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Abstract

:

To date, there are very few data regarding new efficient probiotics’ development with their own prebiotic substrate. All commercial products contain prebiotic substrate that was previously purified from external sources and added to the final product. The present study describes Weissella confusa strain fermentations in media with different anthocyanin concentrations from Hibiscus sabdariffa L., in order to increase the exopolysaccharide (EPS) yield, leading to augmented probiotic and prebiotic properties. The extracted and purified EPS were characterized by Gel permeation chromatography, Fourier-transform infrared, and nuclear magnetic resonance spectroscopy; thermal analysis measurements and the whole fermented media’s probiotic properties were evaluated by testing low pH and bile salt resistance, along with hydrophobicity and auto-aggregation capacity. The anthocyanins increased biomass and EPS yields and the high EPS molecular mass improved nutrient access by allowing a good microbial suspension in media. The confirmed dextran structure provides media biocompatibility and very good probiotic properties compared with existing literature. Simultaneously, the anthocyanins in media protected the strain cells against low pH and bile salt compared with the control fermentation. These very good results show that the whole fermented culture media is suitable for further in-vitro and in-vivo studies regarding its probiotic and prebiotic activity.
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1. Introduction


From the beginning of time, plants represented the main source of medications for humans due to their secondary metabolites, known today as phytochemicals which present antifungal, antimicrobial, and anticancer properties. The use of medicinal plants (as an alternative therapy) has become more frequent in recent years, even in developed countries, as estimated by the World Health Organization [1,2]. Hibiscus sabdariffa L. (Malvaceae), known as Roselle, is a plant native to Africa and relatively easy to grow, being cultivated all around the world [3]. It is used as tea (infusion), food, or medicine [4]. The main H. sabdariffa L. classes of bioactive compounds in the context of therapeutic importance are polysaccharides, organic acids, flavonoids, and anthocyanins, which provide a high antioxidant capacity [4] and free radical scavenging activity [3]. Several studies revealed the therapeutic properties of H. sabdariffa L. extracts in which the major components are anthocyanins such as delphinidin-3-O sambubioside and cyanidin-3-O sambubioside [5,6]. Other flavonoids found in this extract are gossypetine, hibiscetin, and their respective glycosides, as well as protocatechuic acid, eugenol, and sterols like β-sitoesterol and ergoesterol [3]. The most important aspect of the process of extraction optimization is to preserve a higher targeted compound yield, while minimizing compounds’ degradation. Higher temperatures (50 °C and above) caused the thermal degradation of polyphenols and reduced their antioxidant activity [5]. The anthocyanins are soluble in polar solvents and the extraction must be performed at low temperatures to preserve the compounds’ stability [7] and their therapeutic properties.



Recently, it has been demonstrated that H. sabdariffa extracts exhibit bioactive properties that play a crucial role in inhibiting the growth of multidrug-resistant pathogens [8,9], as well as in preventing chronic diseases such as cancer [10,11,12], hypertension [13], hyperlipidemia [14,15], liver disorders [9], inflammation [6], metabolic disorders [3,16].



On the other hand, it has been confirmed experimentally that anthocyanins contained in commercial supplements were rapidly metabolized by gut microbiota into active metabolites, which in turn modulate the composition and metabolic functionality of gut microbiota [17]. At the same time, the plant extracts used in commercial supplements protect the gastric tract from cancer, being a perfect herbal supplement for cancer prevention [18]. It has been demonstrated that lactic acid bacteria (LAB) modulate the extracts’ composition in phenolic compounds. The extracellular enzymes involved in the fermentation process de-glycosylate polyphenols from plant extracts, enhancing their antioxidant activity by increasing the active groups that give the polyphenol compounds antioxidant properties [19]. Using plant extracts in culture media for exopolysaccharide (EPS) biosynthesis, the resulting product could constitute a valuable prebiotic food improving the composition and function of the gut microbiota [2,20]. For EPS biosynthesis, up to 70% of the microbial cell’s energy is used. The EPS quantity and quality depend on sugar availability, micronutrients’ presence, and fermentation conditions [20], and in turn represent a valuable carbon source and growth substrate for LAB.



Weissella sp. was identified as one of the first microorganisms involved in the early fermentation stage. Recently, the probiotic properties of this genus were demonstrated [21], but, as always, in order for the probiotic strains to maintain their properties, they need a prebiotic substrate to maintain their growth. Prebiotics are defined as functional foods which are not absorbed systemically but modulate and stimulate the proliferation of healthy gut microbial flora and suppress the proliferation of harmful bacterial strains [22]. More recent reports confirm the in-vitro techno-functional properties and the potential prebiotic properties of EPS produced by W. confusa from fermented food [23].



