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Grape pomace (GP) is the main by-product generated by the winemaking industry. Traditionally, the economic
potential of this residue has been underestimated; however, it has recently attracted increasing interest as a
promising source of high-value compounds. In this work, three deep eutectic solvents (DES) were assessed as
green alternatives for the efficient extraction of phenolic compounds from GP. Amongst the tested solvents, the
DES composed of choline chloride, acetic acid, and water (1:1:10 M ratio) showed the best performance. Under
optimized extraction conditions (14.86 mL/g liquid-to-solid ratio (LSR), 60 °C, and 275.85 min), the total
phenolic content (TPC) reached 113.71 mg GAE/g, while the condensed tannins content (CTC) was 125.37 mg
CE/g. Antioxidant activity values were 165.25 mg TE/g for DPPH, 171.48 mg TE/g for ABTS, 102.88 mg TE/g for
FRAP, and 367.79 mg TE/g for CUPRAC. Additionally, lipid peroxidation inhibition (TBARS) showed an ICso of
337.02 pg/mL. HPLC-MS-ESI analysis of the optimal extract allowed the tentative identification of 18 phenolic
compounds, mainly including phenolic acids, flavan-3-ols, anthocyanins, and tannins. Furthermore, the extract
exhibited cytotoxic potential against gastrointestinal and liver cell lines with ICsg of 23 and 12 pg/mL, respec-
tively; and antibacterial activity against Escherichia coli, Listeria monocytogenes, and methicillin-resistant Staph-
ylococcus aureus (MRSA), with a minimum inhibitory concentration (MIC) value of 33.35 mg/mL for all three
bacterial strains. Overall, this study highlights red GP as a promising wine industry by-product for the recovery of
bioactive compounds, although further studies are required to assess their safety and potential use as multi-
functional ingredients.

1. Introduction

During the past few decades, the concept of sustainability has been
gaining momentum as awareness of resource constraints and the over-
production of waste has grown. In this context, there is a serious chal-
lenge regarding the generation of millions of tons of waste and by-
products by the agri-food sector, whose management involves consid-
erable economic costs [1]. These by-products are often considered
worthless and are generally burned or deposited in fields as fertilizers.
However, these practices cause significant environmental, economic,
and social impacts [2].

Among agri-food industries, the wine sector is of particular relevance
worldwide, with a cultivated area of approximately 7 million hectares of

grapes and an annual production of more than 200 million hectoliters
[3]. This crop is especially important in Mediterranean countries, where
the world's largest producers are located, namely Italy, France, and
Spain, which together account for almost 50% of global wine production
[3]. Nevertheless, the high productivity of this sector is accompanied by
the generation of large amounts of waste, as more than 30 wt% of grapes
are not used during winemaking. Consequently, wineries generate
around 20 million tons of residues annually, mainly including grape
pomace (GP), wine lees, wastewater, vine shoots, and grape stalks [4,5].
Among these, GP is one of the most important. Its production is esti-
mated at 1 kg per 6 L of wine, and its traditional use results in significant
air pollution and changes in soil properties that lead to pests and dis-
eases [6,7].
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Therefore, the valorization of wine by-products, particularly GP,
represents a promising strategy to improve the sustainability and
circularity of the wine sector [8,9]. The interest in GP valorization is
closely related to its chemical composition and its potential as a source
of valuable bioactive compounds. GP contains dietary fiber, sugars,
pectin, lipids, proteins, minerals, and, particularly, phenolic compounds
such as anthocyanins, flavanols, resveratrol, and phenolic acids [10,11].
Polyphenols have recently received extensive scientific awareness
owing to their potential advantages on human health [12,13].
Numerous studies have demonstrated the distinct biological properties
of phenolic compounds derived from GP. In this case in point, Ishimoto
et al. [14] carried out an investigation which showed an anti-lipidemic
and antioxidant effect attributed to the bioactive substances present in
GP. Similarly, Pérez-Ortiz et al. [15] observed antiproliferative and
antitumoral activities of white and red GP extracts through in vitro as-
says. Besides, Abreu et al. [16] reported that extracts obtained from GP
of distinct cultivation varieties exhibit interesting antibacterial activity.

Conventional extraction methods, such as maceration or Soxhlet,
remain widely applied for the recovery of phenolic compounds due to
their simplicity and reproducibility, although they often involve long
extraction times and the use of harmful organic solvents. These condi-
tions may negatively influence extraction yield and even the stability or
bioactivity of the target compounds. On the other hand, more advanced
techniques, including ultrasound- or microwave-assisted extraction, can
improve extraction efficiency, but they usually require specialized
equipment and be restricted by limited scalability [17-19]. Within this
framework, deep eutectic solvents (DES) offer a promising alternative
that can be implemented within conventional extraction processes,
providing enhanced solubility of phenolic compounds while contrib-
uting to a more sustainable and environmentally friendly approach. DES
are mixtures of at least one hydrogen bond donor (HBD) and one
acceptor (HBA) whose interactions lower the system's energy and
melting point [20,21]. The industrial interest in DES stems from its
favorable physicochemical properties, including low viscosity and
density, low cost, safety, biodegradability, and sustainability [22].
Consequently, their applications have been explored in numerous fields,
such as gasoline purification, the synthesis of sustainable biological
membranes, and the recovery of phenolic compounds, among others
[23-25].

To date, although DES have been increasingly explored for the re-
covery of bioactive compounds from agro-industrial residues, studies
specifically addressing the optimization of phenolic compound extrac-
tion from GP using DES remain relatively limited. In particular, to the
best of the authors’ knowledge, the application of a choline chloride:
acetic acid-based DES, in which acetic acid acts as the hydrogen bond
donor, has not yet been reported for the extraction of bioactive com-
pounds from red GP.

Therefore, the present study aims to develop and optimize a simple,
low-cost, and environmentally friendly DES-based extraction strategy
for the valorization of red GP, with particular emphasis on the recovery
of phenolic-rich extracts exhibiting biologically relevant properties.
First, DES were prepared from the following HBA/HBD pairs: sodium
acetate/lactic acid, choline chloride/acetic acid, and choline chloride/
citric acid. Then, the most suitable DES formulation was selected based
on maximum recovery of antioxidant compounds and minimum solvent
synthesis cost. Subsequently, the effect of the liquid-solid ratio, tem-
perature, and extraction time was evaluated by applying a Box-Behnken
experimental design. Furthermore, the gastrointestinal and hepatic
toxicity, inhibitory potential against lipid oxidation (TBARS), and the
antimicrobial activity of the optimized extracts were analyzed, as well as
their phenolic profile determined by HPLC-MS-ESI.
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2. Materials and methods
2.1. Raw materials

The red GP from the native Galician grape varieties Caino Longo
(15%), Brancellao (30%), Sousén (15%), and Mencia (40%) was kindly
supplied by the Cunas Davia winery (from the Ribeiro area, Spain) after
the harvest in September 2022. It was collected after 10 days of
maceration and fermentation, and the action of pectolytic and p-gluca-
nase enzymes to achieve a higher recovery of phenols and sugars in the
wine. It was mainly composed of seeds (54%), skin (43%) and stems
(3%). After shaker drying (50 °C for 24 h), the material was milled to a
particle size <1 mm, sealed in bags, and stored at —20 °C until the time
of use.

