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Abstract

:

The aim of this study was to evaluate the characteristics of macroalgae (Cladophora rupestris, Furcellaria lumbricalis, Ulva intestinalis) and microalgae (Arthrospira platensis (Sp1, Sp2), Chlorella vulgaris) extracts, including micro- and macroelement transition to extract, antioxidant, antimicrobial properties, the concentrations of chlorophyll (-a, -b), and the total carotenoid concentration (TCC). In macroalgae, the highest TCC and chlorophyll content were found in C. rupestris. In microalgae, the TCC was 10.1-times higher in C. vulgaris than in Sp1, Sp2; however, the chlorophyll contents in C. vulgaris samples were lower. A moderate negative correlation was found between the chlorophyll-a and TCC contents (r = −0.4644). In macroalgae extract samples, C. rupestris and F. lumbricalis showed the highest total phenolic compound content (TPCC). DPPH antioxidant activity and TPCC in microalgae was related to the TCC (r = 0.6191, r = 0.6439, respectively). Sp2 extracts inhibited Staphylococcus haemolyticus; C. rupestris, F. lumbricalis, U. intestinalis, and Sp2 extracts inhibited Bacillus subtilis; and U. intestinalis extracts inhibited Streptococcus mutans strains. This study showed that extraction is a suitable technology for toxic metal decontamination in algae; however, some of the desirable microelements are reduced during the extraction, and only the final products, could be applied in food, feed, and others.
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1. Introduction


The increasing demand for natural ingredients for the food, feed, nutraceutical, and other industries has led to broader utilization of micro- and macroalgae as natural sources of valuable bioactive compounds. Nowadays, biotechonomy includes different biomass valorisation processes to prepare value-added products [1,2,3]. Especially, marine macroalgae is a good alternative to replace terrestrial biomass because it does not compete with plants for uses as food and (or) in feed preparation, and it does not require special resources to accumulate biomass [4]. For this reason, different technologies are used to valorise macroalgae biomass, and different varieties of macroalgae are used to prepare extracts, which are being studied with the prospect of their use in the food, feed, pharmaceutical, cosmetic, and other industries [5].



Algae pigments are very important in plant physiology and are classified into three main groups: chlorophylls, carotenoids, and phycobilins [6]. The main role of the carotenoids is to pass light energy to chlorophyll and to act as very strong antioxidants [7]. Cladophora species (Chlorophyta) are a good source of chlorophylls (a and b) and carotenoids, including lutein, β-carotene, and zeaxanthin [8]. According to Khuantrairong and Traichaiyaporn [9], in cultivated Cladophora sp. biomass, the β-carotene content could vary from 6.0 to 34.0 μg g−1, the lutein content from 125.0 to 221 μg g−1, and the zeaxanthin content from 12.1 to 37.1 μg g−1. Nazarudin et al. [7] reported a chlorophyll b concentration of 292.52 ± 8.84 μg g−1 d.w. in U. intestinalis. According to Joyce and Phinn, the highest chlorophyll a content is in U. intestinalis, and the lowest is in the brown seaweed Sargassum ilicifolium [10]. It was established that in wild-collected algae, the highest concentrations of chlorophyll a and carotenoids are in brown and green algae, and these differences belong to different species with different assimilation capacities for ammonium [11]. Additionally, pigmentation of algae can be related to stress conditions; usually, the concentration of carotenoids increases, and that of chlorophylls decreases under environmental stress conditions [12]. Many factors (water movement, nutrients, light, temperature, salinity, etc.) have an influence on pigment production in macroalgae [13]. The Baltic Sea ecosystem is very sensitive, and strong gradients in salinity and temperature are a big challenge for macroalgae species [14]. It was reported that temperature is the most important factor influencing pigment concentration in macroalgae [15]. According to Vahtmäe et al. [15], the carotenoid concentration in U. intestinalis (Chlorophyta) is 162.0 μg g−1 d.w., and the highest overall carotenoid concentration is present in green (Chlorophyta) and red (Rhodophyta) algae in comparison with brown algae (Ochrophyta, Phaeophyceae) [16]. However, some studies published that the carotenoid content is high in brown and low in green algae [17]. Similarly, the concentration of pigments can vary depending on the morphological structures of the algae and environmental factors [18]. In addition, Chlorella vulgaris (Chlorophyta) and Arthrospira platensis (formerly Spirulina platensis) (Cyanobacteria) are good sources of various pigments [19].



In addition, the main antioxidants in algae are chlorophylls, carotenoids, fucoxanthin, enzymes, vitamins (E and C), mycosporine-like amino acids, and polysaccharides [20,21,22]; however, the most important are polyphenols [8]. The TPC of marine algae depends on environmental conditions, of which the most important are nutrient concentration, salinity, and UV radiation [23,24,25]. Moreover, in cultivated algae, a higher content of TPC could be related to various stress factors [11].



Although macroalgae are known as a good source of functional compounds [8], they are also known as bioaccumulators of pollution [26], and their ability to accumulate heavy metals, pesticides, dioxins, etc. [26,27,28,29,30], is affected by various factors [8]. Our previous studies showed that Baltic Sea macroalgae cannot be used in food, feed, nutraceuticals, etc., without pre-treatment because of its high degree of contamination with pathogenic bacterial strains and heavy metals [31], and fermentation processing with lactic acid bacterial strains possessing antimicrobial properties is not a sufficient method to avoid biocontamination in Baltic Sea macroalgae. For this reason, in this study, we hypothesised that the preparation of extracts of Baltic Sea macroalgae (Furcellaria lumbricalis—Rhodophyta, Cladophora rupestris, and Ulva intestinalis—Chlorophyta) could lead to heavy metal concentration reduction in algal biomass and could be a prospective method for Baltic Sea macroalgae valorisation to a higher antioxidant potential and new ingredients with broader antimicrobial activity.



It has been reported that separate compounds in macroalgae and their extracts exhibit anticancer, antineoplastic, antioxidant, and antidiabetic activities, among others [32,33,34,35,36,37]. Munir et al. [34] reported on the antibacterial, antifungal, anti-parasitic, anticancer, immunomodulatory, etc., activities of macroalgae compounds.



In addition to macroalgae, microalgae are becoming an important source of bioactive compounds for many industries. Although microalgae have several attractive characteristics for the preparation of sustainable food, feed, nutraceuticals, etc., only a few varieties have generally been recognized as having safe (GRAS) status according to the Food and Drug Administration (FDA): Arthrospira platensis—Cyanobacteria, Chlamydomonas reinhardtii, Auxenochlorella protothecoides, Chlorella vulgaris, Dunaliella salina (formerly Dunaliella bardawil)—Chlorophyta, and Euglena gracilis—Euglenozoa [38]. Nowadays, one of the main problems facing the effective application of microalgae on an industrial scale is insufficient technology. For this reason, in microalgae extract evaluation, antimicrobial properties are paramount, as they could be among the characteristics that could determine the feasibility of industrial-scale application.



The aim of this study was to evaluate the characteristics of macroalgae (C. rupestris, F. lumbricalis, and U. intestinalis) and microalgae (Arthrospira platensis (Sp1 and Sp2) and C. vulgaris) extracts, including micro- and macroelement transition to extract, as well as antioxidant and antimicrobial properties. In addition, the concentrations of chlorophylls a and b as well as the total carotenoid concentration (TCC) in algae were established.




2. Materials and Methods


2.1. Macro- and Microalgae Samples Used in Experiments


Principal scheme of the experiment is given in Figure 1.



