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Lactic Acid Fermentation of Arthrospira platensis (Spirulina) in a Vegetal Soybean Drink for Developing New Functional Lactose-Free Beverages
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The main objective of this study was to evaluate the suitability of Arthrospira platensis F&M-C256 (spirulina) biomass in a vegetal soybean drink or in water, as substrate for lactic acid fermentation by the probiotic bacterium Lactiplantibacillus plantarum ATCC 8014 (LAB8014) and to evaluate the fermented products in terms of bacteria content and organic acids content, biochemical composition, total phenolics, and phycocyanin content, in vitro digestibility, in vitro and in vivo antioxidant activity. After 72 h of fermentation, a bacterial concentration of about 10.5 log CFU mL–1 in the broths containing the soybean drink + spirulina + LAB8014 (SD + S + LAB8014) or water + spirulina + LAB8014 (W + S + LAB8014) was found. Lactic acid concentration reached similar values (about 1.7 g L–1) in the two broths, while a different acetic acid concentration between SD + S + LAB8014 and W + S + LAB8014 broths was observed (7.7 and 4.1 g L–1, respectively). A. platensis biomass was shown to be a suitable substrate for LAB8014 growth. After fermentation, both broths contained a high protein content (>50%). In both broths, total phenolics, in vitro and in vivo antioxidant activity increased after fermentation (+35, +20, and +93% on average, respectively), while phycocyanin content decreased (−40% on average). Digestibility of W + S + LAB8014 broth statistically improved after fermentation. This study highlights the potential of A. platensis F&M-C256 biomass as a substrate for the production of new functional lactose-free beverages.
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INTRODUCTION

Lactic acid fermentation is widely used as a food preservation method and to ameliorate the aroma of food and beverages exploiting the ability of lactic acid bacteria (LAB) to produce volatile compounds during fermentation (Smid and Kleerebezem, 2014; de Marco Castro et al., 2019). LAB can also improve the texture and nutraceutical profile of foods, beverages, and of by-products derived from food processing (Ricci et al., 2019a,c; Sozer et al., 2019). Lactic acid fermentation can be considered a valuable technology to enhance safety, shelf life, sensory and nutritional properties of vegetables and fruits (Di Cagno et al., 2013; Ricci et al., 2019b; Muhialdin et al., 2020; Thompson et al., 2020). Several studies on LAB showed their: (i) capacity to resist intact to the transit through the gastric tract, (ii) ability to colonize the host gut, and (iii) safety and potential health benefits such as cholesterol reduction (de Vries et al., 2006; Karczewski et al., 2010). LAB during fermentation probably degrade cyanobacterial cell walls, via the wide array of peptidoglycan hydrolyses, resulting in the extraction and conversion of complex organic compounds (such as polysaccharides, lipids, and proteins) within the cell, into smaller molecules with antioxidant, immunomodulatory, and anti-inflammatory activity (Frirdich and Gaynor, 2013; de Marco Castro et al., 2019).

The request for dairy-free alternatives is rapidly increasing because of the rising incidence of lactose intolerance and veganism (Di Cagno et al., 2013). Recently, increased demand for fortified food and beverage products with higher nutritional quality from sportsmen, elderly, and children was also observed (Di Cagno et al., 2013; de Marco Castro et al., 2019). Some algae represent a suitable substrate for the production of probiotic lactose-free foods and beverages through lactic acid fermentation due to their high nutritional value and/or valuable components (Gupta et al., 2011; Ścieszka and Klewicka, 2019; Martelli et al., 2020a), e.g., polysaccharides from algae are already recognized and accepted as dietary prebiotics (Jiménez-Escrig et al., 2001; de Jesus Raposo et al., 2016).

A previous study demonstrated the suitability of the cyanobacterium Arthrospira platensis F&M-C256 as substrate for Lactiplantibacillus plantarum ATCC 8014 (LAB8014) growth (Niccolai et al., 2019a). A. platensis, commercially known as spirulina, is a source of macro and micronutrients including proteins, iron, γ-linolenic acid, vitamins, minerals, phycocyanin, and sulfated polysaccharides (Kulshreshtha et al., 2008; Liu et al., 2011). Arthrospira species also show several activities of pharmacological interest such as immunomodulatory, lipid-lowering, anti-inflammatory, and antioxidant effects (Colla et al., 2008; Kim et al., 2010; Gutiérrez-Rebolledo et al., 2015; Bigagli et al., 2017) and no in vitro/in vivo adverse effects were found (Bigagli et al., 2017; Niccolai et al., 2017). The safety of Arthrospira for human consumption is supported by its long history of use as food ingredient (Abdulqader et al., 2000). A. platensis is considered safe in many countries (e.g., in EU, Australia, United States) and widely commercialized as dietary supplement (powder, capsules, or tablets) (Borowitzka, 2013). A. platensis biomass is also increasingly used as food ingredient, incorporated into gluten-free pasta (Fradinho et al., 2020), bakery products (Batista et al., 2017, 2019; Niccolai et al., 2019b), candies, yogurt, and soft drinks (Christaki et al., 2011; Niccolai et al., 2019a).

Several authors (de Caire et al., 2000; Varga et al., 2002; Bhowmik et al., 2009; Guldas and Irkin, 2010; Beheshtipour et al., 2013; Mazinani et al., 2016; Yamaguchi et al., 2019; Martelli et al., 2020b) evaluated the effect of Arthrospira spp. biomass addition to yogurt, cheese, and fermented milk showing an increase in the number of LAB and improvement of the nutritional quality of the products during storage. Fermented products, powders, beverages, or delicacies from seaweeds, Chlorella, Dunaliella, and spirulina (different Arthrospira species), usually mixed with plant-derived substrates and obtained through fermentative processes by LAB or yeasts or a mixture of these microorganisms, are already available on the market (de Marco Castro et al., 2019). To the best of our knowledge, except for the work of Martelli et al. (2020b), no work concerning the effect of A. platensis fermentation in non-dairy beverages, specifically in a soybean drink, as well as on in vivo intracellular oxidation and phycocyanin (PC) and allophycocyanin (APC) stability was carried out.

The aim of this study was to investigate the suitability of A. platensis F&M-C256 biomass as substrate for LAB8014 growth and fermentation in a vegetal soybean drink or in water and to evaluate the fermented product in terms of bacteria content, in vitro digestibility, and in vitro and in vivo antioxidant capacity, which are parameters of great importance as first steps for the development of new lactose-free functional beverages.



