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Abstract

:

Recently, there has been an increase in the application of lactic acid bacteria (LAB) for seed fermentation because of the improved functional, technological, and nutritional properties of the fermented seeds. The purpose of this study was to evaluate the effects of selected LAB on the biochemical and antimicrobial features of fermented hemp seeds and their water-, salt-, and ethanol-soluble protein fractions. The results showed that hemp seed medium was suitable for Lactiplantibacillus plantarum, Levilactobacillus brevis, and Lactobacillus acidophilus multiplication (with a LAB count > 109 colony-forming units/g). The biochemical and antimicrobial properties of the fermented hemp seeds strictly depended on the LAB strain used for fermentation. The hemp seeds fermented with L. brevis, which was previously isolated from rye sourdough, presented the highest total phenolic content and phytase, amylase, protease, and antioxidant activities. The hemp seeds fermented with L. acidophilus showed the broadest spectrum of antimicrobial activity against foodborne pathogens. The ethanol-soluble protein fractions from the fermented hemp seeds inhibited the growth of Escherichia coli, Staphylococcus aureus, Salmonella typhimurium, Bacillus subtilis, and Bacillus cereus, while the ethanol-soluble protein fraction from unfermented hemp seeds did not have an antimicrobial effect. The results of ABTS·+ radical scavenging and antimicrobial activity assays by agar well diffusion method confirmed that the tested LAB strains for hemp seed fermentation influenced the antioxidant and antimicrobial activities of protein fractions.
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1. Introduction


Plant-based protein products are increasingly being incorporated into a wide range of foods and beverages to enhance their biological value. While proteins of animal origin provide a broader spectrum of amino acids, plant-based alternatives are gaining consumer attention due to the rise in vegan and vegetarian diets, as well as for reasons related to sustainability and health benefits. These changes have driven the food industry to develop more of these products [1]. Hemp (Cannabis sativa L.) proteins are particularly notable for their digestibility and balanced amino acid profile [2,3]. Furthermore, hemp proteins contain significantly more free sulfhydryl groups compared with proteins from other plants, such as soy [4]. Thanks to their favourable technological properties, they are ideal for enriching standard food formulations [5]. However, the processes used to extract protein derivatives, such as concentrates and isolates, can result in variable product quality, affecting both their nutritional value and functional characteristics [4,6].



To enhance the functional and nutritional properties of some proteins, enzymatic hydrolysis or fermentation by lactic acid bacteria (LAB) is commonly employed [7]. However, the fermentation process induces nutritional and biochemical changes in raw materials, making it difficult to further formulate food products [8,9].



Although some studies have examined lacto-fermentation in plant-based foods in recent years, there is still limited information on how protein properties change during the fermentation of hemp-derived ingredients [9,10,11]. Hemp seed products, especially hemp proteins, are increasingly regarded as valuable functional ingredients due to their excellent nutritional profile, favourable techno-functional properties, and bioactive compounds with health benefits [12]. Pontonio et al. [13] showed that LAB fermentation using Leuconostoc mesenteroides was the best method to significantly improve the antioxidant potential of hemp through intense proteolysis. It led to the release of bioactive peptides and an increase in protein digestibility. However, data about the influence of other LAB strains, especially isolated from sourdough, on the antioxidant and antimicrobial activity of fermented hemp seeds and hemp protein fractions are lacking. Understanding how fermentation influences the antioxidant and antimicrobial properties of hemp seed proteins and their fractions could provide useful insights for developing new food products with targeted bioactivity.



The purpose of this study was to evaluate the influence of three LAB starter cultures—Lactobacillus acidophilus DSM 20079, Lactiplantibacillus plantarum MR24, and Levilactobacillus brevis R26, which were selected based on prior studies demonstrating their adaptability to plant-based substrates [14]—on the biochemical properties and antimicrobial activity of hemp seeds. These strains have shown promising potential to produce substantial amounts of lactic acid and bioactive compounds, contributing to improved nutritional quality of fermented products. The acidity, LAB viability, enzymatic and antioxidant activities, total phenolic content (TPC), and antimicrobial properties of fermented hemp seed products were analysed. Moreover, the TPC and antioxidant and antimicrobial activities of hemp seed albumins, globulins, and prolamins—hydrolysed and not hydrolysed with pepsin—were evaluated.




2. Materials and Methods


2.1. Microorganisms


L. acidophilus DSM 20079, L. plantarum MR24, and L. brevis R26 were cultured in DeMan, Rogosa, and Sharpe (MRS) broth (CM 0359, Oxoid Ltd., Basingstoke, Hampshire, UK) at 30 °C for L. plantarum MR24 and 37 °C for L. brevis R26 and L. acidophilus DSM 20079 for 24 h. L. plantarum MR24 and L. brevis R26 were isolated from rye sourdough. L. acidophilus DSM 20079 was purchased from Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures.




2.2. Fermentation of Hemp Seed Flour


Hulled hemp seeds were purchased from a local supermarket in Lithuania. They contained 7 g of carbohydrates, 0 g of sugars, 32 g of fat, 3.2 g of saturated fatty acids, 20 g of crude protein, and 0.1 g of salt. Hemp seeds were milled (Retsch ZM200, Haan, Germany) to a particle size of <500 μm. The flour was sterilised at 121 °C for 15 min to remove viable microorganisms. For fermentation, sterilised flour was mixed with sterile water to obtain a final moisture content of 30% (with water activity of 0.936 ± 0.002). A fresh overnight LAB culture (0.2%) was used for inoculation. The hemp seed/water medium was fermented with a single LAB strain at 30 °C (using L. plantarum MR24) or 37 °C (using L. brevis R26 or L. acidophilus DSM 20079) for 72 h. The LAB count; total titratable acidity (TTA); pH; D/L-lactate content; volatile acidity; TPC; and enzymatic, antioxidant, and antimicrobial activities in the fermented hemp seed products were analysed. Additionally, the TPC and antioxidant and antimicrobial activities of hemp seed protein fractions were evaluated.