Samples of macroalgae were collected in the autumn of 2020 on the Lithuanian coast. U. intestinalis samples were taken from stones near the surface, while F. lumbricalis and C. rupestris samples were taken after the storm along the shore. The collected samples were cleaned three times in distilled water to remove sand and macroscopic invertebrates.



In addition, two samples of microalgae (Sp1—Spirulina (Arthrospira platensis) from University of Texas Biological Labs (Austin, TX, USA) and Sp2—Spirulina (Ltd. “Spila“, Vilnius, Lithuania, origin from Irvine, CA, USA) were tested. Starter cultures of Sp1 were multiplied according to instructions given by producer.



All algal samples used in experiments were lyophilized using a freeze-dryer FD8512S (ilShin® Europe, Ede, The Netherlands) and ground into a powder (particle size < 0.2 mm) using a knife mill GM200 (Retsch, Düsseldorf, Germany). Freeze-dried samples were maintained at room temperature in the dark until use.




2.2. Chlorophyll a and b and Carotenoid Analysis in Algal Samples


Freeze-dried algal samples of 500 ± 2 mg were removed and weighed accurately. The samples were transferred carefully to a ceramic pestle, and 1.5 mL of ultrapure water was added for sample rehydration. The pestle was covered with aluminium foil for 2 min. The rehydrated sample was ground accurately with a mortar and pestle with 2 g of pure quartz sand. The pigments were extracted and transferred to a volumetric flask, and the volume was adjusted to 100 mL with an 80% solution of aqueous acetone. The homogenised sample mixture was centrifuged at 10,000 rpm for 15 min at 4 °C. The supernatant was separated and immediately analysed.



The acetonic solution mixture was analysed for total carotenoids, chlorophyll a, and b and their derivatives in a spectrophotometer by the modified method of Dere et al. [39], Sakalauskaitė et al. [40], and Sumanta et al. [41]. These compounds were determined at a wavelength of 470 nm after subtracting the concentrations of chlorophyll a and b, using wavelengths of 649 and 665 nm, respectively, and the corresponding absorption coefficients at which carotenoids do not absorb [39,41]. The contents of total carotenoids, chlorophyll a and b, and their derivatives were determined spectrophotometrically, the absorption was measured using a Cintra 202 spectrophotometer (GBC Scientific Equipment Pty Ltd., Mulgrave Victoria Australia), and the results were analysed using the Cintral ver.2.2 program (GBC Scientific Equipment Pty Ltd., Mulgrave Victoria, Australia).




2.3. Preparation of Algal Sample Extracts and Determination of the Total Phenolic Compound Content and Antioxidant Capacity of the Algae Extracts


Five grams of the freeze-dried algal sample were extracted with 100 mL of ethanol/water (70:30 v/v) by incubation at room temperature overnight with stirring. Then, extracts were centrifuged at 3500 rpm for 10 min at 4 °C and filtered through Whatman No. 4 filter paper. Ethanol in the solvent extract was removed by rotary evaporation. The concentrate and the supernatant of the extract were freeze-dried and weighed. Each extraction was conducted in duplicate. The stock solution was used for total phenolic compound (TPC) content analysis, antioxidant capacity evaluation, and antimicrobial property determination.



For the determination of the TPC content, the Folin–Ciocalteu TPC content assay was used. The method used was adapted from Ainsworth and Gillespie [42]. One millilitre of the sample and (or) standard solution was added to each cuvette (10 × 45 mm, 3 mL), followed by 5000 µL 10% (v/v) Folin–Ciocalteu reagent in super distilled water. Further, 4000 µL 7.5% (v/v) Na2CO3 in super distilled water was added to the centrifuge tubes. The mixture was incubated for 60 min, and the absorbance was measured at 765 nm using a Genesys-10 UV/VIS spectrophotometer (Thermo Spectronic, Rochester, NY, USA). The data were expressed as gallic acid equivalents (GAE) mg 100 g−1 d.w. (dry weight). The antioxidant (DPPH° scavenging) capacity of the algal extracts was determined by the method of Brand-Williams et al. [43] with modifications as described elsewhere [44]. Twenty microlitres of extract was allowed to react with 2 mL of DPPH° solution for 30 min in the dark. The decrease in absorbance was measured at 515 nm using a Genesys-10 UV/VIS spectrophotometer (Thermo Spectronic, Rochester, NY, USA). The ferric reducing antioxidant power (FRAP) assay was carried out by the method of Benzie and Strain [45] with some modifications [46]. Two millilitres of freshly prepared FRAP working solution and 20 µL of extract were mixed in a cuvette with a 1-cm path length and incubated for 30 min at ambient temperature. The change in absorbance due to the reduction of the ferric-tripyridyltriazine (Fe III-TPTZ) complex by the antioxidants present in the samples was measured at 593 nm using a Genesys-10 UV/VIS spectrophotometer.




2.4. Measurement of the Algae Colour Chromaticity Parameters


The colour coordinates of the lyophilized algae and their extracts were evaluated on the surface using a CIE L*a*b* system (CromaMeter CR-400, Konica Minolta, Marunouchi, Tokyo Japan) [31,44].




2.5. Evaluation of the Antimicrobial Activity of the Algal Extract Samples


All algal samples were assessed for their antimicrobial activities against a variety of pathogenic and opportunistic bacterial strains (Escherichia coli, Klebsiella pneumoniae, Salmonella enterica, Cronobacter sakazakii, Acinetobacter baumannii, Pseudomonas aeruginosa, Staphylococcus aureus, S. haemolyticus, Bacillus subtilis, and Streptococcus mutans) by using the agar well diffusion method and in liquid medium.



For the agar well diffusion assay, suspensions of 0.5 McFarland standard of each pathogenic bacterial strain were inoculated onto the surface of cooled Mueller–Hinton agar (Oxoid, Basingstoke, UK) using sterile cotton swabs. Wells 6 mm in diameter were punched in the agar and filled with 50 µL of the algal extract. The antimicrobial activities against the tested bacteria were established by measuring the inhibition zone diameters (mm). The experiments were repeated three times, and the average diameter of the inhibition zones was calculated.



To evaluate the antimicrobial activity of the algal extracts in liquid medium, the algal samples were diluted 1:3 (v/v) with physiological solution. Then, to the different concentrations of extracts (10 µL, 50 µL, 100 µL, and 500 µL), 10 µL of the pathogenic and opportunistic bacterial strains, cultured in a selective medium, was added and incubated at 35 °C for 24 h. After incubation, the viable pathogenic and opportunistic bacterial strains in algal extract solution were controlled by plating them on selective medium. The results were interpreted as (−) if the pathogens did not grow on selective medium and (+) if the pathogens grew on selective medium. Experiments were performed in triplicate.




2.6. Analysis of Micro- and Macroelements in Algal Extract Samples


Analysis of micro- and macroelements in algal extract samples was performed by inductively coupled plasma mass spectrometry (ICP-MS) according to a published method [47].




2.7. Statistical Analysis


Extract preparation of algal samples was performed in duplicate, while all analytical experiments were carried out in triplicate. The calculated mean values, using the statistical package SPSS for Windows (Ver.15.0, SPSS, Chicago, IL, USA), were compared using Duncan’s multiple range test with significance defined at p ≤ 0.05. A linear Pearson’s correlation was used to quantify the strength of the relationship between the variables. The results were recognised as statistically significant at p ≤ 0.05.





3. Results and Discussion


3.1. Total Carotenoid and Chlorophyll a and b Contents in Algal Samples


Total carotenoid and chlorophyll a and b contents in the algal samples (d.w.) are given in Figure 2.



