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Abstract.  Dietary n-3 fatty acids are implicated as critical nutrients in the 
development of eye and brain function in infants. Epidemiological and 
interventional studies have shown that by increasing the intake of dietary ω-3 
fatty acids, the risk of coronary heart disease is decreased. The use of lipases 
on the enrichment and incorporation of n-3 fatty acids into the glyceride 
structure; as well as the lipase regioselectivity and affinity for different 
substrates have been explored. Due to its similar activity towards the fatty acids 
having a different chain length and unsaturation degree, Candida antarctica 
lipase fraction B, has been successfully used for the production of n-3 fatty 
acids enriched glycerides. In this work, the effects of temperature (35 to 60˚C) 
and free fatty acids/glycerol ratio (1.5 to 2.5) on glyceride production were 
tested and analysed by the comparison of the rate constants implied in 
glyceride production, showing their influence on the lipase regioselectivity and 
acylic migration rate. The reaction was catalysed by Candida antarctica lipase 
fraction B by a poly-esterification reaction from glycerol and a n-3 enriched free 
fatty acids preparation (synthetized from fish oil) in a solvent system. According 
to our results, the production of triacylglycerols (TAG), 1,3-diacylglycerols (1,3-
DAG) and 1(3)-monoacylglycerols (1-MAG) was affected by substrates molar 
ratio, while the production of TAG and 1-MAG was affected by both, substrates 
molar ratio and reaction temperature. We found that lipase regioselectivity 
towards sn-1 position of glycerol is increased with temperature elevation and 
free fatty acids/glycerol molar ratio reduction. Additionally, the acylic migration 
rate from 1,3-DAG to 1,2-DAG increased as the temperature and free fatty 
acids proportion on the reaction medium were raised. Under our experimental 
conditions, the main products obtained were TAG with a concentration up to 
0.9178 mM at 64°C and 2.5 free fatty acids/glycerol ratio. Additional trials could 
be carried out to study the effects of other factors affecting the lipase activity 
and regio-selectivity, such as solvent polarity, enzyme amount and water 
concentration.  

  

 



 

 
 

Introduction 
Long chain n-3 polyunsaturated fatty acids (n-3 PUFA) ingest is related to several benefits to 
human health as they play a very important role in treatment and prevention of coronary 
disease, hypertension, arthritis, inflammatory and auto-immune disorders and cancer (Weber y 
col., 1986; Von Schacky, 1988; Hunter, 1989; Simopoulos, 1991). In several animal models 
n-3 PUFA ingest reduces the number and size of tumors, modules prostaglandins 
metabolism and decreases triglycerides in plasma (Siess, 1980; Haraldsson, 1997; Breivik, 
1997; Simopoulos, 1991). Supplements of fish oil are a very popular alternative as a response 
to low ingest of n-3 PUFA for most of the western population. Most of the commercial 
concentrates that can be found nowadays are the omega-3 ethyl ester derivatives. However, 
research is ongoing to obtain more digestible glyceride concentrates.  

Lipases are biocatalysts that are broadly utilized in lipid structure modification. Different kinds of 
lipase-catalyzed reactions aimed to lipid modification have been developed; examples of these 
are the esterification, hydrolysis and interesterification reactions. Lipase-catalyzed reactions 
occur under mild conditions of temperature, pressure and pH and they require both less energy 
amount and less equipment investment than other chemical processes. Furthermore, under 
these mild conditions, products are purer and less degraded than in alternative reactions at high 
temperatures, making these kind of reactions environmental friendly. Several investigations 
have described the use of lipases in the enrichment and incorporation of n-3 fatty acids into 
glyceride structures, and their regioselectivity and affinity for different substrates have also been 
explored. In some of these works, (Haraldsson, 1997; Breivik, 1997; Torres, 2001; 
Halldorsson, 2004; Hamam and Shahidi, 2007) the ability of Candida antarctica lipase fraction 
B (CAL-B) to incorporate these essential fatty acids into glycerides structures has been 
highlighted.   