MATERIALS AND METHODS


Arthrospira platensis F&M-C256 Biomass Production

Arthrospira platensis F&M-C256 belongs to the Fotosintetica & Microbiologica S.r.l. Microalgae Culture Collection. The cyanobacterial biomass was produced, as reported in Niccolai et al. (2019a) at Azienda Agricola Serenissima S.S. (Padova, Italy). The cyanobacterium was cultivated in Zarrouk medium (Zarrouk, 1966), in semi-batch regime, in GWP®-II photobioreactors (Tredici et al., 2016). The biomass was harvested by filtration and washed with tap water to remove excess bicarbonate, dried at 33°C (North West Technology, Italy) for 20 h and then stored at −20°C until use. The biochemical composition of the biomass was determined as reported in Abiusi et al. (2014) (Table 1).


TABLE 1. Biochemical composition of A. platensis F&M-C256 biomass used in the experiments.
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Lactiplantibacillus plantarum Inoculum Preparation

Lactiplantibacillus plantarum ATCC 8014 (LAB8014) was obtained from Cruinn Diagnostics Ltd. (Ireland). The LAB8014 cultures were maintained at −80°C in glycerol (20%) stocks. Twenty-five milliliters of autoclaved MRS broth (Scharlau Chemie, Spain) were inoculated with 1 mL of defrosted LAB8014 stock culture. The culture was revitalized through 2–3 steps of growth and dilution. The cultures were incubated at 37°C for one day in an orbital shaker (Gallenkamp, Weiss Technik, United Kingdom). After revitalization, the inoculum was serially diluted 100 times to obtain a working culture containing 8–9 log CFU mL–1 as determined by plate counts following Niccolai et al. (2019a).



Lactic Acid Fermentation

The evaluation of A. platensis F&M-C256 biomass as substrate for LAB8014 growth and fermentation was assessed according to Niccolai et al. (2019a). Five grams of lyophilised A. platensis F&M-C256 biomass (S) (with 8% of residual water content) was introduced, under sterile conditions, in a 100 mL Erlenmeyer flask and 40 mL of commercial vegetal soybean drink (SD) (Alce Nero S.p.a., Italy) or water (W) was added. The biochemical composition of the vegetal drink is presented in Table 2. The vegetal drink contains soybeans (7.5%) and the red seaweed Lithothamnium calcareum (0.4%). The suspensions were inoculated with 41 μL of a LAB8014 culture (hereafter: SD + S + LAB8014 and W + S + LAB8014, respectively). Vegetal soybean drink or water was then added up to the final volume of 50 mL. Thus, the initial A. platensis F&M-C256 biomass concentration in the inoculated suspension was 92 g dry weight L–1. A broth containing the vegetal soybean drink and LAB8014 (41 μL), with a final volume of 50 mL (hereafter: SD + LAB8014) was prepared. Broths containing soybean drink and A. platensis F&M-C256 biomass, water and A. platensis F&M-C256 biomass, and only soybean drink were also prepared (hereafter: SD + S, W + S, and SD, respectively). The experimental design is reported in Figure 1. The flasks (three replicates) were incubated at 37°C and 100 rpm. Samples were taken at 0 (immediately after inoculation), 24, 48, and 72 h in triplicate for microbiological and chemical analyses and for pH measurement following Niccolai et al. (2019a). According to Gupta et al. (2011), a period of 72 h was considered adequate to observe and evaluate the principal fermentation parameters. To evaluate in vitro digestibility (estimated at 0 and after 72 h of incubation), phycocyanin content (only for A. platensis F&M-C256-based broths), phenolics, and in vitro and in vivo antioxidant capacity (after 0, 24, 48, and 72 h of incubation) aliquots in triplicate (15 mL) were taken and lyophilised before analysis.


TABLE 2. Nutritional declaration of commercial vegetal soybean drink “Alce Nero” used in the experiments.
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FIGURE 1. Plan of the experiments.




Microbiological Analyses

Cultivable bacterial cell counts in the broths, expressed as log CFU mL–1, were carried out in triplicate at the start (0 h) and after 24, 48, and 72 h, by plating on MRS agar (Scharlau Chemie, Spain). The fermentation broths were serially diluted (1:10) in a saline solution (0.9% w/v NaCl) before plating, following the procedure reported by Niccolai et al. (2019a). The plates were then incubated at 37°C for 36–48 h.



Organic Acids Determination

The concentration of lactic and acetic acid was determined by HPLC. The cell-free supernatant of fermented broth was diluted 1:10 with 5 mM H2SO4 (Sigma-Aldrich, Germany) and filtered through a 0.22 μm PTFE syringe filter (Macherey-Nagel, Germany) prior to HPLC injection. The organic acids were analyzed on Agilent 1260 Infinity HPLC system (Agilent Technologies, California, CA, Untied States), equipped with a diode array detector (DAD); the wavelength was set at 210 nm. Ten microliters of the diluted samples were injected onto an Aminex HPX-87H (300 mm × 7.8 mm) column (Bio-Rad, Hercules, CA, United States). The compounds were eluted at 60°C with an isocratic flow rate of 0.6 mL/min using 5 mM H2SO4 in water as mobile phase. The data acquisition and integration were performed using the MassHunterTM 6.0 software package. Each sample was injected twice. Commercial standards of organic acids (Sigma-Aldrich, Germany) were used to identify and quantify lactic and acetic acid in the samples.



Biochemical Composition

Lyophilised broths were analyzed for total protein, carbohydrate, lipid, moisture, and ash content. Total protein was analyzed following Lowry et al. (1951). Carbohydrate and lipid were quantified according to Dubois et al. (1956) and Marsh and Weinstein (1966), respectively. Moisture and ash were determined following ISTISAN protocols (ISTISAN Report, 1966).



In vitro Digestibility

The in vitro digestibility was evaluated by the method of Boisen and Fernández (1997), modified by Niccolai et al. (2019c), on lyophilised fermentation broths at the start (time 0) and at the end (72 h) of fermentation. The in vitro process simulates the chemical-enzymatic attack, by gastric and pancreatic juices, that takes place in the terminal part of the digestive system of the monogastric apparatus. The method consists of a double enzymatic incubation, first by porcine pepsin (Applichem, Germany) and then by porcine pancreatin (Applichem, Germany). At the end of fermentation (72 h), broths samples were collected, lyophilised and powdered before analysis. One-gram samples (particle size ≤1 mm) were prepared for analysis in 250 mL conical flasks.



Phycocyanin, Phenolics, and Antioxidant Activity Determination

Phycocyanin content was assessed according to Herrera et al. (1989) on samples of lyophilised fermentation spirulina-based broths (1 g) at times 0, 24, 48, and after 72 h of fermentation. The method is based on the extraction of this water soluble pigment with calcium chloride (1% w/v) at pH 6.8 (20°C) and consequent spectrophotometric quantification at 620 nm and 650 using a UV-Vis spectrophotometric reader (Cary 60 UV-Vis, Agilent Technologies, California, CA, United States).

