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1. Introduction

The biological importance of γ-linolenic acid [(6Z,9Z,12Z)-
-Octadeca-6,9,12-trienoic acid, 18:3n-6] has been well docu-
mented1ñ2. γ-Linolenic acid is known to play a crucial role
in the generation of prostaglandin derivatives3ñ5. In higher
plants γ-linolenic acid is biosynthesized in vivo from linoleic
acid [(9Z,12Z)-Octadeca-9,12-dienoic acid, 18:2n-6] under the
action of δ6-desaturase6 (Fig. 1). Under normal physiological
conditions in humans, γ-linolenic acid results from the hepatic
bioconversion of linoleic acid, the major essential fatty acid
for humans. The transformation of linoleic acid to more un-
saturated γ-linolenic acid also requires the activation of liver
δ6-desaturase7 (Fig. 1). As shown in Figure 1, higher poly-
unsaturated fatty acids are direct precursors of prostaglandins
and leukotrienes3ñ5, and they also have direct impact on the
correct function of cell walls. Natural plant sources of γ-li-

nolenic acid contain variable quantities of this acid8. Among
those natural sources, a special attention should be paid to
blackcurrant (Ribes nigrum). The oil, isolated from the plant
seeds, contains also another important polyunsaturated fatty
acid, α-linolenic acid [(9Z,12Z,15Z)-Octadeca-9,12,15-trie-
noic acid, 18:3n-3], which is considered to be one of the most
important polyunsaturated fatty acids9ñ10. Its biosynthesis in
vivo from linoleic acid requires activation of δ15-desaturase6.
Both linolenic acids are natural sources for their subsequent
transformation into higher polyunsaturated fatty acids in vivo
in humans and animals6 (Fig. 1).

The dietary requirements for linoleic acid are estimated to
be around 2.7 % of the total caloric intake equivalent in
children and around 3ñ5 g per day in adults11. The required
amount of essential fatty acids is usually supplied by a well-
-balanced diet. Biochemical or clinical symptoms of essential
fatty acid deficiency are extremely rare, provided that the
endogenous conversion of linoleic acid into γ-linolenic acid
and subsequent compounds proceeds normally. On the other
hand, it is known that fat-free parental diet very rapidly ex-
hausts the endogenous essential fatty acid resources, leading
to biochemical clinical abnormalities12ñ13. The dietary ratio of
γ-linolenic acid to α-linolenic acid displays different physi-
ological effects14ñ15. It has also been reported14 that simulta-
neous supplementation of γ-linolenic acid and α-linolenic acid
in animal diet could have an important icosanoid-mediated
physiological effect.

A number of reports suggest that the normal transforma-
tion of linoleic acid into other essential fatty acids may be
suppressed under several stressful conditions16ñ19, most pro-
bably as a result of the δ6-desaturase deactivation. Critically
ill patients thus become at risk of developing essential fatty
acid deficient status, even in the case of appropriate linoleic
acid delivery. Therefore, attention has been focused on an
economically available lipid source, blackcurrant oil (BCO),
which could be of clinical importance in situations caused by
the enzyme deficiency.

Blackcurrant seeds are a waste product in the production of
blackcurrant in the Czech Republic. This product is available
in relatively large quantities as a residue from the production
of jams, jellies, and juice drinks. BCO was obtained by an
effective extraction of blackcurrant seeds (Ribes nigrum) in
a supercritical carbon dioxide recycling reactor20ñ21. The aver-
age fatty acid composition of the extracted BCO is shown in
Table I.

Many attempts have been made to produce concentrates
of polyunsaturated fatty acids from naturally occurring triacyl-
glycerols6,8. Various chemical and biochemical techniques
have been developed including separation on zeolites and
lipase-catalyzed reactions both in water and in organic sol-
vents22ñ24. Employing  lipases offers several advantages in
comparison with chemical methods. (a) The catalytic effi-
ciency of lipases is high, and it results in a low quantity of the
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Table I
Fatty acid composition of blackcurrant oil from ChelËice, Czech Republic

Fatty Acid IUPAC Name Content [%]

