SEQ treatment 
showed a sigmoidal behaviour and was best described by the Gompertz 
model, highlighting the presence of an initial induction phase preceding 
rapid oil release. This trend suggests that a preliminary stage of matrix 
weakening is required before efficient proteolytic disruption of 
oleosome-associated proteins can take place.

The US + SEQ condition was instead best described by the logistic 
model, which accurately captured the characteristic inflection point 
observed at ⁓ 2.4–2.6 h. The higher kinetic constant obtained under 
these conditions indicates that matrix degradation proceeds more 
rapidly once a critical threshold of structural disintegration is reached.

Overall, these results suggest distinct extraction mechanisms among 
the tested treatments. Simultaneous treatments appear to be mainly 
governed by gradual diffusion-controlled processes, whereas sequential 
treatments may involve a more complex two-step behaviour, charac
terized by an initial increase in substrate accessibility followed by faster 
enzymatic destabilization. Ultrasound likely promotes both extraction 
behaviours, through cavitation-related physical effects that improve 
solvent penetration, enzyme accessibility, and mass transfer. However, 
since direct structural characterization of ultrasound-induced matrix 
disruption was not performed in the present study, the proposed 
contribution of cavitation should be interpreted as a plausible expla
nation rather than as direct structural evidence. In addition to the 
extraction strategy, the physicochemical characteristics of the raw ma
terial may also have contributed to the observed extraction kinetics. The 
thermal history of the grape seeds, including both industrial high- 
temperature drying and the additional short thermal pretreatment 
applied in this study, could have modified matrix porosity and enzyme 
accessibility. Nevertheless, the oil yields obtained indicate that adequate 
enzyme–substrate accessibility was retained under all the tested 
conditions.
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Table 1 
Kinetic model fitting statistics for oil extraction under simultaneous enzymatic treatment (SIM), sequential enzymatic treatment (SEQ), ultrasound-assisted simul
taneous treatment (US + SIM), and ultrasound-assisted sequential treatment (US + SEQ). The best-supported model for each treatment was selected based on the 
lowest corrected Akaike Information Criterion (AICc), together with a high adjusted coefficient of determination (R2adj), a low root mean square error (RMSE), and an 
appropriate residual distribution. The check mark indicates the selected best-fit model.

Treatment Model Y∞ (g/100 g) R2 R2adj RMSE AICc Best fit

SIM Pseudo-first-order 5.888 0.9995 0.9994 0.046 − 62.11 ✓
Gompertz 5.730 0.9908 0.9869 0.196 − 26.44 ​
Logistic 5.651 0.9796 0.9709 0.292 − 17.69 ​

SEQ Pseudo-first-order 6.405 0.8754 0.8442 0.942 +4.18 ​
Gompertz 5.884 0.9987 0.9981 0.096 − 42.18 ✓
Logistic 5.833 0.9960 0.9943 0.169 − 29.69 ​

US + SIM Pseudo-first-order 15.048 0.9997 0.9996 0.079 − 50.36 ✓
Gompertz 14.831 0.9882 0.9831 0.528 − 4.62 ​
Logistic 14.730 0.9744 0.9634 0.779 +3.94 ​

US + SEQ Pseudo-first-order 18.921 0.9140 0.8925 2.220 +23.04 ​
Gompertz 17.971 0.9950 0.9929 0.533 − 4.40 ​
Logistic 17.960 0.9988 0.9983 0.260 − 20.21 ✓

Note. Y∞ = asymptotic maximum oil yield, expressed as g oil/100 g dry matter; R2adj = adjusted coefficient of determination; RMSE = root mean square error; 
AICc = corrected Akaike Information Criterion.

Fig. 2. Coupled evolution of oil yield and pH during enzyme-assisted aqueous extraction of grape seed oil under (A) simultaneous enzymatic treatment (SIM), (B) 
sequential enzymatic treatment (SEQ), (C) ultrasound-assisted simultaneous treatment (US + SIM), and (D) ultrasound-assisted sequential treatment (US + SEQ). Oil 
yield is plotted on the left y-axis and represented by solid-coloured lines, whereas pH is plotted on the right y-axis and represented by dashed green lines. Data are 
presented as mean ± standard deviation (n = 3).
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3.3. Combined analysis of pH evolution and reaction kinetics

