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Abstract

Grape stalks, an abundant byproduct of winemaking, are a promising source for nutraceutical applications due

to their polyphenolic and pectic content. In this study, we evaluated the antioxidant and antimicrobial properties

of grape stalk-derived polyphenols and the prebiotic potential of grape stalk-derived pectin. We assessed the anti-
oxidant potential of polyphenol extracts through various in vitro tests (FRAP, TBARS, and metal chelation assays),
finding significant reducing capacity, lipid peroxidation inhibition and metal chelation ability. Antimicrobial effects
were also observed against probiotics, inhibiting Lactobacillus acidophilus CECT 1529 growth and biofilm formation,
while Enterococcus faecium NCIMB 10415 exhibited reduced growth without biofilm disruption. In addition, we inves-
tigated the prebiotic potential of pectin extracts and its hydrolysates on the same probiotics £. faecium NCIMB 10415
and L. acidophilus CECT 1529. The hydrolysis significantly improved the availability of simple sugars, such as glucose
and arabinose, thereby enhancing probiotic growth. Overall, pectin hydrolysate from ultrasonic treatment (PH-US)
appeared to be the extract with the best prebiotic potential, providing an optimal balance of solubility and limited
inorganic residues content. Our results underscore the potential of grape stalks as a cost-effective and sustainable
source of antioxidants, antimicrobials, and prebiotics for the food and nutraceutical industries, supporting a circular
economy approach.
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Introduction

The circular economy is a systemic approach to economic
development designed to benefit businesses, society,
and the environment. It aims to optimize resource yield
by shifting from the traditional linear model of “take,
make, use and dispose” (cradle-to-grave) to a regenera-
tive model characterized by recovering, reusing, recy-
cling and upcycling (cradle-to-cradle), thereby extending
product lifespans (Adami & Schiavon, 2021). Central to
this model is the reintegration of resources into the pro-
duction cycle, which serves to reduce ecological impact
while promoting innovation in resource management. In
principle, the circular economy overlaps with the concept
of the bio-economy as both use natural resources to cre-
ate sustainable systems.

Bio-economy is the production of renewable biological
resources and their conversion into products for human
food, bio-based products and bioenergy through effi-
cient and innovative technologies (Patermann & Agui-
lar, 2018). When the process is based on fermentation or
other bioconversions, it is known under the general con-
cept of biorefinery, due to its similarity to oil-refineries,
which aim to transform a single substrate into a variety of
useful compounds (Mazzoli et al., 2014; Valle et al., 2024).
The possibility of using wastes such as food surpluses and

agricultural by-products to obtain valuable compounds is
an attractive approach that has gained attention in recent
years (Cazier et al., 2024; Ezeorba et al., 2024; Sarker
et al., 2023; Tomié & Schneider, 2020).

The wine industry, rooted in Mediterranean culture for
millennia, is a prime example of how traditional practices
can evolve to meet modern sustainability challenges.
While historically concentrated in regions with favorable
climates (such as Italy, Greece, and Spain), the industry
has expanded to new geographies, including Australia,
California, and even Great Britain, driven partly by
global warming and changing climatic patterns (de Cas-
tro et al., 2024; Martinez-Falcé et al., 2024). Despite its
rich heritage and economic significance, winemaking
generates substantial by-products. Although grape pulp
is integral to wine production, other parts of the grape
plant are often discarded, representing a missed oppor-
tunity for resource recovery and innovation. These by-
products, however, are far from mere waste. Grape skins,
for instance, can be a valuable source of pigmented anti-
oxidants and of several high-value compounds (Portilla
Rivera et al., 2021), while grape seeds may have role in
glycemic control or as anti-inflammatory agents (Asbaghi
et al.,, 2020). Grape stalks (GS) are an interesting carbon
substrate as they are rich in cellulose, hemicellulose and
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pectin, in addition to polyphenolic compounds. The pos-
sibility of fermenting the cellulose fraction of lignocellu-
losic biomasses (e.g., grape stalks) to high-value-added
products such as ethanol, butyric acid, lactic acid etc. are
well known (Mazzoli, 2021; Re & Mazzoli, 2023). Hemi-
cellulose, pectin and pectin-derived oligosaccharides, on
the other hand, are known to have great prebiotic prop-
erties (Bhatia et al., 2024; Dong et al., 2023; Jana et al.,
2021), while polyphenols have been extensively studied
for their antioxidant and antibacterial potential (Guilford
& Pezzuto, 2011; Mare et al., 2023). However, despite
the abundance of lignocellulosic biomasses, valorization
efforts have traditionally focused on the cellulosic frac-
tion (Mujtaba et al., 2023; Usmani et al., 2021), largely
overlooking other components such as hemicellulose,
polyphenols and pectin. Conversely, these compounds
are often derived from more limited agricultural residues
such as fruit peels, seeds, or pomace (Gamonpilas et al,,
2021; Majkic¢ et al.,, 2019; Oleszek et al., 2023). This pref-
erence limits the potential of lignocellulosic biomasses
as a comprehensive resource for producing well-known
high-value products. Several studies have explored the
potential of GS as a source of value-added products,
(Grillo et al., 2020; Salgado-Ramos et al., 2022); however,
only few of them have simultaneously addressed different
classes of compounds.

In the present investigation, the valorization of differ-
ent bioactive fractions of GS (polyphenols, pectin) was
combined with the use of environmentally sustainable
and cost-effective extraction methodologies. The use of
advanced enabling technologies, including microwave
and ultrasound-assisted methods, enabled enhancement
of extraction efficiency together with the decrease in
energy consumption and use of toxic chemicals.

Materials and methods

Biomass

Grape stalks (GS) derived from three different Piedmont
vine cultivars (Nebbiolo, Barbera and Dolcetto) were
provided by CREA-VE (Centro di Ricerca Viticoltura
ed Enologia, Asti, Italy). GS were cryo-milled (Waring-
Blender, HGBTWTS360, Stanford CT, USA) to increase
the surface area of the matrix for subsequent extraction
treatment.

Microwave-assisted subcritical water extraction

of polyphenols and pectin

Microwave-assisted subcritical water extraction (MASWE)
was performed using a multimode microwave reac-
tor (SynthWAVE, Milestone S.rl., Bergamo, Italy). The
extraction protocol was optimized in a previous work
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(Valle et al., 2025). Briefly, cryo-milled GS were mixed
in the reactor vessel with deionized water (used as green
solvent) adopting a solid to Liquid ratio of 1:15. The
MASWE was performed in 7.5 min under continuous
stirring by setting a temperature of 150 °C and a pressure
of 5 bar (achieved by N,). After the extraction, the liquid
fraction containing the compounds of interest (polyphe-
nols and pectin) was isolated from the solid fraction by
vacuum filtration.

