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Abstract:



Microalgae are a valuable source of lipid feedstocks for biodiesel and valuable omega-3 fatty acids. Nannochloropsis gaditana has emerged as a promising producer of eicosapentaenoic acid (EPA) due to its fast growth rate and high EPA content. In the present study, the fatty acid profile of Nannochloropsis gaditana was found to be naturally high in EPA and devoid of docosahexaenoic acid (DHA), thereby providing an opportunity to maximize the efficacy of EPA production. Using an optimized one-step in situ transesterification method (methanol:biomass = 90 mL/g; HCl 5% by vol.; 70 °C; 1.5 h), the maximum fatty acid methyl ester (FAME) yield of Nannochloropsis gaditana cultivated under rich condition was quantified as 10.04% ± 0.08% by weight with EPA-yields as high as 4.02% ± 0.17% based on dry biomass. The total FAME and EPA yields were 1.58- and 1.23-fold higher separately than that obtained using conventional two-step method (solvent system: methanol and chloroform). This one-step in situ method provides a fast and simple method to measure fatty acid methyl ester (FAME) yields and could serve as a promising method to generate eicosapentaenoic acid methyl ester from microalgae.
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1. Introduction


Microalgae represent a promising feedstock for biofuel and nutritional lipid production. Compared to land plants, algae can exhibit high biomass productivities and do not require high quality agricultural condition to grow, and thus do not directly compete with food crops for arable land [1]. In addition, these unicellular organisms can be harvested nearly year-round. Many species are even capable of robust growth in wastewater, thereby reducing freshwater usage [2]. In addition to fuels production, microalgae have historically been used to produce long-chain polyunsaturated fatty acids (PUFAs) [3]. In particular, PUFAs produced by microalgae have demonstrated their potential in the prevention and treatment of several diseases [4,5]. Eicosapentaenoic acid (EPA) and docosahexenoic acid (DHA) are two omega-3 PUFAs that have been shown to provide numerous cardiovascular benefits [5], making them popular health food ingredients. EPA must be obtained from external food sources such as fish, since it is poorly synthesized in the human body [6]. In addition to fish, EPA and DHA are also commercially available from microalgal sources [7]. Based on this success, efforts have been undertaken to evaluate alternative algal platforms as commercially feasible feedstocks for EPA and DHA at large scales. The estimated production cost for EPA and DHA supplements is approximately 39.1 USD/kg dry weight, when microalgae are phototrophically cultivated in flat panel reactors with high irradiance [8]. It potentially could be reduced to 11.9 USD/kg with advances in biological productivity and improvements in the engineering parameters [8].



Among the candidate microalgal organisms for omega-3 production, the Nannochloropsis genus has emerged as a promising source of EPA [3,9]. A number of factors affecting the biomass productivity and EPA content of Nannochloropsis spp. have been reported. Application of environmental stressors to trigger high biomass accumulation and impact lipid productivity have been successfully applied by using various nitrogen sources [10], controlling the concentration of nitrogen [11], manipulating the N:P supply ratio [12], and altering salinity, pH [13], and light intensity [14]. Furthermore, genetic tools and genomic information for a number of Nannochloropsis strains are currently under development [15].



The conventional two-step approach to algal fatty acid quantification suffers from compounding inefficiencies [16] and extraction yields that are highly dependent on the polarity of the solvents. A recent report demonstrated when polar solvent (chloroform/methanol (2:1), ethanol and acetone) was used for extraction, the lipid yield was much higher than by non-polar solvent (hexane) [17]. As a result, researchers have worked toward developing a one-step in situ transesterification method especially for algal biomass. In situ transesterification means the direct conversion of the lipids in algal biomass into fatty acid methyl esters using either acid or base catalysts, or other catalysts without lipid extraction procedure [18]. In addition, in situ methods provide more reliable and accurate data than gravimetric methods, in which the weight often includes non-saponifiable lipids and overestimates the extracts [19,20]. Related studies on biodiesel production from dried or wet microalgal biomass using in situ transesterification have been summarized by Chen et al. [21]. Unfortunately, much less attention has been paid to providing a simple, reliable, and rapid method to quantify the yield of omega-3 fatty acids from Nannochloropsis gaditana and other microalgae.



