
Academic Editor: Ibrahim Abu-

Reidah

Received: 18 March 2025

Revised: 17 June 2025

Accepted: 23 June 2025

Published: 8 July 2025

Citation: Pozzo, L.; Raffaelli, A.;

Grande, T.; Frassinetti, S.; Longo, V.;

Venturi, F.; Sanmartin, C.; Ferroni, G.;

Flamini, G.; Toffanin, A.

Characterization of Antioxidant and

Antimicrobial Activity, Phenolic

Compound Profile, and VOCs of

Agresto from Different Winegrape

Varieties. Processes 2025, 13, 2174.

https://doi.org/10.3390/

pr13072174

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Characterization of Antioxidant and Antimicrobial Activity,
Phenolic Compound Profile, and VOCs of Agresto from
Different Winegrape Varieties
Luisa Pozzo 1, Andrea Raffaelli 1,2 , Teresa Grande 1 , Stefania Frassinetti 1, Vincenzo Longo 1,
Francesca Venturi 3,4,* , Chiara Sanmartin 3,4,* , Giuseppe Ferroni 3, Guido Flamini 4,5

and Annita Toffanin 3,4,6

1 Institute of Agricultural Biology and Biotechnology (CNR-IBBA), National Research Council, Via Moruzzi 1,
56124 Pisa, Italy; luisa.pozzo@cnr.it (L.P.); andrea1.raffaelli@santannapisa.it (A.R.);
teresa.grande@unifi.it (T.G.); stefania.frassinetti@ibba.cnr.it (S.F.); vincenzo.longo@cnr.it (V.L.)

2 Crop Science Research Center, Scuola Superiore Sant’Anna, Piazza Martiri della Libertà 33, 56127 Pisa, Italy
3 Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80, 56124 Pisa, Italy;

giuseppe.ferroni@unipi.it (G.F.); annita.toffanin@unipi.it (A.T.)
4 Interdepartmental Research Center Nutrafood-Nutraceuticals and Food for Health, University of Pisa,

Via del Borghetto 80, 56124 Pisa, Italy; guido.flamini@unipi.it
5 Department of Pharmacy, University of Pisa, Via Bonanno 6, 56126 Pisa, Italy
6 Centre for Climatic Change Impact (CIRSEC), University of Pisa, Via del Borghetto 80, 56124 Pisa, Italy
* Correspondence: francesca.venturi@unipi.it (F.V.); chiara.sanmartin@unipi.it (C.S.)

Abstract

Agresto is the unfermented juice traditionally obtained from boiled unripe grapes, typically
using fruit that would otherwise be discarded, and enriched with spices, herbs, and
fruit. In this study, the phenolic profile, antioxidant and antibacterial activity, and volatile
organic compounds (VOCs) of Agresto produced from two grape varieties (Sangiovese,
and Vermentino) harvested in Mount Amiata (Tuscany) were evaluated. Agresto from
Vermentino showed a higher total phenolic content (TPC), 1.31 mg GAE/mL, as well as
a greater total flavonoid and flavonol content and FRAP activity compared to Agresto
from Sangiovese. The highest ORAC value was observed in Agresto from Vermentino,
41.01 mg TE/mL, compared to that from Sangiovese. TPC, flavonols, apocarotenes, sulfur
derivatives, and non-terpene derivatives were positively correlated with antimicrobial
activity against E. coli, FRAP, and ORAC. Overall, our results showed that grape variety
significantly influences the chemical composition of Agresto, particularly in terms of both
VOCs and phenolic compounds. The observed variations in phenolic composition also
affected the antioxidant and antimicrobial activity of Agresto. These experimental findings
clearly suggest the utmost importance of identifying the optimal chemical profile of “unripe
grapes” used as raw material for Agresto production, considering both variety and the
specific ripening degree achievable through vine green harvesting.

Keywords: unripe grapes juice; phytochemical profile; volatile organic compounds Gram-
negative bacteria; Gram-positive bacteria; antiradical activity

1. Introduction
In the last few decades, waste management has been regarded as an essential tool for

driving the implementation of a circular economy [1,2].
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Its goal is to close resource loops and retain valuable materials within the economic
system. Notably, agro-industrial residues represent one of the most significant waste
streams, both in terms of quantity and quality [3] and can be effectively utilized as a
source of bioactive compounds to meet the growing demand for “healthy functional foods”.
Among these, food waste from berries and grapes offers significant health benefits due to
its high content of vitamins, minerals, lipids, and fiber, as well as phenolic compounds,
which are the predominant phytochemicals in these fruits [4,5].

In this context, ‘vine green harvesting’ can also be considered a source of waste, as
bunch thinning is carried out by removing unripe grape bunches to improve production
quality. Some authors have reported the potential use of unripe grapes in winemaking to
reduce the alcohol concentration and pH of wines [6,7].

Additionally, unripe grapes can serve as an emerging source of various nutraceutical
compounds, including sugars, organic acids, phenolic compounds, vitamins, fibers, mineral
salts, lipids, and other minor compounds [8].

In the Mediterranean area, where the vine is one of the main crops [2], unripe grapes
have traditionally been used to produce various products, such as sauces, acidic juices,
digestive drinks, and syrups, within the frame of circular economy and sustainability; they
are also added to typical products as a dried or fresh ingredient [9–14]. The oldest use of
unripe grapes is to turn them into an acidic juice called verjuice, which has different names
depending on the country where it is produced: Vertjus or Verjus in France, Agraz in Spain
and Germany, Agresto in Italy, Koruk in Turkey, and Abe-ghureh in Persia [14].

Agresto is a traditional seasoning from the Italian region of Tuscany made from the
unfermented juices of unripe grapes, concentrated by heating. The main ingredient is
unripe grape juice, which is then reduced by heating, flavored with spices and aromas, and
finally mixed with a variable amount of vinegar and honey [15,16].