To further separate pectin from polyphenols, the
liquid was treated with equal volume of 96% ethanol
and incubated at 4 °C for 2 h, as reported by Xu et al.
(2014). The mixture was then centrifuged (Rotofix 32,
Hettich Zentrifugen, Tuttlingen, Germany) at 4000 rpm
for 10 min, vacuum filtered, and the precipitate was
washed three times with ethanol to remove the residual
polyphenols. The resulting liquid containing polyphe-
nols and the precipitate containing pectin were dried
under vacuum and finally lyophilized (Telstar Lyotest,
Azbil Telstar SL, Terrassa, Spagna), weighed, and
stored at 4 °C before further analysis.

Hydrolysis of pectin

After MASWE, the lyophilized solid fraction contain-
ing pectin was hydrolysed by means of different tech-
niques: acid hydrolysis, ultrasound-assisted hydrolysis
(UAH) and combined acid-UAH.

Briefly, acid hydrolysis was performed following the
method proposed by Aline de Moura et al. (2020), with
slight modifications. Freeze-dried pectin was weighed
into a round-bottomed flask and 0.1N HCI was added
at a solid-to-liquid ratio of 1:50 (g:mL). The flask was
then set on reflux in an oil bath preheated to 60 °C with
stirring at 250 rpm. The hydrolysis was carried out for
4 h and was stopped by adding KOH for neutralization
(pH 7.0).

UAH was performed using a modified version of the
method proposed by Ogutu and Mu (2017) in deion-
ized water at a solid-to-liquid ratio (g:mL) of 1:100, by
using an immersion titanium horn and a US genera-
tor HNG-20500-SP from Heinertec Co. Ltd, (Suzhou,
China) at a frequency of 20 kHz and a maximum power
of 500W. The sample was arranged in an ice bath to
prevent heating.

A solid-to-liquid ratio of 1:100 (g:mL) in 0.1N HCI
was used to perform the combined acid-UAH. The
solid-to-liquid ratio was maintained equal to the UAH
treatment to better compare the results obtained using
uUs.

The resulting liquids containing the hydrolysed pec-
tin were dried under vacuum and finally lyophilized
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(Telstar Lyotest, Azbil Telstar SL, Terrassa, Spagna),
weighed, and stored at 4 °C before further analysis.

Chemical characterization of polyphenol and pectin
extracts

Phenolic compounds identification in polyphenol extracts
HPLC analyses of Nebbiolo-derived polyphenol extracts
were performed following a modified version of the
method proposed by Cova et al. (2019), through a Waters
binary pump 1525 Linked to a 2998 PDA and equipped
with 2707 Autosampler (Waters Corp., Milford, CT, USA).
A Synergi 4 um Hydro-RP 80 A column (250x4.6 mm,
Phenomenex, Torrance, CA, USA) was used with 2%
aqueous acetic acid (A) and acetonitrile+2% acetic acid
(B) as the mobile phases.

Acetonitrile for HPLC analyses (HPLC Plus, 99.9%) was
purchased from Merck (Rome, Italy), while Milli-Q H,O
was obtained in the laboratory from a Milli-Q Reference
A " System (Merck Millipore, Darmstadt, DE, USA). Gla-
cial acetic acid (100%, HPLC) was purchased from VWR
International S.rl. (Milan, Italy). Analytical standards
were either purchased from Merck or PhytoLab GmbH &
Co. KG (Vestenbergsgreuth, Germany).

The gradient program started from 0% B, which was
maintained for 6 min, up to 15% B over the 6-12 min
period, kept at 15% B for 8 min (20 min total), from
15% to 30% B over 20-28 min, kept for 8 min (36 min
tot), from 30% to 50% B over 36—44 min, from 50% to
100% B over 44—50 min, followed by a 100% B step over
50-56 min. Standards and samples were dissolved in
H,0O/methanol 30:70 before injection (20 pL), giving con-
centrations of between 5 and 10 mg/mL for samples and
0.2-0.001 mg/mL for standards. The pump flow was set
at 1 mL/min. The monitored wavelengths were 280 and
350 nm, while three-dimensional data were acquired in
the 200—-600 nm range.

For the quantification of polyphenols, analytical stand-
ards were purchased from Extrasynthese (Genay Cedex,
France), PhytoLab GmbH & Co. KG (Vestenbergsgreuth,
Germany) or Merck KGaA (Darmstadt, Germany), as
indicated in Table S1 (Suppl. Info). Several parameters
such as A\ max, linear regression, R?, linearity range (ug/
mL), LOQ (ug/ml) and LOD (ug/mL), were defined for
gallic acid, 4-hydroxycinnamic acid, protocatechuic acid,
procyanidin Bl, (+)-catechin, (-)-epicatechin, quercetin
and salicylic acid, which were used for the quantification.

Mass analyses were performed to confirm or iden-
tify compounds using a UPLC-MS/MS system (Acquity
TQD LC/MS/MS System, Waters Corporation, Milford,
MA, USA), using the same column and gradient as in the
HPLC-DAD study. A split device was used to ensure a
maximum flow rate of 0.5 mL/min to the mass detector.
Positive mode electrospray ionization (ESI*) was used
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with scan acquisitions in two different mass ranges, 50 to
500 and 500 to 2000.

Solubility evaluation of pectin and pectin hydrolysates

The insoluble fraction of pectin was determined using a
mass balance approach (Chen et al., 2013). Briefly, 1 mL
of a 10 g/L pectin solution was placed into pre-weighed
1 mL Eppendorf tubes, which were then centrifuged at
48 000 x g for 15 min at a temperature of 20 °C. Following
centrifugation, the supernatant was discarded, and the
remaining pellet was dried overnight (14 h) in a labora-
tory oven at 45 °C. The dry pellet was weighed, and the
percentage of insoluble material was calculated as the
ratio of the pellet’s dry weight to the total dry weight of
the sample.

dry weight pectin — dry weight pellet
*

Solubility(%) = 100

dry weight pectin
The experiment was carried out in triplicate for each
sample.

