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Effect of stressful malolactic fermentation conditions on the operational and
chemical stability of silica-alginate encapsulated Oenococcus oeni

Abstract

Oenococcus oeni was encapsulated into inter-penetrated polymer networks of silica-
alginate (SiO,-ALG). Fourier transform infrared spectroscopy analysis proved the
presence and the polycondensation of the siliceous material used in SiO,-ALG capsules.
Environmental scanning electron microscopy showed that the structure of SiO,-ALG
biocapsules was rougher than in alginate (ALG) biocapsules. The behaviour of SiO;-
ALG biocapsules was evaluated at pH 3.0-3.6 and alcohol degrees of 12-15%.
Repeated-batch malolactic fermentations (MLF) demonstrated that SiO,-ALG
biocapsules can be reused efficiently for five times in either low-pH or high-ethanol
wines, while free bacteria only can be used once under the most favourable MLF
conditions. The inclusion of siliceous materials into ALG hydrogel improved the
stability of the biocapsules, reducing their shrinking and achieving an excellent integrity
under winemaking conditions. These results proved the possibility of industrial

application of SiO,-ALG biocapsules in winemaking.

Highlights

e Combination of ALG and SiO;, enhances chemical stability of biocapsules in
wine

¢ Inclusion of SiO, improves the operational stability of ALG-based biocapsules

e Si0,-ALG biocapsules can be reused efficiently in low-pH or high-ethanol

wines
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e SiO,-ALG entrapped bacteria achieve a successful MLF under adverse

conditions

Key words: Biomaterial, biocatalysis, immobilization, hydrogel.

1. Introduction

In the last decade, cell encapsulation has been reported as an alternative to free
cells for the enhancement of long-term bio-efficiency in fermentative processes
(Kourkoutas, Manojlovi¢, & Nedovi¢, 2010; Maicas, 2001). Different materials have
been applied as carriers for cell encapsulation, mainly organic polymers (such as ALG,
carrageenan, chitosan, agarose, pectin, gelatine, and chitin). Ionotropic ALG hydrogel
has been extensively used for this purpose due to being easy and cost-effective to
prepare, the encapsulation conditions are mild for cell, and its porous structure allows
the free diffusion of substrates and products. However, the low chemical stability and
the poor mechanical strength of ALG hydrogel hinder its industrial implementation
(Ching, Bansal, & Bhandari, 2015). Different alternatives have been assessed to
improve these disadvantages based on coating techniques (Sim6, Ferndndez-Fernandez,
Vila-Crespo, Ruipérez, & Rodriguez-Nogales, 2017a) as well as on the incorporation of

other polymers and/or fillers into ALG gel (Neufeld, & Poncelet, 2004).

Previous researches have been done for the improvement of the stability of ALG
capsules using covalent polymeric networks of SiO, obtained by the sol—gel process
(Thibaud Coradin, Allouche, Boissiere, & Livage, 2006; Kuncova & Trogl, 2010).
These inorganic-organic hybrid materials have the advantages of the organic component
(ALG) (biocompatibility, elasticity and flexibility) and the inorganic component (SiO;)
(strength, and thermal and chemical stability) (Hwang & Gu, 2013). From a

toxicological point of view, Si0,—ALG capsules are very suitable for food application
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since (i) ALG is a natural polymer that has been recognized as a “generally recognized
as safe” material (Sosnik, 2014), and (ii) siliceous materials are being used for
biomedical applications and hence admitted as safe for humans (Carturan, Dal Toso,

Boninsegna, & Dal Monte, 2004).

The classic sol-gel process involves the hydrolysis of alkoxide precursors in the
presence of water and catalysts (either acids or bases) to form silanol groups (Si-OH)
with the releasing of alcohol molecules. Then, condensation of silanol groups takes
place to produce siloxanes (Si-O-Si). Finally, polycondensation of silanol and siloxanes
occurs, yielding SiO, materials (Niederberger & Pinna, 2009). The use of sol-gel
chemistry for cell encapsulation presents some risks for cell viability. On one hand, the
released alcohol from the hydrolysis of alkoxide precursors may be toxic to cell. On the
other hand, the use of cosolvent and catalysts to increase the low water solubility and
the reactivity of alkoxide precursors, respectively, may also cause loss of cell viability.
Some solutions have been reported to solve these drawbacks based on either the
removal of alcoholic by-products before cell encapsulation or the use of an aqueous sol-
gel process with non-alkoxide precursors (Coradin et al., 2006; Kuncova & Trogl,

2010).