Research aimed to glyceride production with the use of lipases has been focused in the study of 
phenomena such as acylic migration, lipase-regioselectivity/activity and product yield. In a study 
developed by Lortie et al (1993), it was found a linear relationship between the free fatty acid 
content at the beginning of the reaction, and the value of the rate constants for the isomerization 
reaction from 1,2-DAG to 1,3-DAG through an esterification reaction from oleic acid and 
glycerol. Recently, other investigations have been focused on the study of the effect of the 
factors such as polarity of the media on the lipase regio-selectivity and activity (Gagnon et al., 
2011; Duan et al., 2010; Duan et al., 2011, Wu et al., 2012, Li et al., 2010). This work was 
focused on the establishment of the relationship of factors such as temperature (35 to 60˚C) and 
substrate molar ratio (1.5 to 2.5) to the production of n-3 enriched acylglycerols, through a CAL-
B lipase catalyzed esterification reaction, as well as the influence of these factors on the lipase 
regioselectivity and acylic migration rate phenomena explained for the rate constants estimated 
according to the model proposed for Lortie (1992) for this system. 

 



 

 
 

 

Materials and methods 

Biocatalyst and substrates 
A commercial form (Novozym-435) of the immobilized Candida antarctica fraction B lipase was 
used as a biocatalyst. The substrates employed consist of a free fatty acids-preparation derived 
from fish oil (FFA), and anhydrous glycerol adsorbed in 200-400 mesh size silica-gel according 
to the method reported by Berger (1982). 

Design of experiments 
A Box-Wilson type composite rotatable design (Myers and Montgomery, 1995) was used in this 
work. The studied factors were: Temperature (X1) and substrate molar ratio glycerol:FFA (X2), in 
the levels: 40-60°C and 1:1.5-1:2.5, respectively. Thirteen experimental runs were carried out: 4 
corresponding to a 22 factorial design, 4 axial points and 5 central repetitions. 

Esterification conditions 
Enzymatic kinetics was carried out in 50 mL screw capped Erlenmeyer flasks, placed in a water 
bath with constant orbital agitation (110 rpm). Water produced by the esterification was 
controlled by adding molecular sieves, from the beginning of the reaction. The substrate 
mixture, consisting of adsorbed glycerol and free fatty acids weighed 3.65 g on all runs, but the 
molar ratio of the reactants varied according to each treatment, 6 mL of hexane were set in the 
reactor together with the mixture; then vigorous shaking was performed on the orbital shaker 
until temperature stabilization, then 5% of enzyme (based on the total substrates weight) and 
molecular sieves were added.  

Analytical methods 
The glyceride analysis by HPLC was performed on a HPLC (Waters Breeze system), equipped 
with two pumps (1525), a loop of 20 µL and an ELSD-500 detector (Alltech). The column used 
was Econosil 25 cm x 4.6 mm normal-phase packed with silica, with a particle size of 5 µm. The 
column was placed in an Eppendorf column heater model CH30 with a temperature controller 
TC50 that maintained the column temperature at 50 °C. A split valve was placed in the detector 
inlet, directing only 50% of the flow to the detector; 400 µL aliquots of the initial solution 
destined for glyceride analysis were diluted in 1.6 mL of chloroform, and 10 µL were injected 
into the HPLC. The drift tube of the ELSD was adjusted to 90°C. The solvent gradient used was 
according to Li (2010).  

Modeling 
In order to model the obtained equilibrium data, a simple set of reactions adapted from the ones 
proposed by Lortie et al. (1995) was used (equation 1). 

G        AGL        MAG        DAG        TAG … (1) 

Considering all the possible equilibria, the set of all possible occurring reactions is shown below: 



 

 
 

 
Non-linear regression analysis was performed over the collected data from the kinetics of 
glyceride production using Micromath Scientist® according to the differential equations 
published by Lortie et al. (1993). This differential equations system was numerically solved by 
the Episode (Stiff) method using 5000 iterations with an error of 0.0001. The estimation of 
kinetic constants for the system was performed by multiple regression based on the Powell 
minimization method. The variance/covariance and correlation matrices were determined along 
with the residuals and confidence interval of 95% for the latter. 