Therefore, in the present study, a novel one-step in situ transesterification procedure to quantify EPA and other fatty acids was examined in Nannochloropsis gaditana. Reaction parameters including methanol amount, concentration of acid catalyst, reaction time, and temperature were optimized in batch reaction mode. This optimized in situ method could serve as a promising method to generate eicosapentaenoic acid methyl ester. Furthermore, the EPA and fatty acid methyl ester (FAME) yields of the in situ procedure and the two-step method were compared.




2. Materials and Methods


2.1. Reagents


Nannochloropsis strain number Chl-2 was purchased from IOCAS (Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China) and identified as N. gaditana by the colony PCR and phylogenetic analysis methods of Rosenberg et al. [22]. Analytical grade organic solvents including chloroform, methanol, petroleum ether, ethyl ether, and hydrochloric acid were purchased from Sunshine Inc., Nanjing, China. Methyl palmitoleate (16:1, ≥99% purity) and methyl heptadecanoate (17:0, ≥99% purity) were purchased from Sigma Aldrich, Shanghai, China. Methyl palmitate (16:0) and methyl all-cis-5, 8,11,14,17-eicosapentaenoate (20:5) were purchased from Fluka, Shanghai, China.




2.2. Cultivation Conditions


Nannochloropsis gaditana was cultured in BG-11 medium containing the following components: 1.5 g·L−1 NaNO3, 40 mg·L−1 KH2PO4·3H2O, 75 mg·L−1 MgSO4·7H2O, 36 mg·L−1 CaCl2·2H2O, 6.0 mg·L−1 citric acid, 6.0 mg·L−1 ferric ammonium citrate, 1.0 mg·L−1 EDTA, 20 mg·L−1 Na2CO3, and 1.0 mL·L−1 A5+ Co* solution. The A5+ Co* solution contained 2.86 g·L−1 H3BO3, 1.81 g·L−1 MnCl2·H2O, 222 mg·L−1 ZnSO4·7H2O, 79 mg·L−1 CuSO4·5H2O, 390 mg·L−1 Na2MoO4·2H2O, and 49 mg·L−1 Co(NO3)2·6H2O [23]. Small-scale growth experiments were carried out in 1-L batch cultures to obtain growth curve data. When cultures ultimately entered stationary phase, cultures were diluted 50% using fresh medium to obtain a semi-continuous cultivation period of seven days. Other culture conditions included white fluorescent illumination at 50 µE·m−2·s−1 with 12/12 h light/dark photoperiod, at 25 °C throughout the experiment.




2.3. One-Step In Situ Transesterification


Microalgal biomass was harvested by centrifugation at stationary phase and immediately lyophilized for 24 h at −40 °C under vacuum. The one-step in situ transesterification reaction was carried out in a glass reactor with stirring in the presence of 500 µg methyl heptadecanoate (17:0) as an internal standard. A prescribed amount of biomass, methanol and HCl was placed in the reactor and was heated to the preset temperature. After the reaction, the resulting FAME fraction was extracted by hexane and quantified by gas chromatography (GC) after neutralization. The procedure was duplicated under different reaction conditions with Methanol/biomass (mL/g) from 30 to 120; HCl/MeOH from 2.5 to 11; reaction temperature from 60 to 90 °C; and reaction time from 0.5–2.5 h. The procedure adopted here has been previously described in literature [19].




2.4. Quantitative Analysis


The FAME yields were analyzed by GC (Agilent 6890N, Aligent, Beijing, China) with flame ionization detection equipped with a capillary column (Agilent HP-5, 30 m × 0.25 mm ID, film thickness 0.25 μm, Aligent, Beijing, China). The injector and detector temperature of GC was set at 250 °C. The temperature program was started at 80 °C and then increased to 175 °C at a rate of 20 °C·min−1, plateauing for 1 min. The rate was decreased to 4 °C·min−1 from 175 to 235 °C and kept constant remained for 9 min. Helium was used as the constant carrier gas. Qualitative analysis of the major FAME (methyl palmitoleate (16:1), methyl palmitate (16:0), methyl all-cis-5,8,11,14,17-eicosapentaenoate (20:5) was based on individual FAME peaks and quantitative study of the major FAME was using a five-point calibration curve (0.5–2.5 mg·mL−1) obtained by a series of FAME standards with methyl heptadecanoate (17:0) as internal standard.




