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			Abstract

			In this study the effectiveness of five protocols for lipids, fatty acids (FA), and carotenoid extraction from the Phaeodactylum tricornutum microalga was assayed. The protocols of Folch, Lee and Stanley, Bligh and Dyer, and Bligh and Dyer + UAE (ultrasound-assisted extraction) showed the higher yields of total lipids determined through gravimetric analysis. Folch, Lee and Stanley protocol was more effective in extracting fucoxanthin in the methanolic phase. It is noteworthy that there was no significant difference in fucoxanthin extraction in chloroform phases among the methods evaluated. On the other hand, the Folch, Lee and Stanley method showed to be more selective for MUFAs recovery from the microalgal biomass. However, following the market demands for efficient extraction of oils rich in omega-3, Bligh and Dyer and Bligh and Dyer + UAE protocols are recommended. The protocol established by Bligh and Dyer + UAE can be recommended as an effective methodology in biomedicinal oil extraction.
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			Abbrevations: MUFAs: Monounsaturated Fatty Acids; PUFAs: Polyunsaturated Fatty Acids; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic Acid; FA: Fatty Acids; UAE: Ultrasound-Assisted Extraction; BD: Bligh and Dyer method; FLS: Folch Lee and Stanley method; SÖ: Selstam and Öquist method

		

		
			Introduction

			Microalgae produce a large amount of bioactive compounds that can be used by society as natural supplements. These bioproducts have been gaining ground in the market due to their broad panel of bioactivities. Marine bioactive compounds in a broad-sense can be polysaccharides, pigments, proteins, vitamins, and lipids with several activities, among them, anti-tumor, antioxidants, antibiotics and photoprotectors [1-3]. These bioproducts have been marketed as encapsulated fatty acids, amino acids, and pigments for human consumption and pharmaceutical and cosmetic industries. Despite the increasing market of microalgae bioproducts, the raw material for the extraction of bioactive molecules of aquatic organisms has in fish stock biomass its main source yet [4].

			Due to sustainability concerns of fish farming systems, microalga cultivation systems are claimed as a viable alternative to obtain oils rich in omega-3 fatty acids (ω-3). Currently the 

slow development at industrial scale of cultivation systems for microalgae has been related to the limited growth of these organisms in open ponds and the high costs of these cultures in photobioreactors [5]. Other problems are associated with the processing of biomass, which, when not improved, has a direct relationship with the yield of this crop. One of the obstacles to the extraction of microalgae’s oil fraction is the nonexistence in the target species of an optimized method to recover that fraction, despite several reports in the literature. Therefore, more studies are necessary to fit a standard method specifically directed to the species of interest in this study (i.e., a tailored protocol), considering their structural differences (i.e., chemical composition of the cell wall) and metabolic differences between microalgal biomasses traditionally used as raw materials [5].

			 Furthermore, the works related to the evaluation of extraction methods are commonly directed to green microalgae and cyanobacteria, as they are species already cultivated for this purpose. Among microalgae of biotechnological interest, Phaeodactylum tricornutum has been extensively exploited for its interesting traits such as:

			a.	to store large amounts of neutral lipids, i.e., about 30% of its dry weight [6], 

			b.	a short cropping cycle [7], 

			c.	to synthesize nutraceutical pigments [8], 

			d.	adaptability, modifying its shape according to the environment conditions [9], 

			e.	not demanding an organic carbon source for growth in culture medium, surpassing the productivity of any agricultural crop [10], and 

			f.	its genome has been sequenced, being a relevant model for metabolic engineering studies involving the biosynthesis and accumulation of molecules of biotechnological importance as fucoxanthin, for instance [11].

			One attractive bioproduct in P. tricornutum is its high added value lipid fraction, due to its content in ω-3 fatty acids, named long chain Polyunsaturated Fatty Acids (PUFAs) such as Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA), [12]. These metabolites play important biochemical roles in the brain and retina, augment the absorption of fat-soluble vitamins, and still exhibit anti-inflammatory action [13-15]. Besides, in the lipid fraction of microalgal biomasses the carotenoid compounds are also highlighted. 

