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Abstract


The monitoring of grape maturity is essential for determining the ideal harvest time as well as for obtaining the expected characteristics of grape juice and, consequently, of wine. This study aimed to examine the impact of various laboratory-scale pressing methods on key chemical parameters (sugars, pH, and titratable acidity), as well as on phenolic-related indexes and antioxidant activity, in juices from Chardonnay (six grape samples) and Pinot blanc (two grape samples) across two vintages (2022 and 2023). The grape samples were characterized in terms of total and extractable flavonoids and extractability (%). Four different methods (manual pressing, vacuum pressing, small screw press, and juicer) were applied for producing grape juice. The results showed relevant differences in the extractability among the grape samples up to 64.1% and 43.8% for harvests 2022 and 2023, respectively. Comparable sugar content, pH, and titratable acidity were found in the juice samples independently from the method used. On the contrary, notable variability among the different pressing methods was revealed for phenolic-related indexes and antioxidant activity. The small screw press led to lower total phenol index values across grape batches compared to other methods, while the juice samples obtained with the juicer revealed a composition consistently differing in comparison to the other methods. Raman spectroscopy allowed to clearly classify the juice samples based on the pressing method. Good predictive models were obtained due to the composition of juice samples being clearly distinct among methods. This data suggests that an appropriate pressing method should be adopted for monitoring the grape ripening as well as for simulating the pressing under industrial scale.
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1. Introduction


Grape berry maturity plays a critical role in determining the harvest time and controlling the quality of grape juice and wine. Several parameters allow to describe the grape quality and maturity status including sugars, organic acids, phenolics, aroma and aroma precursors, mineral substances, nitrogen compounds, and the mechanical properties of berries [1]. Generally, sugar content is the traditional marker of the grape maturity stage and defines the harvest date based on its ratio with acidity, known as technological maturity [2]. Especially for sparkling wine production, such a ratio goes towards the acidity that should be consistent at harvest. This is because a high-quality base wine is characterized by high acidity and low pH, and the sugar content should be relatively low leading to potential ethanol at about 11–11.5% (v/v). Moreover, low phenolic content is expected in base wine in order to prevent its susceptibility to oxidation. Besides the harvest date and grape maturity, pre-fermentative steps, especially the pressing, affect the composition of must and consequently of wine. Such aspect is of particular interest for white winemaking and sparkling wine production [3]. Understanding how pressing affects phenolic extraction is essential for improving winemaking processes. However, despite the potential of pressing, the scientific literature detailing the effects of different pressing methods is limited, underscoring the need for further research to advance winemaking practices and produce high-quality wine.



The most common approach used for the evaluation of the grape ripening is to hand-crush some grape berries. Recently, Dumas and co-authors [4] studied how different crushing devices affected the juice extracted from grape berries and the composition of the resulting grape juice. These authors found that the pH and titratable acidity were slightly impacted by the crushing method, without altering the ranking of the grape varieties. Moreover, the study suggested the monitoring of grape maturity by using a crushing method that did not extract the potassium, while maximizing the extraction rate. As a consequence, the methods causing complete berry crushing should be excluded. According to Aerny et al. [5], grape pressing techniques and juice extraction rates significantly influence juice composition. As the extraction rate increased (55% to 85%), juice density, pH, sugar, and potassium levels rose, while tartaric and malic acid concentrations declined. However, Dumas and co-authors [4] did not assess the phenolic-related indexes that should also be considered besides the general chemical parameters, in particular for the grape addressed to the sparkling wine production.



The pressing process affects the extraction of organic acids and ions, aroma compounds and their precursors, as well as proteins. Moreover, the pressing affects the color and turbidity of grape juice [3]. The maintenance of acidity is relevant for white wines as it helps to keep freshness, flavor, and color [6]. The pressing also affects the extraction of phenolics. The total phenolic content in grape juices can be influenced by multiple factors, including grape variety, maturity, geographical origin, and soil type. Additional factors like sunlight exposure and grape juice processing also play a role. Key processing variables include extraction methods, contact time between the juice and solid grape components (skins and seeds), pressing techniques, and any thermal or enzymatic treatments applied.



Chardonnay and Pinot blanc are among the white grapes used for the production of sparkling wines. These grapes are also found in mountain regions, as their climatic requirements are comparable to these geographical areas [7,8]. The mountainous areas provide the necessary heat and cool nights that enhance the grape acidity and flavor development, resulting in wines that express both freshness and complexity. Both grapes make it a significant grape variety in northern Italy, notably for use in producing high-quality sparkling wines, especially within the Franciacorta appellation [9]. In the recent years, the harvest usually begins in the first half of August, since grapes soon reach technological maturity due to the temperature increase. Climate change is significantly affecting wine production by raising temperatures and increasing the frequency of water deficits [10]. Climate has a greater impact on the development of fruit composition, compared to the soil and grapevine variety [11]. In the vine-growing period (April–October), the average rainfall is about 500–600 mm. Changes in rainfall patterns and rising temperatures increase the stress on wine-growing regions which affects the yield and grape quality [10]. In drastic conditions, emergency irrigation is allowed to be carried out in order to adapt the viticulture to the new climate conditions [12].



As the decision of harvest date is relevant for the final composition of grape juice, and consequently of wine, the monitoring of grape maturity by means of the appropriate method is of particular importance. The step of juice-making is a particularly sensitive stage as the work of Dumas et al. [4] suggested. To the best of our knowledge, no data is reported in the scientific literature with regard to the impact of the pressing method under laboratory scale in terms of the phenolic composition of the resulting juice. Moreover, the monitoring of laboratory-scale juice obtained from grapes addressed to sparkling wine production was not investigated, yet. The use of laboratory-scale grape pressing possibly simulating the winery conditions can represent an effective experimental approach for assessing the physicochemical characteristics of juice and managing winery processes. On these bases, the study aimed to investigate the effects of different pressing methods on the general chemical parameters (sugars, pH, titratable acidity) as well as on phenolic-related indexes and antioxidant capacity, for the laboratory-made juice obtained from Chardonnay and Pinot blanc over two vintages. Moreover, the application of advanced techniques, like Raman spectroscopy, had never been applied for the discrimination of grape juice obtained by different extraction methods.