To gain deeper insight into the mechanisms governing oil release, 
extraction kinetics were analysed together with pH evolution during the 
process (Fig. 2). In AEE systems, oil release depends on the progressive 
disruption of two main structural barriers: the plant cell wall and the oil 
body interface, which regulate matrix permeability and accessibility of 
entrapped compounds (Gao et al., 2024; Vovk et al., 2023). The pH 
changes observed during extraction likely reflected the combined effects 
of enzymatic hydrolysis, matrix solubilisation, and the buffering ca
pacity of grape-seed components. In Alcalase®-containing treatments, 
proteolysis generated soluble peptides and new terminal amino and 
carboxyl groups, altering the proton balance of the medium. Since no 
pH-stat control was applied, the observed pH drift should be interpreted 
as the net effect of these processes. Although some free fatty acid release 
may have occurred, the upward pH trend was more consistent with 
proteolysis and protein solubilisation. The progressive shift towards less 
acidic conditions may also have favoured Alcalase® activity, as this 
protease is active under neutral-to-alkaline conditions. This could have 
enhanced the disruption of proteinaceous structures associated with cell 
walls, oil bodies and intercellular matrix structures, thereby promoting 
oil release during the initial extraction stages (Rosenthal et al., 1996; Wu 
et al., 2009).

Altogether, the pH profile is consistent with the hypothesis that 
proteolysis contributed to progressive matrix deconstruction, thereby 
facilitating oil release.

3.4. Fractionation, recovery, and characterization of biomass components

To evaluate the efficiency of the different extraction strategies, the 
recovery of oil, proteins, and carbohydrates was compared after 4 h of 
extraction, corresponding to the process-relevant equilibrium time 
under UAE conditions (Fig. 3).

As discussed above, oil recovery was strongly influenced by the 
extraction protocol, with ultrasound-assisted treatments significantly 
improving lipid extraction up to 17%. This result is consistent with 
previous studies on AEE and ultrasound-assisted approaches for oilseed 
processing (Chen et al., 2020; Goula et al., 2018; Villacís-Chiriboga 
et al., 2026).

A similar enhancement pattern was observed for protein recovery 

(Fig. 3). Conventional treatments resulted in limited extraction, with 
average recoveries of 1.20% for SIM and 1.97% for SEQ, whereas 
ultrasound-assisted conditions increased protein recovery to 6.00% in 
US + SIM and 8.03% in US + SEQ. The highest recovery obtained under 
US + SEQ suggests that the combination of ultrasound and sequential 
enzymatic hydrolysis effectively promotes protein release (Salzano 
et al., 2024). Comparable effects have been described in plant-based 
systems and fibre-rich oat side streams where ultrasound-assisted 
enzymatic treatments enhance enzyme accessibility and protein 
release (Villacís-Chiriboga et al., 2026; Wang et al., 2023).

Carbohydrate recovery was also influenced by the extraction strat
egy. The average carbohydrate recoveries were 6.45% for SIM and 
4.65% for SEQ, whereas ultrasound-assisted conditions increased re
coveries to 8.25% (US + SIM) and 8.15% (US + SEQ). These results 
indicate that ultrasound also plays a key role also in promoting the 
release of soluble carbohydrates. In contrast to proteins, carbohydrate 
recovery was only slightly influenced by the enzymatic sequence once 
ultrasound was applied, suggesting that ultrasound-driven matrix 
disruption itself is the dominant role in factor governing polysaccharide 
release (Ebringerová & Hromádková, 2010; Le Guillard et al., 2016; 
Sharma et al., 2025). This interpretation is consistent with previous 
findings on the extraction of hydrophilic components from plant 
biomass (Ferraioli et al., 2025).

Overall, these results demonstrate that ultrasound-assisted enzy
matic extraction enables the simultaneous recovery of both lipophilic 
and hydrophilic fractions under mild conditions, without the use of 
organic solvents during the extraction step, thus highlighting the po
tential of this approach for future integrated biorefinery strategies tar
geting grape seed valorisation.

Compared with the literature, the present system shows improved 
process performance: while conventional AEE of oilseeds typically re
quires 12–24 h to achieve significant yields, the integration of ultra
sound allowed equilibrium to be reached within 4 h, corresponding to an 
⁓ 80% reduction in processing time (Ebringerová & Hromádková, 
2010). The addition of ultrasound further enhances extraction effi
ciency and may improve oil quality parameters, such as oxidative sta
bility (Ivetić et al., 2017; Maria et al., 2026; Mohapatra & Singh, 2026).

