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Abstract The transesterification of soybean lecithin with ethyl esters of polyunsaturated fatty
acids (eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)) using immobilized
lipase from Rhizomucor miehei was tested in the presence or absence of organic solvent
(hexane) and additives (urea with Ca2+ or Mg2+). The reaction was carried out at a water
concentration of 4 % and ethyl ester to phospholipid mass ratio of 3:1. After 24 h of reaction
without solvent or additive, fatty acid incorporation reached 29.1 % and thereafter increased
only slightly. After 48 h, incorporation was highest in the presence of Mg2+, urea, and solvent.
After 72 h, it was highest with Mg2+ and urea in the presence or absence of solvent (56.8 and
45.7 %, respectively). Incorporation of EPA and DHA was thus initially fast without solvent
and additive, but was increased after prolonged reaction in the presence of Mg2+ and urea with
or without solvent. These results are innovative and promising since they show that
immobilized Rhizomucor miehei lipase has potential as a biocatalyst for interesterification
reactions without solvent.
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Introduction

Nutraceutical and pharmaceutical products containing the omega-3 polyunsaturated fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have been shifting toward
marine phospholipids in recent years [1]. An attractive way of obtaining EPA and DHA as
phospholipids is to incorporate the fatty acids into inexpensive natural sources of phospho-
lipids such as soybean lecithin by enzymatic transesterification [2]. Several factors are known
to influence the efficiency of transesterification reactions between acyl donors and phospho-
lipids [3–7]. Among these, the enzyme chosen, the water and acyl donor contents, the acyl
donor/phospholipid ratio, and the type of solvent in the reaction mixture have been shown to
affect the extent of incorporation into phospholipids. Most of these previous studies report
negligible or optimal incorporation at water contents below 5 % (wt). Lipase-catalyzed
interesterification of fat blends has been achieved in the presence of organic solvents [8, 9]
or in solvent-free media [10–12]. The use of organic solvents (hexane and toluene being the
most commonly used) is necessary only to improve mass transfer and substrate/product
solubility [3–12]. However, it has been reported that solvent-free reactions may be faster
under certain conditions and offer many advantages for industrial processes, since they are
safer, less expensive, environmentally friendly, and do not inhibit or denature the enzyme [13,
14]. Lipases may be activated by the presence of divalent cations such as calcium or
magnesium in the reaction mixture. Calcium binding around the catalytic site promotes
polarization of the substrate ester carbonyl group and stabilization of negatively charged
intermediates during catalysis via water molecules, which increase thermostability and cata-
lytic activity [15–19].

Among the various industrial lipases available, Rhizomucor miehei lipase (RML) is an
important industrial biocatalyst usable in many fields, including oil-fat modification and
synthesis of flavor esters, bioenergy, and pharmaceutical applications [20]. Comparing various
commercial lipases, Marsaoui et al. [21] reported increased incorporation of ethyl esters of
EPA and DHA into soybean phospholipids using immobilized RML in the presence of
divalent cations (Ca2+, Mg2+) with or without urea. These results suggested the potential use
of this lipase as a biocatalyst for interesterification reactions under conditions of low water
content in the presence of organic solvent. However, for nutraceutical and pharmaceutical
purposes, a Bclean^ enzymatic process carried out under solvent-free conditions is preferred.

The purpose of the present work was to compare the effect of presence or absence
of organic solvent (hexane) and additives (urea with divalent cation Ca2+or Mg2+) on the
incorporation of ethyl esters of EPA and DHA into soybean phospholipids by
transesterification using RML. Prior to evaluating these effects, the water concentration and
ethyl ester to phospholipid ratio were optimized for maximal enzyme activity.

Materials and Methods

Materials

Oil containing ethyl esters of EPA (52 %) and DHA (20 %) (MEG-3™ Fish Oil) was kindly
provided by Ocean Nutrition of Canada Ltd. (Dartmouth, NS). Soybean lecithin (Alcolec®
40P) was kindly provided by American Lecithin Co. (Oxford, CT). This oil-free powdered
lecithin contained 98 % acetone-insoluble substances, mainly phosphatidylcholine. Lipase
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from R. miehei (150 U g1, Lipozyme® RM IM) was obtained from Novozymes A/S
(Bagsvaerd, Denmark). All solvents were of HPLC grade, and the remaining chemicals were
of analytical grade.

