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Abstract

:

Porphyridium spp. is a debated family that produces phycoerythrin (PE) for use in multiple industrial applications. We compared the differences in the biochemical composition and phycoerythrin yield of P. cruentum and P. purpureum by conventional and green extraction technologies. The protein content in P. cruentum was 42.90 ±1.84% w/w. The omega-3 fatty acid (FA) was highlighted by eicosapentaenoic acid (EPA, C20:5, ω-3, ~9.74 ± 0.27% FA) and arachidonic acid (ARA, C20:4, ω-6, ~18.02 ± 0.81% FA) represented the major omega-6 fatty acid. Conversely, P. purpureum demonstrated a higher lipid content (17.34 ± 1.35% w/w) and an FA profile more saturated in palmitic (C16:0, 29.01 ± 0.94% FA) and stearic acids (C18:0, 50.02 ± 1.72% FA). Maceration and freeze/thaw were the conventional methods, whereas microwave (MW) and ultrasound (US) served as green procedures for PE extraction under the factorial-design methodology. Aqueous solvents, extraction-time and power were the main factors in the statistical extraction designs based on Response-Surface Methodology (RSM). Overall, the PE extraction yield was higher (2-to 6-fold) in P. cruentum than in P. purpureum. Moreover, green technologies (US > MW) improved the PE recovery in comparison with the conventional methods for both of the microalgae. The maximum PE yield (33.85 mg/g) was obtained under optimal US conditions (15 min and buffer solvent (PBS)) for P. cruentum. Finally, we proved the biochemical differences between the red microalgae and ratified the advantages of using green extraction for PE because it reduced the processing times and costs and increased the economic and functional-applications of bioactive compounds in the industry.
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1. Introduction


The genus Porphyridium belongs to the division Rhodophyta or red algae. Recently, it has received great attention for its potential application in the food, nutraceutical, cosmetic and pharmaceutical industries thanks to its bioactive composition [1,2,3,4]. Particularly, Porphyridium spp. and Spirulina (Arthrospira spp.) are classified as GRAS (Generally Recognized As Safe) by the Food Drug Administration (FDA). They stand out for contributing to the valuable market of phycobiliproteins (phycoerythrin, phycocyanin, and allophycocyanin) and other fluorescent agents. Notably, the market for 2025 is projected to reach US $ 19.0 million for phycocyanin and $ 6.3 million for phycoerythrin [5]. The Porphyridium family provokes controversy in its classification. Some authors consider species such as P. cruentum, P. aerugineum, P. sordidum, P. griseum, P marinum and P. violaceum to be different [4,6]. However, other reports unify all these species in the single P. purpureum or consider P. cruentum and P. purpureum as synonymous [7,8,9]. P. cruentum has been used in different studies with greater frequency than other species. The principal differences between them are related to the chloroplast/phycobilisome composition [6], the location and variety of organelles [10] and the composition of its metabolites [11]. However, this aspect is not very clear.



The algal genus Porphyridium is specifically known for producing phycobiliproteins, polyunsaturated fatty acids (PUFAs) and exopolysaccharides (EPS) [12,13,14]. The phycobiliproteins are a group of colored, water-soluble proteins that constitute the major complex light-harvesting pigments of cyanobacteria, red algae, glaucocystophytes and cryptophytes [12,15]. Phycoerythrin (PE) is the main pigment present in the Porphyridium sp. and it constitutes ~60–80% of the total soluble proteins [16,17]. This phycobiliprotein has a brilliant and intense red/pink color (λmax: 540–570 nm) that exhibits high stability under physiological conditions and displays a great fluorescence [12,16,17]. Moreover, PE is beneficial to human health because of its antioxidant, anti-inflammatory and hepatoprotective properties [18,19]. The antioxidant activity of phycobiliproteins decreases the production of reactive oxygen species (ROS) and reduces the rate of diseases such as cancer, diabetes, inflammation and neurodegenerative diseases [4,18,20].



The genus Porphyridium also produces PUFAs such as eicosapentaenoic acid (EPA, 20:5, ω-3) and arachidonic acid (ARA, 20:4, ω-6) that comprise more than 40% of the total fatty acids [21,22]. They are well known for a variety of health benefits such as blood cholesterol reduction (thus reducing the risks of atherosclerosis), anti-inflammation or as precursors to distinct biologically active groups like the prostaglandins [23,24,25]. The exopolysaccharides (EPS) are also characteristic of the Porphyridium family as constituents of its cell wall [20]. They have a typical sulfated chemical structure capable of providing different biological activities such as immunomodulatory, anti-inflammatory, hypocholesterolemic, antimicrobial and antiviral properties [26,27,28]; antihyperglycemic activity is a recent discovery [28].



Lately, innovative extraction techniques denominated as “green technologies” have emerged as substitutes for conventional extraction procedures. They focus on procuring bioactive compounds from a diversity of natural resources like the microalgae by improving the extraction yields, quality, and purity of the recovered molecules in a safe manner. They also reduce energy consumption and utilize green solvents (GRAS) [29,30,31,32]. Among the many innovative technologies available, the most employed procedures are microwave extraction (MW), ultrasound extraction (US), high-pressure homogenization (HPH), supercritical-fluid extraction (SFE), and accelerated solvent extraction (ASE) (also called pressurized liquid/solvent extraction (PLE/PSE) or subcritical solvent extraction (SSE) [29,33]. In this study, two conventional extraction procedures namely maceration and freeze/thaw were compared with two green technologies, namely microwave (MW) and ultrasound (US), to understand their effects on the extraction yield of PE from Porphyridium spp. Briefly, the MW systems consist of electromagnetic radiation (frequency from 300 MHz to 300 GHz). This energy (heat) is transferred to the solution (biomass-solvent) and provokes the disruption of molecular bonds and migration of dissolved ions. The solvent penetrates the matrix in an augmented manner and facilitates the extraction of the bioactive compounds [33,34]. In contrast, the US method focuses on the cavitation phenomenon [32,35]. Generally, the advantages of using the US technique for molecular extraction include effective mixing and high mass transfer attributed to the significant penetration of the solvent into the sample matrix and a greater surface contact area between the solid-liquid phases [35]. Both processes are advantageous with better processing times, enhanced qualities, reduced chemical and physical risks and environment-friendly natures [32,36].



