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Introduction

Background

The Organisation Internationale de la Vigne et du Vin (OIV) 
reported for 2022 a world wine production of 258mhl, 
almost stable for the fourth consecutive year and only 
slightly below its 20-year average. In the same year Italy 
(49.8mhl), France (45.6mhl), and Spain (35.7mhl) were 
the main wine producers worldwide, with France record-
ing an increased production (+ 21% compared to 2021, + 
7% with respect to its last five years average) and Italy and 
Spain substantially stable. Currently, despite the general 
decline suffered by the wine market due to the Covid-19 
pandemic and the war in Ukraine, Italy remains the main 
exporter accounting for 20% of the global exports in 2022 
[1]. Given the large quantities of wine produced, the waste 
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Abstract
The Organisation Internationale de la Vigne et du Vin (OIV) assessed vineyard among the main crops worldwide and the 
resulting waste represent a critical issue. Winery waste and their content of natural active principles have been extensively 
explored for changing them into new resources with high added value. The recovery of bioactive phenols and polysac-
charides from pomace offers promising opportunities for producing novel ingredients across different sectors, enhancing 
winery economic sustainability and reducing environmental impact. In this scenario, studies concerning white grape 
cv Grechetto, widely cultivated in Italy, are very limited. The present work studied the possibility of exploiting white 
Grechetto whole pomace, skins and seeds, in a biorefinery perspective for a large-scale green extraction process to imple-
ment in the winery. Grechetto dried pomace were investigated by Fourier Transform Infrared Spectroscopy– Attenuated 
Total Reflectance (FTIR-ATR) to obtain a qualitative fingerprint. Polyphenols were characterized by High Performance 
Liquid Chromatography coupled with Diode Array and Mass Detectors (HPLC-DAD-MS) and Folin-Ciocalteu assay; 
polysaccharides by Dynamic Light Scattering (DLS), chemical hydrolysis and Proton Nuclear Magnetic Resonance (1H-
NMR) spectroscopy. Total phenols were 51 ± 1, 25.36 ± 0.08 and 85 ± 2 mg/g GAE on whole dried pomace, skin and seed 
respectively, with similar trend obtained by HPLC-DAD-MS. Crude polysaccharides, studied for the first time in white 
Grechetto, were 12%, 13% and 8% on dried whole pomace, skins and seeds. They were present in relatively high quanti-
ties, with glucuronic acid, acetyl and methyl groups similar to pectin, suggesting their potential use as a gelling agent.
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of winemaking process represent an important critical issue 
due to their poor biodegradability and the ability to release 
volatile organic compounds into the environment and, there-
fore, the need for specific procedures for disposal [2]. The 
main waste products of winemaking process are grape pom-
ace, skin, stalks, wastewater, lees, shoots and other filtration 
residues. Among them pomace, the solid residue obtained 
after pressing grape and made up of skins, seeds and stalks 
(these latter if not previously removed), is about 0.16 Kg 
per liter of wine and it represents the most abundant waste 
product [3]. The guidelines that regulate the destination of 
winery waste are continuously updated but, in general, the 
pomace is delivered to distilleries, converted into biogas or 
energy, or dispersed on agricultural land. In this latter case, 
the regulations impose limits on the amounts to spread on 
the land to avoid environmental impact. In the recent years 
scientific studies were performed to assess their content of 
active compounds and possible uses and applications in a 
wide variety of sectors according to circular economy mod-
els [4–6].

Polyphenols and polysaccharides in grape pomace

Red grape pomace may contain anthocyanins such as 
malvidin 3-O-glucoside, as well as other anthocyanoside 
compounds such as mono- and di- glucosides of malvidin, 
cyanidin, delphinidin, petunidin, and peonidin and their 
esters with acetic, coumaric or caffeic acids. In white wine-
making, the vegetal material is removed immediately after 
pressing the grapes, whereas to produce red wines it is left 
to ferment with the juice and the anthocyanins are partially 
or totally transferred from the solid matrix to the wine. Fur-
thermore, given their poor chemical stability, these com-
pounds can largely degrade to uncolored phenolic structures 
with lower molecular weights during storage or the subse-
quent transformation processes [7]. Flavanols are among 
the main compounds in both red and white grape pom-
ace: catechin and epicatechin were found, as well as their 
oligomers (proanthocyanidins) as such or as galloylated 
derivatives, in different isomeric forms. Also flavonoids are 
present such as myricetin, luteolin, quercetin and kaemp-
ferol derivatives; hydroxycinnamic derivatives, mainly 
caffeic, coumaric and ferulic acids esters; gallic acid deriva-
tives; stilbenes (such as resveratrol) and phenolic acids such 
as p-hydroxyphenylacetic acid, vanillic acid, homovanillic 
acid, homoprotocatechuic acid, gentisic acid, syringic acid 
[4, 8–11]. Polyphenolic extracts of pomace demonstrated 
antioxidant, antimicrobial, anti-inflammatory, antimuta-
genic/anticarcinogenic, anti-lipogenic properties, and are 
useful in the prevention of cardiovascular diseases [12, 13]. 
Grape pomace showed high levels of soluble and insoluble 
dietary fibre, and crude polysaccharide contents up to 15% 

weight, these latter based on arabinose, glucose, galactose 
and mannose with molar ratio 18.4:14.1:10.8:3.0 and preva-
lent α-pyranose and β-pyranose structures containing also 
carboxyl groups [14, 15]. Polysaccharide fraction, tested in 
vivo, showed antioxidant, radical scavenging, antidiabetic, 
hepatoprotective and anti-inflammatory ability. All these 
properties can support the use of pomace to extract natu-
ral ingredients for the formulation of functional food and 
nutraceutical products [16]. Studies in the literature reported 
tests on grape pomace extracts as additives or functional 
ingredients for beverages, plant origin food, meat, fish, and 
dairy products, but also in the formulation of cosmetics. Da 
Rocha et al. (2012) used them to inhibit steel corrosion [9, 
13, 17]. Grape seeds are often separated from pomace and 
used for mechanical extraction of oil, rich of PUFA such as 
linoleic acid, antioxidant such as tocopherols and bioactive 
phytosterols. Several analyses demonstrated that the poly-
phenolic compounds were mostly retained in grape seeds 
after oil extraction, so the residue could be further exploited 
as a source of hydro-soluble bioactive compounds [18, 19].

Valorisation of grape pomace: biorefinery 
approaches towards circular economy

According to these results and considerations winery waste, 
grape pomace in particular, could be transformed from envi-
ronmental and economic burdens into new resources with 
high added value according to innovative models of circular 
economy, by integrating the different technologies in a bio-
refinery process to obtain a wide range of bio-based prod-
ucts [2, 20]. The implementation of sustainable models of 
circular economy in the agrifood sector acquires increasing 
importance as it directly meets the goals of 2030 Agenda 
for Sustainable Development in terms of food security, sus-
tainable consumption and production, sustainable agricul-
ture and causes positive repercussions on climate change, 
well-being, economic growth. Events such as Covid-19 
pandemic, and epidemics that in recent years spread also 
due to the increase in population density, especially in par-
ticular areas, have highlighted the fragility of the interac-
tions among elements of the food supply chain (production, 
transformation, distribution, consumption, disposal), and 
the need for innovative models for food systems [21]. Cir-
cular economy could improve these systems making them 
more robust and resilient.

Scientific studies are available in the literature concern-
ing laboratory scale and industrial processes to recover and 
exploit grape pomace. Solid-liquid extraction is tradition-
ally among the main extraction techniques for polyphenols 
and polysaccharides; selectivity depends on the used sol-
vents and yields are dependent from time and temperature 
of extraction [22]. The large use of organic solvents and 
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long times of extraction made this technique not always a 
sustainable solution, so more eco-friendly methods were 
studied, aimed at enhancing solvent extraction or based on 
different principles. Enzymes, ultrasound and microwave-
assisted extraction, the use of deep eutectic solvents, high-
pressure applied to solid-liquid extraction, sub-critical or 
super-critical fluid extraction are among the green technolo-
gies that also allow for industrial scalability [22–27]. Con-
cerning bioresources of antioxidant compounds in general, 
and grape pomace in particular, it is crucial to evaluate the 
effects of extraction and transformation technologies on 
qualitative and quantitative yields, especially for obtaining 
functional food or nutraceutical ingredients [28]. Emerging 
technologies such as high pressure processing and pulsed 
electric field extraction showed positive effects on polyphe-
nols extraction yields from fresh grape and grape pomace, 
also taking into account the need to optimize the parameters 
according to the raw material and the target compounds to 
avoid the latter from degrading [29, 30]. The high content 
of organic matter makes grape pomace also suitable to pro-
duce energy by thermal conversion or by converting the 
biodegradable fraction into biogas through anaerobic diges-
tion; bio-fuels such as bio-ethanol, bio-oil, bio-diesel can 
be obtained by fermentation. Aerobic fermentation allows 
the conversion of grape pomace into compost, to obtain 
eco-friendly fertilizers and soil amendments [31]. The inte-
gration of two or more processes in the same plant could 
allow to fully exploit grape pomace, although there are few 
studies concerning practical applications. As an example, 
Almeida et al. [32, 33] assessed the influence of polyphe-
nol extraction on subsequent pyrolysis or methane pro-
duction by anaerobic digestion, finding that the potential 
yields remain statistically similar. Lucarini et al., 2018 [18] 
explored the possibility of recovering phenolic compounds 
after oil extraction from grape seeds, demonstrating that 
these processes could be integrated in a biorefinery plant. 
Technical-economic assessments were also carried out, 
concluding that the economic sustainability of a biorefinery 
plant mainly depends on the possibility of obtaining more 
than one bio-based products as well as on their prices, and 
the variety of involved market sectors [31]. Hence, obtain-
ing a range of differentiated products acquires increasing 
importance, and makes it crucial their characterization and 
the study of suitable technologies for the exploitation of 
the different classes of compounds in distinct fractions. In-
depth studies are present in the literature on pomace from 
numerous white grape cultivars, but in most cases the char-
acterization of only one class of compounds is reported, and 
studies that specifically concern white pomace cv Grechetto 
are very limited. Furthermore, the differences between pom-
ace obtained from white and red winemaking still need to 

be explored in more detail, in terms of both their chemical 
composition and possible applications [23, 34, 35].