More broadly, the integration of enzymatic and ultrasound-assisted 
extraction strategies represents a promising approach for the valor
isation of agro-industrial residues within future biorefinery concepts. In 

Fig. 3. Recovery of (a) oil, (b) proteins, and (c) carbohydrates obtained after 4 h of extraction under different treatment conditions: simultaneous enzymatic 
treatment (SIM), sequential enzymatic treatment (SEQ), ultrasound-assisted simultaneous treatment (US + SIM), and ultrasound-assisted sequential treatment (US +
SEQ). Data are presented as mean ± standard deviation of three independent extraction experiments (n = 3). Statistical differences among treatments were evaluated 
separately for each recovered fraction by one-way ANOVA followed by Tukey's multiple comparison test. Statistical significance is indicated as *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001; ns = not significant.
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this context, the US + SEQ protocol enables the recovery of multiple 
valuable streams, including lipids, proteins, and soluble carbohydrates, 
from industrially generated grape seeds through a single aqueous 
extraction process, highlighting its potential for the valorisation of 
winemaking residues.

3.5. Influence of extraction protocols on the fatty acid profile of recovered 
grape seed oil fractions

The fatty acid composition of the lipid fractions recovered under the 
different extraction conditions was compared to evaluate whether the 
extraction strategy influenced oil composition quality in addition to 
recovery yield. As reported in Table 2, all extraction treatments yielded 
oils with comparable fatty acid profiles, indicating that neither ultra
sound pretreatment nor the different enzymatic extraction strategies 
substantially altered lipid composition. Linoleic acid was the predomi
nant fatty acid, followed by oleic, palmitic, and stearic acids, in agree
ment with the characteristic fatty acid profile of grape seed oil (Dimić 
et al., 2020; Zhao et al., 2019).

Although the general fatty acid pattern was conserved among 
treatments, differences were observed in the relative abundance of in
dividual fatty acids and fatty acid classes. It should be considered that 
fatty acid data are expressed as relative percentages of total fatty acids; 
therefore, variations may reflect differences in the relative recovery of 
specific lipid fractions rather than actual modifications of lipid compo
sition. Overall, 22 fatty acids were identified across the analysed sam
ples, including saturated (SFA), monounsaturated (MUFA), and 
polyunsaturated fatty acids (PUFA), with the major components re
ported in Table 2.

Linoleic acid content ranged from 65.01% in SEQ to 72.86% in US +
SIM, confirming the predominance of ω-6 PUFA in grape seed oil. 
Conversely, oleic acid showed higher relative abundance in SIM and 
SEQ, whereas lower values were observed in ultrasound-assisted 

treatments, particularly US + SIM. Palmitic acid exhibited higher levels 
in SEQ and US + SEQ, while lower relative amounts were detected in 
SIM and US + SIM. The fatty acid class distribution further supported the 
influence of extraction conditions on the relative selectivity of lipid re
covery, as reported in Table 3.

The grape seeds used in this study were recovered from industrial 
grape marc processing and had therefore undergone thermal exposure 
during distillation. However, thermal treatment is also an inherent step 
in conventional grape seed oil production, where industrial drying prior 
to solvent extraction may involve temperatures close to 98–100 ◦C 
(Akterian et al., 2025). Therefore, differences in fatty acid composition 
compared with literature data cannot be attributed exclusively to the 
previous thermal exposure but should also be interpreted considering 
the intrinsic variability associated with grape cultivar, geographical 
origin, environmental conditions, and processing practices.

Taken together, these results indicate that the extraction protocols 
did not induce major alterations in the intrinsic fatty acid profile of 
grape seed oil but rather affected the relative recovery of lipid fractions. 
In particular, SIM, especially when combined with ultrasound, appeared 
to favour the recovery of a more PUFA-enriched fraction, whereas SEQ 
tended to result in a relatively higher contribution of MUFA/ω-9 fatty 
acids. The simultaneous action of carbohydrases and proteases may have 
promoted a more extensive disruption of the seed matrix, facilitating the 
release of a broader lipid fraction, whereas the sequential enzymatic 
strategy may have favoured a more selective extraction following an 
ordered degradation of structural components. Ultrasound pretreatment 
may have further enhanced these effects by improving matrix disruption 
and enzyme accessibility, in agreement with previous studies on ultra
sound- and enzyme-assisted extraction of oil-rich plant matrices 
(Laqui-Estaña et al., 2024; Lezama Guerra et al., 2025; Passos et al., 
2009).

The fatty acid composition was further evaluated through the 
calculated oxidizability value and lipid nutritional quality indices, 
namely COX, AI, TI, and HH, as shown in Table 4.

COX values suggest that treatments favouring PUFA recovery may 
also increase the theoretical susceptibility of the oil to oxidation.

