
ABSTRACT: Two immobilized lipases, nonspecific SP435
from Candida antarctica and sn-1,3 specific IM60 from Rhi-
zomucor miehei, were used as biocatalysts for the restructuring
of borage oil (Borago officinalis L.) to incorporate capric acid
(10:0, medium-chain fatty acid) and eicosapentaenoic acid
(20:5n-3) with the free fatty acids as acyl donors. Transesterifi-
cation (acidolysis) reactions were carried out in hexane, and the
products were analyzed by gas–liquid chromatography. The
fatty acid profiles of the modified borage oil were different from
that of unmodified borage oil. Higher incorporation of 20:5n-3
(10.2%) and 10:0 (26.3%) was obtained with IM60 lipase, com-
pared to 8.8 and 15.5%, respectively, with SP435 lipase. How-
ever, SP435 lipase was able to incorporate both 10:0 and 20:5n-3
fatty acids at the sn-2 position, but the IM60 lipase did not. Sol-
vents with log P values between 3.5 and 4.5 supported the aci-
dolysis reaction better than those with log P values between 
−0.33 and 3.0.
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Borage oil is one of the most important and commercially
available sources of γ-linolenic acid or GLA (18:3n-6), an es-
sential fatty acid (1,2). In recent years, research has been di-
rected toward the production of GLA for applications in cur-
ing skin-related and other diseases (3). In humans and other
mammals, GLA is the first metabolite formed during the bio-
conversion of linoleic acid (18:2n-6) to prostaglandins by δ-6
desaturase (1,2). The excess n-6 polyunsaturated fatty acids
(PUFA) function as precursors for the biosynthesis of
prostaglandins (PG), leukotrienes (LT) of the 2 and 4 series
(4,5), which under certain circumstances can enhance vaso-
constriction (6), platelet aggregation (7), immunosuppression
(8), and monokines depression (9). The n-3 PUFA, such as
20:5n-3, influence series-2 eicosanoid concentrations by al-
tering the pool of arachidonic acid metabolites in tissues,
competing for the desaturases that synthesize tissue fatty

acids (10), and by competitively inhibiting the breakdown of
n-6 fatty acids by cyclooxygenase. The n-3 PUFA are consid-
ered antiinflammatory, and previous studies have shown that
diets rich in n-3 PUFA may lower incidence of cardiovascu-
lar diseases (11). 

Structured lipids (SL), triacylglycerols (TAG) that contain
mixtures of short-chain or medium-chain, or both, and long-
chain fatty acids on glycerol molecules, are thought to be ef-
fective means of delivering TAG with desired fatty acids as
“nutraceuticals, functional lipids, and medical or phar-
malipids” to target specific diseases and metabolic conditions,
or for optimal nutrition (12). SL may have effects on immune
response, eicosanoid synthesis, and inflammation events.
Medium-chain fatty acids (MCFA) are more rapidly cleared
from the blood because of their smaller molecular size and
greater solubility (13); they are also rapidly hydrolyzed in the
intestinal lumen and are more rapidly oxidized in the liver for
quick energy. Severely catabolic patients may benefit from
this rapidly available and high-energy fuel because MCFA are
less likely to be deposited in adipose tissue but more likely to
be oxidized in tissues (14).

Lipase-catalyzed reactions, such as transesterification of
vegetable oils and n-3 PUFA (15–17), have been successfully
used for restructuring lipids. In the present study, an attempt
to enzymatically restructure borage oil to form SL that con-
tain 18:3n-6, 20:5n-3, and 10:0 was investigated with two im-
mobilized lipases, IM60 and SP435. The effect of molar ratio,
time course, enzyme load, water, and solvent type were also
studied.

MATERIALS AND METHODS

Materials. Borage oil, porcine pancreatic lipase, and capric
acid (10:0, 99% pure) were obtained from Sigma Chemical
Co. (St. Louis, MO). Immobilized sn-1,3-specific lipase,
IM60, and nonspecific lipase, SP435, were provided by Novo
Nordisk Biochem, North America, Inc. (Franklinton, NC).
Eicosapentaenoic acid, 20:5n-3 or EPA (45% pure), was sup-
plied by Callanish Ltd. (Scotland, United Kingdom). All sol-
vents were of analytical grade and obtained from Aldrich
Chemical Co. (Milwaukee, WI).

