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Abstract

:

The recovery of bioactive products with green processes is a critical topic for the research and industry fields. In this work, the application of solid–liquid (SLE), microwave-assisted extraction (MAE) with aq. ethanol 90% v/v and supercritical fluid extraction (SFE) with CO2 for the recovery of biocomponents from Scenedesmus obliquus is studied. The effects examined were temperature (30–60 °C), time (6–24 h), and solvent-to-biomass ratio (20–90 mLsolv/gbiom) for SLE, temperature (40–60 °C), time (5–25 min), solvent-to-biomass ratio (20–90 mLsolv/gbiom), and microwave power (300–800 W) for MAE, and temperature (40–60 °C), pressure (110–250 bar), solvent flow rate (20–40 gsolv/min), and cosolvent presence (0, 10% w/w ethanol) for SFE in relation to the extract’s yield, phenolic, chlorophyll, carotenoid content, and antioxidant activity. The optimum extraction conditions determined were 30 °C, 24 h, and 90 mLsolv/gbiom for SLE, 60 °C, 5 min, 90 mLsolv/gbiom, and 300 W for MAE, and 60 °C, 250 bar, and 40 gsolv/min for SFE. Additionally, a kinetic SFE study was conducted and the obtained results were satisfactorily correlated using Sovová’s model. The comparison between the methods proved MAE’s efficiency in all terms compared to SLE. Moreover, SFE was accompanied with the lowest yield and chlorophyll content, yet led to an increased carotenoid content and improved antioxidant activity. Finally, the cosolvent addition significantly improved SFE’s yield and led to the most superior extract.
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1. Introduction


Due to the constantly increasing industrial demand for the naturally derived components of bioactive importance, both alternative feedstocks as well as green processes need to be utilized [1]. The forestry and agriculture biomass are considered vital resources for the bioeconomy [2]. However, taking into account the need of biomass exploitation for food over industrial use and the overutilization of biomass along with its dreadful consequences, it is required to become more conservative and cautious regarding biomass selection and utilization.



The diverse group of microalgae are prokaryotic or eukaryotic organisms grown either autotrophically, heterotrophically, or mixotrophically in both sea and fresh water [3]. Microalgae comprise proteins, carbohydrates, lipids, and other biocomponents, and are considered a resource of bioactive compounds, e.g., pigments, polyphenols, vitamins, and fatty acids [4,5]. Such components exhibit antibiotic, antibacterial, antifungal, and antioxidant activities and are suitable for application in the food, pharmaceutical, and cosmetic industries [5,6]. Furthermore, the rapid growth rate of microalgae, land-use efficiency during cultivation, and no competition with agricultural land constitute a comparative advantage over other biomass resources [7,8]. The above arguments support microalgae as an alternative choice over other biomass types to be exploited for the recovery of bioactive components.



The popular genus Scenedesmus presents high nutritional content and bioactivity, while being heat tolerant, resistant to tropical climate, and able to grow rapidly under proper conditions [9]. More specifically, Scenedesmus obliquus (S. obliquus) species exhibits promising prospects regarding bioactive compound synthesis [10]. Components known for their antioxidant, antiviral, and curative potentials, such as carotenoids (lutein, β-carotene, astaxanthin), chlorophylls, and phenolic compounds, are found in S. obliquus biomass [6,11].



To date, several studies focus on the extraction of biocomponents such as natural phenolic compounds and pigments from S. obliquus, using various solvents as well as different conventional or non-conventional methods [12,13,14]. The conventional technique of solid–liquid extraction (SLE) is a commonly used and straightforward method employed for the extraction of microalgae compounds [15]. During SLE, the solvent transfers from the bulk solution to the surface of the matrix, then penetrates the matrix and dissolves the solutes in order to transfer them to the matrix surface and subsequently into the bulk solution through diffusion. The selection of solvent and liquid/solid ratio, extraction temperature, and duration are critical factors affecting SLE’s efficiency [16]. Nevertheless, SLE is associated with challenges concerning prolonged exposure to high temperatures [17]. In order to overcome such obstacles, non-conventional technologies have been investigated.



An alternative to SLE is the microwave-assisted extraction (MAE). MAE has proven to be effective in the extraction of microalgal components [12]. During MAE, the utilized polar solvent absorbs the microwave energy, leading to intense molecular mobility, instant heating, and therefore, the release of extractables from the matrix in the bulk solution [17]. MAE’s efficiency is affected by factors similar to the case of SLE, as well as the applied microwave power [18].



Another non-conventional technique is the supercritical fluid extraction (SFE). Carbon dioxide (CO2) is widely used as a solvent in SFE and has also been investigated for microalgae extraction [14]. The safe, inexpensive, and easily available CO2 presents increased dissolving power under supercritical conditions (Tc = 30.98 °C, Pc = 73.77 bar [19]), while the extract is protected from being thermally or chemically degraded [20]. The method is considered less efficient in the extraction of polar compounds. This limitation, however, can be addressed by adding a polar cosolvent, e.g., the common ethanol and methanol [21].



The novelty and objective of this study lies in the effect study, process optimization, and comparison of both conventional and non-conventional methods regarding not only the extraction yield, but also the recovery of high value-added components, as well as the antioxidant activity of microalgal extracts. More specifically, this work is a comprehensive investigation of the recovery of bioactive compounds from the microalga S. obliquus. An effect study of crucial extraction parameters was conducted on three different extraction techniques, namely SLE, MAE, and SFE. More specifically, SLE with aq. ethanol 90% v/v was examined under the variation of extraction temperature from 30 to 60 °C, time from 6 to 24 h, and solvent-to-biomass ratio from 20 to 90 mLsolv/gbiom, while MAE with the same solvent was examined under the variation of extraction temperature from 40 to 60 °C, time from 5 to 25 min, solvent-to-biomass ratio from 20 to 90 mLsolv/gbiom, and microwave power from 300 to 800 W. SFE with CO2 was examined under the variation of extraction temperature from 40 to 60 °C, pressure from 110 to 250 bar, and solvent flow rate from 20 to 40 gsolv/min, as well as the absence or presence of a cosolvent (10% w/w ethanol). The impact of the aforementioned parameters was evaluated in terms of the extraction yield, the phenolic, chlorophyll, selected, i.e., astaxanthin, lutein, and β-carotene, and total carotenoid content, as well as the extract’s antioxidant activity. Moreover, a kinetic study of SFE was conducted under representative conditions, where experimental data of yield were correlated using the mass transfer model of Sovová [22,23]. All methods were optimized in terms of both yield and bioactivity, and finally, the optimized results of SLE, MAE, and SFE were compared.