Enzymatic Transesterification Reaction Conditions

Unless otherwise stated, transesterification reactions were carried out in screw-capped
Erlenmeyer flasks (50 ml capacity) containing fish oil ethyl esters and soybean lecithin in a
mass ratio of 2:1 (i.e., 300 and 150 mg, respectively), lipase (45 mg, i.e., 30 % of the mass of
lecithin, corresponding to 150 Units of enzyme activity), water (3 % of total substrate
and enzyme combined mass), and hexane (5 ml). Samples were incubated at 50 °C
for at least 24 h in an orbital shaker water bath at 250 rpm. The mass of additive
(urea, CaCl2, or MgCl2) was 15 % of the mass of the lecithin, that is, 22 mg each.
Each experiment was repeated three times.

Separation of Enzymes and Precipitation of Phospholipids

After the transesterification reaction, the enzymes and water were removed from the mixture
by filtering on a bed of anhydrous sodium sulfate and glass wool, followed by three successive
washes with 5 ml of chloroform. The chloroform was evaporated from the filtrate under
vacuum at room temperature. The lipid mixture thus recovered was vortex mixed with
5 ml of acetone at 4 °C for 1 min and then centrifuged at 3000 rpm (5 min, 4 °C) to
remove precipitated phospholipids. The phospholipid pellet was washed with another
5 ml of acetone and recovered again in the same manner. The final pellet was dried
under vacuum (30 min) and stored at −40 °C under a N2 atmosphere until processing.
Before starting analysis of the levels of EPA+DHA incorporation into soybean
phospholipids, the lipid profile was tested using thin-layer chromatography coupled to a flame
ionization detector (Iatroscan MK-6), as described by Marsaoui et al. [21]. This analysis
confirmed that the acetone-precipitated pellets of phospholipid did not contain significant
amounts of residual fatty acids or fatty acyl esters.

Analysis of the Fatty Acid Content of the Transesterified Phospholipids

Methylation of Fatty Acids

Fatty acid methyl esters were obtained from phospholipids using the transesterification method
of Christie [22]. The sample (5–10 mg) was placed in a 15 ml Pyrex test tube fitted with a
PTFE-lined screw cap, along with 5 ml of methanol containing sulfuric acid (2 %, v/v) and
1 ml of hexane containing tricosanoic acid (0.25 mg/ml) as the internal standard. The
reaction proceeded overnight at 50 °C under N2 atmosphere. Nanopure water (1 ml)
and hexane (2 ml) were then added; the tube contents were mixed by vortex, and the
phases were allowed to separate. The upper organic phase was kept, and the lower
phase was re-extracted with 1 ml of water and 2 ml of hexane. The combined organic phases
were dried over anhydrous sodium sulfate, washed twice with hexane, and finally evaporated
using a Titan vapor trap (Jouan, Winchester, VI, USA). The residue was dissolved in 1 ml of
hexane containing BHT (50 mg/ml). Samples were stored at −40 °C under a N2 atmosphere
until analysis.
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Gas Chromatography Analysis (Quantification of % EPA and DHA)

Fatty acid methyl ester analyses were performed using a gas chromatograph connected to a
flame ionization detector (Varian, model 3800, Palo Alto, CA, USA). The instrument was
equipped with an injector (Varian, model CP-1177) and an autosampler (Varian, model CP-
8400) and a 50 % cyanopropyl methylpolysiloxane capillary column (60 and 30 m×0.25 mm
i.d., 0.25 μm film thickness, Varian, model VF-23ms). The carrier gas was helium at a flow
rate of 1 ml/min. Both the injector and detector were held at 260 °C. The column temperature
profile was programmed as follows: 60 °C initially, ramped to 150 °C at 8 °C/min and held
there for 5 min, ramped to 190 °C at 0.7 °C/min, ramped to 230 °C at 1.5 °C/min, ramped to
260 °C at 20 °C/min, and held at this final temperature for 3 min. The temperature program for
a single run lasted 105.56 min. Dry hexane-dissolved sample (100 μl) containing 10 μl of
methyl nonadecanoate (0.02 mg/ml) as internal standard was transferred to a 250 μl insert.
Injection volume was 2 μl with a split ratio of 50 decreasing to 5 after 5 min. Injection
temperature was 260 °C. Peak data were collected and integrated using Star Workstation®
version 6.2 software (Varian, Palo Alto, CA, USA). Fatty acid methyl esters were identified
based on comparison of retention times with standards. Area was quantized using an
auxiliary automatic integrator. The response factors of the different fatty acid stan-
dards were used to calculate the relative amounts of the various fatty acids in the
sample in units of mol%. Results were expressed as % EPA+DHAversus total integrated fatty
acid methyl ester peak area. The incorporated omega-3 content, expressed as mol% EPA/
(EPA+DHA), was also evaluated.

