Concentration of docosahexaenoic acid by enzymatic alcoholysis with different acyl-acceptors, using tert-butanol as reaction medium
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Abstract

The aim of this work was to produce docosahexaenoic acid (DHA)-enriched acylglycerols through the alcoholysis of tuna oil (24-26% DHA) using ethanol, dodecanol and isobutanol as the acyl-acceptors. The alcoholysis reaction was catalyzed using Thermomyces lanuginosus lipase (Lipozyme TL IM) and was carried out both in solvent-free medium and using tert-butanol to increase lipase stability. Studies were carried out to determine the influence of the reaction time and the lipase/oil ratio. The tuna oil’s DHA content was trebled (from 26 to 78 wt%) using isobutanol as the acyl acceptor while carrying out the alcoholysis reactions in solvent-free medium. However, under these conditions, the lipase was partially deactivated given that the conversion rate decreased by around 80% after catalyzing six successive reactions using the same lipase batch. With tert-butanol as the reaction medium, the lipase was more stable but the resulting DHA concentrations were lower: 56% with isobutanol and dodecanol (59% with dodecanol in solvent-free medium) and 42.5% with ethanol (47.5 % without solvent). 
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1. Introduction

Omega-3 polyunsaturated fatty acids (n-3 PUFAs), especially eicosapentaenoic (EPA) and docosahexaenoic acid (DHA), have a significantly positive influence on human health, including on atherosclerosis, coronary heart disease, inflammatory disease and behavioural disorders [1,2]. It is not clear if both EPA and DHA are similarly important in cardiovascular protection because both species coexist in most oils. Some data obtained from humans subjects suggest that DHA is more effective in lowering blood pressure and improving vascular function [3]. DHA is a vital component in the phospholipids of cellular membranes, especially in the brain and retina. There is considerable consensus on its consumption benefits for proper nervous system development during pregnancy and early life stages [4,5,6]. For this reason, it is used as a dietary supplement during pregnancy and in infant formula manufacture. Other studies suggest that DHA might be useful in the prevention and treatment of certain mental disorders such as attention deficit hyperactivity disorder [5].

Omega-3 PUFAs can be obtained from fish oils and marine microalgae. They have been purified using several procedures, such as urea complexation, chromatography, distillation, low temperature crystallization, supercritical fluid extraction, and enzymatic methods [6,7,8]. The main advantage of the enzymatic method is that low temperatures and non-aggressive reagents are used, which leave the DHA structure unchanged. Many commercially-available lipases discriminate against n-3 PUFAs [9]; that is to say, they attack PUFAs at a lower velocity than they do, for example, saturated and monounsaturated fatty acids. Thus, if lipase-catalyzed ethanolysis is carried out on triacylglycerols, most of the saturated and monounsaturated fatty acids of the fish oil triacylglycerols are converted into ethyl esters whereas PUFAs remain concentrated in the acylglycerol fraction. Martín Valverde et al. [10] showed that Lipozyme TL IM, Lipozyme RM IM and lipase from T. lanuginosus are able to concentrate DHA in the acylglycerol fraction. The main problem with using lipases to catalyze alcoholysis and esterification reactions is their low stability in the presence of short-chain alcohols (methanol and ethanol), since these alcohols present low solubility in oils and the lipases are deactivated on contact with the non-solubilized short-chain alcohols [8,10,11,12,13]. In order to avoid this problem, several alternatives have been put forward such as the step addition of methanol [14], lipase immobilization [15], utilizing solvents such as tert-butanol [16] as the reaction medium, and the use of long-chain fatty alcohols in alcoholysis or esterification reactions. Shimada et al. [17] tested short, medium and long-chain alcohols in the esterification of free fatty acids from tuna oil, catalyzed by Rhizopus delemar lipase. These authors found that long-chain fatty alcohols, such as decanol and lauryl alcohol, provided the highest esterification conversions and the highest PUFA (especially DHA) concentration. This may be due to the greater stability of lipases in these long-chain alcohols resulting from the higher solubility of these alcohols in oils [13]. Haraldsson and Kristinsson [11] also found that in the esterification of free fatty acids from sardine oil (12% DHA) with ethanol, n-butanol and n-hexanol, catalyzed by Rhizomucor miehei lipase, the residual free fatty acid mixture contained 54, 69 and 62% DHA, respectively.
In previous works [8,10], the Thermomyces lanuginosus lipase (Lipozyme TL IM) was chosen to concentrate DHA through tuna oil alcoholysis with ethanol, butanol and isobutanol. In solvent-free medium, isobutanol and 1-butanol deactivate the lipase less than ethanol does, and for this reason, higher conversions and DHA concentrations were obtained with butanol and isobutanol than they were with ethanol. Thus, under optimized conditions and for a 74% conversion, the isobutanolysis of tuna oil catalyzed by Lipozyme TL IM trebled the tuna oil’s DHA concentration (22% DHA), otaining acylglycerols with 69% DHA, along with a DHA recovery of almost 78%. However, even though Lipozyme TL IM is much more stable using isobutanol than ethanol, with the former, the conversion achieved after catalyzing four consecutive alcoholysis reactions was about 40% of the initial rate [8].

