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    Abstract

The efficiency and effectiveness of a new immobilizing yeast method to produce sparkling wines was examined. The cell entrapment organic system, labeled biocapsules, was accomplished by the natural and spontaneous co-immobilization of a Saccharomyces cerevisiae strain and a filamentous fungus (Penicillium chrysogenum). The behavior of this immobilization method was compared with the activity of the same yeast strains in a free cell format and immobilized in calcium alginate beads. Two Saccharomyces cerevisiae strains were used as starters and two different base wines were tested. Metabolic kinetics of the organic biocatalyst during secondary fermentation, enological parameters, foam properties, and sensory profile of the produced sparkling wines after 10 months of aging were analyzed. Immobilization supports and base wine characteristics had an influence on fermentation kinetics. Unfermented sugars were found in some of the immobilized yeast batches. Enological parameters assessed in the final products did not show relevant enological differences, with the exception of calcium ion content, which was slightly higher in sparkling wines made with yeast immobilized in calcium alginate beads. The foaming properties of batches produced with yeast in biocapsules had similar or better values than those fermented with free cells. Discriminant analysis performed with the enological and foam data distinguished among the sparkling wines made with biocapsules and the other two yeast inoculum formats. A triangular test reported no significant differences among inoculating yeast forms in most of the batches. The results suggested that biocapsules might be a low cost, natural, and suitable yeast immobilization method for sparkling wine production.

	sparkling winemaking
	immobilized yeast
	biocapsules
	enological parameters
	foaming properties
	sensory analysis

There have been considerable recent developments in winemaking techniques in all stages of wine production, and particularly in the fermentation process (Kourkoutas et al. 2010). The use of immobilized microorganisms has been viewed as a means for solving a number of practical problems in biotechnology based manufacturing processes. In traditional sparkling wine production, lees removal is a labor-intensive and time-consuming process. Industrial use of immobilized yeasts in the classic technology of wine champagnization makes it possible to reduce and simplify the riddling (remuage) and disgorging procedures (Torresi et al. 2011). The use of immobilized yeasts in bottle fermentation made it possible to decrease two-fold the area of production facilities (Lallement 1991) and to reduce the net cost of this stage by 80% (Loureiro 1990).
Research has been concentrated on the selection of an appropriate material for yeast immobilization, with the possibility of using agar, agarose, calcium and barium alginates, K-carrageenan, gelatin, porous ceramics, glass, pumice, and dialysis membranes (Martynenko and Grachev 2003). Bidan et al. (1980) were the first to obtain a patent for the production of sparkling wines using immobilized yeasts. Calcium alginate is currently the major carrier used in biocatalysts for bottle fermentation. The use of calcium alginate gels is advantageous, since they are easily prepared and allow the incorporation of yeasts under mild conditions. In this condition, secondary fermentation was likewise not affected by the presence of calcium alginate beads. Wines prepared by bottle fermentation using immobilized yeast cells were equivalent to wines prepared according to the traditional method, in terms of ethanol content, organic acids, total nitrogen, higher alcohols, and sensory parameters (Fumi et al. 1988, Pisanelli et al. 1989, Crapisi et al. 1990). Nevertheless, some studies have detected that the use of gel-incorporated yeast cells as calcium alginate gels increase calcium and sodium ions in the finished wine (Magyar and Panyik 1989, Trioli et al. 1990).
An effective method to accomplish the natural and spontaneous co-immobilization of Saccharomyces cerevisiae and a filamentous fungus Penicillium chrysogenum has been recently developed, yielding biocapsules of the fungus immobilizing the yeast without the need for an external support or chemical binder (Peinado et al. 2006). The filamentous fungus dies during the fermentation process and remains as a mere inert support (García-Martínez et al. 2011). Binding and interactions between the two microorganisms are all natural rather than forced upon a support such as alginate or carraginate (Kourkoutas et al. 2004), allowing the yeast to preserve most of its catalytic activity. Biocapsules have been used in some fermentative processes such as sweet wines or the production of bioethanol (Peinado et al. 2006, García-Martínez et al. 2008).
In this study, biocapsules were used to make sparkling wine by bottle fermentation to produce cava (qualified appellation of origin). The enological and sensory characteristics of this new immobilization format were studied and compared with the same yeast strains fermenting with conventional technology (free cells) and immobilized in calcium alginate beads.