2. Materials and Methods


2.1. Materials


S. obliquus biomass was purchased from Allmicroalgae—Natural Products, S.A (Pataias, Portugal) in January 2022. The biomass was cultivated in a closed system, gently spray-dried and received in powder form. The nutrient and pigment composition of S. obliquus biomass provided by the company is displayed in Table 1.



All the chemicals and reagents were used as purchased and are listed in Table 2, accompanied by their supplier, CAS registry number, and purity.




2.2. Extraction Methods


2.2.1. Solid–Liquid Extraction (SLE)


The solid–liquid extraction was carried out in a double-wall vessel placed in the dark. An appropriate amount of aq. ethanol, 90% v/v, with approximately 1 g of S. obliquus biomass was loaded in the vessel. The choice of ethanol/water mixture and their ratio was determined from preliminary experiments as well as the findings of Cha et al. [24] and Vieira et al. [16], which exhibited the benefits of the selected solvents and ratio over others in terms of the extraction of bioactive microalgal compounds. The mixture was stirred at 500 rpm, and the extraction conditions, including time, temperature, and solvent-to-biomass ratio were regulated based on an appropriate experimental design (see Section 2.4). In order to minimize solvent losses, a condenser was adjusted on the top of the vessel. After the SLE, mixture centrifugation was performed in a Hermle centrifuge Z206-A (Hermle AG, Baden-Württemberg, Germany) at 1110× g for 8 min. The supernatant was then filtered through a ChromPure PTFE/L 0.45 μm filter (Membrane solutions, Auburn, WA, USA) and evaporated under vacuum at 100 mbar and 45 °C in a Hei-Vap Advantage ML rotary evaporator (Heidolph Instruments GmbH & Co., KG, Bayern, Germany). Eventually, the dry extracts were temporarily stored at −18 °C until further analysis. The extraction yield was determined gravimetrically based on the weight of the obtained extracts, and the experimental error was calculated from repetition (three times) of the experimental design’s center point.




2.2.2. Microwave-Assisted Extraction (MAE)


The microwave-assisted extraction was conducted using a MAS-II Plus microwave synthesis/extraction reaction workstation (Sineo Microwave Chemistry Technology Co. Ltd., Shanghai, China). An appropriate amount of aq. ethanol, 90% v/v, with approximately 1 g of S. obliquus biomass was loaded in a double-wall vessel. The mixture was stirred at 500 rpm, and the extraction conditions, including time, temperature, solvent-to-biomass ratio, and microwave power were regulated based on an appropriate experimental design (see Section 2.4.). In order to minimize solvent losses, a condenser was adjusted on the top of the vessel. After the MAE, the mixture’s centrifugation, supernatant’s filtration and vacuum evaporation, and extract’s storage were performed according to the corresponding steps described in Section 2.2.1. Eventually, the dry extracts were temporarily stored at −18 °C until further analysis. The extraction yield was determined gravimetrically based on the weight of the obtained extracts, and the experimental error was calculated from repetition (three times) of the experimental design’s center point.




2.2.3. Supercritical Fluid Extraction (SFE)


The supercritical fluid extraction using CO2 was conducted in a SFE-500 bench scale apparatus (SEPAREX CHIMIE FINE, Champigneulles, France), the detailed description of which is provided by Papamichail et al. [25]. During SFE, the extraction vessel was filled with approximately 80 g of S. obliquus biomass, along with glass beads (d = 4.5 mm) at the top and bottom to reduce dead space and ensure uniform flow distribution. According to preliminary experiments regarding the exhaustive extraction of S. obliquus biomass, the CO2 consumption was established at 200 kgCO2/kgbiom for all of the performed experiments. The extraction conditions, including temperature, pressure, and solvent flow rate were regulated based on an appropriate experimental design (see Section 2.4.). The solvent–solute mixture was subjected to depressurization, and the extract was collected from two separators operating at 8 °C and 60 and 10 bar, respectively. All the collected extracts were stored at −18 °C until further analysis. The extraction yield was determined by measuring the weight loss of biomass in the vessel at the end of each experiment and the experimental error was calculated based on the repetition (three times) of the experimental design’s center point.



In the case of the cosolvent addition, a piston pump was used for the addition of ethanol, and ethanol content in CO2 was set to 10% w/w. The resulting mixture of solutes in ethanol was then evaporated under vacuum at 100 mbar and 45 °C and stored at −18 °C until further analysis. The supercritical fluid extraction with cosolvent addition was conducted in duplicate.



Regarding the SFE kinetic study, experiments were regularly interrupted for weight loss measurement. The kinetic study experiments were conducted in duplicate.





2.3. Extract Analyses


Determination of extract’s phenolic, chlorophyll, and carotenoid content, as well as antioxidant activity was performed on the received extracts. Detailed description of all the employed methods can be found elsewhere [26].



Briefly, the total phenolic content (TPC) was determined using the Folin–Ciocalteu assay, according to Drosou et al. [27]. TPC was detected at 765 nm, and extract’s mass concentration was expressed in gallic acid equivalents (mgGA/gextr). The total pigment content, namely chlorophyll (CHL) and carotenoid (CAR), was determined spectrophotometrically at 664, 647, 630, 510, and 480 nm, using the equations provided from Jeffrey et al. [28,29]. CHL and CAR were expressed in milligrams of the corresponding compound per extract’s gram (mg/gextr), according to appropriate conversions [26]. Moreover, the DPPH• scavenging assay was performed, according to Laina et al. [30], for the determination of the antioxidant activity. The indicator of half-maximal inhibitory concentration (IC50) was measured at 515 nm and expressed in extract’s milligrams per milligram of DPPH• (mgextr/mgDPPH). Essentially, the higher the sample’s antioxidant activity is, the lower the IC50 value. A Shimadzu UV-1900i UV-Vis spectrophotometer (Shimadzu Corporation, Kyoto, Japan) with quartz cuvettes of 1 cm length was used for the aforementioned spectrophotometric assays.