For the above-mentioned reasons, the aim of the present work was to concentrate DHA in the acylglycerol fraction through tuna oil (24-26 % DHA) alcoholysis catalyzed using the previously selected Lipozyme TL IM lipase. However, once the conditions for concentrating DHA have been achieved, it is important to maintain lipase activity for as long as possible; in many cases, this means changing the prior optimal conditions for concentrating DHA. Consequently, in this work, we sought a compromise in the conditions between that which is optimal in concentrating DHA and that providing greater lipase stability. In this respect, the alcoholysis reactions were carried out with ethanol, dodecanol and isobutanol, whilst using tert-butanol as the reaction medium to avoid (or minimize) lipase deactivation. 

2. Materials and methods

2.1. Chemicals and lipases

The chemicals used were tuna oil (kindly donated by Brudy Technology, Barcelona, Spain), absolute dry ethanol (maximum 0.02 % water), isobutanol (2-methyl-1-propanol) (puriss; Sigma-Aldrich, St.Louis, MO, USA), 1-dodecanol (reagent grade, 98%; Sigma-Aldrich, St.Louis, MO, USA), tert-butanol (2-methyl-2-propanol) and other reagents of analytical grade (Panreac, S.A., Barcelona, Spain). The complete fatty acid composition of tuna oil is shown in [12]. This oil contains between 24.3 and 26.2% docosahexaenoic acid (DHA). The lipase used to catalyze the alcoholysis reaction was Lipozyme® TL IM from Thermomyces lanuginosus (Novozymes A/S, Denmark). This lipase is immobilized on porous silica granulates. It is an sn-1,3 specific lipase and the manufacturer’s recommended temperature range is 20-50 ºC. 
2.2. Alcoholysis reaction
We conducted the tuna oil alcoholysis using ethanol, isobutanol and 1-dodecanol, with or without t-butanol as the co-solvent, as follows: 5 g of tuna oil, 980-2060 µL of alcohol (alcohol/oil molar ratio 2.3-6), 3.3 ml of t-butanol (0.66 mL/g oil) and 5 or 20 wt% of Lipozyme TL IM with respect to the oil. This mixture was placed in 50 mL Erlenmeyer flasks with silicone-capped stoppers in an inert argon or nitrogen atmosphere. The mixture was incubated at 35 ºC in an orbital shaking air-bath (Incubator 1000, Unimax 1010 Heidolph, Klein, Germany) at 200 rpm for different reaction times (1-72 h). The reactions were stopped for lipase separation by filtration (a glass plate with porosity level 4) inside a vacuum. 

We carried out the lipase stability study with the three alcohols tested in 350 mL glass flasks, with the lipase contained in a cylindrical polypropylene cartridge filter (pore size 50 µm) attached to a vertical rod placed in the center of the flask and fixed to the flask cap. This filter allowed reactants and products to pass but retained the immobilized lipase inside the cartridge. In this case the reaction mixture consisted of 100 g of tuna oil, a 2.3:1 alcohol/oil molar ratio, 65.5 ml of t-butanol (0.655 mL/g oil) and 5 g of Lipozyme TL IM (5% w/w, with respect to the oil). The reaction was carried out at 35 ºC in the orbital shaking air-bath, at 200 rpm for 24 h. The same lipase batch contained in the cartridge filter was used to catalyze successive reactions, and between turns, the lipase was washed with hexane and dried in nitrogen stream.