A successful strategy was recently proposed by our research team, in which an
easy, economic and efficient cell encapsulation procedure based on inter-penetrated
polymer networks of SiO, and ALG was developed (Simd, Fernandez-Fernandez, Vila-
Crespo, Ruipérez, & Rodriguez-Nogales, 2017b; Simo6, Vila-Crespo, Fernandez-
Fernandez, Ruipérez, & Rodriguez-Nogales, 2017). The hybrid composite was obtained
by the sol-gel aqueous route using non-alkoxide silicon precursors (colloidal silica and
sodium silicate). The resulting SiO,-ALG biocapsules with entrapped O. oeni bacteria

were applied in winemaking to develop MLF. SiO,-ALG biocapsules presented a

4
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remarkable increase in mechanical robustness of 328% and 65% in L-malic acid
consumption, observing insignificant bacteria release compared to untreated ALG
biocapsules (Simo6, Vila-Crespo, et al., 2017). Also, SiO,-ALG encapsulated O. oeni
showed an enhanced MLF in wines with high concentration of ethanol (13-16%), low
pH (3.0-3.3) and at low fermentation temperatures (13-15°C) compared to ALG

capsules (Simo, Fernandez-Fernandez, et al., 2017b).

To the best of our knowledge, only two other works using SiO,-ALG
composites for the encapsulation of O. oeni have been reported (Callone, Campostrini,
Carturan, Cavazza, & Guzzon, 2008; Guzzon, Carturan, Krieger-Weber, & Cavazza,
2012). Unlike our strategy, both works noted a non-aqueous method based on double-
layer coating of ALG capsules embedded with O. oeni using tetraethoxysilane and
methyltriethoxysilane as alkoxide silicon precursors. The coating procedure did not
increase the metabolic activity of bacteria, although there was a notable improvement of

the hardness of biocapsules.

One of the potential main advantages claimed for the use of encapsulated cells
includes their easy separation and reuse. Industrial implementation of biocapsules
depends on the possibility of their recycling for a long period without compromising
their metabolic activity and viability. Moreover, biocapsules must be stable along the
fermentative period for the success of alcoholic beverage production (Kourkoutas,
Bekatorou, Banat, Marchant, & Koutinas, 2004). A deep knowledge of the effect of the
hostile wine environment on biocapsules stability needs to be addressed to obtain a full

exploitation of this potential advantage.

In this context, the encapsulation of O. oeni into inter-penetrated polymer

networks of SiO, and ALG could involve a great enhancement of the operational and
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chemical stability of the biocapsules to the stressful conditions of MLF. For that, the
aim of this study was to evaluate the reusability of Si-ALG biocapsules under
unfavorable MLF conditions and to test their long-term chemical stability in harsh wine
conditions of low pH and high ethanol concentration. The presence of siliceous
materials in the Si-ALG biocomposites and their effect on the external and internal
structure of the capsules were also verified by Fourier transform infrared spectra (FTIR)

and Environmental scanning electron microscopy (ESEM) analysis.

2. Experimental
2.1. Preparation of SiO»-ALG biocomposites with encapsulated bacteria

Inter-penetrated polymer networks of silica/silicate and ALG (Simd, Vila-
Crespo, et al., 2017) were carried out adjusting the pH of a water solution of 1.23 M
colloidal silica (Ludox HS40, Sigma-Aldrich, Spain) and 0.06 M sodium silicate
(Sigma-Aldrich) to 6.3 by adding 2N HCI. Then, sodium ALG (Panreac, Spain) was
mixed with the silica/silicate solution until obtaining a final concentration of 2% (w/v).
Freeze-dried bacteria (O. oeni strain LALVIN VP 41° MBR, Lallemand, France) were
rehydrated in water at 20°C according to the manufacturer’s instructions and they were
added at a concentration of ~3-10° cfu/g of gel. Population of freeze-dried culture was
tested in Tomato Juice Agar (Difco, Sparks, MD, USA) at 22°C. Capsules were made
by extrusion of the well-mixed siliceous material-ALG-cell suspension with a 10 mL
sterile syringe with a nozzle of 1.78 mm of diameter (BD 166 Plastipak, Spain) into
sterile 0.2 M CaCl, solution under continuous agitation (260 rpm) at 22°C. Capsules