2.2. Chemicals and reagents

All chemicals and reagents used were of analytical grade. 2,2-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) di-ammonium salt (ABTS),
2,2-diphenyl-1-picrylhydrazyl (DPPH), and m-phenylphenol were ob-
tained from Alfa Aesar. 6-Hydroxy-2,5,7,8-tetramethylchroman-2-car-
boxylic acid (Trolox), iron (II) sulfate heptahydrate, and streptomycin
sulfate were purchased from Acros Organics. Malt Extract Broth (MEB)
was provided by Biolab®, and choline chloride by BLDpharm. Glacial
acetic acid, ethanol, iron (III) chloride hexahydrate, L(+)-lactic acid,
methanol, potassium persulfate, sodium hydroxide, and sulfuric acid
were supplied by Carlo Erba. Dexamethasone, Tris Base, L-ascorbic acid,
dimethyl sulfoxide (DMSO), and trichloroacetic acid were obtained from
Enzo Life Science, Fisher BioReagents, Fisher Chemical, GRISP Research
Solutions, and Labkem, respectively. Ketoconazole, malt agar, sterile
saline solution, and Tween 80 were obtained from Frilabo. Cell culture
reagents, including Dulbecco's Modified Eagle Medium (DMEM), Dul-
becco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM:F12),
heat-inactivated fetal bovine serum (FBS), insulin-transferrin-selenium
solution (ITS solution II), non-essential amino acids solution (NEAA),
penicillin-streptomycin solution, phosphate-buffered saline without
calcium and magnesium (DPBS), and trypsin-EDTA, were supplied by
PAN-Biotech GmbH. Ampicillin, methicillin, and p-iodonitrotetrazolium
chloride (INT) were obtained from PanReac AppliChem. Citric acid
anhydrous, sodium carbonate anhydrous, and hydrochloric acid were
acquired from Scharlau. Neocuproine hydrochloride monohydrate was
purchased from TCI Chemicals. (+)-Catechin and gallic acid were ob-
tained from Sigma-Aldrich. 2,4,6-Tri-(2-pyridyl)-1,3,5-triazine (TPTZ),
4,6-dihydroxy-2-mercaptopyrimidine (thiobarbituric acid), resazurin,
and vanillin were provided by Thermo Scientific. Ammonium acetate,
copper (II) chloride dihydrate, Folin-Ciocalteu reagent, and sodium
acetate were obtained from VWR Chemicals.

2.3. Experimental methods

2.3.1. Deep eutectic solvents (DES) synthesis

Drawing on earlier studies of phenolic recovery from plant materials
[26-29], three candidate DES formulations were selected and formu-
lated using the heating-stirring method. All the DES components were
weighed in screw cap bottles according to the established proportions in
Table 1. DES 1 was prepared both without water and with 30% water for
the study of its extraction effect, while DES 3 required the addition of
30% water to facilitate mixability of the components. Once formulated,
they were mixed on stirring and temperature-controlled plates
(maximum 80 °C) until a homogeneous and transparent mixture was
acquired. Finally, the DES were stored at room temperature until use.

2.3.2. Evaluation of DES extraction efficiency

For the identification of the optimal DES to recover phenolic com-
pounds from red GP, a conventional solid-liquid extraction was utilized.
First, the different DES were mixed with the GP to obtain a liquid-solid
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Table 1
List of DES used in this work and their characteristics.

Abbreviations ~ Reagent 1 Reagent 2 Reagent Molar ratio  Price
(HBA) (HBD) 3 (€/Kg)™"
DES1 Sodium Lactic - (1:3) 14.10
acetate acid
DES1 +30% Sodium Lactic 30% (1:3 + 9.88
acetate acid water 30%
water, w/
w)
DES2 Choline Acetic Water (1:1:10) 25.10
chloride acid
DES3 Choline Citricacid ~ 30% (2:1 + 31.22
chloride water 30%
water, w/
w)

@ For the calculation of the DES synthesis price, the data available on Sigma
Aldrich's website (September 2023) were used.
b The price of water was not considered in the calculations.

ratio (LSR) of 15 mL/g (considering the moisture content of GP) and
then placed in an orbital shaker with temperature control (Incu-Shake
series from SciQuip Ltd, UK) at 50 °C for 2 h. The selected conditions
were established based on previous literature [30] as well as the prior
experience of research group (data not shown). After extraction, the
solid residue was separated from the liquid extract by vacuum filtration,
and the recovered liquid fraction was stored at —20 °C until further
analysis.

Additionally, an extraction using an ethanol-aqueous solution (50%
v/v) was performed under the same conditions as specified above, in
order to evaluate the extraction efficiency of DES compared with a
conventional solvent. The 50% ethanol concentration was selected
based on previous literature [31,32], as hydroethanolic mixtures have
been widely reported as suitable solvents for the recovery of phenolic
and other bioactive compounds from plant matrices.

2.3.3. Optimization of extraction conditions by experimental design

Once the most efficient DES for the extraction of GP polyphenols was
selected, the influence of different factors on the properties of the ex-
tracts and the determination of the optimal conditions were investi-
gated. The independent variables analyzed included LSR (8, 14 and
20 mL/g), time (30, 165 and 300 min), and temperature (40, 50 and
60 °C), which were set grounded on prior experiments (data not shown).
A Box-Behnken design of 15 experiments with three central points, in
combination with response surface methodology (RSM), was used to
assay the relationship amongst the aforementioned independent vari-
ables (coded as —1, 0, 1) and the response variables (TPC, CTC, DPPH,
ABTS, FRAP and CUPRAC), which were fitted to the following second-
order polynomial model equation (Eq. (1)):

3 3 3
Yi=Bo+ Y _Bxit Y > BXXi+ > BX}
i=1 i=1

icj j=1

Eq. 1

where y; reflects the dependent variables (j = 1-6), Po, i, Pij, and By
correspond to the regression coefficients obtained from the experi-
mental data using the least-squares method, and x; and x; reflect the
independent variables (dimensionless and normalized), that can oscil-
late between —1 and 1. A regression analysis in Microsoft Excel's Data
Analysis Add-In (USA) was used to fit the experimental results. The
adequacy of the model was determined by the lack of fit, the coefficient
of determination (R?), and the F-test value calculated by the analysis of
variance.

With the aim of achieving the maximum values of the response
variables simultaneously the multi-response surface optimization was
used. The extracts were selected based on their phenolic and condensed
tannin content, as well as their antioxidant performance evaluated
through the DPPH, ABTS, FRAP and CUPRAC methods. The optimal
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extraction conditions were determined using the desirability function
available in Statgraphics Centurion XVI software (version 16.1.11). For
model validation, experiments under the optimum extraction conditions
were performed in three replicated, and the experimental results were
contrast to the predicted values.

2.4. Analytical methods

2.4.1. Raw material chemical characterization

The chemical characterization of the GP was performed complying
with the procedures for the determination of extractives, moisture, ash
and carbohydrate content proposed by NREL [33-36]. For the deter-
mination of extractives, two sequential extractions were assayed using
water and ethanol (96%, v/v) to eliminate water and fat-soluble com-
ponents, separately. Each resulting extract was assayed by quantitative
post-hydrolysis [37] and subsequently, an aliquot of both untreated and
post-hydrolysis extracts were analyzed via high performance liquid
chromatography-HPLC (Agilent 1260 series, Palo Alto, CA, USA) for the
quantification of solubilized compounds, which were added to the car-
bohydrate content of the extractives-free solid. The following columns
and operating conditions were used for the HPLC analysis: (i) Rezex
ROA-Organic acid H™ column (Phenomenex) at 60 °C, mobile phase of
3 mM HySO4 at 0.60 mL/min of flow, using a refractive index detector at
35 °C; and (ii) Aminex HPX-87P column (Bio-Rad) at 80 °C, mobile
phase of ultrapure water at 0.40 mL/min of flow rate, refractive index
detector at 35 °C. After quantitative acid hydrolysis (used for the
determination of carbohydrate content of extractive-free solid), the
spent solid was weighed and labeled as Klason lignin, whilst the liquid
was injected in the HPLC as described before for the quantitation of
monomeric sugars, galacturonic acid and acetic acid. Additionally, ni-
trogen was measured by elemental analysis, calculating the protein
content by applying the factor 6.25 [38]. The assays were determined in
three replicates.

2.4.2. Characterization of extraction liquors

The extracts resulting from all treatments of GP with DES were
analyzed by spectrophotometric methods for determining the content in
phenolics and condensed tannins and for the evaluation of antioxidant
activity. In all cases, calibration curves were performed, and all samples
were analyzed in three replicates.

2.4.2.1. Total phenolic content (TPC) and condensed tannin content (CTC)
assays. For TPC analysis, the Folin-Ciocalteu method was used, as pro-
posed by Singleton & Rossi (1965) [39]. Briefly, 150 pL of extract were
blended with 1250 pL of Folin-Ciocalteu reagent diluted 1:10 (v/v) and,
subsequently, 1000 pL of NayCO3 7.50% (w/v) was added. Aftera 1 h
incubation in the dark, the samples' absorbance was quantified at
760 nm. Gallic acid (20-200 pg/mL) was employed for the calibration
curve, expressing the results as mg of gallic acid equivalents (GAE)/g of
GP.