Materials and Methods


Yeast strains and cell immobilizations.

Two different Saccharomyces cerevisiae strains were used: S. cerevisiae P29 (Spanish Type Culture Collection, CECT 11770), a wine yeast from Catalonia vineyards, previously isolated in the Catalan Institute of Vine and Wine (Vilafranca del Penedés, Spain) and S. cerevisiae Enoferm QA23 (Lallemand, Montreal, Canada). Yeast strains were selected on the basis of their capability of producing sparkling wines.

Three inoculation formats were used for sparkling wine bottles: free yeast cells, immobilized cells entrapped in calcium alginate beads, and biocapsules. Free cells inoculum was prepared to obtain a final cellular concentration in the sparkling wine bottles of ~1 × 106 cells/mL of base wine. In batches that contained free cells, bentonite (0.6 mL/L) (Adjuvant 83, adjuvant de remuage, Station Oenotechnique de Champagne, Epernay, France) was added to the fermentation mixture as fining agent to facilitate the process of riddling. Calcium alginate beads of the two strains were made in our laboratory according to specifications described elsewhere (Hidalgo-Togores 2003). The number of beads to be introduced in each bottle was calculated as indicated in the same protocol, to establish an inoculum equivalent to 1 × 106 cells/mL of base wine. Biocapsules of P29 and QA23 strains were obtained according to previous methods (Peinado et al. 2006, García-Martínez et al. 2011) under special conditions in a formation medium consisting of yeast nitrogen base without amino acids (YNB, Difco, Becton Dickinson and Company, Sparks, MD) containing a 5 g/L concentration of gluconic acid (Sigma-Aldrich, St. Louis, MO) as carbon source. The medium was buffered at pH 7 with sodium and potassium phosphate. For biocapsule inoculum, several Erlenmeyer flasks containing 100 mL sterilized formation medium (García-Martínez et al. 2011) were inoculated with 7.5 × 106 viable yeast cells/mL and spores of P. chrysogenum strain H3 were added by an inoculation loop. Spheres that appeared in each flask corresponded to the inoculum for each sparkling wine bottle, equivalent to 1 × 106 cells/mL of base wine. The amount of total and viable cells in each case was determined by direct counts in a Thoma chamber following staining with Methylene Blue (Sigma-Aldrich).



Sparkling wine fermentations.

Secondary fermentation was carried out in standard 750 mL sparkling wine bottles filled with a fermenting mixture: base wine plus sugar at 22 g/L, which contained ~1 × 106 cells/mL. Two different base wines were used, made with traditional Vitis vinifera varieties harvested in the Penedés Denomination of Origin (Table 1). The behavior of biocapsules of P29 and QA23 as yeast inoculum was compared with sparkling wines made with free cells and calcium alginate beads of the same strains for each base wine. Twelve batches of sparkling wine were manufactured by the so-called traditional method (Table 2). Bottles were closed with bidules and crown caps and positioned horizontally on the floor of a cave with a constant temperature of 14 to 16°C. For each batch, 25 different bottles were produced.

View this table:	View inline
	View popup
	Download powerpoint



Table 1 
Composition and enological parameters of base wines.
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Table 2 
Batches of sparkling wine produced and tested variables.




The fermenting activity of both immobilized formats and free cells was assessed by carbon dioxide pressure in the sparkling wine, measured using an internal bottle pressure device (Oenotilus, Station Oenotechnique de Champagne). The first analyses (enological and sensory) of the resulting products were performed after 10 months of aging (nine months is the minimum aging period established in cava regulation; European Commission 1999).

Three bottles of each batch were riddled and disgorged for performing all the tests. Bottles were filled with the sparkling wine itself in order to produce Brut nature sparkling wines (Liqueur d’expédition was not added). The bottles were closed with cork and secured to the neck with a wire cap. For analytical determinations, samples were previously degassed by magnetic stirring.



Analytic determinations.