2.3. Determination of the Characteristics of Fermented Hemp Seed Flour


The LAB count in the fermented hemp seeds was evaluated according to ISO 4833:2003 [15] with some modifications. MRS agar was used to determine the LAB count. The Petri plates were incubated at 30 °C (for L. plantarum MR24) or 37 °C (for L. brevis R26 and L. acidophilus DSM 20079) for 72 h under an anaerobic atmosphere (Sigma-Aldrich Co., St. Louis, MO, USA). The LAB count is expressed as colony-forming units (CFU)/g.



The TTA of the fermented hemp seed product was evaluated according to standard techniques [16]. A sample (10 g) was homogenised with water (90 mL) in a porcelain mortar. The TTA is reported as millilitres of 1 M NaOH solution required to neutralise a sample to a pH of 8.5 [16].



D/L-lactate was determined using an enzymatic test (K-DLATE 08/11, Megazyme Ltd., Wicklow, Ireland), according to the manufacturer’s instructions. The sample extract was prepared by mixing a fermented hemp seed sample (1 g) with water (80 mL), filtering this mixture through a piece of Whatman No. 1 filter paper (Sigma-Aldrich), and diluting it with water up to a final volume of 100 mL.



Volatile acidity was evaluated as described previously [14]. To evaluate volatile acidity, a fermented hemp seed sample (25 g) was transferred to a distillation flask with 2% sulfuric acid (7.5 mL) and water (50 mL). Distillation was carried out in a Behr S4 Distillation unit (Behr Labor-Technik GmbH, Düsseldorf, Germany) under a selected program (80% power, 540 s duration). A solution of 0.1 M NaOH was used to titrate the distillate to a pH of 8.5. The volume of 0.1 M NaOH solution required for neutralisation is expressed as millilitres of 1 M NaOH solution per 100 g of sample.



The antioxidant activity and the TPC of the fermented hemp seed samples are expressed as milligrams of Trolox equivalents (TEs) per 100 g of hemp seeds and as milligrams of gallic acid equivalents (GAEs) per 100 g of hemp seeds, respectively. For evaluation of the antioxidant activity and the TPC, fermented and unfermented hemp seed samples (0.5 g) were prepared in aqueous methanol (4 mL), incubated on a shaker for 15 h, and then filtered through a filter. Section 2.6 provides the details on the analyses.




2.4. Determination of Enzymatic Activities in the Fermented Hemp Seed Products


Amylase activity was evaluated by measuring the intensity of starch-iodine solutions, as described by Xiao et al. [17], with some modifications described by Cizeikiene et al. [18]. One unit of amylase can hydrolyse 1 mg of soluble starch into dextrins in 1 min at 30 °C and pH 7.0. Fermented hemp seeds were homogenised with Na2HPO4 buffer (0.1 M, pH 7.0) at a concentration of 0.1 g/mL and then filtered through Whatman No. 1 filter paper. The sample extract (1 mL) and a 1 mg/mL starch solution (1 mL; Sigma-Aldrich) were mixed. The control sample was Na2HPO4 buffer (1 mL) and a 1 mg/mL starch solution (1 mL). The blank was Na2HPO4 buffer (1 mL) and the sample extract (1 mL). The samples were incubated at 30 °C for 30 min; then, the reaction was stopped by adding 1 M HCl (0.5 mL), followed by a 1 M iodine solution (5 M KI and 5 M I2; 2.5 mL). The absorbance was measured at 580 nm.



Phytase activity was determined by combining the methods reported by Quan et al. [19] and Olstorpe et al. [20]. One unit of phytase liberates 1 μmol of phosphorus from potassium phytate (Sigma-Aldrich) in 1 min at 30 °C and pH 5.5. A fermented hemp seed sample (0.1 g/mL) was prepared in NaCOOCH3 buffer (0.2 M, pH 5.5). The reaction consisted of NaCOOCH3 buffer (0.8 mL) supplemented with 3 mM potassium phytate and the sample extract (0.2 mL). For the blank, NaCOOCH3 buffer (0.8 mL) was mixed with the sample extract (0.2 mL). The reaction was performed at 30 °C for 30 min. It was stopped by adding 10% trichloroacetic acid (1 mL). Afterwards, the reaction mixture (0.2 mL) was mixed with a colour reagent (1.6 mL)—10 mM (NH4)6Mo7O24∙4H2O:2.5 M H2SO4:acetone (ratio 1:1:2)—and the absorbance was measured at 355 nm after 20 min.



Cellulase activity was determined by assessing the total content of reducing sugars. One unit of cellulase releases 1 μmol of glucose from cellulose filter paper in 1 min at 30 °C and pH 4.8. A fermented hemp seed sample (0.1 g/mL) was prepared in citric buffer (0.05 M, pH 4.8) and then filtered. The reaction mix comprised the sample extract (0.1 mL), cellulose filter paper (1.0 × 6.0 cm2), and citric buffer (0.9 mL). For the blank, citric buffer (0.9 mL) was mixed with the sample extract (0.1 mL). The reaction was performed at 30 °C for 30 min. Afterwards, the reaction mixture (1 mL) was mixed with 3,5-dinitrosalicylic acid (1 mL), boiled for 5 min in a water bath, and then cooled. The absorbance was measured at 540 nm.