On the other hand, the tannin content was established complying
with the method proposed by Broadhurst & Jones (1975) [40] with
some modifications. For this, 450 pL of 4% (w/v) vanillin dissolved in
methanol and 450 pL of 32% (v/v) H2SO4 were added to 75 pL of GP
extract. Finally, the absorbance of the samples was quantified at 500 nm
after a 15-min incubation. Tannin content was determined using cate-
chin (100-375 pg/mL) for the calibration curve, expressing the content
as mg of catechin equivalents (CE)/g of GP.

2.4.2.2. Antioxidant capacity assays. The antioxidant activity of the GP
extracts was evaluated by DPPH, ABTS, and ferric reducing antioxidant
power (FRAP) assays, following the methodologies described by Gullén
et al. [41] and copper reducing antioxidant power capacity (CUPRAC)
assay, according to the method proposed by Ozyiirek et al. [42]. These
four colorimetric methods are based on the color change of the solution
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under study, caused by the reduction of DPPH or ABTS radicals and
ferric or cupric complexes by the antioxidants present in the extracts.
Trolox was used as a standard for all antioxidant methods (5-50 pg/mL
for DPPH assay, 50-450 pg/mL for ABTS assay, 25-225 pg/mL for FRAP
assay and 5-80 pg/mL for CUPRAC assay) expressing the results as mg of
Trolox equivalents (TE)/g of GP.

2.4.3. Bioactive properties assessment of optimized GP extract

The GP extract resulting from the optimum conditions predicted by
the experimental design model was freeze-dried (LyoQuest-55 freeze-
dryer, Telstar Technologies, Barcelona, Spain) and stored at —20 °C in
a hermetically sealed vial for subsequent bioactivity analysis. Moreover,
the DES (choline chloride: acetic acid: water, molar ratio 1:1:10) un-
derwent the same preparation process as GP extract and was utilized as a
negative control.

The lyophilized crude GP extract contained approximately 85% DES
and 15% GP-derived bioactive compounds. Therefore, the results of the
bioactivity assays were expressed considering only the GP-derived
fraction (i.e., excluding the DES contribution) and reported as the
mean of three replicates.

2.4.3.1. Thiobarbituric acid reactive substances (TBARS) formation
inhibition. The capacity of freeze-dried extracts to inhibit lipid peroxi-
dation was assayed via the TBARS formation inhibition assay employing
the method priorly conveyed by Mandim et al. [43]. Briefly, 200 pL of
extracts solutions (375.00-0.73 pg/mL) were blended with 100 pL of
ascorbic acid (0.10 mM), 100 pL of iron sulfate (10 pM), and 100 pL of
porcine brain cell homogenates (1:2, w/v), and the blend was incubated
for 1 h at 37 °C. Subsequently, 500 pL of trichloroacetic acid (28%, w/v)
and 380 pL of thiobarbituric acid (2%, w/v) were added and subjected to
incubation at 80 °C for 20 min. Finally, a centrifugation was performed
at 3000xg for 10 min, and the supernatant was quantified at 532 nm.
DES was used as a negative control, and Trolox was tested as a positive
control. The results obtained were reported in ICso values (pg/mL of
extract required to inhibit the lipid peroxidation by 50%) applying the
following equation:

_Cus0o = Caso

ECso = (50 —I50) + Ceso Eq. 2

I>50 - I<50

In the formula, C > 59 and C - 50 represent the concentration of the GP
extract that produce lipid oxidation values above and below 50%,
respectively. Similarly, I > 50 and I - 50 correspond to the specific in-
hibition percentages higher and lower than 50%, respectively. The in-
hibition percentages were calculated according to the following
equation:

1(%) =

AB 7As
"1 Eq.
a 00 q. 3

B

Where Ag denotes the absorbance of de blank at 532 nm (containing all
reagents except GP extract), whereas Ag corresponds to the absorbance
of the sample measured at 532 nm.

2.4.3.2. Cytocompatibility. The cytocompatibility of the lyophilized
extracts was assessed using gastrointestinal and hepatic cells (Caco-2
and AML12, respectively). The tested cell lines were cultured in T75
culture flasks under controlled conditions, namely 37 °C, 5% COs, and a
humidified atmosphere (SAFEGROW PRO CO; Incubator Bioair,
Siziano, Italy). Caco-2 cells were habitually preserved in DMEM culture
media supplemented with 10% heat-inactivated FBS, 1% penicillin and
streptomycin solution, and 1% of non-essential amino acids (NEAA),
AML-12 were maintained in DMEM:F12 medium supplemented with
10% FBS, 1% penicillin and streptomycin, insulin (10 pg/mL), trans-
ferrin (5.50 pg/mL), selenium (0.005 pg/mL), and dexamethasone
(0.04 pg/mL). Caco-2 and AML12 cell lines tested were purchased from
Cytion (catalog numbers 300137 and 300643, respectively) and used
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between passages 14-16 and 8-10, respectively.

Cell culture medium was substituted every 2 to 3 days, and when the
cells fulfilled 80-90% confluence, they were separated using 0.25%
Trypsin-EDTA. The cytocompatibility was assayed according to EN ISO
10993-5:2009 [44]. Briefly, the cells were seeded in 96-well plates at a
density of 10,000 cells/well for Caco-2 and 15,000 cells/well for
AML12, and after 24 h of incubation, the cells were exposed to various
concentrations of the GP extract dissolved and successively diluted in
DPBS (concentrations between 7.50 and 0.12 mg/mlL, 1:2 successive
dilutions) for another 24 h. The cytocompatibility of the samples was
assayed using the resazurin reduction method. For this, the culture
medium was carefully separated, and the adherent cells washed twice
with 100 pL of DPBS before adding 100 pL/well of resazurin (44 pM, in
the corresponding culture medium). After resazurin metabolization, the
absorbance was quantified at 570 and 600 nm against a resazurin blank
using a microplate reader (SpectraMax® iD3, Molecular Devices, LLC,
San Jose, CA). DPBS and DES were used as negative controls, while the
positive control was 10% DMSO. The metabolic activity of cells
(expressed as percentage of viable cells relative to negative control) was
determined according to the following equation:

ASS7O - AS6OO

% Metabolic activity =—"————
Y= ACsr0 — ACe00

100 Eq. 4

Where ASsyg represents the absorbance of the treated cell sample at
570 nm, corresponding to the maximum absorbance wavelength of the
reduced form of resazurin (resorufin), while Aggo corresponds to the
absorbance of the same sample at 600 nm, associated with wavelength
of maximum absorbance of non-reduced resazurin. Likewise, ACs7¢ and
ACgop denote the absorbance values of the negative control (untreated
cells) recorded at 570 and 600 nm, respectively.

2.4.3.3. Antibacterial activity. For the assessment of the antibacterial
activity, the optimal extracts were tested against bacterial strains
responsible for food contamination and several clinical pathogens:
Enterobacter cloacae (ATCC 49741), Pseudomonas aeruginosa (ATCC
9027), Salmonella enterica subsp (ATCC 13076), Escherichia coli (ATCC
25922), Yersinia enterocolitica (ATCC 8610), Klebsiella pneumoniae
(VRI17214), Morganella morganii (VRU14272) and Proteus mirabilis
(VRU17684) as Gram-negative bacteria; and Listeria monocytogenes
(ATCC 19111), Bacillus cereus (ATCC 11778), Staphylococcus aureus
(ATCC 25923), methicillin-resistant Staphylococcus aureus (MRSA,
VRI17654) and Enterococcus faecalis (VRU14041) as Gram-positive
bacteria. All the above food contaminants were supplied by Frilabo
(Porto, Portugal) and clinical bacteria were isolates from hospitalized
patients at the Hospital Center of Tras-os-Montes and Alto Douro (Vila
Real, Portugal). During the 24 h prior to the analysis, the bacteria were
incubated in an appropriate fresh culture medium at 37 °C to maintain
the exponential growth phase. Subsequently, the bacterial inoculum was
prepared at 1.5-10% CFU/mL.

