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Abstract

:

The bioavailability of n-3 long-chain polyunsaturated fatty acids (n-3 LCPUFAs) has shown to be greatly influenced by their location in the triacylglycerol backbone. Therefore, the synthesis of structured acylglycerols (SAcyl), which include eicosapentaenoic acids (EPAs) or docosahexaenoic acids (DHAs) at the sn-2 position, has attracted a great interest. The objective of this study was to optimize the synthesis process of a SAcyl from commercial refined salmon oil and an EPA/DHA concentrate in order to enhance the positioning of EPA and DHA in the sn-2 location of the glycerol moiety. For this purpose, immobilized lipase B from Candida antarctica (nonspecific) was used for the acidolysis process under the CO2 supercritical condition. As a result of carrying out a Draper-Lin composite design through the response surface methodology of 18 experiments, an optimized extraction including SAcyl compounds was obtained. Mass spectrometry (MALDI-TOF) analysis was employed to identify the EPA/DHA location at the sn-2 position in the resulting glycerol moiety. In the fraction obtained, an increase in the EPA and DHA content at the sn-2 position was detected. Remarkably, the optimized SAcyl obtained after 6 h, 82 bar, and 60 °C led to the highest EPA/DHA yield at the sn-2 position in the resulting molecule.
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1. Introduction


Marine oils have valuable applications as a result of their high presence of n-3 LCPUFAs, such as eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3). Consequently, the consumption of such oils is associated with a lower prevalence of different kinds of diseases (i.e., cardiac, circulatory, etc.) [1]. A high n-3/n-6 fatty acid ratio and a daily consumption of n-3 LCPUFA are associated with a lower presence of chronic degenerative diseases [2] and a decrease in cardiac risk and mortality [3]. According to the previous report related to n-3 LCPUFAs [4], studies of controlled feeding and cohort intake of EPA and DHA have shown the physiological benefits in blood pressure, heart rate, triacylglycerols levels and probably inflammation, endothelial function, and diastolic cardiac function. Remarkably, consistent evidence of the reduced risk of fatal coronary disease and sudden cardiac death has been mentioned to be obtained with a daily intake of about 250 mg EPA + DHA [5,6,7].



The most important biological sources of n-3 LCPUFAs are marine organisms (fish, shellfish, algae), with phytoplankton being the primary producer of omega-3 in the food chain [8]. During common fish processing, 20–60% of the initial raw material is generated as by-products. The most significant waste is represented by offal, head, tail, skin, bones, and blood obtained during evisceration, skinning, cutting, and filleting [9]. These by-products cause a waste disposal problem with environmental implications [10], so that their use in the flour and oil industry are highly important [11]. This inconvenience has prompted new challenges to concentrate or purify these fatty acids from fish oil to obtain compounds with higher concentrations of EPAs and DHAs [12], which generate nutritional and health benefits.



After the concentration process with urea is carried out, the amounts of EPAs could increase between 1.6 to 4.1 times and the amounts of DHAs could increase between 3.3 to 7.8 times [13,14,15,16]. However, the delivery of EPA and DHA concentrates in free LCPUFAs is not the most suitable condition, given their low oxidative stability. Therefore, if these free n-3 LCPUFAs obtained by urea concentration could be structured as triacylglycerols, they could be considered a more stable form for human consumption [17]. Simultaneously, a higher amount of n-3 LCPUFAs could be obtained than in the commercial fish oil.



In order to obtain structured triacylglycerols (TGs), the location of fatty acids in the glycerol moiety may be modified through different kinds of reactions, which lead to remarkable improvements in their nutritional or functional properties [18]. The design of structured TGs can lead to advantages in the physical characteristics and chemical properties, as well as nutritional advantages [19]. This structure modification can be achieved through chemical or enzymatic transesterification reactions so that the composition and the location of fatty acids in the glycerol backbone is modified [14,15]. The differences between the bioavailability of the different structures in which fatty acids can be found have been widely described in the literature [20] and have mainly taken into consideration the digestive processes that the body undergoes.



The TG digestion process is mediated by lipases, which mainly hydrolyze the sn-1 and sn-3 positions, giving rise to 2-monoacylglycerol (2-MG) and free fatty acids. These products are then absorbed through the intestinal wall and re-esterified to TGs in the enterocyte. The new re-esterified TGs will become part of the chylomicrons, reaching the peripheral circulation [21]. As reported in the literature [19], when n-3 LCPUFAs located at the sn-2 position are accompanied by medium-length chain fatty acids in the sn-1 and sn-3 positions, such n-3 LCPUFAs can be easily absorbed. This fact can be explained on the basis that the pancreatic lipase can release medium-chain fatty acids from the extreme locations (sn-1 and sn-3), which are absorbed by the portal system and used as an energy source in the cell; in the meantime, 2-MG molecules can be absorbed in the enterocyte [22]. As described, it would be of great value to structure TGs that contain EPAs or DHAs in the sn-2 position to promote their rapid absorption and enhance their health benefits.



Different enzymatic biocatalysts can be used for lipid modification, such as lipases, esterases, and phospholipases. Among such biocatalysts, lipases are the most versatile since their regiospecificity is one of the main advantages for modifying oils and fats and obtaining high-value-added products; therefore, structured lipids, including those with high EPA and DHA levels, may be employed as supplement foods [23]. The structuration of lipids can be developed with supercritical technology that has been applied in extraction and fractionation processes, chromatographic separations, and chemical reaction processes; as a result, the fractions of a mixture and custom-designed products could be obtained [24]. Among supercritical fluids, carbon dioxide (CO2) has proven to be an ideal solvent for food applications [8,25].