Phenolics were quantified according to Ganesan et al. (2008). Lyophilised samples (0.1 g) of broths at time 0 and after 24, 48, and 72 h of fermentation were dissolved in deionised water (10 mL). To 100 μL aliquots of each sample, sodium carbonate (2 mL at 2% in water) (Sigma-Aldrich) was added. After 2 min, 100 μL of a Folin Ciocalteu:water (1:1) solution (Sigma-Aldrich, Germany) was added. The mixture was let to react in the dark at 25°C for 30 min. The absorbance was measured at 720 nm using a UV-Vis spectrophotometric reader (Cary 60 UV-Vis, Agilent Technologies, California, CA, United States). Results were expressed in mg of gallic acid equivalents per g of sample (mg GAE g–1) using a calibration curve built with gallic acid (0–500 μg mL–1) (Sigma-Aldrich, Germany).

The radical scavenging ability of the fermentation broth at times 0, 24, 48, and 72 h was assessed by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical test (Sigma-Aldrich, Germany). The test was carried out with 100 μL of DPPH solution (165 μM in methanol) and 100 μL of sample (0.2 g of lyophilised broths extracted for 30 min in 5 mL of a 1:5 methanol:water solution) according to Rajauria et al. (2013). The reaction was incubated in the dark at 30°C for 30 min. The absorbance was measured at 517 nm by means of a UV-Vis spectrophotometer (Cary 60 UV-Vis, Agilent Technologies, California, CA, United States).



Determination of Intracellular Oxidation


Yeast Strain and Cultivation

The yeast Saccharomyces cerevisiae ZIM 2155 was obtained from the Culture Collection of Industrial Microorganisms (ZIM) of the Biotechnical Faculty (University of Ljubljana, Slovenia). The yeast cells were cultivated in YEPD medium at 28°C and 220 rpm until the stationary phase. The yeast culture was then centrifuged for 3 min at 14,000 rpm, washed once with phosphate-buffered saline (PBS) (Merck KGaA, Germany) and cells were resuspended in PBS at a concentration of 8 log cells mL–1. Further 96-h incubation at 28°C and 220 rpm was carried out.



Lyophilised Fermented and Non-fermented Broths Water Extracts Preparation

One gram of the lyophilised broths was suspended in 9.5 mL of sterile water and sonicated for 20 min in ice, in order to maintain the temperature below 10°C. Then, the probe of the sonicator was washed with 0.5 mL of sterile water and the supernatant was recovered after centrifugation at 6,000 rpm for 60 min. To remove any possible debris, a second centrifugation at 6,000 rpm for 30 min on supernatant was carried out. An aliquot (0.5 mL) was dried at 80°C for 24 h to determine the extract dry weight. A water extract from the lyophlised A. platensis F&M-C256 biomass, following the same procedure, was also prepared. The extracts were set to the same concentration of dry weight (32 mg mL–1) and stored at −20°C until use.



Treatment of Yeast Cells

The water extracts prepared from lyophilized A. platensis F&M-C256 biomass and from lyophilised broths were added to the yeast cell suspensions following 96-h incubation in PBS, at 50 μL extract mL–1 of yeast cell suspension. To measure intracellular oxidation the samples were taken after a further 2-h incubation of yeast suspension at 28 °C and 220 rpm.



Determination of Intracellular Oxidation

Intracellular oxidation was determined by using 2′,7′-dichlorofluorescein (H2DCF) (Sigma-Aldrich, Germany), which reacts with oxidants, thus revealing the presence of reactive oxygen species (ROS). The dye was added to the cells as 2′,7′-dichlorofluorescein diacetate (H2DCFDA), which easily enters the cells and it is hydrolysed by non-specific cellular esterases. H2DCF can then be oxidized to fluorescent 2′,7′-dichlorofluorescin (DCF) by intracellular ROS, which is detected fluorimetrically (Jakubowski and Bartosz, 1997). From 10 mL suspension containing yeast cells treated with extracts, 2 mL of the suspension was taken, washed with 50 mM potassium phosphate buffer at pH 7.8 and centrifuged at 14,000 rpm for 5 min. Finally, the cell pellets were resuspended in 500 μL of 50 mM potassium phosphate buffer. Then 100 μL of suspension was transferred to 890 μL of 50 mM potassium phosphate buffer and incubated (28°C, 10 min). Ten microliters of H2DCFDA (Sigma-Aldrich, Germany) (1 mM stock solution) was added to the mixture followed by 30-min incubation at 28°C and 220 rpm. Then, cells were sedimented by centrifugation (14,000 rpm, 5 min) and resuspended in 1 mL of fresh 50 mM potassium phosphate buffer to measure the fluorescence using a VarioskanrTM LUX Multimode Microplate Reader (Thermo Fisher Scientific, Massachusetts, MA, United States). The excitation and emission wavelengths of DCF were 488 and 520 nm, respectively. The OD of yeast suspension was measured at 650 nm to normalize data of fluorescence. Results are expressed as means of relative values (fluorescence intensity/optical density, F/OD) ± SD normalized to the control (non-treated yeast cells).



Statistical Analysis

The analyses were carried out in triplicate on three broths. The results were expressed as mean ± SD (standard deviation). All statistical analyses were performed using Statgraphics Centurion XV (StatPoint Technologies Inc., Washington, DC, United States). Statistical differences between different broths were determined using ANOVA followed by the Duncan’s Multiple Range Tests (MRT) to determine the Least Significant Difference (LSD). Differences were considered significant when P < 0.05.



RESULTS


Suitability of A. platensis F&M-C256 Biomass for L. plantarum ATCC 8014 Growth

The bacterial growth curves, expressed as log CFU per mL of broth, are shown in Figure 2. The initial bacterial load associated with spirulina biomass is on average 1.9 ± 0.3 log CFU mL–1, that is about three orders of magnitude lower than SD + S + LAB8014 and W + S + LAB8014 broths (5.4 ± 0.1 log CFU mL–1 on average). At the start of fermentation (0 h), SD + LAB8014 broth showed a bacterial concentration of 4.0 ± 0.1 log CFU mL–1. With the exception of SD broth, the highest bacterial concentrations were reached after 48 h of fermentation, while later a decrease in the microbial concentration was observed.
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FIGURE 2. Bacterial growth curves in the different broths. Values are expressed as mean ± s.d. The amount of A. platensis F&M-C256 biomass at the start of the experiment (0 h) for the spirulina-based broths was 92 g (dry weight) L– 1.