were kept in this solution for 2 h and washed with water at 22°C. Capsules of ALG were
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made using the method described for Si0,-ALG capsules but omitting the addition of

siliceous material. All solutions were autoclaved prior to use.
2.2. Environmental scanning electron microscopy (ESEM)

The prepared SiO,-ALG and ALG biocapsules were dehydrated by freeze-
drying at —40°C. The samples were coated with gold and examined in a Quanta 200FEI
ESEM (Hillsboro, Oregon, USA) with a backscattered electron detector at a landing

energy of 4.0 KeV.
2.3. Fourier transform infrared spectroscopy analysis (FTIR)

Functional groups of freeze-dried SiO,-ALG and ALG capsules were
characterized by FTIR spectrophotometry. The vibrational spectra of the capsules in
the 400-4000 cm™ spectral range were measured using a Thermo Scientific Nicolet
1S50 FTIR spectrometer (Waltham, MA, USA), equipped with a built-in diamond
attenuated total reflection (ATR) system. Spectra of the samples were recorded with a

1 cm™ spectral resolution, and 32 scans.
2.4. Operational stability of biocapsules

Reusability of SiO,-ALG biocapsules was determined using the same inoculum
for five consecutive cycles of MLF under different winemaking conditions. Free
bacteria were also used as control. Red wine of “Tinta de Toro” variety (3.0 g/L malic
acid, pH 3.4 and alcoholic degree of 14.0%, v/v) was partially dealcoholized to obtain a
final alcoholic degree of 11% under reduced pressure in a rotary evaporator. A first
batch of wine was made adjusting the alcoholic degree of the concentrated wine to
12.0%, 13.5% and 15.0% with ethanol and at pH 3.4 using acid or basic concentrated
solutions. A second lot of wine was set to an alcoholic degree of 13.0% and pH of 3.0,

3.3 and 3.6. MLF was conducted in sterilized red wine (by filtration through a 0.2 um
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pore-size) inoculating either free or Si0,-ALG encapsulated bacteria at a concentration
of ~9 x 10" cfu/mL of wine. Rehydrated culture from freeze-dried O. oeni strain
(LALVIN VP 41® MBR) was used as free inoculum. Bacterial population of free
inoculum was tested in Tomato Juice Agar at 22°C (Difco). MLF was carried out in
triplicate and its progress was monitored by the determination of L-malic acid
concentration (in triplicate) using an enzymatic kit (TDI, Barcelona, Spain). After 120 h
of incubation at 22°C, both free and encapsulated bacteria were removed from wine and
introduced into a new wine. Free bacteria were recovered by centrifugation (15 min at
2300 g) while encapsulated ones were separated from wine by filtration using a metallic

sieve (nominal sieve opening of ~1.5 mm).
2.5. Long-term chemical stability of biocapsules

For capsule stability evaluation, the same two lots of wine developed for the
operation stability study were used. Fifteen SiO,-ALG biocapsules containing bacteria
were immersed in 10 mL of red wine at different pH (3.0, 3.3 and 3.6) and alcoholic
degrees (12.0%, 13.5% and 15.0%). ALG capsules were also analysed as control for
comparison. Mass and diameter of both SiO,-ALG and ALG biocapsules were
determined along the experimental time at 22°C. The diameter of biocapsules was
measured by software IMAGEJ 1.47v (National Institutes of Health, Bethesda, MD,
USA). The mass of biocapsules was determined using a semimicro balance with a
readability of 0.1 mg (AS 228 220/C/2, Radway, Brancka, Poland). The release of ALG
from both capsules was determined by duplicate after 18 days of immersion in wine
(fifteen biocapsules in 10 mL of red wine) following the method proposed by Segarra et

al. (1995). All experiments were carried out in triplicate.