Statistical Analysis

Comparisons of mean values from each set of experiments were based on ANOVA with the
least significant difference (LSD) test at p<0.05. Analyses were performed using WinSTAT®
for Excel® software (R. Fitch, Germany).

Results and Discussion

Before starting analysis, a blank sample without lipase or additive revealed 3.37 % EPA+DHA
incorporated into soybean phospholipids under our transesterification conditions. This blank
value was subtracted from data obtained in the presence of lipase. It is worth mentioning that
this value remained essentially unchanged over 24–72 h of incubation. Thin-layer chromatog-
raphy coupled to a flame ionization detector (TLC-FID) analysis with the Iatroscan MK-6
confirmed that the acetone-precipitated phospholipid pellets did not contain significant
amounts of residual fatty acids or fatty acyl esters (results not shown).

Effect of Water Content

Incorporation of EPA+DHA into soybean lecithin did not differ significantly at water con-
centrations in the ranges of 0–2 or 2–4 %. However, the values obtained at 0 and 4 % were
significantly different, passing from 2.96 % to a maximum of 5.76 % (Fig. 1). Water plays an
important role in esterification reactions. Some initial water activity is needed to allow lipases
to retain their active three-dimensional conformational form and mobility [23, 24]. However,
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too high concentrations of water (generally above 4 %) must be avoided since more hydrolysis
than esterification could result. Using Pseudomonas cepacia for chiral resolutions of racemic 3-
hydroxy esters, Bornscheuer et al. [25] reported loss of enzyme activity beyond 1 % water.

Effect of Ethyl Ester to Soybean Lecithin Substrate Ratio

The effect of the substrate mass ratio (ethyl ester:phospholipid, ranging from 2:1 to 3:1) was
investigated by increasing the quantity of fish oil ethyl esters at a constant quantity of soybean
lecithin (Fig. 2). Using 24 h enzymatic reactions at a water concentration of 4 %, substrate ratio
was found to have no significant effect, although a tendency for EPA+DHA incorporation to
increase (from 4.13 to 5.26 %) was observed at a ratio of 3:1. It is worth mentioning that in
preliminary trials in the absence of hexane, the 3:1 ratio appeared to provide a more
homogenous mixture than at 2:1, due to better solubility of the soybean phospholipids. Such
observation justified the use of a 3:1 ratio for evaluation of EPA+DHA incorporation into
soybean lecithin in solvent-free conditions.

Using RML, Vikbjerg et al. [21] reached 49 % incorporation of caprylic acid (CA) into
phosphatidylcholine (PC), finding a CA:PC ratio of 6:1 to be optimal. Using phospholipase
A1, Kim et al. [26] and Garcia et al. [27] respectively obtained 43 % and 35% incorporation of
n-3 polyunsaturated fatty acid (PUFA) into PC at a substrate molar ratio (n-3 PUFA:PC) of 8:1.
Adlercreutz et al. [28] reported increased yields for both esterification and transesterification
reactions at increased FFA concentrations. Such increases were also shown to produce changes
in polarity or viscosity in the reaction medium [29].