In a comparison of macroalgae samples, the highest TCC was found in C. rupestris samples (1.26 mg/g). In U. intestinalis and F. lumbricalis samples, the TCC was 1.6- and 6.3-times lower, respectively. With respect to the TCC in microalgal samples, C. vulgaris showed the highest concentration (1.52 mg/g), which was an average of 10.1-times higher than that in both the tested Spirulina (Sp1 and Sp2) samples. However, the chlorophyll a and b concentrations in C. vulgaris samples were, on average, 89.6 and 55.0% lower than those in both the tested Spirulina samples. The green microalgae C. vulgaris contains high levels of carotenoids [48]. The main carotenoids in C. vulgaris are lutein and β-carotene [49,50]. These pigments are essential for the photosynthetic system of microalgae [48]. Additionally, carotenoids are associated with chlorophyll in the thylakoid membrane of chloroplasts, where they function to protect chlorophyll molecules from degradation [51]. A. platensis is also good source of carotenoids [52] with various desirable properties [53,54]. However, A. platensis is also a good source of chlorophylls [55]. Of all the tested algal samples, the microalgae C. vulgaris was the best source of carotenoids, followed by the macroalgae C. rupestris, in which the TCC was lower by 17.1% in comparison with that of C. vulgaris. In addition, when the TCC in algal samples was increased, the chlorophyll a concentration was reduced, and a moderate negative correlation between the chlorophyll a and TCC in algal samples was found (r = −0.4644). Moreover, a strong positive correlation between the chlorophyll a and b concentrations was established (r = 0.7604). However, a very weak positive correlation was found between the chlorophyll b and TCC (r = 0.1065).



In a comparison of chlorophyll a and b concentrations in macroalgal samples, in all the tested macroalgae samples, the predominant form of chlorophyll was chlorophyll a (in comparison with chlorophyll b, the chlorophyll a content in C. rupestris, F. lumbricalis, and U. intestinalis samples was higher by 9.0, 63.3, and 55.2%, respectively). The highest total chlorophyl content was found in Cladophora rupestris (in comparison macroalgae samples) as well as in both the tested Spirulina samples (in comparison microalgae samples) (Figure 3). C. vulgaris contains the green pigment (chlorophyll) and carotenoids [19], and the composition of pigment in Spirulina platensis is complex and could include chlorophyll, xanthophylls, phycocyanin, and carotenoids consisting of myxoxanthophyll, beta carotene, and zeaxanthin [56]. In this study, a limited number of the pigments was analysed; however, according to results obtained, the highest total chlorophyl content was found in Cladophora rupestris (in comparison macroalgae samples) and in both the tested Spirulina samples (in comparison microalgae samples), and the highest TCC was established in Chlorella vulgaris and Chlorella vulgaris. Additionally, it should be pointed out that extraction method has an influence on pigments concentration in the extract [57]; for this reason, it is very difficult to compare results from different studies.



There is a broad application of chlorophylls because its intensive green colour is gaining importance as a food additive. European Food Safety Authority (EFSA) published maximum permission levels (MPLs) of chlorophylls as food additives for use in foods [58]. Chlorophylls are authorised food additives in the EU at quantum satis (QS) in 56 food categories [58]. Chlorophyll a is usually present in foods at a concentration 2–3-times higher than chlorophyll b. Chlorophyll, as a food ingredient, increases its biological functions [59].



In addition, carotenoids are naturally occurring plant pigments that are responsible for the colours of different red, green, yellow, and orange fruits, vegetables, and algae. While the most studied carotenoid is beta-carotene, other carotenoids, such as lycopene, are now receiving much attention due to their higher antioxidant activity and organ-specific functionality in comparison with beta-carotene. Carotenoids cannot be synthesized by mammals and, therefore, have to be obtained from food/feed sources or in a form of dietary and (or) feed supplements [60,61]. A group acceptable daily intake (ADI) of 0–5 mg kg−1 bw for β-carotene, β-apo-8′-carotenal, and β-apo-8′-carotenoic acid methyl and ethyl esters was established [62]. Optimal carotenoids intake is related to reduced risks of several diseases [62]. In addition, carotenoids are used in the feed industry to improve animal health and animal based products quality [63].




3.2. Antioxidant Characteristics and Chromaticity Parameters of the Algal Samples


The TPC content and DPPH antioxidant activity of the different specimen of algae extracts are shown in Figure 4a,b, respectively, and colour coordinates of the lyophilized algae and their extracts are given in Table 1.



In a comparison of macroalgae extract samples, C. rupestris and F. lumbricalis showed the highest TPC content (on average, 352.6 mg GAE 100 g−1), and in U. intestinalis, the TPC content was an average of 53.1% lower. A weak positive correlation between the TPC content in macroalgae samples and DPPH antioxidant activity was found (r = 0.2419); however, the C. rupestris extract had significantly higher DPPH antioxidant activity (5.82%) than the U. intestinalis and F. lumbricalis extracts. Extracts of U. intestinalis and F. lumbricalis showed an average of 1.8- and 2.4-times lower DPPH antioxidant activity, respectively, in comparison with C. rupestris extract. Moderate positive correlations between the TPC content and redness (a*) in both lyophilized samples and extracts were found (r = 0.7067 and r = 0.8069, respectively). Additionally, negative correlations between the TPC content and yellowness (b*) in both lyophilized samples and extracts were established (r = −0.9787 and r = −0.9813, respectively). The DPPH antioxidant activity of the macroalgae samples was related to the total carotenoid content in samples, and a very strong positive correlation between the above-mentioned parameters was found (r = 0.9372). In addition, moderate and very strong positive correlations between the DPPH antioxidant activity and chlorophyll a and b contents in macroalgae were established (r = 0.6731 and r = 0.9771, respectively). Antioxidant activities reduces oxidation processes [64], and both scavenging and antioxidant activities are related with the content of polyphenolic compounds [65]. Coloured compounds, in many cases, lead to higher antioxidant properties of the product and (or) extract; however, specific of the antioxidant properties is related with the specific of phenolic compounds profile composition. From this point of view, relation of colour coordinates with parameters of the antioxidant properties could be very important for the further analysis and (or) extraction methods development, to select which compounds, in relation with their chromaticity parameters, can have a higher antioxidant potential.



Santoso et al. [66] and Wang et al. [67] reported that synergistic effects among the different substances on the TPC concentration in algae should also be considered. Messyasz et al. [68] reported that there is a strong correlation between the antioxidant activity of the sample, and the TPC content in Cladophora and Cladophora extracts could be a promising source of pharmaceuticals [69] as well as for the food industry [8]. Overall, freshwater species are examined more often in comparison with marine ones [8]. Additionally, it was published that U. intestinalis possesses antioxidant and cytotoxic activity [70], and the antioxidant characteristics of its extracts depend on the extractant used: the antioxidant activity of dichloromethane, ethanol, methanol, and hexane extracts was 87.54, 31.9, 22.6, and 22.5% [71]. However, Farasat et al. [72] reported that methanolic extracts of U. intestinalis showed the highest DPPH scavenging activity (48% inhibition) and a lower IC50 value of 2.32 mg/mL. Tepe et al. [73] reported that polar extracts showed stronger antioxidant activity than non-polar extracts prepared from Salvia tomentosa, and according to Naczk and Shahidi [74], the polarity of the solvent has a significant influence on increasing the solubility of phenols. Moreover, it was published that the TPC content of U. intestinalis extracts ranged from, on average, 54.4 to 197 mg GAE/g, and a higher TPC content resulted in a higher antioxidant activity [71]. Naseri et al. [75] showed that F. lumbricalis had the highest TPC, followed by C. crispus and S. crispate, and these values were higher than those obtained for Palmaria palmata, Chondrus crispus, Meristotheca papulosa, and Sarcodiotheca gaudichaudi (Rhodophyta) [76,77].