Statistical Analysis 
The experimental data were analyzed by performing a surface response analysis, allowing the 
evaluation of the effect of several factors on the responses, to determine which of them is 
prominent. It was used a second-order model for the prediction of the following: MAG, DAG and 
TAG production (mmol/g substrate) at 24 hours of starting the reaction:  

 . . . (2) 

Where  are, respectively, the mean, the linear effects, the quadratic effects and 
the interaction effects of the factors. This analysis was carried out in Minitab v.14 

Safety Emphasis 
A GRAS solvent (hexane) was utilized for carried out the esterification reactions. The 
immobilized lipase and organic solvent were recovered for its posterior reutilization; also the 
residual fat matter was disposed in closed recipients before wasting. Management of organic 
solvents was performed under an exhaust fume hood to discard the adverse effects related to 
its inhalation.  

Results and discussion 
Triacylglycerol production 
Figure 1 shows TAG production in all the evaluated treatments.  



 

 
 

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

TAG PRODUCTION

T=60°C, MR FFA/Gly=2.5:1
T=60°C, MR FFA/Gly=1.5:1
T=40°C, MR FFA/Gly=2.5:1
T=40°C, MR FFA/Gly=1.5:1
T=64.14°C, MR FFA/Gly=2:1
T=35°C, MR FFA/Gly=2:1
T=50°C, MR FFA/Gly=2.7:1
T=50°C, MR FFA/Gly=1.3:1
T=50°C, MR FFA/Gly=2:1

m
m

ol
/g

Time (h)  
Figure 1. Production of TAG via enzymatic esterification with the fraction B of the Candida antarctica lipase 

from free n-3 free fatty acids and glycerol in the different evaluated treatments 

The statistical analysis shows that the linear and quadratic effects of both substrate molar ratio 
and temperature had a significant effect on triacylglycerol production (α=0.05). This production 
was increased in treatments where both, the temperature and the ratio (FFA/GLY) were higher 
(Figure 2), as it is explained by the rate constants calculated in this work (Tables 1-3).  
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                                             (a)                                                                                             (b) 
Figure 2. Effect of temperature and substrate molar ratio on the production rate of TAG. Contour plot (a) and 
Surface response plot (b). 

The effect of temperature elevation on higher triacylglycerol production can be related to the 
increase of two rate constants: The one for the isomerization from 1,3-DAG to 1,2-DAG (k16) 
and the one for the esterification from 1,2-DAG to TAG (k5) (Table 1). It is interesting to note that 
these reactions are the most prominent for triacylglycerol production via esterification catalyzed 
by Novozym-435. It is observed a similar effect of the substrate molar ratio than that of the 
temperature on TAG production; it can be seen on tables 2 and 3 that as the substrate molar 
ratio is raised, the values for k5 and k16 increase; consequently, the predominant path on the 
triacylglycerol production is 1,3-DAG-> 1,2-DAG->TAG. This is true for the temperatures tested, 
either at 50 and 60oC. TAG production could be also related to the polarity of the reaction 
medium. Li et al (2010) found that, in a medium with a lower polarity, the acyl migration rate is 
greater than in a medium with a higher polarity. According to this, the lower polarity of the 



 

 
 

solvent used in this work could be other important factor promoting TAG production, by 
enhancing the acyl migration from 1,3-DAG to 1,2-DAG, leading to TAG production from 1,2-
DAG in the presence of more free fatty acids available in the reaction medium.  

1,3-Diacylglycerol production 
The experimental data adjusted using the model by Lortie (1992) for the production of 1,3-DAG 
under all the tested treatments are represented on figure 3.  
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Figure 3. Production of 1,3-DAG via enzymatic esterification with the fraction B of Candida antarctica lipase 

from free fatty acids n-3 and glycerol in the different evaluated treatments. 