The biosynthesis of all phenolic compounds occurs through the phenylpropanoid
pathway from the amino acid phenylalanine, leading to the production of different classes of
compounds: phenolic acids (e.g., hydroxycinnamic and hydroxybenzoic acids), flavonoids
(e.g., anthocyanins, flavonols and flavan-3-ols), and stilbenes [17,18].

The final content and composition of phenolic compounds are influenced by multi-
ple factors, such as grape variety, climate, soil, and growing conditions [17]; these com-
pounds play important roles in plant growth, reproduction, and defense reactions. Fur-
thermore, these compounds have considerable influences on grape quality and sensory
characteristics—particularly astringency, bitterness, and color intensity and stability [19,20].

Phenolic compounds in grape juice, grape seed, and wine have been investigated by
many researchers to show their potent antioxidant, anti-inflammatory, anticancerogenic,
antimutagenic, antibacterial, antiviral, antifungal, and antiulcer activities [21].

Moreover, volatile organic compounds (VOCs) are the primary contributors to fruit
aroma, and the sensory quality of fruits is largely determined by their qualitative and
quantitative composition [22]. Grape aroma is a complex of hundreds of VOCs belonging
to different chemical classes such as alcohols, esters, acids, terpenes, aldehydes, furanones,
pyrazines, isoprenoids and many others. VOCs play an important role as they determine
the flavor of grapes and their derivatives with different nuances, such as specific fruits,
flowers, honey, grass, vinegar, and others. They can be found in their free or bound forms in
different proportions, depending on whether the cultivar is aromatic or non-aromatic [23].

To date, despite the long-standing history of this product and its recent resurgence in
popularity across various countries—both in the form of Verjus and Agresto—no studies
have been conducted on the development, characterization, and assessment of the bioactiv-
ities of Agresto produced in Tuscany from unripe grapes and subsequently infused with
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herbs. Further, few data are available [8,16] about the influence of grape variety on the
chemical composition of Agresto.

Therefore, this study aimed to identify the differences in terms of antioxidant activity,
antimicrobial activity, and the profile of phenolic compounds and volatile organic com-
pounds (VOCs) between Agresto obtained from two different grape varieties (Vermentino
and Sangiovese) selected among the most cultivated in Tuscany.

To focus our attention on the role of grape variety, the composition of the herb blend
and the experimental conditions were kept constant across all experimental runs.

2. Materials and Methods
2.1. Chemicals and Reagents

All standards and reagents were of analytical grade. Hexane, methanol, Folin–
Ciocalteu reagent, gallic acid, catechin, sodium carbonate, tripyridyltriazine, Trolox, 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical, 2,2′-azobis(2-amidinopropane) dihydrochloride
(AAPH), phosphate-buffered saline (PBS), and LC-MS/MS standards including gallic acid
(GA), rosmarinic acid (RA), caffeic acid (CA), vanillic acid (VA), 1,3-Dicaffeoylquinic acid
(1,3DQA), quercetin 3-O-glucoside (Q3G), kaempferol 7-O-glucoside (K7G), kaempferol 3-
O-rutinoside (K3R), apigenin (AP), resveratrol 3-O-glucoside (R3G), hydroxytyrosol (HYT),
verbascoside (VER), oleuropein (OLE), ligstroside (LIG), phloretin (PHL), luteolin (LUT),
and naringenin (NAR) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA). The
other chromatographic standards, i.e., 3-O-caffeoylquinic acid (3CQA), p-coumaric acid
(pCA), trans-ferulic acid (tFA), quercetin (Q), quercetin 3-O-rutinoside (Q3R), quercetin 3,4-
O-diglucoside (QDG), kaempferol 3-O-glucoside (K3G), (+)-catechin (C), (−)-epicatechin
(EC), resveratrol (RES), and phloridzin (PHZ), were acquired from Extrasynthese (Genay,
France). The bacterial media Mueller Hinton Broth (MHB) and Mueller Hinton Agar (MHA)
were purchased from VWR (Radnor, PA, USA).

2.2. Raw Material
2.2.1. Grapes

The selection criteria for the grape varieties were based on two main principles: the
preliminary criterion involved choosing varieties that are generally suitable for green
harvesting; the secondary criterion focused on selecting among the most widely cultivated
varieties in Tuscany. Based on these criteria, Vermentino (white) and Sangiovese (red) were
chosen to compare Agresto produced from white grapes with that obtained from red ones.
Grapes were provided by two wine farms of the Amiata region: Salustri winery, Poggi del
Sasso (Grosseto), Italy, for Vermentino and Sangiovese; Podere Giardino, Sant’Angelo in
Colle, Montalcino (Siena), Italy, for Sangiovese.

Unripe grape juices were prepared at the winemaking wineries and then transported
quickly in steel containers to the laboratory of Lombardi e Visconti SAS, Abbadia San
Salvatore (Siena), Italy, where the Agresto was produced as described below.

2.2.2. Herbs

A preliminary consensus panel was conducted to identify the optimal blend of dried
herbs among those traditionally cultivated and/or used for cooking in Tuscany. The final
blend of dried herbs consisted of 43% juniper berries (Juniperus communis L.), 22% wild
garlic (Allium ursinum L.), 21% chives Allium schoenoprasum L.), 8% onion (Allium cepa L.),
6% Carline root (Carlina acaulis L.). It was added to the concentrated must during the
flavoring phase at a ratio of 4% w/vol. The herbs were supplied by Azienda Agricola Fonte
Magria di Pacini Antonio, Abbadia San Salvatore (Siena), Italy and A. Minardi & Figli s.r.l.
Bagnacavallo (Ravenna), Italy.
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2.3. Production of Unripe Grape Juice