2. Materials and Methods


2.1. Chemicals and Reagents


Methanol, ethanol, sodium hydroxide, sulfuric acid, hydrochloric acid, catechol, tartaric acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), Folin–Ciocalteu reagent, gallic acid (99.85% purity), and sodium carbonate (99.99% purity) were purchased from Merck (St. Louis, MO, USA).



The hydrochloric ethanol solution was prepared as follows: ethanol/water/hydrochloric acid 37% 70/30/1 (v/v/v).



The model wine solution contained tartaric acid 5.0 g/L, ethanol 12% (v/v) with pH 3.2 adjusted with sodium hydroxide.




2.2. Grape Samples


Chardonnay (CH) and Pinot blanc (PB) grape samples (around 8–10 kg each) were taken from the sorting belt in order to have a homogenous grapple sample. The sampling was carried out in 6 different wineries for Chardonnay grape and 2 wineries for Pinot blanc grape of the Franciacorta area (Italy Lombardy) in two consecutive harvests, specifically in 2022 and 2023. The grape samples are grown in a limited area (latitude: 45.68–45.54; longitude 9.91–10.20) where the 8 vineyards are located (Figure 1). All the vines were pruned using the classic Guyot system.



An agrometeorological analysis of the two seasons was based on the Corte Franca weather station (Brescia Province Agrometeorological Network), representative of the Franciacorta PDO environmental conditions. The 2022 and 2023 vintages were compared to the reference time-series 1997–2023. The analysis focused on the comparison between the time-series and the experimental seasons, with reference to the following:




	-

	
Tavg—mean yearly temperature;




	-

	
HD—number of hot days (Tmax > 32 °C);




	-

	
Ptot—total yearly precipitation and number of rainy days;




	-

	
Pgs—precipitation in the growing season (April–August);




	-

	
RDtot—yearly rainy days;




	-

	
RDgs—rainy days along the growing season (April–August).









Based on the comparison with the historical data, values exceeding 1 standard deviation from the average value are considered anomalous.



Grapes were collected at the harvest date chosen by the winemakers, approximately 7–20 August for vintage 2022 and 15–31 August for vintage 2023, according to their suitability for the sparkling wine production (around 19 °Brix). The grapes were stored at 4 °C overnight prior to the grape juice preparation (Section 2.3) and the assessment of the quality parameters (Section 2.4).




2.3. Lab-Made Juice Samples


The grape samples were used to make lab-made juices using 4 different methods that are summarized in Table 1. Each treatment yielded about 60–65% of juice for the duration set for each method (Table 1). The grape berries were not sterilized or peeled prior to the pressing. Briefly, the methods applied for the lab-made grape juices were as follows:



Manual pressing. Samples of pedicel-free grape berries (500 g) were randomly collected from the bunches, weighed in a beaker, and crushed by hand. The juice was transferred to an Erlenmeyer flask under nitrogen flow without skin and seeds; the headspace was also saturated with nitrogen for 3 min. The average processing time of a sample was 5 min.



Vacuum pressing. Samples of pedicel-free grape berries (500 g) were randomly collected from the bunches and then vacuum-packed into gas-tight plastic bags at approximately 1 mbar. The grape berries were hand-crushed inside the bags. The juice was transferred to an Erlenmeyer flask under nitrogen flow without skin and seeds; the headspace was also saturated with nitrogen for 3 min. The average processing time of a sample was 10 min.



Juicer (GSX22, H.Koenig, Mitry-Mory, Île-de-France, France). Samples of pedicel-free grape berries (500 g) were randomly collected from the bunches and the juice was automatically obtained by a juicer. The device worked by means of an endless screw allowing us to obtain a grape juice free from skins and seeds. Once the juice was recovered in an Erlenmeyer flask, the headspace was saturated with nitrogen for 3 min. The average processing time of a sample was 5 min.



Small screw press (SC-FT5, VEVOR, Shanghai, China). The manual screw press was a cylindric device with holes where pedicel-free grape berries (2000 g) randomly collected from the bunches were placed. The juice was obtained through the screw connected with a metal plate leading to applying pressure on the berries. The juice was obtained from the screw device, the pomace was eventually gently handled, and the screw was newly closed. The juice was collected in an Erlenmeyer flask and the headspace was saturated with nitrogen for 3 min. The average processing time of a sample was 15 min.




2.4. Assessment of Total and Extractable Flavonoids in Grape Samples


Total and extractable flavonoids were determined as described by Di Stefano and Guidoni [13] and Di Stefano and Cravero [14]. Briefly, 300 grape berries were homogenized by a high-speed IKA Ultra-Turrax T25 (Staufen, Germany) for 3 ± 0.10 min. Total flavonoids were extracted as follows. The homogenized samples (10 g) were added with 10 mL of hydrochloric ethanol solution (see Section 2.1) and incubated for 30 min at 20 ± 2 °C. Then, samples were centrifuged at 5000× g for 15 min (Hettich, Tuttlingen, Germany). The supernatant was collected in a 50 mL volumetric flask, whereas the pellet was re-suspended in 10 mL of hydrochloric ethanol solution and then centrifuged at 5000× g for 15 min (Hettich). The supernatant was recovered into the 50 mL volumetric flask and filled with hydrochloric ethanol solution. The extractable flavonoids were obtained following the same procedure, using the model wine solution (instead of hydrochloric ethanol solution; see Section 2.1) and the extraction lasted 240 min (instead of 30 min).



The quantification of flavonoids was carried out spectrophotometrically by recording the UV–visible spectra in the range 700 to 230 nm using a Lambda 25 spectrophotometer (Perkin Elmer, Cetus, Norwalk, CT, USA) and measuring the absorption values at 280 nm as reported by Corona et al. [15]. The total flavonoids were expressed as g catechin equivalents (eq.)/kg grape [16].