In a comparison of the TPC content in microalgal samples, in A. platensis samples, TPC was, on average, 149.3 mg GAE 100 g−1 and in C. vulgaris extracts, on average, 12.4% higher. Similar tendencies in the DPPH antioxidant activity of the microalgae extracts were found, and the highest DPPH antioxidant activity was established in C. vulgaris extracts (3.61%). A moderate positive correlation was established between the TPC content and DPPH antioxidant activity of microalgae extracts (r = 0.5979). Positive and negative moderate correlations, respectively, between the TPC content and redness (a*) of lyophilized samples and extracts of microalgae were found (r = 0.5000 and r = −0.6708, respectively). In addition, positive strong correlations between the TPC content and yellowness (b*) were established in both lyophilized samples and extracts (r = 0.7797 and r = 0.7598, respectively). As well, a strong positive correlation between the TPC content in microalgae extracts and lightness (L*) was found (r = 0.7389). DPPH antioxidant activity and the TPC content of the microalgae samples was related to the total carotenoid content in samples, as very moderate positive correlations between the above-mentioned parameters were found (r = 0.6191 and r = 0.6439, respectively). Additionally, moderate negative correlations between the microalgae TPC content and chlorophyll a and b were established (r = −0.5733 and r = −0.5157, respectively). A negative moderate correlation between the DPPH antioxidant activity and chlorophyll a was found (r = −0.5708).



Microalgae contain high levels of phenolic compounds, which contribute to the antioxidant activity of their extracts [78]. Agregan et al. [79] reported that the antioxidant capacity of Spirulina extract is higher than that of C. vulgaris. However, in our study, different tendencies were established, and this can be explained by the various techniques used for extract preparation. Finally, both microalgae showed antioxidant potential, which could be very promising for further microalgae extract applications.



In a comparison of all the tested extracts, C. rupestris and F. lumbricalis showed the highest TPC content, and the highest DPPH antioxidant activity was found in C. rupestris extracts.




3.3. Antimicrobial Activity of the Algal Extract Samples


Antimicrobial activity results of the algal extract samples assessed by using the agar well diffusion and liquid medium methods are given in Table 2 and Figure 5. None of the tested macro- and microalgae extracts possessed antimicrobial activities in liquid medium; however, by using the agar well diffusion method, A. platensis samples obtained from University of Texas extracts were shown to inhibit S. haemolyticus (diameter of inhibition zone 28.3 mm). In addition, all the tested macroalgae extracts (C. rupestris, F. lumbricalis, and U. intestinalis) showed inhibitory properties against B. subtilis (with inhibition zone diameters of 12.0, 8.0, and 17.0 mm, respectively). Moreover, B. subtilis was inhibited by A. platensis samples obtained from University of Texas extracts (diameter of inhibition zone: 10.1 mm). In addition, U. intestinalis extracts inhibited S. mutans (14.2 mm).



It was reported that green, red, and brown algae showed antifungal, antibacterial, cytostatic, antiviral, anthelmintic, etc., properties [80,81,82], and algae extracts could inhibit bacteria, yeast, and fungi [35,83,84,85,86]. This may be related to the different algae metabolites that possess antimicrobial properties [87,88,89]. It was reported that algae extracts displayed antimicrobial properties against gram-positive and -negative bacterial strains [90,91,92,93]. Some of the studies hypothesized that organisms in stressed environments might develop compounds with antimicrobial properties [94,95,96,97,98,99,100], and this may be applied to U. intestinalis [101,102].



Srikong et al. [71] demonstrated that U. intestinalis extracts inhibited gram-positive bacteria; however, extracts do not show inhibitory properties against gram-negative bacteria. In addition, it was reported that the antimicrobial activity of the algae extracts depended on the extractant used [71,83,103]. However, differences in antimicrobial characteristics could be due to differences in the production of antimicrobial compounds, which are related to seasonal variations [104,105]. Moreover, differences in extraction protocols [106,107,108] and differences in the stage of active growth, etc. [109,110], could also result in differences in antimicrobial activity. The ability of extracts to inhibit gram-positive and not gram-negative bacteria may be associated with differences in permeability barriers [71] because in gram-negative species, the outer membrane is a barrier that does not allow the tested compounds to pass [111]. Phenolics from marine algae attack the cell walls and cell membranes of the pathogens [71]. Moreover, fatty acids in algae (myristic acid, palmitic acid, and cis- 8-octadecanoic acid) can inhibit bacteria [35,112,113]. It was reported that the antimicrobial activity of Cladophora extract can be attributed to the presence of fatty acids [37,114,115,116]. Stabili et al. [116] reported that α-linolenic acid could be involved in antibacterial activity. In addition, Laungsuwon and Chulalaksananukul [115] reported that Cladophora extracts also contained other antimicrobial compounds (alkanes, phenols, imidazole, 2-amino-5-[(2-carboxy)vinyl]-, 2,4-di-tertbutylphenol, and dihydroactinidiolide) as well as thymol [32]. It was also reported that methanolic Spirulina extract metabolites inhibited both gram-positive and gram-negative pathogens [117]. In our study, A. platensis extracts showed inhibitory properties against S. haemolyticus and B. subtilis strains, and B. subtilis was inhibited by C. rupestris, F. lumbricalis, and U. intestinalis macroalgae extracts. S. haemolyticus can be found in respiratory and gastrointestinal mucosal membranes, anterior nares, ear canals, inguinal areas, etc., of humans and animals [118]. Among coagulase-negative staphylococci, S. haemolyticus is only second to S. epidermidis in causing bloodstream infections [119]. S. haemolyticus is a very dangerous pathogen because of the extreme plasticity of its genome, which leads to its multi-drug resistance characteristics [120]. Additionally, S. haemolyticus can cause gangrenous mastitis in dairy cows [121]. From this point of view, extracts of selected A. platensis varieties could be very promising ingredients for their desirable antimicrobial properties against S. haemolyticus for human drugs as well as veterinary drug preparations. The Bacillus subtilis inhibitory properties of extracts of A. platensis and macroalgae C. rupestris, F. lumbricalis, and U. intestinalis could be applied to the reduction of cereal product spoilage. Although the spoilage of bakery products is mainly due to moulds, the roping of the bread, caused by Bacillus sp., especially B. subtilis, is also a very large economical challenge [122,123]. Extracts of U. intestinalis showed inhibitory properties against S. mutans, an anaerobic gram-positive bacterium [124], which causes dental caries [125]. S. mutans secretes glycosyltransferases, which synthesize intracellular and extracellular polysaccharides [126]. It was reported that water-insoluble glucans induce the adherence of oral bacteria to the tooth surface, thereby promoting plaque and cavity formation [126,127]. To avoid cavities, sodium fluoride and chlorhexidine have been used [128,129]; however, these substances can lead to resistance of oral-related pathogens in the oral microbiome [130]. From this point of view, the inhibitory properties of the U. intestinalis extracts against S. mutans are paramount, and they can be recommended as natural ingredients for oral health improvement.




3.4. Micro- and Macroelement Concentrations in Algal Samples


Micro- and macroelement concentrations in algal extract samples are shown in Table 3.