Compared to other liquid solvents, the most significant advantages of supercritical (SC) CO2 are the high diffusivity, low viscosity, and surface tension, which allow the acceleration of the mass transfer during the development of the enzymatic reactions [8,26]. This work aimed to optimize the enzymatic synthesis process of structured acylglycerols with EPA/DHA in the sn-2 position (SAcyl) from commercial refined salmon oil (CRSO) and EPA/DHA concentrate (n-3). Additionally, the study was addressed to improve their positioning in the oil molecule and to promote their potential benefits in human health.




2. Materials and Methods


The initial raw materials for carrying out this study were commercial refined salmon oil (CRSO) and omega-3 fatty acid concentrate (n-3 LCPUFA); such concentrates were obtained from CRSO through the urea complexation process [27]. In the optimization of the complexation process, EPA and DHA (g/100 g total fatty acids, TFA) values in the concentrate were maximized and validated experimentally according to the following conditions: a ratio of 9999 for the urea/free fatty acid content ratio; crystallization temperature of 4 °C, stirring speed of 500 rpm, and crystallization time of 18 h. The CRSO was obtained from Fiordo Austral S.A. (Puerto Montt, Chile) and stored at −80 °C in amber plastic bottles until later use. The standards used for thin-layer chromatography (TLC) analysis were obtained from Sigma Aldrich, Merck, St. Louis, MO, USA. Non-specific lipase B from Candida antarctica (CAS 9001-62-1) was donated by Blumos S.A. (Santiago, Chile). Acrylic resin was employed as the carrier. Methyl tricosanoate internal standard (23:0) and GLC-463 reference standard for the gas-liquid chromatography analysis were obtained from Nu-Check-Prep, Elysian, MN, USA. CO2, N2, and H2 gas were purchased from Gaslab-Linde (Santiago, Chile).



2.1. Enzymatic Acidolysis Process under Supercritical CO2 Conditions for the sAcyl Synthesis


EPA/DHA structured acylglycerols in the sn-2 position (SAcyl) were obtained using a Speed SFE system model 7071 (Applied Separation) supercritical CO2 reactor [28], with CRSO and concentrate n-3 LCPUFA as substrates in a 10 g extractor vessel. Static acidolysis reactions (6 h) were catalyzed by Candida antarctica specific lipase B in a Draper-Lin composite design, based on the response surface methodology (RSM) with 18 experimental runs. The independent variables were: n-3 LCPUFA/CRSO ratio (0 to 9, w/w), SC pressure (78–300 bar), SC temperature (40–60 °C), and amount of immobilized lipase B from Candida antarctica (0–10%).




2.2. Analysis of Fatty Acid by Gas Liquid Chromatography (GLC)


The fatty acid (FA) profile and the EPA/DHA values of CRSO, n-3 LCPUFA, and SAcyl were determined by GLC (7890B chromatograph, Agilent, Chile) by employing a fused-silica capillary column (HP-88, 100 m × 0.25 mm i.d. × 0.20 μm film thickness) and a flame ionization detector. FAMEs were obtained by a methylation process. NU-CHEK GLC 463 was used as reference standard to identify the FA profiles by analyzing the retention times [29]. The quantification of the different FAMEs was carried out from the corresponding calibration curves and assessment of the peak/area ratios. The individual FA (g/100 g TFA) value was quantified by employing C23:0 methyl ester as the internal standard, according to the AOCS method [30].




2.3. Purification of sPAG by Neutralization with NaOH


To remove the free fatty acids resulting from the acidolysis reactions from each experiment, purification was carried out by neutralization with NaOH [17,31], followed by collection in hexane for carrying out the GLC analysis. For this purpose, mixing with ethanol and phenolphthalein, titrating with sodium hydroxide, and washing with hexane were carried out. The purification degree of each sample was followed by TLC analysis.




2.4. Identification of CRSO, n-3 LCPUFA and sAcyl by Thin Layer Chromatography (TLC)


The identification of all samples was carried out by TLC on silica gel 60 F254 plates (Merck). For this, a mixture of chloroform, acetone, and glacial acetic acid (96/4/1, v/v/v, respectively) was used as the eluent [32]. The elution order on the chromatographic plate from bottom to top was evaluated according to their decreasing polarity: monoacylglycerols (MGs), diacylglycerols (DGs), and TG [17]. In order to visualize all lipid structures, the plates were stained with an iodine solution.




2.5. Analysis of EPA/DHA Location by Mass Spectrometry (MALDI-TOF)


The purified samples were analyzed before and after the acidolysis process to determine the structures, including EPA/DHA in the sn-2 position of the SAcyl. Mass spectrometry on a Microflex matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) instrument (Bruker Daltonics Inc., Billerica, MA, USA) working in positive ion mode by the reflection detection was used. For the spectra analysis, the mMass program version 5.5.0 was employed, according to the protocols of Strohalm et al. [33,34] and Niedermeyer and Strohalm [35]. To detect the m/z monoisotopic signals from the acquired spectra, the MALDI-TOF peptide algorithm was used (3.0 signal/noise ratio and 0.1% relative intensity limit). To carry out the identification, the detected m/z monoisotopic signals were analyzed and assigned through the Match and Annotate option of the Compound Search tool; comparison to the theoretical monoisotopic masses of different types of glycerolipids (GLs) contained in the LIPID base MAPS (data version 16 November 2013) was carried out. Subsequently, the matches detected were manually examined, and in each case, the experimental isotopic distribution obtained was compared to the theoretical one.