Thus, considering the debate on the nomenclature of the Porphyridium family, the objective of this work was to compare the biochemical composition in two species of red microalgae and assess the potential of PE yield achieved by conventional extraction (maceration and freeze/thawing) and green extraction techniques (MW and US). Two experimental designs based on Response Surface Methodology (RSM) with factors such as aqueous solvents, extraction-time and power were employed. Therefore, this study would help reinforce the knowledge on the variable bioactive composition of macronutrients such as proteins, carbohydrates, lipids and fatty acids and the phycoerythrin content of the Porphyridium genus and its use as the producer of high-value metabolites in the healthy living market.




2. Materials and Methods


2.1. Biomass and Chemicals


The microalgae Porphyridium cruentum (CIB 77 from CIBNOR [37], La Paz, Mexico) and Porphyridium purpureum (CCAP 1380/3 from Swansea University, Wales, United Kingdom) selected for this research were kind donations from the Mexican Company “Microalgas Oleas de México S.A.” (Guadalajara, Mexico). The microalgae were cultured under the F/2 culture medium as in Guillard [38] and harvested at the end of the exponential growth. These microalgae were provided freeze-dried (freeze-dry system Labconco Freezone 18 L Benchtop Freeze Dry System, Kansas City, MO, USA) and packed in vacuum-sealing plastic bags and stored at 4 ± 2 °C in darkness until use. Three solvents were used to extract phycoerythrin (PE) from the Porphyridium spp.: (i) PBS: 50 mM Na-phosphate buffer (pH 7.0), (ii) DW: distilled water, and (iii) CCS: 1.5% w/v calcium chloride solution. All solutions were of analytical grade. The standard solutions of BSA (protein analysis) and glucose (carbohydrate determination) were purchased from Sigma-Aldrich (Santiago, Chile). For fatty acid identification and quantification, a standard fatty acid methyl ester (FAME) mix, C4–C24, supplied by Supelco Analytical (Bellefonte, PA, USA) was used, and tripentadecanoin > 99% (Nu-Check Pre, Inc., Elysian, MN, USA) was employed as the internal standard.




2.2. Macronutrient Analysis


The protein content was analyzed colorimetrically and measured on a spectrophotometer (Shimadzu Ultraviolet-Visible (UV-Vis) 1280, Kyoto, Japan) using the Lowry method [39], with BSA (bovine serum albumin) solutions for the standard curve (0.0–2.0 mg/mL). The results were expressed as the percentage of total proteins with respect to their dry biomass (% w/w) and were presented as the average of triplicate analyses (n = 3, ±SD). Total carbohydrate analysis was performed according to modified Dubois et al. [40] and Geresh et al. [41] using a series of glucose solutions as the standard (0.0–1.0 mg/mL). The biomass used for carbohydrate measurement was subjected to acid hydrolysis for cell rupture. Briefly, 20 mg of the dry biomass was incubated in 5 mL of 2.5 M HCl for 3 h at 100 ºC (Spectroquant Thermoreactor TR 320, Merck, Darmstadt, Germany). This mixture was neutralized with 5 mL of 2.5 M NaOH to obtain the microalgal extract. Finally, aliquots of 278 μL extract, 167 μL phenol solution (5% w/v), and 1000 μL concentrated sulfuric acid were incubated for 30 min at room temperature, and the absorbance of these samples was measured at 483 nm on the microplate reader (Synergy HTX Multi-Mode microplate reader, software Gen5 2.0, BioTek Instruments, Winooski, VT, USA). The results were expressed as the percentage of total carbohydrates with respect to the dry biomass (% w/w) and were presented as the average of triplicate analyses (n = 3, ±SD). Total lipids were obtained using the method of Axelsson et al. [42]. The dry biomass of each Porphyridium sp. (~20 mg) was resuspended in chloroform:methanol (2:1, v/v) by manually shaking the tube vigorously for a few seconds or until the biomass was dispersed in the solvent system. Finally, a 0.73% (w/v) NaCl water solution was added to produce a 2:1:0.8 system of chloroform:methanol:water (v/v/v). The total lipids were then calculated gravimetrically in triplicate (n = 3, ±SD). The previous evaporation with N2 was performed on the Flexivap Work Station (Glas-Col 109A YH-1, Terre Haute, IN, USA). It was expressed as the percentage of total lipids with respect to the biomass (% w/w).