2.6. Statistical analysis
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SPSS v. 17.0 statistical package (SPPS Inc., Chicago, Ill, USA) was used for all
statistical analyses. A variance analysis was carried out to determine statistical
differences between samples (p<0.05). In figures, error bars were calculated as standard

€Iror.

3. Results and discussion

3.1. Morphological observations

Si0,-ALG and ALG biocapsules were nearly spherical and homogeneous in size
(Figure 1, images a and b), showing a diameter of 3.24 £ 0.20 and 2.80 + 0.15 mm,
respectively. The sol-gel process using siliceous materials slightly increased the capsule
diameter due to the rise of viscosity of ALG solution in presence of colloidal
silica/silicate and modified their physical appearance, turning them opaque and white.
This behaviour was also observed in alginate-protamine-SiO, hybrid capsules where the
transparent ALG capsules became opaque and white during the silicification process

(Wang et al., 2013).

The surface morphology and the internal structure of ALG and SiO,-ALG
biocapsules containing O. oeni were studied by ESEM. Both external and internal
structures of ALG biocapsules were relatively smooth (Figure 1, images ¢ and d,
respectively). However, the morphology of both structures changed in the presence of
silica/silicate and became rough (Figure 1, images e and f). A highly porous network
was formed by close-packed silica particles. SEM, thermogravimetric analysis and
nitrogen adsorption-desorption experiments performed in SiO,-ALG biocomposites

using the sol-gel route with aqueous precursors revealed that ALG polymer filled the

9
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macroporosity of hydrogel rather than being strongly entangled with siliceous material
(Coradin & Livage, 2003). Compared to ALG biocapsules, the presence of an inorganic
network of SiO, notably enhanced the bioactivity of SiO,-ALG encapsulated O. oeni
(Sim6, Fernandez-Fernandez, et al., 2017b). This efficiency in L-malic acid
consumption could be due (at least partly) to the highly porous structure observed in
Si0,-ALG biocapsules that facilitates the substrate accessibility for encapsulated
bacteria. This is consistent with the improvement of diffusion characteristics noted in
Si0,-ALG composites (in comparison with ALG hydrogels), evaluating the diffusion
coefficients of reduced nicotinamide adenine dinucleotide, an enzymatic cofactor with a
molecular weight of about five-times higher than malic acid (Xu, Lu, Li, Jiang, & Wu,

2006).

3.2. Chemical characterization of capsules

Chemical composition of ALG and SiO,-ALG capsules was characterized by FTIR-
ATR spectroscopy. The FTIR spectra of the ALG capsules show characteristic bands
displayed for alginic acid (Figure 2a). According to literature reports (Gémez-Ordodiiez
& Rupérez, 2011; Pannier, Soltmann, Soltmann, Altenburger, & Schmitt-Jansen, 2014),
the bands at 1612 cm™ and 1412 cm™ are assigned to asymmetric and symmetric
stretching vibrations of the COO" of alginic acid, respectively. A broad peak near 1000
cm™ corresponds to vibrational modes of the carbohydrate ring between (1-4)-B-D-
mannuronic acid and (1-4)-a-L-guluronic acid of alginic acid (Gomez-Ordonez &
Rupérez, 2011). The FTIR spectra of SiO,-ALG capsules (Figure 2b) present the bands
associated with symmetric and asymmetric stretching vibrations of the COO" but in very

low intensity, suggesting an interaction of the carboxylate groups of ALG with the
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siliceous polymer derived from in situ gelation of silica/silicate (Xu, Jiang, Lu, Wu, &
Yuan, 2006). Under the pH conditions used for bacterial encapsulation (pH 6.3), only
hydrogen bonds between hydroxyl groups (—OH) of SiO, and carboxyl groups (—
COOH) of ALG could take place because the carboxyl groups of ALG are negatively
charged and the hydroxyl groups are neutral, whereas SiO, presents neutral charge
(Coradin & Livage, 2003). A peak at 790 cm™ corresponds to the symmetric stretching
of Si-O-Si groups, indicating an extension of SiO, polymerization. A peak of high
intensity at about 1100 cm’ partially overlapped with the corresponding bands to
vibrational modes of the carbohydrate ring of ALG could be assigned to Si-O-Si
bending vibration. Finally, the band at 955 cm™ corresponds to Si-OH vibration

marking also the presence of silica in this capsule (Xu et al., 2006).