2.6. Optimization of sAcyl Enzimatic Synthesis by Response Surface Methodology (RSM)


The Draper-Lin composite design based on the RSM analysis was used. Thus, the effect of four independent (i.e., processing) variables was studied: n-3 LCPUFA/CRSO ratio (0 to 9, w/w; the total weight of n-3 and CRSO being 10 g and the weight of n-3 LCPUFA varied between 0 and 9), SC pressure (78–300 bar), SC temperature (40–60 °C), and the amount of immobilized lipase B from Candida antarctica lipase (0–10%). The independent variables were adjusted to maximize the responses of EPA, DHA, EPA + DHA, and EPA/DHA at the sn-2 position and to minimize the palmitic acid (PA) variable. The design included 18 total experimental runs, two of them corresponding to central points that allowed for the estimation of the experimental error (Table 1). The essays were carried out in a randomized way in order to minimize the influence of variability on the observed responses. The process optimization was carried out by using RSM, according to the Myers and Montgomery procedure [36]. Data obtained allowed us to build predictive quadratic polynomial models in terms of their regression coefficients for the processing variables. Additionally, the combination of the dependent variables allowed us to obtain a theoretical or to establish the predicted optimum of the EPA, DHA, and EPA/DHA values at the sn-2 position. A mathematical model was obtained from RSM, so that the effect of the independent variables could be predicted:


   Y i  = β 0 +   ∑   i = 1  4   β i   X i  +   ∑   i = 1  4   β  i i      X i   2  +   ∑   i = 1  4   β  i j    X i   X j  + ε  








where β0, βi, βii, βij represented the intercept, linear, quadratic, and interaction regression coefficients, respectively, and Xi and Xj represented the independent variables. The regression coefficients were obtained by means of multiple regression analysis (p < 0.05). An ANOVA of the regression parameters and the fitted model was performed (p < 0.05). The Statgraphics Centurion XVI-2011 statistical program (Stat Point Technologies, Inc., Rockville, MD, USA) was employed. The SAcyl obtained was experimentally validated by applying the conditions proposed in the theoretical optimum and was stored (−80 °C) under a nitrogen atmosphere until used.





3. Results


3.1. Enzimatic Acidolysis Process to Synthesize sAcyl by Draper-Lin Composite Design


The enzymatic acidolysis reaction between CRSO and n-3 LCPUFA (n-3) in SC medium was studied and optimized to obtain structured acylglycerols with a maximum concentration of EPA/DHA in the sn-2 position (SAcyl). A Draper-Lin composite design (Table 1) with four independent variables was checked. Their effects on the content of EPA; DHA; EPA + DHA; palmitic acid (PA) values, calculated as g/100 g TFA; and EPA/DHA in the sn-2 position, expressed as the probable number of EPA/DHA in position sn-2 of the SAcyl, were analyzed.


EPA = 4.36956 − 0.160495*A − 0.000257139*B − 0.0221375*C + 0.187589*D − 0.0337653*A2 + 0.00986111*AC − 0.0147594*D2



(1)






DHA = 7.67672 − 0.175753*A + 0.0104104*B − 0.195362*C + 0.2849*D − 0.019909*A2



(2)






EPA + DHA = 4.603 − 0.345359*A + 0.0226964*B + 0.0261942*C + 0.600326*D − 0.0565978*A2 + 0.019375*AC



(3)






PA = 13.677 + 0.498547*A − 0.0173269*B − 0.00910498*C − 0.159978*D + 0.0445666*A2 − 0.0194444*AC + 0.0278689*D2



(4)






EPA/DHA in sn-2 = 23.2582 + 1.946*A − 0.392551*B + 0.462498*C + 4.98636*D + 0.000931243*B2



(5)







The five models have coefficients of determination (R2 adjusted by the degrees of freedom) of 78.74%, 62.21%, 72.03%, 82.34%, and 74.35% for EPA, DHA, EPA + DHA, AP, and EPA/DHA in the sn-2 location, respectively; this indicates that the variability of the data obtained is adequately represented.



Figure 1 indicates the main processing variables that affect the structuring process using Pareto type charts. The standardized linear, quadratic, and interaction effects for each of the response variables are provided in decreasing order (the line marks the p ˂ 0.05 confidence interval).



It can be observed that the quadratic effect of the n-3/CRSO (A) was significant in all graphs, except for the EPA/DHA in sn-2 response variable, where the pressure (B) and its quadratic effect were the independent factors that affected the structuring process. The positive effect of the temperature (C) and the percentage of the enzyme (D) for increasing the values of EPA, DHA, and EPA + DHA is shown, while palmitic acid has a negative effect. This confirms that the higher values of the variables C and D produce an increase in EPA, DHA, and EPA + DHA to the detriment of the concentration of palmitic acid.



Figure 2 shows the response surface and contour graphs, reflecting the influence of the combination of the primary process variables for each of the response variables. In the EPA and EPA + DHA graphs (panels a and c), the effect of temperature and pressure was similar since, as they increase, there is an increase in the concentration of the response variables.



In the remaining graphs, it can be noticed that, despite the influence of the same independent variables (SC pressure and n-3/CRSO ratio), a similar behavior is not observed; thus, the response variable palmitic acid undergoes a decrease in its concentration as the pressure and the n-3/CRSO ratio decreases. In contrast, the SC pressure has the opposite effect on the variables DHA and EPA/DHA in the sn-2 location.




3.2. RSM Optimization of the Acidolysis Process to Synthesize sAcyl


Table 2 shows the optimal predicted values of the structuring process variables obtained from the RSM. In it, the independent variables were configured to maximize the responses of EPA, DHA, EPA + DHA, and EPA/DHA in sn-2 and minimize the palmitic acid variable.



