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Abstract

:

Arthrospira platensis (spirulina), a filamentous fresh-water planktonic cyanobacterium, possesses diverse biological activities and a unique nutritional profile, due to its high content of valuable nutrients. This study aimed to further improve the bioactive profile of spirulina, by fermenting it with the lactic acid bacterium Lactobacillus plantarum. In vitro comparison of the total phenolic content (TPC), C-phycocyanin, free methionine, DPPH radical scavenging capacity, ferric reducing antioxidant power (FRAP), oxygen radical absorbance capacity (ORAC) and protein fragmentation via SDS-PAGE in untreated versus 12 to 72 h fermented spirulina is reported here. After 36 h fermentation, TPC was enhanced by 112%, FRAP by 85% and ORAC by 36%. After 24 h, the DPPH radical scavenging capacity increased 60%, while the free methionine content increased by 94%, after 72 h. Past 36 h of fermentation, the total antioxidant capacity (TAC) diminished, possibly due to deterioration of the heat-sensitive antioxidants. However, protein fragmentation and free methionine content increased, linearly, with the fermentation time. Cyanobacterial peptides and other bioactive compounds trapped within the spirulina cell wall are released during fermentation and have a significant potential as a functional ingredient in nutraceuticals and pharmaceuticals, in addition to their nutritive value.
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1. Introduction


Cyanobacteria, the most archaic group of oxygenic phototrophs, were first named in the 8th edition of Bergey’s Manual of Determinative Bacteriology in 1974. Prior to that, cyanobacteria were termed blue-green algae, as they are found in water and contain the photosynthetic pigments—chlorophyll (green) and phycocyanin (blue) [1]. Although cyanobacteria have been consumed as a food for centuries, their commercial production began only in recent years in Japan, later spreading to America, Australia, and certain European and Asian countries [2]. The Arthrospira species falls under the prokaryotic cyanobacteria category. Arthrospira platensis, hereafter referred to as spirulina, is a planktonic filamentous cyanobacterium of the Phormidiaceae family and is part of the phytoplankton biomass found in alkaline water [3]. Approximately 3000 tones (dw) are produced per year by commercial brands, for the purpose of dietary supplements, cosmetics, food dyes, and aquaculture. The utilisation of cyanobacteria in the healthy food industry is fast growing, as they are a relatively easy-to-produce, cost-effective source of valuable biomolecules [4]. In particular, spirulina has an enhanced nutritional profile with high bioavailability of essential amino acids (64 to 74% protein content), biliproteins, and other pigments, such as allophycocyanin, C-phycocyanin, a-chlorophyll, B and E vitamins, mineral substances and trace elements, glycolipids, sulpholipids, and essential polyunsaturated fatty acids, including γ-linoleic acid [5,6]. They are readily absorbed in the body and help to bring the nutrient status up to normal levels [7]. They also provide therapeutic properties in the treatment and prevention of a variety of disorders, including hypercholesterolaemia [8], diabetes [9], various types of cancer [10], and atherosclerosis [11]. Recently, spirulina has been studied for the prevention and treatment of diabetes, malnutrition, as an antiviral agent, immune-stimulator, anti-inflammatory and anticancer supplementation, improved digestive capacity, as well as the growth of Lactobacilli in the gut [12,13,14].



Spirulina is extensively grown for nutraceutical compounds, functional food development and other purposes, including food additives, such as natural pigments, thickening and gelling agents, animal feed, and medicinal bioassays. Spirulina is indicated as a nontoxic supplement and has been declared to be a Humanitarian Instrument in fighting severe malnutrition, by the WHO [15]. Spirulina has significantly enhanced biomarkers of mammalian health in vivo, when incorporated as 0.1–1.0% of daily feed. Reported enhancements include probiotic, antioxidant, analgesic, anti-allergic, growth, antiviral, antidiuretic, hypocholesterolaemic, anti-carcinogenic, and cardiovascular protective effects [16,17].