The extractability was calculated as follows [13]:


  E x t r a c t a b i l i t y   %   =    E x t r a c t a b l e   f l a v o n o i d s   T o t a l   f l a v o n o i d s    × 100  



(1)








2.5. Chemical Characterization of Lab-Made Juice Samples


The parameters assessed in lab-made juice samples were sugars, pH, titratable acidity (TA), color index at 420 nm, turbidity, antioxidant capacity (DPPH assay), total phenol index, polyphenol oxidase activity, and total flavonoids. All of the analytical determinations were carried out in triplicate.



2.5.1. General Chemical Parameters


The pH and TA were measured immediately after crushing the grape samples. A calibrated benchtop pHmeter was used to measure pH.



The titratable acidity was determined by titration with sodium hydroxide 0.1 mol/L following the method OIV-MA-AS313-01 [17]. Results were expressed as g/L of tartaric acid.



The concentration of sugars (glucose and fructose) was determined with the automatic analyzer iCUBIO i-Magic M9 (R-Biopharm, Melegnano, MI, Italy) following the manufacture instructions for the glucose/fructose kit. Results were expressed in g/L.




2.5.2. Total Flavonoids in Lab-Made Juice Samples


The quantification of total flavonoids in lab-made juice samples was carried out spectrophotometrically by recording the UV–visible spectra in the range 700 to 230 nm using a Lambda 25 spectrophotometer (Perkin Elmer) and measuring the absorption values at 280 nm as reported by Corona et al. [15]. All juice samples were diluted with hydrochloric ethanol solution up to 4 times to obtain an absorption value lower than 0.8 ± 0.05 AU at 280 nm. Results were expressed as mg catechin equivalents (eq.)/L [16].




2.5.3. Total Phenolic Index


The total phenolic index (TPI) was determined following the Folin–Ciocalteu method as reported by Fracassetti et al. [18]. Briefly, the grape juice samples were centrifuged at 6000× g for 15 min (Hettich) and properly diluted in methanol/water 50/50 (v/v): 5–10 folds for manual and vacuum pressing juice samples, 2–4 folds for a small screw press juice samples, and 10–20 folds for juicer juice samples.



The reaction mix was prepared as follows: the Folin–Ciocalteu reagent was diluted 10 times in water (v/v) and 2.5 mL were added to 0.5 mL of sample; then, 2 mL of sodium carbonate solution 75 g/L were added. The reaction mix was maintained at 20 ± 2 °C for 1 h in the dark. The absorbance was read at 765 nm (Lambda 25 spectrophotometer, Perkin Elmer). The quantification was carried out by means of the calibration curve for gallic acid (5–100 mg/L) dissolved in methanol/water 50/50 (v/v). Results were expressed as mg gallic acid/L equivalents (eq.).




2.5.4. Color Index


The juice samples were centrifuged at 6000× g for 15 min (Hettich) and undiluted samples were measured spectrophotometrically at 420 nm (Lambda 25 spectrophotometer, Perkin Elmer), using a cuvette with a 1 mm optical path.




2.5.5. Turbidity (NTU)


The turbidity of juice samples was assessed without centrifugation and dilution by spectrophotometric reading at 750 nm (Lambda 25 spectrophotometer, Perkin Elmer), which was converted into nephelometric turbidity units (NTU) through the correlation reported by Goodner [19] being also applied in another research [20].




2.5.6. Polyphenol Oxidase Activity


The polyphenol oxidase (PPO) activity was assessed by measuring the increase in absorbance at 400 nm, using catechol as substrate. Catechol 0.1 M was dissolved in a tartaric buffer solution (5 g/L of tartaric acid, adjusting the pH at 3.5 with sodium hydroxide). Then, 1.5 mL of juice samples, were separately added to 1.5 mL of tartaric buffer (control sample) or to tartaric buffer enriched with catechol 0.1 M (catechol sample) and finally incubated for 10 min. Thus, the samples were submitted for spectrophotometric reading at 400 nm (Lambda 25 spectrophotometer, Perkin Elmer). The PPO units were calculated by subtracting the AU value registered for the control sample (without catechol) from the samples added with catechol. One PPO unit was defined as the amount of enzyme leading to an increase of one absorbance unit at 400 nm in 10 min [20,21].




2.5.7. Antioxidant Activity


The antioxidant capacity was analyzed by 2,2-diphenyl-1-picrylhydrazyl free radical scavenging method (DPPH assay) following the method described by Brand-Williams et al. [22] with some modifications [23,24]. Briefly, a solution of DPPH (0.35 g/L in methanol) was prepared and diluted in methanol to reach the absorbance at 1 ± 0.03 AU at 515 nm (Lambda 25 spectrophotometer, Perkin Elmer). Samples were centrifuged at 6000× g for 15 min (Hettich) and properly diluted in methanol 70% (v/v): 2–5 folds for manual and vacuum pressing juice samples, 2 folds for small screw press juice samples, and 20 folds for juicer juice samples. The reaction mix was prepared as follows: 2.45 mL of DPPH and 50 μL of diluted sample were mixed in cuvettes and incubated at 20 ± 2 °C for 50 min in the dark. The absorbance was read at 515 nm (Lambda 25 spectrophotometer, Perkin Elmer). A calibration curve for Trolox (0.125–1.5 mM) dissolved in methanol 70% (v/v) was achieved. Results were expressed as mmol Trolox eq./L.





2.6. Raman Spectroscopy


The system QE Pro (Ocean Optics, Inc., Dunedin, FL, USA) was composed of a laser with Raman excitation wavelength at 785 nm and modified vibrational or rotary energy of the molecules in the matter from an inelastic scattering. Thus, the resulting spectra depends on the composition of the matter [25] that was controlled by the Ocean View software (version 1.6.8, Ocean Optics, Inc., Largo, FL, USA). The Raman spectra were realized with an Ocean view spectrometer, covering the spectral range between 150 and 2850 cm−1. Optic resolution was 9 cm−1 (slit 50 μm). The spectra were characterized by the intensity in y and frequency in x (shift by cm, cm−1). For the measurements, the integration time was set at 1 s; the laser intensity was set at 0.85% of the maximum intensity (i.e., 349 mW). Each spectrum corresponded to an average of 10 scans. The distance between the laser and the sample holder was 9.5 mm.