Palmitic acid (16:0) Hexadecanoic acid 6.3
Palmitoleic acid (16:1n-7) (9Z)-Hexadec-9-enoic acid 0.1
Stearic acid (18:0) Octadecanoic acid 1.9
Oleic acid (18:1n-9) (9Z)-Octadec-9-enoic acid 13.7
cis-Vaccenic acid (18:1n-7) (11Z)-Octadec-11-enoic acid 0.7
Linoleic acid (18:2n-6) (9Z,12Z)-Octadeca-9,12-dienoic acid 47.4
γ-Linolenic acid (18:3n-6)a (6Z,9Z,12Z)-Octadeca-6,9,12-trienoic acid 13.0
α-Linolenic acid (18:3n-3)a (9Z,12Z,15Z)-Octadeca-9,12,15-trienoic acid 11.9
Stearidonic acid (18:4n-3) (6Z,9Z,12Z,15Z)-Octadeca-6,9,12,15-tetraenoic acid 2.0
Gondoic acid (20:1n-9) (11Z)-Icos-11-enoic acid 0.9
(Z,Z)-11,14-Icosadienoic acid (20:2n-6) (11Z,14Z)-Icosa-11,14-dienoic acid 0.2
Unidentified ñ 1.9

a The ratio (18:3n-6)/(18:3n-3) = 1.10

Fig. 1. Metabolic pathways of transformations of linoleic acid into polyunsaturated fatty acids and icosanoids
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enzyme required. (b) High fatty acid selectivity of lipases has
been well known and it is of priority importance for the
intended application. (c) Mild reaction conditions that lipases
offer in terms  of  pH and temperature are also important
in processes that involve highly labile polyunsaturated fatty
acids. The all-Z structure of polyunsaturated fatty acids of the
natural origin is prone to partial destruction by oxidation, Z/E
isomerization, double bond migration and polymerization.

In this study, which appeared partly in the recently pub-
lished original papers20,25, several lipases (triacylglycerol al-
kylhydrolases, EC 3.1.1.3) have been subjected to the investi-
gation. The immobilized lipases from Candida cylindracea,
Mucor miehei and Pseudomonas cepacia, and LipozymeÆ

(also the lipase from M. miehei, immobilized in a different
way), and the non-immobilized (free) lipases from M. miehei
and P. fluorescens were used to mediate the hydrolysis of the
blackcurrant oil aimed at designing enzymic processes of
enrichment with γ-linolenic acid and α-linolenic acid. Atten-
tion was also focused on investigation of selective preferences
of the hydrolytic enzymes towards those polyunsaturated fatty
acids. The same immobilized lipases were employed in the
process of enrichment with γ-linolenic acid and α-linole-
nic acid contents during the enzymic esterification of free
fatty acids, obtained from BCO by chemical means, with
butan-1-ol.

2. Technical evaluation of the processes

Blackcurrant oil (BCO) was obtained by effective extrac-
tion of blackcurrant seeds (Ribes nigrum) in a supercritical
carbon dioxide recycling reactor20ñ21. The main area for the
production of the blackcurrant seeds is located in ChelËice
(South Bohemia, Czech Republic). The fatty acid composition
of the BCO of the above-described origin is shown in Table I.

Non-immobilized (free) lipase from M. miehei (6440 U/mg)
and from P. fluorescens (42.5 U/mg) were employed together
with the lipase from C. cylindracea immobilized on macro-
porous acrylic beads (1020 U/g), the lipase from M. miehei
immobilized on Sol-Gel-AK (8.9 U/g), the lipase from P. ce-
pacia also immobilized on Sol-Gel-AK (63 U/g), and Li-
pozymeÆ (62 U/g), i.e. the lipase from M. miehei immobilized
on macroporous ion-exchange resin.

Triacylglycerols, diacylglycerols, monoacylglycerols, fatty
acid butyl esters or free fatty acids were separated from the
reaction mixtures by column chromatography techniques. These
compounds were modified subsequently by chemical trans-
esterification reactions according to the described method26,
and the obtained fatty acid methyl esters were dissolved in
hexane. The GC analyses were performed with a HP 5890A
gas chromatograph (Hewlett-Packard, USA), equipped with
a flame ionization detector (FID) and split-splitless injector
(split ratio 1:49). The injector and FID temperatures were 240 ∞C
and 250 oC, respectively, oven temperature program was set
as follows: 200 ∞C (20 min), 5 ∞C.minñ1 to 230 ∞C (15 min).
A DB-WAX column (30 m◊0.25 mm◊0.25 µm; J&W Scien-
tific) and hydrogen as carrier gas (average linear velocity
40 cm.sñ1) were used. Data were collected with a HP 3393A
integrator. The peaks of respective fatty acid methyl esters
were identified using commercially available standards of
fatty acid methyl esters.