The nutritional quality indices confirmed an overall favourable lipid 
profile for all recovered oil fractions. AI and TI values were low across all 

Table 2 
Main fatty acids identified in grape seed oil under different extraction conditions. Results are expressed as percentages of total fatty acids and values are reported as the 
mean ± SD (n = 3). Different lowercase superscript letters within the same row indicate statistically significant differences among extraction treatments according to 
one-way ANOVA followed by Tukey's post hoc test (p < 0.05). Values sharing the same letter are not significantly different.

Fatty Acid SIM SEQ US + SIM US + SEQ

Linoleic (18:2 n-6) 69.32 ± 0.55b 65.01 ± 0.30c 72.86 ± 0.20a 68.68 ± 0.55b

Oleic (18:1 n-9) 18.79 ± 0.22a 19.25 ± 0.81a 14.77 ± 0.85c 16.69 ± 0.12b

Palmitic (16:0) 8.28 ± 0.10b 11.26 ± 0.19a 8.42 ± 0.15b 11.21 ± 0.87a

Stearic (18:0) 2.58 ± 0.25b 3.28 ± 0.05a 3.05 ± 0.09a 2.23 ± 0.05b

Palmitoleic (16:1) 0.07 ± 0.001c 0.02 ± 0.001d 0.09 ± 0.002b 0.11 ± 0.001a

Table 3 
Fatty acid class distribution of grape seed oil obtained under different extraction 
conditions. Results are expressed as percentages of total fatty acids and are re
ported as the mean ± standard deviation of three independent experiments 
(n = 3). Different lowercase superscript letters within the same row indicate 
statistically significant differences among extraction treatments according to 
one-way ANOVA followed by Tukey's post hoc test (p < 0.05). Values sharing the 
same letter are not significantly different. The SFA/MUFA ratio was calculated 
to evaluate the balance between saturated and monounsaturated fatty acid 
fractions.

SIM SEQ US + SIM US + SEQ

SFA (%) 10.90 ± 0.32b 14.54 ± 0.45a 11.52 ± 0.28b 13.44 ± 0.41a

MUFA (%) 18.96 ± 0.55a 19.37 ± 0.61a 14.91 ± 0.38c 16.84 ± 0.50b

PUFA (%) 69.38 ± 1.12b 65.04 ± 0.98c 72.88 ± 1.05a 68.70 ± 0.89b

SFA/MUFA 0.57 ± 0.02c 0.75 ± 0.03b 0.77 ± 0.02b 0.80 ± 0.03a

ω-3 (%) 0.02 ± 0.005 0.03 ± 0.007 0.01 ± 0.002 0.01 ± 0.003
ω-6 (%) 70.12 ± 1.15b 66.06 ± 0.95c 73.57 ± 1.21a 69.71 ± 0.92b

ω-9 (%) 18.88 ± 0.52a 19.35 ± 0.58a 14.82 ± 0.35c 16.73 ± 0.48b

Note. SFA = saturated fatty acids; MUFA = monounsaturated fatty acids; 
PUFA = polyunsaturated fatty acids; ω-3, ω-6, and ω-9 = omega-3, omega-6, and 
omega-9 fatty acid families, respectively.

Table 4 
Lipid nutritional quality and oxidative stability indices of grape seed oil obtained 
under different extraction conditions. Results are reported as the mean ± stan
dard deviation (SD) of three independent experiments (n = 3). Different lower
case superscript letters within the same row indicate statistically significant 
differences among extraction treatments according to one-way ANOVA followed 
by Tukey's post hoc test (p < 0.05). Values sharing the same letter are not 
significantly different.

Index SIM SEQ US + SIM US + SEQ

COX 7.32 ± 0.15a 6.91 ± 0.12b 7.62 ± 0.18a 7.24 ± 0.14ab

AI 0.29 ± 0.01b 0.44 ± 0.02a 0.30 ± 0.01b 0.42 ± 0.02a

TI 0.66 ± 0.02b 1.02 ± 0.04a 0.72 ± 0.02b 0.95 ± 0.03a

HH 8.10 ± 0.25a 5.80 ± 0.18b 7.60 ± 0.22a 6.30 ± 0.19b

Note. COX = calculated oxidizability value; AI = atherogenicity index; 
TI = thrombogenicity index; HH = hypocholesterolemic/hypercholesterolemic 
ratio.
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samples, with the most favourable values observed for SIM and US +
SIM. These treatments also showed the highest HH ratios, indicating a 
greater relative contribution of hypocholesterolemic fatty acids. 
Conversely, SEQ and US + SEQ showed higher AI and TI values and 
lower HH ratios, in line with their higher SFA contents.