			In this context, the diatom P. tricornutum has fucoxanthin as its major carotenoid and, due to its nonpolar trait, such secondary metabolite is usually found associated to the lipid fraction in that species. This pigment has a potent antioxidant action, preventing diseases associated with the damage effects of free radicals in cells such as cancer [16]. The aforementioned bioproducts, i.e., fatty acids and carotenoids, are already commercially available from the ingestion of the microalgal matrix of species such as Chorella sp. and Spirulina sp., being used in human food. Additionally, they can also be extracted from microalgae to be sold separately, or in formulations containing the microalgal lipid extract, the last one seeking the synergism of its benefits to the human health. Importantly, studies have suggested that a diet rich in fatty acids may increase the absorption of fucoxanthin in human beings, for instance [17]. This occurs because esterified fucoxanthin is probably incorporated into the lipid core and transported to a variety of tissues, facilitating their absorption and enhancing the bioavailability, given its highly apolar nature [18]. This occurs due to a connection to an esterification process of those metabolites in cells of the human and mice intestine, facilitating their absorption and enhancing the bioavailability, given the highly apolar nature described in models [19].

			The choice of the extraction methodology can directly impact the design of microalgae production bioprocesses, with positive repercussions on the possibility of expanding the market of bioproducts containing fatty acids and carotenoids to human food, i.e., nutraceuticals. Based on the above, it is assumed as a working hypothesis that a standardized protocol for the extraction of the oil fraction eventually containing carotenoids of P. tricornutum biomass is relevant to improve the process for the recovery of those high added value metabolites. In this sense, this study aimed to determine and to compare the extraction efficiency of five protocols in recovering the lipid fraction, fatty acids, and carotenoids from P. tricornutum biomass. For that, gravimetric and chromatographic analytical techniques were applied to determine the yields of the extraction protocols and the fatty acids and fucoxanthin profiles in the organosolvent samples thereof.

			Material and Methods

			Culture and biomass preparation

			The marine microalgae Phaeodactylum tricornutum, strain CCAP 1052/A, was cultured in 500 mL Erlenmeyer flasks for 7 days in f/2 culture medium, following the protocol of [20]. Initial concentration of cells per flask was 22k cells/mL/L, receiving 65μmol m-2s-1 of irradiance on average. At the beginning, the culture medium presented pH values ~ 8 and 31% salinity. No relevant changes occurred in these variables over the cultivation period, i.e., seven days. At the end of the experiment (day 7th), the cell cultures were collected, centrifuged (2276g, 9 min) and the supernatant rejected. The collected biomass was desalinated by quickly washing it with 0.5M ammonium formiate solution, following freeze-drying (36 h, 0.001 mbar) and storage at -20 °C until extraction. Further, this biomass served as a pool for lipid extraction of three independent experiments, according to three protocols [21-23]. Hereafter, such protocols will be assigned in the text to the acronyms BD, FLS, and SÖ, respectively. Additionally, the BD protocol was performed three times by adding a pre-treatment of cell disruption with the aid of microwaves and Ultrasound-Assisted Extraction (UAE).

			Extraction of total lipids

			Using the BD method, 100mg of dry microalgal biomass were added of 3mL methanol (MeOH), 3 mL chloroform (CHCl3) and stirred (vortex) for 30s. In the sequence, 1mL CHCl3 1mL MeOH and 2mL water were added, following incubation for 10 min, with eventual shaking (vortex, 30s, every 2 min). Subsequently the extract was filtered. The filter was rinsed with 4 mL CHCl3 to allow a better recovery of the lipid fraction. This process resulted in a three-phase extract of chloroform, methanol and water, roughly at ratio 2: 2: 1.8 (v/v/v). This procedure was repeated three times, two of them by performing a pre-treatment for cell disruption using microwaves (557 W) for 1 min and ultrasound using a so-nicator for 30 minutes (47 160kHz, 60 W, Branson B-2200) before adding solvents.