3.3. Reusability of SiO,-ALG biocapsules

Bacterial reuse reduces production cost, thus the study of the operational stability of
Si0,-ALG biocapsules is essential for their industrial implementation. To examine their
reusability, repeated-batch MLF were carried out five times using the same inoculum of
Si0,-ALG encapsulated bacteria. Reusability test of free bacteria was also performed as
control for comparison. Operational stability of ALG biocapsules was not studied since
malolactic activity of ALG-encapsulated bacteria was notably lower than that observed

in Si0,-ALG biocapsules (Simd, Fernandez-Fernandez, et al., 2017b).

Figure 3 shows L-malic acid conversion by both SiO,-ALG biocapsules and free
bacteria along five-repeated cyclic operations in red wine at different pH (3.0, 3.3 and
3.6). Wine pH had a marked effect on malolactic activity of both type of inoculum,

achieving the best results at pH 3.6. Malolactic conversion by SiO,-ALG encapsulated

11
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bacteria only decreased by 15.7% after five cycles in wine at pH 3.6 (from 98.4% of
conversion in run #1 to 83.0% of conversion in run #5). The decrease of malolactic

conversion was calculated as relative percentage as

C
( 1_CMLFs

) x 100
CMLF1

where Cyrm and Currs are the malolactic conversions of the first and fifth MLF,
respectively, observed at each pH, alcoholic degree and type of inoculum. The
decreases in L-malic acid conversion were slightly higher at pH 3.3 and 3.0 after five-
repeated batches, reaching drops of 20.6% (from 97.6% in run #1 to 77.5% in run #5)
and 35.3% (from 98.5% in run #1 to 63.7% in run #5), respectively. Malolactic
conversion by free bacteria was stable only at pH 3.6 (13.0% of alcoholic degree) after
their reuse for five times. This result was similar to that obtained by four successive
reinoculations of cultures of O. oeni in Monastrell red wine under favourable MLF
conditions (pH 3.5 and 11.1% alcoholic degree) (Sergi Maicas, Pardo, & Ferrer, 2000).
L-malic acid conversions by free O. oeni drastically dropped by 78.4% (from 84.6% in
run #1 to 18.3% in run #5) and a 94.9% (from 78.1% in run #1 to 3.97% in run #5) at

pH 3.3 and 3.0, respectively.

Free and SiO,-ALG encapsulated O. oeni were also tested in five consecutive
MLF processes in wines with different alcoholic degrees (12.0%, 13.5% and 15.0%) to
determine if there was deactivation of bacteria after repeated use (Figure 3). Alcoholic
degree notably affected L-malic acid conversion of both free and encapsulated bacteria
along the successive MLF, achieving the best results at the lowest alcoholic degree
(12.0%). L-malic acid conversion by SiO,-ALG encapsulated bacteria was maintained
at 90.7% after five cycles in favourable winemaking conditions (12.0%), corresponding

with a slight reduction of 7.8% (a high conversion of 98.3% was achieved in the first

12
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cycle). Drops of 29.5% (from 99.4% in run #1 to 70.1% in run #5) and 36.9% (from
97.6% in run #1 to 61.6% in run #5) in L-malic acid conversion were observed in wines
with alcoholic degrees of 13.5% and 15.0%, respectively, after the fifth cycle of use of

Si0,-ALG biocapsules.