Ashes quantification in pectin and pectin hydrolysates

Ashes quantification in pectin and pectin hydrolysates
was determined by applying a protocol proposed by Valle
et al. (2025). The pectin samples were initially weighed
in crucibles that had been previously calibrated. Subse-
quently, the samples were subjected to overnight dehy-
dration (14 h) at a temperature of 100 °C within a muffle
furnace (Muffle Furnace Nabertherm GmbH, Lilienthal),
with a heating ramp of 30 min. Following dehydration,
the samples were stored in a vacuum chamber until they
reached room temperature (approximately25 °C), then
they were weighed to determine the extent of the water
loss. Subsequently, the crucibles containing the dehy-
drated samples were calcined in the same muffle furnace
at 650 °C for 4 hours with a 45min heating ramp. The
samples were then allowed to cool in a vacuum cham-
ber before being weighed again to ascertain the loss of
organic matter. The remaining residue in the crucibles
represents the inorganic matter (ashes). This experiment
was conducted in duplicate for each sample.

Determination of neutral sugars and galacturonic acid
content in pectin and pectin hydrolysates

The galacturonic acid (GalA) content was determined
according to the method proposed by Li et al.(2023a,
2023b). Analyses were carried out using HPLC (Agilent
Technologies 1260 HPLC) equipped with an Aminex
HPX-87H column (BioRad) set at 60 °C and a refractive
index detector (RID) set at 35 °C. Samples were eluted
with 5 mM H,SO, as mobile phase at a flow rate of
0.6 mL/min. GalA was prepared as standard with a con-
centration range of 1.25-10 mg/mL.
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The monosaccharide composition was determined
using HPLC (Agilent Technologies 1260 HPLC) equipped
with a Rezex RCM-Monosaccharide column (Phenom-
enex) set at 80 °C and a refractive index detector (RID)
set at 40 °C. Ultrapure water was used as the mobile
phase at a flow rate of 0.6 mL/min. D-glucose, D-xylose,
L-arabinose, D-galactose, D-mannose and L-rhamnose
were used as standard with concentration ranging from
0.3-2.5 mg/mL.

Antioxidant evaluation of polyphenol extracts

Reducing power (FRAP assay)

The ferric reducing antioxidant power (FRAP) assay
was used to quantify the reducing capacity of polyphe-
nol extracts, using the method proposed by Benzie and
Strain (1996).

FRAP reagent was freshly prepared by mixing sodium
acetate buffer (300 mM, pH 3.6), 10 mM TPTZ solution
prepared in 40 mM HCI, and 20 mM FeCl, *6H,0, using
the proportion 10:1:1 (v:v:v). Since polyphenol extracts
are colored, FRAP reagent without TPTZ was prepared
by substituting TPTZ solution with ultrapure water to
exclude the matrix effect from the analytical wavelength
measurements.

Briefly, the assay was carried out using 96-well micro-
plates: 280 pL of FRAP mixture and 20 pL of properly
diluted sample were added in each well, and absorbance
at 593 nm was measured after 30 min incubation at room
temperature. All measurements were done in triplicate.

An analytical curve with different concentrations of
Trolox was plotted, and results were expressed in mg
Trolox equivalents per gram of extract (mg TrxE/g extr).

Cu?* chelation ability

The ability of extracts to chelate Cu®* was assessed using
pyrocatechol assay. The method is based on the forma-
tion of Cu®'-pyrocatechol complex in slightly acidic
medium, absorbing at 632 nm.

The assay was conducted using 96-well microplates
using the colorimetric method proposed by Santos
et al. (2017): in each well, 30 pL of sample and 200 pL of
sodium acetate buffer (50 mM, pH 6) were mixed, then
30 uL of 0.4 mM CuSO,-5H,0 solution was added. After
2 min, 8.5 pL of 2 mM pyrocatechol-violet (PV) solution
was added to start the reaction. The reaction mixture
was stirred for 10 min at 25 °C and incubated for further
10 min without agitation before measuring absorbance at
632 nm.

The inhibition of Cu?"-PV complex formation was
expressed as % of inhibition calculated from a reference
solution, prepared by substituting sample extract with
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ultrapure water. The following equation is the one used
for the calculation:

Abs ref — Abs sample

%inhibition = Abs rof
s re

x 100;

With Abs sample already corrected subtracting
matrix effect.

For each sample, different concentrations were tested
to plot a dose-response curve for the estimation of
IC;, value, using GraphPad Prism v.10.0. Sample IC;,
values were then compared with IC;, value obtained
from an EDTA solution, used as the standard chelator
to express results in EDTA pmol per gram of extract
(umol EDTA/g extract). All the determinations were
carried out in triplicate.

Inhibition of lipid peroxidation (TBARS assay)
To test the inhibition of lipid peroxidation in a linoleic
acid emulsion, the thiobarbituric acid reactive sub-
stance assay (TBARS assay) was used following the
method proposed by Thammarat et al. (2021), with
slight modifications. A 20 mM linoleic acid (LA) emul-
sion was prepared in 10 mM TRIS-HCI pH=7.4 con-
taining 0.5% v/v Tween 20 as emulsifying agent. All
polyphenol extracts were dissolved in deionized water
to reach a final concentration of 1 mg/mL. Each extract
was evaluated by mixing 500 puL of LA emulsion and
100 pL sample solution: the reaction mixture was acti-
vated by adding 20 pL of 40 mM Fe,SO, 7H,0O, mixed
for 10 s with a vortex mixer and incubated at 37 °C for
90 min. The reaction was stopped by adding 1 mL of
solution containing thiobarbituric acid (0.034 M), HCI
(0.25 M) and trichloroacetic acid (0.92 M) and incubat-
ing at 95 °C for 10 min to favor the formation of the
pink complex (malondialdehyde-thiobarbituric acid).
Absorbance of the mixture was then measured at
535 nm with an UV-vis spectrophotometer (Lambda
465 UV/Vis spectrophotometer, PerkinElmer).

The lipid peroxidation inhibitory activity of extracts
was expressed as percent inhibition, obtained with the
following equation:

A—-B

%inhibition = { }xlOO
where A is the absorbance of control reaction (obtained
with water in place of sample solution) and B is the
absorbance of sample reactions.

The assay was conducted also with 1 mg/mL Ascor-
bic acid and 1 mg/mL Trolox to have a comparison with
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standard antioxidants. All the measurements were done
in triplicate.