			In the FLS method, a sample of P. tricornutum biomass (100mg dry weight) was homogenized in CHCl3: MeOH (2:1, v/v) solution, following shaking (vortex) for 1minute. The extract was filtered, and the biomass resuspended with the extract solution above described. Subsequently, a 0.7% aqueous NaCl solution was added, affording a final solvent system of CHCl3: MeOH: water (2: 1: 0.8, v/v/v). As this protocol requires small amounts of biomass and solvent, it was necessary to adapt it in order to be able to collect the extract after filtering. Thus, the extract was withdrawn and a new resuspension with 3 mL CHCl3 was carried out in the vacuum flask in order to recover a larger amount of extract. 

			The method of SÖ was followed keeping in mind the adaptations proposed by [24]. For that, a sample of 100mg microalgal biomass was homogenized with a mixture of CHCl3 and a solution of methanol: aqueous 0.7% NaCl (4: 1, v/v), resulting in extract of chloroform: methanol: water (1: 2: 0.5, v / v / v). The solvent solution was added, resulting in a solution of chloroform: methanol: water (2: 3.6: 0.9, v / v / v) that was centrifuged. Finally, a solution of chloroform: methanol and aqueous solution (0.73% NaCl) was added, resulting a system of chloroform: methanol: water (1:1:0.8, v / v / v).  After the extraction, the CHCl3 phase was concentrated under reduced pressure (rotaevaporator), at 40 °C, until dryness. After this procedure, the flasks were weighed in order to determine the lipid fraction content by gravimetry.

			Fatty acid analysis

			For the analysis of fatty acids, the lipids were extracted and quantified following the methods specified above. After measuring the lipid fraction of samples by gravimetry, an aliquot (0.3g) was collected and the fatty acid methyl esters were obtained according to O’Fallon, [25]. Methyl esters were injected (1.0 µL) into a gas-liquid chromatograph (Agilent 7890B series GC system) equipped with an automatic injector (240 °C), a fused silica RTx 2330 column (90% biscyanopropyl/10% cyanopropylphenyl polysiloxane - 105 m x 0.25 mm internal diameter x 0.20 μm) at 120 ºC, and a FID detector (300 °C). For the chromatography of the methyl derivatives of fatty acids, the column was initially thermostitized at 120 °C, increasing to 186°C at a rate of 3 °C/min following injection and held for 5 min; then ramped at 3 °C/min to a final temperature of 231°C. Helium as carrier gas was used at 2.5 ml/min flow rate and samples were injected in a 1: 40 split ratio. The composition of fatty acids was determined by comparing the retention times of the peaks with those of the respective fatty acid standard (C23: 0 - Sigma Aldrich, MO USA) and normalization area, being expressed as percentage for quantitation purpose.

			Fucoxanthin analysis

			High-performance liquid chromatography (HPLC) was used for fucoxanthin quantification in both the methanolic fraction and chloroformic one (lipid phase) of the P. tricornutum extract. The later fraction was previously dried in a speed-vac apparatus and resuspended in MeOH. An aliquot of each sample (10 μL, n = 3) was injected into a liquid chromatograph (Shimadzu LC-10 A), equipped with a C18 reverse phase column (Vydac 218TP54, 250 mm x 4.6 mm, ∅ 5 μm, 30 °C), protected by a C18 reverse-phase guard column (Vydac 218GK54, ∅ 5 μm), and a UV-vis detector (450 nm). Elution was performed with MeOH/ CH3CN (90: 10, v/v) at a flow rate of 1 ml min-1. Fucoxanthin identification was performed using its retention time and co-chromatography of analytical standard (Sigma-Aldrich, St. Louis, MO, EUA). Metabolite quantification was based on a standard curve of fucoxanthin (1 - 25 µg ml-1; y= 0.0513x; r2 = 0.999). Readings were taken in triplicate and results were expressed in mg/g.

			Statistical analyzes

			Data were collected, summarized, and submitted to the analysis of variance ANOVA, followed by the post hoc Tukey test, when appropriate. The results were considered significant at p <0.05. Statistical analyzes were conducted using scripts written in R language (v. 3.1).