2.3. Fatty Acid Composition


The extraction of fatty acid methyl esters (FAMEs) was performed according to ISO-5508 [43]. The reaction mixture was prepared by adding 50 mg of the freeze-dried biomass of each Porphyridium sp. with biomass:solvent ratio of 1:30 and 10 ppm of the internal standard with continuous agitation. The flasks were then washed with 3 mL of hexane and Milli-Q water until the solution turned neutral; the mixture was separated into two layers by centrifugation (360× g, 10 min). The upper oil layer (FAMEs diluted in hexane) was transferred to an amber vial for analysis and quantification through gas chromatography (Shimadzu GC-2010, Tokyo, Japan). The system was equipped with a flame ionization detector (FID) and a split/splitless injector. Samples (1 µL) were injected into a RESTEK capillary column (30 m. ID. 0.32 mm., d.f. 0.25 μm film thickness). The injector temperature was maintained at 250 °C in the split mode with a split ratio of 1:20. Nitrogen was used as the carrier gas at a constant flow rate of 1.25 mL/min. The oven temperature was programmed initially at 80 °C for 5 min, then increased to 165 °C at the rate of 4 °C/min for 2 min, and further increased to 180 °C at the rate of 2 °C/min for 5 min. Next, it was heated at the rate of 2 °C/min to 200 °C for 2 min followed by increasing at the rate of 4 °C/min to 230 °C for 2 min. After reaching 250 °C at the rate of 2 °C/min, the solution was finally maintained at this temperature for 2 min. The detector temperature was maintained at 280 °C. Individual FAMEs were identified by comparing their retention times with those of the mixed FAME standards (FAME Mix C4–C24, Supelco Analytical). They were quantified by comparing their peak areas with those of the mixed FAME standards and that of an internal standard (tripentadecanoin ~10 ppm/sample).




2.4. Phycoerythrin (PE)


For estimating the yield of phycoerythrin (PE) extraction, crude extracts obtained from different extraction procedures of each red microalga were utilized as described below. They were measured using a Shimadzu Ultraviolet–Visible (UV–Vis) 1280 (Shimadzu, Kyoto, Japan) spectrophotometer under Bennett et al. [44] equations. Further, the PE extraction yield (w/w) was calculated using the following Equation (1):


   PE      mg  g    =        PE   concentration    × V     dW    



(1)




where PE is the crude phycoerythrin (in mg/mL) obtained under the Bennett and Bogorad formulae, V is the volume of the solvent (in mL) and dW represents the dry biomass (in grams) used in each extraction procedure.




2.5. Conventional Extraction of Phycoerythrin


2.5.1. Maceration


For extraction, 20 mg each of the dry biomass of the two Porphyridium sp. were mixed with 5 mL of each solvent and subjected to repeated maceration, extraction and vortexing (Velp Scientifica Mixer-Wizard, Usmate, Italy) for proper mixing. The cell debris was removed by centrifugation (Swing Rotor Bench-top centrifuge, Champion S-50D, Vernon Hills, IL, USA) at 3140× g for 5 min. The centrifugation was repeated until the solvent was colorless. The supernatants were pooled and labeled as the crude extract. This procedure was performed in triplicate (n = 3, ±SD).




2.5.2. Freeze–Thaw


The dry biomass of Porphyridium sp. (20 mg per microalgal sample) was resuspended in 5 mL of each solvent and subjected to repeated freeze–thaw cycles (Freezer Daewoo FR385s, Gangnam-gu, Seoul, Korea) of −22 ± 2 °C and 20 ± 2 °C temperature shocks for the release of PE. The cell debris was removed by centrifugation at 3140× g for 5 min. The centrifugation was repeated until the solvent was colorless. The supernatant was pooled and labeled as the crude extract. This was performed in triplicate (n = 3, ±SD).





2.6. Green Extraction Design for Phycoerythrin


2.6.1. Microwave (MW)


The microwave process was performed using a domestic microwave oven (Fensa MF-28G, Valparaíso, Chile) capable of operating at a maximum input of 1000 W at a frequency of 2450 MHz. For this, 20 mg each of P. cruentum and P. purpureum were extracted with 5 mL of each solvent several times until the supernatant was colorless. The aliquots were then centrifuged at 3140× g for 5 min. To optimize the MW extraction conditions, a factorial experimental 33 design based on three factors with three levels each was employed as follows: power (100, 200, and 300 W), extraction time (15, 30, and 60 s) and solvent type (PBS, DW, and CCS). The effect of these factors and their interactions on the specific response (the PE content in each red microalgal strain) was studied by preparing a total of 81 experiments (n = 3, ±SD) as shown in Table 1.




2.6.2. Ultrasound (US)


This process was performed using an ultrasound probe system (UP 100H, Hielscher Company, Teltow, Germany) with an operating frequency of 30 kHz. The theoretical maximum amplitude was maintained at 100% (100 W) in the continuous mode, and the temperature was controlled (30 ± 2 °C) using a water bath. For this experiment, 20 mg each of the dry biomass of the two Porphyridium spp. were mixed with 5 mL of each solvent for performing several extractions until the supernatant was colorless. The aliquots were then centrifuged at 3140× g for 5 min. The schematic of the US experimental setup is illustrated in Table 2. It was performed using a factorial experimental 32 design based on two factors with three levels each as follows: extraction-time (5, 10, and 15 min) and solvent type (PBS, DW, and CCS). The effect of the factors and their interactions on the specific response of PE content in each red microalgal strain was studied by preparing a total of 27 experiments (n = 3, ±SD), as shown in Table 2.





2.7. Statistical Analyses


The Statgraphics Centurion XVI® Statistics software (StatPoint Technologies, Inc., Warrenton, VA, USA) was employed for data elaboration and statistical analysis using a level of significance established at 95%. One-way analysis of variance (ANOVA), together with the Student–Newman–Keuls test, was employed for group extracts based on statistically significant differences. The experimental design and data analysis were carried out using response surface methodology (RSM). The effects of the independent factors on the response variables in the separation process were assessed using the pure error by considering a level of confidence of 95% for all the variables. The effect of each factor, and its statistical significance for each of the response variables, was analyzed from the standardized Pareto chart. The response surfaces of the respective mathematical models were also obtained, and the significance was accepted at p ≤ 0.05. The regression equation and ANOVA were also performed for the US and MW techniques (see Supplementary Materials). All experiments were carried out in triplicate (n = 3), and the data were represented as mean ± SD (standard deviation).