The following parameters to characterize the base wine and the finished cava after 10 months of aging were determined in accordance with European regulations (European Commission 1990, OIV 2008): alcoholic degree (% v/v), sugar (g/L), pH, titratable acidity (g/L in tartaric acid), volatile acidity (g/L in acetic acid), free SO2 (mg/L), and total SO2 (mg/L). l-Malic acid (g/L), lactic acid (g/L), yeast available nitrogen (mg/L), and glycerol (g/L) were analyzed with a multi-parametric analyzer Lisa 200 (Hycel Diagnostics, Tecnología Difusión Ibérica, Barcelona, Spain) by enzymatic methods. A420, A520, A620 and A280 were taken in a Lambda 25 UV-Vis spectrophotometer (Perkin-Elmer, Waltham, MA). Fusel alcohols (mg/L) and acetaldehyde (mg/L) were determined by gas chromatography in a Hewlett-Packard 5890 series II device (Agilent Technologies, Santa Clara, CA) equipped with a flame ionization detector. A TRACSIL capillary column (30 m length × 0.53 mm i.d.) with a cross-linked stationary phase (1.2 μm film thickness) of polyethylene glycol (Teknokroma, Barcelona, Spain) was used. The chromatographic conditions were helium (99.999% purity) as carrier gas, at a linear velocity of 30.9 cm/s. Column temperature was held at 45°C for 3 min and increased to 120°C at 4.5°C/min. Injection port and detector temperatures were 220°C and 260°C, respectively. Samples of 1 μL sparkling wine were directly injected into the column and the concentrations of the above volatile compounds were determined by internal standard (IS) method. Calcium ion was measured by flame atomic absorption spectrometry in a Perkin-Elmer 280 device determined in accordance with European regulations (European Commission 1990).

The foam measurement of base wines and sparkling wines was carried out using the Mosalux procedure (Maujean et al. 1990, Poinsaut 1991) (Station Oenotechnique de Champagne). A glass cylinder placed on a glass frit was filled with 100 mL of the sample. Carbon dioxide was injected into the glass cylinder through a glass frit with a constant gas flow of 115 mL/min under a constant pressure of 100 kPa. Foam height was measured by photoelectric cells (infrared beams). Two parameters were measured: the foamability (HM) (mm), which was the maximum height reached by the foam, and the persistence of the foam collar (HS) (mm), which was the ability of the wine to produce stable foam.



Sensory analysis.

Sensory analysis was carried out by a tasting panel of 10 judges, all expert tasters from the Regulatory Councils of Penedés and Cava Denominations of Origin. Randomized samples of 25 to 30 mL at 6 to 8°C were served in clear glasses marked with random numbers and covered with petri dishes to preserve the aroma. Four different triangular tasting sessions, for each strain and base wine series, were performed according to ISO standard 4120:2004 (ISO 2004). For each tasting session, three series with three glasses in each were evaluated. In each series, two samples were identical (the same yeast inoculation format) and one different. The taster was asked to distinguish the sample that was different in order to detect differences between sparkling wine made with yeast in biocapsules and the other yeast inocula.



Statistical procedures.

Data reported are the means of three repetitions (three different bottles of the same batch). One-way ANOVA was performed to evaluate the differences among sparkling wines obtained with different format yeast inoculation. The means were compared by Tukey’s honestly significant difference (HSD) procedure. For chromatic values, two-factor ANOVA was performed to determine if the interaction between base wine and yeast inoculation format had a significant influence on the data obtained. A discriminant analysis with inoculum format as cluster variable was also calculated. Results were considered significant when p < 0.05 (95% confidence level). ANOVA evaluations and discriminant analysis were performed using SPSS 15.0.1 (2006) statistical software (SPSS, Chicago, IL). Sensory analysis data were processed as described in ISO 4120:2004 (ISO 2004), evaluating the minimum number of correct answers to make a difference at various confidence levels.



Results and Discussion

To our knowledge, this is the first time that a new immobilization system such as biocapsules has been evaluated as a support for yeast cells in sparkling wine production. Their feasibility and integrity to withstand secondary fermentation conditions with high pressure inside the bottle and their capability to metabolize all sugars were studied. Kinetics of the fermentation process with yeasts immobilized in biocapsules were compared with those obtained according to the traditional method with free cells and with the immobilization yeast system commonly used in sparkling wine production, using calcium alginate as the carrier matrix. These three yeast formats were examined in two base wines and with two different yeast strains for repeated batch fermentations and the key enological and sensory characteristics of the sparkling wines were compared.


Biocapsule formation.