Fermentation is widely used as a food preservation method. However, the use of lactic acid bacteria (LAB) to improve the nutraceutical profile of food (Figure 1) is a novel area of study. LAB have the ability to degrade plant and cyanobacterial cell walls, via hydrolysis, resulting in the conversion of complex organic compounds, such as polysaccharides, lipids and proteins, within the cell, into smaller molecules with enhanced antioxidant, anti-inflammatory, and immunomodulatory activity [18,19,20,21]. Among LAB, L. plantarum has been studied as a suitable strain for the fermentation of food, due to its endogenous enzymes, which are capable of producing antioxidants such as, hydroxytyrosol and pyrogallol, or approved flavouring agents, like 4-vinyl phenol [22]. Furthermore, via peptide bond hydrolysis of inactive parent proteins, LAB proteases yield bioactive peptides with multiple health benefits, such as ACE-inhibition, modulation of the immune system and antioxidant activity [23]. Fermented foods are a new trend in the nutrition-health sector for the increasing number of consumers seeking natural sources of bioavailable nutraceuticals, in nutrient-dense foods, while enjoying new flavours, textures and aromas with no, or reduced, requirement for synthetic additives [24,25].



This study aimed to quantify and compare the total antioxidant activity, total phenolic, C-phycocyanin and the free methionine content of LAB fermented spirulina to untreated spirulina; to analyse the protein fragmentation pattern of spirulina before and after fermentation using SDS-PAGE; and overall, to determine the optimum fermentation time for maximum enhancement of nutraceutical properties in spirulina.



Cyanobacterial peptides and other bioactive compounds trapped within the spirulina cell wall were released during fermentation, as shown by the increased antioxidant capacity and protein fragmentation of the fermented samples. Thus, fermented spirulina is a promising functional ingredient in nutraceuticals and pharmaceuticals.




2. Materials and Methods


2.1. Preparation of the Lactobacillus plantarum Stock


L. plantarum ATCC 8014 was purchased as a lyophilised powder from Microbiologics®, St Cloud, MN, USA, in the form of a KWIK-STIK™. Stock cultures were prepared by growing the strain aerobically on de Man, Rogosa and Sharpe (MRS) agar (72 h at 37 °C), after which ~2 colonies of L. plantarum were transferred into a 2 mL Eppendorf, containing 1 mL of sterile 20% glycerol.




2.2. Spirulina Fermentation


Spirulina fermentation with L. plantarum was conducted as per Gupta et al. [26], with one modification; autoclaved ddH2O was used in place of the MRS broth. Five grams of untreated wet biomass and 1 mL of L. plantarum stock (log 6 to 7 CFU/mL) were added to a 500 mL Erlenmeyer flask containing 24 mL of ddH2O. This mixture was fermented in a shaker incubator (37 °C) and samples were taken every 12 h, for 72 h. The pH was measured at each time point. Samples were frozen, lyophilised for 72 h, subjected to mortar and pestle treatment, and stored at −80 °C. At the time of analysis, samples were diluted in ddH2O or MeOH (according to the solubility of the nutraceutical compounds of interest) and centrifuged (5 min, 13,000× g). The supernatant was used for testing the spirulina properties as a fermented nutraceutical product.




2.3. Total Phenolic Content (TPC) Determination


Spirulina’s TPC was determined as per Jaiswal et al. [27]. Briefly, 100 µL of the sample was poured into individual test tubes and the blank was prepared with 100 µL of ddH2O. Then, 2 mL of 2% sodium carbonate was added to each tube and left in darkness, at 25 °C. After 2 min, 100 µL of 50% Folin Ciocalteu’s phenol reagent was added to each tube and incubated in darkness, at 25 °C, for 30 min, where the reaction mixture changed from yellow to blue. A total of 200 µL from each test tube was transferred to a 96-well microplate and the absorbance was read at 720 nm, using a UV-Vis spectrophotometric microplate reader. The results were compared to the calibration curve of gallic acid (0 to 500 µg/mL) and expressed as mg of gallic acid equivalents, per gram (dw) of spirulina (mg GAE/g).