Based on previously published reports stating that consumption of plant polyphenols decreases the incidence of certain chronic diseases [24], in the present study we aimed to obtain a fermented probiotic product that contains EPS produced by W. confusa PP29 as a possible prebiotic substrate, in a culture media with different concentrations of anthocyanins extracted from H. sabdariffa L. flowers. The culture media was supplemented with peptone as nitrogen source and with sucrose as carbon source in order to stimulate the EPS biosynthesis. The fermentations were monitored for four days by quantifying the biomass and EPS yields. The extracted and purified EPS were chemically characterized by using gel permeation chromatography (GPC), Fourier-transform infrared (FT-IR) and nuclear magnetic resonance spectroscopy (NMR), and thermal analysis (TG/DTG) techniques. The probiotic properties of complete culture media were determined by customary methods for quantifying low pH and bile salt resistance, hydrophobicity, and auto-aggregation capacity. The experimental flow is summarized in Scheme 1, which includes all the experimental stages as well as the characterization techniques used.




2. Materials and Methods


2.1. H. sabdariffa L. Extract


Anthocyanins from H. sabdariffa flowers were extracted using an already published protocol [25] as follows: dried flowers were immersed in a hydro-alcoholic acidified solution (75% ethanol, 0.1% HCl, both purchased from Merck Group, Darmstadt, Germany) at room temperature (24 °C) for 24 h, then the vegetal residue was removed by filtration. The anthocyanins’ sugar moieties were removed by subjecting the hydro-alcoholic extract to acid hydrolysis (90 °C for 1 h). The anthocyanins’ purification was made by selective adsorption on polystyrene-coated silica gel. The purified extract was dried under a vacuum at 40 °C and quantified by High Performance Liquid Chromatography (HPLC) [25].




2.2. Extract Characterization


Extract was characterized using a Shimadzu Prominence HPLC System (Shimadzu Corporation, Kyoto, Japan) equipped with an Alltech Econosil C18 column (4.6 × 250 mm, 5 μm) (BGB Analytik, Lörrach, Germany). The elution was performed in gradient mode: solvent A (water with 1% acetic acid, HPLC grade), solvent B (methanol, HPLC grade, both purchased from Merck Group, Darmstadt, Germany). The separation was performed in gradient as follows: solvent B from 20% to 100% in 60 min at a low rate of 1 mL/min and 25 °C. Anthocyanins were dissolved in the initial mobile phase at a concentration of 1 mg/mL. In order to identify and quantify the extract’s components, cyanidin-3-sambubioside and delphinidin-3-sambubioside (purchased from Sigma-Aldrich, St. Louis, MO, USA) were used as standards, as previously published [26].




2.3. Microorganism


The LAB strain coded PP29 was isolated from a Romanian commercial yoghurt in the Centre of Advanced Research in Bionanoconjugates and Biopolymers’ laboratories, and stored at −80 °C in Man Rogosa Sharpe medium (MRS) with 20% glycerol (both purchased from Merck Group, Darmstadt, Germany). The molecular identification was performed by 16S rRNA gene sequence analysis, as described in detail in Rosca et al., 2018 [26]. The analysis established that our newly isolated LAB strain belongs to the Weissella confusa species.




2.4. Fermentation Conditions


The basic culture media (denoted M1), used as a control media, containing MRS (55.3 g/L) was supplemented with peptone (5 g/L) and sucrose (80 g/L, all purchased from Merck Group, Darmstadt, Germany), as previously suggested [27]. The experimental culture media (denoted M3) was prepared from M1 media supplemented with different concentrations of Hibiscus sabdariffa L. aqueous extract: 1, 2, 3, 1000, and 2000 μg/mL anthocyanins (experiments denoted M3C1, M3C2, M3C3, M3C4, and M3C5, respectively, see Table 1). The culture medium was sterilized at 110 °C for 30 min and all the experiments were inoculated with a 24 h fresh inoculum in a final concentration of 105 and 109 CFU/mL. The fermentations were performed at 33 °C, 150 rpm, for 4 days in dynamic conditions without pH correction during fermentation. Every 24 h samples were taken from the fermentation media and the wet and dry biomass were determined by drying 24 h at 55 °C and weighing.




2.5. EPS Isolation and Purification


The EPS was isolated and purified following a previously published protocol [26]. First, the culture was heated at 100 °C for 15 min in order to inactivate the enzymatic equipment capable of degrading the biopolymer [26]. The biological mass was removed by precipitation with 20% trichloroacetic acid (TCA, purchased from Merck Group, Darmstadt, Germany), followed by centrifugation at 10,000 rpm for 10 min at 4 °C. The EPS were separated by precipitation with three volumes of cold ethanol (purchased from Merck Group, Darmstadt, Germany) for 24 h at 4 °C. The EPS were collected by centrifugation at 10,000 rpm for 20 min at 4 °C, washed with ethanol three times, resuspended in double distilled water (DDW), freeze-dried, and weighed. The amount of biopolymer was expressed in grams of dry biopolymer per litter of culture media [28]. For analysis, the samples were coded as presented in Table 1.