Under special conditions, two types of biocapsules, one for each assayed yeast strain, were obtained by spontaneous co-immobilization of S. cerevisiae cells and the fungus P. chrysogenum in the absence of an external support or chemical cross-linkers. The formation of biocapsules was noticed three days after inoculation, and in 7 to 10 days the medium was fully transparent and contained no free yeast cells. At this point, hollow, smooth and elastic spheres of 2 to 4 mm diameter were obtained (Figure 1). Biocapsules were removed from the formation medium, submerged with sterile distilled water, and kept at 4°C until use. From 180 to 200 biocapsules were introduced in each bottle, corresponding to a final concentration in the base wine of ~1 × 106 cells/mL.
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Figure 1 
(A) Immobilized yeasts concentrated in the neck of the sparkling wine bottles: (1) biocapsules; (2) calcium alginate beads. (B) Yeast inoculum formats: (1) free cells; (2) yeast cells immobilized in calcium alginate beads; (3) yeast cells immobilized in biocapsules.






Fermentation kinetics and riddling.

The kinetics of sparkling wine fermentations carried out with P29 and QA23 strains, with two types of base wine and three forms of inoculum were examined (Figure 2). Generally, the fermentative kinetics with the free cells was more vigorous than with the other formats. This was more evident in wine 1 (Figure 2A, C), where a pH <3.0 and less yeast available nitrogen could affect the rate of growth of immobilized yeasts. Fermentations with base wine 1 led to an unfinished process, with QA23 strain immobilized in biocapsules and calcium alginate beads (Figure 2C) and a long lag phase (11 to 13 days) with respect to free cells in suspension (7 days) in the case of P29 strain (Figure 2A). This may have been due to a slight stress of the immobilized cells and/or the matrix of support may have led to nutrient mass limitations by diffusion in these formats, which affected its fermentation kinetics in this base wine. It has been noted that the efficiency of a biocatalyst like immobilized yeast often depends on the physiological state of the cells, since manipulations during immobilization procedure are stressful (Scheper et al. 2000). With P29 fermenting base wine 1 (Figure 2A), yeast fermentation kinetics in biocapsules and alginate beads followed a similar behavior, with a stabilization of the pressure at day 52 in both cases, whereas free cells finished at day 43. When base wine 2 was used, the rate of CO2 production in the bottles, where free cells and immobilized cells in biocapsules were established as inocula, evolved similarly with both strains (Figure 2B, D). Immobilized cells in biocapsules exhibited slightly faster fermentation rates than free cells, in accordance with studies that used several immobilization systems (Peinado et al. 2005, Bakoyianis et al. 1997, Mallouchos et al. 2002). In this work, fermentations with yeast immobilized in calcium alginate in base wine 2 were the slowest, taking 53 and 63 days with QA23 and P29 strains, respectively. One of the reasons for this slow rate may be that yeast immobilization in calcium alginate beads incorporates a protective layer of alginate gel that contains no cells to prevent the release of cells from the matrix (Duteurtre et al. 1991, Yokotsuka et al. 1997). Biocatalysts prepared using this protective coat seemed to decrease the mass exchange in the biocatalysts, thereby decreasing the discharge of carbon dioxide, which is formed in considerable amounts in the course of fermentation (Martynenko and Gracheva 2003). Diviès et al. (1994) compared metabolism of entrapped and free cells during the bottle fermentation and detected some differences, but the final products did not reveal significant sensory disparity, as in this study.
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Figure 2 
Fermentation kinetics of the different batches of sparkling wine. S. cerevisiae P29 fermenting in base wine 1 (A); S. cerevisiae P29 fermenting in base wine 2 (B); S. cerevisiae QA23 fermenting in base wine 1 (C); S. cerevisiae QA23 fermenting in base wine 2 (D).




It is recognized that the dynamics of secondary fermentation determine the qualitative characteristics of sparkling wine. In this way, the secondary fermentation and subsequent aging, carried out at temperatures <14°C, which implies a slower fermentation kinetics, provide sensory properties (integration of CO2 in the product, aromatic and flavor development) more suitable than fermentation at higher temperatures with faster dynamics. Yeasts immobilized in biocapsules capable of performing the secondary fermentation at 10°C (data not shown) represent, according to this consideration, a factor to take into account for improving sensory characteristics of sparkling wines.