TLC was performed on Silufol precoated silica gel pla-
tes (Kavalier, Czech Republic). A mixture of diethyl ether/
light petroleum/acetic acid  (40:80:1.6 v/v/v) was  used as
eluent. The products were detected by spraying the developed
TLC plates with a solution of phosphomolybdic acid in me-
thanol.

Column chromatography purifications were performed on
a silica gel (Hermann, Kˆln-Ehrenfeld, Germany), particle
size 0.04ñ0.063 mm. The size of the column was chosen to
enable the sample/silica gel ratio 1:50ñ1:70 (w/w). The com-
pounds were eluted with mixtures of diethyl ether with light
petroleum, in which the ratio of both eluents was adjusted to
the individual mixture of compounds to be separated.

Preparation of free fatty acids was performed by alka-
line hydrolysis of a BCO sample (1 g) using a 1 M solution
of potassium hydroxide in 90 % aqueous ethanol (6 ml) un-
der heating to 80 ∞C and stirring under argon for 90 min at
500 minñ1. The mixture was cooled to the room temperature,
and deionized water (6 ml) and 6 M solution of hydrochloric
acid (2 ml) were added. The obtained mixture of free fatty
acids was extracted with diethyl ether. The combined extracts
were dried over anhydrous sodium sulfate and evaporated
under vacuum at 32 ∞C. The products (free fatty acids; 100 mg)
were dissolved in isooctane (2,2,4-trimethylpentane; 3 ml) and
stored at ñ18 ∞C. No other impurity in this product was de-
tected by GC analysis, which was repeatedly performed before
using.

The enzymic hydrolysis in aqueous media was performed
at 40 ∞C in 2 ml vials under stirring. BCO (100 mg) and water
(100 µl) were mixed and equilibrated at experimental tem-
perature. The reaction was started by addition of lipase (18 U),
allowed to proceed for 24 h, and then stopped by filtering off
the enzymes. The products were extracted from the reaction
mixture with diethyl ether and separated by column chroma-
tography on silica gel.

When using a two-phase system for the enzymic hydroly-
sis, a solution of BCO (300 mg) in isooctane (2 ml) was added
to a phosphate buffer (1 ml, 0.1 M, pH 7.0) containing an
immobilized lipase (4.5 U). The suspension was incubated at
30 ∞C for 4 h, and then the process was stopped by filtering off
the enzyme. The products were extracted from the reaction
mixture with diethyl ether and dried over anhydrous sodium
sulfate. The solvent was evaporated and the products were
separated and purified by column chromatography on silica
gel.

Enzymic esterification under conventional heating was
performed using addition of lipase (1U) to a solution of free fatty
acids (100 µl) and butan-1-ol (100 mg) in isooctane (3 ml).
The mixture was heated to 30 ∞C and stirred at 500 minñ1 for
2 h using a Unimax 1010 incubator (Heidolph, Germany), and
then filtered to separate the enzyme, which was washed twice
with  diethyl ether. After evaporation of the solvents, the
products were separated by column chromatography.

Application of microwave irradiation represented another
modification of the enzymic esterification. The reaction mix-
ture was prepared in the same way as described before. It was
irradiated to 30 ∞C for 2 h using a Synthewave S 402 micro-
wave reactor (Prolabo, France) in a monomode system. The
reaction conditions were controlled by an algorithm, which
allows a control the reaction temperature at the required value
by varying power up to 20 W in operation under electromag-
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netic field27ñ28. After 2-h reaction, the enzyme was separated
from the reaction mixture by filtration, and washed twice with
diethyl ether to collect the products. After evaporation of the
solvents the products were purified by column chromato-
graphy.