As all the reactions and their corresponding analyses were carried out in duplicate, each datum is the arithmetic mean of four experimental data sets; SDs were always below 15%. 
2.3. Product analysis and determination of DHA purity and yield in the acylglycerol fraction

The alcoholysis reaction mixtures contained acylglycerols (mono-, di- and triacylglycerols) and ethyl, isobutyl or dodecyl esters. We carrier out the qualitative identification of these species using thin-layer chromatography (TLC) following the procedure described in [18]. Using this technique, we found that free fatty acids either did not appear, or appeared in negligible amounts with respect to the other compounds present in the sample. We carried out the quantitative determination of fatty acids in acylglycerols using the procedure described in [12]. Firstly, we analyzed 30 µL of non-methylated samples using gas chromatography (GC); and, therefore, in this case, only the ethyl, isobutyl or dodecyl esters were quantitatively analyzed, since acylglycerols are not sufficiently volatile to be analyzed using this technique. Another test tube containing 0.4 mL of sample, 0.4 ml of hexane and 0.2 mL of internal standard solution was methylated by direct transesterification with acetyl chloride/methanol (1:20 v/v) following the method of Rodríguez Ruiz et al. [19]. In this case, we quantitatively determined all the fatty acids as methyl esters. Thus, the amount of each fatty acid present in the sample as acylglycerols was determined from the difference between the amount of fatty acid in the methylated sample and that in the esters (the non-methylated sample).  

We analyzed methyl, ethyl, isobutyl and dodecyl esters in all these samples with an Agilent Technology 6890 gas chromatograph (Avondale, PA, USA) using the procedure described in [12]. The oven temperature program for methyl and ethyl esters was as follows: 150 ºC for 3 min, increasing from 150 to 240 ºC at 7.5 ºC/min, and finally 240 ºC for 12 min. The program for the isobutyl esters was:  150 ºC for 3 min, increasing from 150 to 240 ºC over 5 ºC/min, and finally 240 ºC for 19 min. The program for the dodecyl esters was: 150 ºC for 3 min, increasing from 150 to 240 ºC at 7.5 ºC/min, and finally 240 ºC for 55 min. Matreya (Pleasant Gap, PA) n-3 PUFA standard (catalog number 1177) was used for the qualitative determination of fatty acids. We calculated the fatty acid masses as indicated in [12]. 


The alcoholysis reaction conversion was expressed as the weight ratio: 
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We calculated the DHA concentration in the acylglycerol fraction as the DHA weight percentage of total fatty acids in this fraction. DHA yield was determined as the DHA weight in the acylglycerol fraction divided by the DHA weight in the original tuna oil. 
3. Results and discussion
The concentration technique used in this work is based on the difference between the alcoholysis velocity of the DHA to that of the other fatty acids, since Lipozyme TL IM catalyzes DHA alcoholysis in the acylglycerols at lower velocities than other fatty acids [8,10]. Therefore, after a lipase-catalyzed alcoholysis reaction of an oil containing DHA, such as tuna oil, with a moderate conversion, DHA can be concentrated in the acylglycerol fraction, while other fatty acids (saturated, monounsaturated etc.) will be transformed to alkyl esters in greater proportion. The alcoholysis velocity of a fatty acid, such as DHA, is proportional to the DHA concentration in the acylglycerols, which increases as alcoholysis progresses [11, 20]. Therefore, at high conversions, the DHA concentration in acylglycerols decreases, which means that achieving optimal reaction conversion is of primary importance. On the other hand, Martín et al. [10] determined that 60.4% of total DHA in tuna oil is located at the sn-2 position of the triacylglycerol molecule. This indicated that DHA concentration at the 2 position of the acylglycerols can be achieved because Lipozyme TL IM is an sn-1,3 specific lipase. This mechanism complements the DHA concentration achieved due to the acyl-specificity for fatty acids other than DHA.