Object and purpose of the study

The present study focused on white grape pomace cv 
Grechetto, little investigated so far. This cultivar, probably 
originating from Greece as evidenced by the toponymic root 
present in its name, was anciently imported to Italy through 
Magna Graecia and spread mainly in the regions of Umbria, 
Lazio, Tuscany and Marche. The clones currently present 
in the National Register of Varieties are considered native 
to central Italy. The research concerned the characterization 
of polyphenol content and polysaccharide fraction of dried 
grape pomace resulting after the production of wine in Cor-
tona, a city located in Tuscany, to explore the possibility 
of exploiting them in a biorefinery context. Both the whole 
grape pomace (G_PO) and the skins (G_SK) and seeds 
(G_SE) after separation were investigated, to compare their 
compositions in active principles and allow the assessment, 
in a future valorization perspective, of using the whole pom-
ace as such or introduce a step of separation of skins from 
seeds into the process [36]. A preliminary characterization 
was carried out by Fourier Transform Infrared with Attenu-
ated Total Reflectance (FTIR-ATR) for determining the 
fingerprint of the different powdered samples based on the 
qualitative analysis of the main functional groups.

The techniques used for studying the profile of main com-
ponents were Liquid Chromatography coupled with Diode 
Array Detector and Mass Spectrometry (HPLC-DAD-MS), 
Dynamic Light Scattering (DLS) and proton Nuclear Mag-
netic Resonance (1H-NMR), with the purpose of obtaining, 
respectively, a qualitative and quantitative analysis of the 
polyphenolic compounds and a detailed characterization of 
the polysaccharide content. These results are the basis for 
testing scalable extraction processes that could be integrated 
into a biorefinery process, aimed at the recovery and exploi-
tation of Grechetto pomace, to obtain products differenti-
ated by chemical composition for use in different production 
sectors.

Materials and methods

Samples and reagents

All solvents for 1H-NMR and HPLC-DAD-MS analyses 
(HPLC grade), formic acid, gallic acid, catechin hydrate, 
epicatechin, p-coumaric acid, caffeic acid (analytical grade) 
were purchased from Sigma Aldrich Chemical Company 
Inc. (Milwaukee, WI, USA). Procyanidin B1, B2, B3 and 
C1, quercetin 3-O-glucoside and kaempferol 7-O-glucoside 
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under the same conditions, then again separated by centrifu-
gation. The two extracts were combined to determine total 
phenolic content and analyzed by HPLC-DAD-MS.

Total phenolic content and qualitative/quantitative HPLC-
DAD-MS analysis

Total phenolic content was evaluated using the spectro-
photometric test with Folin-Ciocalteu reagent. The lat-
ter is a mixture of phosphotungstic and phosphomolybdic 
acids which is reduced by reaction with phenols, produc-
ing a blue coloration proportional to the concentration of 
phenolic compounds. Phenol concentration in the sample 
was determined by measuring the absorbance at 725  nm, 
by a UV-Visible spectrophotometer (Agilent 8453, Agilent 
technologies, CA, USA), of a solution of sample and Folin-
Ciocalteu reagent, after adding 20% Na2CO3 and incubating 
for 40  min., using a calibration curve built by measuring 
the absorbance of five reaction solutions containing gal-
lic acid at different concentrations from 0.018  mg/mL up 
to 0.560  mg/mL. The phenol content of each sample is 
expressed as mg GAE (Gallic Acid Equivalents) per gram 
of dried vegetal material.

The HPLC-DAD-MS analyses were performed with a 
HP-1260 liquid chromatograph equipped with a DAD detec-
tor and an MSD API-electrospray (Agilent Technologies, 
Santa Clara, CA, USA) operating in negative and positive 
ionization mode. Mass spectrometer operating conditions 
were the following: gas temperature 350 °C at a flow rate 
of 10.0 L/min, nebulizer pressure 30 psi, quadrupole tem-
perature 30 °C, and capillary voltage 3500 V. The fragmen-
tor was set at 120 eV. For the chromatographic separation 
a Lichrosorb RP18 250 × 4.60  mm i.d, 5  μm column was 
used (Merck Darmstadt, Germany). The eluents were H2O, 
adjusted to pH 3.2 with formic acid, and CH3CN. A four-
step linear solvent gradient was used, starting from 100% 
H2O up to 100% CH3CN, for 117 min at a flow rate of 0.8 
mL/min [38]. The phenolic compounds were identified by 
using data from HPLC-DAD-MS analyses, by comparing 
their retention times, UV-VIS and mass spectra with those 
of the available specific commercial standards and accord-
ing to the available literature data.

The quantitative analysis was performed by HPLC-DAD 
using five-point regression curves built with the available 
standards; calibration curves with an r2 > 0.9998 were con-
sidered. Calibration was performed at the wavelength of the 
maximum UV-VIS absorbance, by applying the correction 
of molecular weights. In particular gallic acid, catechin, 
epicatechin, proanthocyanidins were calibrated at 280 nm 
with gallic acid and catechin hydrate respectively. Coutaric 
acid was calibrated at 308 nm with p-coumaric acid; caftaric 
acid was calibrated at 330 nm with caffeic acid. Quercetin, 

were supplied by Extrasynthèse S.A. (Lyon, Nord-Genay, 
France). HPLC-grade water was obtained via distillation 
and purification with a Labconco Water Pro PS polishing 
station (Labconco Corporation, Kansas City, MO, USA). 
The grape pomace was obtained after wine-making at 
Consulente Enologica Srl (Cortona, AR, Italy) from white 
grapes cv Grechetto harvested in September, 2023. A por-
tion of pomace was dried as such (G_PO), whereas a second 
portion was separated in skins (G_SK) and seeds (G_SE) 
by using an inox vibrating sieve before the drying process. 
The drying process was performed at E.LAB Srl (Pistoia, 
Italy) in a dryer cell with bottom-up hot air input at 28 °C, 
for 48  h, with 80% yield of dried material as previously 
reported [37]. A rotor-knife mill (IKA M20 universal mill, 
IKA, Staufen im Breisgau, Germany) was used to obtain 
from each of the dried samples a homogeneous powder that 
was used to prepare the hydro-alcoholic and the aqueous 
extracts.

FTIR-ATR analysis

The FTIR spectra were recorded on a Nicolet iS10 FT-IR 
spectrometer (Thermo-Fisher Scientific, Waltam, MA, 
USA) equipped with a diamond crystal cell for attenuated 
total reflection (ATR) operation. The spectra were acquired 
(64 scans per sample or background) in the range of 4000–
600  cm− 1 at a nominal resolution of 4  cm− 1. The spectra 
were corrected using the background spectrum of air. The 
analysis was carried out at room temperature. For a mea-
surement, a dried powdered sample was placed on the sur-
face of the ATR crystal. Before acquiring a spectrum, the 
ATR crystal was carefully cleaned with wet cellulose tissue 
and dried using a flow of nitrogen gas. The cleaned crys-
tal was checked spectrally to ensure that no residue was 
retained from the previous sample and, as a first step, spec-
tra were analyzed with respect to the band positions in order 
to identify the signatures of the major functional groups. An 
assignment of the main bands was carried out by analyz-
ing the acquired spectra and by comparing them with the 
literature.

Extraction and characterization polyphenols

Extraction of polyphenols

The extraction was carried out by dispersing 5.0 g of each of 
the three different matrices in 30.0 mL of 70:30 EtOH: H2O 
(pH 2.5 by addition of formic acid). The mixture was kept 
under mechanical stirring, at room temperature, for 24  h, 
then centrifuged at 5000 rpm for 10 min to separate the solid 
from the extract. The plant matrix was recovered and kept 
further 24 h under stirring with 30.0 mL of the same solvent, 
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and DA were determined according to Müller-Maatsch et al. 
[39] with slight modifications. Briefly, the initial hydroly-
sis process was conducted directly in a 1H-NMR tube. The 
samples, with concentrations ranging from 2.1 to 3.8 mg/
mL, were dissolved in 0.4 M NaOH in D2O. After an incu-
bation period of 120 min at room temperature, 25 µL of an 
internal standard solution (5.44 mg/mL maleic acid in D2O) 
was added. Then, the samples were subjected to analysis 
using 1H-NMR. To determine the concentrations of acetic 
acid and methanol after basic hydrolysis, we integrated the 
C-methyl groups at 1.80 ppm and 3.22 ppm, respectively. 
Additionally, the proton signal of maleic acid (6.24 ppm) 
was used as a reference for quantitative evaluation, apply-
ing a formula previously used for this purpose [40, 41]. The 
content of acetic acid and methanol in the polysaccharide 
sample was determined as follows:

C (%) = ICH3

Iistd
× Nistd

Nx
× MW x

MW istd
× Wistd

Wx
× Pistd

C (%), the concentration of methanol or of acetic acid.
Iistd, the integral of the two protons of the ISTD, maleic 
acid.
ICH3, the integral area of proton signal of CH3 groups of 
methanol or acetic acid.
Nx, the number of protons for the CH3 groups of methanol 
or acetic acid (3 protons) Nistd, the number of protons for 
ISTD (2 protons).
MWx, the molecular weight of methanol (32 g/mol) and 
acetic acid (60 g/mol) MWistd, the molecular weight of 
ISTD (116.1 g/mol).
Wx, weight (mg) of dry polysaccharide Wistd, weight of 
maleic acid.
Pistd, purity degree of maleic acid.

The content of galacturonic acid in each sample was 
determined after acid hydrolysis, in a Pyrex tube, at 100 °C 
for 120 min, according to Giner et al. [42]. The amount of 
galacturonic acid (Gal-ac) was obtained by the integration 
of the anomeric protons of the α-Gal-ac at 4.559–4.569 ppm 
and β-Gal-ac at 3.865–3.884 ppm, by using the same inter-
nal standard. The formula previously reported was applied 
considering: C%, concentration of Gal-ac; Nx, the number 
of anomeric protons (1) for α and β forms respectively; 
MWx, molecular weight of galacturonic acid: 194 g/mol.

Through the moles of methanol, acetic acid and those 
of galacturonic acid, the degree of methylation (DM) and 
acetylation (DA) were calculated, according to the follow-
ing formulas [39]:

DM (% ) = (% moles of methanol/moles of galacturonic acid)

kaempferol and their derivatives were calibrated at 350 nm 
with quercetin 3-O-glucoside and kaempferol 7-O-gluco-
side respectively. The determinations of the polyphenol 
contents were carried out in triplicate; the results are given 
as means with the respective standard deviations.