2.5. Two-Step Method for Lipid Extraction and Transesterification


For lipid extraction using a modified Bligh and Dyer method [24], 100 mg of the lyophilized biomass was blended with 3.75 mL solvent mixture (chloroform:methanol:distilled water = 1:2:0.75, v/v/v) in a flask. The mixture was homogenized with a magnetic stirrer at 300 rpm for 1 h. Then 1 mL chloroform and 0.5 mL of distilled water were added into the mixed solvent to form two layers. After 10 min centrifugation at 1500× g, the upper layer containing the mixture of methanol and distilled water was gently removed by a Pasteur pipette. The lower layer containing chloroform was collected and then filtered with a fiber filter of 0.45 µm. The sediment was re-extracted as the former steps and the residue was light colored. After evaporating the filtered solvent by a rota-evaporator, the lipids were obtained gravimetrically. Similar lipid extraction was performed using petroleum ether and ethyl ether in which 100 mg of the lyophilized biomass was blended with 6 mL solvent mixture (petroleum ether: ethyl ether = 2:1, v/v) in a 25 mL flask. Extraction was performed at 40 °C for 4 h with a condensing device. After filtering and evaporation, the lipids were obtained gravimetrically. In both cases, transesterification of the weighed lipids were accomplished with 9 mL MeOH with HCl 5% by vol., at 70 °C for 1.5 h with 1500 µg methyl heptadecanoate as the internal standard. The process was in duplicated.





3. Results


3.1. Analysis of FAME Profiles and Contents


The FAME profiles and contents of the in situ procedure were analyzed by GC and the reaction conditions of the in situ method were: methanol:biomass = 90 mL/g, HCl 5% by vol., 70 °C, 1.5 h. As shown in Table 1, the relative FAME profiles of Nannochloropsis gaditana resolved by GC consist of methyl myristate (14:0), methyl palmitoleate (16:1), methyl palmitate (16:0), methyl cis-9-octadecenoate (18:1), methyl cis,cis-9,12-octadecadienoate (18:2), and methyl all-cis-5,8,11,14,17-eicosapentaenoate (20:5). Other peaks were observed but not resolved and may include alkanes and alkyl diols according to mass spectra. Fatty alcohols and alkyl diols are known in Nannochloropsis oculata from other reports as well [25].



Table 1. Composition of fatty acid methyl ester (FAME) produced from Nannochloropsis gaditana using the HCl-catalyzed in situ procedure. The reaction conditions of the in situ method were: methanol:biomass = 90 mL/g, HCl 5% by vol., 70 °C, 1.5 h. Each value % (of the total peak area) is the average of two independent experiments with duplicates.







	
Type of FAME

	
Amount (Peak Area %)






	
14:0

	
3.11 ± 0.06




	
16:1

	
18.34 ± 0.17




	
16:0

	
26.60 ± 0.20




	
18:0

	
6.78 ± 0.04




	
18:1 & 18:2

	
8.95 ± 0.04




	
20:5

	
34.46 ± 0.43




	
Others

	
1.75 ± 0.03










Nannochloropsis gaditana contained as much as 34.46% of its total fatty acids as EPA, which represented the most abundant FAME measured by in situ transesterfication. Other FAME components in large amounts include methyl palmitate (16:0, 26.60%) and methyl palmitoleate (16:1, 18.34%). Other FAME was detected in small quantity. The fatty acid profile of Nannochloropsis gaditana was observed to be naturally high in EPA and devoid of DHA, thereby providing an opportunity to maximize the efficacy of EPA quantification with this method.