3. Results and Discussion


3.1. Biochemical Composition and Phycoerythrin Extraction Yield from Porphyridium spp.


The biochemical (macronutrient) composition of the two studied Porphyridium spp. in comparison with other Porphyridium species described previously is shown in Table 3. The protein content of P. cruentum was two-fold higher than that of P. purpureum. However, the carbohydrate and lipid contents were similar in these two microalgae. In general, other reports showed similar proximal compositions to that of the Porphyridium spp. The proximal ranges described by Becker [45] are broader than those reported in other studies; the exception was in the carbohydrate content (more than two-fold compared to our data, 40–57%, w/w). Assunção et al. [46] defined the nutritional characterization of P. purpureum and Ruttnera lamellosa (Haptophyceae) and obtained similar content of proteins (15.08 ± 0.02% dry weight) as reported in our results. However, Assunção et al. [46] observed different values for lipid content (1.73 ± 0.13% dry weight) and carbohydrate content, calculated as the nitrogen-free extract (NFE) (63.69 ± 0.40% dry weight). They associated this high content of carbohydrate with a low amount of lipids because the available carbon was directed toward carbohydrate metabolism rather than lipid metabolism [47]. Moreover, Matos et al. [48] and Niccolai et al. [49] tested several microalgae for potential food applications. They respectively cultivated P. cruentum and P. purpureum F&M-M under nutrient-replete media and found the macronutrient composition within the range of our study. The lipid content was the only nutrient that was approximately three-fold less than the value reported by Matos et al. [48]. Thus, these results demonstrate the variability in the macronutrient composition for members of the Porphyridium family; it is a very versatile genus for a multitude of industrial applications.



Table 3 also shows the fatty acid profile of the studied Porphyridium spp. versus other algae. The highest percentage of monounsaturated fatty acids (MUFA) was contributed by C18:0 (stearic acid, >50% of the total fatty acids) in P. purpureum; this was followed by C16:0 (palmitic acid, 29.01–41.02%) in both the Porphyridium strains. P. cruentum contained a higher content (>18% of total fatty acids) of ω6-PUFA, mainly contributed by arachidonic acid (ARA, C20:4 ω-6). However, the amount of ARA was only around 2% in P. purpureum. Among ω3-PUFAs, the content of eicosapentaenoic acid (EPA, C20:5 ω-3). The percentage of total fatty acids was 10-fold more in P. cruentum than in P. purpureum. The profiles of other fatty acids of the Porphyridium strains are reported in Table 3. They were comparable with our strains and showed similar profiles. For P. cruentum, Di Lena et al. [50] described a fatty acid profile highlighted by the presence of ARA and EPA (refer Table 3, 18.02 and 15.88% of fatty acid, respectively) in the genus Porphyridium. Assunção et al. [46] obtained a similar profile of fatty acids in P. purpureum, wherein stearic acid stood out as the major fatty acid (52.78 ± 2.82%). Conversely, the fatty acid profile described by Harwood [51] was very different from that described for the Porphyridium strains in this study. Arachidonic acid and eicosapentaenoic acid are the main PUFAs of the Porphyridium family that are nutritionally necessary [48]. Particularly, the presence of ARA in the fatty acid profile increases the production of prostaglandin E2 (a class of hormone-like substances that participate in a wide range of bodily functions), thromboxane and leukotriene [52]. For these reasons, the genus Porphyridium is attractive for nutrition applications because these microalgae can synthesize high amounts of EPA and ARA acids and thus can be used to enrich functional foods with ω-3/6 fatty acids and thus improve the human-cell functioning.



In this study we also assessed (refer Table 4) the potential of PE yield reached by conventional extraction such as maceration (soaking in solvent) and freeze–thawing procedures from both red microalgae. Numerous reports have described the preferred solvents for phycobiliprotein extraction, such as phosphate buffer, pure water, ammonium chloride, CaCl2 solution and ionic liquids, among others [17,53,54]. Table 4 shows significant differences in PE yield when varied solvents were used for the two Porphyridium species. The maximal PE extraction yield obtained from P. cruentum was three-fold greater than that from P. purpureum. The difference was more significant (10-fold) when CCS (1.5%, w/v) was used as the extractant. On the other hand, extraction using PBS and DW showed similar yields. In general, the PE extraction yield obtained using conventional methods was consistent with that reported in the literature. For example, Osório et al. [55] determined several pigments from different commercial dried algae such as Porphyra spp. (red seaweed) and Arthrospira spp. (blue-green alga). They extracted two phycobiliproteins with PBS (pH = 6.8) by the conventional method. The content of phycoerythrin was slightly higher in Porphyra spp. (8.32 ± 0.29 mg/g) than in Arthrospira spp. (8.18 ± 0.30 mg/g); the difference was not significant (p > 0.05). Our PE values were almost double of these values (Osório, et al.) when PBS or DW was used as the extractant. Other groups optimized the culturing conditions for enhanced production of bioactive compounds from microalgae. Wang et al. [56] defined a uniform design method and regression analysis for investigating the effects of initial pH, light, intensity, inoculation ratio and liquid volume in the flask on the optimal biomass, exopolysaccharide (EPS), and PE production of Porphyridium cruentum in batch culture (at the laboratory scale). Under optimal conditions, they predicted a PE production of 123.0 mg/L (equivalent to 37.39 mg/g with respect to dry biomass). Xu et al. [57] also worked under an induced cultivation pattern for PE biosynthesis from P. purpureum. Their results revealed an improved PE extraction yield with a value of approximately 3.05% (w/w) of the dry biomass. Here, the extractant used was 0.1 M PBS (pH 7.0) and the cultivation period was reduced from 18 to 12 days for enhancing the production efficiency.