Two different grape varieties (Vermentino, and Sangiovese) were used. To produce
Agresto, unripe grapes are manually harvested and the material is placed in crates. This
harvest takes place between the pre-veraison stage and the beginning of veraison. Depend-
ing on the grape variety and the specific vintage, the harvest typically occurs between late
July and early August. During this period, grape clusters generally have a sugar content of
80–140 g/L and a sugar-to-total acidity ratio (technological maturity) in the range of 11–12.
Unripe grape clusters were destemmed and pressed using a small-scale stainless-steel
basket press to obtain juice (Figure 1). The juice was filtered through a Hippocratic filter,
then maintained at a constant boil over direct heat for nearly 12–15 h until its volume was
reduced to one-third of the original. At this stage, honey (3%), sodium chloride (0.7%), and
wine vinegar (15%) were added to the concentrated must (hot addition) before filtration.
After cooling, juniper berry (Juniperus communis L.), Carline root (Carlina acaulis L.), wild
garlic (Allium ursinum L.), chives (Allium schoenoprasum L.), and onion (Allium cepa L.) from
Mount Amiata (Tuscany) were added by cold addition. The mixture was left to infuse
at room temperature for 10 days and then filtered again using a Hippocratic filter. The
resulting Agresto was bottled in 700 mL dark bottles and stored at 5 ◦C until analyses.

Figure 1. Lab-scale processing of Agresto.

2.4. Grapes and Herbs Extraction

One gram of grapes, herbs and herbal mixture was exposed to double extraction in
10 mL of 80% methanol following the method of Quasim and colleagues [24] in order to
obtain a final concentration of 50 mg/mL and stored at −20 ◦C until use.
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2.5. Determination of Phenolic Profile by UHPLC-ESI-MS/MS

Liquid chromatography (LC) separation and tandem mass spectrometry (MS/MS)
detection of phenolic compounds of herbs extract, blend of herbs extract, grapes juice extract
and diluted samples of Agresto produced from different grape varieties was performed
employing a 5500+ QTrap mass spectrometer with a Turbo V ion-spray source (AB Sciex,
Framingham, MA, USA) connected with an Exion LC AC system consisting of two ExionLC
AC pumps, autosampler, controller, degasser, and tray (Shimadzu, Kyoto, Japan) and
following the analytical conditions reported by Raffaelli and colleagues [25].

2.6. Determination of the Total Phenolic Content (TPC) and Flavonoid and Flavonol Content

Total phenolic content (TPC) was measured following the method of Quasim and
colleagues [26]. Flavonoids were determined using the following the method of Kim and
colleagues [27]. Flavonols were quantified as previously described by Souid et al. [28].

2.7. In Vitro Antioxidant Activity Assays

Antioxidant activity was evaluated using the FRAP method [29], the DPPH assay [30],
and the ORAC assay [31].

2.8. Determination of the Antimicrobial Activity

The antimicrobial activity of Agresto produced from different grape varieties was
analyzed against three Gram-negative bacteria and two Gram-positive bacteria. The effect
of samples on final growth (O.D.) of bacteria was determined according to method detailed
in a previous paper [32]. Equation (1) was applied for the calculation of the inhibition rate:

Inhibition rate (%) = (100 − O.D.sample/O.D.control) × 100 (1)

where:
O.D.sample = the optical density of the measurement with extract;
O.D.control = the optical density of control without extract.

2.9. Analysis of Volatile Organic Compounds (VOCs) by GC-MS

The headspace of samples was analyzed with the SPME (solid-phase micro-extraction).
Samples of Agresto produced from the two different grape varieties were sealed with alu-
minum foil and left to equilibrate for 30 min at room temperature. To sample the headspace,
Supelco fibers coated with PDMS (PolyDiMethylSiloxane, 100 µm thickness) were used,
after the preconditioning recommended by the manufacturer. Sampling was performed
by inserting the fiber into the headspace for 60 min. At the end of sampling, the fiber
was retracted inside the needle and transferred into the injector of a Gas Chromatograph
coupled to a Mass Spectrometry (GC-MS) apparatus, as described by Sanmartin et al. [33].

2.10. Statistical Analysis

Data were reported as mean ± standard deviation of triplicates. The statistically
significant (p < 0.05) differences between extracts were evaluated with an analysis of
variance (ANOVA) and Tukey’s test for the phenolic profile of herbs extract and with an
independent Student’s t-test for all the other parameters. Pearson’s correlation analysis
was conducted in order to evaluate the correlation between variables (TPC, antioxidant
activity, antimicrobial activity, and VOCs). Pearson’s correlation and principal component
analysis (PCA), for the analysis of multivariate data, were applied to characterize and
separate Agresto from grapes from different vines (Vermentino and Sangiovese) in relation
to variables (TPC, flavonoids, flavonols, antioxidant activity, antimicrobial activity, and
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contents of individual phenolics and of VOCs). Analyses were performed using XLSTAT
software (version 2019).

3. Results and Discussion
As reviewed by Fia et al. [8], unripe grapes—considered a by-product of grapevine

cultivation—have emerged as a promising source of valuable compounds, including or-
ganic acids, phenolics, vitamins, and minerals, with notable applications in the pharma-
ceutical, cosmetic, and food industries. Their bioactive components have demonstrated
anti-inflammatory, cardioprotective, anticancer, and antidiabetic properties in various
in vitro and in vivo studies. While low in simple sugars, unripe grapes are particularly rich
in phenolic flavonoids, non-flavonoids, organic acids, stilbenes, condensed tannins, and
glutathione [18], and their chemical composition is influenced by several factors, such as
grape variety, vintage, and ripening stage [16,33].

Due to their high nutraceutical value, traditional products derived from unripe grapes
have been increasingly investigated for innovative applications in food and beverage
formulations [34,35], in response to the growing consumer demand for natural and health-
enhancing products [7,36–39]. In this context, the following sections present an overview
of the composition of the raw materials used in the experimental runs together with the
two different samples of Agresto produced.