2.6. Gel Permeation Chromatography (GPC) Analysis


The EPS molar masses’ distribution was determined by gel permeation chromatography (GPC), using the average molecular weight (Mw) and the polydispersity index (PDI). The measurements were recorded on a Malvern Omnisec Reveal System (Malvern Instruments Ltd., Malvern, UK) equipped with a refractive index detector and two A6000M columns (300 × 8 mm, exclusion limit 20,000,000 Da for Pullulan) and guard, connected in series and placed in the column oven at 35 °C. The samples’ concentration was 3.7 mg/mL in H2O, filtrated through a cellulose filter, 0.45 μm pore size, and 0.1 M NaNO3 solution was used as mobile phase with a flow rate of 0.7 mL/min. The calibration curve was made on Dextran standard (Shodex, Showa Denko Europe GmbH, Wiesbaden, Germany) with Mw 0.6 × 104, 1 × 104, 2.17 × 104, 4.88 × 104, and 11.3 × 104, 21 × 104, 36.6 × 104, 80.5 × 104 g/mole in H2O, and 100 µL injection volume was used. The data recording and processing were made on Malvern software, using the Dextran calibration curve.




2.7. Fourier-Transform Infrared Spectroscopy (FT-IR)


FT-IR spectra were recorded on a Bruker Vertex 70 Spectrometer (Bruker, Billerica, MA, USA) equipped with ZnSe crystal in Attenuated Total Reflectance (ATR) mode, in the 600–4000 cm−1 spectral range, with a resolution of 4 cm−1 and accumulation of 32 scans. Before each recording, a background spectrum was measured. Then, about 10 mg of each sample was put in contact with the surface of the ZnSe crystal by pressing with a device attached to the ATR device. The resulting spectra were processed by using OPUS 6.5 software (Bruker, Billerica, MA, USA). A number of steps were applied to obtain a quality spectrum: atmospheric compensation, baseline correction ATR-Absorbance convert spectrum, and normalization.




2.8. Nuclear Magnetic Resonance (NMR) Studies


The samples for the NMR analysis, consisting of 4 to 5 mg of EPS, were dissolved in 0.6 mL deuterated water (D2O) with 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt (TSP, purchased from Merck Group, Darmstadt, Germany) used as internal standard. The NMR spectra were recorded at room temperature (approx. 24 °C), on a Bruker Avance NOE 600 MHz Spectrometer (Bruker, Billerica, MA, USA) operating at 600.1 and 150.9 MHz for 1H and 13C nuclei, respectively, equipped with a 5 mm inverse detection z-gradient probe. Chemical shifts are reported in ppm and referred to TSP (ref. 1H 0.00 ppm and 13C 0.00 ppm). Due to the fact that the water signal was the most intense signal in the spectrum and it was partially overlapping on the anomeric-protons region, proton spectra were recorded with suppression of the water signal. Total correlation spectroscopy (TOCSY) and multiplicity edited heteronuclear single quantum coherence (HSQC) experiments were recorded using standard pulse sequences, as delivered by Bruker with TopSpin 4.0.8 spectrometer control and processing software (Bruker, Billerica, MA, USA).




2.9. Thermal Analysis Measurements-Thermogravimetry (TG/DTG)


The thermogravimetric analysis (TG/DTG) of EPS samples was performed on an STA 449F1 Jupiter NETZSCH equipment (Netzsch, Selb, Germany) using 10 mg of freeze-dried sample. Measurements were carried out in the 30–400 °C temperature range, applying a heating rate of 10 °C / min. Nitrogen purge gas was used as an inert atmosphere at a flow rate of 50 mL/min. Samples were heated in open Al2O3 crucibles. The device was calibrated for temperature and sensitivity with indium, according to standard procedure.




2.10. Probiotic Activity Determination


2.10.1. Resistance to Low pH


In order to determine the effect of anthocyanins on the PP29 strain’s resistance to low pH, we used 24 h fresh cultures from all fermentation conditions. The cultures were centrifuged at 4000× g for 10 min and the biomass was resuspended in freshly prepared quarter-strength Ringer’s Solution (QSRS) [29]: Sodium chloride 2.25 g/L, Potassium chloride 0.105 g/L, Calcium chloride 0.12 g/L, Sodium bicarbonate 0.05 g/L (all purchased from Merck Group, Darmstadt, Germany) with different pH (pH 2, pH 3, pH 7) and incubated for 2 h. Then, 0.5 mL of each sample was serially diluted in QSRS, plated on an MRS agar plate, and incubated at 37 °C for another 12 h. Viable colonies were counted and the survival rate in low pH was calculated relative to control (pH 7 group), as previously suggested [21].




2.10.2. Resistance to Bile Salt


In order to determine the effect of anthocyanins on the PP29 strain’s resistance to bile salt, 24 h fresh cultures were further inoculated in QSRS containing 0, 0.1, 0.2, and 0.3% (w/v) bile salt (purchased from Merck Group, Darmstadt, Germany) and incubated for 2 h Next, 0.5 mL of each sample was serially diluted in QSRS, plated on MRS agar plate and incubated at 37 °C for another 12 h. Viable colonies were counted and the survival rate in the presence of bile salt was calculated relative to the control (0% bile salt group), as previously suggested [21].