To determine the extracts antibacterial activity, the microdilution
method combined to the INT (p-iodonitrotetrazolium chloride) colori-
metric assay, as priorly stated by Pires et al. [45], was employed. In
brief, 90 pL of each extract's concentration (between 66.70 and
0.52 mg/mL of dry GP extract) was blended with 10 pL of bacterial
suspension (guaranteeing the presence of 1.50 X 10% CFU/mL) in a
96-well microplate and kept at 37 °C for 24 h. Thereafter, 40 pL of INT
dye (0.2 mg/mL) was added, incubating again the microplates at 37 °C
for 30 min. INT changes color from yellow to pink when microorganisms
were viable; therefore, the minimum inhibitory concentration-MIC
(expressed as mg/mL) was defined as the lowest extract concentration
that did not exhibit a visible color change. Ampicillin (10 mg/mL),
streptomycin (1 mg/mL), methicillin (1 mg/mL), imipenem (1 mg/mL),
and vancomycin (1 mg/mL) were used as positive controls. The mini-
mum bactericidal concentration (MB, expressed as mg/mL) was defined
as the lowest extract concentration necessary to kill the microorganisms.
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For this purpose, 10 pL from wells showing no color change were plated
onto 7% sheep blood agar and incubated at 37 °C for 24 h.

2.4.4. Tentative identification of phenolic profile from grape pomace by
HPLC-DAD-ESI/MS

The lyophilized liquid fraction recovered after DES extraction under
the optimized conditions was mixed with distilled water to reach a final
concentration of 10 g/L, filtrated through a 0.22 pm nylon filter, and
injected into the HPLC system using a Dionex Ultimate 3000 UPLC
(Thermo Scientific, San Jose, CA, USA) equipped with a diode array
detector (DAD) coupled to an electrospray ionization mass detector
(ESI/MS), according to the method previously described by Mandim
et al. [46]. A Spherisorb S3 ODS-2C18 column (3 pm, 4.6 mm x 150 mm,
Waters, Milford, MA, USA), kept at 35 °C, was used. The mobile phases
consisted of 0.1% formic acid in water (A) and 100% acetonitrile (B)
under isocratic elution. Likewise, 280 and 370 nm were selected for DAD
detection, corresponding to the identification of protocatechuic acid and
flavonoids. For MS detection in negative ionization mode, a Linear Ion
Trap LTQ XL mass spectrometer (Thermo Finnigan, San Jose, CA, USA)
equipped with an ESI source was used, with nitrogen as the sheath gas
(50 psi), a spray voltage of 5 kV, a source temperature of 325 °C, a
capillary voltage of —20 V, and a collision energy of 35 arbitrary units.
Data acquisition was performed using the Xcalibur® data system
(ThermoFinnigan, San Jose, CA, USA).

The tentative identification was carried out by comparing of the
retention times (Rt), wavelength of maximum absorption (Amax), pseu-
domolecular ion ([M—H] ™), and fragmentation patterns (MS>?) obtained
in literature. Authentic standards of protocatechuic acid, (+)-catechin,
(—)-epicatechin, gallic acid and malvidin-3-O-glucoside (Sigma-
Aldrich/Thermo, >95% purity) were analyzed under the same chro-
matographic conditions and used to confirm peak identity and to sup-
port the tentative assignment of related compounds.

2.5. Statistical analysis

Data obtained from the different DES formulations were statistically
analyzed using R software (version 4.2.1). Significant differences among
DES formulations were determined by one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test, with statistical significance
set at p < 0.05.

3. Results and discussion
3.1. Grape pomace chemical composition

Table 2 presents the chemical characterization of the raw material,
determined in g/100 g of GP on a dry basis +standard deviation. As
shown, the majority of GP constituents are ethanolic and aqueous ex-
tracts, which together account for more than 60% of the total compo-
sition. These fractions are particularly interesting owing to their high

Table 2
Red GP composition. Content expressed in g per 100 g of
raw material on a dry basis tstandard deviation.

Component g/100 g GP

Glucan 4.05 +1.20
Mannan 2.41 £1.29
Xylan 2.02 + 1.09
Fructan 1.30 £0.77
Galactan 1.96 + 1.06
Acetyl groups 1.17 £ 0.17
Klason lignin 24.02 + 0.41
Galacturonic acid 5.86 + 2.72
Ashes 4.65 + 0.01
Protein 11.66 + 0.98
Aqueous extracts 22.58 + 6.23
Ethanol extracts 37.70 + 6.05
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content of bioactive compounds, like polyphenols, oils, or soluble
sugars. The aqueous extract content is analogous to that observed by
Ioannidou et al. [47] for the pomace from the Vitis vinifera L. cv. Gren-
ache Rouge grape variety, while the ethanolic extracts found in the
current study (37.70%) were significantly higher than those determined
by Ioannidou et al. [47] (2.90%) and other authors [48,49] using other
organic solvents, such as heptane (7.50%) and dichloromethane
(5.50%). The next most abundant component is Klason lignin (24.02%),
whose levels are close to those reported in the literature for other grape
varieties’ pomace [50-52]. On the other hand, the total polysaccharide
content was 11.74% (calculated as the sum of glucan, mannan, xylan,
fructan and galactan), which is considerably lower than that published
in other studies, like by Filippi et al. [53] (34.21%) for GP of the
Agiorgitiko Nemeas variety or Coelho et al. [53] (26.50%) for Pinot Noir
GP.This difference may be explained by the maceration process, since
the bagasse used for this work was subjected to enzymatic treatment to
enhance the solubilization of sugars and anthocyanins. Regarding pro-
tein content, Jin et al., 2019 [54] reported values of about
11.50-13.00% for four samples of red GP, which are comparable to the
value reached in this study (11.66%). It is important to mention that the
variation of this factor may be due, among other reasons, to the over-
estimation produced by the mixing of yeast biomass with pomace during
the alcoholic fermentation stage. Finally, to a lesser extent, other com-
pounds such as galacturonic acid, ash or acetyl groups were also found.

3.2. Screening of DES for the polyphenol extraction of GP

With the aim of identifying the most suitable solvent for the recovery
of phenolic compounds from GP, three different DES were tested, as
shown in Table 1. Since the DES differed in composition, they were
compared as complete solvent systems rather than as individual HBA/
HBD components. In addition, 50% ethanol (v/v) was employed as a
reference solvent to evaluate the performance of the DES formulations in
comparison with a conventional organic solvent. The extraction condi-
tions were fixed at a LSR of 15 mL/g, a temperature of 50 °C and an
extraction time of 2 h.

Fig. 1 shows the content of total phenols and condensed tannins,
accompanied by the antioxidant activity (measured by DPPH, ABTS and
FRAP assays) of the extracts obtained after GP extraction with different
solvents. In terms of TPC, the results ranged between 47.00 and
110.62 mg GAE/g GP. These results are analogous with those stated by
Marinaccio et al. [55] on Montepulciano GP. The solvent enabling the
solubilization of more phenolics (measured by TPC) was the one made
from chorine chloride and citric acid (DES 3), followed by the DES 2
(choline chloride: acetic acid: water) and 50% ethanol extracts.
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Fig. 1. Results regarding TPC (mg GAE/g GP), CTC (mg CE/g GP), DPPH (mg
TE/g GP), ABTS (g TE/g GP) and FRAP (mg TE/g GP) after GP extraction with
the different DES and 50% EtOH at 50 °C for 2 h. Different letters indicate
statistically significant differences at the 95% confidence level.
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Conversely, DES 1 with 30% water and DES 1 were more inefficient for
the extraction of phenols in GP. An analogous trend was noticed for
condensed tannins, with the maximum value (160.53 mg CE/g GP)
obtained using DES 3. Radulescu et al. [56], who studied the ethanolic
extraction assisted by ultrasonication of a Romanian grape variety, and
Deaconu et al. [57], who investigated the use of hydroethanolic solution
in combination with a conventional treatment to extract Pinot Noir GP,
reported condensed tannin recoveries of approximately 34 mg CE/g GP,
substantially lower than those reached in the current study.

Concerning antioxidant activity, in general, the solvents followed a
similar pattern to that observed for TPC and CTC, except for the DPPH
assay, where the peak values of antioxidant activity were reached using
EtOH 50%, followed by DES 2, while the lowest values were observed
for DES 3 and DES 1. The highest antioxidant activity was assessed by
the ABTS assay, reaching 183.73 mg TE/g GP for the extract obtained
with DES 2. Comparable results were reported by Ben-Aziz et al. [58] for
GP skin extracts of the Arinarnoa variety, while considerably lower
ABTS values were obtained for Tempranillo GP extracted using ultra-
sound and microwave-assisted techniques [59].