Martín et al. [10] obtained acylglycerols with a DHA concentration of 45% and 90% recovery using tuna oil (23% DHA) ethanolysis catalyzed with Lipozyme TL IM, at 35 ºC, an ethanol/oil molar ratio of 2.3:1, a 0.05 (w/w) lipase/oil ratio over a 48 h period. However, ethanol quickly deactivates the lipase because Lipozyme TL IM activity practically disappears after catalyzing an alcoholysis reaction for 24 h [8]; this occurs because short-chain alcohols (methanol and ethanol) present low solubility in oils, and when these alcohols exceed the solubility limit in the reaction mixture, the lipase is irreversibly deactivated. Consequently, in this work we tested longer-chained alcohols, such as isobutanol and dodecanol, using t-butanol as the reaction medium, in order to increase the lipase stability and the alcoholysis conversion. t-Butanol seems to be the most effective in preserving lipase stability because it is a moderately hydrophilic solvent (intermediate polarity, log P ≈ 0.35 [21]) which can solubilize oil, short-chain alcohols and even glycerol; this decreases or even avoids lipase deactivation by non-solved short-chain alcohol [14]. Several authors have proved that t-butanol is not a substrate for the lipases as they do not act on tertiary alcohols [22, 23].
3.1. Influence of t-butanol on the ethanolysis of tuna oil 
Figure 1 shows the results obtained from the ethanolysis of tuna oil in solvent-free medium using t-butanol as the reaction medium. These experiments were carried out with two Lipozyme TL IM/tuna oil ratios, 0.05 and 0.20 w/w, and at reaction times between 2 and 73 h. The product of both variables can be considered as a variable representing the treatment intensity, seeing as the reaction time and the lipase/substrate ratio are equivalent variables if no lipase deactivation occurs [18,24,25,26]. Figure 1a shows that, when we used t-butanol, conversions fitted to only one line although they were obtained at increasing times and with two different lipase/oil ratios. Therefore, the product of the lipase/oil ratio and reaction time can indeed be considered as the variable that represents the intensity of treatment (IOT). In these experiments, we used a 2.3 ethanol/oil molar ratio because this value was demonstrated to be optimum in a previous work [10]. This molar ratio is somewhat higher than the stoichiometric ratio because Lipozyme TL IM is an sn-1,3 specific lipase and it only attacks the extreme positions of the triacylglycerol molecule. We used a slight excess of alcohol because complete acylglycerol conversion to ethyl ester is not desirable in this case. Figure 1a shows that the initial reaction velocity and the final conversion in solvent-free medium are higher than in t-butanol medium - at an IOT of 14.6 g lipase h/g oil, the conversions achieved without and with t-butanol were 71% and 54%, respectively (Fig. 1a). Using t-butanol, the alcoholysis velocity was lower and decreased quicker than when t-butanol is not present. A similar result was obtained by Liu et al. [27], who tested three lipases (Novozym 435, Lipozyme TL IM and Lipozyme RM IM) and six alcohols (including ethanol and isobutanol) for alcoholysis reactions, in solvent-free and in t-butanol medium. They found that each lipase presented a different kinetic pattern depending on the alcohols in the solvent-free and the t-butanol medium. Thus, for example, while Novozym 435 gave higher conversion with ethanol in t-butanol than in solvent-free medium, Lipozyme TL IM presented contrary behaviour - 63% conversion in solvent-free medium as compared to 43% in t-butanol medium (a similar result to that obtained in this work). Liu et al. [27] carried out these experiments using 0.05 g lipase/g oil and a reaction time of 20 h; that’s is to say, an IOT of 1 g lipase h/g oil, which is in the IOT range used in this work (see Fig. 1a). On the other hand, this lower reaction velocity in t-butanol medium may be because the solvent influences the lipases’ catalytic activity. Laane et al. [28] demonstrated that polar solvents (which have low log P values), such as t-butanol (log P ≈ 0.35), distort the essential water layer that lipase requires to maintain its activity, decreasing the lipase activity and reaction velocity.
As a consequence of the higher conversions attained without solvent, Figure 1b shows that the DHA content in the acylglycerol fraction increased from 25% in the tuna oil up to 42% (48% conversion) using t-butanol and 48% (56% conversion) in solvent-free medium. Figure 1b shows that in the solvent-free medium the DHA content achieved a maximum value of 48%, decreasing for higher conversions, meaning that at about this DHA content, the fatty acid is also attacked and transformed into ethyl ester. Accordingly, Figure 1c shows that DHA recovery decreased slowly to around 88% (56% conversion), but above this value DHA recovery decreased sharply. The maximum DHA content (around 48%) was therefore achieved without solvent at an IOT of 0.8 g lipase h/g oil (4 h and 0.2 g lipase/g oil, 56% conversion). Using t-butanol, the maximum DHA content was 43%, obtained with a higher IOT of 3.6 g lipase h/g oil (0.05 g lipase h/g oil, 72 h, conversion 50%).
3.2. Lipase stability 
We determined the lipase stability in the alcoholyis of tuna oil using ethanol, both with and without t-butanol as the reaction medium, by measuring the conversion obtained from a batch of lipase used to catalyze successive alcoholysis reactions, each lasting 24 h. These alcoholysis reactions were carried out with the lower lipase amount (5 wt% with respect to the oil). Figure 2a shows that, when we used ethanol in solvent-free medium, the lipase activity practically disappeared after the first reaction cycle. This is because proteins are unstable in short-chain alcohols and the non-solved ethanol deactivates the lipase. Ethanol solubility in oils is 2/3 of the stoichiometric amount [13], i.e. above an ethanol/oil molar ratio of 2, non-soluble ethanol is present - in this case, we used a 2.3:1 molar ratio. However, using t-butanol, even seven reaction cycles, the conversion remained constant (Fig. 2a), which clearly shows that Lipozyme TL IM is stable in t-butanol medium; although in this medium, acylglycerols with lower DHA contents were obtained. In order to find conditions that offer higher DHA concentrations and lipase stability, new longer-chained alcohols were tested as the acyl-acceptors. 
3.3. Alcoholysis of tuna oil using dodecanol, in the presence or absence of t-butanol 
In a previous work [8] DHA was concentrated by the alcoholysis of tuna oil catalyzed with Lipozyme TL IM, using isobutanol and 1-butanol as the acyl-acceptors. Acylglycerols with up to 69% DHA were obtained using these alcohols. However, when the lipase was repeatedly used to catalyze successive reactions they observed that after four reaction cycles, the conversion achieved was only about 40% of the initial conversion. Taking these previous results into account, dodecanol was tested in this work in an attempt to concentrate DHA while preserving lipase stability. Dodecanol was also used by Shimada et al. [29] to concentrate DHA in an ethyl ester fraction through the alcoholysis of fatty acid ethyl esters from tuna oil, catalyzed by Rhizopus delemar lipase. The DHA content was increased from 23 to 52 mol%, with a 90% recovery yield. 
Figure 3a shows the influence of time and the dodecanol/oil molar ratio on the conversion. This figure shows that both reaction rate and conversions were higher using a 3:1 dodecanol/oil molar ratio than a 6:1 molar ratio. A similar result was obtained by Ramírez et al. [30] when concentrating EPA by esterification of fatty acids from fish and microalgae oils with dodecanol, catalyzed by lipase AK from Pseudomonas fluorescens - indicating that reaction velocity may be limited by mass transfer resistance. Dodecanol is a highly viscous alcohol which, at high molar ratios, can block the lipase, thus decreasing the reaction velocity. Because higher conversions were attained using the lower molar ratio, higher DHA contents were also achieved at this molar ratio. Figure 3b shows that DHA contents of around 59% were obtained using a 3:1 molar ratio for a 66% conversion. At this conversion, 84% of initial DHA was recovered in the acylglycerols fraction (Fig. 3c). Thus, using dodecanol the DHA content was multiplied by 2.4 (59/24.5), which is a higher concentration factor than that attained using ethanol (1.9) but lower than the one obtained by Martín et al. [8] using isobutanol (3.1). This concentration factor (2.4) is similar to that achieved by Shimada et al. [29] (52/23= 2.3) in the concentration of DHA through the alcoholysis of ethyl esters from tuna oil, likewise using dodecanol as the acyl-acceptor and catalyzed by the lipase Rhizopus delemar. However, Figure 2b shows that with dodecanol as well, after three successive reactions catalyzed by the same lipase batch the conversion decreased by around 55%. Consequently, we also carried out this alcoholysis reaction using t-butanol as the reaction medium to increase lipase stability. Figure 3a shows that again, under similar conditions, lower reaction rates and conversions resulted from using t-butanol. In this experiment, a maximum DHA content of 56% (a concentration factor of 2.2) was attained at 50 h (0.2 w/w lipase/oil ratio), and 94% of initial DHA was recovered in the acylglycerols (Fig. 3c). This DHA content is similar to that obtained without solvent (59%), although, in this case, a higher IOT was necessary (4.8 g lipase h/g oil without solvent and 10 g lipase h/g oil with solvent). With respect to lipase stability using dodecanol and t-butanol, Figure 2b shows that the conversion achieved with the same lipase batch also decreased; although, in this case, the decrease in conversion was only 14% after catalyzing three 24 h alcoholysis reactions. However, one should take into account that Lipozyme TL IM is a lipase that deactivates even in the absence of alcohols. For example, Khor et al. [16] and Osorio et al. [31] observed that this lipase deactivates at temperatures between 45 and 60 ºC just in the presence of palm oil, and in the interesterification of fats at 35 ºC. Nonetheless, it is an inexpensive lipase since its price is more than ten times lower than that of Novozym 435 ($800 per kg for Lipozyme TL IM and $8,500 per kg for Novozym 435, [27]). This relatively low price could make DHA concentration more economical, even though it can only be used a limited number of times.  