2.10.3. Evaluation of Hydrophobicity and Auto-Aggregation


Hydrophobicity and auto-aggregation of the fermented media were evaluated as described by Krausova et al. [29] and Mushtaq et al. [30]. The 24 h fresh cultures of PP29 strain fermentations were harvested by centrifugation at 4000× g for 10 min, resuspended in 8 mL of QSRS media, and the optical density was adjusted to 0.55–0.60 at 600 nm (A0, H0). Then samples were incubated at 37 °C and the optical density was measured at 1, 6, and 24 h (At). The percent of auto-aggregation was calculated using the following formula:


  A    ( % )  =  (    1 − A t   A 0    )  × 100  











To determine the hydrophobicity of the PP29 strain cell surface, hexane, and chloroform (purchased from Merck Group, Darmstadt, Germany) were used as solvents, added to the cell suspension, and vortexed for 1 min. After approximately 10 min at room temperature, when the phase separation was achieved, the optical density of the aqueous phase was measured at 600 nm (Ht). The percent of hydrophobicity was calculated using the following formula:


  H    ( % )  =  (    H 0 − H t   H 0    )  × 100  








where H0 represents the initial absorbance value of the aqueous phase and Ht represents the absorbance value of the aqueous phase after contact with hexane or chloroform.






3. Results and Discussion


Weissella sp. was first isolated and taxonomically classified by Collins et al. in 1993 [31]. The strains have complex nutritional requirements for growth [31] and require the presence of rich amounts of carbon and nitrogen sources for EPS biosynthesis [26]. For this purpose, the culture media was improved as described above, so that it meets the growth and EPS biosynthesis criteria of the W. confusa PP29 LAB strain.



3.1. Dry Biomass Determination


As can be observed in Figure 1, the presence of 1 and 3 μg/mL anthocyanins in the culture medium had inhibitory effects on the cell’s mass development. At the same time, the presence of 2 μg/mL anthocyanins in the culture medium stimulated growth after 2 days of fermentation so that at 96 h the culture was in the exponential growth phase. Generally, the presence of polyphenols extracted from plants in a fermentative culture media may have stimulating or inhibitory effects on the microorganisms’ growth or on the biosynthesis of biologically active compounds as secondary metabolites [32]. At the same time, one phenolic compound extracted from plants can have a stimulating effect on biomass growth, but also inhibit the biosynthesis of valuable secondary metabolites [33]. It is possible that the addition of low anthocyanin concentrations into the culture medium affects the cell membrane fluidity and permeability, which leads to a greater exchange of nutrients and elimination of metabolites, as previously reported for a fungal strain [34]. Additionally, a higher or lower number of CFUs influences the T0 time from which the exponential growth starts, as well as the amount of biomass obtained at each sampling time. This can be observed for the M3C2 109 culture which was in exponential growth phase at 96 h, while the growth of M3C2 105 culture was inhibited, its biomass being lower than the control M1 105 culture.



In contrast, the M3C5 109 culture had the highest growth rate, being in the plateau phase at 96 h, and had the highest amount of dry biomass (11.22 g/L). The M3C5 105 culture, inoculated with 105 CFU/mL, was also in the plateau phase at 96 h and, as expected, had a much smaller biomass amount (9.36 g/L) compared to the culture inoculated with 109 CFU/mL. In conclusion, comparing all the obtained results for fermentations in culture media with different concentrations of anthocyanins, we can say that the increase in anthocyanins’ concentration above 1000 μg/mL in the fermentation media had a stimulating effect on the biomass growth of this LAB strain, while very low anthocyanins’ concentrations had inhibitory effects.




3.2. EPS Quantification from Fermentative Culture Media


We found that EPS biosynthesis was different compared to biomass growth, as expected, considering that EPS are secondary metabolites. For EPS biosynthesis, microbial cells use up to 70% of their energy stores [20], a fact that is obvious for the control samples, where we quantified the highest amount of EPS (3.76 g/L) for the experiment inoculated with 105 CFU/mL. The difference between the two control experiments was substantial, confirming that when there is more CFU/mL, the consumption of nutrients for cell development is much higher, and EPS biosynthesis decreases significantly at 2.42 g/L (Figure 2).



We determined similar amounts of EPS for the experiments denoted M3C5 105 and M3C4 105, but the quantity was lower than that of the control sample. As can be observed from analysing biomass and EPS measurements, when inoculated at 105 CFU/mL, the LAB strain has enough resources to increase its biomass and, at the same time, has sufficient available resources in the culture medium for EPS biosynthesis as a secondary metabolite. Furthermore, we can also assert that the presence of anthocyanins in concentrations of 1000 and 2000 μg/mL has neither stimulating nor inhibitory effects on the biosynthesis of EPS as a secondary metabolite. On the other hand, low anthocyanin concentrations (1, 2, and 3 μg/mL) have strong inhibitory effects on EPS biosynthesis. However, the amount of EPS obtained in this study is in the middle of the range compared to the existing literature [20].