According to the statistical analysis, the ffa to glycerol molar ratio had a significant effect on the 
production of 1,3-DAG ((α=0.05). The production of this glyceride is reduced when the amount 
of free fatty acids in the reaction system is raised as we found in this work (figure 4).  
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                                             (a)                                                                                             (b) 
Figure 4. Effect of temperature and substrate molar ratio on the production rate of 1,3-DAG. Contour plot (a) 

and Surface response plot (b). 

This is related to the value of the isomerization constant for the conversion of 1,3-DAG to 1,2-
DAG (k16), this value is increased as the free fatty acids/Glycerol ratio in the reaction media is 
augmented independently of the temperature used, as is shown in tables 2 and 3. Related to 
this, Duan et al (2010) carried out the 1,3-diacylglycerol preparation via Novozym-435 catalyzed 



 

 
 

esterification in t-butanol, finding that a higher 1,3-DAG yield was obtained as the molar ratio of 
oleic acid/glycerol was raised to a proportion up to 2.5:1. The apparent contrary effects found 
between Duan’s work and this investigation, could be due to the difference in the polarity of the 
media for both systems: n-hexane used in the present work, is a less polar solvent than t-
butanol used by Duan (2010), this difference could influences the acyl migration phenomenon 
as it is pointed out by Li et al (2010), who found that a high solvent polarity reduces the acyl 
migration rate, having as a consequence promoting the major stability of the 1,3-DAG formed. 
Therefore, the lower the polarity of the medium, the less stable the 1,3-DAG formed, when the 
availability of free fatty acids in the reaction medium is increased. Related to this, Duan et al 
(2010) carried out a kinetic study finding that by increasing solvent log P, the esterification rate 
values for 1-MAG, 2-MAG, 1,3-DAG y 1,2-DAG production are increased, but the ratios 1-
MAG/2-MAG formation rate and 1,3-DAG /1,2-DAG formation rate are lowered. This later 
implies a reduction in the positional selectivity to the primary position of glycerol with the 
increase of solvent Log P in the reaction medium. Suggesting that the low polarity solvent used 
in this work promotes both, the acylic migration from 1,3-DAG to 1,2-DAG and the reduction in 
the positional selectivity to primary position of glycerol, promoting 1,2-DAG instead 1,3-DAG  
production. No significant temperature effect was found on the production of 1,3-DAG in this 
work. Other investigations have shown that acyl migration can be a factor related to 
temperature, that may reduce the yield of 1,3-DAG. About this, Watanabe et al. (2003) reported 
that final concentration of 1,3-DAG can be increased at lower temperatures since acyl migration 
is more dependent on temperature than the synthesis of 1,3-DAG, determining also that 
although the esterification rate is increased as the temperature is raised, 1,3-DAG maximum 
concentration obtained remained constant as acyl migration from 1,3-DAG to 1,2-DAG was also 
promoted, limiting 1,3-DAG yield.  According to this, other authors (Irimescu et al., 2001; 
Lyubachevskaya et al., 2000) pointed that if the reactions are carried out at temperatures lower 
than 40oC and in conjunction with solvents such as hexane, the rate of spontaneous acyl 
migration is lower than that of lipase-catalyzed reactions.  

1-Monoacylglycerol production 
Figure 5 shows monoacylglycerols (MAG) production course in all the treatments carried out in 
this work.  
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Figure 5. Production of 1-MAG via enzymatic esterification with the fraction B of the Candida antarctica 

lipase from free n-3 free fatty acids and glycerol in the different evaluated treatments 



 

 
 