In the multi-response optimization of the response variables, a maximum desirability of 0.98 was obtained. Thus, the final predicted content of EPA, DHA, EPA + DHA, PA, and EPA/DHA in the sn-2 location was 4.95, 5.27, 10.25, 9.74 (g/100 g TFA), and 33.45, respectively. Figure 3 indicates the behavior of the maximum desirability mentioned, with increasing values being observed as the pressure level decreased and the temperature values increased.




3.3. Validation of the Acidolysis Process for Obtaining sAcyl


3.3.1. Analysis of Fatty Acid by GLC of Optimized sAcyl


The multi-response optimization of Table 2 was considered to validate the experimental design. Table 3 (c) shows the SAcyl composition and quantification with the EPA/DHA content (g/100 g TFA) optimized in the experimental validation. When compared to the ASCRD, the differences were observed.



The most abundant fatty acids of the CRSO versus the optimized SAcyl were (calculated as g/100 g TFA): oleic acid (36.95 vs. 34.66), linoleic acid (15.77 vs. 15.48), palmitic acid (12.76 vs. 10.60), α-linolenic acid (4.91 vs. 4.78), EPA (3.92 vs. 5.92), DHA (3.83 vs. 7.18), palmitoleic acid (3.74 vs. 3.39), stearic acid (3.64 vs. 3.17), cis-vaccenic acid (3.32 vs. 2.72), and myristic acid (2.90 vs. 2.15).



Through the optimization of the structuring enzymatic process by RSM, the contents of the total PUFA, n-3 LCPUFA, EPA, DHA, and EPA + DHA increased by 1.2, 1.5, 1.5, 1.9, and 1.7 times, concerning the ASCRD, respectively. It was observed that the increase in the EPA + DHA concentration was higher than predicted in the multi-response optimization (13.1 vs. 10.25, expressed in g/100 g TFA), although the PA concentration was also higher (10.6 vs. 9.74), even when its decrease was expected.




3.3.2. Positional Analysis of EPA/DHA in the Optimized SAcyl, Using Mass Spectrometry (MALDI-TOF)


Table 4 shows the monoacylglycerols and triacylglycerols with EPAs or DHAs in the sn-2 position of glycerol, identified in the CRSO (Table 4a) and the optimized SAcyl (Table 4b), respectively.



EPAs were identified mainly in the sn-2 position of glycerol, while DHAs were found in the sn-3 location, as described for the CRSO. DHAs were not identified in the spectra at 881.7593, 903.7412, 905.6995, and 923.8062 (m/z), while EPAs were present.



In general, the spectral mass ranges for EPAs and DHAs were found between 441.2402 and 927.8375 (m/z); in this range, both fatty acids were always visualized as part of TGs, except for DHAs, whose spectrum at 441.2402 (m/z) was related to the MGs (Figure 4 and Figure 5).



The optimized SAcyl and the CRSO were simultaneously evaluated by mass spectrometry (MALDI-TOF) to compare the probable number of EPA/DHA fatty acids in the sn-2 position of the glycerol backbone. Table 5 summarizes the number of acylglycerols identified with EPA/DHA in the sn-2 position by mass spectrometry (MALDI-TOF). Notably, SAcyl showed an increase in the amount of EPAs and DHAs in the sn-2 position (33 vs. 24), and the presence of PAs in the sn-2 position (191 vs. 158) decreased when compared to the CRSO; additionally, DHA presence in the sn-2 position was only obtained in the optimized SAcyl, this fact improving its structural characteristics.




3.3.3. Identification by TLC of CRSO, n-3 LCPUFA, and SAcyl Optimized


A thin-layer chromatographic separation of each compound (concentrated n-3 LCPUFA, CRSO, and optimized SAcyl) was observed according to the polarity degree (Figure 6). As expected, MGs migrated the least, while TGs migrated the fastest, according to previous reports [28,37]. The CRSO samples were found in the form of triacylglycerols (bands A, B, and C), while the n-3 LCPUFA concentrate (band D) showed only the presence of free fatty acids, according to their structural characteristics. The non-purified SAcyl is shown in band E, evidencing the free fatty acids presence in the sample and the characteristic TG of the structured acylglycerols. In the purified sample (band F), TG was identified as the only product of the enzymatic acidolysis reaction, proving the effectiveness of the purification method [22,31]. These results are in agreement with those determined by mass spectrometry, in which mainly structured TGs were identified while the presence of DGs was not detected.






4. Discussion


In the current study, the synthesis process of bioactive lipids with the properties of n-3 LCPUFA in the sn-2 position was optimized. The interest of the current study is based on the possibility to synthesize lipid molecules that are rich in DHA/EPA in the sn-2 position and control the process with RSM. This study optimized the content of EPA, DHA, and EPA + DHA and the probability of finding such fatty acids in the sn-2 position in glycerol. The probability of EPA in sn-2 was maximized, increasing from 24 to 33 (Table 5). In addition, the probability of increasing DHAs in the sn-2 position was increased from zero to two. These results partially agree with what was reported by our work group in previous studies [28], where the probability of finding DHA in sn-2 was increased from 2 to 4 when using the same enzyme and similar reaction times greater than 60 min. This probability of synthesizing SAcyl with EPA/DHA in the sn-2 location was significantly affected by the SC pressure, since the increase in the latter caused its decrease. Regarding the EPA, DHA, and EPA + DHA values, their increase was markedly influenced by the SC temperature, the SC pressure, and the n-3/CRSO ratio, in agreement with the conclusions reported by other studies [38] regarding the significant influence of these independent variables in enzymatic acidolysis processes and using experimental designs (RSMs). It can be observed that the enzyme percentage obtained in the current work is in the range between 5 and 10%, which is in agreement with the information reported in the literature [18,39] for acidolysis reactions, in which the highest incorporation of fatty acids is expected. Regarding the n-3/CRSO ratio, most authors used ratios greater than 1:1, favoring the amount of free fatty acids [40,41,42] like the n-3/CRSO ratio of 7.24 predicted in Table 2.