Protease activity was measured using casein as a substrate [21]. One unit of protease is the amount of tyrosine (μmol) liberated from casein (Sigma-Aldrich) in 1 min at 37 °C and pH 7.5. A fermented hemp sample (0.1 g/mL) was homogenised in NaCOOCH3 buffer (10 mM, pH 7.5) supplemented with 5 mM CaCl2 and then filtrated. The sample extract (1 mL) and 0.65% casein solution (5 mL, pH 7.5) were mixed, and the reaction was performed at 37 °C for 10 min. Afterwards, the enzymatic reaction was inactivated by adding 110 mM trichloroacetic acid solution (5 mL). For the blank, the sample extract (1 mL) was added immediately after the trichloroacetic acid solution. Then, the test tubes were incubated at 37 °C for 30 min. Afterwards, a 0.45-µm polyethersulfone syringe filter (Sigma-Aldrich) was used to filter the solution. Then, filtrate (2 mL) was mixed with 0.5 M Na2CO3 (5 mL) and 0.5 M Folin–Ciocalteu reagent (1 mL; Sigma-Aldrich), incubated for 30 min, and filtered. The absorbance was measured at 660 nm.




2.5. Isolation and Hydrolysis of Protein Fractions from Hemp Seeds


2.5.1. Defatting of Hemp Seed Samples for Isolation of Protein Fractions


For protein fraction isolation, fermented hemp seed products were dried in a drying oven (Mechanical Convection, Thermo Fisher Scientific, Waltham, MA, USA) at 30 °C overnight. Unfermented hemp seed flour was used as a control sample. First, fermented and unfermented hemp flour was defatted according to Elsohaimy et al. [22], with slight modifications. Triple chloroform:methanol (2:1, v/v) extraction was carried out. The hemp seed sample was mixed with a chloroform:methanol solution (1:5, w/v) at 23 °C for 2 h on a shaker (KS 130, IKA, Staufen, Germany). After the final extraction, the chloroform:methanol solution was removed and the rest was evaporated in a fume hood at 23 °C for 16 h. The defatted samples were used to isolate protein fractions according to their solubility in different solvents: water, salt solution, and ethanol.




2.5.2. Isolation of the Water-Soluble Protein Fraction


The water-soluble protein fraction was isolated according to Elsohaimy et al. [22], with slight modifications. The defatted hemp seed product was mixed with distilled water (1:20, w/v). The pH of the sample was adjusted to 10 using 0.1 M NaOH. The mixture was stirred for 1.5 h while maintaining the pH at 10 to maximise protein solubilisation. After this incubation, the mixture was centrifuged (6000 rpm, 4 °C, 15 min) and the supernatant was collected. Then, 1 M hydrochloric acid was added to the supernatant using continuous stirring until the pH reached 4.5. Precipitated proteins were collected using centrifugation (8000 rpm, 4 °C, 30 min), frozen at −18 °C, freeze-dried (ZIRBUS Sublimator 3 × 4 × 5, Bad Grund, Germany), and stored at −18 °C.




2.5.3. Isolation of the Salt-Soluble Protein Fraction


The protein fraction soluble in 0.8 M NaCl was isolated as described by Hadnađev et al. [23], with some modifications. Defatted hemp seed flour was mixed with 0.8 M NaCl solution (pH 7.0) at a ratio of 1:10 (w/v), stirred at 23 °C for 2 h, and centrifuged (6000 rpm, 4 °C, 10 min) using 10-kDa membranes (Amicon Ultra, Merck Millipore, Burlington, MA, USA). The precipitates were washed twice with distilled water and centrifuged using 10-kDa membranes. The protein pellets were frozen at −18 °C, freeze-dried (ZIRBUS Sublimator 3 × 4 × 5), and stored at −18 °C.




2.5.4. Isolation of the Ethanol-Soluble Protein Fraction


The defatted hemp seed product was mixed with 70% ethanol (1:5, w/v), stirred at 23 °C for 5 h, and filtered through Whatman No. 1 filter paper according to Siddeeg et al. [24]. Ethanol was removed using a rotary evaporator (RV 10 Basic, IKA) at 170 rpm and 40 °C. After evaporation, the liquid was frozen at −18 °C, freeze-dried (ZIRBUS Sublimator 3 × 4 × 5), and stored at −18 °C.




2.5.5. Hydrolysis of the Protein Fractions with Pepsin


The water-, salt-, and ethanol-soluble protein fractions were hydrolysed with pepsin according to Siddeeg et al. [24]. The freeze-dried fractions were dissolved in water (pH 2, adjusted using 1 M HCl) to a final concentration of 1% protein. Pepsin (Sigma-Aldrich) solution (10 mg/mL) was prepared in water (pH 2). The prepared pepsin and protein solutions were mixed at a ratio of 1:100 (v/v). Hydrolysis was carried out at 37 °C for 3 h. Afterwards, pepsin was inactivated at 95 °C for 15 min in a water bath and then cooled; the pH was adjusted to 7. The hydrolysed and non-hydrolysed protein fractions were used for ABTS·+ radical scavenging assay and to determine the TPC and antimicrobial activity.