Enzymatic modification reaction. Unless otherwise speci-
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fied, for general modification of borage oil, the reaction mix-
tures for acidolysis consisted of borage oil (100 mg), 20:5n-3
(76 mg), 10:0 (40 mg) (molar ratio 1:2:2, respectively) with
10% of enzyme (w/w of substrates) and 5% water in 3 mL
hexane. The resulting suspension was agitated in an orbital
shaker at 55°C for 24 h at 200 revolutions/min. Molecular
sieves 4Å were added after 2 h. All reactions were in dupli-
cate.

Analysis of products. The enzyme was filtered through an
anhydrous sodium sulfate column. The TAG were isolated
from the modified borage oil by preparative thin-layer chro-
matography (TLC) on silica gel 60 plates with petroleum
ether/ethyl ether/acetic acid (90/10/1, vol/vol/vol) as devel-
oping solvent. The bands were visualized under ultraviolet
radiation after spraying with 0.2% dichlorofluorescein in
methanol. Bands corresponding to TAG were scraped from
the TLC plate and methylated with 3 mL of 6% HCl in
methanol at 70–80°C for 2 h. The fatty acid methyl esters
(FAME) were extracted twice with 2 mL hexane, dried over
sodium sulfate, and concentrated under nitrogen. An HP 5890
Series II gas–liquid chromatograph (GLC; Hewlett-Packard,
Avondale, PA), equipped with a DB-225 fused-silica capil-
lary column 30 m × 0.25 mm i.d. (J&W Scientific, Folsom,
CA) and FID detector, was used for the analysis of fatty acid
composition. The injector and detector temperatures were 250
and 260°C, respectively. The column temperature was held at
190°C for 5 min and then programmed to 215°C at 20°C/min.
Helium was the carrier gas, and the total gas flow was 23
mL/min. The relative content of FAME as mol% was quanti-
tated by an on-line computer with heptadecanoic acid (17:0)
as internal standard.

Fatty acids at the sn-2 position. The distribution of fatty
acids at the sn-2 position of borage oil TAG was determined
by a modified method of Luddy et al. (18). TAG of borage oil
were isolated from TLC and hydrolyzed with porcine pancre-
atic lipase, and the resulting 2-monoacylglycerols after de-
veloping the TLC plate with hexane/ethyl ether/acetic acid
(50:50:1, vol/vol/vol) were isolated, methylated, and ana-
lyzed as FAME by GLC.

RESULTS AND DISCUSSION

Transesterification (acidolysis) reactions, catalyzed by sn-1,3-
specific IM60 and nonspecific SP435 lipases, were carried out
with a 1:2:2 molar mixture of borage oil, 20:5n-3, and 10:0 in
hexane for 24 h. The fatty acid compositions of borage oil and
modified products at various substrate molar ratios are given
in Table 1. Results show that incorporation of 20:5n-3 was
similar in both reactions, 10.2% with IM60 and 8.8% with
SP435, but the incorporation of 10:0 was higher with IM60
(26.3%) than with SP435 (15.5%). According to previous
studies in our laboratory, better incorporation of 20:5n-3 into
vegetable oils was obtained with 20:5n-3 ethyl ester (EEPA)
than with the free fatty acid (EPA, 45%) with SP435 as the
biocatalyst (16). SP435 gave higher 20:5n-3 incorporation
into melonseed oil, compared to an sn-1,3-specific immobi-
lized enzyme, IM60, when EEPA was the acyl donor (15).
The lower incorporation of 20:5n-3 by IM60 could also be at-
tributed in part to the purity (45% pure) of EPA free fatty acid.