Taken together, these findings suggest that the selection of the 
extraction strategy influence the balance between nutritional charac
teristics and oxidative stability of grape seed oil recovered from indus
trial winemaking residues. SIM-based treatments appear more 
favourable in terms of fatty acid-related nutritional indices, likely due to 
the higher relative contribution of PUFA, whereas SEQ resulted in 
fractions with lower calculated oxidizability values, reflecting a rela
tively higher contribution of more oxidation-resistant fatty acids. 
Therefore, the extraction protocol should be selected according to the 
target application, considering not only oil yield but also the composi
tional and stability-related characteristics of the recovered lipid 
fraction.

3.6. Antioxidant activity of grape seed oils obtained under different 
extraction conditions

To complement the information provided by lipid quality indices and 
the calculated oxidizability value (COX), the antioxidant activity of 
grape seed oils obtained under the different extraction conditions was 
evaluated using DPPH• and ABTS•+ radical scavenging assays. These 
assays provide complementary information, as they assess the radical 
scavenging capacity of the recovered oils rather than their theoretical 
susceptibility to oxidation.

Both DPPH• and ABTS•+ assays showed a concentration-dependent 
increase in radical scavenging activity for all samples, with US + SIM 
generally showing the highest response and SEQ the lowest activity 
across the tested concentration range. SIM and US + SEQ displayed 
intermediate behaviour, with SIM showing slightly higher activity than 
US + SEQ at the highest concentration (Fig. 4A and B).

Two-way ANOVA confirmed that both extraction protocol and con
centration significantly affected radical scavenging activity, with sig
nificant differences among treatments within each concentration. 
Moreover, under all tested conditions, the ABTS•+ assay showed higher 
radical scavenging responses than the DPPH• assay, suggesting a greater 
sensitivity toward the antioxidant-active compounds present in the 
recovered grape seed oils, as also previously reported (Pérez et al., 
2015). The antioxidant efficiency of the oils was further evaluated 
through IC50 determination, defined as the concentration required to 
achieve 50% radical scavenging activity (Table 5).

While the fatty acid profile remained largely conserved among 
treatments, antioxidant-related parameters showed greater variability, 
likely reflecting the different selectivity of each protocol in recovering 
antioxidant-active compounds from the grape seed matrix. Compared 
with major lipid components, antioxidant-active compounds are often 
more sensitive to extraction conditions, as their recovery and apparent 
activity can depend on matrix accessibility, extraction parameters, and 
interactions with the surrounding matrix. In the present study, the 
observed differences refer exclusively to the overall radical-scavenging 
activity of the recovered extracts rather than to changes in the abun
dance of specific antioxidant molecules.

This interpretation is also relevant when comparing antioxidant ac
tivity with COX values. Although lipid fractions enriched in poly
unsaturated fatty acids may display higher calculated oxidizability and 
therefore greater theoretical susceptibility to oxidation, they may also 
exhibit higher radical scavenging activity when extraction conditions 
favour the recovery of antioxidant-active minor compounds. Accord
ingly, lipid quality indices, COX values, and antioxidant assays should be 
considered complementary descriptors of oil quality.

Overall, these results suggest that ultrasound-assisted simultaneous 
enzymatic treatment favours the recovery of antioxidant-active com
pounds from grape seed biomass, as indicated by the higher radical 
scavenging activity observed among the tested conditions. Further 
studies are therefore required to identify and quantify the specific 
antioxidant-active compounds responsible for this activity, in order to 
better clarify the relationship between extraction conditions, oil 
composition, and antioxidant potential.

Fig. 4. Antioxidant activity of grape seed oils obtained under different extraction conditions. Radical scavenging activity was determined using the DPPH• assay (A) 
and ABTS•+ assay (B) at concentrations ranging from 12.5 to 200 μg mL− 1 for SIM, SEQ, US + SIM, and US + SEQ samples. Data are expressed as the mean ±
standard deviation (SD) of three independent experiments (n = 3). Statistical differences among extraction treatments were evaluated within each concentration by 
two-way ANOVA followed by Tukey's multiple-comparison test. Different letters above the bars indicate statistically significant differences among treatments at the 
same concentration (p < 0.05).

Table 5 
IC50 values of grape seed oils determined by DPPH• and ABTS•+ radical scav
enging assays under different extraction conditions. Data are expressed as the 
mean ± standard deviation (SD) of three independent experiments (n = 3). 
Different lowercase superscript letters within the same column indicate statis
tically significant differences among extraction treatments according to one-way 
ANOVA followed by Tukey's HSD test (p < 0.05). Values sharing the same letter 
are not significantly different. Lower IC50 values indicate higher antioxidant 
activity.