In previous research, the usefulness of the SC fluid technology has been proven for extraction processes [43,44], chromatographic analysis and separation [45,46], and reactions focused on enzymatic modification to obtain omega-3 enriched oils from marine substrates [47,48]. In the present study, the SC condition has been found to be useful in assisting and obtaining high levels of EPA and DHA in the sn-2 position, based on the fact that supercritical fluids can provide an accurate medium for enzymatic reactions. When employing higher pressures and temperatures than their critical values, this medium reaches partial gas/liquid properties. Above this critical point, no liquefaction is produced by pressurization nor gasification by heating. Therefore, at this state the material is compressible and behaves as a gas but has the density of a liquid and brings its solvent capacity. Its density can be modified as a function of the pressure and the temperature, since at its critical pressure, its compressibility reaches a maximum value and small changes in thermal parameters can lead to big changes in the local density. Its greatest advantages in front of other liquid solvents (i.e., hexane) are its high diffusivity, low viscosity, and low surface tension. As a result, a mass transfer acceleration in enzymatic reactions can be produced, as in the present study, for modifying the composition of the sn-2 location.



In the current work, it was possible to increase the EPA and DHA values in the final optimum structure; meantime, the palmitic acid content decreased. Remarkably, the optimized SAcyl obtained after 6 h, 82 bar, and 60 °C led to the highest EPA and DHA yield in the sn-2 position in the resulting molecule. It was proven that EPA is more likely to be located at the sn-2 position of the glycerol structure, while DHA is mainly located at the sn-3 position. By employing the present method, the MALDI-TOF analysis established that the current condition in the SAcyl included the highest levels of EPA or DHA values at the sn-2 position of the samples that were identified. In the present work, convenient experimental conditions were established for the enzymatic acidolysis reaction in order to produce acylglycerols with a high biological value. Such acylglycerol compounds could be employed in future applications as potential products for the prevention of different kinds of human illnesses (i.e., inflammatory, cardiac, circulatory, etc.), thus adding an increased value to the synthesized acylglycerols.




5. Conclusions


The present study showed that it was possible to obtain and optimize the enzymatic synthesis process of structured acylglycerols with EPA/DHA in the sn-2 position (SAcyl compound), starting from commercial refined salmon oil and an EPA/DHA concentrate (n-3) obtained from the same commercial oil. As a result, the highest EPA/DHA yield at the sn-2 position in the resulting molecule was obtained by applying reaction conditions consisting of 6 h, 82 bar, and 60 °C.



The suitability of the SC fluid condition for obtaining an SAcyl compound has been proven. Its employment as a green and alternative method is recommended in order to replace strategies, including the use of organic solvents, and reduce the risk of chemical exposure to humans and the environment.
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Figure 1. Effect of the n-3/CRSO ratio, SC temperature, SC pressure, and amount of enzyme on the SAcyl synthesis process. Standardized Pareto diagrams showing the influence of the independent variables on the response variables (the blue line indicates the p ˂ 0.05 confidence interval). Panels (a–e), represent EPA, DHA, EPA + DHA, PA, and EPA/DHA in sn-2, respectively. 
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Figure 2. Effect of n-3/CRSO ratio, SC temperature, SC pressure, and amount of enzyme on the SAcyl synthesis process. Estimated response surface and contour response surface. Panels (a–e), represents EPA, DHA, EPA + DHA, PA, and EPA/DHA in sn-2, respectively. 
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Figure 3. Response surface and contouring graphs showing the multi-response optimization of EPA, DHA, AP, EPA + DHA, and EPA/DHA in sn-2 (SC, supercritical conditions). Panels: (a) desirability function; (b) contours of estimated response surface. 
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Figure 4. MALDI-TOF mMass report spectrum of glycerolipids profile obtained from CRSO, obtained between 100 and 900 m/z ratio values. The m/z ratio signals corresponding to MG, DG, and TG presenting EPA at the sn-2 position are marked in blue. Database: LIPID MAPS for glycerolipids. 
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Figure 5. MALDI-TOF mMass report spectrum resulting from SAcyl obtained between 100 and 900 m/z ratio values. The m/z ratio signals corresponding to MG, DG, and TG presenting EPA/DHA at the sn-2 position are marked in red. Database: LIPID MAPS for glycerolipids. 
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Figure 6. Thin-layer chromatography analysis: (A) non-purified CRSO, (B,C) purified CRSO, (D) n-3 LCPUFA, (E) optimized SAcyl non-purified, and (F) optimized SAcyl purified. 
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Table 1. Draper-Lin composite design by RSM. Tests for optimizing the conditions for obtaining the structured acylglycerol (SAcyl) *.
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Run

	
Independent Variables

	
Response Variables




	
n-3/CRSO

Ratio

(g/g)

A

	
SC Press. (bar)

B

	
SC Temp.