After transesterification, the total n-6 PUFA fatty acids
content of borage oil TAG decreased by 21.5 and 14.7%, re-
spectively, with IM60 and SP435, while saturated fatty acids
increased, respectively. Foglia and Sonnet (19) reported that
reactions with enzymes such as SP435, which are not acyl or
positionally selective, are complicated by acyl migration,
causing loss of the desired acid residue. Overall, both reac-
tions led to reduction in the n-6 PUFA, an increase in satu-
rated fatty acids, and incorporation of 20:5n-3 and medium-
chain fatty acids (10:0).

Time course is important in monitoring the progress of en-
zymatic reactions by determining the shortest time necessary
to obtain good yields and for minimizing the overall produc-
tion cost for the process. The rates of transesterification, given
in Figure 1, show that, as incubation time increased, 20:5n-3
and 10:0 incorporation into TAG of borage oil increased. EPA
and capric acid incorporation increased rapidly at an early stage
of the reaction, between 10 and 16 h for both enzymes, but the
optimal incorporation occurred at around 40 h.

Molar ratio of substrates (TAG:acyl donors, 20:5n-3 and
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TABLE 1
Fatty Acid Profile (mol%) of Unmodified and Modified Borage Oil, Catalyzed by IM60 and SP435 Lipases at Different Substrate Molar Ratiosa

Substrate Fatty acids Total Total Total 
molar ratio Lipase 10:0 16:0 18:0 18:1n-9 18:2n-6 18:3n-6 20:1n-9 20:5n-3 n-6 n-3 saturated

1:1:1 IM60 21.5 8.3 3.2 16.5 28.7 17.1 NDb 4.7 45.8 4.7 33.0
SP435 12.7 13.4 3.6 16.8 32.7 17.7 ND 3.1 50.4 3.1 29.7

1:2:2 IM60 26.3 7.6 2.4 16.3 20.7 16.5 ND 10.2 37.2 10.2 36.3
SP435 15.5 10.4 3.5 17.8 26.9 17.1 ND 8.8 44.0 8.8 29.4

1:3:3 IM60 31.6 7.2 2.1 15.4 32.3 14.0 ND 11.4 46.3 11.4 40.9
SP435 14.7 9.8 2.0 15.0 34.4 15.1 ND 9.0 49.5 9.0 26.5

Unmodified
borage oil ND 14.6 4.3 19.2 38.6 20.1 3.2 ND 58.7 ND 18.9

aMolar ratio of borage oil:20:5n-3:10:0. The reaction was performed in the presence of 5% added water and 10% (w/w of substrates) lipase. Incubation was
at 55°C for 24 h.
bND = not detectable.



10:0) and enzyme load also affected mol% incorporation of
20:5n-3 and 10:0. Mol% incorporation increased as the molar
ratio (Table 1) and enzyme load (Fig. 2) were increased. For
IM60 lipase, the largest increase in 10:0 (5.3%) occurred be-
tween a molar ratio of 1:2:2 and 1:3:3 while the 20:5n-3 (5.5%)
increase occurred between 1:1:1 and 1:2:2. We also performed
the reaction in other solvents, such as isooctane, pentane,
hexane, toluene, acetone and acetonitrile, and found higher in-
corporation of 10:0 and 20:5n-3 with hexane and isooctane
with both enzymes (Table 2). These two solvents with high log
P values (20), defined as the partition coefficient between water
and octanol, showed higher biocatalytic activity than solvents
with medium log P values, such as pentane and toluene, and
solvents with low log P values, such as acetone and acetoni-
trile. Incorporation of 20:5n-3 and 10:0 decreased with a de-
crease in log P value or an increase in polarity.

It has been reported that some amount of water is neces-
sary for maintaining the three-dimensional structure of en-
zymes; however, excess water usually leads to hydrolysis
(21). Huang et al. (15) reported that excess water decreased
the incorporation of 20:5n-3 into vegetable oil when SP435
was the biocatalyst. Figure 3 shows that the incorporation of
20:5n-3 and 10:0 decreased when water was added to the re-
action mixture that contained SP435 and increased when

added to IM60. Thus, IM60 lipase tolerated more water dur-
ing this acidolysis reaction than SP435 lipase.