Extraction and characterization of polysaccharides

Extraction of polysaccharides

For polysaccharides extraction, 5.0 g of each of the pow-
dered samples (whole pomace, skin and seed) were sus-
pended in 200.0 mL hot water and kept boiling for 1 h under 
magnetic stirring. Once at room temperature, each mix-
ture was kept under maceration for 12 h, then centrifuged 
at 5000  rpm, at 15 °C, for 15 min. The obtained aqueous 
extracts were freeze-dried. For the isolation of crude poly-
saccharides, the freeze-dried extracts were suspended in 
80% EtOH in proportion 1 g:50mL, treated with ultrasounds 
in ultrasonic processor (DU-32 S ARGO Lab, Carpi, MO 
- Italy) at 40 kHz, 120 W and 35 °C for 2 min to homoge-
neously disperse the powders and maintained at 0 °C in ice 
bath for 1 h. For each of the samples, the mixture was fil-
tered under vacuum, then the insoluble fraction of polysac-
charides was washed with 20 mL of 96% EtOH. The filtered 
solution was recovered and the process repeated, then the 
insoluble fraction was freeze-dried and weighed to obtain 
the yield in crude polysaccharides.

Dynamic light scattering

Dynamic Light Scattering (DLS, Zetasizer NanoSer-
ies ZS90, Malvern Instruments, Worcestershire, UK) was 
employed for the following measurements: Z-average 
(Z-Ave, nm), size distribution by intensity (polydispersity 
index, PdI), and average molecular weight of the polysac-
charide. The measurements were conducted at 25  °C in 
ultra-pure water (3 mg/mL) with a scattering angle of 90°, 
using the ALV-60 × 0 software package (Malvern, ver. 7.2). 
Each sample (G_PO, G_SK, G_SE) was analyzed in three 
separate experiments, with three readings for each sample. 
As for DLS, each replicate was an average of 12–16 read-
ings made by the instrument.

1H-NMR analysis

1H-NMR data were obtained by a Bruker Avance 400 instru-
ment (Bruker, Bremen, Germany). The proton spectra were 
used to determine the percentage of galacturonic acid, degree 
of acylation (DA), and degree of methylation (DM). The 
polysaccharides were analyzed after dialysis at concentra-
tions ranging from 4.8 to 6 mg/mL. The percentages of DM 
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The broad band extending at around 3306–3265  cm− 1 
corresponds to the OH stretching modes (hydroxyl group), 
that can be related to the polysaccharide fraction and/
or lignin, cellulose, and hemicellulose [44–46]. The peak 
at 3009 cm− 1 is due to the C-H stretching vibration of the 
cis-double bond (= CH) groups. Asymmetric and symmet-
ric stretching vibrations of CH2 and CH3 groups at 2962, 
2921, 2873 and 2852  cm− 1 are found [47]. The peak at 
1743 cm− 1 and the shoulder one at 1710 cm− 1 is attributed 
to the absorption generated by stretching vibration of the–
COOR groups [48] and it could be related to the presence of 
the fatty acids and their glycerides, as well as pectin and lig-
nins [18, 49]. The broad bands at 1607 cm− 1 and 1532 cm− 1 
associated to amide I could be related to the proteins in the 
extracellular matrix or in cell walls on the skin external sur-
face as reported by Fasoli et al. (2016) [49]. Also, the bands 
1607–1532 cm− 1 can be associated to vibrations of aromatic 
C = C groups in pectin and phenolic compounds or cutan as 
reported by Spinei et al. [50].

As previously marked by Lucarini et al. [36], the region 
from 1500 to 800  cm− 1 represents the fingerprint region 
rich in peaks produced by different vibrations - stretch-
ing, bending, rocking, scissoring, and torsional modes. At 
the same time, it represents a region rich in information on 
organic compounds (i.e. sugars, alcohols, organic acids, 
and so on) in the samples [36]. The stretching of aromatic 
C-C at ~ 1532 cm− 1 and ~ 1440 cm− 1 is related to pheno-
lic molecules [44]. The out of plane bending of the CH3 at 
1377 cm− 1, the vibration at 1241 cm− 1, and the stretching 
of C-O at ~ 1032 cm− 1 are related to polysaccharide struc-
tures [44, 48, 51]. The bands at 1134  cm− 1, 1097  cm− 1, 
1032 cm− 1 are related to cellulose and hemicellulose [49]; 
the peak around 904 cm-1 is related to the absorption peak 
of β-glycosidic linkage in pectin [52–54]. The peak at 
1134 cm− 1 is related to the stretching of aromatic C-H and 
the band at 763 cm− 1 is related to the rocking vibration of 
CH2, typically of phenolic compounds [45].

Statistical analysis

Data were processed with DSAASTAT software and Micro-
soft Excel. A one-way analysis of variance (ANOVA) was 
performed with significance level set at p = 0.01. Means 
separation was carried out using Tukey’s HSD test.

Results and discussion

The chemical characterization of Grechetto winery waste 
was below described and discussed. G_PO, G_SK and G_
SE samples were explored as follows:

	● Qualitative Analysis by FTIR-ATR;
	● HPLC-DAD-MS analysis of polyphenols;
	● Dynamic Light Scattering analysis of polysaccharides;
	● 1H-NMR analysis of polysaccharides.

Qualitative analysis by FTIR-ATR

A preliminary rapid characterization was carried out by 
FTIR-ATR. This analytical technique provides a qualita-
tive fingerprint of the different samples based on their main 
functional groups. FTIR-ATR Infrared spectroscopy rep-
resents an interesting alternative to the conventional ana-
lytical methods as it does not require pretreatment of the 
samples. In addition, this technique is considerably more 
environmentally friendly since no solvents or carrier gases 
are used. FTIR-ATR spectra of G_PO, G_SE and G_SK 
samples are shown in Fig.  1. FTIR-ATR spectra (Fig.  1) 
represent a molecular fingerprint of the samples, by provid-
ing characteristic signatures of the substances present in the 
samples by featuring their molecular vibrations (stretching, 
bending, and torsions of the chemical bonds) [43].

Different peaks, which correspond to functional groups 
and modes of vibration of the individual components, can 
be discerned. The description of the main features of G_PO, 
also characteristic of all three samples, is reported below.

Fig. 1  FTIR-ATR spectra of G_
PO, G_SE and G_SK samples
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chromatographic, spectrometric and spectrophotometric 
data and to the literature [58–60]. Moreover, they were ten-
tatively identified 6 different dimers and two trimers of cat-
echin or epicatechin, two epigallocatechin dimers and two 
isomers of epicatechin gallate according to their retention 
times, UV-VIS absorption profiles and [M + H]+ molecular 
ions, also taking into account our previous results concern-
ing the characterization of grape and its by-products [18, 
36, 37]. Among the proanthocyanidins, dimers are by far the 
most abundant compounds accounting for over 90% of the 
total proanthocyanidins in all three samples.

No catechin or epicatechin tetramers were detected in the 
samples. This should be better investigated, because flava-
nol tetramers are generally reported for grape and its by-
products, mainly seeds. Previously reported results assessed 
their presence in polyphenolic extracts of grape pomace, 
in particular white grape pomace var. Zalema [61]. More-
over, the controlled soft drying process used for G_PO. 
G_SK and G_SE was previously validated by this research 
group for winery waste from different grape cultivars, also 
detecting the presence of preserved high-molecular weight 
oligomers in the dried products [37]. On the other hand, 
in recent studies about white grapes, the analyses of phe-
nolic compounds are performed on extracts obtained with 
specific methodologies for polysaccharides, making it diffi-
cult a comparison with hydro-alcoholic extracts specific for 
polyphenols. As an example, Curiel-Fernàndez et al. found 
only flavanolic monomers and procyanidin dimers in nine 
white grape pomace samples of varieties from the Castilla 
y León region in northern Spain, after extraction in 2.5 g/L 
tartaric acid in water [65]. Among the flavan-3-ols catechin 
and epicatechin, the basic monomers of the detected procy-
anidins, catechin is significantly more abundant than its epi-
mer epicatechin in all three samples and in particular in the 
skins (catechin: epicatechin ratios: 1.5, 2.8 and 1.3 for G_
PO, G_SK and G_SE), according to the available literature 
about grape pomace and also in agreement with what pre-
viously reported for fresh grape berries [28, 31–33]. They 
account together for 3.9%, 3.2% and 5.0% weight on total 
polyphenols in G_PO, G_SK and G_SE respectively. The 
other identified polyphenolic compounds are gallic acid and 
monogalloyl-glucose, present in low percentages in all of 
the samples, whereas flavonols (quercetin and kaempferol 
glycosides) and hydroxycinnamic derivatives (trans-caftaric 
and trans-coutaric acids) were detected only in skins and 
pomace. Flavonols, among which quercetin glucuronide 
is the most represented, are particularly abundant in skins 
(6.12% of total polyphenols vs. 0.82% in pomace), in accor-
dance with literature data [61–65].

Characterization of polyphenols

Total phenol content was evaluated by in vitro spectro-
photometric test with Folin-Ciocalteu reagent, an electron 
transfer-based assay widely used for screenings of total 
phenols and polyphenols in plant-derived extracts, foods 
and drinks, and also reported by OIV among the official 
international methods of analysis for red and white wines. 
A direct correlation was demonstrated between phenolic 
content measured by Folin-Ciocalteu assay and the antioxi-
dant activity evaluated with other antioxidant assays such 
as ORAC, ABTS, and DPPH [55, 56]. The hydro-alcoholic 
extracts of the three samples under examination were tested, 
showing total phenolic contents of 51 ± 1  mg/g GAE (G_
PO), 25.36 ± 0.08 mg/g GAE (G_SK) and 85 ± 2 mg/g GAE 
(G_SE), as reported in Table 1. HPLC-DAD-MS analysis 
was performed for the qualitative and quantitative char-
acterization of the polyphenolic fraction. This analytical 
technique is widely used, mostly using reverse stationary 
phases, for the characterization of polyphenols in general 
due to their polar nature, and in particular those in grape 
pomace. The analysis of chromatographic, spectrophoto-
metric and spectrometric data, the comparison with specific 
analytical standards and previous literature results allow to 
identify and quantify the individual compounds belonging 
to the different phenolic subclasses, also distinguishing the 
different proanthocyanidin isomers and oligomers which 
often remains challenging [36, 37, 57]. The HPLC-DAD-
MS analysis of the polyphenolic extracts revealed the pres-
ence of 34 ± 1 mg/g polyphenols for G_PO, 8.5 ± 0.3 mg/g 
for G_SK and 50 ± 2 mg/g for G_SE. These results follow 
the same trend as the Folin-Ciocalteu data: seeds show the 
highest polyphenol content, whereas skins contain the low-
est amount. This is not only because seeds have the high-
est concentration of proanthocyanidins, which contribute 
significantly to the weight of total polyphenols due to their 
high molecular weights, as the molar concentrations also 
reflect the same trend: 62 ± 2 µmol/g, 15.9 ± 0.5 µmol/g and 
91 ± 3 µmol/g total polyphenols for G_PO, G_SK and G_
SE respectively (data not reported in Tables). It should be 
noted, however, that several previous works in the literature 
reported higher polyphenol levels for grape seed extracts 
than for skin extracts [58, 59].