The selected carotenoid content (sel. CAR), i.e., lutein, astaxanthin, lutein, and β-carotene, was quantified using reversed-phase high performance chromatography (RP-HPLC). Analysis was performed in an HPLC apparatus, the description of which is provided elsewhere [31]. Methanol, MTBE, and aq. phosphoric acid, 1% v/v, consisted of the mobile phase in a linear gradient (Table 3) provided by Stramarkou et al. [32], and flow rate was set at 1 mL/min. A YMC C30 reversed-phase column, 5 μm, 250 × 4.6 mm I.D. (YMC Co., Ltd., Kyoto, Japan), operating at 35 °C, was utilized as the stationary phase. All the samples injected were dissolved in ethyl acetate and filtered with ChromPure PTFE/L 0.45 μm filters (Membrane solutions, Auburn, WA, USA). The calibration curves of the selected carotenoids are provided in detail elsewhere [31]. Finally, sel. CAR was expressed in milligrams of the selected carotenoids per extract’s gram (mg/gextr).




2.4. Experimental Design, Statistical Analysis and Process Optimization


A 2-level full factorial design was applied to effectively investigate the impact of the selected experimental factors of SLE, MAE, and SFE at 2 levels (−1, +1) in order to estimate their individual effect as well as their interactions. The independent parameters studied were: temperature—T (30–60 °C), time—t (6–24 h), solvent-to-biomass ratio—R (20–90 mLsolv/gbiom) for SLE; temperature—T (40–60 °C), time—t (5–25 min), solvent-to-biomass ratio—R (20–90 mLsolv/gbiom), and microwave power—P (300–800 W) for MAE; and temperature—T (40–60 °C), pressure—P (110–250 bar), and solvent flow rate—F (20–40 gsolv/min) for SFE. The examined responses were the extraction yield, TPC, CHL, CAR, sel. CAR, and IC50. The experimental design of the extraction methods consisted of 2n factorial points and 3 repetitions of the center point, where n stands for the number of the examined independent parameters.



Eventually, analysis of variance (ANOVA) was conducted for data correlation using Equations (1) and (2). A reduction in the number of model terms was also attempted, provided, however, that the hierarchy of the model is maintained.


    Y   S L E , S F E   =   b   0   +   ∑  i = 1   3      b   i     X   i     +   ∑  i = 1   2      ∑  j = i + 1   3      b   i j     X   i     X   j        



(1)






    Y   M A E   =   b   0   +   ∑  i = 1   4      b   i     X   i     +   ∑  i = 1   3      ∑  j = i + 1   4      b   i j     X   i     X   j       +   ∑  i = 1   2      ∑  j = 2   3      ∑  k = 3   4      b   i j k     X   i     X   j     X   k          



(2)




where,     Y   S L E , S F E     represents the examined responses of SLE and MAE,     Y   M A E     is the examined responses of MAE, and     b   0    ,     b   i    ,     b   i j    , and     b   i j k     are the constant, linear, two-factor interaction, and three-factor interaction coefficients, respectively.



Finally, during process optimization, all the successfully correlated examined responses were concurrently tended toward their optimal value, while the independent parameters of each method ranged in their domain. The statistical significance of the results was assessed using Fisher’s statistical test (F-test) at a significance level of 95%. The experimental design, modeling, analysis, and optimization were conducted using the trial version of Design Expert® Version 13 software (Stat-Ease Inc., Minneapolis, MN, USA).




2.5. Mathematical Model of SFE Kinetics


The experimental yield data of SFE were correlated through the application of Sovová’s model [22,23]. This mass balance model is based on an extended version of Lack’s plug flow model [33] and is considered appropriate for describing the supercritical fluid extraction of microalgal compounds [34].



According to Sovová’s model, SFE is divided in three stages. During the first stage (I), the easily accessible compounds are extracted fast at a constant rate. During the third diffusion-controlled stage (III), compounds from the inside of the substrate are slowly extracted, while the second stage (II) represents the transition from the first to the third stage.



The model equations are presented beneath, while further details and model assumptions can be found in the literature [22,23].


  e =       q   y   r     1 −   e x p   − Z     , q <   q   m   ( I )         y   r     q −   q   m     exp  ⁡      z   W   − Z       ,   q   m   < q <   q   n   ( I I )         x   0   −   y   r   / W l n   1 + [ e x p ( W   x   0   /   y   r   ) − 1 ]   e x p [ W (   q   m   − q ) ]   x   k   /   x   0     , q ≥   q   n   ( I I I )          



(3)







The following equations are used for the determination of the additional required values:


    q   m   = (   x   0   −   x   k   ) /   y   r   Z  



(4)






    q   n   =   q   m   + 1 / W l n   [   x   k   + (   x   0   −   x   k   ) e x p ( W   x   0   /   y   r   ) ] /   x   0      



(5)






    z   w   / Z =   y   r   / ( W   x   0   ) l n   (   x   0   e x p [ W ( q −   q   m   ) ] −   x   k   ) / (   x   0   −   x   k   )    



(6)






  Z =   k   f     α   0     ρ   f   /   q  ˙  ( 1 − ε )   ρ   s    



(7)






  W =   k   s     α   0   /   q  ˙  ( 1 − ε )  



(8)




where,   e   is the specific amount of the extracted solute (kgextr/kgsolute-free feed),   q   is the specific amount of the passing solvent through the extractor (kgsolv/kgsolute-free feed),     q   n     is the value of   q   when the easily accessible solute is completely extracted, and     q   m     is value of   q   when the extraction inside the particles begins. Moreover,     y   r     is the solute’s solubility in the solvent (kgsolute/kgsolv),     x   0     is the initial concentration of the solute in the solid phase (kgsolute/kgsolute-free feed),     x   k     is the concentration of the less accessible solute in the solid (kgsolute/kgsolute-free feed),     z   w     is the dimensionless coordinate between slow and fast extraction and     k   s     and     k   f     represent the mass transfer coefficient of solid and solvent-phase (m/s), respectively. Finally,   W   and   Z   are the dimensionless mass transfer parameters in the solid and fluid phases, respectively,     ρ   f     and     ρ   s     are the density of the fluid and solid (kg/m3), respectively,     α   0     is the specific interfacial area (m2/m3),   ε   is the bed void fraction, and     q  ˙    is the specific flow rate (s−1).