Soybean drink showed to be a good substrate for LAB8014 growth (7.5 log CFU mL–1 for SD + LAB8014 broth after 48 h). A. platensis F&M-C256 demonstrated to be an even better substrate for LAB8014 (10.5 log CFU mL–1 for W + S + LAB8014 broth after 48 h) as well as for its associated bacteria (9.2 log CFU mL–1 for W + S broths). The combination of the two substrates gave the best results in terms of LAB8014 growth (10.7 log CFU mL–1 for SD + S + LAB8014 broth after 48 h), while a reduction in bacteria associated with A. platensis F&M-C256 biomass (8.8 log CFU mL–1 for SD + S broth after 48 h) was observed. The MRS medium mainly sustains LAB growth. Preliminary tests (not reported in this study) were performed on the bacteria associated with A. platensis F&M-C256 biomass. Growth on MRS agar in microaerophilic condition was compared with that on Nutrient Agar in microaerophilic and aerobic conditions. No relevant differences between the tested conditions after 24 h of incubation were observed.

The optimal substrate for LAB8014 growth was SD + S. Maximal bacterial concentration in SD + S+LAB8014 broth was 10.7 ± 0.1 log CFU mL–1, corresponding to 11.7 log CFU per g of A. platensis F&M-C256 dry biomass initially added (92 g L–1). Considering the average weight of a LAB8014 cell (0.48 ± 0.07 pg) (Niccolai et al., 2019a), the amount of LAB8014 after 48 h was 0.024 g mL–1 and the yield of bacterial biomass from A. platensis F&M-C256 was 26.1%. In W + S + LAB8014 (without SD nutrients) after 48 h of fermentation bacterial concentration was 10.5 log CFU mL–1, equivalent to 0.015 g mL–1, with a yield on A. platensis F&M-C256 biomass of 16.5%. It has to be noted that in the case of SD + S + LAB8014 the bacterial biomass derives not only from A. platensis F&M-C256 biomass but also from nutrients in SD.

The bacterial concentration in the other broths were one in SD + S and W + S or three in SD + LAB8014 orders of magnitude lower than in SD + S+LAB8014 and in W + S + LAB8014 broths. As expected, SD not inoculated with LAB8014 contained a very low number of bacteria, not detectable from the start (0 h) up to 24 h of fermentation. The bacterial growth started after 24 h, reaching 1.1 ± 0.85 log CFU mL–1 after 48 h and showed the highest concentration at 72 h of fermentation (4.8 ± 0.13 log CFU mL–1).

At the start of fermentation, SD and SD + LAB8014 broths showed pH values of 8.2 and 8.3, respectively. The addition of A. platensis F&M-C256 acidified the broths (pH 6.4 on average). The W + S broth showed the highest pH decrease compared to the other spirulina-based broths. Overall, an average decrease of pH (−8%) from the start to the end of fermentation for all the analyzed broths was observed (Table 3).


TABLE 3. Trend of pH of the different broths during fermentation.
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Lactic and acetic acid in the broths during fermentation is reported in Figure 3. The highest amount of lactic acid was found after 24 h of fermentation in all the broths. SD + S and SD + S + LAB8014 broths accumulated up to 5.1 and 3 g L–1 of lactic acid with a conversion yield of 55 and 33 mg of lactic acid per gram of dry A. platensis F&M-C256 biomass, respectively. A lower amount (2 g L–1) was detected in W + S + LAB8014 broth. Concerning acetic acid, the highest concentration was found after 48 and 72 h of fermentation in all the analyzed broths. After 72 h of fermentation, SD + S and SD + S + LAB8014 broths accumulated up to 9.2 and 7.7 g L–1 of acetic acid with a conversion yield of 100 and 84 mg of acetic acid per gram of dry A. platensis F&M-C256 biomass, respectively. As expected a lower concentration (4.1 g L–1) of acetic acid was detected in W + S + LAB8014 broth, considering the absence in water of the nutrients available for bacterial growth in the soybean drink (Table 2).
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FIGURE 3. Lactic and acetic acid production by LAB8014 in the different fermentation broths. Values are expressed as mean ± s.d. Different letters between columns of the same broth combination, for lactic or acetic acid, show significant differences (P < 0.05).


The biochemical composition of the different lyophilised broths is shown in Table 4. As expected, carbohydrates were consumed by bacteria as energy source during fermentation. In all the broths, after 72 h of fermentation, a significant average reduction (P < 0.05) of about 30% in carbohydrate content was obtained. After fermentation, a significant reduction (P < 0.05) in protein content for SD + S, SD + S + LAB8014, and W + S + LAB8014 broths was also observed (−18% on average).


TABLE 4. Biochemical composition of lyophilised broths at the start (0 h) and after 72 h of fermentation.
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At the end of fermentation, all the broths presented a significant (P < 0.05) increase in lipid content (+31% on average).



In vitro Digestibility of Lyophilised Broths

Despite an average digestibility increase of +4% for SD, SD + LAB8014, SD + S, and SD + S + LAB8014 broths, fermentation did not significantly (P > 0.05) improve digestibility, except for W + S and W + S + LAB8014 broths (+7%, P < 0.05) (Table 5).


TABLE 5. In vitro digestibility (% dry matter) of lyophilised broths at the start (0 h) and after 72 h of fermentation.
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Phycocyanin, Phenolic Content and Antioxidant Capacity of Lyophilised Broths

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity of lyophilised broths at the different fermentation times is shown in Figure 4. From the start (0 h) to one day of fermentation radical scavenging capacity increased (+16% on average). From 48 h to the end of fermentation (72 h) a general decrease in radical scavenging capacity in all the broths was observed (−6% on average). It is worth pointing out that after 72 h of fermentation all the broths still contain high DPPH radical scavenging capacity (>75%). At the end of fermentation, the SD + S + LAB8014 and W + S + LAB8014 broths showed the highest radical scavenging capacities compared to the other broths (96.3 and 98.8%, respectively).
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FIGURE 4. DPPH radical scavenging capacity (%) of lyophilised broths. Values are expressed as mean ± s.d. Different letters between columns of the same broth show significant differences (P < 0.05).


In accordance with the DPPH results, at the end of fermentation the SD + S + LAB8014 and the W + S + LAB8014 broths showed the highest total phenolic content compared to the other broths (25.6 and 26.1 mg GAE g–1, respectively) (Figure 5). The broths with SD + S and W + S showed slightly lower phenolic content (about 25 mg GAE g–1). The lowest total phenolic content was found in SD and in SD + LAB8014 broths (about 11 mg GAE g–1).
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FIGURE 5. Total phenolic content, expressed as mg of gallic acid equivalent (GAE) per g of lyophilised broth. Values are expressed as mean ± s.d. Different letters between columns of the same broth show significant differences (P < 0.05).