3.1. Phenolic Compound Profile of Herbs and Grapes Juice Extracts

The phenolic profiles of herb extracts (Table S1) and grape juices (Table S2) were
analyzed using Liquid Chromatography–Tandem Mass Spectrometry (LC-MS/MS). A
total of 28 phenolic compounds were identified in each herb extract and the blend, while
27 compounds were found in each grape juice sample.

Among the herb extracts, the juniper berry extract was particularly rich in rutin
(44.89 µg/100 mg), (+)-catechin (38.61 µg/100 mg), kaempferol 3-O-glucoside
(17.73 µg/100 mg), kaempferol 7-O-glucoside (6.20 µg/100 mg), (–)-epicatechin
(4.70 µg/100 mg), kaempferol 3-O-rutinoside (3.14 µg/100 mg), vanillic acid
(1.67 µg/100 mg), and phloretin (1.54 µg/100 mg). In carline root extract, the predom-
inant phenolics were chlorogenic acid (3.18 µg/100 mg), verbascoside (1.50 µg/100 mg),
and vanillic acid (1.46 µg/100 mg). Wild garlic extract showed high levels of kaempferol
3-O-glucoside (27.02 µg/100 mg), p-coumaric acid (12.49 µg/100 mg), and kaempferol
7-O-glucoside (8.39 µg/100 mg).

Chives extract had the highest concentration of kaempferol 3-O-glucoside
(60.92 µg/100 mg), followed by trans-ferulic acid (19.59 µg/100 mg), kaempferol 3-
O-rutinoside (5.73 µg/100 mg), p-coumaric acid (4.88 µg/100 mg), quercetin 3,4′-O-
diglucoside (2.07 µg/100 mg), and kaempferol 7-O-glucoside (1.47 µg/100 mg). Onion
extract, in contrast, exhibited only trace amounts of phenolics, ranging from 0.002 to
0.541 µg/100 mg.

In the blended herb extract, the major phenolic compound was kaempferol 3-O-
glucoside (30.50 µg/100 mg), contributed by juniper berry, wild garlic, and chives. Other
abundant compounds included rutin (13.94 µg/100 mg; from juniper berry), chlorogenic
acid (10.62 µg/100 mg; from carline root), trans-ferulic acid (6.30 µg/100 mg; from chives),
(+)-catechin (5.69 µg/100 mg; from juniper berry), p-coumaric acid (4.05 µg/100 mg; from
wild garlic and chives), kaempferol 3-O-rutinoside (3.21 µg/100 mg; from juniper berry
and chives), kaempferol 7-O-glucoside (2.70 µg/100 mg; from juniper berry, wild garlic,
and chives), and verbascoside (1.55 µg/100 mg; from carline root).

Regarding grape juices, the Vermentino sample contained significantly (p < 0.05)
higher concentrations of several phenolic compounds compared to Sangiovese. These
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included chlorogenic acid (44.0 µg/100 mg), rosmarinic acid (13.8 µg/100 mg), quercetin
(155.3 µg/100 mg), rutin (1336.1 µg/100 mg), quercetin 3,4-O-diglucoside
(175.3 µg/100 mg), kaempferol 7-O-glucoside (244.1 µg/100 mg), kaempferol 3-O-glucoside
(704.1 µg/100 mg), kaempferol 3-O-rutinoside (426.5 µg/100 mg), (+)-catechin
(15,606.0 µg/100 mg), piceid (581.7 µg/100 mg), verbascoside (4313.9 µg/100 mg), phlorizin
(762.2 µg/100 mg), phloretin (1254.5 µg/100 mg), apigenin (3.0 µg/100 mg), and luteolin
(31.9 µg/100 mg).

Conversely, Sangiovese juice exhibited significantly (p < 0.05) higher levels of vanillic
acid (698.1 µg/100 mg), p-coumaric acid (134.7 µg/100 mg), quercetin 3-O-glucoside
(426.7 µg/100 mg), (–)-epicatechin (1043.4 µg/100 mg), resveratrol (11.6 µg/100 mg), and
naringenin (8.5 µg/100 mg), distinguishing its phenolic composition from Vermentino.

3.2. Phenolic Compound Profile of Agresto Samples

The phenolic composition of Agresto samples analyzed by LC-MS/MS (Table 1) re-
vealed a dominance of phenolic acids in Vermentino. This sample showed significantly
(p < 0.05) higher levels of gallic acid (809.82 µg/mL), chlorogenic acid (779.27 µg/mL),
caffeic acid (809.96 µg/mL), p-coumaric acid (1922.67 µg/mL), and trans-ferulic acid
(1297.36 µg/mL) compared to Sangiovese. Vermentino also had greater amounts of
quercetin (7.77 µg/mL), quercetin 3,4-O-diglucoside (31.18 µg/mL), kaempferol 3-O-
rutinoside (65.82 µg/mL), piceid (17.99 µg/mL), resveratrol (1.13 µg/mL), hydroxyty-
rosol (323.46 µg/mL), and phloridzin (45.26 µg/mL). In contrast, Sangiovese Agresto con-
tained higher levels of rosmarinic acid (0.59 µg/mL), cynarin (0.46 µg/mL), quercetin 3-O-
glucoside (76.40 µg/mL), rutin (196.61 µg/mL), kaempferol 7-O-glucoside (536.84 µg/mL),
oleuropein (85.24 µg/mL), apigenin (0.85 µg/mL), luteolin (0.55 µg/mL), and naringenin
(9.16 µg/mL).