According to statistical analysis, MAG production was affected by temperature, and substrates 
molar ratio. This glyceride production was increased by reducing temperature, being this the 
principal factor affecting MAG production within the experimental region tested in this work 
((α=0.05). This decreasing effect on 1-MAG production as the temperature is raised, can be 
appreciated by analyzing the values of the rate constants; they show that even when a 
temperature elevation increases the lipase esterification selectivity towards the sn-1 position 
over sn-2 position (this can be appreciated by analyzing the increment in k7/k1 value), other 
reactions associated with 1-MAG decomposition, take place preferably, having as a result the 
rapid depletion of 1-MAG at higher temperatures. On the other hand, substrate molar ratio had a 
significant effect on MAG production in this work: with the raise of the free fatty acids availability 
to esterify to glycerol, MAG production is reduced. This effect is related to a decrease in the 
selectivity of the lipase towards sn-1 position of glycerol, as can be seen in the reduction of the 
ratio k7/k1 with the augment of free fatty acids concentration in the reaction medium. On the 
other hand, the low polarity of solvent used in this work, could contributes to the phenomenon 
mentioned before. According to Duan (2012) low polarity of solvents is related to a positional 
selectivity reduction of lipase during MAG production. Substrate molar ratio can affect MAG 
production in either of two ways: The increase on glycerol quantity in the reaction medium can 
affect MAG production in two ways: The increase of glycerol concentration will augment the 
theoretical equilibrium for MAG production; and, on the other hand, a higher proportion of 
glycerol can elevate the polarity of the system affecting its homogeneity and stability. Figure 6 
shows the effect of these factors on MAG production.  
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Figure 6. Effect of temperature and substrate molar ratio on the production rate of 1-MAG. Contour plot (a) 
and Surface response plot (b). 

 

Table 1. Influence of temperature on rate constants at substrate molar ratio 2:1 (ffa/Gly) 
Temperature 

(°C) 
k1 k5 k7 k9 k16 k7/k1 

35.9 0.56 2.13 0.04 0.08 0.33 0.071 

50.0 0.89 12.8 0.17 0.47 0.47 0.191 

64.1 0.97 15.09 0.21 0.8 1.98 0.216 

 
 
 



 

 
 

 
 
Table 2. Influence of substrate molar ratio ffa/Gly on rate constants at 60°C 

MR ffa/Gly 

(mol/mol) 
k1 k5 k7 k9 k16 k7/k1 

1.5:1 3.91 36.4 0.05 1.35 0.39 0.013 

2.5:1 0.22 59.6 0 1.35 2.01 0 

 
Table 3. Influence of substrate molar ratio ffa/Gly on rate constants at 50°C 

MR ffa/Gly 

(mol/mol) 
k1 k5 k7 k9 k16 k7/k1 

1.3:1 1.04 0 0.32 0.8 0 0.308 

2.0:1 0.89 12.8 0.04 0.47 0.47 0.045 

2.7:1 0.16 21.5 0 0.74 0.65 0 

 

Conclusions 
The results of this work allow a better understanding of the influence of the temperature and 
substrate molar ratio over both: the acyl migration from 1,3-DAG to 1,2-DAG and the positional 
selectivity of the Novozym-435 lipase during the kinetics of the poly-esterification reaction of 
glycerol and n-3 enriched free fatty acids.   

By making an analysis of the rate constants involved in the general reaction scheme for 
glyceride production it was confirmed that within the ranges tested for the variables; 
temperature (35.9-60oC) and molar ratio FFA/GLY (1.5-2.5), the sequence for glyceride 
production shifts mainly towards TAG synthesis.  

The highest reaction rates found on this investigation were those related to the conversion of 
1,2-DAG to TAG. This reaction, along with the esterification from 1-MAG to 1,3-DAG and the 
isomerization from 1,3-DAG to 1,2-DAG, were found in this work to be the main responsible for 
TAG production, all these reactions were accelerated with the increase of the temperature and 
FFA/GLY molar ratio.    

Lipase regioselectivity towards sn-1 position of glycerol is increased with temperature elevation 
and ffa/gly molar ratio reduction. 

Acylic migration rate from 1,3-DAG to 1,2-DAG increased as the temperature and free fatty 
acids proportion on the reaction medium were raised.  

References 
Charnock, J. S. Crozier, G. L. and Woodhouse, J. 1994. Gamma-linolenic acid, black currant 
seed and evening primrose oil in the prevention of cardiac arrhythmia in aged rats. Nutrition 
research. 4(7):1089-1099. 