Overall, these results indicate that DES can improve the obtaining of
phenolic compounds with antioxidant capacity compared with con-
ventional hydroalcoholic solutions (ethanol 50% v/v). A comparable
observation was reported by Del-Castillo-Llamosas et al. [60] during the
valorization of avocado seeds using choline chloride: glycerol DES. This
phenomenon can be attributed to the ability of DES to establish exten-
sive hydrogen-bonding networks with phenolic compounds, thereby
enhancing their solubility and simultaneously protecting them from
oxidative degradation [61,62]. Furthermore, it has also been shown that
the presence of water in DES formulations not only facilitates their
handling but also favors the extraction of target compounds. This effect
may be related to changes in the physicochemical properties of DES
upon water incorporation, particularly the increase in polarity and
reduction viscosity, which collectively improve mass transfer kinetics
and solute diffusion [63].

Based on these results, DES 3 and DES 2 were selected as the most
suitable solvents to obtain the richest phenolic and tannins extracts,
possessing the highest antioxidant activities. However, considering that
the formulation of DES entails an economic cost derived from the nature
of the compounds used, the price of the DES synthesis has been taken
into account. According to the results shown in Table 1, the formulation
of DES 3 entails a cost of 31.23 €/kg while that of DES 2 is 25.11 €/kg
(about 20% less). Moreover, due to its higher water content, DES 2 ex-
hibits a substantially lower viscosity than DES 3, as previously
explained, which enhances mass transfer processes. On the other hand,
the increased polarity of this system promotes the dissolution of

Table 3
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moderate polar compounds such as polyphenols [61,63]. Accordingly,
DES 2 was selected for the subsequent optimization of the extraction
variables.

3.3. Optimization of GP extraction conditions

Three extraction conditions, namely LSR, extraction time and tem-
perature, were explored and optimized to maximize the recovery of
phenols (TPC) and tannins (CTC), as well as their antioxidant capacity
(DPPH, ABTS, FRAP and CUPRAC), using a Box-Behnken design in
combination with response surface methodology (RSM). The indepen-
dent experimental parameters and the corresponding results for the
dependent variables of 15 runs are posed in Table 3. On the other hand,
Table 4 displays the regression coefficients belonging to each model,
assuming a second-degree polynomial, as well as the statistical signifi-
cance according to Student's t-test and Fisher's F test and correlation
parameters (R?). Since the significance level of the models was above
90%, the R? values were close to 0.9, and the F values were generally
high, it can be presumed that the models showed appropriate adequacy
and a satisfactory fit to the experimental data.

In addition, the significance of independent parameters interaction
individually or in combination was evaluated. According to the signifi-
cant regression coefficients (at a confidence level above 90%), the
experimental results were adjusted to six quadratic regression equations
for the TPC (y1), CTC (y2), DPPH (y3), ABTS (y4), FRAP (ys) and
CUPRAC (ye):

TPC=93.72 — 1067X1 — 582X3 + 7.76X1X3 + 7.92X2X2 Eq 5

CTC=109.22 — 1833X1 + 9.65X3 — 9.16X1X2 + 7.05X1X3 + 9.87X2X3
— 8.53X1X1
Eq. 6

DPPH =156.37 +17.11x; + 26.06x, + 14.76x3 + 30.96x; X,

+ 29.07X1X3 — 30.06X1X1 Eq 7

ABTS =156.78 — 906X1 + 2198X2 + 5.59X3 - 8.01X1X2 — 14.15X1X3
—12.75x1x;
Eq. 8

FRAP =109.80 + 8.47x; + 4.43x;:X2 + 3.54%;X3 — 7.68%2X; — 6.20X3X3
Eq. 9

Experimental conditions of the Box-Behnken design (expressed as dimensional and dimensionless independent variables) and the corresponding results for the

dependent variables y; to ye.

Experiment  Independent Variables Dependent Variables
LSR or x; T or X torxs TPC or y; (mg CTC or y, (mg DPPHory; (mg ABTSorys(mg FRAPorys(mg CUPRAC or ys (mg
(mL/g) ((9] (min) GAE/g GP) CE/g GP) TE/g GP) TE/g GP) TE/g GP) TE/g GP)
1 8(-1) 40 (-1) 165 (0) 100.06 119.51 118.09 127.64 97.35 279.25
2 8(-1) 50 (0) 30 (-1) 116.82 116.99 122.11 128.51 93.13 333.09
3 8(-1) 50 (0) 300 (1) 90.32 116.52 109.23 163.83 93.33 306.62
4 8(-1) 60 (1) 165 (0) 100.69 128.63 121.17 179.05 88.60 452.20
5 14 (0) 40 (-1) 30 (-1) 118.30 110.20 151.54 114.82 96.80 252.95
6 14 (0) 40 (-1) 300 (1) 94.33 115.43 155.76 132.91 96.80 259.18
7 14 (0) 50 (0) 165 (0) 96.08 108.96 154.63 161.56 107.68 266.84
8 14 (0) 50 (0) 165 (0) 92.64 108.83 161.71 153.27 113.37 249.59
9 14 (0) 50 (0) 165 (0) 92.43 109.86 152.78 155.53 108.35 326.23
10 14 (0) 60 (1) 30 (1) 100.66 88.87 181.23 170.10 94.29 291.52
11 14 (0) 60 (1) 300 (1) 100.03 133.59 204.54 182.67 95.80 369.87
12 20 (1) 40 (-1) 165 (0) 82.60 98.65 97.05 120.95 104.22 326.80
13 20 (1) 50 (0) 30 (-1) 70.55 68.77 91.51 143.28 104.22 230.31
14 20 (1) 50 (0) 300 (1) 75.07 96.49 194.92 122.02 118.56 363.31
15 20 (1) 60 (1) 165 (0) 94.30 71.13 223.98 140.33 113.18 340.13
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Table 4

Regression coefficients and statistical parameters reflecting the correlation and significance of the models.
Coefficient TPC or y; CTC or y, DPPH or y3 ABTS or y,4 FRAP or ys CUPRAC or yg
bo 93.72" 109.22" 156.37" 156.78" 109.80" 280.89"
by ~10.67" -18.33" 17.11° -9.06" 8.47° -13.83
by 0.05 —-2.70 26.06" 21.98" —0.41 41.94"
bs —5.82¢ 9.65" 14.76" 5.59¢ 2.01 23.89¢
byby 2.77 —9.16" 30.96" -8.01¢ 4.43° —39.90°
bybs 7.76° 7.05" 29.07° -14.15" 3.54° 39.87"
bobs 5.83 9.87° 4.77 -1.38 0.38 18.03
biby ~7.22 -8.53" —30.06" -12.75" -1.29 41.83"
boby 7.92¢ 3.80 13.76 —2.04 —7.68" 26.88
bsbs 1.69 —-0.99 3.13 —4.62 —6.20" —14.39
R-sq 0.887 0.978 0.957 0.962 0.960 0.926
R-sq (adj) 0.685 0.938 0.878 0.892 0.886 0.794
F 4.39 24.74 12.24 13.86 13.15 6.99
Standard error 7.21 4.62 13.87 7.21 3.01 26.48
Significance level (%) 94.111 99.874 99.344 99.507 99.444 97.730

@ Highly significant coefficients (99% confidence level).
b Moderately significant coefficients (95% confidence level).
¢ Significant coefficients (90% confidence level).
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Fig. 2. Response surface of (a) TPC, (b) CTC, (c) DPPH, (d) ABTS, (e) FRAP and (f) CUPRAC as a function of extraction temperature and time. The independent
variable set for all dependent parameters was LSR = 20 mL/g, except for TPC, which was LSR = 8 mL/g.
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CUPRAC =280.89 + 41.94x, + 23.89x3 — 39.90x; X5 + 39.87x1X3
+ 41.83x1x
Eq. 10

3.3.1. Total phenolic Content (TPC)

The experimental TPC values ranged from 70.55 GAE/g GP (exper-
iment 13; LSR of 20 mL/g, 50 °C, 30 min) to 118.30 mg GAE/g GP
(experiment 5; LSR of 14 mL/g, 40 °C, 30 min). These results imply that
the extraction process is favored by moderate LSR values and lower
treatment temperatures. Likewise, Rashid et al. [64], who applied
ultrasound-assisted DES extraction for the valorization of apple bagasse,
also reported that the extraction efficiency of TPC decreased at tem-
peratures above 40 °C. In addition, the findings of this research are along
the same lines as those obtained by Frontini et al. [65] for rosé GP
extracted with choline chloride-based DES in an ultrasonic bath (28 kHz,
45 °C for 30 min). Nonetheless, a considerably lower TPC value
(18.65 mg GAE/g) was reported by Marinaccio et al. [66] for Mon-
tepulciano d’Abruzzo GP extracted using menthol: thymol eutectic
mixture (1:1 M ratio) in an ultrasound-assisted bath (36 °C for 20 min).