One advantage of using dodecanol as the alcohol is that it allows easier separation of the dodecanol esters from the DHA-enriched acylglycerols after the alcoholysis reaction by liquid-liquid fractionation. Martín et al. [8] separated the DHA-enriched acylglycerols and the isobutanol esters by liquid-liquid fractionation in a 90:10 (v/v) ethanol-water/hexane biphasic system. In this partition the partial acylglycerols remain preferentially in the hydroethanolic solution, while the triacylglycerols and esters remain in the hexane phase. In our case, the DHA-enriched acylglycerols (64% DHA) were separated in the hydroalcoholic solution with 97.6% purity but with only a 51.7% recovery – this was after carrying out three extraction steps with 90:10 ethanol-water [8]; that is to say, while isobutyl esters remained almost totally in the hexane phase, partial acylglycerols remained in both the hexane and the hydroalcoholic phases. In this respect, the partition coefficient of DHA-enriched acylglycerols (KAG = acylglycerol concentration in the hexane phase/acylglycerol concentration in the hydroethanolic phase) is about 1.5, while the partition coefficient of isobutyl esters (KIBE = isobutyl ester concentration in the hexane phase/isobutyl ester concentration in the hydroethanolic phase) is about 3.5. Using dodecanol instead of isobutanol in the alcoholysis reaction means that we obtain dodecyl esters, for which we determined a partition coefficient KDE = 19; i.e. the KDE/KAG ratio is greater than the KIBE/KAG ratio since dodecyl esters are more hydrophobic than isobutyl esters.  Therefore, when using dodecanol, DHA-enriched acylglycerols can be obtained with a similar purity (around 98%) and yield (around 50%) carrying out the separation with a similar ethanol-water/hexane ratio per step (1.5 v/v) but using fewer extraction steps than the three used by Martín et al. [8]. Ethanol-water/hexane ratios higher than 1.5 (v/v) are required to increase the acylglycerol recovery.  