Effects of extracts on probiotic bacteria

Bacterial strains and growth conditions

Enterococcus faeciumm NCIMB 10415 and Lactobacillus
acidophilus CECT 1529 were firstly isolated from a pro-
biotic preparation kindly provided by Candioli S.r.l., and
then were stocked at —20 °C in 25% glycerol. De Man,
Rogosa, Sharpe (MRS) broth (PanReac-AppliChem ITW
Reagents, Glenview, IL, USA) was used to preculture E.
faecium and L. acidophilus overnight at 37 °C before each
experiment. MRS supplemented with 1.5% agar was used
as the solid medium. Different concentrations of pectin
or polyphenol extracts, according to the experiment and
specified in the following paragraphs, were directly added
in the growth media previously sterilized.

Polyphenol and pectin supplementation effect on probiotic
bacteria growth in commercial MRS

The effect of polyphenols and pectin extract on probiotic
bacteria was evaluated by monitoring the growth kinet-
ics using a microplate reader (Filtermax F5). The curves
obtained in presence of various concentrations of our
extracts (1 and 2 mg/mL for P2 extracts and 1, 2 and
4 mg/mL for pectin extract) were compared to the con-
trol curves obtained in culture media. Overnight precul-
tures were diluted to an initial ODggg, . 0.1, and 150 pL
was added in 10 different wells for each condition. The
parameters used were 10 s of orbital shaking before each
absorbance reading at 595 nm every 30 min, recorded for
24 h at 37 °C.

Pectin and pectin hydrolysates (main carbon source) effect
on probiotic bacteria growth

Viable cell count (VCC) was chosen for this evalua-
tion. For this experiment a modified glucose-free MRS
was prepared, using reagents of molecular grade, and
obtained either from Sigma Aldrich or Fisher Scientific,
as reported by Ho et al. (2017). Glucose (control condi-
tion), pectin or pectin hydrolysates were then supple-
mented as the main carbon source at a concentration of
10 mg/mL. Overnight (15 h) precultures were diluted
to an ODgyonm Of 0.1 in 50 mL culture and incubated at
37 °C without agitation for 48 h. Viable cell count was
performed by plating decimal serial dilutions of each
condition on MRS agar plates after 24 and 48 h incuba-
tion. pH decrease was monitored after 24 h and 48 h as a
further growth indicator. All the experiments were done
in triplicate.
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Biofilm formation assay

Biofilm formation ability was tested either in presence of
polyphenols or pectin. The assay was performed in 96-well
microplates following the basics of the crystal violet
method (Scardaci et al., 2021). Overnight (15 h) precultures
were diluted to an initial ODg,,,, =0.4 in control medium
(MRS commercial medium) and in MRS supplemented
with 2 mg/mL polyphenols or with 10 mg/mL pectin, then
150 pL of each culture were added in the microplate (10
wells for each condition) and incubated for 24 h at 37 °C
without agitation. After the incubation, growth media and
planktonic cells were removed and the wells were washed
three times with MilliQ water. Then 150 uL of crystal violet
0.1% w/w (PanReac-AppliChem ITW Reagents, Glenview,
IL, USA) was added and the plate was incubated at room
temperature (RT) for 15 min. Crystal violet was removed,
the plate was washed three times with MilliQ water and
let perfectly dry at 37 °C. Once completely dried, 150 pL
of 99% ethanol was added in each well to dissolve the crys-
tal violet, and Absg,,, was measured using a microplate
reader (Filtermax F5). Results were expressed as % of con-
trol: (A4 sample)/(Agq, control)*100.

Statistical analysis

Data collected from three experiments are expressed
as meantone standard deviation. GraphPad Prism 10
(GraphPad software Inc., San Diego, CA, USA) was used
for all statistical analysis and to generate data graphs and
plots. Statistical significance was set at 2<0.05, with a con-
fidence level of 0.95 and a significance level of a=0.05.
Student’s ¢-test was used to assess differences between two
different conditions, and 1 way-ANOVA followed by Tuk-
ey’s multiple comparison test was performed when com-
paring three or more groups.

Results

Polyphenols and pectin extraction

Both a liquid and a solid fraction were obtained by using
the microwave-assisted subcritical water extraction
(MASWE) technique on GS, as reported in Materials and
methods. From the liquid extract (the object of this study),
polyphenols and pectin were further separated, and pectin
were finally hydrolysed following the conventional acidic
method, the US treatment (UAH) or the combined acid-
UAH, as described in Materials and methods. Figure 1
shows the entire process and all the obtained fractions
which were tested for their valorization.

Antioxidant properties of GS-polyphenol extracts
Antioxidant properties of polyphenol extracts from different
grape cultivars

GS derived from Nebbiolo, Dolcetto and Barbera cultivar
were selected for this study. We explored three different
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methods to ascertain which cultivar demonstrates the
best antioxidant properties: the reducing power tested
through the FRAP assay, the Cu?" chelation ability, and
the inhibition of lipid peroxidation (TBARS assay). As
shown in Fig. 2, the highest performing cultivar appears
to be Nebbiolo for each tested property, displaying sig-
nificant differences compared to the other two (P<0.05).
Therefore, this cultivar was selected for further studies
involving pectin extraction. Similarly, all further experi-
ments to test the antimicrobial effects on known probiot-
ics, as well as the chemical characterization analysis, will
focus on the extract from Nebbiolo cultivar.

Identtification of phenolic compounds in Nebbiolo-derived
polyphenol extract

The detection of polyphenolic extracts at wavelengths of
280 nm (Fig. 3) and 325 nm (Fig. 4), using HPLC-DAD,
highlighted the presence of several polyphenols, which
are listed in Table 1. The presence of gallic acid, proto-
catechuic acid, procyanidin B1, (+) catechin and (-)
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epicatechin and salicylic acid was confirmed through
comparison with their corresponding analytical stand-
ards. The remaining compounds, belonging to various
polyphenolic classes, were tentatively identified through
analysis of their UV-Vis and UPLC-MS/MS spectra. In
detail, compounds 13 and 14 were tentatively identified
by comparing the spectra reported in the study con-
ducted by Goufo et al. (2020). The UV-Vis spectrum of
quercetin standard was compared with that of quercetin
derivatives, and their mass was evaluated to tentatively
identify them. Hydroxycinnamic acids were identified by
their maximum of absorbance at about 325 nm (Stelzner
etal.,, 2019).

Antioxidant properties of Nebbiolo-derived polyphenol
extracts before and after pectin precipitation

To confirm that pectin precipitation did not signifi-
cantly affect polyphenols concentration, the same
antioxidant evaluation assays previously mentioned
were carried out on the liquid extract obtained with
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Fig. 3 Chromatogram of polyphenols contained in Nebbiolo extract — 280 nm
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Fig. 4 Chromatogram of polyphenols contained in Nebbiolo extract — 325 nm

MASWE, before (P1) and after (P2) ethanol treatment.
Results (Table 2) show a small but significant decrease
after pectin precipitation regarding the reducing power
and the Cu®" chelation ability. However, good antioxi-
dant levels were still maintained on the final polyphe-
nolic extract (P2).