			Results and Discussion

			[image: ]

			The total lipid content of Phaeodactylum tricornutum extracts is shown in Figure 1. The most effective protocols for the extraction of total lipids were BDyer and FLS. The lipid yield increased when ultrasound was added to the process, though the results did not differ statistically. The phenomenon of cell disruption is observed with the aid of ultrasound and occurs through cavitation bubbles formed into the organosolvent extraction solution [26]. In liquids exposed to sonication at high intensities, the sound waves that propagate into the liquid media result in alternating high- and low-pressure cycles. During the low pressure cycle, high-intensity ultrasonic waves create small vacuum bubbles or voids in the liquid. When the bubbles attain a volume at which they can no longer absorb energy, they collapse violently during a high-pressure cycle giving rise to the cavitation phenomenon [27]. In our study, the protocol associating ultrasound with chemical extraction (i.e., UAE) increased the yield and reproducibility of the method since a considerably lower standard deviation value has been found. 

			The FLS’s protocol when performed as originally described presented the lowest yield of extraction, affording only 18% of lipids on average of the dry biomass. The work of [28], that also investigated the yield of lipidic extraction in Chlorella vulgaris microalga found similar values to the ones presented here. Chlorella vulgaris presented yields around 40% and 15% in Bligh and Dyer method and Folch, Lee and Stanley, respectively, as in this study. However, the low yield of Folch, Lee and Stanley method could be related to the fact of being the only method that uses the recovered mixture for washing the paper filter in the protocol’s second step. In order to reduce the steps and increase the recovery content, the Folch protocol has been adapted. For this, the recovery step of the extract in the filtration was performed with additional 3 mL of chloroform. With this protocol adaptation the lipid content was increased from 18% to 41%. In the other methods the paper filter is washed with pure solvent, what reduces the number of filtration steps. This additional stage of recovery and washing influenced extractions in small quantities considering the volatility of the solvents used. When the protocol was adapted with the addition of 3 mL chloroform for washing the paper filter, the yield increased, resembling Bligh and Dyer extraction. This difference in yield may imply that when using a small amount of solvents, it is necessary to add a washing step of the filtration system with pure solvents. The FLS protocol presented the lowest yield of extraction, affording only 26% lipids on average from the P. tricornutum dry biomass. Araújo and collaborators (2013) found a recovery of the Chlorella vulgaris’ lipidic fraction close (i.e., 15%) to the one herein described by using the FLS protocol (data not shown). 

			On the other hand, those authors achieved a lipid yield around 40% using the BD method as in this study. The lower yield of FLS protocol could be related to the fact of being the only method that uses the recovered mixture to wash the filter in the second step. On the other hand, this additional stage of recovery and washing might eventually influence negatively the extrations of small quantities of target compound(s) due to the volatility of the solvents used. As above described in our study, the FLS’s protocol was adapted with the addition of 3 mL chloroform for washing the paper filter, allowing to improve the recovery of metabolites and resembling the performance of the BD extraction method. This differences in the yield values observed may imply that when using a small amount of solvents, it is necessary to add a washing step of the filtration system with pure solvents to improve the recovering of the analyte of interest.

			The yield extraction was lower with the SÖ protocol that afforded about 26% lipids from dry algal biomass, representing a reduction of almost 20% in relation to the highest yield method, i.e., FLS. [24] also adopted the SÖ protocol with modifications to extract lipids from four cultured microalga species (Scenedesmus dimorphus, Chlorella protothecoides, Selenastrum minutum and a polyculture) obtaining the highest income from the later one. This demonstrates the influence of cell genotype on the yield of the lipid fraction recovered according to the microalga species. P. tricornutum’ s fatty acids profiles determined by gas chromatography showed to be in accordance to previous reports [29]. Table 1 shows the composition of fatty acids in the lipidic fractions recovered from the microalga samples according to the extraction protocols investigated. Nine saturated and fourteen unsaturated fatty acids were identified in the P. tricornutum’s metabolic profile, Interestingly, the fatty acid profiles detected seem to be protocol-dependent, since a more complete profile was got by recovering the lipidic fraction through the BD method. 