Thus, phycobiliproteins are water-soluble and very stable at physiological pH; their pH stability exists between 5.0 and 7.0. They are proteins, and many factors, such as extreme pH, high ionic strengths, elevated temperatures, and alcohol concentrations, are unfavorable and could affect their molecular structure [17,58]. For these reasons, the selection of a solvent for extraction such as PBS or water is primordial. On the other hand, conventional methods have been described for extracting a part of the total phycocyanin from microalgae because of the potential resistance offered by the cell wall for its disruption (increasing with dry biomass as in our case). However, the freeze-thaw method can improve the phycobiliprotein recoveries by enhancing the cell wall disruption. Conversely, these conventional methods are time-consuming and require high energy. They could be useful for small-scale extractions of bioactive compounds, but they can be costly when the production scale is increased [59].




3.2. Microwave Extraction of Phycoerythrin from Porphyridium spp.


The microwave method (MW) has been described as an innovative alternate technology for the extraction of bioactive molecules from natural sources. Here, microwave experiments were based on 33 factorial design to evaluate the PE extraction yield from Porphyridium spp. As shown in Table 1, the factors were three with three levels each such as extraction time (30, 45, and 60 s), power (100, 200 and 300, W) and solvent (PBS (−1), DW (0) and CCS (1)). The microwave data complement the supplementary material (data shown in Table S1). The optimum PE extraction yield in P. cruentum (23.59 mg/g) was obtained after microwaving for 60 s at 100 W and using a mixture of solvents PBS+DW (56:44, v/v).



In fact, Figure 1 A,B shows the Pareto Chart and Response surface curve based on Response Surface Methodology (RSM), respectively. It depicts the combined effects of extraction time, power and solvents on PE extraction from P. cruentum. Power and solvent (included its quadratic form) were the significant variables in the MW procedure. The recovery of this bioactive compound was favored under a longer extraction time at low power and using an extractant similar to PBS (Figure 1B). Although in this case, since the value of R2 was 0.61 (refer Supplementary Materials Table S1) for PE extraction by the MW model, it could be accepted since it represents the tendency of data. However, the results were slightly different in P. purpureum. The optimum PE extraction yield was lower (8.21 mg/g). The optimal extraction conditions were different in P. purpureum such as an extraction time of 60 s, power of 200 W, and a mixture of similar solvents of PBS+DW (54:46, v/v). Separately, Figure 2 A,B shows the Pareto Chart and Response surface curve from P. cruentum, respectively. Here, the solvent and its quadratic form were the significant variables in the process. An intermediate extraction time and power were the best conditions to extract PE from P. purpureum using the MW method (Figure 2B). The model fitted showed a higher R2 value of 0.80 (see Supplementary Materials Table S1) for the extraction of PE from P. purpureum, favoring the predictability in the MW process for this species. However, the nature of the solvent was similar in both microalgae.



The trend of PE extraction yield from both red microalgae was similar in the MW process than that under conventional extraction. The PE extraction yield of P. cruentum was three-fold superior to that of P. purpureum, again favoring the differences between both species. In all cases, the PE extraction yield was superior in the MW methods than under conventional techniques such as maceration and freeze-thaw. Particularly, the differences were more significant in P. purpureum than in P. cruentum; the yield was two-fold more with all solvents in the MW method. Other groups have worked with microwave technology for phycobiliprotein extraction. Juin et al. [60] employed microwave-assisted extraction (MAE) to obtain phycobiliproteins from P. purpureum (freeze-dried cells and deionized water as the extractant). The maximal PE extraction yield (73.7 ± 2.3 mg/g) was obtained after 10 s at 40 °C. Their results were higher than the PE values observed here. Moreover, they proved that increasing the irradiation time to 5 min at 40 °C had no impact on the PE extraction yield. Our results indicated that all extractable PE was recovered during the intermediate-low power at 30–60 s of microwave irradiation. On the other hand, Zhao et al. [61] demonstrated specific effects on the stability of astaxanthin standard using MW and US extraction techniques. Firstly, MW induced the conversion of (all-E)-astaxanthin to its Z forms, preferentially to (13Z)-astaxanthin, while the US degraded this pigment into colorless compounds because of cavitation produced in the solvent by the propagation of ultrasonic waves. In these extraction procedures, the role played by the screening and optimization of statistical designs is very important. These kinds of designs can examine qualitative, quantitative and mixer-related factors and simultaneously improve the optimal extraction conditions of the bioactive compounds [62]. Finally, the literature indicates that phycobiliproteins can be efficiently extracted from algae using MW as an innovative technology because it provides high extraction yields and reduces the extraction time [60].




3.3. Ultrasound Extraction of Phycoerythrin from Porphyridium spp.


Recently, US has been preferred in most extraction studies involving phycobiliprotein recovery because of the effect of cavitation caused by the ultrasound waves at the surface of the cell wall; these waves help to disrupt the cell wall and favor the release of the intracellular contents in a few minutes. Besides that, the application of an experimental design is an operative way to identify and optimize the significant factors and to achieve a competent result with few experimental trials [62]. On this occasion, the 32 factorial design was performed to enhance the conditions of PE extraction yield from Porphyridium spp. by the US procedure (refer to Table 2). Two factors were used with three levels, such as extraction time (5, 10, and 15 min) and solvent (PBS (−1), DW (0) and CCS (1)) under 100% amplitude (100 W) in the continuous mode. The optimal extraction time predicted by the statistical software was similar in both Porphyridium spp. (greater extraction time such as 13–15 min). However, the optimal solvent employed was different for both microalgae. The PE extraction yield improved in P. cruentum by using 100% PBS while P. purpureum preferred a solvent similar to DW (25:75 PBS + DW, v/v). The optimal PE extraction yield from P. cruentum was 33.85 mg/g; this was almost two-fold more than that of P. purpureum. Experimentally, more PE content (around three-fold higher) was extracted from P. cruentum than from P. purpureum under the same extraction conditions (Table 2).