3. Results and discussion

3 . 1 . E n z y m i c h y d r o l y s i s

Screening of four selected lipases in their six forms for
performing hydrolysis of BCO was studied20. The enzymes
used were the immobilized lipases from C. cylindracea (im-
mobilized on macroporous acrylic beads), M. miehei (immo-
bilized on Sol-Gel-AK) and P. cepacia (immobilized on Sol-
-Gel-AK), and LipozymeÆ (the lipase from M. miehei immo-
bilized on macroporous ion exchange resin), and the non-im-
mobilized (free) lipases from M. miehei and P. fluorescens.
The experiments were performed using two modifications of
the hydrolytic procedure. The hydrolysis of BCO mediated
by selected lipases gave mixtures of diacylglycerols, mono-
acylglycerols, free fatty acids and unreacted triacylglycerols,
which was in accordance with the expected reaction course.
After isolation from the reaction mixture, the respective pro-
ducts were separated by column chromatography into several
fractions. The isolated products were subjected to transesteri-
fication26, and the resulting fatty acid methyl esters were
analyzed by GC. In particular experiments, when the quantity
of diacylglycerols and monoacylglycerols was low (those
mediated by C. cylindracea), separation of fatty acids from the
fraction of monoacylglycerols and diacylglycerols failed, and
these groups of compounds had to be analyzed together as one
individual fraction of the products. Monoacylglycerols and
diacylglycerols, however, were also analyzed together. Work-
-up of the enzymic hydrolysis20 using the Method I was per-
formed during a 24-h period, and all selected lipases, i.e., the
immobilized lipases from C. cylindracea, M. miehei (immo-
bilized on Sol-Gel-AK) and P. cepacia, and LipozymeÆ (the
lipase from M. miehei immobilized on macroporous ion ex-
change resin), and the non-immobilized (free) lipases from
M. miehei and P. fluorescens, were subjected to the screening
procedure (Table II). In general, the rate of enzymic hydrolysis
of triacylglycerols isolated from BCO beforehand corresponds
generally to the quantity of the BCO hydrolyzed to diacyl-
glycerols, monoacylglycerols and free fatty acids. Natural
BCO contains ~95 % of triacylglycerols. The most satisfactory
rates of hydrolysis of BCO by Method I were obtained with
immobilized lipase from P. cepacia and LipozymeÆ employed
as biocatalysts. However, certain enrichment with γ-linolenic
acid was observed in the collective fractions of diacylglycerols
and monoacylglycerols in the transformations of BCO media-
ted by M. miehei immobilized on Sol-Gel-AK (Table II).
Enrichment with both, γ-linolenic acid and α-linolenic acid,
was observed in the transformations of BCO mediated by
non-immobilized P. fluorescens (Table II). An effort was
made to study the substrate regiospecificity of the lipases as
regards the position of the acyl group in triacylglycerols. Two
types of specific enzymes were employed: sn-1,3-regiospeci-
fic (M. miehei) and nonspecific enzymes (C. cylindracea,
P. cepacia and P. fluorescens). The reason for using both types

of lipases has reflected the fact that the most frequent positions
of α-linolenic acid and γ-linolenic acid in triacylglycerols of
BCO are not known yet. Selectivity of the lipases was ob-
served only when the reaction was catalyzed by lipase from
M. miehei and from P. fluorescens under the conditions of
Method I. The content of γ-linolenic acid increased to 16.8 %
in the collective fractions of monoacylglycerols and diacyl-
glycerols (Table II). An increase in the ratio of γ-linolenic acid
to α-linolenic acid in the same fractions of products was
calculated for the products of hydrolysis of BCO mediated by
M. miehei in all three forms subjected to the screening (Table
II). Compared with the original ratio of these two polyunsatu-
rated fatty acids (1.10; Table I), discrimination of α-linolenic
acid was observed in the collective fractions of diacylglycerols
and monoacylglycerols in the hydrolysis of BCO mediated by
the lipase from M. miehei immobilized on Sol-Gel-AK (1.75),
LipozymeÆ (2.00), and  in  the  fraction  of free fatty  acids
obtained in the hydrolysis of BCO mediated by the non-im-
mobilized lipase from M. miehei (2.11). Both types of the
immobilized lipase from M. miehei discriminated γ-linolenic
acid in the fractions of free fatty acids. Comparing the content
of linoleic and oleic acids, the fractions of products after
hydrolysis of BCO mediated by the lipases, an increase in the
linoleic acid content was accompanied by a decrease in the
oleic acid content in the same fraction (Table II). A decrease
in the linoleic acid content was always observed, when the
ratio of γ-linolenic acid/α-linolenic acid was lower than in the
original BCO (i.e., when the ratio <1; cf. Table II).