Cava bottles that successfully completed the fermentation process reached between 6 and 7 bars of pressure in both wines as expected, considering the amount of sugar added to each bottle.

Riddling was conducted with several bottles of each batch at the end of fermentation and just before disgorging to verify the simplification of that stage. Yeast cells immobilized in calcium alginate beads were the fastest, taking less than 15 seconds to concentrate at the neck of the bottle. Biocapsules were slower than alginate, taking less than 2 minutes. Moreover, both immobilization supports were much better than free cells in suspension with bentonite, which spent several days in riddling.

As in a similar study (Liang et al. 2008), we faced the problem of a possible cell release from the carrier matrix in the biocapsules. In all the experiments, the finished cava did not contain free cells, as indicated by the absence of colonies following a plate count of 100 mL of sample and by a sparkling wine turbidity of <1 NTU, equivalent to a translucent wine ready for consumption. Similar results were obtained with cava batches elaborated with yeast cells immobilized in calcium alginate. Gòdia et al. (1991) demonstrated the effectiveness of an external layer free of cells around calcium alginate beads in order to reduce cell release from the carrier matrix; at the end of the process, externally coated beads resulted in a wine absolutely free of cells.



Enological parameters, color, and foaming properties.

The main enological parameters, some volatile compounds, and chromatic and foaming properties were determined in all batches of sparkling wine. Strain QA23 in biocapsules fermenting base wine 1 did not complete the fermentation, with >15 g/L of residual sugar remaining in the sparkling wine (Table 3). Residual sugars appeared also in some of the wines produced with calcium alginate beads with both strains: P29 in base wine 1 and QA23 in both base wines 1 and 2. Cava regulation (European Commission 1999) indicates that the labeling of “Brut nature” is possible up to 3 g/L; thus, such labeling is not possible here. Results for alcohol content were as expected. When one-way ANOVA was applied to identify differences among the winemaking formats, significant differences (p < 0.05) in sugar content and alcohol, related to the different fermentation efficiency among batches, were observed. Significant differences were also obtained in calcium ion: sparkling wine made with yeasts immobilized in calcium alginate beads contained ~12 mg/L more Ca than those wines produced with free cells or biocapsules. These results are in agreement with previous studies in which increases in Ca levels in sparkling wines were observed when calcium alginate gels were used for yeast encapsulation (Fumi et al. 1988, Maygar and Panyik 1989, Trioli et al. 1990). However, no increase in turbidity or opacity in our bottles was observed. The use of yeast in biocapsules did not modify other enological parameters such as titratable acidity, volatile acidity, or pH, which were within the same ranges as found in the base wine. No significant differences in yeast-inoculating formats were determined when some volatile compounds were analyzed (Table 4).
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Table 3 
Enological parameters of sparkling wines produced by free yeast cells, yeast cells immobilized in alginate and in biocapsules, using two different base wines and different yeast strains (P29, QA23) after 10 months of aging.
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Table 4 
Aldehydes and fusel alcohols (expressed as mg/L) detected by gas chromatography in sparkling wines obtained with free yeast cells and yeasts immobilized in calcium alginate beads or biocapsules after 10 months of aging.




In terms of color intensity, no significant differences in the A520 and A620 values among wines were found when one-way ANOVA was conducted (Figure 3). For absorbance values at 420 nm (browning color), significant differences (p < 0.05) were detected when base wine was the factor, but no differences among sparkling wines made with free or immobilized yeast cells were found. The interaction base wine–yeast format was examined by two-way ANOVA, verifying that immobilized yeast in biocapsules did not have any influence on the color of the final wine.
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Figure 3 
Color intensity expressed as the sum of absorbances at 420, 520, and 620 for sparkling wines made with S. cerevisiae P29 or QA23 strains and base wine 1 (BW1) or base wine 2 (BW2). Free yeast cells (F), yeast immobilized in calcium alginate beads (A), yeast cells in biocapsules (B). Values are means ±S.D. (n = 3). Different letters for the same absorbance represent means significantly different at p < 0.05.