(°C)

C

	
B Lipase (%)

D

	
EPA

	
DHA

	
EPA

+

DHA

	
PA

	
EPA/

DHA in sn-2




	
(g/100 g TFA)






	
1

	
7.2

	
255

	
56

	
2

	
4.44

	
4.48

	
8.93

	
11.37

	
17




	
2

	
7.2

	
255

	
44

	
2

	
4.11

	
4.09

	
8.19

	
12.08

	
16




	
3

	
7.2

	
123

	
56

	
8

	
4.98

	
4.79

	
9.77

	
10.29

	
20




	
4

	
1.8

	
255

	
44

	
8

	
4.30

	
4.27

	
8.57

	
11.61

	
19




	
5

	
7.2

	
123

	
44

	
8

	
4.11

	
4.08

	
8.19

	
11.89

	
22




	
6

	
1.8

	
123

	
56

	
2

	
4.11

	
4.10

	
8.21

	
11.99

	
19




	
7

	
1.8

	
255

	
56

	
8

	
4.22

	
4.04

	
8.26

	
11.87

	
17




	
8

	
1.8

	
123

	
44

	
2

	
4.09

	
4.00

	
8.09

	
12.05

	
16




	
9

	
0

	
189

	
50

	
5

	
3.75

	
3.76

	
7.50

	
12.58

	
15




	
10

	
9

	
189

	
50

	
5

	
3.83

	
3.70

	
7.53

	
12.11

	
18




	
11

	
4.5

	
78

	
50

	
5

	
4.61

	
4.55

	
9.16

	
11.06

	
34




	
12

	
4.5

	
300

	
50

	
5

	
4.61

	
3.82

	
8.43

	
11.63

	
25




	
13

	
4.5

	
189

	
40

	
5

	
4.29

	
4.27

	
8.56

	
11.79

	
12




	
14

	
4.5

	
189

	
60

	
5

	
4.69

	
4.43

	
9.12

	
10.88

	
21




	
15

	
4.5

	
189

	
50

	
0

	
3.88

	
3.79

	
7.68

	
12.63

	
15




	
16

	
4.5

	
189

	
50

	
10

	
4.34

	
4.32

	
8.65

	
11.65

	
16




	
17

	
4.5

	
189

	
50

	
5

	
4.65

	
4.45

	
9.09

	
11.10

	
17




	
18

	
4.5

	
189

	
50

	
5

	
4.54

	
4.32

	
8.87

	
11.19

	
16








* Y1: EPA, Y2: DHA, Y3: EPA + DHA; Y4: Palmitic acid (calculated as g/100 g of total fatty acids), and Y5: EPA/DHA in sn-2 (probable amount of structures with EPA or DHA in the sn-2 position of the SAcyl).
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Table 2. Optimal values of the independent variables n-3/CRSO ratio, SC pressure, SC temperature, and enzyme percentage to maximize the EPA, DHA, EPA + DHA, and EPA/DHA in sn-2 responses by SAcyl, and the multi-response optimization of these variables *.






Table 2. Optimal values of the independent variables n-3/CRSO ratio, SC pressure, SC temperature, and enzyme percentage to maximize the EPA, DHA, EPA + DHA, and EPA/DHA in sn-2 responses by SAcyl, and the multi-response optimization of these variables *.





	
Optimization

	
n-3/CRSO

(g/g)

	
SC Pressure (bar)

	
SC Temp (°C)

	
Lip,

B

(%)

	
Stat, Point

	
Optimal

Predicted Value






	
EPA

	
6.41

	
78.00

	
60.09

	
5.69

	
Max

	
4.99




	
DHA

	
4.33

	
78.00

	
60.09

	
10.03

	
5.77




	
EPA + DHA

	
6.14

	
78.00

	
60.09

	
8.72

	
10.65




	
EPA/DHA in sn-2

	
9.01

	
79.01

	
60.09

	
0

	
37.33




	
PA

	
9.04

	
300

	
60.09

	
10.04

	
Min

	
9.59




	
Multi-response optimization

	
7.24

	
82.03

	
60.09

	
5.16

	
Max

	
EPA: 4.95




	
DHA: 5.27




	
EPA + DHA: 10.25




	
EPA/DHA

in sn-2: 33.45




	
Min

	
PA: 9.74








* n-3/CRSO: Fatty acid concentrate n-3/commercial refined salmon oil (CRSO) ratio. EPA, DHA, PA, and EPA + DHA content, expressed as g/100 g TFA.
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Table 3. Composition and quantification * of fatty acids from: (a) commercial refined salmon oil (CRSO), (b) concentrate of long-chain polyunsaturated fatty acids n-3 (n-3 LCPUFA), and (c) optimally structured acylglycerols with EPA/DHA in sn-2 (SAcyl), (calculated as g/100 g TFA).






Table 3. Composition and quantification * of fatty acids from: (a) commercial refined salmon oil (CRSO), (b) concentrate of long-chain polyunsaturated fatty acids n-3 (n-3 LCPUFA), and (c) optimally structured acylglycerols with EPA/DHA in sn-2 (SAcyl), (calculated as g/100 g TFA).





	Systematic Name
	CRSO

(a)
	n-3 LCPUFA

(b)
	SAcyl

(c)