3.3. Gel Permeation Chromatography (GPC) Analysis


GPC was used in order to characterize the EPS extracted from culture media after enzyme inactivation and to obtain information on the molecular weight (Mw) expressed in fractions of different weights. The average molecular number (Mn) was estimated using a Dextran 70.000 Da standard calibration curve in order to calculate the polydispersity index (PDI), an important indicator used to determine if the macromolecule is branched or not. If the PDI registers values higher than one, then the analysed polymer presents different sizes of chains. Table 2 presents the results obtained for the experiments with higher biosynthesised EPS amounts.



As can be observed, the fraction number and the Mw are influenced by the fermentation process and the media composition. In culture media with 2000 μg/mL anthocyanins, we recorded three fractions and a higher Mw and Mn of the studied samples compared with MRS media. This phenomenon has been observed before [26] and the modified media determines the proportional increase of the molecular weight. Moreover, we observed that if the MRS media is supplemented with nitrogen and carbon source, the EPS amount and the Mw of the biosynthesized polymer were increased compared with un-supplemented MRS media.




3.4. Fourier-Transform Infrared Spectroscopy (FTIR)


FTIR was used to investigate the nature of the EPS’s functional groups after enzyme inactivation and extraction from culture media. Figure 3 shows the FTIR spectra recorded for the representative samples compared with the standard Dextran spectra. Polysaccharide structural information related to monomeric units and their linkages can be evidenced. Thus, dextran synthesised in the MRS by Weissella spp. strain fermentation (105 and 109) was evidenced by the presence of a sharp peak at 1012 cm−1 and 1016 cm−1, respectively, which is characteristic of the α-(1→6)-glycosidic bond of dextran. Peaks at 916.1 and 840 cm–1 region, specific for α-(1→3)-glycosidic bond were also recorded [35]. The absorption peak at 758 cm−1 indicates that the configuration should be a pyran ring. The peak at 1103 cm−1 should be ascribed to the vibration of the C-O bond at the C-4 position of a glucose residue and the peak at 1149 cm−1 is ascribed to the exocyclic C-O stretching vibrations. The broad peak obtained at 3350 cm−1 is associated with the stretching vibration of the O-H groups present in the polysaccharide chain, while the peak recorded at 2920 cm−1 is due to the stretching vibration of the C-H bonds. The above-mentioned peaks were recorded and marked for all studied samples (Figure 3).




3.5. Nuclear Magnetic Resonance (NMR) Studies


The proton and carbon NMR spectral profiles of the studied samples indicated the presence of an EPS. Based on our previous experience [26] and other published data [36], we concluded that the EPS present in the two studied samples, M3C4 and M3C5, respectively, was dextran. We obtained the structural information supporting the presence of dextran from both one- and bi-dimensional NMR experiments. The overlapped 1H NMR spectra corresponding to the two analysed samples reveal similar NMR patterns, as can be seen in Figure 4.



Dextran’s main chain consists mainly of α-(1→6)-linked glucose units that are associated with the most intense signals in both proton and carbon NMR spectra of our samples. Starting from the anomeric proton that resonates at 4.97 ppm, the assignments for the rest of the α-glucopyranose protons were performed from the TOCSY experiment. Thus, in the TOCSY spectrum exemplified in Figure 5 for sample M3C4, one can observe the couplings of the H-1 anomeric proton from 4.97 ppm (doublet with coupling constant 3 Hz) with protons that belong to the same spin system, such as: H-2 from 3.57 ppm (doublet of doublets with coupling constant 10 and 3 Hz), H-3 from 3.71 ppm (triplet with coupling constant 10 Hz) and H-4 from 3.52 ppm (triplet with coupling constant 10 Hz) protons. Another spin system identified in TOCSY is formed by H-5 from 3.90 ppm (doublet with coupling constant 8 Hz) with H-6 from 3.75 ppm (doublet with coupling constant 10 Hz) and 3.98 ppm (doublet with coupling constant 7 Hz).



The diastereotopic nature of the two protons from the methylene group is clearly visible in the multiplicity-edited HSQC spectrum, exemplified in Figure 6 for sample M3C4. In this type of experiment, the correlation signals associated with the proton-carbon direct chemical bond are “phase coded” depending on the number of hydrogen atoms attached to a given carbon atom. Thus, the signals for CH and CH3 groups have the same phase, while those for CH2 groups have an opposite phase. In the multiplicity-edited HSQC spectrum exemplified in Figure 6, the methylene group was straightforwardly identified based on the negative phase (colour code red in Figure 6 of the corresponding correlation signal). Indeed, the phase difference, another characteristic can be observed in the HSQC spectrum, namely, for the same carbon (68.5 ppm) there are two different signals in the proton dimension at 3.75 and 3.98 ppm. In general, this pattern present in an HSQC-type experiment indicates the existence of diastereotopic methylene protons. From the same HSQC experiment, the rest of the glucose’s carbon atoms were assigned at the following chemical shifts: 72.5 (CH-4), 73.2 (CH-5), 74.4 (CH-2), 76.4 (CH-3), and 100.7 (CH-1).