The phycocyanin contents of the different broths containing A. platensis F&M-C256 biomass is shown in Figure 6. During the entire fermentation process, PC was prevalent compared to the APC complex. After 72 h of fermentation, phycocyanin (PC + APC) decreased on average by −34%. Despite the general phycocyanin reduction, a high phycocyanin content was still present in the SD + S + LAB8014 and in W + S broths after fermentation (6.2% on average). Lower phycocyanin contents in SD + S and in W + S + LAB8014 broths were detected (4.3 and 3.4%, respectively).
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FIGURE 6. Phycocyanin contents of lyophilised fermentation broths containing A. platensis F&M-C256 biomass. Values are expressed as mean ± SD. Different letters between columns of the same broth, for PC or for APC, show significant differences (P < 0.05).




Intracellular Oxidation of Lyophilised Broths

The intracellular oxidation in S. cerevisiae after 2-h exposure to water extracts prepared from different lyophilised broths at the start (0 h) and after 72 h of fermentation is shown in Figure 7. Unfermented A. platensis F&M-C256 biomass extract was able to strongly reduce the intracellular oxidation level in yeast cells (−46%, result not shown) compared to the control (yeast cells treated with PBS buffer instead of extract). At the start of fermentation, only SD and SD + LAB8014 broths appear to have pro-oxidative behavior. At the end of fermentation (72 h), a decrease in intracellular oxidation was observed with all the broths.
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FIGURE 7. Intracellular oxidation in the yeast S. cerevisiae after 2-h exposure to different water extracts prepared from lyophilised broths at the start (0 h) and after 72 h of fermentation. The extracts were added to the yeast cell suspension (YCS) at a concentration of about 50 μL extract mL– 1 of YCS. The positive control (yeast cells treated with PBS buffer instead of extract) presents 100% relative fluorescence intensity (red line). Data are expressed as means of relative values (fluorescence intensity/optical density) ±s.d. Different letters between columns at particular time point show significant differences (P < 0.05).


After adding A. platensis F&M-C256 biomass to the broths, an average reduction of 25.5% in intracellular oxidation level compared to control was obtained. At the end of fermentation, A. platensis F&M-C256-based broths presented a further reduction in oxidative processes (−36.9% on average). The extract from SD + S + LAB8014 broth demonstrated to be the most powerful in reducing intracellular oxidation level, both at the start (−48.8%) and after 72 h of fermentation (−62.9%), compared to the other spirulina-based broths.

The intracellular oxidation results found for W + S broth at 0 h of fermentation (−40%), confirmed what has been found for the extract prepared from unfermented A. platensis F&M-C256 biomass. Unexpectedly, the extract prepared from W + S + LAB8014 broth showed a weak reduction in oxidative processes both at 0 h and after 72 h of fermentation (−5.5 and −14.1%, respectively).

No significant (P > 0.05) correlation (r = 0.37) between in vitro radical scavenging capacity and in vivo intracellular oxidation was found (Figure 8).


[image: image]

FIGURE 8. Linear correlation between in vitro radical scavenging capacity (expressed as %) and in vivo intracellular oxidation (expressed as 100 – relative fluorescence intensity, RFI) (n = 12; significance level P < 0.05). Negative values of RFI were considered as 0.




DISCUSSION

Recently, because of the rising incidence of lactose intolerance, veganism, and health-conscious people, increased demand for fortified dairy-free food and beverage products with higher nutritional quality was observed (Di Cagno et al., 2013; de Marco Castro et al., 2019). Seaweed and microalgae represent appropriate substrates for the production of probiotic lactose-free foods and beverages through lactic acid fermentation due to their high nutritional value and bioactive components (Gupta et al., 2011; Niccolai et al., 2019a; Ścieszka and Klewicka, 2019). This study investigated the use of A. platensis F&M-C256 biomass in a vegetal soybean drink or in water, as substrate for lactic acid fermentation by the probiotic bacterium L. plantarum ATCC 8014, evaluating the fermented products in terms of bacteria content.


Suitability of A. platensis F&M-C256 Biomass for L. plantarum ATCC 8014 Growth

As shown by bacterial growth curves (Figure 2), A. platensis F&M-C256, in water as well as in combination with the soybean drink, demonstrated to be an appropriate substrate for LAB8014 growth. To the best of our knowledge, only the recent work of Martelli et al. (2020b) focused on A. platensis fermentation in a non-dairy milk, specifically in a soybean drink. In accordance with the results obtained by Martelli et al. (2020b) we have demonstrated that A. platensis can promote LAB growth. Similar results have also been reported by Bhowmik et al. (2009), where the addition up to 10 g L–1 of A. platensis to MRS broth media containing different Lactobacillus cultures promoted the growth until 9 log CFU mL–1 (after 10 h), starting from a concentration of about 2.5 log CFU mL–1. Fermentation with four Lactobacillus strain (L. plantarum B7, L. plantarum C8-1, Lactobacillus acidophilus NCFM, and L. plantarum 121) and Bacillus subtilis improved deodorization of off-flavor and protein hydrolysis, also yielding an improved ratio of essential-to-total amino acids, compared to the unfermented spirulina and consequently, enhancing the sensory and antioxidant capacity during product development (Bao et al., 2018). Choi et al. (2018) also demonstrated an enhanced antioxidant capacity and β-carotene profile, upon L. plantarum HY-08 fermentation and ultrasonic extraction of Arthrospira maxima. The booster effects of Arthrospira sp. on the growth of LAB can be due to its high amount of nutritious substances such as free amino acids, exopolysaccharides, vitamins, and minerals, which stimulate bacterial metabolism (Parada et al., 1998; Beheshtipour et al., 2013). Several authors (Gardner et al., 2001; Bergqvist et al., 2005; Yoon et al., 2006; Limón et al., 2015; Nguyen et al., 2019; Ricci et al., 2019a; Thompson et al., 2020) tested the growth of LAB on vegetable matrixes, such as beet, carrot, onion, cabbage, dragon fruit, and pineapple-based juices, and bean extracts. Despite the bacterial initial concentration was always higher than in the present work, the maximum concentration reached by various species of Lactobacillus was similar to that found in our study varying between 9 and 10 log CFU mL–1 after 24 h in carrot juice and pineapple juice (Bergqvist et al., 2005; Nguyen et al., 2019), after 48 h in cabbage juice, elderberry juice, and bean extract (Yoon et al., 2006; Limón et al., 2015; Ricci et al., 2019a), and after 72 h in a vegetable mixture (Gardner et al., 2001).