L-malic acid conversion by free bacteria remained almost unchanged (above
98%) in wine with the lowest alcoholic degree (12.0%) after their reuse for five cycles.
However, sharp declines of 95.0% (from 85.9% in run #1 to 4.3% in run #5) and 97.0%
(from 78.9% in run #1 to 2.3% in run #5) on L-malic conversion were observed at
alcoholic degrees of 13.5% and 15.0%, respectively, corroborating the negative impact
of ethanol on malolactic activity of O. oeni (Bonomo, Di Tomaso, Calabrone, &

Salzano, 2018).

Growth and metabolism of O. oeni in wine depend on a multitude of parameters
(Bauer & Dicks, 2004). It is well documented the adverse effect of low-pH wines as
well as high-ethanol wines on the ability of O. oeni to survive in this unfavourable
environment (Bonomo et al., 2018; Sumby, Grbin, & Jiranek, 2014). Ethanol causes
breaking of cell membrane structure and membrane fluidity alterations, affecting mainly
transport of metabolites, and cell wall and membrane biogenesis (Olguin et al., 2015).
Wine pH also plays a crucial role in the beginning of MLF as well as the time required
to complete MLF (Knoll et al., 2011). pH values lower than 3.5 negatively affect the
growth of O. oeni and reduce their ability to metabolize L-malic acid (Betteridge, Grbin,

& Jiranek, 2015; Rosi, Fia, & Canuti, 2003).

Our results have revealed that the encapsulation into SiO,-ALG hydrogel
notably improved the operational stability of bacteria, remaining high malolactic

activity after five successive MLF at the harsh environmental conditions of pH 3.0 and

13



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

13% of alcoholic degree, as well as pH 3.4 and 15.0% of alcoholic degree. These results
agree satisfactorily with a previous study of our group. (Simo, Fernandez-Fernandez, et
al., 2017b). In this study, we found that the inclusion of colloidal silica and silicates into
ALG capsules markedly enhanced the malolactic activity of O. oeni at low pH, high
ethanol, and low fermentation temperatures. Guzzon et al. (2012) reported successful
MLF after three cycles in Chardonnay wine (ethanol 12.5%, pH 3.3, malic acid 3.5 g/L)
inoculating O. oeni entrapped into ALG capsules coated with an organic-silica
membrane. Encapsulated O. oeni in polyvinyl alcohol gel could be successfully reused
through six cycles of MLF in Tempranillo wine (ethanol 14.2%, pH 3.7, malic acid 1.9
g/L), retaining 75% of efficacy after the sixth batch (Rodriguez-Nogales, Vila-Crespo,
& Fernandez-Fernandez, 2013). Conversely, in Monastrell red wine under gentle
winemaking conditions (ethanol 11.0%, pH 3.5, malic acid 3.5 g/L), a drop of about
50% of the initial L-malic acid conversion was observed after six consecutive cycles of
MLF inoculating O. oeni immobilized on positively-charged cellulose sponge (Sergi
Maicas, Pardo, & Ferrer, 2001). Lactobacillus casei cells immobilized on delignified
cellulosic material showed a high L-malic acid conversion (80%) in the first cycle of
MLF under mild winemaking conditions (ethanol 11.2% and pH 3.5), declining
gradually up a conversion of 14.7% in the sixth batch (Agouridis, Bekatorou, Nigam, &
Kanellaki, 2005). These results highlight that the success in the reusability of
immobilized bacteria strongly depends on both the type of the selected matrix and the
immobilization method, as well as MLF conditions and bacterial strain. In our study, the
differences in malic acid conversion found in the first cycle of MLF between both type
of inoculum (free and Si-ALG encapsulated bacteria) may be lower if the fermentative

behaviour of the selected strain was higher at low pH and high ethanol concentration.
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The preservation of malolactic activity of SiO,-ALG encapsulated bacteria along
the operation stability assays could be due to the organic-inorganic matrix, which could
provide bacterial protection from the unfavourable winemaking conditions (Kourkoutas
et al., 2010). An enhancement of the stability of the hydration layer around the cell due
to the presence of non-gelling liquid into ALG hydrogel could increase the cell

protection (Sun et al., 2007).