On the contrary, pectin separation did not affect
the protective activity of polyphenols against lipid
peroxidation.

The efficient inhibition of lipid peroxidation here
observed is very important from an applicative stand-
point because this stalk fraction can be employed to
prevent food deterioration. To this purpose, the TBARS
assay was repeated by using ascorbic acid (vitamin C) and
Trolox (water soluble derivative of vitamin E) as positive
controls and the results are shown in Fig. 5. Our extracts
(both P1 and P2) did not achieve an activity comparable
to Trolox, especially considering that a concentration of
only 0.5 mg/mL Trolox is sufficient to obtain an inhibi-
tion of 96.3%. Conversely, the activity of 1 mg/mL of our

extracts (30.04% and 32.51% for P1 and P2 respectively) is
higher than 1 mg/mL ascorbate (8.03%).

Antimicrobial effect of Nebbiolo-derived polyphenol
extracts on probiotic bacteria

Antibacterial activity of P2 extract was tested on two
well-known probiotic strains (E. faecium NCIB 10415
and L. acidophilus CECT 1529) by monitoring growth
kinetics and biofilm formation. Results confirmed that
concentration of 1 and 2 mg/mL of P2 extract in the
growth medium was sufficient to impair the growth
of both E. faecium and L. acidophilus. As reported in
Fig. 6, growth curves displayed differences starting
from the latency phase, which was slightly longer for
both probiotics, causing a short delay of the exponen-
tial phase. Also specific growth rates (u) were lowered
by P2 supplementation (Table S2). More in detail, E.
faecium p was decreased by about 30-37% compared
to control in presence of P2 extract, and L. acidophilus
p was diminished by 10-15%. Also the growth yields
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Table 1 Polyphenols present in Nebbiolo extract (* marked compounds were verified and quantified with analytical standards).
Abbreviations: Rt, retention time; MW, molecular weight; [M+H]* ions obtained by LC-MS combined with positive electrospray
ionization (ESI+); DE, dry extract; DM, dry matrix. # Hydroxycinnamic acids were quantified with p-coumaric acid, quercetin
3-glucuronide and 3-glucoside with quercetin, procyanidin type-B isomer with procyanidin B1 and expressed as their equivalents,
respectively. § Value near LOD of quercetin

Amount Amount

Rt MW [M+H]"
Compound A max (mg/100 g (mg/100
(min) (g/mol) (m/z)
DE) g DM)
1 Gallic acid* 9.546 215.7,270.2  170.1 171.1 1142424  25.1£0.5
2 Hydroxycinnamic acid” 15.372 206.3,317.8 / / 10.0£0.7  2.2+0.2
206.3,
3 Protocatechuic acid* 15.884 154.1 155.0 38.0£49  8.4=xl.1
258.5,294.0
4 Hydroxycinnamic acid” 16.514 203.9,329.8 / / 15912 3.5£03
5 Procyanidin B1* 17.079 ~200,280.1 5785 579.4 229.9+12.4  50.6+2.7
6  Procyanidin type-B dimer? 17.596 201.6, 269.0 / 579.5 95.5£15.9  21.0£3.5
7 (+)-Catechin* 18.462 203.9,278.5  290.2 291.0 185.6+6.2  40.8+1.4
8 Hydroxycinnamic acid” 20.075 211.0,323.8 / / 8.7+0.02 1.9+0.004
202.08,
9 (-)-Epicatechin* 21.083 2737 290.2 291.2 28.5+0.3 6.3+0.07
10 Hydroxycinnamic acid” 21.23 215.7,315.5 / / 9.4+0.02  2.1+0.003
203.1,
11 Quercetin-3-glucuronide® 29.675 478.3 479.4 19.4+1.7 4.3+0.4
255.9,355.0
. o 202.8, X ,
12 Quercetin-3-glucoside 29.903 464.4 465.3 Traces® Traces®
255.9,355.0
Flavan-3-ol (Taxifolin-
13 30.353 201.6,290.4  466.4 / - -
derivative ?)
Flavan-3-ol (cis-o-
14 . 31.086 ~200,294.0 4545 / - -
Viniferin ?)
Lo 205.1,
15 Salicylic acid* 34.246 138.1 / 22.5+2.7 5.0£0.6
235.8,302.3

Table 2 Antioxidant properties of extracts before and after pectin precipitation. The data are the average of three replicates +
standard deviation. The tests labelled with asterisks are those displaying significant difference when conducted before and after pectin
extraction (* p<0.05, *** p<0.001). Abbrevations: Tx eq, Trolox equivalents

Reducing power Inhibition of lipid peroxidation
Sample Cu?" chelation ability*
(FRAP)*** (TBARS assay) ™
Trx eq. IC50 EDTA eq
% Inhibition
(mgTx/gextr) (mg/mL) (UmOIEDTA/g extr)
P1 (Before pectin
259.67 +7.21 1.94+0.25 128.17 £ 16.05 30.04 + 1.58
precipitation)
P2 (After pectin
201.79 + 3.81 1.37+0.12 181.27 £ 15.32 32.51+4.32

precipitation)
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Fig. 5 Lipid peroxidation inhibition of 1 mg/mL P1 (before

pectin precipitation) and 1 mg/mL P2 (after pectin precipitation)
compared to 1 mg/mL Vitamin C and 0.5 mg/mL Trolox. The data are
the average of three replicates + one standard deviation

were negatively affected: compared to control condi-
tions, a decrease in the maximum ODy,,,, (Table S2)
was recorded in presence of P2, with a reduction
of about 1.5-fold for E. faecium and 1.4-fold for L.
acidophilus.

Biofilm formation (measured after 24 h) was inhib-
ited by 2 mg/mL P2 only for L. acidophilus, with a
significant 40% decrease compared to the control con-
dition (Fig. 7.B), whereas no significant differences
were detected for E. faecium (Fig. 7.A).