Sodium (Na) concentration was 2.1-times higher in U. intestinalis than in C. rupestris, and F. lumbricalis. U. intestinalis extracts also showed the highest magnesium (Mg) concentration (on average, 1.9- and 1.3-times higher than in C. rupestris and F. lumbricalis, respectively). The bioaccessibility of Mg varies between algae species, and it was reported that the Mg bioaccessibility of Ulva australis (formerly Ulva pertusa) (Chlorophyta), Saccharina japonica (formerly Laminaria japonica) (Phaeophyceae), and Gloiopeltis furcata (Rhodophyta) is 41.8, 60.8, and 72.5%, respectively [131]. The highest concentration of potassium (K) was established in C. rupestris extract (975 g kg−1 d.m.), and in F. lumbricalis and U. intestinalis extracts, the K concentration was, on average, 2.2- and 2.9-times lower, respectively. In C. rupestris, F. lumbricalis and U. intestinalis extracts, the Na/K ratio was 0.23, 0.62, and 1.53, respectively. According to World Health Organization (WHO) recommendations, Na intake should not to exceed 3.5 g/day [132]. The lowest content of calcium (Ca) was found in U. intestinalis extracts (on average, 2.1-times lower compared with C. rupestris extract and, on average, 3.6-times lower compared with F. lumbricalis). According to Waheed et al. [133], insufficient Ca consumption is major challenge for public health these days; for this reason, new natural sources of Ca are sought for inclusion human and (or) animal diets. In a comparison of the macroelement concentrations in macroalgae extracts with those in fresh macroalgae samples evaluated in our previous studies [31], in all cases, the macroelement concentrations in extracts were increased: in C. rupestris extracts, the Na, Mg, K, and Ca concentrations increased, on average, by factors of 50.1, 50.2, 70.7, and 8.9, respectively.



In F. lumbricalis extracts, the Na, Mg, K, and Ca concentrations increased, on average, by factors of 53.1, 21.7, 20.5, and 6.2, respectively, and in U. intestinalis extracts, the Na, Mg, K, and Ca concentrations increased, on average, by factors of 29.0, 16.1, 43.6, and 1.6, respectively. From this point of view, the extraction technology used in this study for macroalgae pre-treatment could be an appropriate method to concentrate desirable macroelements of the algal samples for further use in the nutraceutical and pharmaceutical industries.



Regarding macroelements in microalgae algae extract samples, the highest sodium (Na) concentration was found in Spirulina (Ltd. “Spila“) extracts (Sp1) (458 g kg−1 d.m.), and, in comparison with Spirulina (A. platensis) obtained from the University of Texas extracts (Sp2), the Na concentration in Sp1 extracts was, on average, 3.4-times lower. Additionally, Sp2 extracts showed the highest magnesium (Mg) concentration (on average, 3.3- and 4.4-times higher than that in Sp1 and C. vulgaris extracts, respectively). The highest concentration of potassium (K) was also established in Sp2 extract (950 g kg−1 d.m.), and in Sp1 and C. vulgaris extracts, the K concentration was, on average, 8.6- and 12.3-times lower, respectively. In C. rupestris, the Na/K Sp1 ratio in Sp2 extracts was 0.35, 1.2, and 0.48, respectively. The lowest content of calcium (Ca) in C. vulgaris extracts was found (on average, to be 3.0-times lower compared with Sp1 extract and, on average, 12.3-times lower compared with Sp2 extracts). It was reported that macroelements in Spirulina ranged in the order K > Ca > P > Na > Mg and in Chlorella, in the order K > P > Ca > Na > Mg; moreover, a higher content of Ca was found in Spirulina than in Chlorella, but a higher concentration of P was established in Chlorella in comparison with Spirulina [134].



In a comparison of essential microelement concentrations in different macroalgae specimens, the highest concentration of manganese (Mn), iron (Fe), cobalt (Co), and nickel (Ni) was found in C. rupestris extracts (on average, 7.41 g kg−1, 4.34 g kg−1, 0.064 mg kg−1, and 0.301 mg kg−1, respectively). U. intestinalis showed the highest concentration of copper (Cu) (on average, 0.202 mg kg−1). In all analysed macroalgae samples, the concentration of selenium (Se) was, on average, 0.002 mg kg−1. However, the highest concentration of cromium (Cr) was, on average, 18.0- and 1.8-times higher in F. lumbricalis extracts in comparison with C. rupestris and U. intestinalis extracts. In contrast with our previous studies [31], zinc (Zn), iodine (I), and phosphorus (P) did not remain in macroalgae extracts; however, their concentrations in fresh macroalgae samples were 16.5 mg/kg, 199.0 mg/kg, and 0.984 g/kg, respectively, in C. rupestris; 26.5 mg/kg, 49.5 mg/kg, and 1.56 g/kg, respectively, in F. lumbricalis; and 38.7 mg/kg, 22.8 mg/kg, and 1.93 g/kg, respectively, in U. intestinalis [31]. Most of the essential microelement concentrations in extracts decreased in comparison with those in fresh macroalgae samples (except those of manganese (Mn), which increased by factors of 10.6, 3.4, and 12.1 in C. rupestris, U. intestinali, s and F. lumbricalis extracts, respectively, and iron (Fe), which increased by factors of 4.2 and 9.3, respectively, in C. rupestris and F. lumbricalis extracts). Chromium (Cr) decreased by factors of 227.0, 495.7, and 0.24, in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Fe decreased by a factor of 1.2 in U. intestinalis extracts; Co decreased by factors of 21.6, 65.3, and 125.3 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Ni decreased by factors of 19.9, 320.0, and 244.0 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Cu decreased by factors of 97.8, 74.8, and 2625 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively, and Se decreased by factors of 58.0, 100.0, and 200.0 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively. The WHO recommends a Se intake of 40 µg day−1 for men and 30 µg day−1 for women [135]. The European Food Safety Authority (EFSA) for adults proposed intake of Mn is 3 mg day−1 [136]. Data on the potential toxicity of Co are scarce [137]. According to the WHO Regional Office for Europe [138], Ni concentrations corresponding to an excess lifetime risk of 1:10,000, 1:100,000, and 1:1,000,000 are approximately 250, 25, and 2.5 ng (m3)−1. Non-desirable changes in extracts were observed in accordance with I reductions; however, the I intakes recommended by the WHO, EFSA, and U.S. Food and Nutrition Board Institute of Medicine are 100–150 μg day−1 [132], 150 μg day−1, and 1100 μg day−1. Algae may be a good source of Fe; however, literature data regarding micro- and macroelement concentrations in algae extracts are scarce. We found that in C. rupestris and F. lumbricalis extracts, the Fe concentration increased by factors of 4.2 and 9.3, respectively. García-Casal et al. reported that Sargassum spp. (Phaeophyceae) contained 156.9 mg 100 g−1 d.w. of Fe [139]. The EFSA reported that the adequate intake (AI) for Cr is not appropriate, and for Cu, the proposed AI is 1.6 mg day−1 for men and 1.3 mg day−1 for women [136]. The average requirements for Zn are 7.3 and 5.5 mg day−1 for men and women, respectively [140], and the U.S. recommended daily intake is 11 mg day−1 for men and 8 mg day−1 for women [141]. Additionally, the WHO recommendations are that adults should not exceed a Zn intake of 45 mg day−1 (World Health Organization, 1996). According to the EFSA, in European countries, P intake is estimated, on average, at 1000–1500 mg day−1 [140].