2.7. Statistical Analysis


The statistical analysis was performed by XLSTAT (Addinsoft, New York, NY, USA) software (version 2019.4.2). The one-way ANOVA was performed and significant differences were evaluated by Tukey’s HSD test for p ≤ 0.05. The equations of the calibration curves were assessed by linear regression analysis. Principal component analysis (PCA) was performed with Statistica 12 software (Statsoft Inc., Tulsa, OK, USA) on auto-scaled data for an overall overview of the methods assayed for the preparation of lab-made juice samples.



In addition, R software (version 4.3.2) was used to perform classification methods based on pressing methods for each of the two vintages (2022 and 2023): Random Forest (RF), Support Vector Machine (SVM), and PLS-DA using the Caret package in RStudio. For each year, the data were split at 90%/10% between the training and the test sets, respectively. This choice was motivated by the small size of the data set, especially for 2023 (48 observations), to ensure better model generalization while maximizing the available training data. Based on the model performances (good classification and accuracy), only the results obtained using a Random Forest algorithm were presented in this article. Classifications were realized using a leave-one-out cross-validation (LOOCV) to optimize the model parameters, which guaranteed a rigorous and independent assessment of each observation. In 2022, 11 physicochemical variables and 64 observations were used for generating the models. For the physicochemical data, the optimized parameters identified were ntree = 50 et mtry = 2, since trying higher mtry values did not allow us to reach better results and provided a simple and efficient model, limiting the risk of overfitting, while capturing the essential relationships between variables and treatments. For 2023, 11 physicochemical variables with 48 observations generated the best model using ntree = 100 et mtry = 2. The Raman data were preprocessed before chemometric analysis to ensure robust and reliable results. First, outliers were detected using the outSpec function from the hyperSpec package (Rstudio PLSfunctions_Thebault2012.R), identifying six extreme observations that were excluded from further analysis. Next, baseline correction was applied to the spectra using the modified mod-polyfit method from the baseline package to remove non-specific variations. The correct spectra were then normalized using the Standard Normal Variate (SNV) method from the prospectr package to reduce scattering effects and improve comparability between samples [26]. Following these preprocessing steps, as for the physicochemical data, the data were separated by year (64 observations for 2022 and 41 for 2023 without the outliers), and each year was further split into a training set (90%) and a test set (10%) and similar supervised classification models were constructed (Random Forest (RF), Support Vector Machine (SVM), Partial Least Squares Discriminant Analysis (PLS-DA), and Neural Networks). Each model was evaluated using leave-one-out cross-validation (LOOCV). Among the tested methods, the Random Forest model consistently showed the best performance, achieving 100% classification accuracy on both the training and test sets. Consequently, the results presented in this study focus exclusively on the performance of the Random Forest model.



An accuracy of 1.00 corresponded to 100% of good classification and, for example, 0.67 corresponded to 67% of good classification, and 33% of false classification.





3. Results and Discussion


The achievement of optimal grape berry maturity is essential for determining the ideal harvest time, as well as for obtaining the expected characteristics of grape juice and, consequently, of wine. Sugar content is a traditional indicator for choosing the ideal moment for harvest, also related to the wine intended to be produced [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27]. Nonetheless, the ratio between sugars and acidity, known as technological maturity, needs to be considered and it should be optimal for the specific wine production. Such a ratio should be lower for the grape addressed to sparkling wine production as the acidity should be preserved and the potential ethanol should be around 11–11.5% (v/v). The characterization of grape and the selection of the proper harvest date are essential for producing high-quality wine. The assessment of chemical parameters like sugar, acidity, and phenolic content ensures optimal ripeness for the intended wine style. This is a requirement for grape pressing and the optimization of this relevant winemaking step, and wine production. For this reason, the grape berry maturity should be appropriately determined.



The study was carried out considering two consecutive vintages, specifically 2022 and 2023. Regarding temperature, 2022 showed a positive anomaly in both Tavg (fourth warmest year of the series) and HD (fourth highest in the series). Ptot, Pgs, RDtot, and RDgs showed negative anomalies (Table 2). In addition, 2023 showed a Tavg similar to 2022 but in terms of HD was an average season. With reference to precipitation, Rtot, Rgs, RDtot, and RDgs were in positive anomaly (Table 2). In conclusion, 2022 was warm and dry and the grapevine suffered from very stressing conditions for most of its growing cycle. On the other side, the main character of 2022 was the high level of precipitation with the consequent absence of water stress, and a normal summer thermal condition with limited thermal stress for grapes during ripening.



3.1. Characterization of Grape Samples


The phenolic composition of the grape samples was first assessed. Total and extractable flavonoid concentrations were determined for different grape batches and the phenol extractability was also estimated. Chardonnay grape samples showed negligible differences in total flavonoids (FLVs) for the same grape batch between the two consecutive harvests investigated (Table 3). However, total FLVs were highly variable between samples, ranging from 2.51 ± 0.08 g/L to 6.00 ± 0.04 g/L of catechin eq. for harvest 2022 and from 1.17 ± 0.01 g/L to 5.03 ± 0.17 g/L of catechin eq. for harvest 2023. However, the average content did not significantly differ among harvests (Table 3). In contrast, Pinot blanc grapes demonstrated significantly higher average values for total FLVs concentrations (4.35 ± 0.14 g/L of catechin eq.) in vintage 2023 in comparison to harvest 2022 (3.85 ± 0.55 g/L of catechin eq.).



Considering the extractable FLVs, significantly higher concentrations were found for the grape samples collected in vintage 2023 for both grape varieties (Table 3). In any case, Pinot blanc grape samples showed higher average concentrations of both total and extractable FLVs in comparison to Chardonnay grape samples, the latter being up to 2-fold lower. Nonetheless, these results could be affected by the smaller sampling performed for Pinot blanc grape which is less cultivated in the Franciacorta area (3% under vine vs. 80% under vine for Chardonnay grape).