On the other hand, Pareto charts and response surface curves (Response Surface Methodology (RSM)) depicting the combined effects of extraction time and solvent are described in Figure 3 and Figure 4A,B. Moreover, these figures complement the supplementary material (Table S2), where the ANOVA and regression coefficients of PE extraction yield by US extraction are shown. Figure 3 A,B describes the Pareto charts and Response Surface curves from P. cruentum, respectively. Particularly, Figure 3A demonstrated that the solvent interaction time was the unique significant factor in the US procedure for PE yield. The other individual factors were not significant in the extraction process. Figure 3B represents “surface” as the response of the factorial experimental design with the factors being extraction time and three types of aqueous solvents for optimizing PE extraction in P. cruentum. The area with the major PE extraction yield (32.63 ± 1.09 mg/g) was achieved using PBS as the solvent and maximum extraction time. DW followed closely as the extractant in the same extraction time (31.05 ± 0.20 mg/g).



Conversely, Figure 4A indicated that the quadratic solvent factor was the unique significant element in the PE extraction process by US technology in P. purpureum. The RSM (Figure 4B) demonstrated the orange/red area wherein maximal PE extraction was observed from P. purpureum under a longer extraction time and using a mixture of solvents PBS+DW (optimal value of 17.70 mg/g). The coefficient of determination (R2) defines the reliability in the data accounted for by the statistical models. P. cruentum and P. purpureum were adjusted suitably with values of R2 = 0.83 and 0.89, respectively (refer Supplementary Materials Table S2).



As previously described, the main advantages of using ultrasound energy for molecular extraction are an efficient and fast mixing of the biomass-solvent and high mass transfer [35]. The mechanical effects (cavitation combined with an increased mass transfer) provoke significant destruction of the cells and enhance intracellular product recovery into the solvent. In the review described by Mason et al. [36], the advantages and differences between US and MW as extraction processes are explored. Both techniques offer different approaches in that US is generally used to improve conventional solvent extraction, whereas MW is known for its ability to remove constituents via heating without solvents. Moreover, for large-scale extraction, the US is a proven technology, and the scale-up of MW is in the development stage. In general, our results on PE extraction yield were two-fold superior using US compared to MW for both microalgae. Specifically, using PBS and DW as the PE extractant, more differences were noted in the extraction yield. Comparing data obtained from conventional methods, the PE yield in P. purpureum improved greatly when CCS was the solvent; this increment was around three-fold superior to that obtained using the freeze–thaw method and eight-fold superior to that using maceration.



With respect to green extraction studies on other phycobiliproteins from algae, İlter et al. [63] worked with several removal methods for optimizing the phycocyanin (PC) extraction from Arthrospira platensis. They used classical, ultrasound and microwave procedures. Particularly, PC extraction was significantly influenced by the extraction time in all the above methods; this was similar to our US results. They obtained the maximum PC yield (102.97 mg/g) at 25 min. Mittal et al. [64] focused on optimizing the methodology for the extraction of PE and PC from marine macroalgae Gelidium pusillum. They used the US and other conventional methods independently and in combination. The best phycobiliprotein extraction efficiency was achieved by the combination of US and maceration methods provoking synergistic effect (77 and 93% of PE and PC, respectively). Conversely, the US resulted in a very low phycobiliprotein yield when used in isolation compared to serial extraction. Finally, the US method (acoustic cavitation) demonstrated that it easily breaks the tissues, and advantages the thermal effects and cell microstructure. Together, it enhances the penetration of the solvent into cells and instantly releases bioactive compounds into the surrounding environment.