2.4. C-phycocyanin Determination


Total C-phycocyanin content (PC) was determined, according to the method by Bennett and Bogorad [28], by measuring the absorbance of 200 µL of spirulina sample in a 96-well microplate, using a UV-Vis spectrophotometric microplate reader at 615 and 652 nm (Equation (1)). The equation for calculating PC content was derived by combining the extinction coefficients with three simultaneous equations that considered the wavelength corresponding to the maximum absorbance of this pigment [28]. Results were compared to a standard curve of pure C-phycocyanin (50 to 1000 µg/mL) and expressed as µg of C-phycocyanin per mg (dw).


PC=(Abs615nm−0.474×Abs652nm)5.34



(1)








2.5. DPPH Assay


The measurement of the DPPH radical scavenging activity was performed according to the method described by Jaiswal and Abu-Ghannam [29]. In brief, 100 µL of sample was added to six wells of a 96-well microplate. 100 µL of freshly prepared DPPH radical solution (165 µM, in methanol) was added to the experimental-wells. In the blank-wells, 100 µL of ddH2O was added instead. As a control, 100 µL of ddH2O was used, in place of spirulina sample. The reaction mixture was incubated at 25 °C, for 30 min, in the dark, before reading the absorbance at 517 nm, in a UV-Vis spectrophotometric microplate reader. Results were obtained as a percentage decrease, with respect to the control values, using Equation (2) and compared to an ascorbic acid standard curve (1 to 12.5 µg/mL) and expressed as mg ascorbic acid equivalents, per gram (dw) of spirulina (mg AAE/g).


% inhibition=Abscontrol−AbstestAbscontrol×100



(2)








2.6. Ferric Reducing Antioxidant Power (FRAP) Assay


The FRAP assay was performed according to Benzie and Strain [30]. Concisely, the FRAP reagent was freshly prepared by mixing in a 10:1:1 (v/v/v) ratio: 300 mM sodium acetate buffer, pH 3.6 with 20 mM FeCl3•6H2O, and with 10 mM TPTZ in 40 mM HCl and incubated at 37 °C, until use. The reaction was performed in a 96-well microplate, where 100 µL of the preheated FRAP reagent was dispensed into each well, already containing 50 µL of the spirulina sample. The reagent blank wells contained 50 µL of ddH2O in place of the sample. The absorbance was read at 593 nm in a UV-Vis spectrophotometric microplate reader, after 10 min of incubation in darkness, at 25 °C. Results were compared to a Trolox standard curve (0.75 to 12.5 µg/mL) and expressed as micrograms of the Trolox equivalents per gram (dw) of spirulina (µg TE/g).




2.7. Oxygen Radical Absorbance Capacity (ORAC) Assay


The ORAC assay was carried out, as per Huang et al. [31]. A total of 75 mM phosphate buffered saline pH 7.4 was prepared, using potassium phosphate monobasic and dibasic. Fluorescein sodium salt was used to prepare sodium fluorescein stock solution, which was diluted to a concentration of 4 × 10−3 mM. 2,2′-Azobis(2-amidinopropane) dihydrochloride (AAPH) (153 mM) was prepared and diluted to a final concentration of 4 × 10−6 mM. Both fluorescein and AAPH were prepared and diluted, using 75 mM phosphate buffered saline (PBS). The outer wells of a 96-well microplate were filled with 200 µL of ddH2O. The reaction mixture in the interior wells was prepared by adding 25 µL of each sample to the 150 µL of fluorescein. The blank wells received 25 µL of PBS in place of the spirulina sample. The microplate was inserted into the preheated UV-Vis spectrophotometric microplate reader and incubated at 37 °C, for 30 min. Then, 25 µL of diluted AAPH was added to every well and the fluorescence was monitored, kinetically, for 90 min. Two fluorescence readings were carried out—an excitation wavelength (485 nm) and an emission wavelength (528 nm). Results were obtained, as indicated in Equation (3) and expressed as the µM Trolox per gram (dw) of spirulina, equivalent to ORAC units, using the Trolox calibration curve (1.25 to 60 µM/mL). Each ORAC unit equalled the net protection produced by 1 µM of Trolox [32].