The high variability of extractable FLVs among vineyard parcels is noteworthy. The 40% difference in extractable FLVs was notable between Chardonnay 5 and Chardonnay 6 samples that were collected from different vineyard parcels in vintage 2022. This finding highlights the influence of vineyard parcel characteristics on FLV extraction. Moreover, this suggests that even under similar environmental and management conditions, other factors can lead to substantial variations in chemical composition, such as soil, water retention, vineyard age, and weather conditions [28].



The extractability also varied significantly among grape samples and harvests, ranging from 17.5% to 64.1% for Chardonnay grape samples and from 40.0% to 48.1% for Pinot blanc grape samples for the 2023 vintage. The average extractability values for the Pinot blanc grapes were higher compared to Chardonnay grapes. This difference could be associated with the composition and the skin characteristics of Pinot blanc variety. For the latter aspect, Pinot blanc grape was more sensitive to handling in comparison to the Chardonnay grape, probably due to its different skin thickness, facilitating FLV extraction during processing. The thickness of grape skins is a critical factor during pressing as it influences the extraction of compounds like tannins and FLVs. Moreover, berry skin properties, such as break force and thickness, play a significant role in assessing phenolic content during ripening [29]. In the case of the red grape, thinner skins are linked to higher anthocyanin extractability, making skin thickness a key indicator for optimizing harvest timing and winemaking processes [30]. We could expect that white grapes with thinner skins are more prone to release phenols during the pressing. An estimation of the grape behavior can be assessed by means of the FLV extractability. Moreover, the determination of phenol extraction can be relevant for understanding oxidation susceptibility as the phenols are the main substrates of oxidation in juice and wine [31]. The proper management of oxidation susceptibility can lead to improving the quality of the final products in terms of wines with balanced sensory characteristics [6].




3.2. Lab-Made Juice Samples: Comparison of the Methods Assayed


Different methods for the production of grape juice on a laboratory scale were investigated in order to identify which pressing method could be the most adequate for the monitoring of grape ripening. Four different methods were compared in vintage 2022 by means of the assessment of the general chemical parameters, phenolic-related indexes, antioxidant capacity, turbidity, and polyphenol oxidase activity. However, the production of juice samples by the juicer was not carried out in vintage 2023. This is because the principal component analysis (PCA) showed the juice samples obtained by the juicer with both Chardonnay and Pinot blanc grapes clearly clustered (Figure 2) indicating these juice samples differed from the juice samples produced by the other methods investigated (manual, vacuum, and small screw press). The PCA explained 72.4% variance, with 53.2% and 19.2% for Factor 1 and Factor 2 (Figure 2a,b), respectively, for the Chardonnay samples. In the case of the Pinot blanc samples, the PCA explained 80.6% of the variance, with 60.8% and 19.8% for Factor 1 and Factor 2, respectively (Figure 2c,d). The clustering was mainly due to the total phenol index (TPI), color index, and antioxidant capacity for the Chardonnay grapes (Figure 2b) and the total FLVs and TPI for the Pinot blanc (Figure 2d). Moreover, higher pH values for the juice sample obtained from the juicer (Table S1) can be attributable to skin disruption that can favor the extraction of potassium leading to the precipitation of tartaric acid and the consequent pH increase. Our results were comparable to those reported by Dumas et al. [4] with the automatic sieve and tomato press, since their working mode was similar to that of the juicer, causing a fragmentation of grape skins. The other methods investigated in our study, manual, vacuum, and small screw press, did not lead to the fragmentation of skin, being less disruptive on the grape skins.



The different methods applied for the production of lab-made juice did not significantly affect the general chemical parameters, such as sugars, pH, and TA, neither for the Chardonnay samples (Table 4) nor for Pinot blanc samples (Table 5), in accordance with Dumas et al. [4]. Even if lower pH and higher TA were found in harvest 2023, no significant impact of the pressing method was found for both harvests.



Notable variability among the different pressing methods and vintages was found for the TPI, total FLVs, and antioxidant capacity as well. The small screw press led to lower TPI values across grape batches compared to other treatments. As shown in Table 3, the TPI values were significantly higher for the Chardonnay grape samples obtained with the manual pressing (641 ± 50 mg/L of gallic acid eq.) and vacuum pressing (727 ± 200 mg/L of gallic acid eq.) in comparison to the small screw press (219 ± 64 mg/L of gallic acid eq.) in harvest 2022. On the contrary, the TPI values for the Chardonnay grape samples were more consistent in 2023, in the range 150–197 mg/L of gallic acid eq. across all pressing methods (Table 4). Similarly for total FLVs, the small screw press juice samples had lower concentrations in comparison to the juice samples of the other methods in harvest 2022 (Table 4). This finding can be attributable to the climatic conditions of vintage 2022, being hot and dry, that could cause excessive phenolic compound accumulation, contributing to higher TPI values. A higher antioxidant capacity was revealed for the juices produced in harvest 2022 being around 2 folds higher than that one detected in the juices of harvest 2023 with significant differences among the methods (Table 4). However, the ratios between the antioxidant capacity and TPI were the highest in the small screw press juice samples (Table S2) suggesting that this pressing condition not only allowed a lower extraction of phenols but also that one more antioxidant could be extracted [32].



Similarly to the Chardonnay samples, the TPI, FLVs, and antioxidant capacity differed by means of pressing methods and vintages for the Pinot blanc samples (Table 5). The TPI values were significantly higher for the vacuum pressing (537 ± 30 mg/L of gallic acid eq.) and manual press (303 ± 55 mg/L of gallic acid eq.) juice samples in comparison to the small screw press juice samples (145 ± 8 mg/L of gallic acid eq.) for harvest 2022. Lower TPI values were also detected in small screw press juice samples in harvest 2023 (Table 5). As for the Chardonnay grape, the relevant differences in the TPI of the Pinot blanc samples among the two harvests could be due to the climate conditions. The small screw press juice samples did show lower total FLVs content for harvest 2022, while similar concentrations were found in harvest 2023 in the juice samples from different methods (Table 5). The antioxidant capacity was significantly affected by the methods applied as well as by the vintage (Table 5). Nonetheless, the ratios between the FLVs and TPI for the small screw press were the highest, with values of 45 ± 10 for harvest 2022 and 55 ± 15 for harvest 2023. This indicates that the concentrations of both flavonoids and total phenols were relatively low compared to other methods (Table S3). The oxidation of non-flavonoids can occur in must leading to the formation of o-quinones through the enzymatic activity of the polyphenol oxidase (PPO) enzyme in the presence of oxygen [31,32,33]. In order to understand the possible susceptibility to the oxidation of phenols related to the lab-pressing method applied, PPO activity was determined, but it was affected by neither the method nor the harvest (Table 4 and Table 5). PPO activity ranged from 8 to 577 units in the Chardonnay juice samples in vintage 2022 and from 0 to 166 units in the 2023 harvest. For Pinot blanc, PPO activity was in the range 5–144 in vintage 2022 and 0–59 units in vintage 2023. Moreover, further investigations may be necessary to better understand the relationship between PPO activity and the different treatments. This would help to better understand how the processing methods influence PPO levels and potentially impact juice quality.