In a comparison of essential microelement concentrations in microalgae extracts, the highest concentrations of most of the determined essential microelements (Cr, Mn, Fe, Co, Ni, and Se) were found in Sp2 extracts (on average, 0.056 mg kg−1, 0.333 g kg−1, 4.73 g kg−1, 0.040 mg kg−1, 0.020 mg kg−1, and 0.004 mg kg−1, respectively). Both C. vulgaris and Sp2 extracts showed the highest concentrations of copper (Cu) (on average, 0.074 mg kg−1). It was reported that the average concentration of essential microelements decreased in the order Fe > Mn > Zn > Cu > Cr > Co > Mo = Se in Spirulina and Fe > Mn > Zn > Cu > Cr > Mo > Se > Co in Chlorella [134].



In a comparison of non-essential microelements in macroalgae extracts, the highest arsenic (As), molybdenum (Mo), stibium (Sb), and lithium (Li) concentrations were found in U. intestinalis extracts (0.437 mg kg−1, 0.007 mg kg−1, 0.163 mg kg−1, and 0.047 mg kg−1, respectively). The lead (Pb) concentration in all the tested extracts was, on average 0.002 mg kg−1. C. rupestris extracts showed the highest concentration of rubidium (Rb), on average, higher than that in F. lumbricalis and U. intestinalis extracts by factors of 2.0 and 3.6, respectively. The vanadium (V) concentration in all the tested macroalgae extract was, on average, 0.005 mg kg−1. The highest concentration of strontium (Sr), silver (Ag), and aluminium (Al) was found in F. lumbricalis extracts (0.621 mg kg−1, 0.098 mg kg−1, and 1.14 g kg−1, respectively). In comparison with U. intestinalis extracts, the barium (Ba) concentration in C. rupestris and F. lumbricalis extracts was higher by an average factor of 4. Titanium (Ti) and cadmium (Cd) were not found in macroalgae samples, and caesium (Cs) was only established in F. lumbricalis extract (0.001 mg kg−1). In a comparison of extracts and fresh algae samples (Tolpeznikaite et al., 2021), gallium (Ga), beryllium (Be), tin (Sn), mercury (Hg), boron (B), titanium (Ti), and cadmium (Cd) did not remain in extracts, and molybdenum (Mo) was not obtained in C. rupestris extracts, nor was caesium (Cs) in C. rupestris and U. intestinalis extracts. Most of the non-essential microelement concentrations decreased in extracts in comparison with fresh macroalgae samples (except that of aluminum (Al), which increased by a factor of 7.6 in F. lumbricalis extracts): arsenic (As) decreased by factors of 11.0, 9.9, and 22.0 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; V decreased by factors of 291.7, 557.5, and 297.5 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; rubidium (Rb) decreased by factors of 18.4, 41.2, and 54.8 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; strontium (Sr) decreased by factors of 341.7, 746.9, and 331.7 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Mo decreased by factors of 35.7 and 62.5 in U. intestinalis and F. lumbricalis extracts, respectively; Ag decreased by factors of 13.9, 8.6, and 2.6 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Sb decreased by factors of 5.4, 1.5, and 50.0 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Cs decreased by a factor of 22.0 in F. lumbricalis extracts; Ba decreased by factors of 731.3, 2437.5, and 433.3 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Pb decreased by factors of 690.0, 760.0, and 128.3 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively; Al decreased by factors of 2.7 and 7.3 in C. rupestris and U. intestinalis extracts, respectively; and Li decreased by factors of 62.5, 16.1, and 17.4 in C. rupestris, U. intestinalis, and F. lumbricalis extracts, respectively.



The average consumption of the microelement V with food is 10–20 μg day−1 [140]. One of the main challenges associated with the safety of macroalgae consumption is its contamination with heavy metals, such as Al, Cd, Pb, Rb, Si, Sr, and Sn [142], which can lead to a public health risk [143]. Heavy metal control in macroalgae-based products must be included, and the different bio-absorption capacities of heavy metals should be taken into consideration [144]. The main challenge is associated with As (inorganic) contamination, which is categorized as a class I carcinogen, and other forms of As are categorized as potentially toxic [145]. Maximum concentrations for As in foodstuffs set from 0.10 to 0.3 mg kg−1; however, the maximum concentration of As in macroalgae is not regulated [146]. It was reported that the highest heavy metal concentrations in Baltic Sea macroalgae were Cd—1.41 μg g−1, Pb—10.50 μg g−1, Ni—5.13 μg g−1, Zn—223 μg g−1, Cu—19.50 μg g−1, and Cr—4.38 μg g−1 [147]. Żbikowski et al. reported that the anthropogenic impact of Cu, Pb, and Zn was observed in the case of Cladophora sp. and Ulva (formerly Enteromorpha) sp. (Chlorophyta) because of their ability to accumulate metal contaminants from seawater, and it was suggested that Cladophora sp. and Ulva sp. could be good biomonitors of Pb, Cu, and Zn concentrations in the Baltic Sea [29]. For Cd and Pb, there are maximum permitted levels (MPL) set for vegetables, but macroalgae are not mentioned [146]. For Cd, Pb, and Hg, there are MPL (3.0, 3.0, and 0.1 mg kg−1 wet weight, respectively) for food supplements (including algae). In addition, the European feed legislation sets MPL for undesirable compounds in feed stock (12% moisture content): for total As < 2 mg kg−1, for Cd 1 mg kg−1, for Pb 5 mg kg−1, and for Hg in fish feed and marine feed ingredients 0.1 and 0.2 mg kg−1, respectively [148].



In a comparison of non-essential microelements in microalgae extracts, similar tendencies to those of the essential microelements were found, and the highest concentrations of As, Rb, Sr, Mo, Ag, Sb, Ba, Al, and Li were found in Sp2 extracts (on average, 0.022 mg kg−1, 0.181 mg kg−1, 0.346 mg kg−1, 0.164 mg kg−1, 0.010 mg kg−1, 0.098 mg kg−1, 0.043 mg kg−1, 1.15 g kg−1, and 0.070 mg kg−1, respectively). Additionally, in Sp2 extracts, on average, 0.001 mg kg−1 titanium (Ti) and cadmium (Cd) was found. In all the tested microalgae extracts, the lead (Pb) concentration was, on average, 0.001 mg kg−1, and caesium (Cs) was not found in microalgae samples. Vanadium (V) was established in C. vulgaris and Sp2 extracts (on average, 0.001 mg kg−1). The toxic element content in microalgae can vary, and this can be related to contamination in the environment from which the biomass was originally derived [149,150]. Some microalgae uptake toxic metals, and from this point of view, the chemical quality of the medium has a profound effect on the presence of contaminants in microalgae biomass [134].



Finally, to our knowledge, the present study is the first to analyse the levels of micro- and macroelements in micro- and macroalgae extracts and discuss the micro- and macroelement transition from fresh algae to extracts. It could be concluded from this study that the applied extraction method is a suitable technology for toxic metal decontamination of micro- and macroalgae. However, it should be pointed out that some of the desirable microelements are reduced during the extraction, and only the final products, according to their specific composition, could be applied in food, feed, nutraceutical, pharmaceutical, etc., preparation.