Proanthocyanidins are the main compounds in all of the 
three samples, accounting for 94.9% weight of total poly-
phenols in G_PO, 88.7% in G_SK and 94.6% in G_SE 
as shown in Table  2. Among them, procyanidin dimers 
B1, B2, B3 and trimer C1 were identified by comparison 
with the specific commercial standards according to their 
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Characterization of polysaccharides

Yields of crude polysaccharides

The yields of crude polysaccharides were calculated accord-
ing to the weight of crude polysaccharides with respect to 
the freeze-dried decoction or the dried vegetal material. 
The percentage yields were: 43%, 46% and 40% w/w on 
freeze-dried decoction for G_PO, G_SK and G_SE respec-
tively. Analogously, the yields expressed on the dried veg-
etal material were 12%, 13% and 8% for G_PO, G_SK and 
G_SE respectively. It is important to note that this green 
extraction process to prepare an extract rich in polysaccha-
rides is simple and easily scalable.

Table 1  Folin-Ciocalteu assay and HPLC-DAD-MS analysis of G_PO, G_SK and G_SE polyphenolic extracts
Folin-Ciocalteu assay

Total phenolics (mg/g GAE)
G_PO G_SK G_SE
51 ± 1a 25.36 ± 0.08b 85 ± 2c

HPLC-DAD-MS analysis
Compound RT (min) λmax (nm) [M+H]+ (m/z) Concentration (mg/g sample)

G_PO G_SK G_SE
Monogalloyl glucose 11.7 274 3311 0.030 ± 0.001a ND 0.052 ± 0.002b

Gallic acid 13.3 272 1691 0.088 ± 0.001a 0.048 ± 0.001b 0.147 ± 0.003c

Trans-caftaric acid 25 326 3111 0.0162 ± 0.0002a 0.092 ± 0.002b ND
Procyanidin B1 30 280 579 0.36 ± 0.01a 0.139 ± 0.004b 0.47 ± 0.01c

Trans-coutaric acid 30.5 314 2951 0.0097 ± 0.0002a 0.027 ± 0.001b ND
Procyanidin B3 32 280 579 0.250 ± 0.008a ND 0.48 ± 0.01b

Catechin 34.16 280 291 0.800 ± 0.009a 0.202 ± 0.002b 1.42 ± 0.03c

Catechin/epicatechin trimer 1 36.8 280 867 ND ND 0.325 ± 0.009
Catechin/epicatechin dimer 1 39.2 280 579 ND ND 0.51 ± 0.01
Procyanidin B2 42.5 280 579 0.290 ± 0.002a ND 0.75 ± 0.03b

Epicatechin 46.2 278 291 0.52 ± 0.01a 0.073 ± 0.001b 1.06 ± 0.02c

Procyanidin C1 54.6 280 867 0.134 ± 0.002a ND 0.338 ± 0.005b

Epigallocatechin dimer 1 55.9 280 731 0.59 ± 0.02a 0.152 ± 0.004b 1.11 ± 0.03c

Epigallocatechin dimer 2 56.9 280 731 0.045 ± 0.001a ND 0.40 ± 0.01b

Catechin/epicatechin trimer 2 59.2 280 867 0.248 ± 0.005a 0.053 ± 0.002b 0.142 ± 0.003c

Catechin/epicatechin dimer 2 61.1 280 579 0.067 ± 0.003a 0.33 ± 0.01b 0.259 ± 0.008c

Epicatechin gallate isomer 1 62 280 443 0.79 ± 0.02a 0.143 ± 0.004b 1.43 ± 0.04
Catechin/epicatechin dimer 3 64.2 280 579 0.27 ± 0.01a ND 0.53 ± 0.02b

Catechin/epicatechin dimer 4 75.7 280 579 7.5 ± 0.2a 1.29 ± 0.04b 11.2 ± 0.4c

Epicatechin gallate isomer 2 79.2 280 443 0.124 ± 0.004a 0.027 ± 0.001b 0.271 ± 0.008c

Catechin/epicatechin dimer 5 85.8 280 579 20.5 ± 0.8a 4.2 ± 0.1b 27.8 ± 0.8c

Quercetin glucuronide 87 256, 354 4771 0.110 ± 0.002a 0.218 ± 0.004b ND
Quercetin galactoside 89 254, 354 4631 0.0160 ± 0.0003a 0.0185 ± 0.0004b ND
Quercetin glucoside 89 254, 354 4631 0.048 ± 0.001a 0.102 ± 0.001b ND
Kaempferol galactoside 93 254, 342 4471 0.031 ± 0.001a 0.046 ± 0.001b ND
Kaempferol glucoside 95 256, 342 4471 0.075 ± 0.002a 0.138 ± 0.003b ND
Catechin/epicatechin dimer 6 95.6 280 579 1.27 ± 0.05a 1.27 ± 0.05b 1.03 ± 0.04b

Total polyphenols 34 ± 1a 8.5 ± 0.3b 50 ± 2c

Results in mg GAE (Gallic Acid Equivalents) per gram of dried sample and mg individual compounds per gram of dried sample. Data reported 
as the means of 3 measures ± standard deviations. For each line, data with different letters are significantly different according to Tukey’s HSD 
test (p < 0.01)
1[M - H]- (m/z); ND Not Detected

Table 2  Amounts of individual polyphenolic subclasses with respect to 
total polyphenols (% w/w) in the analyzed samples
Subclass % G_PO % G_SK % G_SE
Pro. 94.9 88.7 94.6
Cat. 2.34 2.37 2.87
Epi. 1.53 0.86 2.14
Flav. 0.82 6.12 ND
Gal. 0.35 0.56 0.40
Hydr. 0.08 1.39 ND
Pro. Proanthocyanidins, Cat. Catechin, Epi. Epicatechin, Flav. Fla-
vonols, Gal. Gallic acid derivatives, Hydr. Hydroxycinnamic deriva-
tives
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revealed average molecular weights (Mw) of 478 ± 6  kDa 
and 449 ± 3  kDa for pectin extracted from grape pomace 
[68]. Similarly, Spinei and Oroian [69] reported molecular 
weight ranges of 4.19 × 10⁴ to 5.59 × 10⁴ g/mol using high-
performance size-exclusion chromatography (HPSEC), 
which align with our findings.

1H-NMR analyses

The 1H-NMR spectra of the polysaccharides extracted from 
Grechetto pomace revealed a high similarity (Fig. 2). All the 
polysaccharide samples exhibited an intense singlet at 3.76 
ppm, indicating the presence of numerous CH3O- groups 
bonded to galacturonic acid units, a characteristic feature 
observed in various natural pectin structures, also consis-
tent with the spectra of two commercially available pectin 
with degree of esterification ≥ 85% and 55–70% (Fig. S1). 
Among the samples, the proton spectra of G_SE displayed 
a slight variation in the chemical shift (δ) of the acetyl 
(CH3CO-) group at 2.1 and 2.14 ppm (Fig. 2c). Addition-
ally, a less intense signal was evident at 1.20 ppm, attribut-
able to the methyl (CH3-) group of the rhamnose unit. The 
intensity of these signals (CH3O-; CH3CO-) can be corre-
lated with the degree of methylation (DM) and the degree of 
acetylation (DA) of the pectic polysaccharides [70]. These 
data can be used as indicators of the water solubility and 
gel-forming ability of the polysaccharides. To determine 
the DM and DA of the recovered polysaccharides, 1H-NMR 
analysis was performed on samples after acidic and basic 
hydrolysis. This allows for the quantification of galact-
uronic acid content and the relative abundance of methyl-
ated and acetylated groups by integration of the signals area 
at 1.82 ppm and 3.21 ppm respectively. To confirm the pres-
ence of pectin in grape pomace, the content of galacturonic 
acid was measured in all the samples by performing acidic 
hydrolysis at 100 °C as described by Giner et al. [42]. The 
concentration of galacturonic acid was then determined by 
1H-qMR, with maleic acid as internal standard. The sig-
nals in the anomeric region of the spectrum of the polysac-
charide after hydrolysis were attributable to the anomeric 
proton as α (4.559–4.569 ppm) and β (4.559–4.569 ppm) 
forms of galacturonic acid (Fig.  2). The attribution was 
confirmed by a comparison with the spectrum of the pure 
standard in the same condition (Fig. S2), and the constant 
ratio of α/β forms (which ranged between 0.82 and 0.88 for 
all the samples) indicated the same balanced presence of 
both anomeric forms in water. The galacturonic acid con-
tent (Gal-ac) ranged from 26.7% (G_SE) to 34.2% (G_SK). 
To avoid a partial loss of the produced methanol and ace-
tic acid generated from the O-methyl and acetyl groups of 
the polysaccharides, the degree of methylation (DM) and 
acylation (DA) was determined after alkaline hydrolysis at 

Dynamic light scattering

DLS has been used in previous studies to analyze the par-
ticle size of different polysaccharides extracted from olive 
pomace, pomegranate peel and date palm [66, 67]. The by-
products of grape pomace, skin and seeds were analyzed 
using DLS to acquire information on the shape and hydro-
dynamic volume of the polysaccharides in water solution 
because DLS is a simple and powerful technique for detect-
ing variations in the size of polymeric structures, such as 
polysaccharides. A single peak in the DLS profile indicates 
a highly homogeneous sample with polysaccharides of sim-
ilar size, in contrast multiple peaks suggest the presence of 
a heterogeneous group of polysaccharides. The polydisper-
sity index (PdI) of the polysaccharides extracted from grape 
pomace ranged from 0.18 for G_SE, to 0.23 for G_SK indi-
cating in both the cases a homogeneous distribution of poly-
saccharide sizes. Furthermore, the PdI values are correlated 
to the area percentage values of the main peak (Pk1), which 
in almost all the samples was 100%, suggesting the pres-
ence of only one main population. Moreover, the Z-average 
size is the primary and most stable parameter in DLS and 
provides a reliable measure of the average size of a particle 
distribution. It is often preferred in DLS for evaluating the 
size diameter of the principal component in solution. The 
Z-average values of the main peak in the polysaccharide 
samples show an average diameter (Z-Pk1) ranges from 
166.1  nm (G_SE) to 305.3  nm (G_SK). Moreover, the 
molecular weight estimated (Est MW) in grapes polysac-
charides ranged from 6.4*104 to 3.2*105 KDa for the domi-
nant peak (Pk1). This is consistent with the expected size 
range for polysaccharide molecules (Table 3). Overall, the 
DLS analysis provides valuable insights into the size dis-
tribution and estimated molecular weight of the polysac-
charides in aqueous solution. Samples G_PO, G_SK, and 
G_SE, exhibit moderately uniform size distributions with 
diameters ranging from 166 to 305 nm.