In this work, a kinetic SFE study was conducted under representative experimental conditions and Sovová’s model was employed to correlate the experimental data. During correlation,     x   0     was assigned the experimental value obtained from the exhaustive extraction, while     y   r     was assigned the value of stage’s I estimated curve slope. Eventually,     x   k    ,   W ,   and   Z   were fitted through minimization of the objective function of the absolute average deviation (AAD) of   e   (Equation (9)).


  A A D   %   =   100   N     ∑  i = 1   N      |   e   i   p r e d i c t e d   −   e   i   e x p e r i m e n t a l   |     e   i   e x p e r i m e n t a l        



(9)




where,   N   stands for the number of experimental points for each experiment.





3. Results and Discussion


3.1. SLE of Bioactive Compounds


3.1.1. Effect Study


The SLE extracts obtained were characterized by a dark green color and a mild fishy scent. The results of the examined responses are displayed in Table 4, and the temperature, time, and solvent-to-biomass ratio effects are depicted in Figure 1.



The extraction yield was enhanced by both the individual and simultaneous increase in the values of all three independent variables (Figure 1a). The temperature and solvent-to-biomass ratio effects proved to be the most significant. However, the rest of the responses exhibited a more complex behavior. More specifically, maintaining either low temperature and long duration or high temperature and short duration favored phenolic (Figure 1b), chlorophyll (Figure 1c), and carotenoid (Figure 1e) content, and consequently, the extract’s antioxidant activity (Figure 1f). The solvent-to-biomass ratio increase improved the extract’s phenolic content, while chlorophyll content was not favored. Regarding the carotenoid content, total carotenoids improved during ratio increase in the short high-temperature extraction, while both selected and total carotenoids were favored during ratio increase in the long low-temperature extraction. Finally, antioxidant activity was improved with increasing ratio under low temperature.



In general, the temperature increase favors extraction yield by reducing the solvent’s viscosity and increasing the solubility and diffusion coefficients of the microalgal compounds [35]. Moreover, the solvent-to-biomass ratio increase offers a greater gradient of the solvent–biomass system; therefore, provides a faster diffusion of solutes from the microalgal matrix to the bulk solution [36]. Additionally, the duration increase, depending on the structure of the microalgal cells, offers sufficient time, improved dilution, and mass transfer of microalgal solutes [37].



Nonetheless, high temperatures and prolonged extraction duration are associated with epimerization, oxidation, and degradation of nutraceutical components, such us pigments [37,38]. Furthermore, the solvent-to-biomass increase could be related to the dissolution and extraction of additional potentially undesirable components, which could reduce solvent’s selectivity toward the examined nutraceuticals of interest [39].




3.1.2. Correlation and Parameter Optimization


The SLE experimental results were submitted to ANOVA for statistical analysis and data correlation. Appropriate equations were constructed and are displayed in Supplementary Materials. All the responses were successfully correlated, except from the selected carotenoid content. According to the Supplementary Materials, extraction temperature is the most statistically significant positive effect on yield (p-value < 0.0001) and negative on extract’s carotenoid content (p-value: 0.0048). Additionally, the combined effect of extraction temperature and duration (  T t  ) is considered the most significant positive effect on phenolic and chlorophyll content (p-value: 0.0004). The   T t   interaction also showed a significant positive effect on IC50 value, which indicates a negative effect on the extract’s antioxidant activity (p-value: 0.0021). The parameter optimization performed using the optimization tool of Design Expert® indicated that optimum SLE conditions were 30 °C, 24 h and 90 mLsolv/gbiom (Table 4—Run 4).





3.2. MAE of Bioactive Compounds


3.2.1. Effect Study


The MAE extracts obtained were characterized by a dark green color and a mild fishy scent. The results of the examined responses are displayed in Table 5 and the temperature, time, solvent-to-biomass ratio, and microwave power effects are depicted in Figure 2.



The MAE yield was mainly enhanced by the individual increase in the values of all four independent variables (Figure 2a). However, a more complex behavior was followed by the rest of the examined responses. The total phenolic content did not follow a specific trend but a lower value emerged at low microwave power, temperature, time, and ratio level (Figure 2b). Moreover, chlorophyll content maintained a relatively stable value during low microwave power, except the lower value at low temperature, solvent-to-biomass ratio, and prolonged duration (Figure 2c). Yet, an improvement was still achieved with the microwave power increase mainly under low extraction temperature. In addition, the selected carotenoid content did not follow a specific trend, but a lower value emerged at low microwave power, time, and ratio level (Figure 2d). However, the combination of either short MAE at elevated temperature and low microwave power or prolonged MAE at low temperature and elevated power enhanced the carotenoid content (Figure 2e). Similarly, antioxidant activity was enhanced during either at elevated temperature and low microwave power or low temperature and elevated power (Figure 2f).



In general, the temperature as well as solvent-to-biomass ratio effect during MAE could be justified similarly to SLE. On the other hand, extraction duration during MAE is considerably reduced. Although time increase may initially boost MAE’s efficiency and the recovery of selected bioactive compounds up to a certain point, prolonged radiation exposure could lead to the denaturation of nutraceuticals [40]. Finally, microwave power enhances MAE’s yield due to the improved molecular interaction between the matrix and the electromagnetic field, but relatively increased values are associated with the degradation of the extract’s bioactive components [41,42]. Therefore, a complex effect of the examined independent variables was obtained. The literature also reports similar fluctuations in phenolic and pigment recovery during the effect study of MAE from different types of biomass [43,44].




3.2.2. Correlation and Parameter Optimization


The MAE experimental results were submitted to ANOVA for statistical analysis and data correlation. Appropriate equations were constructed and are presented in Supplementary Materials. Only the responses of the yield and extract’s antioxidant activity were successfully correlated. According to the Supplementary Materials, extraction temperature has the most statistically significant positive effect on yield (p-value < 0.0001), while the combined effect of extraction temperature and microwave power (  T P  ) proved to be the most significant positive effect on IC50 value (p-value < 0.0001), which indicates a negative effect on the extract’s antioxidant activity. The parameter optimization performed using the optimization tool of Design Expert® indicated that optimum ΜAΕ conditions were 60 °C, 5 min, 90 mLsolv/gbiom, and 300 W (Table 5—Run 14).