ORAC=Abs485nm−Abs528nm



(3)








2.8. Protein Fragmentation Using SDS-PAGE


Following the Bio-Rad Electrophoresis (2015) protocol, an 8% SDS-PAGE solution was prepared and each 12 h interval-fermented sample was loaded against a protein ladder, control (untreated + L. plantarum), and an untreated sample. Running buffer was made by diluting 100 mL of the 10× running buffer stock into ddH2O (900 mL). The electrophoresis cell was assembled and filled with a running buffer, prior to the sample loading. Samples were mixed with the sample buffer, Laemmli 2× Concentrate (1:1 ratio) in 2 mL Eppendorf tubes, then denatured by incubation in a boiling water bath, for 5 min. A total of 10 µL of each sample and control were loaded into different wells, and the gel was run for 65 min at 140 V. A Bradford protein assay was run prior to sample preparation, to ensure an equal protein concentration loading (20 μg of protein). Later, the gel was stained by submerging it into the staining solution of ddH2O, methanol and glacial acetic acid 50/40/10 (v/v/v), and 2 g of the Coomassie Blue (40 min at 55 rpm), followed by distaining, using a solution of ddH2O, methanol and glacial acetic acid 50/40/10 (v/v/v) (24 h at 55× g). An UV chamber was used for the gel visualisation and the protein fragmentation was determined through a comparison with the molecular weight protein marker ladder.




2.9. Free Methionine Content Determination


Reversed phase high performance liquid chromatography (RP-HPLC) analysis of spirulina was carried out, according to the method developed by Varzaru et al. [33], with the following modifications—a flow rate of 0.8 mL/min and detection at 220 nm, were used. In brief, the solvents used were disodium phosphate (3.85 g/L, pH 7.8) (A) and water, acetonitrile, and methanol (20:20:60 v/v/v) (B). The HPLC programme was set as follows—3 injections per sample, 20 μL volume injection, 0.8 mg/mL flow rate, 45 °C column temperature, 20 min/sample run time and detection at 220 nm. DL-Methionine (0.75, 1.0 and 1.75 mg/mL) was used as a standard (elution time 3.3 min). The solvent gradient programme was set as follows. Solvent A: 2 min at 100%, 23 min transition to 25%, 1 min transition to 0% and hold for 3 min, 1 min transition to 100% and hold for 5 min. Solvent B: 2 min at 0%, 23 min transition to 75%, 1 min transition to 100% and hold for 3 min, 1 min transition to 0% and hold for 5 min.




2.10. Statistical Analyses


All data were collected from seven independent assays performed in triplicates (n = 3) and replicated, at least twice. Results were expressed as the mean ± standard deviation (SD) of the three measurements. Statistically significant differences were obtained using STATGRAPHICS Centurion XV software. Statistical comparisons were performed via analysis of variance and Fisher’s least significant difference. Differences at P ≤ 0.05 were considered significant. Correlations between the evaluated parameters were obtained using Pearson’s correlation coefficient (r). Means within each column denoted with different letters differed significantly (P ≤ 0.05).





3. Results


3.1. pH and Colour Variation during Fermentation


Untreated spirulina was found to have the highest pH value (6.0 ± 0), with a 63.5% drop after a 36 h fermentation (pH 3.8), increasing to a pH 4.6, by the end of the fermentation treatment (72 h). Table 1 illustrates the colour change during fermentation. This was significant since colour is highly variable within biological samples, especially foods, possibly interfering with the absorbance reading [34].




3.2. Total Phenolic Content (TPC)


Spirulina fermented for 36 h was determined to have the highest TPC (17.87 ± 0.77); followed by those treated for 48 h (15.00 ± 0.86), 24 h (14.95 ± 0.87), 60 h (14.91 ± 0.40), 72 h (13.65 ± 0.40), 12 h (8.60 ± 0.36) and the untreated sample (8.44 ± 0.39); TPC values are in mg GAE/g (dw) (Figure 2).




3.3. C-phycocyanin Content


The C-phycocyanin content was highest in the 36-h-fermented samples (187.0 ± 3.79), followed by the samples fermented for 48 h (177.17 ± 6.60), 12 h (148.07 ± 3.04), 24 h (143.83 ± 4.07), 60 h (138.01 ± 4.82), the untreated (133.57 ± 2.64) and 72 h (120.61 ± 0.86); values are in µg of C-phycocyanin/mg (Figure 3).