2.6. Determination of the Characteristics of Hemp Seed Protein Fractions


The ABTS·+ radical scavenging activity of the protein fractions (with and without enzymatic hydrolysis) was evaluated with a decolourisation assay according to Rajurkar and Hande [25]. The ABTS·+ cation radical was produced by mixing 2.45 mM potassium persulfate and 7 mM ABTS in water at a ratio of 1:1 (v/v) and incubating the solution in the dark at room temperature for 16 h. The ABTS·+ solution was diluted with methanol to obtain an absorbance of 0.700 at 734 nm. For the assay, 3.995 mL of the ABTS·+ solution was mixed with 5 µL of the protein fraction (10 mg/mL in distilled water) and incubated in the dark for 30 min. Then, the absorbance was measured at 734 nm. Trolox (0.05–1.00 mg/mL) was used as standard to obtain the calibration curve. The antioxidant activity in the protein fractions is expressed as mg TE per 100 g of protein.



The TPC of the protein fractions (with and without enzymatic hydrolysis) was determined using a modified Folin–Ciocalteu method [26]. A protein sample (100 µL of a 10 mg/mL solution [in distilled water]) was mixed with 3.3% sodium carbonate solution (3000 µL) and the Folin–Ciocalteu reagent (100 µL). The mixture was incubated at room temperature for 30 min, and then the absorbance was measured at 760 nm. Gallic acid (0.01–1.00 mg/mL) was used as standard to obtain the calibration curve. The TPC is expressed as mg GAE per 100 g of protein.




2.7. Determination of the Antimicrobial Activity


The antimicrobial activity against bacteria and fungi that cause food spoilage was evaluated by using the agar diffusion method described by Cizeikiene et al. [27], with slight modifications. The bacteria Staphylococcus aureus, Bacillus subtilis, Bacillus cereus, Escherichia coli, and Salmonella typhimurium were obtained from the collection of the Department of Food Science and Technology (Kaunas University of Technology). They were grown on Plate Count Agar (Biolife, Milan, Italy) in an incubator at 37 °C for 24 h. Bacteria were collected from agar slants after growing to prepare inocula containing ~108 cells/mL of bacteria using a McFarland 0.5 standard. In each Petri dish, 133 µL of the indicator strain suspension and 20 mL of soft Plate Count Agar were mixed carefully. The fungi Aspergillus versicolor, Penicillium chrysogenum, Penicillium cyclopium, Aspergillus terreus, and Penicillium sp. were obtained from the collection of the Institute of Botany of Nature Research Centre (Lithuania). They were grown on Potato Dextrose Agar (Biolife) at 25 °C for 3 days.



The antimicrobial activity of the hemp seed protein fractions (with and without enzymatic hydrolysis) against bacteria that cause food spoilage was also evaluated. In brief, 70 µL of each protein fraction (10 mg/mL in distilled water) were added to each well (with a diameter of 6 mm) that had been cut in the agar plates and incubated at 30 °C for 24 h. The antimicrobial activity of the protein fractions was evaluated by measuring the clear zone of inhibition in millimetres. Antimicrobial activity (the inhibition of bacteria growth around the well) was evaluated using the following scale: (−) no clear/growth inhibition zone around the well (no inhibition); (+/−) up to 1 mm clear/growth inhibition zone; (+) 1–3 mm clear/growth inhibition zone; (++) 3–5 mm clear/growth inhibition zone; and (+++) >5 mm clear/growth inhibition zone.



To evaluate the antimicrobial activity of fermented hemp seeds against bacteria and fungi that cause food spoilage, medium (20 mL) with a suspension of microorganisms (133 µL of the indicator strain suspension, as described above) was poured onto the fermented seeds, which were placed in the middle of a Petri dish. The plates were incubated at 30 °C for 24 h (for bacteria) or at 25 °C for 48 h (for fungi).




2.8. Statistical Analysis


STATISTICA 10.0 (StatSoft Corp., Krakow, Poland) was used for statistical analysis. Three independent replications were carried out for all experiments. The Duncan post-hoc test was used to determine whether there were significant differences in the variables between the control and analysed samples (p < 0.05).





3. Results and Discussion


3.1. Characteristics of the Fermented Hemp Seed Products


Table 1 presents the main characteristics regarding the efficiency of fermentation, namely the LAB count, pH, TTA, and acetic (volatile acidity) and lactic acid contents. Organic acids, primarily lactic and acetic acids, produced by LAB are the dominant metabolites that affect the acidity of the fermentation medium. These acids are known to play a crucial role in reducing pH, thereby influencing the bioactivity and antimicrobial properties of the fermented product. After fermentation for 48 h, the LAB count was > 109 CFU/g, confirming the suitability of hemp seed flour for LAB fermentation. The acidity of the fermented hemp seed products depended on the LAB strain used for fermentation. The hemp seeds fermented with L. plantarum presented the highest TTA and the lowest pH. The TTA of the hemp seed product fermented with L. plantarum was 79% higher than the TTA of the hemp seed product fermented with L. brevis and 32% higher than hemp seed product fermented with L. acidophilus. The TTA, pH, and LAB count results confirm the suitability of hemp seed flour for LAB propagation and for untraditional sourdough production, which can be applied for bread making. Nisa et al. [28] reported wheat sourdough with a higher pH (4.77–5.17) and a lower TTA (3.47–4.5 mL of 1 M NaOH) compared with the present study. Typically, the sourdough pH is <4.5, while the TTA strongly depends on the type of flour and the applied starter culture. Usually, the TTA of wheat sourdough is 8–13 mL of 1 M NaOH [29,30].