3.5. Long-term capsule stability

Together with an adequate operational stability of immobilized bacteria, capsule
stability studies also play a decisive role for the industrial implementation of
encapsulated bacteria. pH and ethanol concentration in model water solutions markedly
affected the stability of ALG-based capsule (Simd6, Vila-Crespo, et al., 2017). The
weight and swelling of capsules in water increased as pH was higher from 3.0 to 3.9,
being more notable this behaviour for ALG capsules than for SiO,-ALG ones. In
contrast, both types of capsules shrank in water-ethanol solutions with more intensity at
higher ethanol concentrations (from 10% to 16%) and with less severity in SiO,-ALG

capsules than in ALG ones.

In this study, we evaluate the impact of pH and ethanol concentration on SiO,-
ALG capsule stability using samples of wine at different pH (3.0, 3.3 and 3.6) and
alcoholic degrees (12.0%, 13.5% and 15.0%). Simultaneously, ALG capsules were also
tested as control samples to know the effect of silica/silicate on the capsule stability.
Pronounced diameter and weight reductions were found when SiO,-ALG and ALG
capsules were exposed to wine, reducing the free volume in the biocapsules (Figures 4

and 5). These results are consistent with the shrinking process observed in SiO,-ALG
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and ALG materials in model water-ethanol solutions (Simo6, Vila-Crespo, et al., 2017).
On the whole, shrinking was decreased as wine pH increased, being always the loss in
diameter lower for SiO,-ALG capsules than for ALG ones (Figure 4). After 27.0 days
of immersion of capsules in wine, the differences of weight between both capsules were
not so clear as those observed for diameter, testing a less drop in weight for Si0,-ALG
capsules than for ALG ones only at pH 3.0. For instance, depletions of 28.4% and
35.9% of diameter and weight of ALG capsules were observed at pH 3.0, respectively,
while they were lower for SiO,-ALG capsules (21.3% and 31.0%, respectively). The
differences of shrinking between both capsules can be understood from the reduction of
the elasticity and the increase of robustness of capsules due to the inclusion of colloidal
silica and silicates into ALG hydrogels (Coradin, Nassif, & Livage, 2003; Simo, Vila-
Crespo, et al., 2017). Hydrogels based on ALG tend to shrink when they are exposed to
acidic environment (Pasparakis & Bouropoulos, 2006). At a pH value lower than 4.0,
the carboxylic groups of mannuronic and guluronic acids of ALG are protonated (pK,
3.38 and 3.36, respectively) and therefore the electrostatic repulsions among these

groups decrease and shrinkage is favoured (Wu, Zhu, Chang, Zhang, & Xiao, 2010).

In parallel with the increase in the alcoholic degree of the wine, the capsules
decreased in diameter and weight (Figure 5). The more the ethanol increased, the more
the shrinking increased. To illustrate, reductions of 24.5% and 36.3% were observed at
15.0% of alcoholic degree for ALG capsule diameter and weight, respectively, being the
loss of capsule diameter and weight less for SiO,-ALG (21.4% and 26.8%,
respectively). Si0,-ALG and ALG capsules are hydrogels which composition is mainly
water and they are dehydrated in the presence of alcohols (Torres, Velasquez, & Brito-
Arias, 2011). As it was discussed above, the addition of siliceous material into ALG

hydrogel causes more rigidity and robustness (Simd, Vila-Crespo, et al., 2017) and
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hence the degree of shrinking and dehydration of SiO,-ALG capsules in alcoholic
solutions is lower. The higher capacity of Si0,-ALG capsules to reduce the water loss
creates a more hydrophilic microenvironment (Xu et al., 2006), so improving the

fermentative performance of bacteria in an ethanol-rich medium as wine.

Finally, to evaluate the capsule stability in wine, the release of ALG polymer
from Si0,-ALG and ALG capsules immersed in wines at different pH and alcoholic
degree was evaluated after 18 days (Figure 6). Very small amounts of released ALG
(less than 0.3 mg/L) were found in all wines assayed. The release of ALG was slightly
higher in ALG capsules than in Si0,-ALG ones in wines at pH 3.0 and 3.3. Neither the
increase of pH nor the alcoholic degree modified the levels of total polysaccharides.
Likely, pH-dependent changes in the electrostatic interactions between SiO, and ALG
polymer as well as ethanol-subordinate variations in capsule shrinking are not involved
in the release of ALG polymer. The diffusion of unpolymerized ALG from the inside of
the capsules to the wine could explain this behaviour (Strand, Skjak-Braek, & Gésered,
2004). These results highlight that rupture and chemical decomposition of capsules did
not take place under the alcoholic and acid environment of wine indicating the

suitability of Si0,-ALG biocapsules for the development of MLF.