3.3. Total Phenolic Content (TPC) and Flavonoid and Flavonol Content

The assay with Folin–Ciocalteu reagent was performed to determine the total phenolic
content (TPC) of samples of Agresto obtained from grapes from different vines (Vermentino
and Sangiovese). The results expressed based on mg of gallic acid equivalent (GAE) per
mL are reported in Table 2. The TPC ranged from 0.76 to 1.31 mg GAE/mL. Agresto from
Sangiovese showed the lowest TPC, while Agresto from Vermentino showed the highest.
The total flavonoid content values are expressed as mg of catechin equivalents (CE) per
mL and varied from 0.06 to 0.10 mg CE/mL (Table 2), and no significant differences were
found between the two samples. The total flavonol content values are expressed as mg
of quercetin equivalent (QE) per mL and ranged between 0.10 mg QE/mL in Agresto
from Sangiovese and 0.21 mg QE/mL in Agresto from Vermentino, which showed the
significantly highest content (Table 2).

3.4. Antioxidant Activity

Antioxidant activity of Agresto samples was evaluated using FRAP, DPPH, and ORAC
assays (Table 3). FRAP values ranged from 2.78 to 4.11 mg TE/mL, with Agresto from
Vermentino showing significantly higher activity than Sangiovese. DPPH scavenging
activity showed no significant differences between the two samples. ORAC values ranged
from 26.76 to 41.01 mg TE/mL, with Vermentino again exhibiting significantly higher
antioxidant capacity (p < 0.0001). FRAP values were positively and significantly (p < 0.05)
correlated with total phenolic content (TPC), flavonols, apocarotenes, sulfur compounds,
and non-terpene derivatives. ORAC values also showed significant positive correlations
(p < 0.05) with TPC, flavonols, sulfur derivatives, and non-terpene compounds. In contrast,
DPPH results did not correlate with any of the measured components (Table S3).
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Table 1. Content of individual phenolic compounds of Agresto from grapes from different vines
(µg/100 mL).

Compound Name Acronym Vermentino Sangiovese p-Value

Gallic acid GA 809.82 ± 9.85 329.57 ± 17.58 <0.0001
3-O-Caffeoylquinic acid (Chlorogenic

acid) 3CQA 779.27 ± 30.70 439.96 ± 40.32 <0.001

Rosmarinic acid RA 0.32 ± 0.08 0.59 ± 0.07 <0.05
Caffeic acid CA 809.96 ± 9.96 329.57 ± 29.46 <0.0001
Vanillic acid VA 163.50 ± 34.10 139.93 ± 19.97 n.s.

p-Coumaric acid pCA 1922.67 ± 204.64 639.05 ± 19.77 <0.001
trans-Ferulic acid tFA 1297.36 ± 105.26 350.64 ± 17.33 <0.001

1,3-Dicaffeoylquinic acid (Cynarin) 1,3DQA n.d. 0.46 ± 0.03 <0.0001
∑ Phenolic acids 5782.89 2229.78

Quercetin Q 7.77 ± 0.17 5.00 ± 0.61 <0.01
Quercetin 3-O-glucoside Q3G 42.34 ± 2.11 76.40 ± 3.10 <0.0001

Quercetin 3-O-rutinoside (Rutin) Q3R 112.01 ± 17.41 196.61 ± 5.97 <0.01
Quercetin 3,4-O-diglucoside QDG 31.18 ± 1.02 23.02 ± 1.04 <0.01
Kaempferol 7-O-glucoside K7G 365.82 ± 23.62 536.84 ± 36.56 <0.01
Kaempferol 3-O-glucoside K3G 504.06 ± 11.09 483.35 ± 25.46 n.s.
Kaempferol 3-O-rutinoside K3R 65.82 ± 2.99 23.44 ± 3.44 <0.0001

∑ Flavonols 1129.00 1344.66

(+)-Catechin C 13.11 ± 0.59 12.98 ± 0.73 n.s.
(−)-Epicatechin EC 9.59 ± 0.65 b 13.52 ± 0.50 a n.s.
∑ Flavan-3-ols 22.70 26.50

Resveratrol 3-O-glucoside (Piceid) R3G 17.99 ± 1.74 7.08 ± 0.34 <0.001
Resveratrol RES 1.13 ± 0.20 n.d. <0.001

∑ Stilbenoids 19.12 7.08

Hydroxytyrosol HYT 323.46 ± 19.34 48.45 ± 2.64 <0.0001
Verbascoside VER 3.66 ± 0.33 3.61 ± 0.62 n.s.
Oleuropein OLE 18.03 ± 0.54 19.47 ± 0.57 <0.05
Ligstroside LIG 2.28 ± 0.33 2.72 ± 0.29 n.s.
Phloridzin PHZ 45.26 ± 0.48 39.05 ± 1.04 <0.001
Phloretin PHL 42.05 ± 2.44 85.24 ± 2.98 <0.0001
Apigenin AP 0.06 ± 0.03 0.85 ± 0.05 <0.001
Luteolin LUT 0.28 ± 0.05 0.55 ± 0.04 <0.01

Naringenin NAR 6.17 ± 0.49 9.16 ± 0.94 <0.01
∑ Others 441.25 209.09

Results are expressed as mean ± standard deviation of three replicates. n.d., not detected; n.s., non-significant.
Letters (a and b) show statistically significant differences for each row of data.

Table 2. Total phenolic content (TPC) and flavonoid and flavonol content of Agresto from different
grape varieties.

Grapevine Species TPC
(mg GAE/mL)

Flavonoids
(mg CE/mL)

Flavonols
(mg QE/mL)

Vermentino 1.31 ± 0.03 0.10 ± 0.03 0.21 ± 0.05
Sangiovese 0.76 ± 0.03 0.06 ± 0.00 0.10 ± 0.03

p-value <0.0001 n.s. <0.05
Results are expressed as mean ± standard deviation of three replicates. GAE, gallic acid equivalent; CE, catechin
equivalent; QE, quercetin equivalent; n.s., non-significant.