Recently, alternative techniques have been employed 
to investigate polysaccharide, in particular pectin molecu-
lar size, including high-performance size-exclusion chro-
matography coupled with multi-angle light scattering and 
refractive index detection (HPSEC-MALS-RI), which 

Table 3  DLS analyses of samples G_PO, G_SK, G_SE. PdI, polydis-
persity index; D, diameter size Nm; Z-Pk1, Z-average particle size of 
the main peak; Pk1, the detected peak in each sample; KDa, Kilodal-
ton; est MW, estimated molecular weight
Samples PdI Z-Pk1

D (nm)
Pk 1 D (nm) Pk 1 

Area 
%

Est 
MW 
Pk 1 
(KDa)

G_SK 0.23 ± 0.05 249.1 ± 2.5 305.3 ± 10.6 100 1.9*105
G_SE 0.18 ± 0.02 166.1 ± 2.9 199.6 ± 7.9 100 6.4*104
G_PO 0.21 ± 0.01 300.1 ± 3.8 334 ± 15.8 100 3.2*105
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containing 64.7–65.5% galacturonic acid (GalA) with 55.2% 
degree of methylation (DM). Similarly, González-Centeno 
et al. [72], using ultrasound-assisted extraction, found that 
the GalA content ranged from 40.9 to 64.3%, while DM 
varied between 38.6 and 52.7%. In contrast, Spinei and 
Oroian in another study [73] demonstrated that extraction 
conditions significantly influenced pectin composition, with 
GalA content varying from 33.1 to 54.9 g/100 g, as deter-
mined by UV-Vis-NIR spectroscopy, and DM values rang-
ing between 73 and 75%. Notably, Hayrapetyan et al. [68], 
utilizing supercritical fluid extraction with water, found a 
substantially lower GalA content of 6.8% (dry weight) 
with a correspondingly low DM (~ 23%). Alternatively, 
conventional extraction, as reported by Spinei and Oroian 
[69], produced 9.96–11.1% of pectin, with GalA content of 
79.91–80.9 g/100 g and DM of 81%. Comparing these data 
with our results (Table 4), the GalA content in our samples 
(28.7–34.2%) was considerably lower than those reported 
by Minjares-Fuentes et al. [71] and González-Centeno et al. 
[72]. However, direct comparisons are challenging, as UV-
VIS methods generally yield higher galacturonic acid val-
ues than our ¹H-NMR approach. Additionally, our samples 
showed varying degrees of acetylation (DA), with G_SE 
displaying the highest value (14.3%), a parameter not exten-
sively reported in previous grape pomace studies.

Conclusion

To the best of authors knowledge, no in-depth studies on the 
composition of cv Grechetto pomace are reported so far. The 
present study aimed to chemically characterize the whole 
pomace and their fractions (skin and seeds) obtained from 
this cultivar. Two of the most important chemical classes 
were analyzed: polyphenols and polysaccharides, which 
play a fundamental role both during fermentation and in the 
maturation and refining of wine, but are also retained in con-
siderable amounts in pomace, giving it great potential for 
their recovery to obtain different functional ingredients for 
different applications. The present study furnished the basis 
to design and test an integrated process of pre-treatment, 
extraction, purification, and concentration steps to valorize 
this by-product as a whole but also for their subfractions 
for obtaining several bio-based products for application in 
different sectors. The separation of pomace into skins and 

room temperature. The results obtained for all the samples 
are summarized in Table 4. The DM % consistently varied, 
from 31.8% for G_PO to a maximum of 41.6% for G_SE. 
Concerning DA%, the sample G_SE resulted highly acety-
lated with value 14.3 compared with 5.4 in G_SK sample.

Overall, the structural properties of these polysaccharides 
suggest their potential use for various applications depend-
ing on the specific requirements for gelling, thickening, and 
stabilizing in food. Accurate quantification and character-
ization of polysaccharides by 1H-qNMR are essential for 
better understanding their functional properties. The degree 
of methylation (DM) and acetylation (DA) are crucial fac-
tors for determining the functional properties of polysac-
charides and how a polysaccharide could be used in food 
applications.

Few studies have comprehensively examined the extrac-
tion of pectin from grape pomace. Minjares-Fuentes et al. 
[71] reported that microwave extraction produced pectin 

Table 4  Content of galacturonic acid (Gal ac), degree of methylation (DM) and degree of acetylation (DA) expressed as % on dry sample
Samples % α Gal ac % β Gal ac Tot % Gal-ac α/β % MeOH % CH3COOH DM DA
G_SK 15.4 ± 0.3 18.7 ± 0.4 34.2 ± 0.6 0.82 1.85 ± 0.2 0.57 ± 0.3 32.9 5.4
G_SE 12.93 ± 0.4 15.75 ± 0.3 28.7 ± 0.6 0.82 1.97 ± 0.4 1.27 ± 0.2 41.6 14.3
G_PO 15.11 ± 0.5 17.1 ± 0.4 32.2 ± 0.7 0.88 1.69 ± 0.5 0.63 ± 0.4 31.8 6.35
Gal-ac was determined after acid hydrolysis, while DM and DA were evaluated after basic hydrolysis; all values were evaluated by 1H-qNMR 
and were expressed as mean of triplicates for each sample

Fig. 2  1H-NMR spectra of polysaccharide of a G_PO in D2O; b G_SK 
in D2O; c G_SE in D2O; d1H-NMR spectra of hydrolysed polysac-
charides from d G_PO; e G_SK; f G_SE. For each sample, approx. 
5–6 mg/mL in 2 M H2SO4 at 100 °C were used
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if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

1.	 Organisation Internationale de la Vigne et du Vin (2023) State of 
the World Vine and Wine Sector in 2022, April 2023. ​h​t​t​p​​s​:​/​​/​w​w​w​​
.​o​​i​v​.​​i​n​t​/​​s​i​t​​e​s​/​​d​e​f​​a​u​l​​t​/​f​i​​l​e​​s​/​d​​o​c​u​m​​e​n​t​​s​/​2​​0​2​3​​_​S​W​​V​W​S​_​​r​e​​p​o​r​t​_​E​N​.​
p​d​f. Accessed 12 Apr 2024

2.	 Ahmad B, Yadav V, Yadav A, Rahman MU, Yuan WZ, Li Z, 
Wang X (2020) Integrated biorefinery approach to valorize win-
ery waste: A review from waste to energy perspectives. Sci Total 
Environ. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​s​c​i​​t​o​t​​e​n​v​.​​2​0​​2​0​.​1​3​7​3​1​5

3.	 Taifouris M, El-Halwagi M, Martin M (2023) Evaluation of the 
economic, environmental, and social impact of the valorization of 
grape pomace from the wine industry. ACS Sustain Chem Eng. ​h​
t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​s​u​​s​c​h​​e​m​e​n​​g​.​​3​c​0​3​6​1​5

4.	 Romani A, Campo M, Lagioia G, Ciani Scarnicci M, Paiano A 
(2020) In: Salomone R, Cecchin A, Deutz P, Raggi A, Cutaia L 
(eds) Industrial symbiosis for the circular economy. Strategies for 
sustainability. Springer, Berlin, Germany

5.	 Cañadas R, Díaz I, Sánchez-Monedero A, González EJ, González-
Miquel M (2024) Green extraction of natural antioxidants from 
white grape waste using bio-renewable solvents and ultrasonic 
process intensification. Chem Eng Process: Process Intensif. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​e​p​.​2​0​2​3​.​1​0​9​6​4​4

6.	 Dos Santos FKF, Barcellos-Silva IGC, Leite-Barbosa O, Ribeiro 
R, Cunha-Silva Y, Veiga-Junior VF (2024) High Added-Value by-
Products from biomass: A case study unveiling opportunities for 
strengthening the agroindustry value chain. Biomass. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​3​​3​9​0​​/​b​i​​o​m​a​s​s​4​0​2​0​0​1​1

7.	 Oliveira J, Alhinho da Silva M, Teixeira N, De Freitas V, Salas 
E (2015) Screening of anthocyanins and anthocyanin-derived 
pigments in red wine grape pomace using LC-DAD/MS and 
MALDI-TOF techniques. J Agric Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​2​1​​/​a​c​​s​.​j​a​f​c​.​5​b​0​0​2​5​6

8.	 Vallverdú-Queralt A, Boix N, Piqué E, Gómez-Catalan J, Medina-
Remon A, Sasot G, Mercader-Martí M, Llobet JM, Lamuela-
Raventos RM (2015) Identification of phenolic compounds in red 
wine extract samples and zebrafish embryos by HPLC-ESI-LTQ-
Orbitrap-MS. Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​
1​​5​.​0​2​.​0​9​8

9.	 Antonić B, Jančíková S, Dordević D, Tremlová B (2020) Grape 
pomace valorization: A systematic review and meta-analysis. 
Foods. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​o​​o​d​s​9​1​1​1​6​2​7