3.4. Alcoholysis of tuna oil with isobutanol, in the presence or absence of t-butanol 
Martín et al. [8] obtained acylglycerols containing 69% DHA through the alcoholysis of tuna oil and isobutanol. To achieve this high concentration level a 3:1 isobutanol/oil molar ratio and an IOT of 2 g lipase h/g oil (0.2 w/w lipase/oil ratio and 10 h) were used. However, under these conditions, the Lipozyme TL IM lipase likewise deactivated - after four reaction cycles catalysing with the same lipase batch, the conversion rate was about 40% of that at the start. Consequently, in this work, isobutanol was again tested as the acyl-acceptor, comparing the results obtained both with and without t-butanol (Fig. 4). We also carried out these experiments at increasing reaction times and using two Lipozyme TL IM/oil ratios, 0.05 and 0.20 w/w, and both variables were grouped in the IOT. Figure 4a shows the influence of IOT on the conversion and shows that the reaction velocity and conversion in solvent-free medium were higher than when using t-butanol. As a result, the DHA content was higher when no solvent was used. Under these conditions, we attained acylglycerols with DHA contents of 75-78% (Fig. 4b) and with DHA recoveries of 70-60% (Fig. 4c) (at 76-80% conversions). However, as Martín et al. [8] demonstrated previously, Figure 2c shows that this lipase also became less active under these conditions, given that the conversion decreased by around 80% after catalyzing six consecutive reactions using the same lipase batch. With t-butanol as the reaction medium, we obtained acylglycerols with 56% DHA (78% recovery at a conversion of 64%, Figs. 4b,c). Both conversions (64% with solvent and 80% without solvent) and DHA concentrations (56% with solvent and 78% without solvent) were attained at the same IOT (9.8 g lipase h/g oil, in a time of 49 h, and 0.2 g lipase/g oil, Fig. 4a, b), indicating that the DHA concentration level depends on the conversion, which is limited by the presence of t-butanol. In our case, Figure 2c shows that the conversion achieved with the same lipase batch remained constant for at least 6 uses; the figure shows that the conversion rate decreased in the second, third and fourth lipase application, but increased in the fifth. This occurred because the lipase was not washed before the second to fourth cycles, but was washed with hexane (Section 2.2) prior to the fifth. This fact indicates that substrates and products remain attached to lipase even when t-butanol is used, and these substances block the lipase. 