In the anomeric spectral region of the proton spectrum, four less intense signals with doubled multiplicity are observed at: 4.63 ppm (coupling constant 8.0 Hz), 5.21 ppm (coupling constant 4.0 Hz), 5.32 ppm (coupling constant 3.7 Hz), and 5.40 (coupling constant 4.0 Hz). The first two doublets belong to free glucose (4.63 ppm–anomeric proton from beta glucose and 5.32 ppm–anomeric proton from alfa glucose), while the one from 5.40 ppm was associated with free sucrose. Both sugars carried over from the culture medium. The doublet from 5.32 ppm, was previously assigned by us [26] to anomeric protons of α-(1→3)-linked glucose units, as branches of the dextran’s main chain. The rest of the signals for the branch glucose units could not be assigned because of their low intensity and overlap with the signals from the main chain units. Based on the two anomeric signals and the ratio of their integrals, the percentage of glycosidic linkages was established to be 97% for α-(1→6) and 3% for α-(1→3) for sample M3C4 and 98% for α-(1→6) and 2% for α-(1→3) for sample M3C5, the data are in accordance with the current literature [20].




3.6. Thermal Analysis Measurements-Thermogravimetry (TGA)


The studied samples’ thermal degradation curves are presented in Figure 7 and the degradation temperatures are listed in Table 3. Up to 400 °C, dextran records two degradation steps [37]. The first step is recorded in the range of 80–100 °C due to the loss of intra-molecularly bound water [37]. In the second step, the most pronounced mass loss takes place in the range of 150–400 °C, which is due to the degradation of the dextran macromolecule [37]. For our samples, the more stable structure is recorded for the Dextran standard, for which the main degradation of the structure was recorded at 312 °C.



A very interesting aspect was observed for all the studied samples regarding the degradation temperatures. The EPS purified from media denoted 105 presented almost the same degradation temperature, with ± 1 °C differences between samples and with 57 °C less than standard dextran (Figure 7, Table 3). For all the EPS purified from experimental media denoted 109, similar degradation temperatures were recorded between samples, but with 63 °C less than standard Dextran (Figure 7, Table 3). The degradation steps correspond to depolymerisation, random polymer backbone cleavages, and, lastly, remaining inorganic material [26].



These results show that even if the samples’ degradation tendency is similar when inoculating the culture medium with lower CFU/mL, the obtained dextran has higher thermal stability compared to dextran obtained from higher CFU/mL cultures. Zhou et al. in 2017 [38] reported 313.8 °C for the degradation of dextran biosynthesised by Leuconostoc pseudomesenteroides XG5 in MRS media supplemented with 125 g/L sucrose, a value closer to our standard dextran. However, Wang et al. in 2010 [39] reported 279.59 °C for the degradation of dextran biosynthesised by Lactobacillus plantarum KF5, a temperature closer to what we obtained in our study. Considering this information, we can say that, depending on the strain and the fermentation conditions used, we can obtain biosynthesised dextran with different thermal stability properties.




3.7. Probiotic Activity Determination


Recently, W. confusa was isolated from faecal matter and its probiotic properties have been demonstrated [21]. The most important step for probiotics to develop beneficial effects is the colonization of the intestinal tract after withstanding the harsh conditions of very low pH and high bile salt concentrations [40]. Then, the cell’s auto-aggregation and surface hydrophobicity are very important selection criteria for probiotic screening. A LAB strain presenting in-vitro high surface hydrophobicity and co-aggregation rate can develop a strong adherence to the gastrointestinal tract in-vivo, which is an essential factor for probiotics to colonize the intestines and play a beneficial role [21].



3.7.1. Resistance to Low pH


The low pH level in the stomach represents an environment for the second main digestion stage. If microorganisms are resistant to the passage through the stomach, they may have the chance to colonize the intestinal tract. If the microorganisms are pathogenic, the colonisation may result in infection with diarrhoea, but if the microorganisms are non-pathogenic, beneficial effects can be obtained. It has been demonstrated that W. confusa can tolerate low pH with a survival rate of 2.4 to 20.2% [21,41]. However, our data, presented in Table 4, show that the survival rate was higher than 30% for all cultures at pH 3. It has been reported that polyphenols act as buffers in acidic environments, protecting probiotics against pH values as low as 2 and 3 [42]. Our data show that anthocyanins present in the media are very beneficial for microbial growth, as well as conferring protection against low pH. More than that, at pH 2, we recorded more than 50% survival rate for the experiment denoted M3C5 109, which has the highest anthocyanin concentration.




3.7.2. Resistance to Bile Salt


The bile salt resistance test was performed only on the samples for which the largest amounts of synthesized EPS were obtained. Previously published data reported that W. confusa can tolerate 0.3% bile salt concentrations, which are very toxic for living cells, with a survival rate of 2.2 to 128.8% [21]. Additionally, it was reported that a higher survival rate in the bile salt media confers a more pronounced prebiotic effect of LAB strains [21]. As can be observed in Table 5, the presence of anthocyanins in the culture media manifests a protective media against high bile salt concentrations. The highest cell viability was obtained for M3C5 109, confirming that polyphenols protect cell metabolism in hostile environments. Furthermore, the inoculation of higher CFU numbers per mL of media increases the survival degree. The survival rates obtained show that this media for W. confusa LAB cultures can be recommended for further studies regarding the final product’s prebiotic effect.