4. Conclusions


With respect to the TCC in macroalgal samples, the highest TCC was found in C. rupestris samples (1.26 mg/g), and in comparison with microalgal samples, C. vulgaris showed the highest concentration of TCC (1.52 mg/g). The highest total chlorophyl content was found in Cladophora rupestris (in comparison macroalgae samples) and in both the tested Spirulina samples. The highest TPC content was found in C. rupestris and F. lumbricalis extracts, and the highest DPPH antioxidant activity was shown in C. rupestris samples. In addition, Sp2 extracts inhibited S. haemolyticus; C. rupestris, F. lumbricalis, U. intestinalis, and Sp2 extracts inhibited B. subtilis; and U. intestinalis extracts inhibited S. mutans. In addition, in this study, relation of the colour coordinates with parameters of the antioxidant properties were established, and these results could be very promising for further analysis and (or) extraction methods development to select compounds with the highest antioxidant potential by their chromaticity parameters. This study showed that extraction is a suitable technology for toxic metal decontamination of micro- and macroalgae; however, it should be pointed out that some desirable microelements are reduced during the extraction process. Finally, algae extracts, according to their specific composition and characteristics (antimicrobial, antioxidant, and micro- and macroelement contents) could be applied in food, feed, nutraceutical, pharmaceutical, etc., preparation.
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Figure 1. Principal scheme of the experiment. 






Figure 1. Principal scheme of the experiment.
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Figure 2. Total carotene, chlorophyll a, and chlorophyll b content (mg g−1) in algal samples (Cla, Cladophora rupestris; Furc, Furcellaria lumbricalis; Ul, Ulva intestinalis; Chlo, Chlorella vulgaris; Sp1, Spirulina (Arthrospira platensis) from University of Texas; Sp2, Spirulina (Ltd. “Spila“). a–c for the same analytical parameters, in macro- and microalgae groups, means with different letters are significantly different (p ≤ 0.05). A–E for the same analytical parameters, in all algal samples, means with different letters are significantly different (p ≤ 0.05)). 
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Figure 3. Total chlorophyll concentration (mg g−1) in algal samples (Cla, Cladophora rupestris; Furc, Furcellaria lumbricalis; Ul, Ulva intestinalis; Chlo, Chlorella vulgaris; Sp1, Spirulina (Arthrospira platensis) from University of Texas; Sp2, Spirulina (Ltd. “Spila“). 
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Figure 4. (a) Total phenolic compound content (mg GAE 100 g−) and (b) DPPH antioxidant activity (%) of the algae extracts (Cla, Cladophora rupestris; Ul, Ulva intestinalis; Furc, Furcellaria lumbricalis; Chlo, Chlorella vulgaris; Sp1, Spirulina (Arthrospira platensis) multiplied in the laboratory; Sp2, Spirulina (Ltd. “Spila“); TPC, total phenolic compounds content; GAE, gallic acid equivalents; DPPH, 1,1-diphenyl-2-picrylhydrazyl; a–c for the same analytical parameters, in macro- and microalgae groups, means with different letters are significantly different (p ≤ 0.05). A–D for the same analytical parameters, in all algal samples, means with different letters are significantly different (p ≤ 0.05)). 
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Figure 5. Antimicrobial activity of the algal extract samples assessed by using the agar well diffusion method (A) Streptococcus mutans; (B) Bacillus subtilis; (C) Bacillus subtilis; (D) Staphylococcus haemolyticus; 1—Spirulina (Arthrospira platensis) from University of Texas; 2—Chlorella vulgaris; 3—Cladophora rupestris; 4—Furcellaria lumbricalis; 5—Ulva intestinalis; 6—Spirulina (Ltd. “Spila“); X—control (physiological solution). 
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Table 1. Colour coordinates (L*, a*, b*) of the lyophilized ground algae samples of different specimens and their extracts.
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Algal Extract Sample

	
Colour Coordinates, NBS




	
Algal Extract Samples

	
Lyophilised Algal Samples




	
a*

	
b*

	
L*

	
a*

	
b*

	
L*






	
Macroalgae

	
Cla

	
−8.67 ± 0.19 b,C

	
16.21 ± 0.11 c,C

	
32.06 ± 0.25 a,A

	
−1.60 ± 0.02 b,E

	
5.09 ± 0.04 b,C

	
47.66 ± 0.20 a,C




	
Furc

	
−5.49 ± 0.14 c,E

	
14.38 ± 0.13 a,A

	
50.19 ± 0.31 c,F

	
1.32 ± 0.03 c,F

	
4.49 ± 0.03 a,B

	
47.54 ± 0.15 a,C




	
Ul

	
−9.68 ± 0.16 a,B

	
28.87 ± 0.16 f,F

	
42.04 ± 0.27 b,C

	
−3.52 ± 0.02 a,D

	
11.08 ± 0.10 c,D

	
47.75 ± 0.17 a,C




	
Microalgae

	
Chlo

	
−7.97 ± 0.12 b,D

	
23.08 ± 0.19 e,E

	
46.61 ± 0.25 b,D

	
−7.93 ± 0.11 a,A

	
27.29 ± 0.03 c,F

	
43.93 ± 0.19 b,B




	
Sp1

	
−2.10 ± 0.09 c,F

	
21.93 ± 0.18 d,D

	
47.07 ± 0.19 c,E

	
−5.49 ± 0.04 c,C

	
14.38 ± 0.11 b,E

	
50.19 ± 0.23 c,D




	
Sp2

	
−13.41 ± 0.14 a,A

	
15.47 ± 0.13 b,B

	
37.40 ± 0.21 a,B

	
−6.56 ± 0.05 b,B

	
1.83 ± 0.13 a,A

	
39.98 ± 0.18 a,A








Cla, Cladophora rupestris; Ul, Ulva intestinalis; Furc, Furcellaria lumbricalis; Chlo, Chlorella vulgaris; Sp1, Spirulina (Arthrospira platensis) multiplied in the laboratory; Sp2, Spirulina (Ltd. “Spila“); L*, lightness; a*, redness or −a*, greenness; b*, yellowness or −b*, blueness; NBS, National Bureau of Standards units; data are represented as means (n = 3, replicates of analysis) ± SD. a–f for the same analytical parameters, in macro- and microalgae groups, means with different letters are significantly different (p ≤ 0.05). A–F for the same analytical parameters, in all algal samples, means with different letters are significantly different (p ≤ 0.05).
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Table 2. Antimicrobial activity of the algal extract samples assessed by using the agar well diffusion and liquid medium methods.
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Algal Extract Sample

	
Pathogenic and Opportunistic Bacteria Strains




	
Escherichiacoli

	
Klebsiella pneumonia

	
Salmonella enterica

	
Cronobacter sakazakii

	
Acinetobacter baumani

	
Pseudomona aeruginosa

	
Staphylococcus aureus

	
Staphylococcus haemolyticus

	
Bacillus subtilis

	
Streptococcus mutans




	
Inhibition zones by using the agar well diffusion, mm






	
Cla

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
12.0 ± 0.3

	
nd




	
Furc

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
8.0 ± 0.2

	
nd




	
Ul

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
17.0 ± 0.4

	
14.2 ± 0.2




	
Chlo

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
Sp1

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
28.3 ± 0.7

	
10.1 ± 0.5

	
nd




	
Sp2

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd

	
nd




	
Antimicrobial activity of the algal extracts in liquid medium




	
Concentration of algae extract 10 µL, concentration of pathogen 10 µL




	
Cla

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Furc

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Ul

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Chlo

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp1

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp2

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Concentration of algae extract 50 µL, concentration of pathogen 10 µL




	
Cla

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Furc

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Ul

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Chlo

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp1

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp2

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Concentration of algae extract 100 µL, concentration of pathogen 10 µL




	
Cla

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Furc

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Ul

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Chlo

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp1

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp2

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Concentration of algae extract 500 µL, concentration of pathogen 10 µL




	
Cla

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Furc

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Ul

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Chlo

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp1

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Sp2

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Pathogen control




	
Pathogen

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+








Interpretation of results: negative (−) means the pathogens did not grow on the selective culture medium; positive (+) means the pathogens grew on the selective culture medium; nd - not determined. Value in brackets is the algae extract concentration in 10 mL of liquid media. Cla, Cladophora rupestris; Ul, Ulva intestinalis; Furc, Furcellaria lumbricalis; Chlo, Chlorella vulgaris; Sp1, Spirulina (Arthrospira platensis) obtained from University of Texas; Sp2, Spirulina (Ltd. “Spila“).
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Table 3. Micro- and macroelement concentrations in algal extract samples.
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Trace Element, d.m.