In addition to phenolic compounds, grape skins are a primary source of color [34]. No significant difference was found across laboratory-scale pressing methods in color index (at 420 nm) detected in Chardonnay samples from harvest 2022. On the contrary, the significant lower color index was found in small screw press juice samples from the Chardonnay grape in harvest 2023 (Table 4). Pinot blanc juice samples produced by the small screw press had the significant lowest color index for both harvests (Table 5).



Besides the color index, the pressing methods did affect the turbidity being the lowest for juice samples obtained by the small screw press from both grape varieties in both harvests (Table 4 and Table 5). This finding could explain the differences in the color index revealed among the juice samples, while the relation between turbidity and phenol-related indexes can be excluded since the latter parameters seemed to be more affected by the grape variety and the harvest.




3.3. Lab-Made Juice Samples: Classification of the Pressing Methods


Chemical analyses showed complex results integrating the heterogeneity of the materials. Thus, we tested classification methods on the data sets to determine if it was possible to predict from which kind of pressing juices came from and thus understand their similarities. The models obtained were evaluated based on their performance, i.e., the good classification and the accuracy. The Random Forest method, using 90% of data for the training set and 10% of the data for the test set, provided the best results, which are presented below.



Based on physicochemical data, it was possible to perfectly classify the juices on their right method of pressing, both in 2022 and 2023 (Table 6), achieving an accuracy rate of 100% on both the training and test sets, i.e., 100% of good classification. The 15 samples from the training set and the single one from the data set, for each modality of pressing, were indeed all very good classified.



Thus, the classification of juices based on physicochemical data was possible and very accurate using the right classification method (Random Forest), showing important differences in the juices obtained, but also similarities due to the fact that models presented confusions in the recognition of the types of pressing when using a non-adequate method, for example, the accuracy was only of 0.50 using SVM pre-treatments of physicochemical data.



As spectral data is like a fingerprint and could contain more information than targeted physicochemical analyses, classification of the juices was also realized from Raman spectra. Results showed that we obtained 100% of good classification for both the training and the test sets with the Random Forest classification method (Table 6) and for all pressing methods. If the classifications were so good, it was because the quality of the juices produced by the different types of press was quite distinct. Thus, the type of pressing has to be selected knowing this information, meaning that a bias of the description of the grape juice and therefore of the composition of the corresponding wine depending on the manner the pressing occurred.



To sum up, using the right classification method and the right proportion of data for the training and test sets allowed a perfect classification of the juices based on the method of pressing, from both physicochemical and Raman data.



There are few studies on the classification of fruit juices, and particularly the classification of juices from different pressings. Good classification of grape juices based on their type of production (organic vs. conventional) were obtained from MID-IR data and chemometrics [35] with 100% of good classification or up to 92% of good classification from UV-VIS data using the PLS-DA classification method [36]. The use of chemometrics is more and more used, even for chemistry analyses. Data treatments start from PCA, CAH to PLS-DA, SIMCA, which request more expertise to use. They are usually applied for checking the origin, adulteration, and even assess the composition of the product [37]. The use of Raman spectroscopy in food analysis showed interesting opportunities by the ability to detect microorganisms like Escherichia coli in apple juice, to identify pectin in apple and apricot juices or classify the quality of olives in the frame of olive oil production [25]. However, our work showed for the first time that Raman spectroscopy and physicochemical data coupled with chemometrics could classify grape juice on the basis of the manner they were pressed.





4. Conclusions


This study concerned the evaluation of grape composition and the lab-pressing methods of two consecutive harvests. The two grape varieties investigated, Chardonnay and Pinot blanc, were harvested at an early maturity level appropriate for the sparkling wine production. Results highlight the relation between the grape characteristics and the pressing treatments under a laboratory scale. A relevant variability among grape batches was observed in particular in terms of extractable flavonoids and, consequently, of extractability, suggesting the need for applying an ad hoc pressing condition to obtain must fractions with the desired chemical composition. No significant differences were observed in the general chemical parameters, such as sugar content, pH, and titratable acidity, among the lab-pressing methods. No impact of pressing conditions was observed for the polyphenol oxidase enzyme that did not result a suitable marker. However, the pressing process can significantly influence the extraction of phenolic compounds with a small screw press being the pressing condition leading to lower phenolic content, color, and antioxidant capacity. Nonetheless, this method seems to extract the phenolics with higher antioxidant potential. It should be considered that quantitative analyses of phenols were carried out; qualitative assessment of phenolics may explain more accurately the differences among the pressing methods. However, this is the first investigation related to the monitoring of both general chemical parameters and phenolic-related indexes in grape juice samples obtained with different lab-pressing methods and addressed to the sparkling wine production. A spectral and physicochemical data analysis showed high accuracy in classifying juice quality based on pressing techniques, highlighting the need to carefully select pressing methods to ensure desired juice and wine composition.



Due to the soft pressing condition applied for the sparkling wine production, the use of the screw small press could represent a suitable approach for monitoring the grape pressing and selecting the proper harvest date base not only on the general chemical parameters, e.g., sugars and titratable acidity, but also considering the phenolic-related indexes.