3.3. SFE of Bioactive Compounds


3.3.1. Effect Study


The SFE extracts obtained were characterized by a dark yellow color and no fishy scent. The results of the examined responses are displayed in Table 6, and the temperature, time, and solvent-to-biomass ratio effects are depicted in Figure 3.



Both the individual and simultaneous increase in pressure and temperature enhanced the SFE yield (Figure 3a), and the extract’s phenolic (Figure 3b), chlorophyll (Figure 3c), and carotenoid (Figure 3d,e) content, and antioxidant activity (Figure 3f). Indeed, pressure rise during SFE increases scCO2 density and, consequently, its solvation capability [45]. Concerning the temperature effect, the rise in extraction temperature during SFE not only decreases scCO2 density and, therefore, its solvation capability, but additionally raises the vapor pressure of the extractable components, leading to two conflicted conditions regarding SFE’s efficiency [46]. However, according to the improved results during temperature rise, it is proven that the increased vapor pressure of the extractable compounds in scCO2 dominated over the scCO2 density decrease under the examined pressures, which is also observed in other studies [47,48]. Moreover, the carotenoid-favorable extraction and more limited chlorophyll recovery was also observed in the work of Guedes et al. [49]. Comparable total extract yields of the same order of magnitude have also been observed in the work of Lorenzen et al. (conditions: 300–800 bar, 50–80 °C, 100–200 kgCO2/kgbiom, 540 min, extraction yield: 5.8–7.6% w/w) [50].



The effect of the solvent flow rate increase was not considered consistent, leading to either increase, decrease, or even no influence toward the examined responses. On the one hand, the solvation capability of scCO2 is mainly formed by the extraction temperature and pressure [51], justifying any possible non-effects of the solvent’s flow rate. On the other hand, the rise in the flow rate could be responsible for the decrease in mass transfer resistance, which enhances the solute quantity transferred to the bulk solution and explains any response increase [52]. However, in some cases, a flow rate increase does not offer sufficient contact time between the matrix and the solvent, leading to a reduced recovery of selected compounds [53].




3.3.2. Correlation and Parameter Optimization


The SFE experimental results were submitted to ANOVA for statistical analysis and data correlation. All the responses were successfully correlated using appropriate equations (Supplementary Materials). According to the Supplementary Materials, extraction temperature has the most statistically significant positive effect on yield (p-value < 0.0001), while pressure proved to have the most significant positive effect on phenolic (p-value < 0.0001), chlorophyll (p-value: 0.0010), selected (p-value < 0.0001), and total (p-value: 0.0010) carotenoid content, and the extract’s antioxidant activity (p-value < 0.0001 for IC50). The parameter optimization performed using the optimization tool of Design Expert® indicated that optimum SFE conditions were 60 °C, 250 bar, and 40 gsolv/min (Table 6—Run 11).




3.3.3. Effect of Cosolvent


The disadvantage of lower SFE yields is often countered by the addition of a cosolvent. Ethanol, a safe and green solvent, is usually employed as a cosolvent in typically low concentrations during SFE [54,55]. For this reason, the addition of 10% w/w ethanol was performed during SFE under the optimum extraction conditions found in Section 3.3.2. The results are presented in Table 6 (Run—SFE+10% ethanol). The extract obtained exhibited a yellow-green color, and no unpleasant odor occurred. The addition of ethanol boosted SFE by significantly enhancing the extraction yield (+131.04%), the phenolic (+60.94%), chlorophyll (+1501.52%), selected (+18.29%), and total carotenoid (+30.32%) content, and the antioxidant activity of the extract (IC50: −34.21%).



The aforementioned improvement is due to the solvent’s polarity alteration that allowed the extraction of more polar compounds. The extraction of more polar phenolic [56], chlorophyll (e.g., chlorophyll b [57]), and carotenoid (e.g., xanthophylls [58]) compounds is favored, leading to improved antioxidant activity, as reported in other studies [48,55].




3.3.4. Kinetic Study of SFE


The description of SFE curves with the Sovová model is presented in Figure 4, while the estimated model parameters and the corresponding AAD of each dataset are given in Table 7. Thus, Figure 4 and the low AAD values indicate that the model describes satisfactorily the experimental SFE data at the representative operational conditions, proving the successful correlation attempt via the Sovová model [22,23].



Apparently, temperature and pressure change alter CO2 density and the solute’s vapor pressure and, therefore, lead to a variation of extracts’ solubility (    y   r    ) and concentration of the initial solute in the solid phase (    x   0    ). Other studies have also reported this [48,59]. Both terms,     y   r     and     x   0    , increased with temperature and pressure rise. Similar to     x   0    ,     x   k     followed the same trend with pressure and temperature variation. Furthermore,     y   r     and     x   k     were not affected by the rise in solvent flow rate, as a result of their high dependence on the fluid state, i.e., temperature and pressure [51]. Solvent flow rate decrease did not affect the final SFE yield; however, a slight downward displacement of the extraction curve was observed (Figure 4) probably due to the rise in mass transfer resistance, which limited the amount of solute transferred to the bulk solution [52].



Regarding the mass transfer parameters, Z    q  ˙    was appropriately adjusted for all experiments conducted at 250 bar, considering the insignificant effect on the kinetic description as well as the risk of miscalculation due to the lack of experimental data during the fast extraction stage (I). The pressure drop from 250 to 110 bar resulted in increased Z    q  ˙   , also observed in other studies [48,59].



On the other hand, W    q  ˙    varied under different experimental conditions. More specifically, W    q  ˙    was mainly proportionally affected by the solvent flow rate. This finding, also observed by other researchers, indicates that the third and slower extraction stage, where intracellular mass transfer is considered dominant, is also affected by external mass transfer [59]. In addition, temperature and pressure slightly affected W    q  ˙   ; however, due to the simultaneous variation of     x   0    , no definite conclusions could be drawn.