A B
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g
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O o5-
0.0 T T 1
0 5 10 15

Time (h)

600nm

Page 11 of 19

Prebiotic properties of Nebbiolo-derived pectin and pectin
hydrolysates

We planned different assays to test the prebiotic proper-
ties of GS-derived pectin. Supplementation of autoclaved
pectin actually inhibited E. faecium growth (Figure S1). It
can be hypothesized that the sterilization process (120 °C
for 20 min) may result in the formation of inhibitory
compounds, such as furfural, as a consequence of pec-
tin thermal degradation (Wu et al., 2019). Therefore, not
sterilized pectin was used for all subsequent experiments
and a sterility control was performed in each experiment
to exclude possible contamination.

Two different sets of experiments were carried out,
using pectin either as carbon supplement in a complete
culture medium or as the main carbon source to replace
the main nutrients present in common media.

Chemical characterization of pectin extract and pectin
hydrolysates
The initial solubility of pectin was 79.49%, resulting in
the formation of an insoluble residue comprising >20% of
the total sample. All hydrolysis treatments demonstrated
enhanced solubilization of the pectin (Fig. 8). In particu-
lar, both treatments that included HCI exhibited a final
solubility of the sample exceeding 99%. In contrast, treat-
ment with only US yielded a final pectin sample with a
soluble fraction of 90%. Moreover, ash quantification
underlined that US treatment did not change the ash per-
centage in pectin (Table 3). Conversely, both treatments
with HCI resulted in pectin with up to 38% inorganic
residue. The elevated concentration of salts observed in
the samples can be attributed to the incorporation of HCI
and its subsequent neutralization with NaOH.

As expected, the analyses of the components of pec-
tin and hydrolysed pectin revealed high abundance

a9 —— Control
—— P21 mg/mL

2+ —— P22 mg/mL
1 -

1

-

o 1 T 1 ¢ 1

5 10 15 20 25

Time (h)

Fig. 6 Growth kinetics of £ faecium NCIMB 10415 (A) and L. acidophilus CECT 1529 (B) in presence of different concentrations (1 mg/mL and 2 mg/
mL) of P2 extracts. Control condition refers to the growth without the addition of polyphenols in the growth medium. Data taken every 30 min are

the average of three biological replicates + one standard deviation
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Fig. 7 Biofilm formation in presence of 2 mg/mL P2 extract, expressed in % of control after 24 h incubation at 37 °C for E. faecium NCIMB 10415
(A) and L. acidophilus CECT 1529 (B). Control refers to the test without addition of polyphenols. The data are the average of three replicates +one
standard deviation. The values that significantly differ from those obtained in control condition are labelled with asterisks (***p <0.001)
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Fig. 8 Soluble and insoluble fraction of untreated pectin and pectin hydrolysates (PH). Values reported on the graph are percentages referred
to the whole biomass. The data are the average of three replicates + one standard deviation

of galacturonic acid, the main constituent of the pec-
tin backbone (Table 4). The most abundant additional
pectin monosaccharides were glucose and arabinose,
while only traces of other monosaccharides are present
(Table 4).

Moreover, the galacturonic acid content was not
affected by hydrolysis treatments since no significant
differences were found comparing the untreated pec-
tin fraction and pectin hydrolysates. Conversely, the
hydrolytic treatment led to a significant increase of
glucose and arabinose content compared to not-hydro-
lysed pectin.

Pectin and pectin hydrolysates as the main carbon source

Both pectin and pectin hydrolysates (PH) were tested
as the main carbon source to support the growth of the
abovementioned probiotic bacteria in glucose-free MRS
broth. Glucose was restored in this medium as control
condition. E. faecium and L. acidophilus growth monitor-
ing is reported in Fig. 9. For what concerns E. faecium,
the cell number detected after 24 and 48 h of growth on
pectin as the main carbon source was significantly lower
compared to growth on glucose medium, as expected.
On the contrary, for L. acidophilus, although a signifi-
cant impairment of growth was detected after 24 h, the
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Table 3 Content of ashes in pectin and pectin hydrolysates (PH).
The data are the average of three replicates + one standard

Ashes (%)

No treatment ~ 7.14 +0.29
PH-US 7.40 +0.27
PH-HCI 22.33+1.36
PH-US HCI 37.50+0.10

trend was completely reverted after 48 h, time in which
pectin supplementation ensures a significantly higher cell
number. When considering the trend of the growth pro-
files, the use of glucose caused on L. acidophilus a 15.2%
reduction in viability between 24 and 48 h incubation,
whereas pectin sustained the growth at a stable level dur-
ing the 48 h incubation period.

To improve the ability of pectin to support probiot-
ics growth, especially for the low responder E. faecium,
we tested the different PH previously mentioned. These
hydrolysates consist of more soluble sugars which are
likely to be easily metabolized, thus improving bacte-
rial growth yield. In E. faecium all PH did not improve
growth as compared to glucose: after 24 h the cell yield
was lower than in glucose, as expected, whereas after
48 h the growth profile was comparable to that obtained
in control glucose condition.

On the contrary, in L. acidophilus some beneficial
effects can be observed after PH administration: after
24 h, PH-US ensured a growth profile like the glucose
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control condition, and after 48 h all pectin hydrolysates
supported a significantly higher cell yield than glucose.

Moreover, for both E. faecium and L. acidophilus,
PH-US caused a slightly greater pH reduction (Fig-
ure S2) and a slightly higher lactic acid accumulation
after 48 h incubation (Table S3) compared to pectin
supplementation.

These experimental results obtained on both E. faecium
and L. acidophilus suggest that pectin are not the pre-
ferred carbon substrate, but they can be utilized as sec-
ond choice to support growth for a longer time.

Effect of pectin as additional carbon source for probiotics
growth and biofilm formation

The effect of pectin supplementation in MRS media
was investigated by monitoring the growth kinetics and
the biofilm formation after 24 h. For both probiotics, no
significant variation in the growth curves in presence
of 1, 2 and 4 mg/mL pectin was obtained compared to
the growth curves in the medium without pectin addi-
tion (Figure S3). Similarly, no significant differences were
observed in the biofilm forming capability of L. acidophi-
lus between pectin supplemented cultures and controls
(data not shown). However, a significant difference in the
biofilm biomasses of exposed and unexposed E. faecium
was detected after 24 h incubation in presence of 10 mg/
mL pectin (p<0.01), as reported in Fig. 10.