3.2. Optimization of In Situ Transesterification Reaction


3.2.1. Effect of Methanol-to-Biomass Ratio on Reaction Efficiency


In order to optimize the in situ transesterification reaction, ratios of methanol-to-biomass between 30–120 mL·g−1 were evaluated. The effect of methanol-to-biomass ratio on reaction efficiency is shown in Figure 1. Ratios lower than 30 mL·g−1 were not examined due to biomass wetting limitations. At a low methanol-to-biomass ratio of 30 mL·g−1, the major FAMEs only accounted for 7.41% ± 0.08% of the total biomass. For complete conversion of lipid into FAME, excess methanol was needed since transesterification is a reversible reaction. Therefore, excess methanol contributes to the reaction favoring the formation of glycerol and FAME while reaching equilibrium within a reasonable time. Additionally, the high viscosity of microalgal lipids has a detrimental effect on the interaction of lipids and methanol. The slow contact of lipid and methanol resulted in inefficient mass transfer along with unfavorable FAME conversions. As the methanol-to-biomass ratio increased to 90 mL·g−1, higher total FAME yields were attained (10.04% ± 0.14%) and the EPA yield reached its highest level (4.02% ± 0.17% of total biomass). When the methanol-to-biomass ratio was increased to 120 mL·g−1, FAME yield decreased to roughly 9.27% ± 0.02%, which suggests that some protein and carbohydrate components of the biomass may have been co-extracted in the excess methanol [26]. In addition, the free fatty acid (FFA) and triacylglycerol (TAG) in microalgae can both be converted to FAME and less methanol is required for FFA dissolution and conversion than TAG. Thus, 90 mL·g−1 was found to be the optimal methanol-to-biomass ratio and was employed for the following experiments.


Figure 1. Effect of the ratio between methanol and biomass on the fatty acid methyl ester (FAME) yield. Reaction conditions: HCl/Methanol (5%, v/v), reaction temperature: 70 °C, reaction time: 1.5 h.
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3.2.2. Effect of Acid Concentration on Reaction Efficiency


Acid catalysts are widely used for transesterification due to their ability to catalyze all free or linked fatty acids. Base catalysts have prominent advantages compared to acid catalysts, the reaction time is shorter and the requirement for the equipment for the reaction is not as high as that of acid catalysts in case of corrosion. However, base catalysis has high selectivity based on the type of lipids. Base catalysis methods showed lower FAME yield compared to the yield obtained by acid catalysis [19]. The base catalysts may not be able to penetrate through the thick algal cell wall and the existing free fatty acid may be subjected to saponification in base catalyzed transesterification. Therefore, acid catalysis was chosen in our study and the effect of acid concentration on the in situ transesterification is shown in Figure 2. As the concentration of acid catalyst increased, the FAME content was also enhanced. When the acid concentration was 2.5%, FAME yield was extremely low at 8.01% ± 0.05%. As the acid concentration increased to 5%, the FAME yield increased to 10.04% ± 0.08%. However, upon further increase of the acid concentration from 5% to 11%, no obvious improvement in the FAME yield was observed. Considering the cost and the corrosive characteristic of acid to the equipment, a catalyst concentration of 5% was chosen as the optimum value.


Figure 2. Effect of acid concentration on the FAME yield. Reaction conditions: methanol-to-biomass ratio: 90 mL·g−1, reaction temperature: 70 °C, reaction time: 1.5 h.
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3.2.3. Effect of Reaction Time on Reaction Efficiency


The FAME yields achieved by adopting different reaction times are shown in Figure 3. The FAME yield was 6.53% ± 0.05% at 0.5 h, and the conversion increased substantially to 10.04% ± 0.08% at 1.5 h. Further prolonged reaction time from 1.5 to 2.5 h did not increase the FAME yield. The reaction progressed forward due to the large amount of lipids and methanol and small amount of triglyceride and FAME initially. FAME content did not increase with longer reaction times since the reaction had reached equilibrium. Thus the equilibrium conversion of lipids to FAME could be completed after 1.5 h and this was chosen as the optimal reaction time.