3.7.3. Evaluation of Hydrophobicity and Auto-Aggregation


The hydrophobicity and auto-aggregation rate are very important indicators of the isolates regarding a possible prebiotic effect [29,30]. The auto-aggregation is strongly related to the type and the amount of surface layer protein that influences bacterial adhesion onto the intestinal cell wall [42]. We performed this test on culture media containing the highest anthocyanin concentrations compared with MRS media, and the results are presented in Table 6. As it can be observed, higher percentages of both hydrophobicity and auto-aggregation rate were obtained for media supplemented with anthocyanins, compared with MRS media fermentations, highlighting the importance of the overall positive modulatory effects exerted by anthocyanins [42]. Auto-aggregation rate increases with anthocyanin concentration in the culture media and over time, the highest values being obtained for M3C5. Table 6 also shows that M3C5 has hydrophobicity higher than 70%, which is arbitrarily considered hydrophobic, and this parameter usually suggests high prebiotic potential [30]. The presence in the culture media of 1000 μg anthocyanins /mL compared to MRS media determines a lower hydrophobicity percent. From these results, we can conclude that a LAB strain can have a prebiotic effect depending on its culture media composition and high anthocyanin concentrations improve the overall prebiotic effect. Comparing our results to available literature, we conclude that our proposed culture media is superior to previously published media with probiotic applications [21].



Until now it was postulated that plants’ polyphenols are a part of the concept of the three P’s responsible for gut wellness which includes prebiotics, probiotics, and polyphenols [24]. Before now, it was postulated that LABs are able to modulate the polyphenolic compounds’ composition and enhance antioxidant activity in the gut. As was mentioned already, EPS positively influences the LAB passage through the gastrointestinal tract, increasing LABs growth, mucosal adhesion, and prebiotic activity [43], results which were confirmed by our data. More than that, a media which contains EPS and exhibits a specific phenolic composition could constitute a prebiotic effect by influencing the gut microbiota structure and function [20]. The EPS anti-inflammatory, antimicrobial, antitumor, or immunomodulatory properties are increased by the synergetic effects of H. sabdariffa anthocyanins from fermented media [44], protecting the tested products from harsh conditions in the stomach and intestine. More than that, S’ayago-Ayerdi et al. in 2020 and 2021 demonstrated that the anthocyanins from H. sabdariffa are degraded in-vitro by human faecal microbiota in a validated colon model [24], resulting in digestion metabolites that represent very important compounds for human health [45]. These facts are strongly supported by our results.






4. Conclusions


The presence of high anthocyanin concentrations in the fermentation media led to the biosynthesis of dextran with high molecular weight which exerted a considerable influence by improving the probiotic properties of W. confusa PP29 strain. Thus, a higher percentage of both hydrophobicity and auto-aggregation rate was obtained for anthocyanin-supplemented media as compared with MRS media fermentations. Additionally, the presence of anthocyanins in the culture media exhibited a protective effect against high bile salt concentrations and low pH values. These effects increase the LAB strain’s viability during passage through the stomach and increase its ability to populate the intestinal tract, manifesting positive effects on human health. The presented results encourage future in-vitro and in-vivo studies in order to elucidate the interactions that led to these obtained effects and to develop improved commercial products.
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Scheme 1. Experimental flow and characterisation techniques used in order to demonstrate the experimental goals. 
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Figure 1. Dry biomass quantification during fermentative processes. Experiments’ codifications are presented in Table 1. 
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Figure 2. EPS quantification during fermentative processes. Experiments’ codifications are presented in Table 1. 






Figure 2. EPS quantification during fermentative processes. Experiments’ codifications are presented in Table 1.



[image: Fermentation 08 00553 g002]







[image: Fermentation 08 00553 g003 550] 





Figure 3. The FTIR spectra recorded for the studied EPS samples. 
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Figure 4. The overlap of the 1H NMR spectra corresponding to the two analysed samples (a) M3C4 and (b) M3C5, recorded in D2O with water signal suppression. The signals’ assignments are annotated in the figure. 
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Figure 5. The H, H TOCSY spectrum corresponding to sample M3C4, showing the couplings between the protons belonging to the same spin systems. 
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Figure 6. Multiplicity edited H, C HSQC spectrum corresponding to samples M3C4, showing the correlation signals associated with a proton-carbon direct chemical bond. The methylene group is clearly identified based on the negative phase (colour code red). 
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Figure 7. TG and DTG curves of the studied samples. 
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Table 1. The codification and description of the experiments.
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	Experiment Code
	Anthocyanins’ Concentration in Culture Media, μg/mL
	Description