IC50 DPPH (μg mL− 1) IC50 ABTS (μg mL− 1)

US + SIM 40.21 ± 0.25 c 29.39 ± 1.41 c

SIM 50.33 ± 0.61 b 38.10 ± 1.84 b

US + SEQ 53.01 ± 0.95 b 37.58 ± 2.20 b

SEQ 79.95 ± 0.95 a 58.74 ± 2.65 a
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3.7. Characterization of functional groups in the extracted fractions using 
FTIR analysis

To evaluate the efficiency of the US + SEQ protocol and assess the 
chemical integrity of the extracted products, Fourier-transform infrared 
spectroscopy (FTIR) was performed on the recovered oil, the protein- 
rich cream fraction, and the residual biomass (Fig. 5). The FTIR spec
trum of the oil fraction exhibited the characteristic absorption bands of 
triglyceride-rich vegetable oils. A strong band at ⁓ 1744 cm− 1 was 
observed, corresponding to the stretching vibration of ester carbonyl 
groups (C=O), which is a distinctive feature of triacylglycerols. Addi
tional intense bands at 2926 and 2856 cm− 1 were assigned to the 
asymmetric and symmetric stretching vibrations of aliphatic CH2 
groups, respectively, associated with long hydrocarbon chains of fatty 
acids. A weaker peak around 3002 cm− 1 was also detected and attrib
uted to = CH stretching vibrations, indicating the presence of unsatu
rated fatty acids.

The FTIR spectrum of the cream fraction displayed a more complex 
profile, reflecting the coexistence of lipids and proteins within this in
termediate phase. In particular, the bands at 1656 and 1548 cm− 1 

correspond to Amide I and Amide II vibrations, respectively, charac
teristic of protein structures (De Meutter & Goormaghtigh, 2021; 
López-Lorente & Mizaikoff, 2016) likely originating from partially 
hydrolysed cellular structures and protein–lipid complexes released 
during enzymatic treatment. Additionally, a band around 1736 cm− 1 

indicates the presence of lipid components, suggesting that the cream 
fraction represents an emulsion-like system composed of both proteins 
and lipids (Pancholi et al., 2023). To further support the interpretation 
of the proteinaceous character of the GSP fraction, the Amide I region 
was qualitatively deconvoluted in the 1700–1600 cm− 1 range. The 
baseline-corrected spectrum, total fitted curve, individual Gaussian 
components, and fitting details are reported in the Supplementary Ma
terial as Fig. S4, while the corresponding peak positions, relative areas, 
and tentative secondary-structure assignments are summarized in 
Table S2. The fitted components were tentatively assigned to β-shee
t/aggregated structures, random coil or unordered structures, α-helical 
contributions, β-turns, and high-wavenumber β-sheet β-sheet/ag
gregated structures, according to literature-reported Amide I sub-band 
regions.

The FTIR spectrum of the residual biomass showed prominent ab
sorption bands in the 1000–1200 cm− 1 region, particularly at ⁓ 1042 
and 1156 cm− 1, which are associated with C–O stretching vibrations of 

polysaccharides such as cellulose and hemicellulose (Jiang et al., 2025). 
These signals confirm the presence of carbohydrate-rich structural 
components remaining in the solid matrix after extraction. Additional 
bands near 2926 cm− 1 were also observed and attributed to aliphatic CH 
stretching vibrations, likely arising from residual lipids or structural 
organic components (Mašán et al., 2021).

Overall, FTIR analysis confirmed the successful fractionation of in
dustrial grape seed biomass into chemically distinguishable fractions 
enriched in lipid, protein, and carbohydrate components. These findings 
complement the compositional and functional analyses, supporting the 
potential of the proposed strategy for the integrated valorisation of 
grape seed residues.

3.8. Antimicrobial activity of grape seed-derived fractions

To support the integrated valorisation of grape seed biomass, the 
optimized extraction process was complemented by an assessment of the 
antimicrobial potential of the recovered fractions. The antimicrobial 
activity of grape seed-derived protein and oil fractions was evaluated 
against E. coli, P. aeruginosa, and S. epidermidis using agar disc diffusion 
assays (Fig. 6). Representative images of the agar diffusion plates ob
tained for the antimicrobial assays are reported in the Supplementary 
Material as Fig. S5.