Fig. 1 Effect of moisture level (% water) on the incorporation of EPA and DHA into soybean phospholipids by
transesterification using the commercial lipase Rhizomucor miehei (RM-IM, see methodology for details). Error
bars represent standard deviation based on triplicate experiments (n=3). Numerical values are written in the
respective bars. Differing letters between experimental conditions indicate significant differences (LSD test at
p<0.05)
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Effect of the Presence or Absence of Organic Solvent (Hexane) and Urea with Ca2+

or Mg2+

Most of these treatments increased EPA+DHA incorporation during 24–72 h reactions.
Without solvent or additives (control condition), incorporation reached the highest incorpora-
tion of 29.1 % in 24 h and increased only slightly thereafter, whereas adding hexane+Mg2+

and urea resulted in the highest incorporations of 50.0 and 56.8 % at 48 and 72 h,
respectively (Fig. 3). However, the value obtained at 72 h was not significantly different
from that obtained by adding Mg2+ and urea without hexane. In the absence of organic
solvent, incorporation was greatest under the control condition except at 72 h, although the
apparent increase in the presence of Mg2+ and urea was not significant. These results suggest
that incorporation of EPA+DHA is faster in the absence of solvent and additives, although
the effect of Mg2+ and urea could be beneficial in the presence or absence of solvent when
the reaction is prolonged over 24 h. Moreover, after 48 h of reaction, the solvent-free
condition reached EPA+DHA levels comparable to or greater than those found in krill oil
supplements, which contain about 30 mol% marine-phospholipid-bound EPA+DHA. It is
also worth mentioning that for all experimental treatments, the proportions of EPA
obtained (%EPA/[EPA+DHA]) remained comparable (72.1–74.5 %), showing no effect of
reaction conditions on the composition of the fatty acids bound to the phospholipids. The
much lower values shown in Figs. 1 and 2 (in the presence of hexane without
additives) reflect the absence of the combined effects of optimal water concentration (4 %)

Fig. 2 Effect of the substrate mass ratio on the incorporation of EPA and DHA into soybean phospholipids by
transesterification using the commercial lipase Rhizomucor miehei (RM-IM) at 4 % water (see methodology for
details). Error bars represent standard deviation based on triplicate experiments (n=3). Numerical values are
written in the respective bars. Differing letters between experimental conditions indicate significant differences
(LSD test at p<0.05)
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and substrate mass ratio (EE/PL=3:1). Of course, the effect of reaction time alone was to
increase EPA+DHA incorporation from 5.6 % (24 h) to 20.4 % (72 h). It is nevertheless
clear that adding Mg2+ and urea improved incorporation substantially to around 20 % within
24 h, an effect that we demonstrated previously to a lesser degree [21]. In the present study,
we have shown that using a more suitable water concentration and substrate ratio provided a
further improvement. A factorial experiment taking all of these factors into consideration
would enable us to understand these effects better and to determine to what extent they are
synergistic.

In our previous study, EPA+DHA incorporation into soybean lecithin in the presence of
RML was increased by adding divalent cations or urea, but no synergistic effect was noted
[21]. Among these cations, calcium has been reported to play the most important role as
cofactor and activator of lipases [30–32]. Several studies have been reported on the use of
immobilized lipases and solvent-free conditions for transesterification reactions (synthesis of
various flavor esters) to overcome the problems associated with free enzyme separation and
solvent toxicity [33–36]. The present study confirms the advantages of using solvent-free
conditions for enzyme interesterification processes, RML being a good choice for food or
nutraceutical applications.

Fig. 3 Effect of the presence or absence of solvent or additives (divalent cations, urea) on the incorporation of
EPA and DHA into soybean phospholipids by transesterification using commercial lipase Rhizomucor miehei
(RM-IM) after 24 to 72 h of incubation at 4 % water and a substrate mass ratio EE/PL of 3:1 (see methodology
for details). Error bars represent standard deviation based on triplicate experiments (n=3). Numerical values are
written in the respective bars. Differing letters between experimental conditions indicate significant differences
(LSD test at p<0.05)
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Conclusion

Using R. miehei lipase in the presence of a suitable water concentration (4 %) and substrate
mass ratio (ethyl ester to phospholipid=3:1), relatively high levels of EPA+DHA incorpora-
tion into soybean phospholipids could be obtained within short times (24 h) without solvent
and additives (divalent cations and urea). However, with prolonged reaction, adding Mg2+ and
urea generally increased incorporation, in the presence or absence of solvent. The highest level
of incorporation obtained in the absence of solvent (45.7 %) suggests that enzymatic produc-
tion of Bmarine phospholipid from soybean lecithin^ for the food and nutraceutical industries
holds promise.
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