To obtain a positive health effect from probiotics consumption, a level between 8 and 10 log CFU of live microorganisms per day for 1–2 weeks is required (Vanderhoof and Young, 1998). There are increasing evidences in favor of the claims of beneficial effects attributed to probiotics, including improvement of intestinal health, enhancement of the immune response, reduction of serum cholesterol, and cancer prevention (Markowiak and Śliżewska, 2017). Considering the high concentration of bacterial cells (from 8.8 to 10.7 log CFU mL–1) in the fermented spirulina-based broths reached in this study, we can assume that this cyanobacterium is a promising substrate for the obtainment of fermented beverages.

The pH trend and organic acids production during fermentation are significant parameters which is worth monitoring to evaluate the proper progress of fermentation. In the present work, at the start of fermentation, A. platensis F&M-C256-based broths showed a lower pH compared to the broths without spirulina biomass. The pH found for W + S broth at time 0 (6.1) is in accordance with the findings of de Marco Castro et al. (2019) a the beginning of fermentation. Further investigations aimed to clarify which are the A. platensis F&M-C256 compounds responsible for acidification are necessary. The decrease in pH, phenomenon indicating the correct progress of fermentation, is a result of the bacterial production of organic acids, primarily lactic and acetic acid (de Marco Castro et al., 2019). Moreover, in the food and beverage industry lactic and acetic acid are primarily used as a preservative, antibacterial, flavor enhancer, and acidulant (Sahasrabudhe and Sankpal, 2001). Knowing that L. plantarum has a facultative heterofermentative metabolism (Salvetti et al., 2012), it is plausible that in our study during the first 24 h of fermentation a high amount of lactic acid was produced and after 1 day, acetic acid became prevalent (Figure 3 and Table 3). Facultative heterofermentative species ferment hexoses to lactic acid via Embden-Meyerhof-Parnas pathway and are able to degrade pentoses and gluconate via an inducible phosphoketolase, an enzyme of the pentose phosphate pathway, with resulting production of acetic acid, under glucose limitation (Salvetti et al., 2012).

Fermentation of seaweeds and microalgae (such as Chlorella, Tetraselmis, and Nannochloropsis) led to a lactic acid production (1–5 g L–1) comparable to that found in the present study with all tested broths (Gupta et al., 2011; Gupta and Abu-Ghannam, 2012; Uchida and Miyoshi, 2013). Hwang et al. (2012) studied the lactic acid fermentation of a hydrolysate prepared from the seaweed Ulva prolifera. In accordance with the results obtained in the present study for SD + S and for SD + S + LAB8014 broths Hwang et al. (2012) found that after 24 h of incubation Lactobacillus rhamnosus was able to produce up to 4.3 g L–1 of lactic acid. In the study of Nguyen et al. (2012), the microalga Hydrodictyon reticulum was used as substrate for the production of lactic acid by Lactobacillus paracasei LA104. After 24 h of incubation, a higher lactic acid concentration (37 g L–1) compared to our study was reached. Also cereals have been studied as substrate for lactic acid fermentation. When coupled with enzymatic hydrolysis, Lactobacillus delbrueckii IFO 3202 was able to produce up to 28 g L–1 lactic acid from 100 g L–1 of rice bran (Tanaka et al., 2006). The greater yield of lactic acid obtained by some authors with different algae or food matrixes may be explained by faster sugars release times induced by enzymes addition and/or by the higher carbohydrate content and different carbohydrate profile. It is worth pointing out that rice bran contains 11% cellulose + hemicellulose and 47% starch + dextrin (Tanaka et al., 2006), while, A. platensis F&M-C256 biomass only contains 13% of total carbohydrates (Table 1).



Nutritional Composition and in vitro Digestibility of Lyophilised Broths

A balanced nutritional composition, nutrient bioavailability, and digestibility are among the most important requirements to consider for the development of novel functional foods or beverages (Minekus et al., 2014).

The ability of LAB to hydrolyse and/or ferment proteins (Fang, 2002) may have significantly reduced the protein content for SD + S, SD + S + LAB8014, and W + S + LAB8014 broths after fermentation. Likely, also bacteria associated with A. platensis F&M-C256 biomass can hydrolize proteins; however, in the W + S broth they were not in sufficient amount to make this phenomenon appreciable. Tsakalidou et al. (1999) reported that, since the concentration of free amino acids and peptides present in milk is not sufficient for the growth of autochthonous LAB, their complex proteolytic system degrades mainly caseins into small peptides and amino acids, which fulfill their nutritional needs. However, the amount of protein still present in the SD + S + LAB8014 and in W + S + LAB8014 broths was >50% of the broth dry weight (Table 4). Protein degradation during food or beverage fermentation can lead to the production of volatile compounds (such as aromatic aldehydes or amines) conferring flavors, that can improve palatability and sensory properties of the final product (Urbach, 1997). Considering that in our work a reduction of proteins occurred at the end of fermentation, it is probable that bacteria broken down the proteins in peptides, which could have been later hydrolysed into amino acids by peptidases and then transformed in aromatic aldehydes or amines through transaminases and decarboxylases (Fang, 2002). The fermented broths could contain volatile compounds, able to confer aromatic properties (Fang, 2002). In order to identify the specifics volatile compounds produced by bacteria, HPLC and sensory analyses are necessary. It is also worth noting that the protein content in SD and SD + LAB8014 broths increased after fermentation, as if carbohydrates were turned into bacterial biomass that is richer in protein than soybean drink. This could also mean that the consumption of A. platensis F&M-C256 protein is higher than the −18% decrease observed (Table 4).

In the present work, at the end of fermentation all the broths presented a significant (P < 0.05) increase in lipid content. Several studies reported that the addition of LAB to dairy products may contribute to the production of free fatty acids by lipolysis of milk fat (Kurmann, 1988; Coşkun and Ondül, 2004; Yadav et al., 2007). Yadav et al. (2007) found that the addition of probiotic L. acidophilus and Lactobacillus casei to fermented milk resulted in higher lipolytic activity than milk without lactobacilli inoculation and produced more free fatty acids. Furthermore, Lactobacillus also have the ability to convert linoleic acid (LA) to conjugated linoleic acid (CLA). This attracted attention as a novel beneficial functional lipid, considering that CLAs have many positive health effects including reduced risk of carcinogenesis, atherosclerosis, obesity, improved hyperinsulinemia and prevention of catabolic effects of the immune system (Ogawa et al., 2005). In this study, LAB8014 could have produced fatty acids by using the lipid fraction of the soybean drink or of spirulina biomass, boosting the lipid content in the broths at the end of fermentation. Considering that A. platensis F&M-C256 biomass contains LA (1.15%) (Niccolai et al., 2019c) and that the most abundant fatty acid in soybean is LA (Sangwan et al., 1986), it is probable that during fermentation bacteria converted LA to CLA further improving the beneficial properties of the fermented broths. In the case of SD broth, without bacterial inoculation, the presence of LAB8014 after 48 h of fermentation could have lead to the same phenomena.