10.	 Bocsan IC, Măgureanu DC, Pop RM, Levai AM, Macovei ȘO, 
Pătrașca IM, Chedea VS, Buzoianu AD (2022) Antioxidant and 
anti-inflammatory actions of polyphenols from red and white 
grape pomace in ischemic heart diseases. Biomedicines. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​b​i​​o​m​e​d​i​c​i​n​e​s​1​0​1​0​2​3​3​7

11.	 Yang C, Han Y, Tian X, Sajid M, Mehmood S, Wang H, Li H 
(2022) Phenolic composition of grape pomace and its metabo-
lism. Crit Rev Food Sci Nutr. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​1​0​​4​0​8​​3​9​8​​.​2​
0​2​​2​.​​2​1​4​6​0​4​8

12.	 Caponio GR, Noviello M, Calabrese FM, Gambacorta G, 
Giannelli G, De Angelis M (2022) Effects of Grape Pomace Poly-
phenols and In Vitro Gastrointestinal Digestion on Antimicrobial 

seeds could also allow for exploiting these latter in a bio-
refinery perspective, to obtain oil by pressing before the 
extraction of polysaccharides and polyphenols, also given 
the recent results that assessed the economical convenience 
of fully exploiting this material in integrated industrial 
plants. According to the regulations applied to ensure the 
safety of food ingredients, the marketing of the produced 
extracts will require chemical and microbiological analyses 
by accredited laboratories. These include: multi-residue test 
for pesticides, determination of ochratoxin, SO2 and metals 
in accordance with the European Commission regulations 
and using analytical techniques such as chromatography 
coupled with UV-VIS or MS detectors and atomic absorp-
tion. Routine microbiological controls on the different 
batches of the final products will complete the safety assess-
ment. Besides an increased environmental sustainability, 
the application of circular economy models to wine industry 
for obtaining products applicable in multiple sectors will 
expand the opportunities for collaboration between com-
panies. It will also help create new links between different 
supply chains and their stakeholders, promoting a process 
of industrial symbiosis capable of giving companies greater 
efficiency and stability.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​1​7​-​0​
2​5​-​0​4​7​6​0​-​8.

Acknowledgements  This publication was created in collaboration 
with a researcher with a research contract cofinanced by the European 
Union- PON Research and Innovation 2014-2020, Art. 24 paragraph 3, 
letter a, Law 30 December 2010, n. 240, Ministerial Decree 10 august 
2021 n. 1062.

Author contributions  Conceptualization, M.C. and P.V.; methodology, 
M.C., M.K., C.C., N.M., A.D., M.L. and P.V.; validation, M.C., M.K., 
A.D.; formal analysis, M.C., M.K., C.C. and A.D.; investigation, M.C., 
M.K., C.C. and A.D.; resources, N.M., M.L. and P.V.; data curation, 
M.C., M.K., A.D. and M.L.; writing—original draft preparation, M.C., 
M.K. and A.D.; writing—review and editing, M.C., M.K., N.M., A.D., 
M.L. and P.V.; supervision, N.M., M.L. and P.V. All authors have read 
and agreed to the published version of the manuscript.

Funding  Open access funding provided by Università degli Studi di 
Firenze within the CRUI-CARE Agreement.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 

1 3

2249

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.oiv.int/sites/default/files/documents/2023_SWVWS_report_EN.pdf
https://www.oiv.int/sites/default/files/documents/2023_SWVWS_report_EN.pdf
https://www.oiv.int/sites/default/files/documents/2023_SWVWS_report_EN.pdf
https://doi.org/10.1016/j.scitotenv.2020.137315
https://doi.org/10.1021/acssuschemeng.3c03615
https://doi.org/10.1021/acssuschemeng.3c03615
https://doi.org/10.1016/j.cep.2023.109644
https://doi.org/10.1016/j.cep.2023.109644
https://doi.org/10.3390/biomass4020011
https://doi.org/10.3390/biomass4020011
https://doi.org/10.1021/acs.jafc.5b00256
https://doi.org/10.1021/acs.jafc.5b00256
https://doi.org/10.1016/j.foodchem.2015.02.098
https://doi.org/10.1016/j.foodchem.2015.02.098
https://doi.org/10.3390/foods9111627
https://doi.org/10.3390/biomedicines10102337
https://doi.org/10.3390/biomedicines10102337
https://doi.org/10.1080/10408398.2022.2146048
https://doi.org/10.1080/10408398.2022.2146048
https://doi.org/10.1007/s00217-025-04760-8
https://doi.org/10.1007/s00217-025-04760-8


European Food Research and Technology (2025) 251:2239–2252

28.	 Galanakis CM (2021) Functionality of food components and 
emerging technologies. Foods. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​o​​o​d​s​1​0​0​
1​0​1​2​8

29.	 Topfl S (2006) Pulsed Electric Fields PEF for Permeabilization 
Ofcell Membranes in Food and Bioprocessing—Applications, 
Process and Equipment Design and Cost Analysis. Ph.D. Thesis, 
University of Technology, Berlin, Germany

30.	 Donsi F, Ferrari G, Fruilo M, Pataro G (2011) Pulsed electric 
Fields—Assisted vinification. Procedia Food Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​p​r​o​f​o​o​.​2​0​1​1​.​0​9​.​1​1​8

31.	 Rodrigues RP, Gando-Ferreira LM, Quina MJ (2022) Increas-
ing value of winery residues through integrated biorefinery pro-
cesses: a review. Molecules. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​7​
1​5​4​7​0​9

32.	 Almeida PV, Rodrigues RP, Mendes CVT, Slezag R, Pietrzyk D, 
Quina MJ (2021) Assessment of NIR spectroscopy for predicting 
biochemical methane potential of agro-residues—A biorefinery 
approach. Biomass Bioenerg. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​b​i​o​​m​b​i​​o​e​
.​2​​0​2​​1​.​1​0​6​1​6​9

33.	 Almeida PV, Rodrigues RP, Slezag R, Quina MJ (2022) Effect of 
phenolic compound recovery from agro-industrial residues on the 
performance of pyrolysis process. Biomass Convers Biorefinery. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​3​3​9​9​-​0​2​1​-​0​2​2​9​2​-​1

34.	 Curiel-Fernández M, Bueno-Herrera M, Guadalupe Z, Ayestarán 
B, Pérez-Magariño S (2023) Chemical characterization of poly-
saccharide extracts obtained from pomace By-Products of differ-
ent white grape varieties. Molecules. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​
e​c​u​l​e​s​2​8​1​9​6​7​7​0

35.	 Niculescu VC, Ionete RE (2023) An overview on management 
and valorisation of winery wastes. Appl Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​
9​0​​/​a​p​​p​1​3​0​8​5​0​6​3

36.	 Lucarini M, Durazzo A, Kiefer J, Santini A, Lombardi-Boccia 
G, Souto EB, Romani A, Lampe A, Ferrari Nicoli S, Gabrielli 
P, Bevilacqua N, Campo M, Morassut M, Cecchini F (2019) 
Grape seeds: chromatographic profile of fatty acids and phenolic 
compounds and qualitative analysis by FTIR-ATR spectroscopy. 
Foods. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​o​​o​d​s​9​0​1​0​0​1​0

37.	 Romani A, Campo M, Urciuoli S, Marrone G, Noce A, Bernini R 
(2020) An industrial and sustainable platform for the production 
of bioactive micronized powders and extracts enriched in poly-
phenols from Olea europaea L. and Vitis vinifera L. wastes. Front 
Nutr. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​n​​u​t​.​2​0​2​0​.​0​0​1​2​0

38.	 Romani A, Ieri F, Urciuoli S, Noce A, Marrone G, Nediani C, 
Bernini R (2019) Health effects of phenolic compounds found in 
Extra-Virgin Olive oil, By-Products, and leaf of Olea europaea L. 
Nutrients. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​n​u​​1​1​0​8​1​7​7​6

39.	 Müller-Maatsch J, Caligiani A, Tedeschi T, Elst K, Sforza S 
(2014) Simple and validated quantitative 1H-NMR method for 
the determination of methylation, acetylation, and feruloylation 
degree of pectin. J Agric Food Chem Dx. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​
j​f​​5​0​2​6​7​9​s

40.	 Khatib M, Pieraccini G, Innocenti M, Melan F, Mulinacci N 
(2016) An insight on the alkaloid content of Capparis spinosa 
L. root by HPLC-DAD-MS, MS/MS and 1H qNMR. J Pharm 
Biomed Anal. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​p​b​a​.​2​0​1​6​.​0​1​.​0​6​3

41.	 Khatib M, Al-Tamimi A, Cecchi L, Adessi A, Innocenti M, Balli 
D, Mulinacci N (2022) Phenolic compounds and polysaccharides 
in the date fruit (Phoenix dactylifera L.): comparative study on 
five widely consumed Arabian varieties. Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​2​​2​.​1​3​3​5​9​1

42.	 Giner JL, Feng J, Kiemle DJ (2016) NMR tube degradation 
method for sugar analysis of glycosides. J Nat Prod. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​2​1​​/​a​c​​s​.​j​n​a​t​p​r​o​d​.​6​b​0​0​1​8​0

43.	 Smith BC (1999) Infrared spectra interpretation. A systematic 
approach, 1st edn. CRC Press LLC, Boca Raton, FL, USA

Activity: Recovery of Bioactive Compounds. Antioxidants. ​h​t​t​p​​s​
:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​n​​t​i​o​x​1​1​0​3​0​5​6​7

13.	 Yu J, Ahmedna M (2013) Functional components of grape pom-
ace: their composition, biological properties and potential appli-
cations. Int J Food Sci Technol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​3​6​​5​-​2​​6​
2​1​.​​2​0​​1​2​.​0​3​1​9​7​.​x

14.	 Deng Q, Penner MH, Zhao Y (2011) Chemical composition of 
dietary fiber and polyphenols of five different varieties of wine 
grape pomace skins. Food Res Int. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​r​
e​​s​.​2​0​​1​1​​.​0​5​.​0​2​6

15.	 Meng X, Ning Y, Yuan W, Yang D (2022) Optimized isolation and 
characterization of the major polysaccharide from grape pomace. 
Sustainability. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​s​u​​1​4​2​3​1​6​0​5​8

16.	 Miao W, Huang R, Huang X, Gao F, Leng X, Li Q (2023) Physi-
cochemical properties and in vivo hepatoprotective effect of poly-
saccharides from grape pomace. Antioxidants. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
3​​3​9​0​​/​a​n​​t​i​o​x​1​2​0​2​0​3​9​4