Both grape seed-derived fractions exhibited dose-dependent anti
microbial activity, although the extent of inhibition varied depending on 
the fraction and bacterial strain (Fig. 6). Overall, the protein-rich frac
tion showed greater antimicrobial effectiveness than the oil fraction, 
while the antibiotic control showed the highest inhibitory activity under 
all tested conditions. Against E. coli, the protein-rich fraction produced 
inhibition zones of approximately 10–17 mm, compared with 5–10 mm 
for the oil fraction. A similar trend was observed against P. aeruginosa, 
although with lower overall susceptibility, with inhibition zones ranging 
from approximately 9–17 mm for the protein-rich fraction and 4–7 mm 
for the oil fraction. Conversely, S. epidermidis showed higher sensitivity, 
with inhibition zones of approximately 10–15 mm for the protein-rich 
fraction and 7–12 mm for the oil fraction. Statistical analysis 
confirmed significant differences among fractions and experimental 
conditions.

The higher antimicrobial activity of the protein-rich fraction may be 
associated with the presence of bioactive peptides generated during 
enzymatic hydrolysis. Antimicrobial peptides derived from plant protein 
hydrolysates have been widely described, and their activity is commonly 
related to interactions with bacterial membranes, leading to increased 
permeability and loss of membrane integrity. For example, Alcalase- 
derived cowpea protein hydrolysates showed antibacterial activity 
against both Gram-negative and Gram-positive bacteria, including E. coli 
and P. aeruginosa (Osman et al., 2021) and plant protein hydrolysates are 
increasingly recognised as promising sources of antimicrobial peptides 
(Rivero-Pino et al., 2023). However, since peptide identification and 
membrane-integrity analyses were not performed in the present study, 
this mechanism should be considered a plausible interpretation rather 
than direct evidence. Further molecular characterization will be 
required to identify the active components and establish possible 
structure–activity relationships.

The antimicrobial activity observed for the protein-rich fraction was 
comparable with values reported for grape seed extracts. Zhu et al. 
(2015), for instance, reported an inhibition zone of 14.8 ± 0.21 mm 
against E. coli O157 using 3.2 mg of grape seed extract per disc. In the 
present study, similar inhibition levels were obtained using lower 
amounts of the protein fraction. However, direct comparisons among 
disc-diffusion studies should be interpreted cautiously because antimi
crobial responses are strongly influenced by extract composition, sol
vent or dispersion system, bacterial strain, compound diffusivity, and 
assay conditions. Moreover, since the protein-rich fraction was recov
ered from an industrially processed feedstock, the possible influence of 
upstream processing on protein integrity and biological activity cannot 

Fig. 5. FTIR spectra of grape seed-derived fractions, including oil, biomass 
residue, and cream fraction. Spectra are reported in the range 4000–650 cm− 1 

and presented as absorbance (a.u.) versus wavenumber (cm− 1).
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be excluded.
The lower susceptibility of P. aeruginosa is consistent with its well- 

established intrinsic resistance, which is associated with low outer- 
membrane permeability and efficient efflux systems (Li et al., 1994). 
Therefore, the measurable inhibition observed for this strain is note
worthy and supports further investigation using quantitative antimi
crobial assays, including minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) determinations.

The oil fraction also displayed measurable antimicrobial activity, 
although its effect was consistently lower than that of the protein-rich 
fraction. This effect may be related to the presence of unsaturated 
fatty acids, particularly linoleic acid, which have been reported to 
interfere with bacterial membrane integrity and lipid metabolism 
(Parsons et al., 2012; Zheng et al., 2005). The greater susceptibility of 
the Gram-positive strain S. epidermidis compared with the 
Gram-negative bacteria is consistent with this interpretation. However, 
because the diffusion of hydrophobic compounds in agar is limited and 
depends strongly on the dispersion system, the antimicrobial potential 
of the oil fraction should be confirmed using broth-based assays.

Overall, these findings show that the ultrasound-assisted enzymatic 
extraction strategy enabled the recovery of both an oil fraction and a 
protein-rich fraction with measurable antimicrobial activity, supporting 

the integrated valorisation of industrial grape seed residues. Further 
studies will be required to characterize the active compounds, determine 
MIC and MBC values, and assess process-related factors, including water 
consumption, enzyme dosage, energy demand, pretreatment re
quirements, and downstream processing, within future larger-scale 
application.