Attending to the regression coefficients (Table 4), TPC was exten-
sively influenced by both LSR and extraction time, as well as by the
quadratic effect of temperature and the interaction between LSR and
extraction time. Similarly, the response surface plot for TPC (Fig. 2a)
representing the effect of extraction temperature and time at a set LSR of
8 mL/g (x; = —1), indicates that temperature did not significantly affect
the TPC values, whereas shorter extraction times favored higher TPC
recovery. Prolonged extraction times may negatively affect total
phenolic recovery due to the progressive degradation of polyphenols
that may be caused by oxidation and hydrolysis reactions [67]. In
literature, other studies have shown similar behavior.
Del-Castillo-Llamosas et al. [60] reported a stronger influence of treat-
ment time than extraction temperature on the recovery of phenolic
compounds from avocado seed using a chlorine chloride:glycerol DES
(1:1 M ratio). In addition, Zheng et al. [68] found that TPC values
decreased after more than 30 min of ultrasound-assisted DES extraction
of Steraria italica, likely on account of the degradation of phenolic
compounds caused by the long extraction times combined with elevated
temperatures.

3.3.2. Condensed Tannins Content (CTC)

As can be observed in the model coefficients presented in Table 4,
CTC was negatively influenced by the independent variable LSR, its
quadratic term, and the interaction between LSR and extraction tem-
perature. In contrast, extraction time, as well as its interactions with LSR
and temperature, presented a positive effect on the recovery of
condensed tannins. An improvement in condensed tannin extraction
with increasing reaction time was also observed in a study on the opti-
mization of DES-based microwave extraction of Rumex hastatus [69].
Fig. 2b represents the combined effect of extraction temperature and
time on CTC recovery at a fixed LSR of 20 mL/g (x; = 1). Its interpre-
tation reveals, as above mentioned, that the recovery of condensed
tannins increased with increasing residence time, however, temperature
exhibited a negative influence on the extraction of these target com-
pounds. Condensed tannins, also known proanthocyanidins, are struc-
turally complex and highly reactive polyphenols whose extraction is
strongly influenced by processing conditions, particularly temperature,
which at high levels may promote their thermal degradation [70].

The maximum experimental value of CTC (Table 3) was 133.59 mg
CE/g GP, obtained in experiment 11, under intermediate LSR condition
(14 mL/g) and the highest tested temperature and extraction time (60 °C
and 300 min, respectively). The results reported in this study are well
above those obtained for pomace from two Romanian red grape varieties
(12.25-33.57 mg CE/g GP) subjected to ultrasound-assisted ethanolic
extraction [56]. Conversely, they are comparable to those obtained by
Cardona-Jimenez et al. [71].
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3.3.3. Antioxidant capacity

The impact of extraction parameters on the antioxidant capacity of
GP extracts was studied by four complementary assays. The DPPH and
ABTS assays measure the scavenging of radicals formed in each analysis
system by antioxidant compounds found in the extracts. Meanwhile, the
FRAP and CUPRAC assays are based on the ability of antioxidants to
reduce ferric (Fe*®) to ferrous ion (Fet?) and cupric (Cu™ to cuprous
ion (Cu™), respectively.

The experimental results of antioxidant activity obtained ranged
from 91.51 to 223.98 mg TE/g GP for DPPH, 114.82-182.67 mg TE/g
GP for ABTS, 88.60-118.56 mg TE/g GP for FRAP, and
230.31-452.20 mg TE/g GP for CUPRAC. For the DPPH and ABTS as-
says, the results found in this work were significantly higher than those
observed for Tempranillo GP subjected to two extraction intensification
technologies:  ultrasound (44.08-51.04 mg TE/g GP and
55.44-73.97 mg TE/g GP, respectively) and microwaves
(42.48-74.59 mg TE/g GP and 53.29-62.09 mg TE/g GP, respectively)
[59]. In the same way, when antioxidant activity was assayed by the
FRAP methodology, Moutinho et al. [72], who optimized the extraction
of polyphenols from “Touriga Nacional” and “Sousao” GP, also reported
poorer results than those observed in our work. Finally, the CUPRAC
values acquired in this work were superior to those observed in for
different Montepulciano grape skins extracts [73].

According to the regression coefficients depicted in Table 4, the
linear terms of the extraction time and temperature displayed a signif-
icant positive impact on the results of DPPH, ABTS, and CUPRAC. On the
other hand, DPPH and FRAP were positively influenced by LSR, whereas
ABTS was negatively affected by it. Furthermore, the antioxidant ac-
tivity was prompted by the interaction between LSR and treatment
temperature and time. Regarding the quadratic effects, the quadratic
term of LSR negatively affected DPPH and ABTS but positively influ-
enced CUPRAC, while the quadratic terms of temperature and extraction
time negatively affected FRAP values.

Fig. 2c-f shows the response surfaces for antioxidant activity quan-
tified by DPPH, ABTS, FRAP, and CUPRAC, respectively, as a function of
extraction temperature and time with LSR value set at the maximum
assayed (x; = 1). In general, increasing the extraction temperature
enhanced the antioxidant capacity of GP extracts. Similar trends were
reported by Souadia et al, [74] during the optimization of
ultrasound-assisted extraction with methanol from Thymus algeriensis
Boiss, & Reut., where higher temperatures increased the DPPH values.
This behavior can be attributed to compositional changes in the extract
and the formation of thermally induced compounds with enhanced
antioxidant properties [75]. However, in the case of the FRAP assay,
antioxidant activity increased up to an optimal value, after which FRAP
values decreased. This can be justified by the significant negative
contribution of the quadratic term of temperature in the FRAP model
equation. Benarfa et al. [76] reported similar findings when they
extracted the flowers of Deverra scoparia Coss. & Durieu with methanol
in an ultrasonic bath. This trend was also observed for the residence time
in the results of the current work. On another side, treatment time led to
a boost in antioxidant activity, except in the ABTS assay. An analogous
pattern was confirmed by Gullén et al. [77] when investigating the
antioxidant activity of purple corn cobs aqueous extracts using the ABTS
method.

3.4. Optimization and validation of the experimental model

In order to assay the experimental conditions that jointly maximize
the results of the independent variables (TPC, CTC, DPPH, ABTS, FRAP,
and CUPRAC), a multi-response optimization of the dependent variables
(LSR, temperature, and time of extraction) was conducted. To this end,
the response values for each variable were transformed using a desir-
ability function by means of Statgraphics Centurion XVI software. In
turn, this function was used to decipher the combination of extraction
variables assessed capable of providing simultaneous maximum
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responses in TPC, CTC, and antioxidant activity estimated by DPPH,
ABTS, FRAP, and CUPRAC.

Based on the model predictions, the optimal experimental conditions
were as follows: LSR of 14.86 mL/g, temperature of 60 °C, and time of
275.85 min. To validate the suitability of the model, experiments were
carried out (in triplicate) under the predicted optimal conditions, and
the resulting extracts were analyzed for all dependent variables studied.
The experimental results, along with the corresponding predicted
values, are listed in Table 5. As can be seen, there is a strong agreement
between the most predicted and experimental values, confirming the
adequacy of the response surface methodology for quantitative predic-
tion. These findings further demonstrate the suitability of the
Box-Behnken design for accurate and reliable prediction of total
phenolic content, condensed tannin content, and antioxidant activity in
red GP extracts obtained using DES.

Nevertheless, the optimized extraction time of 275.85 min highlights
the importance of balancing phenolic recovery with process efficiency,
particularly when considering the scalability of DES-based extraction
systems. In this regard, process intensification strategies, such as ultra-
sound- or microwave-assisted extraction, could contribute to reducing
processing time while maintaining high extraction performance [78].