			The palmitoleic acid (C16:2n4), an omega-7 monounsaturated fatty acid, was the main compound detected in the lipidic fractions studied, varying from 29% to 35% depending on the extraction protocol adopted. Interestingly, palmitoleic acid and a minor compound also detected in the P. tricornutum’s lipidome, i.e. the hexadecatrienoic acid (C16:3n4 - HTA) were reported as antibacterial against Staphylococcus aureus, with IC50 of 10-20 μM and 20-40 μM, respectively [30]. The sum of these two FAs in Phaeodactylum tricornutum may represent at least 30% of the lipidic fration in this study. Since palmitoleic acid is active against S. aureus in micromolar concentrations [30], one could speculated that such high content of antibacterial fatty acids might confer a potential value of that microalga extract in the biotechnology market. Finally, following the extraction protocols investigated in this study, no meaningful differences were detected among BD, FLS, and SÖ methods regarding the recovery of palmitoleic acid (i.e., ~ 35%) from the microalgal biomass. However, the BD protocols when performed assisted with physical methods (ultrasound and microwave exposure) showed significantly lower yields (Table 1).

			Table 1: Fatty acid composition in the lipid fraction recovered from Phaeodactylum tricornutum, according to the five extraction protocols studied.  Values (%) are presented as mean of two readings of pooled sample of three independent extraction by gas chromatography analysis. Different letters indicate significant differences among protocols (One way ANOVA, followed by the post hoc Newman Keuls test, P <0.05).

			
				
					
					
					
					
					
					
				
				
					
							
							Fatty acids

						
							
							Bligh and Dyer

						
							
							Bligh and Dyer + M

						
							
							Bligh and Dyer + UAE

						
							
							Selstam and Öquist

						
							
							Folch, Lee and Stanley

						
					

					
							
							C8: 0

						
							
							1.21 ± 0.001a

						
							
							ND

						
							
							0.46 ±0.004

						
							
							ND

						
							
							ND

						
					

					
							
							C10: 0

						
							
							0.92 ± 0.032a

						
							
							ND

						
							
							ND

						
							
							ND

						
							
							ND

						
					

					
							
							C12: 0

						
							
							0.71 ± 0.022a

						
							
							0.66 ± 0.019a

						
							
							0.82 ± 0.048a

						
							
							0.25 ± 0.256a

						
							
							0.48 ± 0.016a

						
					

					
							
							C13: 0

						
							
							0.52 ± 0.046a

						
							
							0.46 ± 0.001a

						
							
							0.57 ± 0.028a

						
							
							ND

						
							
							ND

						
					

					
							
							C14: 0

						
							
							7.15 ± 0.011b

						
							
							7.10 ± 0.132b

						
							
							7.52 ± 0.036ab

						
							
							7.28 ± 0.040b

						
							
							7.84 ± 0.111a

						
					

					
							
							C16: 0

						
							
							20.48 ±0.159b

						
							
							20.84 ± 0.213b

						
							
							19.27 ± 0.096c

						
							
							21.91 ± 0.164a

						
							
							21.09 ± 0.053ab

						
					

					
							
							C 16: 2n4

						
							
							35.38 ± 0.277a

						
							
							33.07 ± 0.058b

						
							
							29.64 ± 0.322c

						
							
							35.28 ± 0.038a

						
							
							35.63 ± 0.050a

						
					

					
							
							C16: 3n4

						
							
							0.47 ± 0.010a

						
							
							0.47 ± 0.020a

						
							
							0.51 ± 0.014a

						
							
							0.48 ± 0.015a

						
							
							0.49 ± 0.003a

						
					

					
							
							C17: 0

						
							
							0.22 ± 0.228a

						
							
							0.44 ± 0.005a

						
							
							0.57 ± 0.001a

						
							
							0.43 ± 0.001a

						
							
							0.46 ± 0.007a

						
					