4. Conclusions

This study demonstrates that grape seed biomass can be valorised 
through an integrated ultrasound-assisted enzymatic extraction strat
egy, enabling the recovery of multiple fractions with distinct composi
tion and functionality. Compared with conventional approaches, the 
combined use of ultrasound and enzymes enhanced lipid recovery under 
mild aqueous conditions, suggesting that process intensification may 
improve matrix accessibility and mass transfer. Kinetic modelling 
revealed a strong dependence of extraction behaviour on treatment 
configuration, with ultrasound-assisted processes reaching higher yields 
and faster release rates, while sequential and simultaneous enzymatic 
strategies followed distinct extraction patterns reflecting differences in 
matrix accessibility and substrate hydrolysis.

Beyond extraction performance, the recovered fractions showed 

Fig. 6. Antimicrobial activity of grape seed-derived protein and oil fractions. 
Antimicrobial activity of grape seed-derived fractions evaluated by inhibition disc halo diffusion assay against E. coli, P. aeruginosa, and S. epidermidis. The inhibition 
zones (mm) are reported for the protein fraction (brown), oil fraction (green), and antibiotic control (blue) at increasing concentrations (10, 15, and 20 μg). Data are 
presented as mean ± standard deviation (n = 3). Statistical significance was assessed by two-way ANOVA followed by Tukey's multiple comparison multiple- 
comparison test; **** indicates p < 0.0001.
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differentiated functional properties that contribute to the overall value 
of the process. The lipid fraction retained the characteristic fatty acid 
profile of grape seed oil and exhibited measurable radical scavenging 
activity, supporting its potential as a functional oil stream. In contrast, 
the protein-rich fraction displayed significant antimicrobial activity 
against E. coli, P. aeruginosa, and S. epidermidis, likely associated with 
peptide species generated during enzymatic hydrolysis. These findings 
highlight the importance of considering not only extraction yield, but 
also the functional properties of the recovered fractions.

Overall, the results support the feasibility of an ultrasound-assisted 
enzymatic approach for the fractionation of grape seed biomass under 
mild conditions, enabling the simultaneous recovery of oil, antioxidants, 
and protein-rich fractions with added functionality. The proposed 
strategy reduces the need for organic solvents and shows potential for 
improving extraction performance compared with conventional ap
proaches. This work highlights the potential of grape seed biomass as a 
multifunctional raw material for the development of value-added in
gredients and supports resource-efficient strategies for the valorisation 
of agro-industrial residues. However, further studies, including techno- 
economic assessment, life cycle analysis, and pilot-scale validation, are 
required to fully evaluate its industrial applicability.

Abbreviation Meaning
ABTS•þ 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) radical 

cation
AEE Aqueous Enzymatic Extraction
AI Atherogenicity Index
AICc Corrected Akaike Information Criterion
ANOVA Analysis of Variance
AU Anson Units
BOD Biological Oxygen Demand
BSA Bovine Serum Albumin
CFU Colony-Forming Units
COD Chemical Oxygen Demand
COX value Calculated Oxidizability Value
DMSO Dimethyl Sulfoxide
DPPH• 1,1-diphenyl-2-picrylhydrazyl radical
E/S Enzyme-to-Substrate Ratio
E1 Pectinolytic Enzyme Cocktail
FAO Food and Agriculture Organization
FID Flame Ionization Detector
FTIR Fourier Transform Infrared Spectroscopy
GC Gas Chromatography
GSO Grape Seed Oil
GSP Grape Seed Protein
HH Hypocholesterolemic/Hypercholesterolemic Ratio
IC50 Half-Maximal Inhibitory Concentration
KBr Potassium Bromide
LB Luria-Bertani
MUFA Monounsaturated Fatty Acids
PUFA Polyunsaturated Fatty Acids
R2 Coefficient of Determination
R2adj Adjusted Coefficient of Determination
RMSE Root Mean Square Error
SD Standard Deviation
SEQ Sequential Enzymatic Treatment
SIM Simultaneous Enzymatic Treatment
S/L Solid-to-Liquid Ratio
SFA Saturated Fatty Acids
SFE Supercritical Fluid Extraction
SWE Subcritical Water Extraction
TI Thrombogenicity Index
U Enzymatic Unit
UAE Ultrasound-Assisted Extraction
US þ SEQ Ultrasound-Assisted Sequential Enzymatic Treatment
US þ SIM Ultrasound-Assisted Simultaneous Enzymatic Treatment
UV Ultraviolet
Y∞ Asymptotic Maximum Yield
k Apparent Extraction Rate Constant or Slope Parameter
t0 Inflection Time
ω-3 Omega-3 Fatty Acids
ω-6 Omega-6 Fatty Acids
ω-9 Omega-9 Fatty Acids
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