During fermentation, carbohydrates are broken down to form lactic acid, which acidifies the media and thus reduces the pH. Unfermented hemp seed flour had the lowest lactic acid content and volatile acidity (which represents the acetic acid content). The mean lactic acid content of the fermented hemp seed products was 9.27–11.98 g/kg. This content is 2 times higher compared with the study by Robert et al. [31], who reported a lactic acid content of 3.0–5.5 g/kg in wheat sourdough produced with L. plantarum and Leuconostoc starters.



Fermentation with each tested LAB strain led to unique enzymatic changes of the fermented hemp seed product (Table 1). Fermentation with L. plantarum and L. brevis resulted in cellulase activity, while it was not observed in the unfermented hemp seed medium or after fermentation with L. acidophilus. The highest amylase, phytase, and protease activities were found after fermentation with L. brevis. Similarly, Songré-Ouattara et al. [32] found amylase and phytase activities in L. plantarum and L. fermentum strains isolated from fermented pearl-millet slurries. Phytase-producing LAB strains are especially preferred to produce wheat bread as well cereal and legume goods because of their ability to increase the nutritional quality by liberating inorganic phosphate and minerals [33,34]. Grains and seeds contain many minerals useful for human health—P, Mg, Fe, Cu, and Zn—but a large part of them are bound in complexes with phytic acid (phytates), which reduces the bioavailability of minerals. Phytase breaks down phytates, thereby increasing mineral absorption, and microorganisms such as yeast and LAB have been found to produce this enzyme [35].



During protein hydrolysis, microbial proteases lead to the formation of smaller peptides and subsequent degradation that releases free amino acids [36] and the formation of intermediates during the creation of aromatic products [37]. LAB are characterised by a complex proteolytic system, which mainly consists of cell wall-associated proteinases and intracellular peptidases, which break down peptides into amino acids [38]. Dallagnol et al. [38] reported on the protease activity during quinoa seed fermentation, including differences in protein mass. After fermentation with L. plantarum CRL 778 for 24 h, no 38 kDa proteins remained, while 22 kDa proteins were formed, which were not present before fermentation. After disrupting the cells of L. brevis and L. plantarum, various protein-degrading enzymes—proteases, endopeptidases, aminopeptidases, and dipeptidases—can be found in their extracts [39]. Cellulase activity is desirable to increase the efficiency of cellulose hydrolysis during fermentation to obtain a higher fermentable saccharide content and a higher content of primary metabolites of fermentation, including lactic and acetic acids as well as secondary metabolites.



The antioxidant activity of the fermented hemp seed products depended on the LAB strain. Fermentation with L. brevis increased the antioxidant activity up to 1.9 times, while fermentation with L. plantarum and L. acidophilus reduced the activity by 3.1 and 2.6 times, respectively. Other researchers have studied the effect of LAB fermentation on the antioxidant activity of seeds. In one study, the antioxidant activity of hemp seeds fermented with L. plantarum, L. brevis, and Lacticaseibacillus paracasei was up to 4 times higher compared with unfermented seeds [40]. Aloo et al. [41] found that fermentation of hemp seeds using Pediococcus acidilactici increased the antioxidant, anti-obesity, and anti-diabetic profile of hemp seeds.



Rizzello et al. [42] investigated the antioxidant properties of quinoa flour fermented with Lactobacillus strains; fermentation with L. plantarum increased the antioxidant activity. Ayyash et al. [43] fermented quinoa seeds with an L. plantarum strain and found a 2.5 times higher ABTS·+ radical scavenging ability after fermentation for 72 h compared with the control sample. The antioxidant activity was higher (1.3–1.4 times) after fermentation of lupine seeds using Latilactobacillus sakei, P. acidilactici, and Pediococcus pentosaceus compared with unfermented lupine seeds [44].



The TPC was increased in the hemp seeds fermented with L. plantarum, L. brevis, and L. acidophilus by 1.5, 5.0, and 2.0 times, respectively, compared with the unfermented hemp seeds. Other researchers have also reported that fermentation increases the TPC. Yoon et al. [40] reported a higher amount of polyphenolic compounds in fermented hemp seeds compared with unfermented seeds. Ayyash et al. [43] found that the TPC increased in quinoa seeds after fermentation with L. plantarum for 72 h, from 12 mg GAE/g (control) to 26 mg GAE/g. Krunglevičiūtė et al. [44] reported an 8–12% increase in the TPC after fermentation of lupine seeds using L. sakei, P. acidilactici, and P. pentosaceus.