17.	 Da Rocha JC, Gomes JP, D’Elia E, Cruz AG, Cabral LMC, Torres 
AG, Monteiro MVC (2012) Grape pomace extracts as green cor-
rosion inhibitors for carbon steel in hydrochloric acid solutions. 
Int J Electrochem Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​1​​4​5​2​-​3​9​8​1​(​2​3​)​1​6​
5​1​6​-​3

18.	 Lucarini M, Durazzo A, Romani A, Campo M, Lombardi-Boccia 
G, Cecchini F (2018) Bio-based compounds from grape seeds: A 
biorefinery approach. Molecules. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​
e​s​2​3​0​8​1​8​8​8

19.	 Martin ME, Grao-Cruces E, Millan-Linares MC, Montserrat-De 
la Paz S (2020) Grape (Vitis vinifera L.) seed oil: A functional 
food from the winemaking industry. Foods. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​
9​0​​/​f​o​​o​d​s​9​1​0​1​3​6​0

20.	 Jin Q, O’Keefe SF, Stewart AC, Neilson AP, Kim YT, Huang H 
(2021) Techno-economic analysis of a grape pomace biorefinery: 
production of seed oil, polyphenols, and Biochar. Food Bioprod 
Process. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​b​p​.​2​0​2​1​.​0​2​.​0​0​2

21.	 Boyacι-Gündüz CP, Ibrahim SA, Wei OC, Galanakis CM (2021) 
Transformation of the food sector: security and resilience during 
the COVID-19 pandemic. Foods. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​o​​o​d​s​1​
0​0​3​0​4​9​7

22.	 Chen X, Wang R, Tan Z (2023) Extraction and purification of 
grape seed polysaccharides using pH-switchable deep eutectic 
solvents-based three-phase partitioning. Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​2​​3​.​1​3​5​5​5​7

23.	 Karastergiou A, Gancel AL, Jourdes M, Teissedre PL (2024) 
Valorization of grape pomace: A review of phenolic composition, 
bioactivity, and therapeutic potential. Antioxidants. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​3​​3​9​0​​/​a​n​​t​i​o​x​1​3​0​9​1​1​3​1

24.	 Hofmann T, Visi-Rajczi E, Vaculciakova S, Guran R, Voberkova 
S, Vrsanska M, Zitka O, Albert L (2023) Direct microwave treat-
ment enhances antioxidant and antibacterial properties of the seed 
extracts of Kékfrankos grapes. Heliyon. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​
.​​h​e​l​​i​y​o​​n​.​2​0​​2​3​​.​e​2​1​4​9​7

25.	 Jia MZ, Fu XQ, Deng L, Li ZL, Dang YY (2021) Phenolic extrac-
tion from grape (Vitis vinifera) seed via enzyme and microwave 
co-assisted salting-out extraction. Food Biosci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​1​​0​1​6​​/​j​.​​f​b​i​o​.​2​0​2​1​.​1​0​0​9​1​9

26.	 Muñoz-Labrador A, Prodanov M, Villamiel M (2019) Effects of 
high intensity ultrasound on disaggregation of a macromolecular 
procyanidin-rich fraction from Vitis vinifera L. seed extract and 
evaluation of its antioxidant activity. Ultrason Sonochem. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​u​l​t​​s​o​n​​c​h​.​2​​0​1​​8​.​0​8​.​0​3​0

27.	 Lucarini M, Durazzo A, Bernini R, Campo M, Vita C, Souto 
EB, Romani A (2021) Fruit wastes as a valuable source of value-
added compounds: A collaborative perspective. Molecules. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​6​2​1​6​3​3​8

1 3

2250

https://doi.org/10.3390/foods10010128
https://doi.org/10.3390/foods10010128
https://doi.org/10.1016/j.profoo.2011.09.118
https://doi.org/10.1016/j.profoo.2011.09.118
https://doi.org/10.3390/molecules27154709
https://doi.org/10.3390/molecules27154709
https://doi.org/10.1016/j.biombioe.2021.106169
https://doi.org/10.1016/j.biombioe.2021.106169
https://doi.org/10.1007/s13399-021-02292-1
https://doi.org/10.1007/s13399-021-02292-1
https://doi.org/10.3390/molecules28196770
https://doi.org/10.3390/molecules28196770
https://doi.org/10.3390/app13085063
https://doi.org/10.3390/app13085063
https://doi.org/10.3390/foods9010010
https://doi.org/10.3389/fnut.2020.00120
https://doi.org/10.3390/nu11081776
https://doi.org/10.1021/jf502679s
https://doi.org/10.1021/jf502679s
https://doi.org/10.1016/j.jpba.2016.01.063
https://doi.org/10.1016/j.foodchem.2022.133591
https://doi.org/10.1016/j.foodchem.2022.133591
https://doi.org/10.1021/acs.jnatprod.6b00180
https://doi.org/10.1021/acs.jnatprod.6b00180
https://doi.org/10.3390/antiox11030567
https://doi.org/10.3390/antiox11030567
https://doi.org/10.1111/j.1365-2621.2012.03197.x
https://doi.org/10.1111/j.1365-2621.2012.03197.x
https://doi.org/10.1016/j.foodres.2011.05.026
https://doi.org/10.1016/j.foodres.2011.05.026
https://doi.org/10.3390/su142316058
https://doi.org/10.3390/antiox12020394
https://doi.org/10.3390/antiox12020394
https://doi.org/10.1016/S1452-3981(23)16516-3
https://doi.org/10.1016/S1452-3981(23)16516-3
https://doi.org/10.3390/molecules23081888
https://doi.org/10.3390/molecules23081888
https://doi.org/10.3390/foods9101360
https://doi.org/10.3390/foods9101360
https://doi.org/10.1016/j.fbp.2021.02.002
https://doi.org/10.3390/foods10030497
https://doi.org/10.3390/foods10030497
https://doi.org/10.1016/j.foodchem.2023.135557
https://doi.org/10.1016/j.foodchem.2023.135557
https://doi.org/10.3390/antiox13091131
https://doi.org/10.3390/antiox13091131
https://doi.org/10.1016/j.heliyon.2023.e21497
https://doi.org/10.1016/j.heliyon.2023.e21497
https://doi.org/10.1016/j.fbio.2021.100919
https://doi.org/10.1016/j.fbio.2021.100919
https://doi.org/10.1016/j.ultsonch.2018.08.030
https://doi.org/10.1016/j.ultsonch.2018.08.030
https://doi.org/10.3390/molecules26216338
https://doi.org/10.3390/molecules26216338


European Food Research and Technology (2025) 251:2239–2252

(Vitis vinifera L.) by HPLC-DAD-MS/MS. J. agric. Food Chem 
52(14):4360–4367

59.	 Chengolova Z, Ivanov Y, Godjevargova T (2023) Comparison of 
identification and quantification of polyphenolic compounds in 
skins and seeds of four grape varieties. Molecules. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​3​​3​9​0​​/​m​o​​l​e​c​u​l​e​s​2​8​1​0​4​0​6​1

60.	 Wang J, Zhang R, Jiang J, Duan W, Fan P, Li S, Wang L (2021) 
Flavan-3-ols in Vitis seeds: their extraction and analysis by 
HPLC-ESI-MS/MS. Food Res Int. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​
r​e​​s​.​2​0​​2​0​​.​1​0​9​9​1​1

61.	 Jara-Palacios MJ, Hernanz D, Cifuentes-Gomez T, Escudero-
Gilete ML, Heredia FJ, Spencer JP (2015) Assessment of white 
grape pomace from winemaking as source of bioactive com-
pounds, and its antiproliferative activity. Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​1​​5​.​0​3​.​0​2​2

62.	 Gómez-Alonso S, García-Romero E, Hermosín-Gutiérrez I 
(2007) HPLC analysis of diverse grape and wine phenolics using 
direct injection and multidetection by DAD and fluorescence. J 
Food Comp Anal. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​f​c​a​.​2​0​0​7​.​0​3​.​0​0​2

63.	 Antoniolli A, Fontana AR, Piccoli P, Bottini R (2015) Character-
ization of polyphenols and evaluation of antioxidant capacity in 
grape pomace of the Cv. Malbec Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​1​​5​.​0​1​.​0​8​2

64.	 Negro C, Aprile A, Luvisi A, De Bellis L, Miceli A (2021) Antiox-
idant activity and polyphenols characterization of four monovari-
etal grape pomaces from Salento (Apulia, Italy). Antioxidants. ​h​t​
t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​a​n​​t​i​o​x​1​0​0​9​1​4​0​6

65.	 Montealegre RR, Peces RR, Vozmediano JC, Gascueña JM, 
Romero EG (2006) Phenolic compounds in skins and seeds of 
ten grape Vitis vinifera varieties grown in a warm climate. J Food 
Comp Anal. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​j​f​c​a​.​2​0​0​5​.​0​5​.​0​0​3

66.	 Cecchi L, Khatib M, Bellumori M, Civa V, Domizio P, Innocenti 
M, Balli D, Mulinacci N (2023) Industrial drying for agrifood 
by-products re-use: cases studies on pomegranate Peel (Punica 
granatum L.) and stoned Olive pomace (pâtè, Olea europaea L). 
Food Chem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​o​​d​c​h​​e​m​.​2​​0​2​​2​.​1​3​4​3​3​8

67.	 Khatib M, Cecchi L, Bellumori M, Zonfrillo B, Mulinacci N 
(2023) Polysaccharides and phenolic compounds recovered from 
red bell pepper, tomato and Basil By-Products using a green 
extraction by extractor Timatic®. Int J Mol Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​3​​3​9​0​​/​i​j​​m​s​2​4​2​3​1​6​6​5​3

68.	 Hayrapetyan G, Trchounian K, Buon L, Noret L, Pinel B, Lagrue 
J, Assifaoui A (2023) Sequential extraction of high-value added 
molecules from grape pomaces using supercritical fluids with 
water as a co-solvent. RSC Sustain. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​3​9​​/​d​3​​s​
u​0​0​1​8​3​k

69.	 Spinei M, Oroian M (2022) Characterization of pectin from grape 
pomace: A comparison of conventional and pulsed ultrasound-
assisted extraction techniques. Foods. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​o​​
o​d​s​1​1​1​5​2​2​7​4