3.4. DPPH Radical Scavenging Capacity


DPPH radical scavenging capacity was greatest in 24 h fermented spirulina at 21.00 ± 0.8, followed by that fermented for 36 h (20.12 ± 0.2), 12 h (15.58 ± 1.5), 48 h (13.32 ± 0.9), the untreated (12.58 ± 1.2), 60 h (6.36 ± 0.3) and 72 h (4.73 ± 0.4); values are in mg AAE/g (dw) (Figure 4).




3.5. FRAP Values


Comparative FRAP values are presented in Figure 5. The 36-h-fermented samples demonstrated the highest ferric reducing antioxidant power of 482.00 ± 6.02, followed by 24 h (421.76 ± 6.96), 48 h (347.47 ± 15.94), 12 h (339.44 ± 12.54), 72 h (309.32 ± 9.20), 60 h (305.30 ± 15.94) and the untreated (261.12 ± 6.95); values are in µg TE/g (dw).




3.6. ORAC


The greatest oxygen radical antioxidant capacity was observed in the 36-h-fermented samples, with a value of 66.14 ± 1.09, followed by those fermented for 48 h (61.06 ± 0.69), 24 h (60.85 ± 0.50), 60 h (59.17 ± 1.27), 72 h (58.33 ± 0.63), 12 h (56.20 ± 1.88), and the untreated (48.61 ± 0.29); values are in µmol Trolox/g (dw) (Figure 6).




3.7. Protein Fragmentation


SDS-PAGE analysis of the spirulina protein content is shown in Figure 7. The main band at ~50 kDa visible in lanes 1 to 5 (untreated to 36 h) is no longer present in lanes 6, 7 and 8 (48–72 h). This suggests protein fragmentation via lactic acid bacterial hydrolysis of the peptide bonds, during the fermentation process. The strong band at 16–17 kDa, just below the 18.4 kDa marker, are the C-phycocyanin alpha and beta subunits, and remain un-fragmented.




3.8. Free Methionine Content


Figure 8 shows the free methionine content of the spirulina samples, before and after fermentation, as quantified by RP-HPLC. A linear correlation was observed between the fermentation time and the free methionine content. Untreated spirulina had a free methionine content of 0.225 ± 0.001, followed by 12 h (0.245 ± 0.001), 24 h (0.320 ± 0.019), 36 h (0.340 ± 0.006), 48 h (0.357 ± 0.007), 60 h (0.394 ± 0.003) and 72 h (0.437 ± 0.012); values are in mg-free methionine/g (dw).





4. Discussion


4.1. Effect of Fermentation on Spirulina


This study shows that fermentation enhances the nutraceutical profile of spirulina. It is important to note that the observed variability of results in the literature might be due to the botanical source, genetic background, environmental effects during growth, processing techniques, and storage conditions of each species [34].



When examining the spirulina’s nutraceutical composition, the total phenolic compound concentration present in the samples was the first parameter assessed. Phenolic compounds serve as essential antioxidants because of their ability to stabilise radicals, by donating a hydrogen atom or an electron. TPC values increased by 111.73%, during the first 36 h of fermentation, due to the release of the phenolic compounds, upon bacterial enzymatic hydrolysis of the spirulina cell walls. The modest TPC decrease, after the initial fermentation period, might be due to the temperature damage of the unstable phenolic substances [35]. TPC values in-line with those determined in the present study have been reported for Arthrospira [36,37,38] and other similar aquatic microorganisms, such as microalgae [39]. In all cases, the TPC was higher than those found in terrestrial plant species [40]. Different studies suggest that TPC is a major contributor to the total antioxidant capacity (TAC) [41,42,43], whereas others contradict this claim [44,45]. Due to the highly oxidising nature of the Folin Ciocalteu reagent and the sample–colour interference, the results vary between studies [34,37,46,47]. In the present study, TPC showed a high correlation with the ORAC results (r = 0.90), suggesting that phenolic compounds did contribute significantly to spirulina’s TAC. There is no overall consensus on the role that TPC plays in TAC, and further research is necessary.