4. Conclusions


In this study, we assessed the macronutrient composition and fatty acid profiles from two strains belonging to the genus Porphyridium. Moreover, the role played by different extraction technologies in phycoerythrin (PE) recovery was evaluated. The conclusions of this study are (1) P. cruentum and P. purpureum demonstrated different biochemical compositions, although some authors unified both species. A profile rich in proteins and omega 3/6 (EPA and ARA) fatty acids was highlighted in P. cruentum. The presence of a higher lipid content and a saturated fatty acid profile (C16:0 and C18:0, palmitic and stearic acids, respectively) was more marked in P. purpureum. Thus, we proved that this algal genus highlighted the presence of several bioactive compounds, albeit in different proportions. Next, we also extracted PE from both Porphyridium spp. using various extraction methods (conventional: maceration and freeze/thawing; green: microwave (MW) and ultrasonication (US)). The effects of the process variables of extraction such as extraction time, power, and solvent (PBS: 50 mM Na-Phosphate buffer solution (pH 7.0), DW: distilled water and CCS: 1.5% w/v calcium chloride solution) were investigated under a factorial statistical design. (2) The PE extraction yield from P. cruentum was superior to that from P. purpureum under all extraction methods. In each process, the most significant factor was the solvent variable; PBS or DW (or their mixture) was the most appropriate extractant compared to CCS. Moreover, the US was the most effective method in PE extraction for both microalgae (between two-six-fold greater PE extraction yields). The optimum contents under US extraction were 33.85 mg/g and 23.59 mg/g for P. cruentum and P. purpureum, respectively. (3) A factorial design based on Response Surface Methodology (RSM) proved to be an operative and useful model demonstrating a good agreement between the experimental and optimal conditions. This model helped achieve maximum yields with the consumption of minimum time and resources during the optimization of PE extraction. According to these results, we would propose the US method as the most appropriate in the extraction of the bioactive compounds present in both red microalgae. Moreover, this method reached better contents of these molecules and the statistical model adjusted better in the predictability (average R2 = 0.86) found for PE of both Porphyridium spp. Henceforth, the selection of algal species along with the type of solvent and extraction technology should be determined considering the targets of the extraction processes so that costs are reduced and the bioactive applications of microalgae are increased in the industry.
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Figure 1. Pareto Chart (A) and Response surface curve (B) depicting the combined effects of extraction time (30, 45, and 60 s), power (100, 200, and 300 W), and solvent type (PBS (−1), DW (0), and CCS (1)) on the PE extraction yield by microwave extraction (MW) from P. cruentum. The response surface curve was prepared by considering 60 s as the optimal extraction time for P. purpureum. 
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Figure 2. Pareto Chart (A) and Response surface curve (B) depicting the combined effects of extraction time (30, 45, and 60 s), power (100, 200, and 300, W), and solvent type (PBS (−1), DW (0), and CCS (1)) on the PE extraction yield from the red microalga P. purpureum by the microwave method (MW). Response surface curve was prepared by considering 30 s as the optimal extraction time for P. purpureum. 
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Figure 3. Pareto Charts (A) and Response surface curves (B) depicting the combined effects of extraction time (5, 10, and 15 min) and solvent type ((PBS (−1), DW (0), and CCS (1)) and CCS 1.5%, w/v (1) on the PE extraction yield under ultrasound conditions (US) from P. cruentum. 
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Figure 4. Pareto Charts (A) and Response surface curves (B) depicting the combined effects of extraction time (5, 10, and 15 min) and solvent type (PBS (−1), DW (0), and CCS (1)) on the PE extraction yield by ultrasound method (US) from P. purpureum. 
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Table 1. Experimental design matrix depicting the extraction conditions and results for phycoerythrin (PE) extraction yield as the response variable after optimization of the microwave (MW) conditions of Porphyridium spp. Values presented are mean ± standard deviation (SD), n = 3.
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Exp.

	
Factors

	
Response Variable

PE Extraction Yield

(mg/g)




	
Extraction-Time

(s)

	
Power

(W)

	
Solvent

	
P. cruentum

	
P. purpureum






	
1

	
30

	
100

	
–1 (PBS)

	
10.69 ± 0.52

	
6.60 ± 0.32




	
2

	
45

	
100

	
–1

	
21.06 ± 0.24

	
5.35 ± 0.21




	
3

	
60

	
100

	
–1

	
23.94 ± 1.84

	
6.37 ± 0.31




	
4

	
30

	
200

	
–1

	
20.43 ± 0.56

	
8.54 ± 0.41




	
5

	
45

	
200

	
–1

	
14.50 ± 0.49

	
6.11 ± 0.30




	
6

	
60

	
200

	
–1

	
23.20 ± 0.81

	
8.74 ± 0.01




	
7

	
30

	
300

	
–1

	
17.37 ± 0.50

	
7.36 ± 0.37




	
8

	
45

	
300

	
–1

	
18.56 ± 0.01

	
6.37 ± 0.20




	
9

	
60

	
300

	
–1

	
10.64 ±0.46

	
4.35 ± 0.20




	
10

	
30

	
100

	
0 (DW)

	
19.23 ± 0.73

	
6.80 ± 0.32




	
11

	
45

	
100

	
0

	
23.36 ± 0.55

	
10.79 ± 0.49




	
12

	
60

	
100

	
0

	
23.94 ± 0.01

	
5.51 ± 0.19




	
13

	
30

	
200

	
0

	
23.69 ± 0.47

	
7.39 ± 0.06




	
14

	
45

	
200

	
0

	
16.01 ± 0.64

	
6.31 ± 0.30




	
15

	
60

	
200

	
0

	
14.65 ± 0.34

	
5.85 ± 0.28




	
16

	
30

	
300

	
0

	
15.93 ± 0.79

	
8.07 ± 0.40




	
17

	
45

	
300

	
0

	
15.54 ± 0.37

	
4.64 ± 0.23




	
18

	
60

	
300

	
0

	
17.91 ± 0.74

	
4.54 ± 0.19




	
19

	
30

	
100

	
1 (CCS)

	
19.79 ± 0.54

	
3.69 ± 0.10




	
20

	
45

	
100

	
1

	
12.83 ± 0.49

	
1.56 ± 0.03




	
21

	
60

	
100

	
1

	
13.27 ± 0.13

	
3.11 ± 0.11




	
22

	
30

	
200

	
1

	
12.72 ± 0.50

	
1.58 ± 0.04




	
23

	
45

	
200

	
1

	
18.07 ± 0.03

	
2.15 ± 0.05




	
24

	
60

	
200

	
1

	
9.16 ± 0.23

	
1.34 ± 0.03




	
25

	
30

	
300

	
1

	
14.13 ± 0.70

	
1.51 ± 0.08




	
26

	
45

	
300

	
1

	
7.80 ± 0.09

	
1.21 ± 0.05




	
27

	
60

	
300

	
1

	
8.18 ± 0.39

	
1.69 ± 0.08








Abbreviations: PBS (−1): 50 mM Na-Phosphate buffer (pH 7.0); DW (0): distilled water; and CCS (1): 1.5% w/v calcium chloride solution.
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Table 2. Experimental design matrix depicting the extraction conditions and results for phycoerythrin (PE) extraction yield as the response variable studied after optimization of the ultrasound (US) conditions of Porphyridium spp. Values presented are mean ± standard deviation (SD), n = 3.