Under the optimal extraction conditions, the predicted values were
102.52 mg GAE/g GP for TPC and 122.39 mg CE/g GP for CTC, and
antioxidant activities measured by the DPPH, ABTS, FRAP and CUPRAC
assays were 223.98 mg TE/g GP, 172.72 mg TE/g GP, 101.72 mg TE/g
GP and 372.20 mg TE/g GP, respectively. Overall, these results closely
matched those obtained when the optimum conditions were determined
for each response variable individually (128.92 mg GAE/g GP,
139.79 mg CE/g GP, 261.93 mg TE/g GP, 183.88 mg TE/g GP,
118.82 mg TE/g GP and 445.48 mg TE/g GP).

3.5. Evaluation of bioactivities of optimized GP extract

3.5.1. Antioxidant activity

The antioxidant capacity of the optimal GP extract was evaluated
using the TBARS cell-based method, which determines the concentra-
tion needed to reach 50% inhibition of lipid peroxidation. GP extract
displayed an ICsg of 50.55 pg/mL, whereas no activity was observed
with DES. Given that higher antioxidant activity corresponds to lower
ICsp values, the GP extract displayed approximately 5.50-fold lower
bioactivity than Trolox (ICso = 9.10 + 0.30 pg/mL), commonly used as
the positive control [43]. The lower TBARS antioxidant activity of the
GP extract compared to Trolox may be attributed to their complex
composition. Plant extracts contain heterogeneous mixtures of com-
pounds with varying reactivity, as well as potential interfering sub-
stances that may affect the assay response differently. In contrast, Trolox
is a pure reference antioxidant with well-defined and highly efficient
activity [79]. Nonetheless, Ueda et al. [80] reported TBARS assay values
(ICs0 = 23 pg/mL) comparable to those obtained in this work for GP
extracts obtained by ultrasound-assisted extraction. Likewise, medicinal
plants extracted with pulsed electric field, such as Asteriscus graveolens
and Ruta chalepensis, showed antioxidant activity values close to those

Table 5

Predicted and experimental values under optimal conditions of simultaneous
optimization of TPC, CTC, DPPH, ABTS, FRAP and CUPRAC (LSR = 14.86 mL/g,
extraction temperature = 60 °C, and extraction time = 275.85 min).

Response Predicted value Experimental value®
TPC (mg GAE/g GP) 102.52 113.71 £ 1.16

CTC (mg CE/g GP) 122.39 125.37 + 2.17
DPPH (mg TE/g GP) 223.98 165.25 + 4.17
ABTS (mg TE/g GP) 172.72 171.48 £1.13
FRAP (mg TE/g GP) 101.72 102.88 + 2.26
CUPRAC (mg TE/g GP) 372.20 367.79 £ 12.59

@ Average value (n = 3) =+ standard deviation (SD) from three extraction
replicates.
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monitored for GP in this work [81].

3.5.2. Cytocompatibility

The results of the gastrointestinal and hepatic toxicity studies of the
optimal GP extract and DES are presented in Fig. 3.

No cytotoxic effects were detected for any of the assayed concen-
trations in the DES, confirming its absence of toxicity in both cell lines
tested. In contrast, the GP extract exhibited a concentration-dependent
reduction in metabolic activity in both cell lines. Particularly, AML-12
hepatocytes showed a higher sensitivity compared to Caco-2 intestinal
epithelial cells. Cytotoxic effects in AML12 cells were observed at con-
centrations above 12 pg/mL, whereas Caco-2 cells were viable up to
23 pg/mL. This result indicates a lower tolerance of hepatic cells to the
bioactive compounds present in the extract.

The different sensitivities detected between both cell lines may be
related to their distinct physiological characteristics. Caco-2 cells, due to
their intestinal epithelial phenotype, behave as a selective barrier and
therefore reveal low permeability to certain compounds [82]. In
contrast, AML 12 cells, derived from mouse hepatocytes, exhibit higher
metabolic activity due to their role in detoxification processes. These
functions can increase cellular exposure and, consequently, suscepti-
bility to potentially active or toxic molecules [83].

The absence of cytotoxicity in the DES across all tested concentra-
tions suggests that the observed biological effects are exclusively asso-
ciated with the compounds recovered from GP rather than the solvent
system itself. These results may indicate potential safety concerns,
particularly for hepatic cells. Nevertheless, further studies, including
broader dose-response assays, additional cell models, and in vivo eval-
uations, are required to better establish the toxicological profile and safe
use of the extract.

Similar findings have been reported in the literature. In the case in
point, Valenzuela-Bustamente et al., [84] reported cytotoxic effects of
Carménere GP extracts in Caco-2 cells at concentrations >100 pg/mL.
Also, Ferreira-Santos et al. [10] reported reduced viability in
Caco-2 cells exposed to GP extracts obtained from Croatina GP after
ohmic heating treatment. Conversely, previous studies have reported no
hepatotoxicity effects of GP extracts, as described by Peixoto et al. [85]
or Gomez-Mejia et al. [86].

3.5.3. Antibacterial activity

In this work, the antibacterial potential of the GP extract obtained
under optimal conditions and eutectic solvent was assessed against a
panel of Gram-negative and Gram-positive foodborne and clinical bac-
terial strains. The outcomes, summarized in Table 6, demonstrate that
the DES alone exhibits intrinsic antibacterial activity, particularly
against Enterobacter cloacae, Pseudomonas aeruginosa, Staphylococcus
aureus, and Enterococcus faecalis, with MIC values fluctuating between
16.7 and 33.35 mg/mL. However, no bactericidal activity was moni-
tored for any of the tested conditions, as all MBC values were above the
highest concentration evaluated (>66.7 mg/mL), indicating a predom-
inantly bacteriostatic effect.

The GP extract into the DES matrix led to a selective enhancement of
antibacterial activity depending on the bacterial strain. The most
notable activity was detected against Escherichia coli, Listeria mono-
cytogenes, and methicillin-resistant Staphylococcus aureus (MRSA), for
which MIC values of 33.35 mg/mL were obtained. No bactericidal ac-
tivity was witnessed at any of the assayed extract concentrations.
Moreover, for all bacterial strains studied, the GP extract exhibited MIC
values substantially higher than those of the standard antibiotics used as
positive controls, indicating markedly lower antimicrobial potency. This
lower activity may be attributed to the complex and heterogeneous
composition of GP extracts, in which bioactive compounds are present at
varying concentrations and may exert different mechanisms of action, in
contrast to purified antibiotics with specific antimicrobial targets [87].

The antibacterial activity of GP extracts has been previously inves-
tigated by other authors, such as Sateriale et al. [88] and Grosu et al.
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Fig. 3. Metabolic activity of AML12 (a) and Caco-2 (b) cells after 24 h of exposure to the eutectic solvent (DES) and the optimal GP extract (DES + GP). The
horizontal lines indicate 70% and 100% cell viability. Different letters indicate significant differences (p < 0.05; Tukey's test).

Table 6

Antibacterial activity of the optimal GP extract and DES against food and clinical pathogens.

Antibacterial activity (mg/mL)

DES 2 DES 2 + GP Streptomycin Methicillin Ampicillin Imipenem Vancomycin
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
Gram-negative bacteria
Enterobacter cloacae 16.7 >66.7 16.7 >66.7 0.007 0.007 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.
Escherichia coli 66.7 >66.7 33.35 >66.7 0.01 0.01 n.t. n.t. <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.
Pseudomonas aeruginosa 16.7 >66.7 16.7 >66.7 0.06 0.06 n.t. n.t. >10 >10 0.5 1 n.t. n.t.
Salmonella enterica 66.7 >66.7 66.7 >66.7 0.007 0.007 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.
Yersinia enterocolitica 66.7 >66.7 66.7 >66.7 0.007 0.007 n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t.
Klebsiella pneumoniae 66.7 >66.7 66.7 >66.7 n.t. n.t. n.t. n.t. >10 >10 <0.0078 <0.0078  n.t. n.t.
Morganella morganii 66.7 >66.7 66.7 >66.7 n.t. n.t n.t n.t. >10 >10 <0.0078 <0.0078 n.t. n.t.
Proteus mirabilis 66.7 >66.7 66.7 >66.7 n.t. n.t. n.t. n.t. <0.15 <0.15 <0.0078 <0.0078 n.t. n.t.
Gram-positive bacteria
Listeria monocytogenes 66.7 >66.7 33.35 >66.7 0.007 0.007 n.t. n.t. 0.25 0.5 n.t. n.t. n.t. n.t.
Staphylococcus aureus 33.35 >66.7 33.35 >66.7 0.007 0.007 0.007 0.007 0.25 0.5 n.t. n.t. n.t. n.t.
MRSA 66.7 >66.7 33.35 >66.7 n.t. n.t. n.t. n.t. <0.15 <0.15 n.t. n.t. 0.25 0.5
Enterococcus faecalis 33.35 >66.7 33.35 >66.7 n.t. n.t n.t. n.t. <0.15 <0.15 n.t. n.t. <0.0078 <0.0078

n.t. — not tested; MIC — minimum inhibitory concentration; MBC -minimum bactericidal concentration. Positive controls: streptomycin (1 mg/mL), methicillin (1 mg/
mL), ampicillin (10 mg/mL).DES 2 consists of choline chloride, acetic acid, and water in a molar ratio of 1:1:10.