3.5. Antimicrobial Activity

The antimicrobial properties of Agresto samples from Vermentino and Sangiovese
were assessed against selected Gram-negative (Escherichia coli, Salmonella enterica ser. Ty-
phimurium, Enterobacter aerogenes) and Gram-positive (Staphylococcus aureus,
Enterococcus faecalis) bacteria by evaluating growth inhibition (Figure 2).



Processes 2025, 13, 2174 9 of 16

Table 3. Ferric-reducing antioxidant power (FRAP), DPPH scavenging activity, and oxygen radical
absorbance capacity (ORAC) of Agresto from grapes from different vines.

Grapevine Species FRAP
(mg TE/mL)

DPPH Assay
(mg TE/mL)

ORAC
(mg TE/mL)

Vermentino 4.11 ± 0.16 3.64 ± 0.00 41.01 ± 0.50
Sangiovese 2.78 ± 0.37 3.51 ± 0.11 26.76 ± 0.17

p-value <0.05 n.s. <0.0001
Results are expressed as mean ± standard deviation of three replicates. TE, Trolox equivalent; n.s., non-significant.

Figure 2. Final growth expressed as optical density (O.D.) of Escherichia coli (A), Salmonella enterica ser.
Typhimurium (B), Enterobacter aerogenes (C), Staphylococcus aureus (D), and Enterococcus faecalis (E) in
the presence of Agresto from Vermentino and Sangiovese at different percentage (%). Results are
reported as mean and standard deviation (n = 3). ***, p < 0.0001.

For E. coli, Agresto from Vermentino significantly (p < 0.0001) inhibited growth at
1.25%, with a minimum inhibitory concentration (MIC) of 2.5%, while Agresto from San-
giovese was effective at 2.5% (p < 0.0001) with an MIC of 5%. S. Typhimurium growth was
reduced at 1.25% by Vermentino and at 2.5% by Sangiovese (both p < 0.0001), with an MIC
of 5% for both. E. aerogenes showed significant inhibition at 2.5% for both samples, with an
MIC of 5%.

Among Gram-positive strains, S. aureus was significantly inhibited at 1.25% by both
extracts (p < 0.0001), with a MIC of 2.5% for Sangiovese and 5% for Vermentino. E. faecalis
growth was significantly reduced by Vermentino at 1.25% (MIC 2.5%) and by Sangiovese at
2.5% (MIC 5%).

Positive correlations (p < 0.05) were observed between antimicrobial activity against
E. coli and Agresto’s TPC, flavonols, apocarotenes, sulfur compounds, and non-terpene
derivatives (Table S3).

3.6. Analysis of VOCs

Overall, 47 different volatiles, belonging to seven main chemical classes, were iden-
tified in the headspace of the three samples (Table 4), accounting for 97.4–99.3% of total
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emission. The most representative classes were those of sulfur derivatives, monoterpene
hydrocarbons, and oxygenated monoterpenes. However, they were largely unevenly dis-
tributed depending on the sample type. It is interesting to note that sulfur derivatives,
clearly the predominant chemical class in Vermentino (83.10%), were considerably less
represented in the Sangiovese sample (20.75%). On the contrary, Sangiovese was rich in
monoterpenes, both in their hydrocarbon (54.65%) and oxygenated (19.20%) forms, which
in the other samples reached only 1.39–8.89%.

Table 4. Content of VOCs in the headspace of Agresto from grapes from different vines (%).

Compound Vermentino Sangiovese p-Value

Methyl allyl sulfide 3.70 ± 0.10 0.55 ± 0.25 <0.0001
Isopentyl alcohol (syn. 3-methylbutanol) n.d. 0.20 ± 0.00 <0.0001
2-Methylbutanol n.d. 0.30 ± 0.00 <0.0001
Dimethyl disulfide 5.60 ± 0.10 1.90 ± 0.50 <0.001
2-Methyl-2-pentanal 1.10 ± 0.10 0.25 ± 0.05 <0.001
Furfural 5.59 ± 0.10 1.65 ± 0.35 <0.0001
Diallyl sulfide 2.20 ± 0.10 0.35 ± 0.35 <0.001
Allyl propyl sulfide 4.03 ± 0.09 0.25 ± 0.25 <0.0001
Isopentyl acetate n.d. 0.35 ± 0.05 <0.001
2-Methyl-1-butyl acetate n.d. 0.40 ± 0.00 <0.0001
3,4-Dimethyl tiophene 2.47 ± 0.11 0.85 ± 0.05 <0.0001
Methyl allyl disulfide 9.40 ± 0.10 3.75 ± 0.25 <0.0001
α-Thujene n.d. 0.10 ± 0.10 n.s.
Methyl propyl disulfide 13.67 ± 0.08 n.d. <0.0001
Methyl (E)-1-propenyl disulfide n.d. 3.25 ± 1.45 <0.05
α-Pinene n.d. 1.65 ± 0.15 <0.0001
Methyl (Z)-1-propenyl disulfide 14.04 ± 0.11 4.35 ± 0.35 <0.0001
Camphene n.d. 0.37 ± 0.06 <0.0001
Benzaldehyde n.d. 0.15 ± 0.15 n.s.
Dimethyl trisulfide 2.71 ± 0.10 1.60 ± 0.20 <0.01
Sabinene n.d. 0.25 ± 0.25 n.s.
β-Pinene n.d. 0.85 ± 0.25 <0.01
Myrcene n.d. 1.40 ± 0.70 <0.05
α-Phellandrene n.d. 0.10 ± 0.10 n.s.
δ-3-Carene n.d. 0.30 ± 0.30 n.s.
1,4-Cineole 0.61 ± 0.12 4.97 ± 1.55 <0.01
α-Terpinene 0.29 ± 0.09 1.40 ± 0.20 <0.01
p-Cymene 0.59 ± 0.12 9.20 ± 2.20 <0.01
Limonene 3.10 ± 0.11 30.6 ± 4.40 <0.001
1,8-Cineole 0.30 ± 0.10 4.65 ± 1.45 <0.01
γ-Terpinene 1.10 ± 0.09 7.95 ± 0.15 <0.0001
Diallyl disulfide 3.41 ± 0.10 0.70 ± 0.20 <0.0001
Terpinolene n.d. 0.55 ± 0.55 n.s.
(Z)-1-Propenyl allyl disulfide 6.61 ± 0.10 0.70 ± 0.70 <0.001
(E)-1-Propenyl allyl disulfide 3.89 ± 0.10 0.40 ± 0.40 <0.001
α-Thujone n.d. 0.55 ± 0.05 <0.0001
Dipropyl disulfide 3.30 ± 0.08 0.55 ± 0.55 <0.01
(E)-1-Propenyl propyl disulfide 4.20 ± 0.11 0.60 ± 0.60 <0.001
β-Thujone n.d. 0.20 ± 0.20 n.s.
Methyl allyl trisulfide 2.22 ± 0.11 0.95 ± 0.06 <0.0001
Methyl propyl trisulfide 1.70 ± 0.10 n.d. <0.0001
4-Terpineol 0.49 ± 0.12 8.50 ± 1.40 <0.001
Methyl chavicol (syn. estragol) n.d. 0.45 ± 0.45 n.s.
Methyl carvacrol n.d. 0.25 ± 0.25 n.s.
(E)-Anethol n.d. 0.35 ± 0.35 n.s.
Dehydro-ar-ionene 1.10 ± 0.10 0.35 ± 0.35 <0.05
β-Caryophyllene n.d. 0.37 ± 0.35 n.s.
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Table 4. Cont.