The use of an sn-1,3-specific lipase supposedly ensures
modification of the acyl composition of TAG exclusively at
the sn-1 and sn-3 positions to yield products that cannot be
obtained by conventional transesterification with chemical
catalysts. It also appears that TAG having unusual structures
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FIG. 1. Time course of incorporation of 20:5n-3 and 10:0 into borage
oil triacylglycerols (TAG) by IM60 and SP435 lipase-catalyzed transes-
terification in 3 mL hexane. Reaction mixture was incubated at 55°C in
an orbital shaking water bath for 24 h at 200 rpm. Molar ratio of borage
oil, 20:5n-3, and 10:0 was 1:2:2.

FIG. 2. Effect of IM60 and SP435 lipase load on incorporation of 20:5n-3
and 10:0 into borage oil TAG. See Figure 1 for reaction conditions and
symbols.

TABLE 2
Effect of Organic Solvent on Mol% Incorporation of 20:5n-3 and 10:0 into Borage Oila

Log P value

Hexane Isooctane Pentane Toluene Acetone Acetonitrile
Fatty acid Lipase 3.5 4.5 3.0 2.5 −0.23 −0.33

10:0 IM60 26.3 27.1 12.3 11.0 5.3 3.4
SP435 15.5 14.2 6.5 6.1 2.4 2.0

20:5n-3 IM60 10.2 9.8 6.7 5.2 3.9 3.5
SP435 8.8 6.7 3.5 4.3 3.0 1.8

aMolar ratio of borage oil:20:5n-3:10:0 = 1:2:2. See Table 1 for reaction conditions.

FIG. 3. Effect of added water on incorporation of 20:5n-3 and 10:0 into
borage oil TAG by IM60 and SP435 lipases. See Figure 1 for reaction
conditions and symbols.



seldom occur in nature and can only be prepared by transes-
terification of common fats and oils using lipases (22). For
instance, TAG containing 20:5n-3 and 10:0 at the sn-1,3 po-
sitions and 18:3n-6 at the sn-2 position using IM60 and
20:5n-3, 18:3n-6, and 10:0 at the sn-2 position using SP435,
which rarely occur in nature can easily be obtained by trans-
esterification of MCFA and n-3 PUFA (Table 3). Such TAG
could be of interest as dietetic products, because fatty acids,
such as 20:5n-3 and 10:0, at the sn-1,3 positions would be
rapidly released by the pancreatic lipase of most mammalian
origins, and 20:5n-3 would be available as an essential fatty
acid in addition to 18:2n-6 (23). The absence of 20:5n-3 and
10:0 at the sn-2 position of modified borage oil catalyzed by
IM60 demonstrates that, under our assay conditions, this en-
zyme acted as an sn-1,3-specific lipase. On the other hand,
SP435 acted as a nonspecific lipase, which led to the incorpo-
ration of some 20:5n-3 and 10:0 at the sn-2 position with a
concomitant decrease in 18:3n-6 at this position. Presence of
10:0 at the sn-2 position may be useful in the design of SL
and for studies of lymphatic absorption of MCFA as 2-
monoacylglycerols. The design of such lipids is of interest in
understanding the metabolism of SL.

We have demonstrated here that borage oil, rich in 18:3n-6
and poor in n-3 PUFA, can be modified to incorporate both
20:5n-3 and 10:0 in the glycerol molecules. This modified or
restructured borage oil may be useful in the treatment of cer-
tain clinical disorders, which at present involves use of indi-
vidual sources of 18:3n-6, 20:5n-3, and MCFA, or physical
mixtures. SL that are enzymatically obtained from borage oil
may help ameliorate inflammatory response and modulate
eicosanoid biosynthesis. They may provide essential fatty acids
(18:2n-6, 18:3n-6, and 20:5n-3) as well as 10:0 for quick en-
ergy and should be considered as possible dietary fats in treat-
ment of lipid or TAG malabsorption disorders.
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