	
Algal Extract Samples




	
Macroalgae

	
Microalgae




	
Cla

	
Furc

	
Ul

	
Chlo

	
Sp1

	
Sp2




	
Macroelements, g kg−1 d.m.






	
Na

	
220 ± 13 a,C

	
277 ± 11 b,D

	
517 ± 25 c,F

	
27.1 ± 1.3 a,A

	
136 ± 6 b,B

	
458 ± 18 c,E




	
Mg

	
140 ± 9 a,D

	
206 ± 14 b,E

	
259 ± 14 c,F

	
11.7 ± 0.9 a,A

	
15.5 ± 1.1 b,B

	
51.0 ± 3.2 c,C




	
K

	
975 ± 32 c,E

	
445 ± 21 b,D

	
336 ± 19 a,C

	
77 ± 4 a,A

	
110 ± 5 b,B

	
950 ± 29 c,E




	
Ca

	
40.2 ± 3.1 b,E

	
68.3 ± 4.2 c,F

	
18.8 ± 0.7 a,C

	
2.36 ± 0.14 a,A

	
7.17 ± 0.16 b,B

	
29.1 ± 1.7 c,D




	

	
Essential microelements, d.m.




	
Cr, mg kg−1

	
0.003 ± 0.001 a,A

	
0.042 ± 0.003 c,C

	
0.023 ± 0.002 b,B

	
0.002 ± 0.001 a,A

	
0.005 ± 0.002 a,A

	
0.056 ± 0.004 b,D




	
Mn, g kg−1

	
7.41 ± 0.52 c,F

	
1.10 ± 0.07 b,E

	
0.435 ± 0.021 a,D

	
0.028 ± 0.002 a,A

	
0.063 ± 0.004 b,B

	
0.333 ± 0.021 c,C




	
Fe, g kg−1

	
4.34 ± 0.31 c,E

	
2.66 ± 0.19 b,D

	
1.09 ± 0.08 a,A

	
2.25 ± 0.011 b,C

	
1.37 ± 0.009 a,B

	
4.73 ± 0.15 c,E




	
Co, mg kg−1

	
0.064 ± 0.005 d,D

	
0.003 ± 0.001 a,A

	
0.006 ± 0.001 b,B

	
0.002 ± 0.001 a,A

	
0.002 ± 0.001 a,A

	
0.040 ± 0.003 c,C




	
Ni, mg kg−1

	
0.301 ± 0.011 c,D

	
0.015 ± 0.002 b,B

	
0.005 ± 0.001 a,A

	
nd

	
nd

	
0.020 ± 0.001 C




	
Cu, mg kg−1

	
0.101 ± 0.009 b,D

	
0.004 ± 0.001 a,A

	
0.202 ± 0.013 c,E

	
0.077 ± 0.003 b,C

	
0.020 ± 0.002 a,B

	
0.071 ± 0.005 b,C




	
Se, mg kg−1

	
0.004 ± 0.002 a,A

	
0.001 ± 0.001 a,A

	
0.002 ± 0.001 a,A

	
nd

	
nd

	
0.004 ± 0.002 A




	

	
Non-essential microelements, d.m.




	
As, mg kg−1

	
0.334 ± 0.021 b,D

	
0.255 ± 0.016 a,C

	
0.437 ± 0.031 c,E

	
0.004 ± 0.002 a,A

	
0.002 ± 0.001 a,A

	
0.022 ± 0.002 b,B




	
V, mg kg−1

	
0.006 ± 0.001 a,B

	
0.004 ± 0.001 a,A,B

	
0.004 ± 0.001 a,A,B

	
0.001 ± 0.001 a,A

	
nd

	
0.002 ± 0.001 a,A




	
Rb, mg kg−1

	
0.507 ± 0.026 c,F

	
0.252 ± 0.017 b,E

	
0.140 ± 0.009 a,C

	
0.020 ± 0.001 b,B

	
0.010 ± 0.001 a,A

	
0.181 ± 0.012 c,D




	
Sr, mg kg−1

	
0.398 ± 0.014 b,E

	
0.621 ± 0.035 c,F

	
0.245 ± 0.011 a,C

	
0.017 ± 0.002 a,A

	
0.060 ± 0.003 b,B

	
0.346 ± 0.019 c,D




	
Mo, mg kg−1

	
nd

	
0.004 ± 0.001 a,A

	
0.007 ± 0.001 b,B

	
nd

	
0.004 ± 0.001 a,A

	
0.010 ± 0.001 b,C




	
Ag, mg kg−1

	
0.018 ± 0.001 a,A

	
0.098 ± 0.007 c,C

	
0.029 ± 0.002 b,B

	
nd

	
0.034 ± 0.003 a,B

	
0.164 ± 0.013 b,D




	
Sb, mg kg−1

	
0.046 ± 0.003 b,C

	
0.005 ± 0.001 a,A

	
0.163 ± 0.007 c,E

	
nd

	
0.032 ± 0.003 a,B

	
0.098 ± 0.008 b,D




	
Cs, mg kg−1

	
nd

	
0.001 ± 0.000

	
nd

	
nd

	
nd

	
nd




	
Ti, mg kg−1

	
nd

	
nd

	
nd

	
nd

	
nd

	
0.001 ± 0.000




	
Cd, mg kg−1

	
nd

	
nd

	
nd

	
nd

	
nd

	
0.001 ± 0.000




	
Ba, mg kg−1

	
0.032 ± 0.002 b,C

	
0.033 ± 0.002 b,C

	
0.008 ± 0.001 a,B

	
0.001 ± 0.000 a,A

	
0.006 ± 0.001 b,B

	
0.043 ± 0.003 c,D




	
Pb, mg kg−1

	
0.002 ± 0.001 a,A

	
0.003 ± 0.001 a,b,A,B

	
0.001 ± 0.000 a,A

	
0.001 ± 0.000 a,A

	
0.001 ± 0.000 a,A

	
0.002 ± 0.001 a,A




	
Al, g kg−1

	
0.343 ± 0.018 b,B

	
1.14 ± 0.01 c,C

	
0.111 ± 0.009 a,A

	
nd

	
nd

	
1.15 ± 0.009 C




	
Li, mg kg−1

	
0.013 ± 0.002 a,B

	
0.023 ± 0.002 b,C

	
0.047 ± 0.003 c,D

	
0.002 ± 0.001 a,A

	
0.005 ± 0.002 a,A

	
0.070 ± 0.006 b,E








Cla, Cladophora rupestris; Ul, Ulva intestinalis; Furc, Furcellaria lumbricalis; Chlo, Chlorella vulgaris; Sp1, Spirulina (Arthrospira platensis) obtained from the University of Texas; Sp2, Spirulina (Ltd. “Spila“). Data are represented as means (n = 3, replicates of analysis) ± SD. a–c for the same analytical parameters, in macro- and microalgae groups, means with different letters are significantly different (p ≤ 0.05). A–F for the same analytical parameters, in all algal samples, means with different letters are significantly different (p ≤ 0.05); nd - not determined.
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