Climate factors, such as temperature, sunlight, and rainfall patterns directly impact the maturation process, affecting parameters like sugar accumulation, acidity, and phenolic content. Additionally, each grape variety exhibits structural differences in berry skin, pulp, and seed composition, which influence juice yield and composition during pressing. This natural variability underscores the importance of adapting pressing techniques to each vintage and batch to optimize juice quality for sparkling wine production.



In winery settings, monitoring phenolic-related indexes is relevant when selecting appropriate pressing cycles and conditions, as phenolics significantly impact the sensory qualities and stability of both still and sparkling wines. In our laboratory trials, the small screw press consistently delivered reproducible results. This reliability underscores its value as a possible control method, enabling future studies to draw more precise correlations between lab-scale findings and full-scale winery outcomes. Furthermore, this approach can allow the optimization of pressing techniques based on grape variety and vintage.
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Figure 1. Shape of the Franciacorta area with location of the sampled vineyards. CH, Chardonnay grape; PB, Pinot blanc grape. 
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Figure 2. (a) Projection of the scores and (b) loading on the factor-plane obtained for the Chardonnay (CH) juice samples, and (c) projection of the scores and (d) loading on the factor-plane obtained for the Pinot blanc (PB) juice samples for vintage 2022. Antioxidant capacity (Antiox), color, total phenolic index (TPI), total flavonoids, (FLVs), pH, and titratable acidity (TA) were considered active variable (in blue); the ratio Antiox/TPI and ratio FLVs/TPI were considered supplementary variables (in red). 
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Table 1. Description of pressing methods used for the production of laboratory-scale juices.
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	Pressing Method
	Grape Weight

(g)
	Pressing

Conditions
	Juice Production 1
	Average Processing Time (min)





	Manual pressing
	500
	Under air
	Hand-crushing
	5



	Vacuum pressing
	500
	Under vacuum
	Pressed in plastic bags under a vacuum machine; transfer juice into a container under nitrogen
	10



	Juicer
	500
	Under air
	Automatically separates juice from skins and seeds
	5



	Small screw press
	2000
	Under air
	Juice obtained from the screw device; pressure applied manually
	15







1 For each method, juices free from skin and seeds were collected in an Erlenmeyer flask filled up with nitrogen for 3 min.













 





Table 2. Agrometeorological characterization of 2022 and 2023. The analysis is based on the 1997–2023 time series of Corte Franca (BS, Lombardy, Italy).
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	Tavg
	HD
	Ptot
	Pgs
	RDtot
	RDgs





	1997–2023
	Avg − SD
	14.0
	16.3
	870.7
	392.7
	69.9
	34.3



	
	Avg
	14.6
	32.0
	1140.0
	551.5
	87.3
	40.8



	
	Avg + SD
	14.0
	16.3
	870.7
	392.7
	69.9
	34.3



	2022
	
	15.3
	51.0
	770.2
	340.4
	71.0
	37.0



	2023
	
	15.3
	31.0
	1247.6
	807.0
	86.0
	49.0







Avg, average; SD, standard deviation; Tavg, mean yearly temperature; HD, number of hot days (Tmax > 32 °C); Ptot, total yearly precipitation and number of rainy days; Pgs, precipitation the growing season (April–August); RDtot, yearly rainy days; RDgs, rainy days along the growing season (April–August).













 





Table 3. Total and extractable flavonoids and extractability for Chardonnay and Pinot blanc grape samples harvested in 2022 and 2023 vintages.
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Samples

	
Total Flavonoids (FLVs)

(g/L of Catechin eq.)

	
Extractable Flavonoids

(Extractable FLVs)

(g/L of Catechin eq.)

	
Extractability

(%)




	
Vintage 2022

	
Vintage 2023

	
Vintage 2022

	
Vintage 2023

	
Vintage 2022

	
Vintage 2023






	
Chardonnay 1

	
2.33 ± 0.17 a

	
2.62 ± 0.08 a

	
0.84 ± 0.01 a

	
0.81 ± 0.01 a

	
36.0

	
31.0




	
Chardonnay 2

	
3.10 ± 0.11 b

	
2.63 ± 0.02 a

	
1.14 ± 0.01 b

	
0.80 ± 0.02 a

	
36.9

	
30.4




	
Chardonnay 3

	
2.51 ± 0.08 a

	
1.17 ± 0.01 b

	
0.88 ± 0.03 a

	
0.75 ± 0.03 b

	
35.1

	
64.1




	
Chardonnay 4

	
6.00 ± 0.04 c

	
5.03 ± 0.17 c

	
1.14 ± 0.01 b

	
0.88 ± 0.02 a

	
19.0

	
17.5




	
Chardonnay 5

	
2.75 ± 0.05 a

	
3.41 ± 0.07 d

	
0.69 ± 0.01 a

	
0.92 ± 0.01 c

	
25.0

	
26.9




	
Chardonnay 6

	
2.54 ± 0.01 a

	
3.94 ± 0.03 d

	
1.11 ± 0.04 b

	
0.80 ± 0.01 a

	
43.8

	
20.1




	
Average

	
3.20 ± 1.27 a

	
3.13 ± 1.20 a

	
0.97 ± 0.17 b

	
0.82 ± 0.15 a

	
32.6 ± 8.2 a

	
31.7 ± 15.6 a




	
Pinot blanc 1

	
3.3 ± 0.05 a

	
4.4 ± 0.07 a

	
1.45 ± 0.02 a

	
1.80 ± 0.50 a

	
43.9

	
40.9




	
Pinot blanc 2

	
4.4 ± 0.20 b

	
4.3 ± 0.15 a

	
1.70 ± 0.02 a

	
2.07 ± 0.15 b

	
38.6

	
48.1




	
Average

	
3.85 ± 0.55 a

	
4.35 ± 0.14 b

	
1.57 ± 0.12 a

	
1.93 ± 0.14 b

	
41.3 ± 2.7 a

	
44.5 ± 3.6 a








Results are average ± standard deviation. Different letters mean significant differences (Tukey’s HSD test for p ≤ 0.05).