[891, who also observed significant inhibition of Escherichia coli, Listeria
monocytogenes and MRSA growth (MIC = 40, 2.23 and 1.15 mg/mlL,
respectively) using hydroethanolic extracts of GP from Anglianico and
Feteasca Neagra varieties, respectively. Moreover, Fernandez-Pérez
et al. [90] demonstrated that the bioactive phenols present in the Gra-
ciano GP can be used to combat antibiotic resistance of bacteria such as
Escherichia coli.

Current research has reported that the antimicrobial effects of GP
extracts are primarily related to their rich phenolic composition
(particularly flavonoids, flavanols and phenolic acids). These bioactive
molecules can compromise the integrity of microbial cell membranes,
disturb metabolic and enzymatic systems, and promote oxidative stress,
ultimately leading to inhibition of microbial growth or cell death [91].

3.6. Phenolic compounds composition of GP extract

The phytochemical profile of the GP extract was determined by
HPLC-DAD-ESI/MS. The results, shown in Table 7, exhibit the presence
of 18 phenolic compounds in the extract, including 1 phenolic acid
(protocatechuic acid), 2 flavan-3-ols (catechin and epicatechin), 4
condensed tannins (procyanidin dimer isomer I, procyanidin dimer
isomer II, procyanidin dimer isomer III, B-type procyanidin pentamer), 8
hydrolysable tannins (trygalloyl-glucoside, digalloyl-HHDP-glucoside,
punicalagin, tetragalloyl-glucose, tri-O-galloyl-p-D-glucose,
pentagalloyl-glucose, O-galloyl-castalagin, vitilagin) and 3 anthocya-
nins (malvidin-3-O-glucoside, malvidin-O-diglucoside, malvidin-O-

rutinoside).

These outcomes are consistent with prior statements, as GP is well
known to contain anthocyanins such as malvidin-3-O-glucoside or di-
glucosides of malvidin, among others. In addition, flavan-3-ols such as
catechin, epicatechin, and their oligomers (procyanidins), as well as
galloylated derivatives and phenolic acids such as protocatechuic acid,
are commonly detected in GP extracts [92].

The detection of phenolic compounds in GP extracts has also been
extensively reported by other authors. For example, Vorobyova et al.
[93] employed HPLC-MS and HPLC-DAD to detect epicatechin and
catechin, among others, in extracts from GP obtained using a lactic acid
and betaine-based DES. Likewise, these compounds, along with several
procyanidin dimers, have also been reported in Tannat GP [94]. An-
thocyanins, such as malvidin-3-O-glucoside have also been detected in
samples of Cabernet Sauvignon GP after enzyme extraction [95] and in
Sahibi GP extracts [96]. Similarly, Viola et al. [97] informed the pres-
ence of protocatechuic acid in GP extracts from Malbec and Bonarda
varieties obtained using ethanol and ethyl acetate, respectively.

Evidence from previous studies indicates that some of the phenolic
compounds identified in the GP extract are associated with potential
biological activities. In particular, phenolic acids such as protocatechuic
acid have been reported to exert several pharmacological effects,
including antioxidant and anti-inflammatory activity, as well as anti-
fungal, antimutagenic, antidiabetic, antibacterial, and analgesic prop-
erties [98,99]. Likewise, flavan-3-ols like catechin and epicatechin are
well  recognized for their antitumor, anti-inflammatory,
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Table 7

Polyphenolic profile of the extract obtained from GP at optimum extraction conditions. Protocatechuic acid, (+)-catechin, (—)-epicatechin, gallic acid and malvidin-3-O-glucoside were classified as confirmed compounds,

while the remaining compounds were categorized as tentatively identified.

Tentative/Confirmed identification

MS? (m/z)

[M—-H]" (m/z)

Amax (nm)

Rt (min)

Phenolic acids

6.55

Protocatechuic acid

135(100)

153

281

Flavan-3-ols
8.01

Catechin

245(100)

289
289

280
283

Epicatechin

245(100)

10.59

Condensed tannins (Proanthocyanidins)

8.82
9.16

Procyanidin dimer isomer I

289(100)

577
578
577
1441

277
280
283
287

Procyanidin dimer isomer II

289(100)

Procyanidin dimer isomer IIT

289(100)

21.01
22.76

B-type Procyanidin pentamer

1315(25),1153(25),1151(55),1027(25),865(60),863(100),739(25),635.63(80),577(90),575(80),451(30),407(45),289(70),287(40)

Hydrolysable tannins

9.85

Trygalloyl-glucoside

483(100),271(23)

635
785
1083

273
283
289
278
277
281
283
283

Digalloyl-HHDP-glucoside

Punicalagin

633(100),615(16),483(37),313(8),301(7)

14.11

933(100),783(83),765(31),633(28),301(18)

14.89
16.29
16.99
25.29
29.48

33.31

Tetragalloyl-glucose

635(100),617(16),483(63),465(11),313(19)

483(100),313(21),169(5)

635(65),301(100)

787
635
939
1085

tri-O-galloyl-3-D-glucose
Pentagalloyl-glucose

933(100),783(32),633(13),481(51),301(9)

765(100),301(10)

O-galloyl-castalagin (carnusiin B)

Vitilagin

801

Anthocyanins
35.05
47.33
51.42

Malvidin-3-O-glucoside
Malvidin-O-diglucoside

Malvidin-O-rutinoside

331(100)
331(100)
331(100)

493
655
639

526
532
532

Rt - retention time; Ayax — wavelength of maximum absorption; [M — H] - deprotonated ion; Ms? - fragmentation pattern.
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neuroprotective, and cardioprotective effects [100-104]. Anthocyanins,
particularly malvidin-3-O-glucoside, have also been associated with
metabolic benefits, including hypoglycemic and hypolipidemic activ-
ities [105,106], whereas punicalagin has shown important potential in
the management of neurodegenerative disorders such as Alzheimer's
disease [107]. According to previous studies, the anticancer potential of
natural phenolic compounds may be mainly linked to their ability to
modulate key cellular mechanisms, such as programmed cell death,
cellular turnover, and telomerase regulation, ultimately limiting cancer
cell growth [108]. In addition, the cardioprotective activity of poly-
phenols has been associated with their ability to reduce oxidative stress
by decreasing reactive oxygen species and lipid peroxidation, while their
capacity to inhibit LDL oxidation and its cytotoxic effects may contribute
to the prevention of atherosclerosis [109].

4. Conclusions

In this study, the optimization of the GP phenolic compounds
extraction using DES was investigated. The results revealed an appro-
priate correlation amongst the tested parameters and the measured re-
sponses (TPC, CTC, DPPH, ABTS, FRAP, and CUPRAC). LSR had the most
significant impact (mainly negative), while time and temperature
showed predominantly positive influences. Optimal conditions (LSR
14.86 mL/g, 60 °C, 275.85 min) yielded extracts containing 18 identi-
fied compounds, associated with antibacterial, antioxidant, and anti-
cancer activities. The extract inhibited the growth of Escherichia coli,
Listeria monocytogenes, and MRSA, without showing gastrointestinal or
hepatic toxicity at 6 or 12 pg/mL of GP extract concentration. The model
suitability was corroborated by the strong accordance between most of
the predicted and experimental values. In summary, the results
demonstrate that DES are a propitious alternative to organic solvents for
the retrieval of highly valuable components from GP and to produce
biocompatible and ready-to-use extracts with potential industrial ap-
plications as functional ingredients.
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