Significant differences were obtained in the values of other important enological parameters in sparkling wine, such as foamability (HM) and the persistence of the foam (HS) (Figure 4). The foaming properties showed a decrease in foamability in all cases and a variable behavior of foam persistence in the sparkling wines compared to its corresponding base wines (Table 1). Free cells with bentonite had the lowest foamability and foam persistence values in most cases. This data is in accordance with Vanrell et al. (2007), who noted that the addition of bentonite to facilitate the riddling process affects foam quality. Foamability values in sparkling wines made with yeasts immobilized in alginate were slightly higher than those made with biocapsules, perhaps due to the matrix support of the biocapsules, formed by the fungus hyphae, which may absorb part of the soluble proteins responsible for the foamability. However, more specific studies are needed to demonstrate this theory. Significant differences in foamability and foam persistence were obtained with strain QA23 fermenting base wine 2 among wines made with free cells and those made immobilized yeasts (alginate beads or biocapsules) (Figure 4D), when Tukey’s test was conducted. Thus, in general, data indicates that secondary fermentation conducted with immobilized yeast cells resulted in better foam quality than fermentation with traditional free cells.
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Figure 4 
Foam properties (HM, foamability; HS, foam persistence) expressed by the height in mm. Sparkling wines made with strain P29 and base wine 1 (A), strain P29 and base wine 2 (B), strain QA23 and base wine 1 (C), strain QA23 and base wine 2 (D), and the three yeast inoculum formats. Values are means ±S.D. (n = 3). Different letters for each parameter for a given strain and base wine indicate means significantly different at p < 0.05 among yeast inoculum formats.




Linear discriminant analysis was performed to investigate whether certain analyzed variables allowed classifying each sample according to the yeast inoculum format, independently of the strain and the base wine used. Variables included enological parameters, volatile compounds, chromatic and foaming properties, with the exception of sugar content, alcoholic degree, and calcium ion data, which showed significant differences among batches. The plot shows that sparkling wines obtained from distinct yeast inoculum were clearly distinguished (Figure 5). Discriminant function 1 justified 70.6% of the variance and was mainly defined by pH, volatile acidity, malic acid, and foamability values. Samples were successfully classified in 94.4% of cases.
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Figure 5 
Discriminant analysis plot of enological parameters, volatile compounds, and chromatic and foam properties of the sparkling wines according to the yeast inoculum format.






Sensory analysis.

Sparkling wines after 10 months of aging were submitted to a panel of 10 expert tasters for sensory profiling. The profiling was conducted using a triangle test based on ISO standard 4120:2004, which describes a procedure for determining whether there is a perceptible sensory difference or similarity between samples of two products. The method was chosen because it is a forced-choice procedure that applies whether a difference can exist in a single sensory attribute or in several attributes. In this case, differences between yeast inocula format were evaluated. The statistical significance of the number of correct judgments versus the total number of judgments was subsequently determined (Table 5).
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Table 5 
Sensory triangular test performed by 10 tasters in the final sparkling wines.




No differences were detected among sparkling wines made by free or immobilized yeast cells with P29 fermenting base wine 1. When the same strain was used with base wine 2, panelists distinguished sparkling wine made with free cells to a greater extent than wine made with biocapsules (1% significance level). When strain QA23 fermented in base wine 1, problems occurred, as mentioned above, in metabolizing all the sugars added in the wine. For this reason, panelists detected significant differences in two of the three series analyzed: 7 and 9 correct answers out of 10 were recorded when free cells and alginate or alginate and biocapsules were compared, respectively. No significant differences were detected when the triangular test was performed in sparkling wines made with QA23 strain and base wine 2. No unpleasant or strange odor or taste was detected in any sparkling wine samples, whether produced with biocapsules, free cells, or alginate beads.



Conclusions

Data obtained in the present study with two yeast strains and with two different base wines demonstrate how biocapsules can be used as a method to immobilize yeast for making sparkling wine. This new immobilization system has shown good fermentation effectiveness and the resulting sparkling wine has a slightly better foam quality than batches made with free cells. Otherwise, no relevant differences in enological or sensory analyses were observed compared with traditional fermenting methods.

Although further studies of aging are required to certify the results obtained, we propose the use of yeast cells immobilized in biocapsules for wine champagnization by bottle fermentation. This method makes it possible to complete riddling in less than two minutes, resulting in a decrease in manual labor and industrial space and thus making sparkling wine manufacturing by bottle fermentation more profitable.
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