Figure 3. Effect of reaction time on the FAME yield. Reaction conditions: methanol-to-biomass ratio: 90 mL·g−1, HCl/Methanol (5%, v/v), reaction temperature: 70 °C.
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3.2.4. Effect of Reaction Temperature on Reaction Efficiency


The reaction temperature exhibited notable effects on the efficiency of transesterification. FAME yields under 60, 70, 80, and 90 °C are summarized in Figure 4. Temperatures higher than 90 °C were not studied because these higher temperatures may be impractical. The FAME yield was 9.6% at a reaction temperature of 60 °C. When the reaction temperature was progressively increased to 70 °C, a higher FAME yield of 10.04% ± 0.08% could be achieved. The high temperature may contribute to the disruption of the cell wall to ensure the reaction happens thoroughly. When the temperature was further raised to 90 °C, the FAME yield dropped to 9.41% ± 0.02%. Methanol will evaporate under high temperatures and less reactant will have a detrimental effect on the production of FAME. Hence, a reaction temperature of 70 °C was chosen as the optimum value in this study.


Figure 4. Effect of reaction temperature on the FAME yield. Reaction conditions: methanol-to-biomass ratio: 90 mL·g−1, HCl/Methanol (5%, v/v), reaction time: 1.5 h.
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3.2.5. Effect of Extraction Solvent on Gravimetric Lipid Content and Total Fatty Acid Yields


A relationship between the gravimetric yield and main FAME components of total extract is shown in Figure 5a. The gravimetric yield of crude extract using mixed methanol and chloroform was 26.40% ± 0.34%, while it was only 12.90% ± 0.23% when adopting petroleum ether and ethyl ether. This phenomenon is likely due to the propensity of polar solvents to penetrate the cell wall more easily than non-polar solvents. The total FAME content as a percent of total extracted materials in methanol and chloroform extraction was 24.11% ± 0.53% and in petroleum ether and ethyl ether extraction was only 12.93% ± 0.02%, suggesting that methanol and chloroform extraction could obtain more FAME than petroleum ether and ethyl ether extraction. However, the total extract clearly contains a large amount of other lipids and biomolecules soluble in the solvents in addition to FAME.


Figure 5. (a) Extraction yield based on dry biomass; FAME yield based on total extract (%DW); (b) FAME yield of dry biomass (%DW).
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We also compared one-step in situ transesterification with the conventional two-step method that involves solvent extraction followed by acid transesterification after measuring the gravimetrical weight of the crude lipids. From Figure 5b, it could be also found that the EPA and other main FAME yields from the two-step method were lower than that for in situ transesterification, indicating that direct in situ transesterification allows for a more complete measurement of FAME as opposed to the two-step method. In the two-step method, the differential EPA yields were 3.26% ± 0.10% using methanol and chloroform as the extraction solvent and 0.78% ± 0.01% using petroleum ether and ethyl ether. These values are low compared to the in situ yield of 4.02% ± 0.17% EPA presumably due to the following reasons: the lipids which do not convert into FAME account for a significant percentage of extracted crude oil; there are unavoidable losses of sample during the procedures and the lipids cannot be completely extracted by this method. The effectiveness of petroleum ether and ethyl ether on the extract-basis is quite low.






4. Discussion


The lipid fractions of algal biomass can differ significantly between species and vary under different growth conditions [27]. Furthermore, microalgae produce a variety of other lipophilic biomolecules such as pigments, waxes, proteins, and sterols. In order for lipid extraction and quantification methods to be accurate, procedures must effectively discern fatty acids from other lipid-soluble compounds, which cannot be converted to FAME. Oftentimes, lipophilic components of the biomass are co-extracted during the extraction process and can potentially overestimate the lipid yield. In particular, the polarity of solvents has a large effect on the lipid extraction yields using the conventional two-step approach. Relative to the conventional two-step method of lipid extraction and transesterification, one-step in situ transesterification offers a reliable and accurate method to measure FAME yields. Only small quantities of microalgal biomass are required for one–step in situ transesterification, which provides a fast and simple method for the selection of microalgae by calculating FAME content.