Finally, Z    q  ˙    prevailed over W    q  ˙    with a deviation of two-order magnitude. The lower   W   q  ˙    values, also observed in other studies [48,59], indicated the greater resistance encountered in the solid phase, which affects the slow extraction stage.





3.4. Comparison of the Proposed Extraction Methods


Finally, the examined methods of SLE, MAE, SFE, and SFE+10% ethanol were compared at optimal conditions, which are presented in Table 8. In the case of SFE+10% ethanol, the optimal conditions of SFE were employed. The detailed experimental results are presented in the corresponding tables for SLE (Table 4—Run 4), MAE (Table 5—Run 14), SFE (Table 6—Run 11), and SFE+10% ethanol (Table 6—SFE+10% ethanol) and are compared in Figure 5.



The dark green SLE and MAE extracts presented a distinct fishy odor due to the presence of certain microalgal volatile organic compounds (VOCs) [60]. However, the dark yellow and yellow-green extracts of SFE and SFE+10% ethanol, respectively, were free of unpleasant odors most likely due to VOCs’ removal during the abrupt depressurization of CO2.



The order of increasing extraction yield was as follows: SFE, SFE+10% ethanol, SLE, and MAE (Figure 5a). Among the tested methods, MAE provided the highest yield under the shortest possible time. SFE, although 3.6 times faster, exhibited a 59.15% lower yield compared to SLE. However, the cosolvent addition more than doubled SFE yield, leading to a comparable extraction yield to that of SLE.



The total phenolic content increase order was similar to yield (Figure 5b). TPC of the examined S. obliquus biomass probably consisted of more flavonoid glycosides and phenols of high molecular weight, which are effectively recovered by polar solvents (e.g., ethanol, water), rather than flavonoid aglycons, phenolic acids, and some phenolic terpenes, which are effectively extracted by non-polar solvents (e.g., CO2) [56].



Moreover, the order of increasing chlorophyll content was as follows: SFE, SLE, MAE, and SFE+10% ethanol (Figure 5c). A polar solvent choice is considered suitable for the extraction of chlorophylls [61], even when added during SFE in typically low concentrations [62]. Therefore, all methods presented higher chlorophyll content than SFE, which utilizes the non-polar CO2.



In terms of the selected and total carotenoid content, the increasing order was as follows: SLE, MAE, SFE, and SFE+10% ethanol (Figure 5d,e). The combination of the non-polar CO2 and the polar ethanol (SFE+10% ethanol) improved the extraction of the corresponding non-polar hydrocarbons (e.g., β-carotene) and the more polar xanthophylls (e.g., astaxanthin, lutein) [63]. It is also observed that β-carotene recovery was justifiably not favored during SLE and MAE, but remarkably improved during SFE and SFE+10% ethanol.



The extract’s antioxidant activity, which is inversely proportional to IC50 value, presented the same increasing order with carotenoid content (Figure 5f). Carotenoids are considered strong antioxidants [64]. Moreover, antioxidant activity may be favored in the presence of high chlorophyll content [65]. Therefore, the SFE+10% ethanol extract with the highest pigment concentration also exhibited the strongest antioxidant activity.



Finally, chlorophyll and carotenoid recovery per unit of biomass was also assessed, given their recognized value as bioactive compounds [66]. Carotenoids, in particular, are associated with particularly high prices ranging from 250 to 2000 USD/kg [67].



According to Figure 6, the SLE resulted in the recovery of 10.07 mg/gbiom chlorophylls (61.81% w/w) and 1.88 mg/gbiom carotenoids (29.19% w/w). The non-conventional MAE is in an advantageous position, achieving the notably highest chlorophyll (19.65 mg/gbiom − 61.81% w/w) and carotenoid (5.21 mg/gbiom − 81.02% w/w) recovery. The alternative SFE led to the lowest chlorophyll recovery (0.44 mg/gbiom − 1.40% w/w), while presenting comparable carotenoid content with SLE (1.60 mg/gbiom − 24.89% w/w). However, cosolvent addition during SFE notably improved pigment recovery (chlorophylls: 16.46 mg/gbiom − 51.77% w/w, carotenoids: 4.82 mg/gbiom − 74.94% w/w), making the extraction method superior to SLE and competitive with MAE.



In conclusion, SLE was satisfyingly efficient, yet provided a less competitive extract regarding the examined biocomponents and antioxidant activity. The MAE was considered as a more efficient method in terms of all the examined responses and duration compared to SLE. Moreover, SFE was the least efficient regarding extraction yield and chlorophyll content, yet led to a carotenoid-rich extract of improved antioxidant activity and odor. Finally, the cosolvent addition remarkably improved SFE yield and led to the best extract in terms of quality, i.e., bioactive components content and antioxidant activity.





4. Conclusions


In the current work, an effect study of crucial extraction parameters was conducted on conventional, microwave-assisted, and supercritical fluid extraction of the microalga S. obliquus in terms of yield, extracts’ bioactive content, namely phenolics, chlorophylls, and carotenoids, and antioxidant activity. The effect study data were associated, and, thus, all the extraction methods were optimized under the requirement that all the successfully correlated responses concurrently attain optimal values. The optimal extraction conditions were: 30 °C, 24 h, and 90 mLsolv/gbiom for SLE; 60 °C, 5 min, 90 mLsolv/gbiom, and 300 W for MAE; and 60 °C, 250 bar, and 40 gsolv/min for SFE.



Additionally, a kinetic study of SFE was conducted under representative conditions. The Sovová model successfully described the supercritical fluid extraction curves of S. obliquus. These findings could be considered valuable for simulation and scale-up purposes, yet accurate assessments require the determination of additional terms (e.g., characteristic size of biomass and extraction bed).



Furthermore, the comparison between SLE, MAE, and SFE with and without cosolvent addition (10% w/w ethanol) was also conducted. The short MAE was more efficient in terms of all the examined responses compared to SLE, which led to the extract of the lowest quality. Moreover, SFE presented the lowest yield and chlorophyll content among all methods, yet led to a carotenoid-rich extract of improved antioxidant activity and odor. Finally, the cosolvent addition significantly improved SFE yield and led to the most qualitative extract.