Table 1 shows the highest DHA content attained under each of the conditions used in this and previous works, arranged in increasing order of DHA content. One can observe how the DHA concentration level depends exclusively on the conversion attained because the higher the conversion, the higher the DHA content. The lowest conversions and DHA contents were obtained with ethanol as this alcohol deactivates the lipase most. Although a lower alcohol/oil molar ratio (2.3) was used with ethanol, an increase of this variable did not increase the conversion due to lipase deactivation [8]. Table 1 shows that, with isobutanol, we obtained higher DHA contents (up to 77.8%) than did Martín et al. [8] (69%); but higher IOTs were required and lower DHA recoveries were achieved. The use of t-butanol always decreased the conversion and the DHA content; but, despite this, no low DHA contents resulted (55.7% with dodecanol and isobutanol) and the lipase is much more stable than when t-butanol is absent. Also, in general, an increase in conversion implies a decrease in DHA recovery. We obtained higher conversions and DHA contents using isobutanol than using dodecanol, which may be because the latter is a highly viscous alcohol, which limits the reaction velocity and the final conversion achieved (compare the conversions attained with both alcohols in Figs. 3a and 4a). The DHA concentration factors we obtained in this work (Table 1) are similar to or higher than those obtained by other authors who also used the alcoholysis reaction to concentrate DHA [11,20,29]. Thus, for example, Haraldsson and Kristinsson [11] multiplied the DHA concentration of tuna oil by 2.1 (from 23 to 49%), using the immobilized Rhizomucor miehei lipase. Other research [11,32,33] obtained a similar DHA concentration factor in the concentration of DHA using the enzymatic esterification of free fatty acids, previously obtained by saponification of fish oils. However, in those works, DHA was concentrated as free fatty acid, while in this work DHA is concentrated as acylglycerols, which seems a more effective way of supplying PUFAs than in the form of free fatty acids [6,34,35]. The DHA concentration factors shown in Table 1 are also similar to, or higher than, those obtained by lipase catalyzed hydrolysis. For example, Okada et al. [36] doubled the DHA concentration of sardine oil (from 13.6 to 29.9%) using the lipase Candida rugosa as the catalyst; while Wanasundara and Shahidi [37] multiplied by 3 and 1.7 the DHA concentrations of seal blubber oil (from 7.6 to 24%) and menhaden oil (from 10.1 to 17.3%), respectively, using the lipase from Candida cylindracea. 
4. Conclusions
We studied the selectivity and stability of Lipozyme TL IM lipase in concentrating DHA by alcoholysis of tuna oil, using ethanol, dodecanol and isobutanol as the acyl-acceptors, in solvent-free medium and using t-butanol as the reaction medium. We obtained the highest DHA concentration in solvent-free medium and using isobutanol as the acyl-acceptor. Under these conditions, the tuna oil’s DHA content (around 26.2 wt%) was multiplied by three, and we obtained acylglycerols with DHA of up to 77.8 wt%. However, under these conditions the lipase was not stable since the conversion decreased by around 80% after catalyzing six successive reactions using the same lipase batch. Lipozyme TL IM was stable using isobutanol as the acyl acceptor and t-butanol as the reaction medium since the conversion attained with the same batch of lipase remained constant for at least six uses; although the acylglycerols obtained presented a lower DHA content (56%). Using ethanol and dodecanol as the acyl-acceptors, we obtained higher DHA concentration factors but lower lipase stability, including under solvent-free medium conditions. Therefore, t-butanol stabilizes the lipase but decreases the DHA concentration level due to the lower conversions attained in the presence of solvent. Nonetheless, Lipozyme TL IM is an inexpensive lipase that could be economically used to concentrate DHA even though it can only be used a limited number of times.  
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Fig. 1. Concentration of DHA in the acylglycerol fraction by the ethanolysis of tuna oil, catalyzed by Lipozyme TL IM: the influence of using t-butanol as the reaction medium along with the intensity of treatment (IOT, a product of the lipase/oil ratio and the  reaction time) on the conversion of tuna oil to ethyl esters (a); and the influence of using t-butanol and the conversion on the acylglycerol DHA content (b); and on the DHA recovery (c). Reaction conditions: 5 g tuna oil, 2.3:1 ethanol/oil molar ratio, 0.05 and 0.2 /w/w) lipase/oil ratio, reaction time 2-72 h, 3.3 ml t-butanol.