	Lauric acid
	0.06 ± 0.00
	N/I
	N/I



	Myristic acid
	2.90 ± 0.01
	0.18 ± 0.00
	2.15 ± 0.00



	Palmitic acid
	12.76 ± 0.03
	0.25 ± 0.00
	10.60 ± 0.00



	Palmitoelaidic acid
	0.07 ± 0.00
	0.25 ± 0.00
	0.21 ± 0.00



	Palmitoleic acid
	3.74 ± 0.01
	1.90 ± 0.00
	3.39 ± 0.00



	Heptadecanoic acid
	0.22 ± 0.00
	0.28 ± 0.00
	N/I



	Heptadecenoic acid
	0.13 ± 0.00
	1.30 ± 0.00
	0.44 ± 0.00



	Stearic acid
	3.64 ± 0.01
	1.56 ± 0.00
	3.17 ± 0.00



	Trans-vaccenic acid
	N/I
	N/I
	0.47 ± 0.01



	Oleic acid
	36.95 ± 0.08
	3.15 ± 0.00
	34.66 ± 0.03



	Cis-Vaccenic acid
	3.32 ± 0.00
	0.33 ± 0.00
	2.74 ± 0.00



	Linoleaidic acid
	0.06 ± 0.00
	2.14 ± 0.00
	0.75 ± 0.01



	Linoleic acid
	15.77 ± 0.07
	22.36 ± 0.03
	15.48 ± 0.00



	Gamma linolenic acid
	0.32 ± 0.00
	1.10 ± 0.00
	0.37 ± 0.00



	5-Eicosanoic acid
	0.22 ± 0.00
	1.18 ± 0.02
	N/I



	8-Eicosanoic acid
	0.44 ± 0.01
	N/I
	N/I



	11-Eicosanoic acid
	1.84 ± 0.04
	N/I
	1.94 ± 0.00



	α-Linolenic acid
	4.91 ± 0.00
	9.32 ± 0.01
	4.78 ± 0.00



	Eicosadienoic acid
	1.34 ± 0.01
	0.32 ± 0.00
	0.90 ± 0.00



	Behenoic acid
	0.36 ± 0.00
	N/I
	N/I



	Eicosatrienoic acid
	0.33 ± 0.00
	1.78 ± 0.00
	1.29 ± 0.00



	Erucic acid
	0.29 ± 0.01
	1.53 ± 0.00
	N/I



	Arachidonic acid
	0.35 ± 0.04
	N/I
	N/I



	Docosadienoic acid
	0.12 ± 0.01
	3.03 ± 0.14
	1.07 ± 0.00



	Eicosapentaenoic acid
	3.92 ± 0.04
	18.45 ± 0.04
	5.92 ± 0.01



	Nervonic acid
	0.27 ± 0.03
	1.52 ± 0.00
	N/I



	Docosatetraenoic acid
	0.15 ± 0.03
	0.64 ± 0.01
	0.49 ± 0.00



	Docosapentaenoic acid
	1.69 ± 0.05
	4.55 ± 0.01
	2.00 ± 0.00



	Docosahexaenoic acid
	3.83 ± 0.04
	22.88 ± 0.04
	7.18 ± 0.02



	Total saturated fatty acids
	19.94
	2.27
	15.92



	Total monounsaturated fatty acids
	47.27
	11.16
	43.85



	Total polyunsaturated fatty acids
	32.79
	86.57
	40.23



	Total n-3 long-chain PUFA
	9.44
	45.88
	16.39



	Total n-3 fatty acids
	14.35
	55.2
	21.17



	EPA + DHA
	7.75
	41.33
	13.1







* EPA, DHA, PA, and EPA + DHA content expressed as g/100 g TFA. Values correspond to the mean (n = 3) ± standard deviation.
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Table 4. Analysis of sn-2 position of EPA/DHA * in the monoacylglycerol (MG), diacylglycerol (DG), and triacylglycerol (TG) of CRSO (panel a) and optimized SAcyl (panel b).






Table 4. Analysis of sn-2 position of EPA/DHA * in the monoacylglycerol (MG), diacylglycerol (DG), and triacylglycerol (TG) of CRSO (panel a) and optimized SAcyl (panel b).





	m/z
	(a)

EPA and/or DHA Identified in sn-2 Position in CRSO



	377.2686
	MG (0:0/20:5/0:0)



	877.7280
	TG (12:0/20:5/22:2); TG (15:1/17:0/22:6)



	879.7436
	TG (12:0/20:5/22:1); TG (14:0/18:0/22:6);



	881.7593
	TG (12:0/20:5/22:0); TG (13:0/20:5/21:0)



	901.7256
	TG (12:0/20:5/22:1); TG (14:0/18:0/22:6)



	901.7280
	TG (14:0/20:5/22:4); TG (12:0/22:3/22:6); TG (14:1/20:5/22:3);



	903.7436
	TG (14:0/20:5/22:3); TG (12:0/22:2/22:6); TG (14:1/20:5/22:2)



	903.7412
	TG (12:0/20:5/22:0); TG (13:0/20:5/21:0)



	905.7593
	TG (14:0/20:5/22:2); TG (15:1/19:0/22:6); TG (14:1/20:5/22:1)



	907.7749
	TG (15:1/20:5/21:0); TG (14:0/20:0/22:6); TG (14:0/20:5/22:1); TG (14:1/20:5/22:0)



	909.7906
	TG (15:0/20:5/21:0); TG (14:0/20:5/22:0)



	929.7569
	TG (15:1/20:5/21:0); TG (14:0/20:0/22:6); TG (14:0/20:5/22:1); TG (14:1/20:5/22:0)



	929.7593
	TG (17:2/19:1/22:6); TG (16:1/20:5/22:3); TG (18:0/18:3/22:6); TG (16:0/20:5/22:4)



	m/z
	(b)