70.	 Pavlou A, Ritzoulis C, Filotheou A, Panayiotou C (2016) Emulsi-
fiers extracted from winery waste. Waste Biomass Valori. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​6​4​9​-​0​1​5​-​9​4​7​6​-​y

71.	 Minjares-Fuentes R, Femenia A, Garau MC, Meza-Velázquez 
JA, Simal S, Rosselló C (2014) Microwave–assisted extraction of 
pectin from grape pomace. Carbohydr Polym. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​1​6​​/​j​.​​c​a​r​​b​p​o​​l​.​2​0​​1​4​​.​0​2​.​0​1​3

72.	 González-Centeno MR, Comas-Serra F, Femenia A, Rosselló C, 
Simal S (2015) Characterization of pectin from grape pomace: 
A comparison of conventional and pulsed Ultrasound-Assisted 
extraction techniques. Food Res Int. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​f​o​
o​​d​r​e​​s​.​2​0​​1​5​​.​0​5​.​0​4​7

44.	 Heredia-Guerrero JA, Benítez JJ, Domínguez E, Bayer I, Cin-
golani R, Athanassiou A, Heredia (2014) A infrared and Raman 
spectroscopic features of plant cuticles: A review. Front. Plant 
Sci. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​p​​l​s​.​2​0​1​4​.​0​0​3​0​5

45.	 Lupoi JS, Singh S, Parthasarathi R, Simmons BA, Henry RJ 
(2015) Recent innovations in analytical methods for the qualita-
tive and quantitative assessment of lignin. Renew Sustain Energy 
Rev. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​r​s​e​r​.​2​0​1​5​.​0​4​.​0​9​1

46.	 Bender ABB, Speroni CS, Moro KIB, Dal Pont Morisso F, dos 
Santos DR, Picolli da Silva L, Garcia Penna N (2020) Effects 
of micronization on dietary fiber composition, physicochemi-
cal properties, phenolic compounds, and antioxidant capacity of 
grape pomace and its dietary fiber concentrate. LWT. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​l​w​t​.​2​0​1​9​.​1​0​8​6​5​2

47.	 Ping L, Pizzi A, Guo ZD, Brosse N (2012) Condensed tannins 
from grape pomace: characterization by FTIR and MALDI TOF 
and production of environment friendly wood adhesive. Ind Crop 
Prod. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​i​n​d​​c​r​o​​p​.​2​0​​1​2​​.​0​2​.​0​3​9

48.	 Dong X, Zhu CP, Huang GQ, Xiao JX (2021) Fractionation and 
structural characterization of polysaccharides derived from red 
grape pomace. Process Biochem. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​p​r​o​​c​b​i​​
o​.​2​0​​2​1​​.​0​6​.​0​2​2

49.	 Fasoli M, Dell’Anna R, Dal Santo S, Balestrini R, Sanson A, Pez-
zotti M, Zenoni S (2016) Pectins, hemicelluloses and celluloses 
show specific dynamics in the internal and external surfaces of 
grape berry skin during ripening. Plant Cell Physiol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​9​3​​/​p​c​​p​/​p​c​w​0​8​0

50.	 Spinei M, Oroian M (2024) Characterization of Băbească Neagră 
grape pomace and incorporation into jelly candy: evaluation of 
phytochemical, sensory, and textural properties. Foods. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​f​o​​o​d​s​1​3​0​1​0​0​9​8

51.	 Gao Y, Fangel JU, Willats WGT, Vivier MA, Moore JP (2015) 
Dissecting the polysaccharide-rich grape cell wall changes during 
winemaking using combined high-throughput and fractionation 
methods. Carbohydr Polym. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​a​r​​b​p​o​​l​.​2​0​​
1​5​​.​0​7​.​0​2​6

52.	 Megías-Pérez R, Ferreira-Lazarte A, Villamiel M (2023) Valori-
zation of grape pomace as a renewable source of techno-func-
tional and antioxidant pectins. Antioxidants. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​
9​0​​/​a​n​​t​i​o​x​1​2​0​4​0​9​5​7

53.	 Shen Y, Kang B, Lu Y, Du X, Qin C, Li J, Zhao Z, Yu R, Shi S, 
Han L (2023) Production of optical pure L-lactic acid from cab-
ernet sauvignon grape pomace by engineered Lactiplantibacillus 
plantarum. Front Energy Res. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​e​​n​r​g​.​2​0​2​3​
.​1​2​2​8​8​2​7

54.	 Zhao X, Zhu H, Zhang G, Tang W (2015) Effect of superfine 
grinding on the physicochemical properties and antioxidant activ-
ity of red grape pomace powders. Powder Technol. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​0​1​6​​/​j​.​​p​o​w​t​e​c​.​2​0​1​5​.​0​9​.​0​2​5

55.	 Lamuela-Raventós RM (2018) In: Apak R, Capanoglu E, Shahidi 
F (eds) Measurement of antioxidant activity & capacity: recent 
trends and applications. John Wiley & Sons Ltd. NJ, USA

56.	 Organisation Internationale de la Vigne et du Vin (2023) Com-
pendium of International Methods of Wine and Must Analysis, 
Ed. 2023, Vol. 1. ​h​t​t​p​​s​:​/​​/​w​w​w​​.​o​​i​v​.​​i​n​t​/​​s​i​t​​e​s​/​​d​e​f​​a​u​l​​t​/​f​i​​l​e​​s​/​p​​u​b​l​i​​c​a​t​​i​o​
n​​/​2​0​​2​3​-​​0​5​/​C​​o​m​​p​e​n​​d​i​u​m​​%​2​0​​M​A​%​​2​0​c​o​m​p​l​e​t​_​E​N​.​p​d​f. Accessed 
8 May 2024

57.	 Fontana AR, Antoniolli A, Bottini R (2013) Grape pomace as a 
sustainable source of bioactive compounds: extraction, charac-
terization, and biotechnological applications of phenolics. J Agric 
Food Chem Dx. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​2​1​​/​j​f​​4​0​2​5​8​6​f

58.	 Kammerer D, Claus A, Carle R, Schieber A (2004) Polyphe-
nol screening of pomace from red and white grape varieties 

1 3

2251

https://doi.org/10.3390/molecules28104061
https://doi.org/10.3390/molecules28104061
https://doi.org/10.1016/j.foodres.2020.109911
https://doi.org/10.1016/j.foodres.2020.109911
https://doi.org/10.1016/j.foodchem.2015.03.022
https://doi.org/10.1016/j.foodchem.2015.03.022
https://doi.org/10.1016/j.jfca.2007.03.002
https://doi.org/10.1016/j.foodchem.2015.01.082
https://doi.org/10.1016/j.foodchem.2015.01.082
https://doi.org/10.3390/antiox10091406
https://doi.org/10.3390/antiox10091406
https://doi.org/10.1016/j.jfca.2005.05.003
https://doi.org/10.1016/j.foodchem.2022.134338
https://doi.org/10.3390/ijms242316653
https://doi.org/10.3390/ijms242316653
https://doi.org/10.1039/d3su00183k
https://doi.org/10.1039/d3su00183k
https://doi.org/10.3390/foods11152274
https://doi.org/10.3390/foods11152274
https://doi.org/10.1007/s12649-015-9476-y
https://doi.org/10.1007/s12649-015-9476-y
https://doi.org/10.1016/j.carbpol.2014.02.013
https://doi.org/10.1016/j.carbpol.2014.02.013
https://doi.org/10.1016/j.foodres.2015.05.047
https://doi.org/10.1016/j.foodres.2015.05.047
https://doi.org/10.3389/fpls.2014.00305
https://doi.org/10.1016/j.rser.2015.04.091
https://doi.org/10.1016/j.lwt.2019.108652
https://doi.org/10.1016/j.lwt.2019.108652
https://doi.org/10.1016/j.indcrop.2012.02.039
https://doi.org/10.1016/j.procbio.2021.06.022
https://doi.org/10.1016/j.procbio.2021.06.022
https://doi.org/10.1093/pcp/pcw080
https://doi.org/10.1093/pcp/pcw080
https://doi.org/10.3390/foods13010098
https://doi.org/10.3390/foods13010098
https://doi.org/10.1016/j.carbpol.2015.07.026
https://doi.org/10.1016/j.carbpol.2015.07.026
https://doi.org/10.3390/antiox12040957
https://doi.org/10.3390/antiox12040957
https://doi.org/10.3389/fenrg.2023.1228827
https://doi.org/10.3389/fenrg.2023.1228827
https://doi.org/10.1016/j.powtec.2015.09.025
https://doi.org/10.1016/j.powtec.2015.09.025
https://www.oiv.int/sites/default/files/publication/2023-05/Compendium%20MA%20complet_EN.pdf
https://www.oiv.int/sites/default/files/publication/2023-05/Compendium%20MA%20complet_EN.pdf
https://doi.org/10.1021/jf402586f


European Food Research and Technology (2025) 251:2239–2252

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

73.	 Spinei M, Oroian M (2022) The influence of extraction condi-
tions on the yield and physico-chemical parameters of pectin 
from grape pomace. Polym. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​g​​/​​1​0​​.​3​3​​​9​0​/​​p​o​l​y​m​1​4​0​7​1​
3​7​8

1 3

2252

https://doi.org/10.3390/polym14071378
https://doi.org/10.3390/polym14071378

	﻿Chemical characterization of Grechetto grape pomace for potential valorization in a biorefinery perspective
	﻿Abstract
	﻿Introduction
	﻿Background
	﻿Polyphenols and polysaccharides in grape pomace
	﻿Valorisation of grape pomace: biorefinery approaches towards circular economy
	﻿Object and purpose of the study

	﻿Materials and methods
	﻿Samples and reagents
	﻿FTIR-ATR analysis
	﻿Extraction and characterization polyphenols
	﻿Extraction of polyphenols
	﻿Total phenolic content and qualitative/quantitative HPLC-DAD-MS analysis


	﻿Extraction and characterization of polysaccharides
	﻿Extraction of polysaccharides
	﻿Dynamic light scattering
	﻿﻿1﻿H-NMR analysis

	﻿Statistical analysis
	﻿Results and discussion
	﻿Qualitative analysis by FTIR-ATR
	﻿Characterization of polyphenols
	﻿Characterization of polysaccharides
	﻿Yields of crude polysaccharides