Fig. 2. Influence of using t-butanol as the reaction medium and of the number of times a lipase batch was used in the conversion of tuna oil with ethanol (a), dodecanol (b) and isobutanol (c), catalyzed by Lipozyme TL IM. Reaction conditions: 100 g tuna oil, 2.3:1 alcohol/oil molar ratio, 65.5 mL of t-butanol, reaction time 24 h per reaction cycle, 0.05 (w/w) Lipozyme TL IM/tuna oil ratio. 

Fig. 3. Concentration of DHA by alcoholysis of tuna oil with dodecanol, catalyzed by Lipozyme TL IM: the influence on conversion of the dodecanol/oil molar ratio, of using t-butanol and of the reaction time (a); and the influence on the DHA content of the molar ratio, of using t-butanol and the conversion (b); and DHA recovery (c). Reaction conditions: 5 g tuna oil, dodecanol/oil molar ratios 3 and 6, 0.20 (w/w) lipase/oil ratio, 3.3 ml t-butanol.

Fig. 4. Concentration of DHA by alcoholysis of tuna oil with isobutanol catalyzed by Lipozyme TL IM: the influence on the conversion of tuna oil to ethyl esters of using t-butanol and the intensity of treatment (IOT, see Fig. 1) (a); and the influence on the DHA content of acylglycerols of using t-butanol and the conversion (b); and DHA recovery (c). Reaction conditions: 5 g tuna oil, 3:1 isobutanol/oil molar ratio, reaction time 2 to 72 h, 0.05 and 0.20 (w/w) Lipozyme TL IM/oil ratio, 3.2 mL t-butanol.
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	Table 1
Reaction conditions and conversions whereby the maximum DHA contents were achieved, in order of increasing DHA contents.

	
	Alcohol-solvent
	Alcohol/oil molar ratio
	Lipozyme TL IM/oil ratio (w/w)
	Reaction time (h)
	IOT (g lipase h/g oil)
	Conversion (%)
	DHA content (%)
	DHA recovery (%)

	This study
	Ethanol-t-butanol
	2.3
	0.05
	72
	3,6
	50.4
	42,5
	87.7

	Martín et al. [10]
	Ethanol
	2.3
	0.05
	48
	2.4
	56
	45
	90

	This study
	Ethanol
	2.3
	0.2
	4
	0.8
	58
	47.5
	81.6

	This study
	Dodecanol-t-butanol
	3
	0.2
	50
	10
	58.8
	55.7
	94.3

	This study
	Isobutanol-t-butanol
	3
	0.2
	49
	9.8
	63.7
	55.7
	77.8

	This study
	Dodecanol
	3
	0.2
	24
	4.8
	66.2
	59
	84.2

	Martín et al. [8]
	Isobutanol
	3
	0.2
	10
	2
	74
	69
	78

	This study
	Isobutanol
	3
	0.2
	27
	5.4
	76.1
	74.7
	69.8

	This study
	Isobutanol
	3
	0.2
	49
	9.8
	80.4
	77.8
	59.6
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