Compound Vermentino Sangiovese p-Value

Monoterpene hydrocarbons 5.08 ± 0.17 54.65 ± 8.95 <0.001
Oxygenated monoterpenes 1.39 ± 0.08 19.20 ± 4.30 <0.01
Sesquiterpene hydrocarbons n.d. 0.35 ± 0.35 n.s.
Oxygenated sesquiterpenes n.d. n.d.
Apocarotenes 1.10 ± 0.10 0.35 ± 0.35 <0.05
Phenylpropanoids n.d. 0.80 ± 0.80 n.s.
Sulfur derivatives 83.10 ± 0.20 20.75 ± 4.85 <0.0001
Non-terpene derivatives 6.70 ± 0.00 3.30 ± 0.20 <0.0001
Total identified 97.37 ± 0.39 99.30 ± 0.30 <0.01

Results are expressed as mean ± standard deviation of three replicates. n.d., not detected; n.s., non-significant.

Regarding sulfur derivatives, the most represented in Vermentino were methyl (Z)-
1-propenyl disulfide (14.04%, methyl propyl disulfide 13.67%) and methyl allyl disulfide
(19.4%). In Sangiovese, only three sulfur derivatives exceeded 3%, i.e., methyl (Z)-1-
propenyl disulfide (4.35%), methyl allyl disulfide (3.75%), and methyl (E)-1-propenyl
disulfide (3.25%).

Sangiovese was particularly rich in monoterpene hydrocarbons, with limonene
(30.60%) as the main representative, followed by p-cymene (9.20%) and γ-terpinene (7.95%).
Among oxygenated monoterpenes, 4-terpineol (8.50%), 1,4-cineole (4.97%), and 1,8-cineole
(4.65%) should be mentioned.

Terpenes were decidedly less represented in Vermentino. Among these, only limonene
(3.10%), 4-terpineol (0.49%), and 1.4-cineole (0.61%) reached appreciable percentages.

3.7. Overall Rate of Results with Pearson’s Correlation and Principal Component Analysis

Principal component analysis (PCA) was conducted to explore the relationships be-
tween Agresto samples from two grape varieties, Vermentino and Sangiovese, and a range
of variables including total phenolic content (TPC), phenolic profiles, volatile organic com-
pounds (VOCs), antioxidant activity, and antimicrobial effectiveness. The PCA results are
depicted in Figure 3, illustrating the distribution of samples and variables.

The first two principal components (PC1 and PC2) accounted for 92.15% of the total
variance, demonstrating a clear separation between the two Agresto types. PC1 alone
explained 81.69% of this variance and distinctly separated Vermentino and Sangiovese
samples into two clusters.

Agresto from Vermentino grouped closely with higher TPC, flavonols, and antioxi-
dant activities measured by FRAP and ORAC assays. It was also associated with stronger
antimicrobial activity against Escherichia coli. Several individual phenolic compounds
were enriched in Vermentino samples, including gallic acid, chlorogenic acid, caffeic
acid, p-coumaric acid, trans-ferulic acid, total phenolic acids, quercetin, quercetin 3,4-O-
diglucoside, kaempferol 3-O-rutinoside, piceid, resveratrol, total stilbenoids, hydroxyty-
rosol, phloridzin, and other minor phenolics.

Volatile compounds correlating with Vermentino included sulfur-containing com-
pounds such as methyl allyl sulfide, dimethyl disulfide, methyl allyl disulfide, methyl
propyl disulfide, dimethyl trisulfide, diallyl disulfide, as well as aldehydes like 2-methyl-2-
pentanal and furfural. Other associated VOCs were apocarotenes, dehydro-ar-ionene, and
various sulfur and non-terpene derivatives.
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Figure 3. Principal component analysis (PCA) plot with distribution of the variables includ-
ing total phenolic content (TPC), flavonols, flavonoids, antioxidant activity (DPPH assay, FRAP,
and ORAC), antimicrobial activity against Escherichia coli, Salmonella enterica ser. Typhimurium,
Enterobacter aerogenes, Staphylococcus aureus, and Enterococcus faecalis, and contents of individual
phenolic compounds and VOCs of Agresto from grapes from different vines (Vermentino, San-
giovese). The acronyms at the black dots correspond to the names of the compounds given in
Table 1. FRAP, ferric-reducing antioxidant power; ORAC, oxygen radical absorbance capacity; DPPH
assay, assay with 2,2-diphenyl-1-picrylhydrazyl radical; PC1, first principal component; PC2, second
principal component.