Discussion

Antioxidant activity of GS-derived polyphenol extracts
Polyphenols are an important group of phytochemicals
exhibiting interesting antioxidant properties. Previous
studies conducted on wine-derived polyphenols have
extensively explored their role in cardiovascular preven-
tion (Renaud et al., 2004) and their anticancer (Di Meo
et al, 2019; Luo et al, 2017), anti-inflammatory and

Table 4 Sugars and galacturonic acid determination in pectin and various pectin hydrolysates (PH). Tr= trace amount (< 0.01). The
data are the average of three replicates + one standard deviation. Values with different letters in the same column are significantly

different according to Tuckey's

Glu Ara Xyl

Rham

Gal Mann GalA

g/100g extract g/100g extract g/100g extract g/100g extract g/100g extract g/100g extract g/100g extract

No treatment 0.06 + 0.06° 0.12 + 0.03° Tr
PH-US 1.12£0.22% 1.07 +0.06° Tr

PH-HCl  2.16+0.05* 1.48 +0.462 Tr

PH-USHCI 0.97+0.20> 1.26+0.162 Tr

Tr Tr Tr 10.90 £ 1.212
Tr Tr Tr 10.45 +1.652
Tr Tr Tr 11.08 +2.262
Tr Tr Tr 10.12+0.912
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Fig. 9 £ faecium NCIMB 10415 (A) and L. acidophilus CECT 1529 (B) cell count expressed in Log(CFU/mL) after 24 h and 48 h incubation at 37 °C
in glucose-free MRS media containing glucose, pectin and pectin hydrolysates (PH-HCI, -US, and -US HCl), all supplemented at a concentration
of 10 g/L. The data are the average of three replicates + standard deviation. Different letters on the bars in the same incubation time indicate

significant difference (p < 0.05) according to Tuckey's

antibacterial properties (Prata et al, 2025). Grape phe-
nolic compounds are distributed in different parts of this
plant (e.g., seeds, skin, pulp, stalks). Stalk-derived poly-
phenols are the less studied and characterized, thus we
investigated the antioxidant potential of these type of
extracts. Since the antioxidant capacity of natural com-
pounds has not a golden standard assay (Jaganjac et al.,
2021; MacDonald-Wicks et al., 2006) and antioxidants
can act through different mechanisms, we took advan-
tage of various in vitro tests to explore different prop-
erties like the reducing power, the metal ion chelation,
and the lipid peroxidation inhibition potential. At first,
we confirmed that our polyphenol extracts maintained
good antioxidant properties even after pectin precipita-
tion. However, a slight reduction was registered for the
reducing power and the Cu®" chelation ability: this could
be probably due to the loss of interference of pectin with
the synergistic effect of phenolic compound interactions,
that can modify electron transfer in antioxidant capacity
(Mercado-Mercado et al., 2020).

The presence of flavonols and flavanol catechins sup-
ports the antioxidant activity that has been observed,
particularly in terms of chelating capacity (Mira et al,,
2002). Indeed, these flavonols are recognized for their
ability to donate electrons and form stable radicals (Ana-
stasiadi et al., 2012). Moreover, it must be highlighted
that our polyphenolic extracts were obtained from stalks,
the most abundant waste fraction, and are comparable
with results obtained with fractions, like skin and seeds,
for which a lot of efforts have been carried out to date
(Leal et al., 2020; Majki¢ et al., 2019; Prata et al., 2025).

Antimicrobial activity of GS-derived polyphenols extracts

The antimicrobial effect of these compounds has been
extensively reported in literature for clinically relevant
microorganisms (Manso et al.,, 2022) or enological spe-
cies (Sabel et al,, 2017) for wine industry applications
as alternatives to chemical preservatives (Garcia-Ruiz
et al.,, 2011; Pastorkova et al., 2013). However, from our
perspective, an antimicrobial effect is not desirable since
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Fig. 10 Biofilm formation in presence of 10 mg/mL pectin

and pectine hydrolysed with US (PH-US), expressed in % of control
after 24 h incubation at 37 °C for E. faecium NCIMB 10415. Control
refers to the test without addition of pectin. The data are the average
of three replicates + one standard deviation. The value significantly
different from those obtained in control condition are labelled

with asterisks (**p <0.01)

it may affect the beneficial intestinal microbial popula-
tion. Thus, we investigated their antimicrobial power on
known probiotics. As expected, an inhibitory effect on
both growth and biofilm formation ability of L. acidophi-
lus was detected. Conversely, on E. faecium a decrease
of the growth curve profile with a lower final biomass
production was registered, whereas no effect on biofilm
forming activity was observed after polyphenols addition.

The polyphenol composition analysis showed that
the extracts contain flavonols (quercetin), flavanols
(catechins, epicatechins and procyanidin B1) and phe-
nolic acids (gallic acid, hydroxycinnamic acid, pro-
tocatechuic acid, salicylic acid). All these phenolic
compounds are known to have significant antimicro-
bial properties. Krasteva et al. (2023) reported a strong
inhibition of grape extracts (rich in catechins, epicat-
echins and procyanidin Bl) on pathogenic bacteria
contaminating food. Similarly, gallic acid antimicrobial
effect has also been reported using E. coli as the target
strain species (Diaz-Gémez et al., 2014) and querce-
tin has been extensively studied for its antimicrobial
properties against Enterococcus and Lactobacillus spp.
(Nguyen & Bhattacharya, 2022).

In contrast with our results, Ares et al. (2023) reported
a strong inhibitory effect of flavan-3-ol and procyanidin-
rich grape seed fractions only for strict anaerobic mem-
bers of the intestinal flora, whereas facultative anaerobes
(including lactobacilli) displayed resistance. However, it
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should be highlighted that the inhibitory properties of
polyphenols can be deeply affected by the interactions
with other wine constituents. For example, the combi-
nation of different phenols may have a positive or nega-
tive effect on the bacterial inhibition (Diaz-Gémez et al.,
2014; Sabel et al., 2017), which could be the reason why,
overall, our extracts exhibited a good inhibition also
towards L. acidophilus.

As regards the mechanism of action of the antimicro-
bial activity, the inhibition of biofilm formation may be
crucial, as we demonstrated on L. acidophilus and also
reported by Qayyum et al. (2019) on Enterococcus fae-
calis. This effect could be complemented by the disrup-
tion of bacterial cell wall and cell membrane, as well as
the interference with nucleic acid synthesis which led to
a strong damage of essential physiological functions (Liu
et al,, 2014; Nguyen & Bhattacharya, 2022). These mecha-
nisms may be more relevant for E. faecium for which, in
our experimental model, no significant negative effects
on biofilm formation were registered.