EPA and/or DHA Identified in sn-2 Position in Optimized SAcyl



	441.2402
	MG (-/22:6/-)



	881.7593
	TG (12:0/20:5/22:0); TG (13:0/20:5/20:0)



	901.7280
	TG (14:0/20:5/22:4); TG (14:1/20:5/22:3)



	901.7256
	TG (12:0/20:5/22:1)



	903.7436
	TG (14:0/20:5/22:3); TG (14:1/20:5/22:2)



	903.7412
	TG (12:0/20:5/22:0); TG (13:0/20:5/21:0)



	905.7593
	TG (14:0/20:5/22:2); TG (14:1/20:5/22:1)



	905.6630
	TG (13:0/20:5/22:6); TG (15:1/20:5/20:5)



	905.6995
	TG (12:0/20:5/21:0)



	907.6786
	TG (15:0/20:5/20:5); TG (13:0/20:5/22:5)



	907.7749
	TG (15:1/20:5/21:0); TG (14:0/20:5/22:1); TG (14:1/20:5/22:0)



	923.6525
	TG (15:0/20:5/20:5); TG (13:0/20:5/22:5)



	923.7123
	TG (16:1/20:5/22:6); TG (18:2/20:5/20:5); TG (14:0/22:6/22:6)



	923.8062
	TG (15:0/20:5/22:0); TG (16:0/20:5/21:0)



	923.6371
	TG (14:0/20:5/22:4); TG (14:1/20:5/22:3)



	927.7777
	TG (18:0/20:5/20:5); TG (16:0/20:5/22:5); TG (16:1/20:5/22:4)



	927.7436
	TG (14:0/20:5/22:2); TG (14:1/20:5/22:1)



	927.8375
	TG (13:0/20:5/22:3)







* EPA and DHA presence is highlighted in bold.
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Table 5. Summary of the presence of structures with EPA/DHA in sn-2 and sn-3 probable positions identified in CRSO and SAcyl optimized validated.






Table 5. Summary of the presence of structures with EPA/DHA in sn-2 and sn-3 probable positions identified in CRSO and SAcyl optimized validated.





	Samples
	EPA/sn-2 Position
	EPA/sn-3 Position
	DHA/sn-2 Position
	DHA/sn-3 Position
	AP/sn-1 Position
	AP/sn-2 Position





	CRSO
	24
	66
	-
	60
	167
	24



	SAcyl
	33
	101
	2
	93
	135
	23
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
EPA (g/100g TFA)

e
&

i
n

EPA+DHA (g/100g TFA)
m TT

4,7t
44|
4.1;
3.8}
sk

40

w

o
t

40

L5

SC temperature (°C)

m

SC temperature (°C)

EPA/DHA in sn-2 position

PA+DHA

7.5
7,75
8,0
8,25
8,5
8,75
9,0
9,25
9,5

TS
NN T\ ~
ETRTE

S

n3/CRSO ratio (w/w)

DHA (g/100g TFA)

Palmitic acid (g/100g TFA)

-'-
—‘,
e ——y

a7
45
43
a1
3.9
3,7

3,5k

- =l
MW =
TTTT T T T T[T I TTITTT)

-

-
o

TN MIFE
o

n3/CRSO ratio(w/w)

JINIILIE

10
sC b
n3/CRSO ratio (wiw) pressure (bar)

EPA/DHA in sn-2
10,0
15,0
20,0
25,0
30,0
35,0
40,0
45,0
50,0
55,0
60,0

SC pressure (bar)





nav.xhtml


  processes-11-00537


  
    		
      processes-11-00537
    


  




  





media/file2.png
(@)

AA

C:SC temp,

DD

AC

D:Enzyme
A:n3/CRSO ratio

B:SC pressure

Standardized effect

(c)

AA

AC

C:SC temp,
D:Enzyme

DD

B:SC pressure
BC

BD

AD

A:n3/CRSO ratio

2 3
Standardized effect

BB

B:SC pressure
C:SC temp,

DD

D:Enzyme

AD

cD

A:n3/CRSO ratio
AA

- .

o -

AA

B:SC pressure
AC

AD

D:Enzyme

C:SC temp,

cC

BD

BC

A:n3/CRSO ratio

'+

AA

C:SC temp,
D:Enzyme

DD

AC

A:n3/CRSO ratio
B:SC pressure
BC

cD

-1 +
N -

'+

2 3 4
Standardized effect





media/file5.jpg





media/file3.jpg
®)

st i

©

33322223383

©

SEVEEE
vonod ponon vHONED





media/file1.jpg
e






media/file7.jpg





media/file10.png
EPoL 9P

6157 | —CCIT ShY

L5vT6LE 6viC LLE

Z6£0°'992 :
1260052 ol
1586222 LIVV'TE
1810212 B126 Soelreh e -
6220061 =p9c0 68} 650831 =
6826121 arv6 €91 mm.Nm.hw_.
9826 Sb1 skt

T
L 2818'12)
6502'€0} 2

@ 350000

o

300000 -
250000
200000
150000

100000 -
50000 -





media/file12.png
<= Triacylglicerols

< Free fatty acids






media/file9.jpg





media/file0.png





media/file8.png
8EI6 £6T m
srie8L
J A A — " LA
vLLOYT €LLLOST~¥5) 1 06T =
£292 17 ——EHBLEEL YEE0 87— ot T
298L 1T 133 TRAYA 6160 Z1 m
1SLL 68) w08 06} == LTOL | G} s ;070 /31 CE68 96 o
W2 PISL —LAR— — L1628 0L}
i gl
iy ZeEL 8N
YezL R WL Izl
LIELE0)
€829 8L ¥S59
6£L9°65

450000

400000
350000
300000
250000 -
200000
150000
100000
50000





media/file11.jpg
¢t

¢ ¢

<= Triacylglicerols
<= Freefatty acids





media/file6.png
Desirability

.
50 100 150 oqp 250 300 40

SC pressure (bar)

Desirability
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0

=3

45 50
SC temperature (°C)

SC temperature (°C)

65

60

50

45

40

(b)

55 [

TT T T

|1.1|1|_q;

o

50

100

150

200

SC pressure (bar)

Desirability