3.2. Antimicrobial Activity of Hemp Seeds Fermented with LAB


The unfermented hemp seed flour did not exhibit antimicrobial activity against the tested bacteria and fungi, whereas after fermentation with LAB, there was antimicrobial activity against some foodborne pathogens (Table 2). The hemp seed product fermented with L. acidophilus presented the highest antimicrobial activity (against S. aureus, Salmonella typhimurium, B. subtilis, and B. cereus, with a clear inhibition zone of 3–5 mm). There was lower antimicrobial activity in the hemp seed product fermented with L. plantarum, with a clear inhibition zone of 3–5 mm for Salmonella typhimurium and 1–3 mm for E. coli, S. aureus, B. subtilis, and B. cereus. Finally, the hemp seed product fermented with L. brevis exhibited the lowest antimicrobial activity. The growth of A. versicolor was inhibited only by the hemp seeds fermented with L. plantarum, while Penicillium sp. growth was suppressed after fermentation with all three tested LAB strains, with a clear inhibition zone of 1–3 mm. The antimicrobial effect of hemp seeds fermented with L. acidophilus on the growth of Salmonella typhimurium is shown in Figure 1. A clear inhibition zone could be seen on the agar plates. The antimicrobial effect of LAB is mainly related to the production of lactic and acetic acids, as well as propionic, sorbic, and benzoic acids; hydrogen peroxide; and diacetyl, ethanol, phenolic, and proteinaceous compounds. Moreover, some LAB strains are able to synthesise antimicrobial substances (bacteriocins) [45]. Our findings agree with Yoon et al. [40] that during hemp seed fermentation with LAB strains, the antimicrobial substances produced and activity depend on the LAB strain.




3.3. Antimicrobial Activity of the Protein Fractions Isolated from Fermented Hemp Seeds


The effects of fermentation and enzymatic hydrolysis on the antimicrobial properties of protein fractions isolated from hemp seeds are presented in Table 3. The unfermented water-, salt-, and ethanol-soluble hemp seed protein fractions did not exhibit antimicrobial activity against E. coli, S. aureus, Salmonella typhimurium, B. subtilis, and B. cereus. However, when these protein fractions were hydrolysed with pepsin, they exhibited antimicrobial properties that depended on the LAB strain used for fermentation and the indicator microorganism.



The ethanol-soluble hemp protein fractions obtained after LAB fermentation presented antimicrobial activity. Specifically, they inhibited the growth of E. coli, S. aureus, Salmonella typhimurium, B. subtilis, and B. cereus, while the ethanol-soluble protein fraction of unfermented hemp seeds did not have an antimicrobial effect. The ethanol-soluble protein fraction extracted from hemp seeds fermented with L. acidophilus had the strongest antimicrobial activity. The antimicrobial effects of the non-hydrolysed and hydrolysed protein fractions soluble in 70% ethanol on the growth of some pathogens are shown in Figure 2.



The non-hydrolysed salt- and water-soluble hemp protein fractions did not exhibit antimicrobial activity, whereas the same protein fractions hydrolysed with pepsin did. The salt-soluble and pepsin-hydrolysed protein fraction from hemp seeds fermented with L. brevis presented the strongest antimicrobial activity; it inhibited the growth of S. aureus, B. subtilis, and B. cereus.



Plant antimicrobial peptides create protection against microbial attacks of pathogens given their excellent structural stability, wide spectrum of activity, and diverse mechanism of action. Antimicrobial peptides are able to inhibit the transport of proteins, act as enzymes and steroid hormone regulators, and/or interact with DNA and RNA [46]. Plant antimicrobial peptides act differently from other antimicrobial peptides due to the abundance of cysteine residues and disulfide bridges [46,47]. These peptides are a part of the barrier defence mechanisms from the different parts of plants, including seeds [48]. Bioactive peptides obtained from food proteins, released by enzymatic hydrolysis or fermentation, can be employed as a natural alternative to antibiotics and as preservative agents due to their ability to inhibit the growth of several microorganisms [49]. Sharma et al. [50] described peptides with antimicrobial activity that could be used to prevent foodborne diseases and food spoilage. The antimicrobial effect of the protein fractions after hydrolysis with pepsin is due to the generation of bioactive peptides with an antimicrobial effect during hydrolysis. Yekta et al. [51] studied the antimicrobial activity of quinoa seeds and found that microbiological contamination (based on the S. aureus count) in meat products was lower with quinoa peptides. Mudgil [52] also examined quinoa seed peptides and their antimicrobial properties and found that the inhibitory zone against different bacteria (S. aureus, Salmonella typhimurium, E. coli, and Enterobacter aerogenes) was larger after enzymatic hydrolysis.




3.4. Antioxidant Activity and the THC Content in the Protein Fractions from Fermented Hemp Seeds


Table 4 shows the antioxidant activity of the non-hydrolysed and hydrolysed protein fractions obtained from unfermented and fermented hemp seeds, as well as of protein fractions hydrolysed with pepsin. The ethanol-soluble protein fractions showed a greater ABTS·+ radical scavenging ability compared with the water- and salt-soluble protein fractions. In all cases, hydrolysis with pepsin reduced the ABTS·+ radical scavenging ability. A high hydrophobic amino acid content has been associated with low solubility, which leads to low ABTS·+ radical scavenging activity [53].



The water-soluble protein fractions from the fermented hemp seeds had higher antioxidant activity compared with the unfermented hemp seeds, while the antioxidant activity of the salt- and ethanol-soluble protein fractions depended on the LAB strain used for fermentation. Fermentation with L. acidophilus increased the ABTS·+ radical scavenging activity of the ethanol-, salt- and water-soluble protein fractions by 17%, 32%, and 98%, respectively, compared with the unfermented protein fractions. The non-hydrolysed ethanol-soluble protein fraction of hemp seeds fermented with L. acidophilus presented the highest ABTS·+ radical scavenging ability (91.1 mg TE/100 g of protein).