Conversely, Agresto from Sangiovese was associated with a different set of phenolics
and volatiles. These included rosmarinic acid, cynarin, quercetin 3-O-glucoside, rutin,
kaempferol 7-O-glucoside, total flavonols, (−)-epicatechin, total flavan-3-ols, oleuropein,
phloretin, apigenin, luteolin, and naringenin. The Sangiovese samples also clustered
with VOCs such as isopentyl alcohol, 2-methylbutanol, isopentyl acetate, 2-methyl-1-butyl
acetate, methyl (E)-1-propenyl disulfide, and a series of monoterpenes including α-pinene,
camphene, β-pinene, myrcene, 1,4-cineole, α-terpinene, p-cymene, limonene, 1,8-cineole,
γ-terpinene, α-thujone, and 4-terpineol, alongside oxygenated monoterpenes and the total
VOC content.

The PCA clustering reflected the results from Pearson’s correlation analysis
(Figure 4A,B), which revealed significant positive correlations among TPC, flavonoids,
flavonols, antioxidant activities (FRAP, DPPH, ORAC), antimicrobial efficacy, individual
phenolic compounds, and volatile compounds.
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Figure 4. Heatmap correlation matrix between Agresto from Vermentino and Sangiovese vines and
antimicrobial activity (% inhibition), antioxidant capacity and phenolic profile (A) and between
Agresto from Vermentino and Sangiovese vines and VOCs (B).

Specifically, Agresto from Vermentino showed positive correlations (p < 0.05) with
antimicrobial activity against E. coli, FRAP, and ORAC antioxidant measures, TPC, flavonols,
and phenolic acids including gallic, chlorogenic, caffeic, p-coumaric, and trans-ferulic acids.
Additionally, it correlated with quercetin, quercetin 3,4-O-diglucoside, kaempferol 3-O-
rutinoside, piceid, resveratrol, total stilbenoids, hydroxytyrosol, phloridzin, and other
minor phenolics. Regarding VOCs, this sample showed significant associations with
sulfur volatiles such as methyl allyl sulfide, dimethyl disulfide, methyl allyl disulfide,
methyl propyl disulfide, dimethyl trisulfide, diallyl disulfide, (Z)- and (E)-1-propenyl allyl
disulfides, dipropyl disulfide, methyl allyl trisulfide, methyl propyl trisulfide, along with
aldehydes (2-methyl-2-pentanal, furfural), apocarotenes, and non-terpene derivatives.
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In contrast, Agresto from Sangiovese correlated positively (p < 0.05) with phenolics
like rosmarinic acid, cynarin, quercetin 3-O-glucoside, rutin, kaempferol 7-O-glucoside,
total flavonols, (−)-epicatechin, total flavan-3-ols, oleuropein, phloretin, apigenin, luteolin,
and naringenin. Its VOC profile showed positive associations with alcohols (isopentyl
alcohol, 2-methylbutanol), esters (isopentyl acetate, 2-methyl-1-butyl acetate), methyl (E)-1-
propenyl disulfide, and numerous monoterpenes including α-pinene, camphene, β-pinene,
myrcene, 1,4-cineole, α-terpinene, p-cymene, limonene, 1,8-cineole, γ-terpinene, α-thujone,
and 4-terpineol, along with oxygenated monoterpenes and the total VOC pool.

This comprehensive analysis highlights the distinct chemical and bioactive profiles of
Agresto derived from Vermentino and Sangiovese grapes, underscoring the influence of
grape variety on the phenolic, volatile, antioxidant, and antimicrobial characteristics of the
final product.

4. Conclusions
According to tradition, Agresto is primarily made from an undefined form of “unripe

grape juice,” which is then heated until reduced, infused with spices and aromas, and op-
tionally blended with varying amounts of vinegar and honey. To the best of our knowledge,
few data are currently available in the literature [17,20] regarding the influence of grape
variety on the chemical composition and, consequently, the aromatic and nutritional profile
of Agresto.

To address this gap, our research focused on the use of two different grape varieties
(Sangiovese and Vermentino), widely cultivated in Tuscan vineyards, as raw materials for
Agresto production. These varieties are characterized by distinct chemical compositions,
phenological cycles, and harvest periods. More specifically, Vermentino is a white grape va-
riety, while Sangiovese is red. Among these two varieties, the harvest period of Vermentino
occurs significantly earlier than that of Sangiovese.

Overall, our results demonstrated that the grape variety significantly influences the
chemical composition of Agresto, particularly in terms of VOCs and phenolic compounds.
The observed variations in phenolic composition also affected the antioxidant and antimi-
crobial activity of Agresto.

These experimental findings clearly highlight the importance of identifying the op-
timal chemical profile of unripe grapes used as raw material for Agresto production,
considering both variety and specific ripening stage of each variety available from ‘vine
green harvesting’.

In the context of a circular economy, maximizing the value of unripe grapes for Agresto
production requires identifying the ideal timing for green harvesting for each grape variety.
Since unripe grapes serve as the raw material for Agresto, the optimal harvesting time
should consider both the vineyard’s needs for primary wine production and the specific
grape composition required for Agresto. To achieve this goal, further research will focus
on exploring the impact of different ripening stages on the chemical composition and
organoleptic profile of Agresto for each grape variety.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr13072174/s1, Table S1: Content of individual phenolic com-
pounds of herbs (µg/100 mg); Table S2: Content of individual phenolic compounds of grape juices
from different vines (µg/100 mg); Table S3: Coefficients of Pearson’s correlations among antimicrobial
and antioxidant activities and total phenolic content and VOCs of Agresto from grapes from different
vines (Vermentino and Sangiovese).
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