Table 2. Experimental design matrix depicting the extraction conditions and results for phycoerythrin (PE) extraction yield as the response variable studied after optimization of the ultrasound (US) conditions of Porphyridium spp. Values presented are mean ± standard deviation (SD), n = 3.





	
Exp.

	
Factors

	
Response Variable

PE Extraction Yield

(mg/g)




	
Extraction-Time

(min)

	
Solvent

	
P. cruentum

	
P. purpureum






	
1

	
5

	
–1 (PBS)

	
25.32 ± 1.11

	
10.06 ± 0.32




	
2

	
10

	
–1

	
28.95 ± 0.78

	
13.06 ± 0.32




	
3

	
15

	
–1

	
32.63 ± 1.09

	
13.07 ± 0.64




	
4

	
5

	
0 (DW)

	
26.53 ± 1.01

	
9.13 ± 0.41




	
5

	
10

	
0

	
24.74 ± 0.79

	
17.20 ± 0.21




	
6

	
15

	
0

	
31.05 ± 0.20

	
19.26 ± 0.25




	
7

	
5

	
1 (CCS)

	
30.72 ± 0.31

	
4.96 ± 0.28




	
8

	
10

	
1

	
26.94 ± 0.99

	
7.55 ± 0.34




	
9

	
15

	
1

	
23.02 ± 0.05

	
6.70 ± 0.37








Abbreviations: PBS (−1): 50 mM Na-Phosphate buffer (pH 7.0); DW (0): distilled water; and CCS (1): 1.5% w/v calcium chloride solution.
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Table 3. Comparison of the macronutrient composition and fatty acid profile of the microalgal species of this study compared to other Porphyridium spp. described in previous works.
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	Macronutrient

(%, w/w)
	P. cruentum
	P. purpureum
	P. cruentum
	P. cruentum
	P. purpureum

F&M-M





	Proteins
	42.90 ± 1.84 b
	26.30 ± 0.94 a
	28–39
	35.4 ± 0.9
	34.2 ± 0.10



	Carbohydrates
	13.89 ± 0.17 a
	14.42 ± 0.22 b
	40–57
	12.5 ± 0.6
	17.0 ± 1.72



	Lipids
	14.67 ± 0.24 a
	17.34 ± 1.35 b
	9–14
	5.3 ± 0.3
	13.1 ± 1.12



	References
	*
	*
	[45]
	[48]
	[49]



	Fatty Acids Profile

(%, Total FA)
	P. cruentum
	P. purpureum
	P. cruentum
	P. purpureum
	P. purpureum



	C16:0, Palmitic
	41.02 ± 1.75 b
	29.01 ± 0.94 a
	34.11
	33.81 ± 0.09
	25



	C16:1, Palmitoleic
	5.22 ± 0.16
	n.d.
	2.63
	n.d.
	n.d.



	C18:0, Stearic
	1.35 ± 0.04 a
	50.02 ± 1.72 b
	0.87
	52.78 ± 2.82
	n.d.



	C18:1, Oleic
	4.23 ± 0.11 a
	5.70 ± 0.15 b
	2.32
	2.64 ± 0.96
	n.d.



	C18:2, Linoleic
	9.19 ± 0.35 b
	6.49 ± 0.23 a
	10.54
	1.10 ± 0.45
	23



	C20:0, Arachidic
	11.23 ± 0.41 b
	5.90 ± 0.15 a
	n.d.
	0.96 ± 0.32
	n.d.



	C20:4ω-6, ARA
	18.02 ± 0.81 b
	1.98 ± 0.07 a
	29.12
	2.66 ± 0.57
	39



	C20:5ω-3, EPA
	9.74 ± 0.27 b
	0.90 ± 0.02 a
	15.88
	0.54 ± 0.46
	13



	Others FA
	n.d.
	n.d.
	5.43
	5.51
	n.d.



	References
	*
	*
	[50]
	[46]
	[51]







* Present study. Note 1: Each data point represents the mean ± SD of replicates (SD ≤ 5%, n = 3). Different superscript letters (a,b) indicate statistically significant differences (p < 0.05). Note 2: Nucleic acids and ash account for the percentage left to make 100% w/w of biochemical composition. Abbreviations: FA: Fatty acids; n.d.: non-detected; ARA: arachidonic acid; EPA: eicosapentaenoic acid.
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Table 4. Total phycoerythrin (mg/g biomass) determined in the Porphyridium spp. extracts under conventional methods using three types of solvents.
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Solvent/Microalgae

	
Maceration

	
Freeze–Thawing




	
P. cruentum

	
P. purpureum

	
P. cruentum

	
P. purpureum






	
PBS

	
15.71 ± 0.59 b

	
5.61 ± 1.17 b

	
16.01 ± 0.72 a

	
5.20 ± 0.67 b




	
DW

	
15.93 ± 0.19 b

	
5.19 ± 0.69 b

	
16.08 ± 0.35 a,b

	
5.49 ± 0.96 b




	
CCS

	
12.01 ± 0.64 a

	
0.86 ± 0.04 a

	
17.66 ± 1.18 b

	
1.85 ± 0.70 a








Note: Each data point represents the mean ± SD of replicates. Different superscript letters (a,b) indicate statistically significant differences (p < 0.05). Abbreviations: PBS: 50 mM Na-phosphate buffer (pH 7.0), DW: distilled water and CCS: 1.5% w/v calcium chloride solution.
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