	M1 105
	-
	The PP29 strain fermented in M1 inoculated with 105 CFU/mL



	M1 109
	-
	The PP29 strain fermented in M1 inoculated with 109 CFU/mL



	M3C1 105
	1
	The PP29 strain fermented in M3C1 inoculated with 105 CFU/mL



	M3C1 109
	1
	The PP29 strain fermented in M3C1 inoculated with 109 CFU/mL



	M3C2 105
	2
	The PP29 strain fermented in M3C2 inoculated with 105 CFU/mL



	M3C2 109
	2
	The PP29 strain fermented in M3C2 inoculated with 109 CFU/mL



	M3C3 105
	3
	The PP29 strain fermented in M3C3 inoculated with 105 CFU/mL



	M3C3 109
	3
	The PP29 strain fermented in M3C3 inoculated with 109 CFU/mL



	M3C4 105
	1000
	The PP29 strain fermented in M3C4 inoculated with 105 CFU/mL



	M3C4 109
	1000
	The PP29 strain fermented in M3C4 inoculated with 109 CFU/mL



	M3C5 105
	2000
	The PP29 strain fermented in M3C5 inoculated with 105 CFU/mL



	M3C5 109
	2000
	The PP29 strain fermented in M3C5 inoculated with 109 CFU/mL
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Table 2. Average molecular number (Mn), average molecular weight (Mw), and polydispersity index (PDI) of the biosynthesised EPS.
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Sample,

109 Initial CPU

	
Fraction

	
Mn, Da

	
Mw, Da

	
PDI






	
M1

	
1

	
2.0 × 106

	
2.2 × 106

	
1.1




	
2

	
6.1 × 104

	
6.3 × 104

	
1.03




	
M3C4

	
1

	
8.6 × 105

	
1.2 × 106

	
1.39




	
2

	
4.9 × 105

	
5.6 × 105

	
1.14




	
3

	
1.2 × 105

	
2.7 × 105

	
2.25




	
M3C5

	
1

	
9.1 × 105

	
1.3 × 106

	
1.42




	
2

	
6.8 × 105

	
8.1 × 105

	
1.19




	
3

	
6.7 × 104

	
8.8 × 104

	
1.31
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Table 3. Thermal characteristics of the studied samples.
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Degradation Temperature, °C

	
249

	
255

	
312






	
Samples

	
M1 109

	
M1 105

	
Dex




	
M3C4 109

	
M3C4 105

	




	
M3C5 109

	
M3C5 105
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Table 4. The W. confusa resistance rate at lower pH.
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	Experiments
	pH 7
	pH 3
	pH 2





	M1 105
	100
	3.00 ± 0.12
	0.00 ± 0.00



	M1 109
	100
	25.00 ± 1.08
	4.89 ± 0.98



	M3C4 105
	100
	39.56 ± 1.57
	5.02 ± 0.22



	M3C4 109
	100
	40.59 ± 1.69
	10.28 ± 0.50



	M3C5 105
	100
	42.05 ± 1.77
	21.05 ± 0.98



	M3C5 109
	100
	72.74 ± 3.19
	53.51 ± 2.42
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Table 5. The bile salt resistance of the studied samples.
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	Experiments
	0.0 % Bile Salt

in QSRS
	0.1 % Bile Salt

in QSRS
	0.2 % Bile Salt

in QSRS
	0.3 % Bile Salt

in QSRS





	M1 105
	100
	21.00 ± 0.91
	18.59 ± 0.79
	2.85 ± 0.12



	M1 109
	100
	42.85 ± 1.77
	29.05 ± 1.22
	5.02 ± 0.23



	M3C4 105
	100
	59.61 ± 2.84
	31.05 ± 1.32
	8.05 ± 0.37



	M3C4 109
	100
	72.74 ± 3.28
	39.05 ± 1.68
	15.08 ± 0.75



	M3C5 105
	100
	78.02 ± 3.25
	57.02 ± 2.37
	23.58 ± 1.15



	M3C5 109
	100
	86.25 ± 4.07
	69.05 ± 2.75
	42.05 ± 2.02
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Table 6. Hydrophobicity and auto-aggregation rate of the tested samples.
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	Experiments
	A%, 1 h
	A%, 6 h
	A%, 24 h
	H%,

Hexane
	H%,

Chloroform





	M1 105
	3.10 ± 0.14
	8.35 ± 0.36
	9.28 ± 0.41
	42.5 ± 2.02
	38.52 ± 1.83



	M1 109
	5.90 ± 0.25
	11.02 ± 0.50
	13.25 ± 0.62
	49.2 ± 2.29
	39.58 ± 1.92



	M3C4 105
	12.80 ± 0.56
	28.25 ± 1.10
	31.02 ± 1.49
	59.8 ± 2.78
	42.52 ± 1.77



	M3C4 109
	19.25 ± 0.81
	31.05 ± 1.36
	32.25 ± 1.59
	67.58 ± 2.93
	49.85 ± 2.08



	M3C5 105
	25.29 ± 1.14
	49.85 ± 2.33
	52.35 ± 2.40
	72.85 ± 3.05
	70.21 ± 3.18



	M3C5 109
	41.02 ± 1.86
	59.80 ± 2.86
	61.25 ± 2.92
	79.58 ± 3.73
	78.58 ± 3.62
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