In conclusion, both non-conventional MAE and SFE are considered promising methods as they led to superior extracts compared to SLE. SFE’s extract quality was superior to MAE’s; however, both methods led to the comparative recovery of total pigments. Therefore, both MAE and SFE products could be employed in the demanding fields of food, health, and cosmetic industries.
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Figure 1. The effect of temperature, time, and solvent-to-biomass ratio on SLE’s (a) yield, and extract’s (b) total phenolic, (c) chlorophyll, (d) selected, and (e) total carotenoid content, and (f) index of antioxidant activity. 
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Figure 2. The effect of temperature, time, solvent-to-biomass ratio, and microwave power on MAE’s (a) yield, and extract’s (b) total phenolic, (c) chlorophyll, (d) selected, and (e) total carotenoid content, and (f) index of antioxidant activity. 
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Figure 3. The effect of temperature, pressure, and solvent flow rate on SFE’s (a) yield, and extract’s (b) total phenolic, (c) chlorophyll, (d) selected, and (e) total carotenoid content, and (f) index of antioxidant activity. 
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Figure 4. Correlation results of experimental SFE yield data with Sovová’s model versus the specific amount of solvent (kgCO2/ kgbiom). The error bars stand for the experimental error. 
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Figure 5. Comparison of the examined methods regarding the extraction (a) yield, extract’s (b) total phenolic, (c) chlorophyll, (d) selected, and (e) total carotenoid content, and (f) index of antioxidant activity. 
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Figure 6. Comparison of the examined methods regarding the (a) chlorophyll and (b) carotenoid recovery from S. obliquus. 






Figure 6. Comparison of the examined methods regarding the (a) chlorophyll and (b) carotenoid recovery from S. obliquus.



[image: Separations 10 00290 g006]







[image: Table] 





Table 1. Nutrient and pigment composition of S. obliquus.
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	Nutrients
	Value (%)





	Protein
	52.00



	Fat
	9.70



	Carbohydrates
	7.90



	Ash
	10.10



	Moisture
	3.90



	Pigments
	Value (mg/gbiom)



	Total chlorophylls
	31.79



	Total carotenoids
	6.43
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Table 2. Description of chemicals and reagents.






Table 2. Description of chemicals and reagents.












	Chemical Name
	Supplier
	Origin
	CAS-RN
	Purity





	Carbon dioxide
	TAE Hellas SA
	Athens Greece
	124-38-39
	99.5%



	Anhydrous sodium carbonate
	Fisher Scientific International Inc.
	Pittsburgh

PA, USA
	497-19-8
	99.5%



	Orthophosphoric acid
	“
	“
	7664-38-2
	85.4%



	Water
	“
	“
	7732-18-5
	



	Methanol
	“
	“
	67-56-1
	≥99.8%



	Ethanol
	“
	“
	64-17-5
	≥99.8%



	Tert-butyl-methyl ether (MTBE)
	“
	“
	1634-04-4
	≥99.5%



	Ethyl acetate
	“
	“
	141-78-6
	≥99.9%



	Gallic acid
	“
	“
	149-91-7
	98%



	Astaxanthin
	Acros Organics BVBA
	Antwerp,

Belgium
	472-61-7
	≥98%



	Lutein
	Extrasynthese SAS
	Lyon, France
	127-40-2
	≥92%



	β-carotene
	Sigma Aldrich Co.
	Saint Louis, MO, USA
	7235-40-7
	99%



	2,2-diphenyl-1-picrylhydrazyl (DPPH•)
	“
	“
	1898-66-4
	95%



	Folin–Ciocalteu

reagent
	Carlo Erba

Reagents SAS
	Milan,

Italy
	12111-13-16
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Table 3. The adjusted linear gradient of the mobile phase of RP-HPLC.
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	Time (min)
	MTBE

(% v/v)
	Methanol (% v/v)
	aq. Phosphoric Acid,

1% v/v (% v/v)





	0
	15
	81
	4



	15
	30
	66
	4



	23
	80
	16
	4



	27
	80
	16
	4



	27.1
	15
	81
	4



	35
	15
	81
	4
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Table 4. Experimental SLE results of S. obliquus, including yield, and extracts’ total phenolic (TPC), chlorophyll (CHL), selected (sel. CAR) and total carotenoid (CAR) content, and index of antioxidant activity (IC50).
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	Run
	T

(°C)
	t (h)
	R (mLsolv/gbiom)
	Yield

(% w/w)
	TPC (mgGA/gextr)
	CHL

(mg/gextr)
	sel. CAR (mg/gextr)
	CAR (mg/gextr)
	IC50

(mgextr/mgDPPH)





	1
	30
	6
	20
	4.62
	15.93
	72.12
	12.32
	15.02
	58.93



	2
	30
	6
	90
	10.61
	19.04
	66.68
	12.18
	15.08
	56.88



	3
	30
	24
	20
	7.89
	21.22
	101.17
	10.53
	16.49
	48.92



	4
	30
	24
	90
	10.33
	23.47
	97.46
	13.94
	18.17
	38.06



	5
	45
	15
	55
	13.27
	13.06
	83.66
	12.31
	13.01
	56.52



	6
	45
	15
	55
	14.19
	9.88
	90.95
	11.78
	13.97
	51.61



	7
	45
	15
	55
	13.07
	10.84
	98.76
	10.41
	15.36
	62.27



	8
	60
	6
	20
	16.14
	18.16
	89.74
	10.67
	11.87
	50.99



	9
	60
	6
	90
	21.52
	19.39
	76.75
	7.88
	14.74
	52.86



	10
	60
	24
	20
	17.42
	13.54
	51.31
	8.84
	12.09
	66.29



	11
	60
	24
	90
	24.27
	14.86
	48.49
	10.00
	10.47
	69.66
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Table 5. Experimental MAE results of S. obliquus, including yield, and extracts’ total phenolic (TPC), chlorophyll (CHL), selected (sel. CAR) and total carotenoid (CAR) content, and index of antioxidant activity (IC50).
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	Run
	Τ (°C)
	P (W)
	R (mLsolv/gbiom)
	t

(min)
	Yield

(% w/w)
	TPC

(mgGA/gextr)
	CHL

(mg/gextr)
	sel. CAR (mg/gextr)
	CAR

(mg/gextr)
	IC50 (mgextr/mgDPPH)