Girgih et al. [54] hydrolysed hemp seed protein isolates with pepsin and pancreatin and evaluated the antioxidant activity of the obtained hydrolysates using the DPPH free radical scavenging method. The hydrolysed protein fractions had up to 6 times higher antioxidant activity, depending on the molecular weight of the protein fraction. The hemp seed protein hydrolysates exhibited significantly weaker scavenging of DPPH radicals compared with the fractionated peptides. The protein fraction with the lowest molecular weight (<1 kDa) showed the highest antioxidant activity. The antioxidant properties of protein hydrolysates mostly depend on degree of hydrolysis, enzyme specificity, and the nature of the peptides released, including the molecular weight, amino acid composition, and hydrophobicity [55,56,57]. The antioxidant activity of most peptides increases with the presence of amino acids such as tyrosine, lysine, histidine, tryptophan, methionine, and proline [58]. Due to ability to reduce the risk of cancer and other chronic diseases, phenolic compounds have a positive effect on human health. Indeed, these compounds can bind to free radicals [59].



The ethanol-soluble protein fractions showed a higher TPC compared with water- and salt-soluble fractions. The water-soluble protein fractions extracted from fermented hemp seeds had a higher TPC compared with the unfermented seeds, while the TPC in the salt- and ethanol-soluble protein fractions depended on the LAB strain used for fermentation; in samples obtained from hemp seeds fermented with L. acidophilus, the TPC increased by 65% and 33%, respectively, while the ethanol-soluble protein fraction from hemp seeds fermented with L. plantarum presented a 48% reduction in the TPC.



Hydrolysis with pepsin increased the TPC in the water- and salt-soluble protein fractions by 8 and 2 times, respectively, while the TPC was reduced by 50% in the ethanol-soluble fraction of unfermented hemp seed flour. The TPC after hydrolysis with pepsin strongly depended on the LAB strain used for fermentation. The ethanol-soluble fractions obtained after fermentation with L. plantarum and L. acidophilus presented the highest TPC, 4.37 and 4.25 GAE mg/100 g protein, respectively.



Garcia-Mora et al. [60] isolated proteins from spotted beans, which were hydrolysed by alcalase and savinase. After hydrolysis for 120 min, the TPC increased by 2 and 2.3 times, respectively. This change was due to the higher amount of short bioactive peptides formed during hydrolysis. Chanput et al. [61] studied protein fractions isolated from rice bran and found that the TPC decreased after enzymatic hydrolysis; this could be due to the degradation of phenolic compounds during hydrolysis, as well as the high temperature (95 °C for 15 min) used to inactivate pepsin.





4. Conclusions


This study demonstrated that microbial fermentation is a promising method to significantly enhance the biochemical and antimicrobial potential of hemp seeds and their protein components. For hemp seed fermentation, the use of starter cultures such as L. acidophilus DSM 20079, L. plantarum MR24, and L. brevis R26 are recommended due to their adaptability to plant-based substrates and their capacity to effectively produce lactic acid and bioactive compounds. Among these, L. brevis R26 showed the most promise, exhibiting the highest levels of amylase, cellulase, phytase, and protease activities, as well as producing the highest TPC and antioxidant activity in the fermentation medium. Hemp seed flour fermented with L. brevis R26 could serve as a non-traditional sourdough starter for functional bread production. Additionally, proteins isolated from fermented hemp seed substrates could be used in developing new functional foods—such as protein-enriched bakery, confectionery, or dairy products—due to their enhanced antimicrobial and antioxidant properties. It should also be noted that other LAB strains may be viable for fermentation, each potentially offering unique advantages in terms of flavour, the nutritional profile, and functional attributes. Exploring additional LAB strains could be a valuable direction for future research. Furthermore, additional studies on the technological properties and digestibility of hemp proteins modified by lactic acid fermentation are recommended to facilitate their inclusion in new food formulations. Finally, the fermentation process described in the present study may also be applicable to other high-protein seeds, such as soy, sunflower, and pumpkin. Each seed type, however, has unique structural and compositional characteristics that could affect the selection of LAB strains and fermentation conditions. Hence, further research is warranted to optimise these variables for each seed type to expand the application of this method.
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Figure 1. A clear growth inhibition zone of Salmonella typhimurium on agar media is visible around the hemp seed products fermented with L. acidophilus DSM 20079. 
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Figure 2. The antimicrobial effect of 70% ethanol-soluble hemp seed protein fractions obtained after fermentation with (a) L. plantarum MR24 on the growth of E. coli and (b) L. acidophilus on the growth of B. subtilis. A clear zone of inhibition around the ‘well’ indicates inhibition of the growth of food spoilage bacteria. Top: the effect of the non-hydrolysed protein fraction (left) and the control—blank sample (right). Bottom: the effect of two samples of hydrolysed protein fractions obtained after fermentation with LAB. 
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Table 1. The characteristics of the hemp seeds after fermentation for 48 h.
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Unfermented Hemp Seeds