					
							
							C17: 1n7

						
							
							0.92 ± 0.001b

						
							
							0.95 ± 0.003b

						
							
							1.10 ± 0.028a

						
							
							0.95 ± 0.002b

						
							
							0.95 ± 0.007b

						
					

					
							
							C18: 0

						
							
							1.15 ± 0.0001c

						
							
							1.46 ± 0.004a

						
							
							1.52 ±0.010a

						
							
							1.22 ± 0.013b

						
							
							1.10 ± 0.018c

						
					

					
							
							C18: 1n9t

						
							
							2.61 ± 0.057c

						
							
							2.85 ± 0.012b

						
							
							3.33 ± 0.017a

						
							
							2.78 ± 0.008bc

						
							
							2.79 ± 0.029bc

						
					

					
							
							C18: 1n9

						
							
							5.69 ± 0.007c

						
							
							5.83 ± 0.005b

						
							
							5.88 ± 0.031ab

						
							
							5.81 ± 0.024b

						
							
							5.95 ± 0.019a

						
					

					
							
							C 18: 1n7

						
							
							1.61 ± 0.001d

						
							
							1.73 ± 0.002c

						
							
							2.22 ±0.013a

						
							
							1.71 ± 0.023cd

						
							
							1.85 ± 0.034b

						
					

					
							
							C18: 2n6

						
							
							1.08 ± 0.001b

						
							
							1.18 ± 0.004b

						
							
							1.56 ± 0.008a

						
							
							1.15 ± 0.053b

						
							
							1.08 ± 0.017b

						
					

					
							
							C18: 3n6

						
							
							0.51 ± 0.018a

						
							
							0.51 ± 0.00a

						
							
							0.51 ± 0.015a

						
							
							0.50 ± 0.003a

						
							
							0.53 ± 0.002a

						
					

					
							
							C18: 4n3

						
							
							0.83 ± 0.009a

						
							
							0.78 ± 0.005a

						
							
							0.73 ± 0.009a

						
							
							0.78 ± 0.0003a

						
							
							0.84 ± 0.009a

						
					

					
							
							C20: 3n3

						
							
							0.29 ± 0.293a

						
							
							0.79 ± 0.008a

						
							
							0.48 ± 0.480a

						
							
							0.68 ± 0.015a

						
							
							0.75 ± 0.006a

						
					

					
							
							C20:4n3

						
							
							0.35 ± 0.002a

						
							
							0.38 ± 0.011a

						
							
							0.20 ± 0.201a

						
							
							0.39 ± 0.003a

						
							
							0.20 ± 0.203a

						
					

					
							
							C20:5n3

						
							
							14.30 ± 0.037c

						
							
							15.80 ± 0.369b

						
							
							17.41 ± 0.128a

						
							
							14.76 ± 0.058c

						
							
							14.78 ± 0.048bc

						
					

					
							
							C24:1n9

						
							
							0.44 ± 0.038ab

						
							
							0.46 ± 0.00ab

						
							
							0.56 ± 0.035a

						
							
							0.20 ± 0.201ab

						
							
							ND

						
					

					
							
							C24:0

						
							
							0.72 ± 0.007d

						
							
							1.04 ± 0.002c

						
							
							1.38 ± 0.025a

						
							
							1.20 ± 0.008b

						
							
							0.98 ± 0.017c

						
					

					
							
							C22:6n3

						
							
							0.79 ± 0.024b

						
							
							0.83 ± 0.010ab

						
							
							0.91 ± 0.003a

						
							
							0.80 ± 0.020b

						
							
							0.83 ± 0.019b
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							33.36

						
							
							32.03

						
							
							32.15

						
							
							32.32

						
							
							31.99
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							18.66

						
							
							20.79

						
							
							22.34

						
							
							19.59

						
							
							19.53
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							0.51

						
							
							0.49

						
							
							0.49

						
							
							0.49

						
							
							0.48

						
					

				
			