 





Table 4. Chemical parameters of lab-scale Chardonnay juice samples in 2022 and 2023 vintages.
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Samples

	
Vintage

	
Sugars (g/L)

	
pH

	
Titratable Acidity (TA)

(g/L of Tartaric Acid)

	
Total Phenol Index (TPI)

(mg/L Gallic Acid eq.)

	
Total Flavonoids (FLVs)

(mg/L of Catechin eq.)

	
Antioxidant Capacity (AC)

(mmol Trolox eq./L)

	
Color

(ABS 420 nm)

	
NTU

	
PPO Activity (unit/mL)






	
Manual pressing

	
2022

	
197 ± 2 aA

	
3.31 ± 0.70 bA

	
5.7 ± 0.6 aB

	
641 ± 50 bA

	
144 ± 57 bcA

	
3.04 ± 0.54 bA

	
0.55 ± 0.13 aA

	
4902 ± 346 aA

	
44 ± 23 aA




	
2023

	
196 ± 8 aA

	
3.19 ± 0.18 aA

	
8.0 ± 1.0 aA

	
186 ± 20 cB

	
95 ± 23 aB

	
1.55 ± 0.69 aB

	
0.50 ± 0.24 abA

	
3173 ± 159 bB

	
46 ± 60 aA




	
Vacuum pressing

	
2022

	
189 ± 2 aA

	
3.36 ± 0.89 bA

	
6.0 ± 0.6 aB

	
727 ± 200 bA

	
202 ± 80 bA

	
3.55 ± 0.57 aB

	
0.56 ± 0.10 bA

	
4703 ± 276 aB

	
120 ± 205 aA




	
2023

	
189 ± 4 aA

	
3.16 ± 0.21 aB

	
8.2 ± 1.5 aA

	
197 ± 12 aB

	
86 ± 18 aB

	
1.50 ± 0.85 bA

	
0.62 ± 0.24 aB

	
3091 ± 179 bA

	
12 ± 10 aA




	
Small screw press

	
2022

	
182 ± 2 aA

	
3.31 ± 0.12 bA

	
5.8 ± 0.4 aB

	
219 ± 64 bA

	
75 ± 27 cA

	
2.55 ± 0.67 bA

	
0.50 ± 0.01 bA

	
1514 ± 277 bA

	
33 ± 30 aA




	
2023

	
197 ± 3 aA

	
3.15 ± 0.23 aB

	
8.6 ± 1.4 aA

	
150 ± 7 aB

	
74 ± 18 aA

	
1.50 ± 0.83 aB

	
0.35 ± 0.06 bB

	
1921 ± 84 aA

	
11 ± 18 aA








Results are average ± standard deviation. Different lowercase letters indicate significant differences among treatments in the same vintage; different uppercase letters indicate significant differences between the vintages (Tukey’s HSD test for p ≤ 0.05). PPO, polyphenol oxidase enzyme.













 





Table 5. Chemical parameters of lab-scale Pinot blanc juice samples in 2022 and 2023 vintages.






Table 5. Chemical parameters of lab-scale Pinot blanc juice samples in 2022 and 2023 vintages.





	
Samples

	
Vintage

	
Sugars (g/L)

	
pH

	
Titratable Acidity (TA)

(g/L of Tartaric Acid)

	
Total Phenol Index (TPI)

(mg/L Gallic Acid eq.)

	
Total Flavonoids (FLVs)

(mg/L of Catechin eq.)

	
Antioxidant Capacity (AC)

(mmol Trolox eq./L)

	
Color

(ABS 420 nm)

	
NTU

	
PPO Activity (unit/mL)






	
Manual pressing

	
2022

	
181 ± 1 aA

	
3.22 ± 0.08 aA

	
5.7 ± 0.0 aA

	
303 ± 55 aA

	
79 ± 11 aA

	
2.90 ± 0.1 aA

	
0.52 ± 0.07 aA

	
4759 ± 560 aB

	
34 ± 19 aA




	
2023

	
178 ± 3 aA

	
3.10 ± 0.01 bA

	
7.9 ± 0.1 bB

	
225 ± 8 bB

	
50 ± 11 bB

	
1.49 ± 0.6 bB

	
0.58 ± 0.06 aA

	
3079 ± 280 bA

	
39 ± 22 aA




	
Vacuum pressing

	
2022

	
179 ± 1 aA

	
3.31 ± 0.05 aA

	
5.3 ± 0.0 aB

	
537 ± 30 bB

	
128 ± 4 bB

	
3.9 ± 0.3 aA

	
0.60 ± 0.04 abB

	
4041 ± 154 aB

	
91 ± 65 aA




	
2023

	
177 ± 2 aA

	
2.99 ± 0.03 bB

	
8.7 ± 0.1 bB

	
155 ± 7 aA

	
52 ± 3 aA

	
2.13 ± 0.1 bB

	
0.58 ± 0.03 aB

	
2527 ± 178 aA

	
6 ± 11 aA




	
Small screw press

	
2022

	
182 ± 1 aA

	
3.21 ± 0.06 aB

	
5.4 ± 0.0 aA

	
145 ± 8 aA

	
61 ± 7 aA

	
1.79 ± 0.1 aB

	
0.21 ± 0.03 aA

	
1858 ± 177 bA

	
15 ± 11 aA




	
2023

	
178 ± 3 aA

	
3.05 ± 0.01 bB

	
8.4 ± 0.1 bB

	
115 ± 19 aB

	
59 ± 19 bB

	
2.45 ± 0.1 bA

	
0.23 ± 0.01 aA

	
1267 ± 100 aB

	
8 ± 11 aA








Results are average ± standard deviation. Different lowercase letters indicate significant differences among treatments; different uppercase letters indicate significant differences between the vintages (Tukey’s HSD test for p ≤ 0.05). PPO, polyphenol oxidase enzyme.













 





Table 6. Confusion matrix of the different pressed juices in 2022 and 2023, with the Random Forest classification method, and a partition ratio of data of 90%/10% between, respectively, the training set and the data set, and the accuracy of the generated model. Classifications from the physicochemical data on one hand and on the other hand from the Raman spectra.






Table 6. Confusion matrix of the di