Phycobiliproteins characterisation and cultivation enhancement has been explored for nutraceutical and cosmeceutical applications. The C-phycocyanin (C-PC) content in fermented spirulina increased by 32.64%. In this context, an increase in C-phycocyanin does not refer to the net C-PC content in spirulina, which remains constant. Instead, it reflects a release of this protein-bound pigment, through the fermentation process, via enzyme hydrolysis. It is distinguishable from Table 1 that C-PC was released since the fermented samples appeared to be bluer than the untreated sample. However, C-PC is a temperature-sensitive pigment [48], which, under the fermentation conditions set for this project (37 °C), might have been degraded after 36 h. Moreover, Boussiba and Richmond [49] suggested that a decrease in the C-phycocyanin content is evident during nitrogen starvation conditions, which parallels the increased pH during the second half of the fermentation period, due to L. plantarum digestion of the available nitrogen. The results obtained in the present study are in-line with those from the literature; slightly below average for the untreated samples, and above average for the fermented samples [50,51]. The variability in results could be due to the factors laid out previously, highlighting the cultivation conditions, since environmental stress, together with selection of the growth medium, are key variables for the concentration of photo-pigments like C-PC [52].



As for spirulina’s in vitro bioactivity, the DPPH radical scavenging capacities reported in the present study fall within previously described ranges for spirulina and increase significantly (by 66.93%) with fermentation treatment [37,53,54]. To obtain an overall perspective, synthetic antioxidant thiobarbituric acid (TBA) and butylated hydroxytoluene (BHT) can inhibit DPPH radicals, by up to 93.0% and 95.6% respectively; while α-tocopherol inhibits it by 91.5% [37]. The maximum percentage inhibition achieved by spirulina in the present study was 56.0%, after 24 h fermentation, which is more than half that of the synthetic antioxidants. This is significant, considering spirulina is a natural source, and has an enhanced nutrient profile, in addition to the increased antioxidant capacity. The ferric reducing antioxidant power (FRAP) increased by 84.59% during the fermentation process, reaching a maximum at 36 h and diminishing afterwards, possibly due to the temperature damage of thermo-sensitive antioxidant compounds. The FRAP results reported for this study fall within the average values of the literature [38]. It has been suggested that C-PC and carotene are key contributors to FRAP [55,56]. Figure 9 illustrates the published ORAC values for the edible portion of various fruits and vegetables, in order to facilitate the understanding of where spirulina TAC as per ORAC stands, compared to other foods. Increased consumption of plant-based foods rated with a high ORAC value can enhance plasma antioxidant capacity in humans [57].



Regarding the protein fragmentation patterns, visible bands represent subunits of C-PC, one of the main contributors to spirulina’s bioactivity. As shown in Figure 7, the bundle of monomers at ~50 kDa is only present for the first 36 h of the fermentation treatment. Afterwards, the band vanishes, suggesting a peptide bond cleavage by the action of LAB. According to Boussiba and Richmond [5], C-PC has a molecular weight of 44 kDa. However, lower molecular weight trimers of this peptide-bond pigment have been identified in previous research, to be between 14.4 and 30 kDa [47], which explains the appearance of a broad band at ~16–17 kDa, just below the 18.4 kDa marker. These have been identified in previous studies as alpha and beta subunits of C-PC, with molecular masses of 16 and 17 kDa [51,62]. The present study cannot claim bioactivity of specific peptides, since protein purification and identification was not performed. However, SDS-PAGE, together with RP-HPLC for free methionine quantification, show protein fragmentation, which demonstrates that smaller peptides were released from the parent proteins, during the fermentation process. Gibbs et al. [63] observed a similar fragmentation of proteins, due to the lactic acid bacterial protease activity in fermented soy samples.