			ND= not detected; SFA= saturated fatty acids; PUFA= polyunsaturated fatty acids; UFA= unsaturated fatty acids; M= microwave; UAE= Ultrasound-Assisted Extraction

			Significant amounts of palmitic (C16:0, > 19%) and eicosapentaenoic (C20: 5n3, >  14%) acids were also found in the P. tricornutum profile, with minor amounts of other saturated and unsaturated fatty acids. Palmitic acid is one of the most common saturated fatty acids found in animals, plants, and microorganisms, being the first fatty acid produced in the biosynthesis pathway of those primary metabolites and the precursor of longer fatty acids [31]. Consequently, it commonly appears as one of the major fatty acids in various organisms. The third most abundant fatty acid detected in microalgal samples was eicosapentaenoic acid (C20:5n3-EPA) with concentrations varying from 14% to 17% according to the extraction method (Table 1). The EPA extraction was positively influenced by the physically and chemically assisted extraction processes. Thus, samples exposure to UAE prior to the chemical extraction allowed to increase the yield of fatty acids recovery from 14% to 17%. For instance, the UAE-assisted extraction of ω-3 DHA (C22:6n3) enabled the BD protocol yield to an increase from 0.79% (non-assisted) to 0.91%. [32] also observed increases of yield total lipids by gravimetry when using UAE-assisted extraction methods in studies with Nannochloropsis sp. extraction protocols. The data (Figure 1) infers that even when using a small amount of biomass and solvents, it seems advantageous to use a physical method to increase yield extraction. The lipid extraction efficiency is augmented when cell membranes are lysed by the microwave or ultrasound exposure, facilitating the permeation of solvent and improving the recovery of the target analyte(s).

			 The extraction methods herein investigated demonstrated selectivity regarding the recovery of MUFAs and PUFAs (Table 2) from the microalgal biomass, while no significant differences were noted in the yield of saturated FA recovered. Methods that did not adopted physical treatment of the samples, i.e., microwave and ultrasound bath previously to the chemical extraction afforded higher yield of MUFAs, 47.18%. Contrarily, the assisted methods using UAE and microwave and have lower yields, 44.93% for MUFA, respectively. In respect to the PUFA extraction, the addition of physical methods increased up to 4% the yield of the chemical extraction protocols. These results may infer that MUFAs are more sensitive than PUFA to the use of a physical method such as microwave and UAE, previously to the chemical extraction. The proportion of SFAs and PUFAs was around 0.48 to 0.51, depending on the extraction protocol adopted. The recommended ratio of PUFAs to SFAs for feed should be above 0.4 [33]. 

			Table 2: Selectivity of extraction of saturated and unsaturated fatty acids from Phaeodactylum tricornutum biomass, according to the analytical protocols investigated. Values (%) are represented as mean of two readings of pooled samples of three independent extractions, as measured by gas chromatography analysis.	

			
				
					
					
					
					
					
					
				
				
					
							
							
							Bligh and Dyer

						
							
							Bligh and Dyer + m

						
							
							Bligh and Dyer + UAE

						
							
							Selstam and Ochist

						
							
							Folch, Lee and Stanley

						
					

					
							
							ΣSFA

						
							
							33.13

						
							
							32.03

						
							
							32.15

						
							
							32.32

						
							
							31.99

						
					

					
							
							ΣMUFA

						
							
							46.69

						
							
							44.93

						
							
							42.76

						
							
							46.75

						
							
							47.18

						
					

					
							
							ΣMUFA+PUFA

						
							
							65.35

						
							
							65.72

						
							
							65.09

						
							
							66.34

						
							
							66.71

						
					

					
							
							ΣPUFAt

						
							
							18.66

						
							
							20.79

						
							
							22.34

						
							
							19.59

						
							
							19.53

						
					

					
							
							ΣPUFA-ω3

						
							
							17.06

						
							
							19.09

						
							
							20.26

						
							
							17.93

						
							
							17.91

						
					

					
							
							ΣPUFA-ω6

						
							
							1.6

						
							
							1.7

						
							
							2.08

						
							
							1.66

						
							
							1.62

						
					