Prebiotic potential of pectin and pectin hydrolysates
Pectin and its hydrolysates have garnered significant
attention for their prebiotic properties, which play a
crucial role in modulating gut microbiota and pro-
moting overall health, as reported by numerous stud-
ies in the field of dietary fibers and human nutrition
(Bindels et al., 2015; Pascale et al., 2022). In this study,
we evaluated the prebiotic potential of GS-derived
pectin, an underexplored lignocellulosic biomass
compared to other well-known biomasses like cit-
rus, pomelo, apple pomace or sugar beet (Christiaens
et al,, 2015; Gamonpilas et al., 2021).

The assessment of the prebiotic potential of pectin
and PH is strongly linked to their chemical features.
Indeed, their sugar composition, as well as their solu-
bility, are crucial factors for their bioavailability in the
culture medium. The analyses performed in this study
revealed that the hydrolysis treatments affected pec-
tin side chains (mainly containing neutral sugars) and
increased the available amount of both glucose and
arabinose. On the contrary, no effect was noted on the
main chain composed by galacturonic acid, which is
indeed more resistant than side chains (Ogutu & Mu,
2017; Liu et al., 2013).

Therefore, the hydrolysis treatment, providing a more
accessible carbon source, was beneficial for supporting
improved growth profiles of both L. acidophilus and E.
faecium, as reported in other studies (Ho et al., 2017; Lu
et al., 2024; Singh et al.,, 2020). However, the elevated ash
content in pectin treated with HCl suggests that while
HCI treatment is effective in breaking down pectin and
increasing sugar availability, it also introduces inorganic
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residues that can be detrimental to probiotic growth
(Henney et al., 2010) and gives rise to challenges in
human health (Hunter et al., 2022). Due to these consid-
erations, PH-US emerged as the fraction with the highest
probiotic potential, which offers a balance of high solubil-
ity and manageable salt content.

Results obtained for L. acidophilus show that while
pectin initially impairs growth, it ultimately supports
prolonged viability compared to glucose. This suggests
that the probiotic may benefit from the slow but steady
release of these nutrients. Conversely, E. faecium showed
a consistently lower growth rate on pectin compared to
glucose, although the growth profiles on PH improved
over time. Apparently, E. faecium metabolism relies
mainly on the better available soluble sugars compared
to L. acidophilus, for which only a slight difference was
detected among pectin and PH supplemented cultures.
The study also explored the effect of pectin on biofilm
formation for E. faecium: interestingly, the results sug-
gest that pectin might enhance biofilm formation, as
reported for different polysaccharide prebiotics (Chau-
han & Sharma, 2023). These carbon sources potentially
promote survival and resilience in environments where
nutrients are limited, although the mechanism behind
this phenomenon requires further investigations.

Process outcomes for nutraceutical applications

In accordance with the principles of the circular econ-
omy, the maximization of biomass valorization through
multi-purpose extraction not only promotes sustain-
ability but also enhances the overall cost-efficiency of
the process, particularly when combined with innovative
methodologies that reduce processing times and limit
the use of hazardous solvents. Although the antioxidant
potential of polyphenols is promising in view of nutra-
ceutical applications, the registered antimicrobial activity
may limit their use in this field since a potential concomi-
tant administration with probiotic preparation could
affect the beneficial microbe population. This under-
scores the necessity to separate the polyphenol-enriched
fraction from the pectin fraction, which our findings
demonstrate was possible as the antioxidant properties
of polyphenol extracts were preserved even after pectin
precipitation. By isolating these components, each bioac-
tive function can be individually harnessed for distinct
applications. Although polyphenols may not be suitable
for use in conjunction with prebiotic formulations, their
antioxidant capacity offers valuable opportunities for the
development of functional foods (Birtkowska et al., 2024;
Kapcséndi et al.,, 2021). Conversely, the pectin fractions
exhibit favorable prebiotic properties, which are benefi-
cial for extending the shelf life of probiotics and for pro-
moting the growth of beneficial bacteria on an industrial
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scale. Moreover, symbiotic formulations could be envis-
aged by exploiting these cheap extracts, as demonstrated
in previous studies with other natural compounds (Panya
et al., 2024; Rasamani, 2024).

Furthermore, the registered antimicrobial activity of
polyphenols can be exploited for beneficial applications
in other sectors, such as enology (Valle et al., 2025), the
development of active packaging materials (Riaz et al.,
2018), or to treat clinically relevant pathogens by exploit-
ing their antibiofilm activity (Li et al., 2023b).

Conclusions

This study is a proof-of-concept of a biorefining process
with enhanced environmental and economic sustainabil-
ity, since both feedstock and techniques used align with
these goals. It demonstrates the potential of lignocellu-
losic biomasses like GS as a new source of antioxidants,
antimicrobials, and prebiotics, offering an alternative
to other less abundant agricultural wastes traditionally
used for this purpose. In doing so, the study supports
the advancement of the circular bioeconomy and under-
scores the value of agricultural by-products as strategic
resources for innovation within the food and nutraceuti-
cal sectors.

Although pectin was not identified as the preferred
carbon source for the tested probiotics, its hydrolysed
forms, especially PH-US, emerged as promising alterna-
tive to conventional substrates for long-term cultivation.
These results contribute to the growing body of knowl-
edge regarding sustainable and cost-effective substrates
for industrial probiotic production. Future studies should
investigate the mechanistic pathways by which pectin
and pectin hydrolysates enhance growth and biofilm for-
mation, and assess potential synergistic interactions with
other prebiotic compounds.

With respect to polyphenols, their antioxidant capacity
was found to be comparable to that of polyphenolic com-
pounds derived from more extensively studied biomass
sources. While the observed antimicrobial activity of
polyphenols may initially appear to limit their application
in probiotic formulations, it also presents opportunities
for other industrial uses. To harness this potential, subse-
quent studies should evaluate their antimicrobial efficacy
against targeted bacterial species in relation to specific
biocidal objectives.

In conclusion, further research should delve deeper
into the mechanisms behind the identified bioactivities,
and to explore a broader range of industrial applications.

Abbreviations

FRAP Ferric reducing antioxidant power

GalA Galacturonic acid

GS Grape stalks

MASWE  Microwave-Assisted Subcritical Water Extraction

MRS De Man-Rogosa-Sharpe broth for Lactobacillus species growth



Ponsetto et al. Food Production, Processing and Nutrition (2025) 7:53

P1 Polyphenol extract before pectin precipitation
P2 Polyphenol extracts after pectin precipitation
PH Pectin hydrolysates

TBARS Thiobarbituric acid reactive substance

UAH Ultrasound-Assisted Hydrolysis

us Ultrasound

VCC Viable cell count
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