The in vitro digestibility provides useful information concerning the nutrient bioavailability of a specific product (Boisen and Fernández, 1997). Only few studies focus on the in vitro digestibility of microalgae (Mišurcovà et al., 2010; Tibbetts et al., 2012; Machů et al., 2014). In this study, fermentation did not improve digestibility, except for W + S and W + S + LAB8014 broths (Table 5). A similar increase of digestibility (+4.4%) was also reported by Niccolai et al. (2019a) for a broth containing water and A. platensis F&M-C256 biomass as the sole substrate for lactic acid fermentation by LAB8014. It is worth highlighting that at the end of fermentation, a large fraction of the solid residue, especially for SD + S + LAB8014 and for W + S + LAB8014 broths, was composed of LAB8014 cells, which have low digestibility (Alfano et al., 2015). The high presence of undigestible bacterial cells may explain the limited increase in digestibility after fermentation.



Bioactive Potential of Lyophilised Broths: Phycocyanin, Phenolic Content and Antioxidant Capacity

Phycocyanin and polyphenols are the main bioactive components responsible for Arthrospira radical scavenging, antioxidant, and anti-inflammatory activities (Wu et al., 2016; Shabana et al., 2017). In the present work, at the end of fermentation the SD + S + LAB8014 and W + S + LAB8014 broths showed a high radical scavenging capacity (>95%) (Figure 4). Liu et al. (2011) reported a lower radical scavenging capacity (<35%) for A. platensis biomass fermented 48 h in cow milk. In a recent work (de Marco Castro et al., 2019) aimed at improving the bioactive profile of A. platensis F&M-C256 biomass through fermentation with LAB8014, after 24 h of fermentation the DPPH radical scavenging capacity increased up to 60%, finding a lower increase compared to that obtained in the present study for spirulina-based broths.

Phenolic compounds, recognized as strong antioxidants, are able to scavenge ROS (Cai et al., 2004). Arthrospira spp. can contain different quantities of phenolics (generally from 5 to about 50 mg GAE g–1), depending on strain characteristics and culture conditions (Abd El-Baki et al., 2009; Kepekçi and Saygideger, 2012). In a study by Liu et al. (2011), after 48 h, fermented milk with A. platensis biomass contained 33.6 mg GAE g–1 and it was hypothesized that lactic acid fermentation helps to release polyphenols from spirulina with improved biological activity.

Similar to the results obtained in this work (Figure 5), Niccolai et al. (2019a) reported that the total phenolic content of a broth containing water + spirulina + LAB8014 increased from the start, up to the second day of fermentation. In the study of de Marco Castro et al. (2019), A. platensis biomass fermented by LAB8014 for 48 h led to a total phenolic content of 15 mg GAE g–1, which is lower to that found in this work for spirulina-based broths after two days of fermentation (24 mg GAE g–1 on average).

In our work, the results of DPPH radical scavenging capacity and of total phenolic content are nearly superimposable. Therefore, phenolics are one of the main responsible for the antioxidant activity, probably together with phycocyanin released from A. platensis F&M-C256 biomass and with compounds that have antioxidant potential from soybean drink and from LAB8014. In accordance with the positive significant (P < 0.05) correlation between total phenolic content and DPPH radical scavenging capacity (r = 0.85, results not shown) for the broths fermented 72 h found in this study, several authors (Meda et al., 2005; Paixao et al., 2007; Fu et al., 2011) also reported significant positive correlations between total phenolics and antioxidant activity for different foods or beverages. Many studies also show that L. plantarum strains present antioxidant activity (Aguilar-Toalá et al., 2017; Wang et al., 2017; Min et al., 2019). Suzuki et al. (2013) identified L-3-(4-hydroxyphenyl) and L-indole-3-lactic acid as possible responsible for DPPH radical scavenging capacity of L. plantarum cultures. After 72 h, the fermented broths contained a high concentration of LAB8014, representing another factor (in addition to phenolics and phycocyanin from Arthrospira) which may have entailed the increase in radical scavenging capacity.

Phycocyanin is a well known water-soluble pigment-protein complex from the light-harvesting phycobiliprotein family contained in cyanobacteria (Eriksen, 2008). Phycocyanins include two principal pigment complexes, allophycocyanin (APC) and phycocyanin (PC) that are in turn constituted by subunits with a different structure which present specific peaks of fluorescence emission (660 and 646 nm, respectively) or absorption (650 and 617 nm, respectively) in the visible region (Glazer and Hixson, 1975; Chapman et al., 1967). Phycocyanin has been used as a natural dye for food, cosmetics, and in the pharmaceutical field (Eriksen, 2008). Phycocyanin demonstrated great pharmaceutical potential in in vitro and in vivo trials due to its anti-inflammatory activity (it represses nitric oxide synthase expression, reduces nitrite synthesis, and prevents glucose oxidase-induced edema) (Romay et al., 1998; Cherng et al., 2007), prevention of cholesterol-induced atherosclerosis (Riss et al., 2007), anti-platelet aggregation effect (inhibition of cyclooxygenase) (Chiu et al., 2006), and anti-carcinogenic action (it induces apoptosis and inhibits proliferation of human myeloid leukemia cells) (Roy et al., 2007). A. platensis is the main source of phycocyanin (Wu et al., 2016). In our study, after 72 h of fermentation phycocyanin decreased for all the broths (−34% on average) (Figure 6). These results are in accordance with those reported by de Marco Castro et al. (2019), who found a reduction of phycocyanin content in a broth containing A. platensis F&M-C256 biomass after 72 h of fermentation with LAB8014. Phycocyanin is a temperature-sensitive pigment (Sarada et al., 1999), which, under the fermentation conditions set for this work (37°C), might have been degraded after 72 h. Moreover, it is probable that LAB to satisfy the nitrogen nutritional requirement consumed phycocyanin, that represents 8–10% of spirulina proteins (Wu et al., 2016), for their metabolism (Hebert et al., 2000; de Marco Castro et al., 2019), reducing the total phycocyanin content in the broths during fermentation. Liu et al. (2011) hypothesized that LAB are able to use phycocyanin during fermentation converting it into phycocyanobilin, probably through proteolysis (Savijoki et al., 2006).