The nutritional value of spirulina is well-recognised, due to its unusually high protein content (60–70% of its dry weight, greater w/w than red meat), which can be hydrolysed into bioactive peptides (BPs) with potent in vitro and ex vivo bioactivity [64]. Recent studies have provided evidence that BPs derived from marine microorganisms, which share great similarities with cyanobacteria, such as spirulina, play an important role in human health and nutrition and, therefore, have a high potential as active ingredients for preparation of functional foods and nutraceutical products [65,66,67]. So far, the efficacy of these BPs have been studied in vitro, in animal models and in human digestive simulation systems. Therefore, detailed human studies are needed in order to confirm the bioactivity of these peptides [68,69]. The findings of the present study, via the RP-HPLC revealed a 94.22% increase of free methionine content, from baseline to the end of the fermentation period. However, further fermentation periods are recommended to understand to what extent free methionine content increases in spirulina upon peptide hydrolysis. Published data for free methionine content in thirty-seven varieties of spirulina reported by Al-Dhabi and Valan Arasu [36] ranges from 0.0035 to 0.0098 mg/g (fresh/wet weight). After taking into consideration that spirulina biomass is ~95% water [70], this is in accordance with the values reported in the present study. The variation in the literature could be due to the Arthrospira species selected, and the extent of native protein cleaved by fermentation.




4.2. Correlation between pH as an Indicator of Fermentation Status and Results Trend


A decrease in pH during fermentation is a result of the bacterial production of organic acids, primarily lactic acid. In this study, untreated spirulina showed the highest, most basic pH value of 6.0, with a continuous decrease during the first half of the fermentation treatment (pH 3.8 at 36 h), followed by a less accentuated increase to pH 4.6, after 72 h fermentation. Once the substrate concentration for bacterial fermentation is too low, L. plantarum can no longer survive. Therefore, the breakdown of spirulina compounds and release of lactic acid slows down, reaching its maximum at 36 h and coinciding with the minimum pH and highest TAC. The increase in pH during the last 36 h of the fermentation process might be due to the release of basic ammonia, cleaved-off from the high amino acid content found in spirulina. L. plantarum has a greater demand for carbon than for nitrogen, leading to a net release of ammonia in the medium, which attracts protons to form ammonium in aqueous solution, thus, increasing the pH [71].




4.3. Benefits of the ORAC Assay Versus other Traditional TAC Assays


Since DPPH, FRAP, TPC, Bradford and C-phycocyanin content assays rely on a colorimetric-based assessment, the powerful green/blue hue of the spirulina has the potential to interfere with the absorbance readings, leading to inconsistent results. The DPPH and FRAP assays are technically simple and quick to perform; however, it has been argued that they are not a chemically sound method for assaying TAC [72,73]. Both assays undergo a Hydrogen Atom Transfer (HAT)-based mechanism, when reacting with the substrate(s) present in the sample, which bears little resemblance to the reaction in vivo. Additionally, DPPH as a radical is highly stable, compared to other reactive radical species present in most food matrices [73], and the reversibility between DPPH and ortho-methoxyphenol compounds reaction, together with its low tolerance for pH changes, could lead to false low-absorbance readings. Furthermore, the FRAP assay enhances an unnatural redox propagation [46], releases Fe(II), and fails to detect thiol- or carotenoid-containing antioxidants [74]. ORAC has multiple advantages over other TAC methods [31,32,34,61,75], and it was the preferred assay for this study, offering the highest correlation with pH change, during fermentation (r = 0.95).




4.4. Potential Application of Spirulina Fermentation


Cyanobacteria are the oldest form of autotrophic life on Earth and compose the main part of the biomass of the planet. It is believed that the key to their success lies in their unique metabolism and cytoplasmic composition, which also makes them excellent nutraceutical candidates for the highly demanding modern food industry constantly seeking to create healthier, cheaper, more convenient novel foods [76]. In addition, health-pursuing consumers of this century are trending towards functional foods and nutraceutical products [77].



Spirulina protein’s quality is highly superior to that of almost any other ’green’ source, since it offers all essential amino acids (AA), with no limiting factor for assimilation [78], which is rare for non-animal foods. In fact, non-essential AA represent almost half of the protein content in spirulina [16]. Moreover, in terms of its digestibility, its biological value and net protein utilisation are in the same range as most common standard protein sources. When evaluating spirulina protein by an animal feeding test, its protein efficiency ratio scored much higher than most plant proteins [79]. Therefore, spirulina could be used as a supplement to increase the content of the limited AA in certain foods, such as cereals [80].