	1
	40
	300
	20
	5
	3.43
	17.41
	73.38
	10.89
	23.60
	52.83



	2
	40
	800
	20
	5
	7.82
	23.10
	78.92
	10.42
	28.76
	41.58



	3
	40
	300
	90
	5
	8.91
	22.70
	94.77
	15.43
	28.91
	47.19



	4
	40
	800
	90
	5
	9.52
	25.99
	80.24
	13.63
	27.26
	45.58



	5
	40
	300
	20
	25
	8.31
	24.92
	127.09
	20.42
	34.17
	45.45



	6
	40
	800
	20
	25
	6.85
	21.09
	79.68
	12.98
	38.75
	28.67



	7
	40
	300
	90
	25
	10.47
	28.05
	91.59
	16.54
	30.72
	58.64



	8
	40
	800
	90
	25
	10.07
	25.42
	70.34
	21.19
	35.67
	47.97



	9
	50
	550
	55
	15
	15.21
	26.72
	113.95
	11.84
	22.34
	44.68



	10
	50
	550
	55
	15
	12.97
	21.68
	115.46
	17.73
	31.69
	42.70



	11
	50
	550
	55
	15
	14.27
	23.19
	95.94
	17.80
	26.79
	39.10



	12
	60
	300
	20
	5
	5.86
	24.97
	127.99
	23.19
	36.60
	26.01



	13
	60
	800
	20
	5
	12.61
	25.40
	100.18
	16.39
	28.00
	37.87



	14
	60
	300
	90
	5
	15.18
	24.13
	129.46
	19.34
	34.32
	28.88



	15
	60
	800
	90
	5
	16.18
	23.83
	90.27
	15.84
	20.12
	42.65



	16
	60
	300
	20
	25
	11.31
	24.48
	89.29
	16.86
	24.74
	14.45



	17
	60
	800
	20
	25
	12.05
	29.23
	105.49
	19.94
	29.70
	52.67



	18
	60
	300
	90
	25
	15.02
	22.64
	124.91
	23.38
	29.68
	38.98



	19
	60
	800
	90
	25
	16.70
	24.09
	98.09
	14.75
	25.98
	58.46










[image: Table] 





Table 6. Experimental SFE results of S. obliquus, including yield, and extracts’ total phenolic (TPC), chlorophyll (CHL), selected (sel. CAR), and total carotenoid (CAR) content, and index of antioxidant activity (IC50).






Table 6. Experimental SFE results of S. obliquus, including yield, and extracts’ total phenolic (TPC), chlorophyll (CHL), selected (sel. CAR), and total carotenoid (CAR) content, and index of antioxidant activity (IC50).





	Run
	Τ (οC)
	P (bar)
	F

(gsolv/min)
	Cosolvent (% w/w)
	Yield

(% w/w)
	TPC

(mgGA/gextr)
	CHL

(mg/gextr)
	sel. CAR (mg/gextr)
	CAR

(mg/gextr)
	IC50 (mgextr/mgDPPH)





	1
	40
	110
	20
	0
	0.98
	1.93
	0.76
	0.86
	1.14
	101.74



	2
	40
	110
	40
	0
	1.10
	0.78
	2.43
	1.76
	5.33
	122.77



	3
	40
	250
	20
	0
	1.37
	9.35
	9.22
	20.06
	28.65
	43.91



	4
	40
	250
	40
	0
	1.63
	10.07
	7.23
	20.02
	23.78
	48.05



	5
	50
	180
	30
	0
	2.90
	5.68
	4.78
	18.90
	21.97
	44.86



	6
	50
	180
	30
	0
	2.55
	4.71
	4.11
	17.53
	29.63
	48.05



	7
	50
	180
	30
	0
	2.76
	4.11
	4.46
	18.39
	25.19
	39.06



	8
	60
	110
	20
	0
	1.97
	2.79
	5.24
	12.81
	15.62
	62.79



	9
	60
	110
	40
	0
	2.41
	2.48
	3.40
	7.72
	19.11
	78.48



	10
	60
	250
	20
	0
	4.20
	12.06
	9.00
	25.44
	31.51
	25.59



	11
	60
	250
	40
	0
	4.22
	11.06
	10.54
	32.04
	37.93
	23.18



	SFE+10% ethanol
	60
	250
	40
	10
	9.75
	17.96
	168.81
	37.90
	49.43
	15.25
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Table 7. Optimum estimated values of the Sovová’s model parameters for the S. obliquus SFE.
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	Run
	P (bar)
	T (°C)
	F

(g/min)
	     y   r      (kgsolute/kgsolv)
	     x   0     

(kgsolute/kgsolute-free feed)
	     x   k     

(kgsolute/kgsolute-free feed)
	   Z   q  ˙     102 (s−1)
	   W   q  ˙    104 (s−1)
	AAD *

(%)





	S – 1
	110
	60
	40
	0.0013
	0.025
	0.014
	6.66
	5.08
	3.89



	S – 2
	250
	40
	40
	0.0010
	0.017
	0.010
	2.56
	2.46
	4.71



	S – 3
	250
	60
	20
	0.0021
	0.044
	0.026
	2.56
	0.59
	5.09



	S – 4
	250
	60
	40
	0.0021
	0.044
	0.026
	2.56
	2.60
	3.24







* AAD—absolute average deviation between experimental and predicted points (see Equation (9)).
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Table 8. The experimental parameters for the compared extraction methods of SLE, MAE, SFE, and SFE+10% ethanol.
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	Parameter
	SLE
	MAE
	SFE
	SFE+10%

Ethanol





	Solvent
	aq. Ethanol 90% v/v
	aq. Ethanol 90% v/v
	CO2
	CO2-Ethanol 90/10 w/w



	Solvent-to-biomass ratio (mLsolv/gbiom)
	90
	90
	100
	100



	Stirring (rpm)
	500
	500
	n/a *
	n/a *



	Temperature (°C)
	30
	60
	60
	60



	Pressure (bar)
	1
	1
	250
	250



	Solvent flow rate (g/min)
	n/a *
	n/a *
	40
	40



	Microwave power (Watt)
	n/a *
	300
	n/a *
	n/a *



	Duration (h)
	24
	0.083
	6.67
	6.67







* Not applicable.
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