					
							
							ΣPUFA-ω7

						
							
							37.93

						
							
							35.77

						
							
							32.97

						
							
							37.95

						
							
							38.44

						
					

					
							
							ΣPUFA-ω9

						
							
							8.76

						
							
							9.16

						
							
							9.79

						
							
							8.8

						
							
							8.74

						
					

					
							
							saturated/unsaturated

						
							
							0.51

						
							
							0.49

						
							
							0.49

						
							
							0.49

						
							
							0.48

						
					

					
							
							ω6/ω3

						
							
							0.09

						
							
							0.09

						
							
							0.1

						
							
							0.09

						
							
							0.09

						
					

				
			

			In a second approach, and taking into account the extraction protocols that resulted in higher efficiency of recovery of P. tricornutum’ s lipid fraction (i.e., FLS, BD, and BD + UAE), samples were analyzed regarding their fucoxanthin contents both in CHCl3 (lipid phase) and MeOH (non-lipid phase) extracts (Figure 2). As expected, due to the hydrophobic nature of this oxycarotenoid, the CHCl3 phase shown to be quite richer in fucoxanthin (0.6-1.4 mg g-1 +/- i.e., 0.003, dry mass) than the MeOH one, where negligible amounts were found (~0.10 mg g-1). For the CHCl3 phase, the extraction of fucoxanthin did not differ (p< 0.05) among the FLS and BD methods, recovering on average 1.22 mg g-1 of that pigment. However, in the methanol phase, the extraction of fucoxanthin was superior only in the Folch, Lee and Stanley method extracting 0.08 mg. g-1 fucoxanthin.

			[image: ]

			Conclusion

			When choosing a method for oil and fucoxanthin extraction from Phaeodactylum tricornutum some protocols are available, eventually with distinct yield performances. The Folch, Lee and Stanley, Bligh and Dyer, and Bligh and Dyer + UAE methods afforded superior lipid recovery yields by gravimetric analysis. Importantly, the Folch, Lee and Stanley method showed to be more selective for MUFAs extraction. On the other hand, the Bligh and Dyer-based protocols are recommended due to their greater selectivity for PUFAs, increasing the nutraceutical value of extracts. Thus, the later protocols seem to be more suitable as effective methodologies for oil extraction, with potential application in food industry, for instance. In respect to the recovery of carotenoids from the microalgal biomass, it is noteworthy that similar results were detected in the relative extraction yield (%) of fucoxanthin in the chloroform phase among the methods studied, the same not being true regarding the extraction performance based on algal biomass (mg.g-1), where the Bligh and Dyer + UAE showed the lowest values. Finally, the microalga P. tricornutum is a rich source of nutraceutical substances as seen in the course of this work. It has been claimed that a diet based on fatty acids such as EPA and xanthophylls like fucoxanthin can help preventing various chronic diseases that affect millions of people worldwide. This work provides relevant information on the most efficient protocols for the extraction of that bioactive pigment.
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Figure 1: Total lipids content of Phaeodactylum tricornutum biomass, according to the four extraction protocols investigated. Gravimetric
yields values (as mg lipids/100mg algal biomass — left ordinate and percentage of dry algal biomass — right ordinate) of total lipids extracted
are represented as mean + standard error. Distinct letters indicate significant differences among protocols (One-way ANOVA, post hoc
Tukey test, p<0.05). UAE= Ultrasound-Assisted Extraction
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Figure 2: Fucoxanthin contents (mg/g and percentage of dry algal biomass) in the chloroformic and methanolic phases recovered from
Phaeodactylum tricornutum biomass samples, according to the three extraction protocols studied. Values are represented as means of
three independent (n=3) extractions as determined by liquid chromatography analysis (HPLC)






OEBPS/image/AIBM.png
Advances in

Biotechnology & Microbiology

ISSN 2474-7637





OEBPS/toc.xhtml

		
			
						
					CoverImage
				


						
					AIBM.MS.ID.555886
				


			


		
	

OEBPS/image/115180.png





OEBPS/image/115169.png