Further, AA production is a multi-billion-dollar, multi-national industry. Glutamic acid, lysine and methionine account for the majority, by weight, of AAs sold. AAs are consumed in a variety of markets, the largest by volume being the food-flavouring industry, followed by the animal feed industry [81]. Methionine is an essential AA for humans and livestock. Its production is achieved via enzymatic synthesis (bioconversion of precursors), or by submerged fermentation, using microorganisms. The lack of knowledge regarding feedback regulation of methionine biosynthesis is a major impediment for methionine extraction, via fermentation [82]. Therefore, most commercially pure L-methionine products are synthesised chemically, from aspartate [81]. Plant proteins are normally deficient in methionine, consequently, plant-based diets might need methionine supplementation to avoid dietary deficiency. Therefore, methionine, together with other essential AAs, is of significant interest and its demand has increased greatly, over the last few decades [82].



A limited number of studies have examined the properties of fermented spirulina. Spirulina has been confirmed to be a suitable substrate for L. plantarum, thus, holding a potential for the production of probiotic-based products [83]. Additionally, spirulina fermentation with L. plantarum increased digestibility by 4.4%, and the antioxidant activity and total phenolic content by 79% and 320%, respectively [83]. Fermentation with L. plantarum and Bacillus subtilis improved deodorisation of off-flavour and protein hydrolysis, also yielding an improved ratio of essential-to-total AAs, compared to the unfermented spirulina and consequently enhancing the sensory and antioxidant capacity, during product development [84]. Further, LAB-fermented spirulina was examined for its antioxidant effects and UVB protective activity in skin-care models. Results showed higher levels of free polyphenols and phycocyanobilin in fermented versus untreated spirulina [85]. Lastly, Choi et al. [86], likewise, demonstrated an enhanced TAC and beta-carotene profile, upon L. plantarum fermentation and ultrasonic extraction of Arthrospira maxima, which was thought to contribute to the apparent higher brain-derived neuroprotective factor of fermented Arthrospira maxima, compared to its untreated control. All of these data agree with the previously laid-out ‘cell wall biodegradation’ hypothesis upon LAB fermentation of the Arthrospira species.





5. Conclusions


Fermentation increased the nutraceutical value of spirulina, significantly (P ≤ 0.05), for all evaluated parameters. The 36-h-fermented spirulina had the highest TPC, C-phycocyanin content, FRAP and ORAC values of all fermentation treatment periods, except for the DPPH scavenging activity, which peaked at 24 h. Additionally, ORAC, the only fluorescence-based method, had the highest correlation with pH drop, during fermentation (r = 0.95), and is recommended as a sole measure of antioxidant capacity for coloured-food matrices. Total antioxidant capacity diminished after the first half of the fermentation treatment, probably due to the damage of air-, and heat-sensitive antioxidants, while free methionine content and protein fragmentation were reported to be highest in the 72-h-fermented spirulina samples. Thus, while total antioxidant capacity diminished after 36 h (expected for thermolabile antioxidants), the thermostable proteins and bioactive peptides increased in a linear manner, as a direct function of fermentation time. Further research is needed to explore the bioactivity of fermented spirulina in vivo.
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Figure 1. Enhancements of the nutritional quality of foods during lactic acid fermentation. 
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Figure 2. Comparative total phenolic content of fermented spirulina. 
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Figure 3. Comparative C-phycocyanin content of the fermented spirulina. 
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Figure 4. Comparative DPPH values of fermented spirulina. 
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Figure 5. Comparative ferric reducing antioxidant power (FRAP) values of the fermented spirulina. 
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Figure 6. Comparative oxygen radical absorbance capacity (ORAC) values of fermented spirulina. 
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Figure 7. SDS-PAGE analysis of the total protein in spirulina. 
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Figure 8. Free methionine content of the untreated and the fermented spirulina. 
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Figure 9. ORAC values (in ORAC Units (OU)) for the dry weight of various foods [58,59,60,61]. 
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Table 1. Diluted spirulina samples (2 mg/mL) in ddH2O.
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Lyophilised Spirulina (2 mg/mL)






	
Fermentation treatment

	
none

	
12 h

	
24 h

	
36 h

	
48 h

	
60 h

	
72 h




	
Supernatant colour
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