	
L. plantarum MR24

	
L. brevis R26

	
L. acidophilus DSM 20079






	
LAB count, CFU/g

	
-

	
(7.9 ± 0.1)·109 b

	
(3.3 ± 0.1)·109 a

	
(2.9 ± 0.2)·109 c




	
Acidity




	
pH

	
6.65 ± 0.1 d

	
4.72 ± 0.03 a

	
5.52 ± 0.14 c

	
4.92 ± 0.01 b




	
TTA

	
2.6 ± 0 a

	
6.1 ± 0.02 d

	
3.4 ± 0.07 b

	
4.6 ± 0.21 c




	
Volatile acidity

	
0.4 ± 0.04 a

	
1.68 ± 0.06 c

	
2.28 ± 0.07 d

	
1.08 ± 0.01 b




	
Lactic acid content




	
Lactic acid, g/kg

	
3.25 ± 0.35 a

	
11.98 ± 1.31 b

	
10.80 ± 0.85 b

	
9.27 ± 0.78 b




	
Enzymatic activities




	
Cellulase activity, CU/g

	
-

	
1.466 ± 0.188 a

	
1.170 ± 0.183 a

	
-




	
Amylase activity, AU/g

	
0.290 ± 0.041 b

	
0.149 ± 0.001 a

	
0.721 ± 0.001 c

	
0.242 ± 0.048 b




	
Phytase activity, PhU/g

	
0.140 ± 0.005 b

	
0.138 ± 0.003 b

	
0.191 ± 0.027 c

	
0.097 ± 0.004 a




	
Protease activity, PU/g

	
0.043 ± 0.004 a

	
-

	
0.668 ± 0.067 c

	
0.284 ± 0.006 b




	
TPC and antioxidant activity




	
TPC, GAE mg/100 g

	
13.0 ± 0.2 a

	
18.9 ± 0.1 b

	
65.6 ± 0.2 d

	
25.9 ± 1.8 c




	
Antioxidant activity, mg TE/100 g

	
25.0 ± 1.1 b

	
8.1 ± 2.3 a

	
47.0 ± 2.5 c

	
9.6 ± 2.8 a








The values in a row with different characters (a–d) are significantly different (p < 0.05).













 





Table 2. The antimicrobial effect of hemp seeds fermented for 48 h on foodborne pathogens.
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LAB Used for Hemp Seed Fermentation




	
Foodborne Pathogens

	
L. plantarum

	
L. brevis

	
L. acidophilus






	
against fungi




	
A. versicolor

	
++

	
−

	
−




	
P. chrysogenum

	
−

	
−

	
−




	
P. cyclopium

	
−

	
−

	
−




	
A. terreus

	
+/−

	
−

	
−




	
Penicillium sp.

	
+

	
+

	
+




	
against bacteria




	
E. coli

	
+

	
+/−

	
+/−




	
St. aureus

	
+

	
−

	
++




	
S. typhimurium

	
++

	
−

	
++




	
B. subtilis

	
+

	
−

	
++




	
B. cereus

	
+

	
+

	
++








Evaluation of the antimicrobial activity: (−) no clear inhibition zone around the sample (no inhibition); (+/−) up to a 1 mm clear zone; (+) a 1–3 mm clear zone; (++) a 3–5 mm clear zone.













 





Table 3. The antimicrobial activity of the protein fractions isolated from hemp seed after fermentation with lactic acid bacteria and hydrolysis with pepsin.
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Food Spoilage Bacteria

	
LAB Used for Hemp Seed Flour Fermentation

	
Unfermented Hemp Seed Flour




	
L. plantarum

	
L. brevis

	
L. acidophilus




	
Non-Hyd.

	
After Hyd. with Pepsin

	
Non-Hyd.

	
After Hyd. with Pepsin

	
Non-Hyd.

	
After Hyd. with Pepsin

	
Non-Hyd.

	
After Hyd. with Pepsin






	

	
Water-soluble protein fraction




	
E. coli

	
−

	
+

	
−

	
+

	
−

	
++

	
−

	
+/−




	
St. aureus

	
−

	
+/−

	
−

	
+

	
−

	
+

	
−

	
−




	
S. typhimurium

	
−

	
++

	
−

	
+

	
−

	
+

	
−

	
+/−




	
B. subtilis

	
−

	
+

	
−

	
+

	
−

	
+

	
−

	
+




	
B. cereus

	
−

	
+

	
−

	
+

	
−

	
+

	
−

	
+/−




	

	
Protein fractions soluble in 0.8 M NaCl




	
E. coli

	
−

	
−

	
−

	
+/−

	
−

	
−

	
−

	
+/−




	
St. aureus

	
−

	
−

	
−

	
+

	
−

	
+/−

	
−

	
+




	
S. typhimurium

	
−

	
+/−

	
−

	
+/−

	
−

	
+/−

	
−

	
−




	
B. subtilis

	
−

	
+/−

	
−

	
+

	
−

	
−

	
−

	
+




	
B. cereus

	
−

	
+/−

	
−

	
+

	
−

	
−

	
−

	
+/−




	

	
Protein fractions soluble in 70% ethanol




	
E. coli

	
++

	
+++

	
++

	
++

	
++

	
++

	
−

	
−




	
St. aureus

	
+

	
++

	
++

	
++

	
++

	
+++

	
−

	
−




	
S. typhimurium

	
++

	
++

	
++

	
++

	
+++

	
+++

	
−

	
+




	
B. subtilis

	
++

	
++

	
++

	
++

	
++

	
+++

	
−

	
+




	
B. cereus

	
++

	
++

	
++

	
+++

	
++

	
++

	
−

	
+/−








Evaluation of the antimicrobial activity: (−) no clear zone around the well (no inhibition); (+/−) up to a 1 mm clear zone; (+) a 1–3 mm clear zone; (++) a 3–5 mm clear zone; (+++) a >5 mm clear zone; hyd., hydrolysis.













 





Table 4. The antioxidant activity (mg TE/100 g protein) and total phenolic content (GAE mg/100 g protein) of the protein fractions from hemp seeds after (i) fermentation with LAB and (ii) enzymatic hydrolysis with pepsin.
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