Bhat and Madyastha (2000) demonstrated that phycocyanin efficiently scavenges peroxynitrite (of about 90%), a potent physiological inorganic toxin, showing that the pigment significantly inhibits the peroxynitrite-mediated single-strand breaks in supercoiled plasmid DNA. In the present study, the spirulina-based broths after fermentation still contained a high phycocyanin concentration, then it is possible to conclude that the presence of the pigment, able to scavenge oxygen-free radicals, besides inorganic toxins, contributed (together with phenolics) to the high radical scavenging activity observed.

Besides the in vitro measuring of radical scavenging the intracellular antioxidant capacity assay was developed to accurately measure the antioxidant potential of dietary supplements, foods, beverages or of specific antioxidants in the cells (Wolfe and Liu, 2007). Considering that the nature and role of enzymes participating in decreasing ROS level, repair damaged macromolecules and eliminate irreparable proteins are similar at all levels of cellular organization, yeasts are useful model organisms for studying the various aspects of oxidative stress at the biochemical, molecular and cellular level (Sigler et al., 1999). The yeast S. cerevisiae is an appropriate model organism to evaluate eukaryotic cellular processes involved in the antioxidative activity following treatment with bioactive compounds (Cigut et al., 2011; Zakrajsek et al., 2011). The soybean drink is a nutrient-rich substrate for S. cerevisiae, therefore, yeasts can immediately start increasing their metabolic activity using these nutrients. As a result of the increased metabolic activity, increased oxidation level in yeasts is expected (Scharf et al., 1998). This may explain the pro-oxidative behavior observed in our study for soybean drink and soybean drink + LAB8014 broths (Figure 7). Despite some beneficial health properties related to soybean consumption (Devine, 2002), several studies demonstrated that soy-based foods can contain anti-nutritional factors such as protease inhibitors, hemagglutinating isolectins, and phytates (Bajpai et al., 2005), that may have played some role in oxidative processes.

After fermentation soybean drink nutrients may have been completely consumed by bacteria, reasonably in the first 48 h of fermentation (see the case of bacterial growth in the SD + LAB8014 broth). During fermentation Lactobacillus can produce bioactive peptides from soybean proteins with antioxidative activity (Ewe et al., 2011). In the present study, in addition to the antioxidant action from A. platensis F&M-C256, bioactive peptides could have interacted with isoflavone aglycones contained in the fermented soybean drink, that present well known antioxidative activity (Di Cagno et al., 2010), probably causing the reduction of oxidative processes. LAB have capabilities of converting isoflavone glucosides to free aglycones with a higher number of hydroxyl groups or lower steric hindrance to hydroxyl groups, further enhancing the antioxidant activity (Chun et al., 2007; Zhao and Shah, 2016). It is also possible that after 72 h of fermentation, bacteria started to lyse releasing their intracellular components that could contribute to the oxidative processes reduction in the yeast cells (Aruoma and Halliwell, 1987; Miller and Britigan, 1997). The presence of other antioxidants, that can be contained in fermented food products, such as milk (e.g., antioxidant enzymes, CLA, coenzyme Q10, lactoferrin, vitamins C, E, A, and D3, equol, uric acid, carotenoids, and mineral activators of antioxidant enzymes) (Fardet and Rock, 2018), could explain the reduction in intracellular oxidation after 72 h of fermentation obtained also for the broth containing only soybean drink.

At the end of fermentation, A. platensis F&M-C256-based broths present a further reduction in oxidative processes, maybe due to the release of antioxidant components contained in A. platensis F&M-C256 (mainly phycocyanin and phenolics). The powerful effect in reducing intracellular oxidation level demonstrated by SD + S + LAB8014 broth could be related to phenolics and phycocyanin from cyanobacterial biomass that are released during fermentation and may have acted in a synergistic effect with LAB8014 and their products and isoflavone aglycones causing the strong reduction in intracellular oxidation. The weak reduction in intracellular oxidation showed by the extract prepared from W + S + LAB8014 broth suggests that lactic acid fermentation of spirulina as a sole substrate is not so efficient in antioxidative activity, as in the case, where SD + S + LAB8014 broth was fermented. Further investigations are necessary to fully clarify this point.

In general, our data show that the sensitivity of the in vivo intracellular oxidation model, a method based on a vital microorganism (S. cerevisiae), is higher compared to that of the in vitro model. In accordance with these results, several authors (Slatnar et al., 2012; Amaretti et al., 2013; Fardet and Rock, 2018) showed no significant correlation between in vitro and in vivo antioxidant trials.

Despite many works dealt with A. platensis biomass potential health benefits (Colla et al., 2008; Kim et al., 2010; Gutiérrez-Rebolledo et al., 2015; Bigagli et al., 2017), to the best of our knowledge, no literature is available concerning the inhibition of intracellular oxidation of microalgae-based beverages fermented with LAB. In a study of Slatnar et al. (2012) where the main objective was to determine the in vitro and in vivo antioxidant activity of different berry juices, a similar reduction in intracellular oxidation for blueberry and bilberry juices (about −40%) compared to the SD + LAB8014, SD + S, and W + S broths (fermented 72 h) of our work was found. Considering that A. platensis F&M-C256-based broths showed similar or higher antioxidant potential compared to blueberry and bilberry juices, that are recognized as powerful antioxidant sources between vegetables (Slatnar et al., 2012), it is possible to understand the health potential for the consumers. The new lactose-free beverages obtained in this study (especially the SD + S + LAB8014 beverage), could be included in the daily diet, entering the food/beverage market, making these functional products attractive for investors of the algae sector, which in 2018 reached USD 3.98 billion and it is expected it will grow at a CAGR of 5.4% in the period 2018–2023 (Markets and Markets Report, 2018).



CONCLUSION

In conclusion, A. platensis F&M-C256 biomass demonstrated to be a suitable substrate for L. plantarum ATCC 8014 growth. At the end of the fermentation, LAB8014 cells in SD + S + LAB8014 and W + S + LAB8014 broths constituted about 25 and 17% of the broth dry weight. The amount of protein still present was more than 50% of the broths dry weight. Total phenolic content, in vitro and in vivo antioxidant activity increased, while phycocyanin content decreased. A significant improvement in digestibility for W + S + LAB8014 broth was observed after fermentation, while no significant increase for SD + S + LAB8014 broth was found.

Fermentation by LAB8014 is an appropriate technology to obtain A. platensis-based lactose-free beverages. Future steps to reach the full development of the functional beverages in order to get to the market will be the determination of the technological properties (stability of components, safety, etc.) and sensorial aspects. The new functional beverages could be daily used by vegan, vegetarian, sportsman, children, elderlies, and health-conscious people making these functional products attractive for companies that intend to invest in nutraceuticals and/or in the algae sector.
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