In the present study, the gravimetric yields of crude lipid extracts using methanol and chloroform were generally higher than the petroleum ether and ethyl ether solvent system with corresponding FAME yields of 24.11% and 12.93%, respectively. Indeed, algal lipid yields typically increase with the polarity of the solvent, which is in accordance with the literature [28]. Since total lipid yields were higher in methanol and chloroform, this polar solvent system likely co-extracted carbohydrates, protein, salts, and other polar impurities. Polar solvents can extract different lipids classes, as well as carotene, sterols, etc. [29]. Carbohydrates and proteins can account for a significant portion of microalgal biomass—as high as 24%–33% carbohydrates and 36%–44% protein in Nannochloropsis gaditana [30], 28% starch, and 35% proteins in Dunaliella salina [31].



Fatty acids are an important class of lipids with commercially viable applications using triacylglycerols as biofuels and polyunsaturated fatty acids as nutrition oils. Currently, the principal source of PUFAs is fish. However, the high demand for consumption of PUFAs is likely to not be met by fish alone. In addition, the consumption of fish oil has a number of limitations due to the potential danger of contamination and fish odor [32,33]. Microalgae, such as Phaeodactylum, Thalassiosira, and Nannochloropsis species could serve as alternative sources of valuable EPA [3,7]. Developments in cost-effective and large-scale production of microalgae would make this process more sustainable [34].



For isolating EPA from Nannochloropsis gaditana, numerous previous studies have focused on the conventional two-step extraction method. Mitra et al. used this conventional method to obtain FAME from Nannochloropsis gaditana and observed that the EPA content was between 19.1% and 37.8% of the total fatty acids depending on the salinity [35]. Kim et al. stated that the FAME yield under normal white light was 11.4% of dry biomass using the conventional two-step method, and the maximal EPA content was 20.3% of the total FAME from Nannochloropsis gaditana [36]. In the current study, the novel in situ transesterification method was optimized based on a variety of parameters. Compared to the conventional method, larger amounts of EPA were obtained in the lipid extract using this optimized method, which also demonstrates that this strain of Nannochloropsis gaditana is a promising source of EPA. The fast and simple one-step method may indeed reduce the chances of EPA being oxidized, since EPA is air and light sensitive. Given the high content of EPA in the lipid fraction, Nannochlorpsis gaditana is more suitable for producing polyunsaturated fatty acids than biofuels, since PUFAs are not suitable to be used as biodiesel due to their negative effects on oxidative stability and cold flow properties. In addition, the cetane number of oil abundant in PUFAs may not meet the standard for usage of biodiesel.



Compared to the conventional two-step method of lipid extraction and quantification, higher total FAME and lipid yields were achieved in the one-step in situ procedure. Thus, the one-step in situ method examined in the current study has the potential to be widely used for rapid quantitative assessment of microalgae as feedstocks for lipids and platforms for algal biology research. While the one-step in situ method investigated in the present study proved to be rapid method of measuring all FAME lipids relevant to biofuel and nutritional markets, Kobayashi et al. also reported a rapid method to characterize and quantify lipids by high performance liquid chromatography–evaporative light scattering detector (HPLC-ELSD) [37]. The major lipid classes such as carotenoids, TAG, diacylglycerol (DAG), free fatty acids, phospholipids, and galactolipids can be discerned by HPLC–ELSD, which may serve as a complementary method of lipid characterization. Nonetheless, in situ transesterification reduces the process time and volume of solvent required, which in turn reduces the impact on the environment.




5. Conclusions


Our experimental data indicate that one-step in situ transesterification is capable of extracting a higher amount of EPA, reaching up to 34.46% of the total FAME and 4.02% of the total dry biomass under optimal conditions. The one-step transesterification method provides a fast, simple, and reliable method to measure FAME yields that can provide greater accuracy for quantitative assessments in the future. Given the high content of EPA found in Nannochloropsis gaditana, this strain is as applied as a biofuel or nutritional supplement among other applications and this optimized method shows considerable promise for the recovery of omega-3 fatty acids from other microalgal species.
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