Duan, Z. Q., Du, W and Liu, D. H. 2010. The solvent influence on the positional selectivity of 
Novozym 435 during 1,3-diolein synthesis by esterification. Elsevier. Process Biochemistry. 
101:2568-2571. 



 

 
 

Duan, Z. Q., Du, W. and Liu, D. H. 2010. Novozym 435-catalyzed 1,3-diacylglycerol preparation 
via esterification in t-butanol system. Elsevier. Process Biochemistry. 45:1923-1927. 

Duan, Z. Q., Du, W. and Liu, D. H. 2011. The mechanism of solvent effect on the positional 
selectivity of Candida antarctica lipase B during 1,3-diolein synthesis by esterification. 
Bioresource Technology. 102:11048-11050. 

Gagnon, M. D. and Vasudevan, P. T. 2011. Effects of solvent and enzyme source on 
transesterification activity. Energy Fuels. 25:4669-4674. 

Hamam, F. y Shahidi, F. 2007. Acidolysis of tristearin with selected long-chain fatty acids. J. 
Agric. Food Chem. 55:1955-1960. 

Haraldsson, G. G. & Kristinsson, B. 1997. The Preparation of Concentrates of Eicosapentaenoic 
Acid and Docosahexaenoic Acid by Lipase-Catalyzed Transesterification of Fish Oil with 
Ethanol. AOCS Press. 74:1419-1424. 

Irimescu, R., Hata, K., Iwasaki, Y., and Yamane, T. 2001. Comparison of acyl donors for lipase-
catalyzed production of 1,3-dicapryloyl-2-eicosapentaenoylglycerol. Journal of the American Oil 
Chemists´ Society.  

Li, W., Du, W., Li, Q., Li, R and Liu, D. 2010. Dependence on the properties of organic solvent: 
Study on acyl migration kinetics of partial glycerides. Bioresource Technology. 101:5737-5742. 

Lyubachevskaya, G. Boyle-Roden, E. 2000. Kinetics of 2-monoacylglycerol acyl migration in 
model chylomicra. Lipids. 35(12):1353-1358. 

Lortie, R, Trani, M. y Ergan, F. 1993. Kinetic study of lipase-catalyzed synthesis of triolein. 
Biotechnology and bioengineering. 41:1021-1026. 

Simopoulos, A. P. 1994. The future of fatty acids in human nutrition: health and policy 
implicatons. World review of nutrition dietetics. 75:15-19. 

Vega, G. L., Groszek, E., Wolf, R. y Grundy, S. M. 1982. Influence of polyunsaturated fats on 
composition of plasma lipoproteins and apolipoproteins. J. Lipids Res. 23:811-822. 

Watanabe, T., Shimizu, M., Sugiura, M., Sato, M., Kohori, J., Yamada, N. y Nakanishi, K. 2003. 
Optimization of Reaction Conditions for the Production of DAG Using Immobilized 1,3-
Regiospecific Lipase Lipozyme RM IM. J. Am Oil Chem. Society. 80:1201-1206. 

Wu, A.C. Wang, P. Y., Chen, K. J. Tsai, S. W. 2012.  Lipase-catalyzed regioselective hydrolysis 
of 3(5)-methylpyrazole-N-carboxylates in water-saturated organic solvents. Journal of molecular 
catalysis B: Enzymatic. 74:41-47. 

Yang, T., Rebsdorf, M., Engelrud, U. and Xu, X. 2005. Enzymatic production of 
monoacylglycerols containing polyunsaturated fatty acids through an efficient glycerolysis 
system. Journal of Agricultural and Food Chemistry. 53:1475-1481. 
 

 


	A Community of
	Introduction
	Materials and methods
	Biocatalyst and substrates
	Design of experiments
	Esterification conditions
	Analytical methods
	Modeling
	Statistical Analysis
	Safety Emphasis

	Results and discussion
	Conclusions
	References