4. Conclusion

Aqueous route using colloidal SiO, and sodium silicate as non-alkoxide silicon
precursors has been proved as a very suitable strategy to improve the chemical and
operational stability of ALG-based biocapsules with entrapped O. oeni under hard
winemaking conditions. Wine pH and ethanol content play a notable role in the

operational stability of both SiO,-ALG biocapsules and free bacteria being their
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negative impact most severe for unencapsulated bacteria. SiO,-ALG biocapsules could
be reused for at least five cycles in wines at pH 3.0-3.6 as well as with alcoholic degrees
of 12.0%-15.0%. However, unencapsulated bacteria could be successfully reused
neither in wines at pH lower than 3.6 nor in wines with alcoholic degree higher than
12.0%. Combination of ALG and siliceous material enhanced the long-term chemical
stability of biocapsules in wines. These results highlight that the implementation of
Si0,-ALG biocapsules with entrapped O. oeni may be a promising technique for highly

efficient processes in winemaking.
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Figure captions

Fig. 1. Optical images of (a) alginate and (b) SiO,-alginate biocapsules with entrapped Oenococcus oeni.
(c-f) Environmental scanning electron microscopy (ESEM) of alginate (ALG) and SiO,-alginate (SiO,-
ALG) biocapsules with entrapped Oenococcus oeni. (c,e) External structure of the biocapsules. (d,f)

Internal structure of the biocapsules.
Fig. 2. FTIR-ATR spectra of (a) alginate and (b) SiO,-alginate capsules.

Fig. 3. Conversion of L-malic acid by SiO,-alginate encapsulated (a-b) and free (c-d) Oenococcus oeni in
red wines at different pH (3.0, 3.3, and 3.6) and different alcohol degree (12.0, 13.5, and 15.0%) in five
subsequent cycles. MLF conditions: red wine (3.0 g/L of L-malic acid), 0.03 g of biocapsules per mL of
wine, bacterial load of ~9 x 107 cfu/mL of wine, temperature of 22°C, and 120 h of incubation. Standard
deviations of the assays are represented by error bars (n=3). Different letters in the bars indicate a

significant difference between samples (p<0.05).

Fig. 4. Evolution of shrinking (expressed as decrease of diameter (in %) and weight (in %)) of alginate
(®) and SiO,-alginate (m) biocapsules loaded with Oenococcus oeni submerged in red wines at different
pH ((a-b) 3.0, (c-d) 3.3 and (e-f) 3.6). Shrinking was calculated from the average of 20 biocapsules
submerged in wine at 22°C. Standard deviations of the assays are represented by error bars. * indicates a

statistically significant difference (p<0.05) between both capsules.
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Fig. 5. Evolution of shrinking (expressed as decrease of diameter (in %) and weight (in %)) of alginate
(®) and SiO,-alginate (m) biocapsules loaded with Oenococcus oeni submerged in red wines at different
alcohol degree ((a-b) 12.0%, (c-d) 13.5% and (e-f) 15.0%). Shrinking was calculated from the average of
20 biocapsules submerged in wine at 22°C Standard deviations of the assays are represented by error

bars. * indicates a statistically significant difference (p<0.05) between both capsules.

Fig. 6. Release of alginate (expressed as total polysaccharides) from alginate (m) and SiO,-alginate (0)
biocapsules loaded with Oenococcus oeni submerged in red wines at different pH (3.0, 3.3 and 3.6) and
alcohol degree (12.0%, 13.5% and 15.0%) after 18 days. Standard deviations of the assays are represented

by error bars. Different letters in the bars indicate a significant difference between samples (p < 0.05).
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