The other modification of the lipase-mediated hydrolysis
(Method II) (Ref.20) was performed by employing the immo-
bilized lipases of the studied series of enzymes (Table III). The
reaction was carried out in a two-phase system consisting of
a buffer and isooctane. Free lipases (those from M. miehei and
P. fluorescens) were found inconvenient for performing the
enzymic hydrolysis in this particular two-phase system. The
free lipase was always present in aqueous phase, and any
stirring or shaking of the mixture in order to enhance a contact
between the enzyme and the substrate was ineffective. The rate
of such a hydrolysis of BCO was substantially nil. Further
effort in this study was stopped, and attention was focused on
screening of immobilized lipases from C. cylindracea, M. mie-
hei (immobilized on Sol-Gel-AK), P. cepacia, and LipozymeÆ

(the lipase from M. miehei immobilized on macroporous ion
exchange resin). These enzymic reactions were performed at
30 ∞C for 4 h. Increasing of the temperature up to 40 ∞C
resulted in a decrease in chemical yield of the products of the
enzymic transformations.

As shown in Table III, no considerable enrichment with
either γ-linolenic acid or α-linolenic acid in any fraction of the
evaluated experiments was observed. However, when compar-
ing the ratio values calculated for the collective fractions of
diacylglycerols and monoacylglycerols with those calculated
for the fractions of free fatty acids in the reactions mediated
by either immobilized form of the lipase from M. miehei,
discrimination of either α-linolenic acid (ratio values 1.74 and
1.31) or γ-linolenic acid (ratio values 0.24 and 0.12) is obvious
(Table III). The same principle as described above (Method I)
was observed concerning the linoleic acid  and oleic acid
contents in the respective fractions, and concerning even a de-
crease in the linoleic acid content accompanying the discrimi-
nation of γ-linolenic acid (ratio value <1).
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Table II
Fatty acid composition of glycerol esters and free fatty acids obtained by enzymic hydrolysis of blackcurrant with the tested
lipases ñ Method I

Source of Lipase Fractiona 18:1n-9 18:2n-6 18:3n-6 18:3n-3 18:3n-6/18:3n-3
[%]b [%]b [%]b [%]b ratio

Candida cylindracea TG 14.2 45.4 12.3 10.7 1.15
FFA+DG+MG 20.1 37.6 4.6 5.5 0.84

Mucor miehei TG 13.7 46.0 12.5 11.2 1.12
(immobilized on Sol-Gel-AK) FFA 22.5 32.5 1.2 3.2 0.37

DG+MG 14.4 47.6 16.8 9.6 1.75
LipozymeÆ TG 13.4 45.0 13.3 11.2 1.19

FFA 22.4 32.9 1.5 3.6 0.42
DG+MG 25.3 14.3 1.8 0.9 2.00

Pseudomonas cepacia TG 19.5 40.6 7.6 6.9 1.10
FFA 14.5 39.4 5.5 6.1 0.90
DG+MG 24.8 40.6 6.6 4.6 1.43

Mucor miehei TG 36.0 13.3 0.0 0.0 0.00
(non-immobilized) FFA 20.3 28.8 5.9 2.8 2.11

DG+MG 16.1 10.7 0.8 0.8 1.00
Pseudomonas fluorescens TG 14.8 46.1 6.8 6.6 1.03

FFA 18.0 44.3 11.8 10.4 1.14
DG+MG 14.5 44.1 15.7 13.4 1.17

a Triacylglycerols (TG), free fatty acids (FFA), diacylglycerols (DG), monoacylglycerols (MG), b mole percents

Table III
Fatty acid composition of glycerol esters and free fatty acids obtained by enzymic hydrolysis of blackcurrant with selected lipases
ñ Method II

Source of Lipase Fractiona 18:1n-9 18:2n-6 18:3n-6 18:3n-3 18:3n-6/18:3n-3
[%]b [%]b [%]b [%]b ratio

Candida cylindracea TG 13.5 46.1 12.7 11.6 1.09
FFA+DG+MG not determined ñ

Mucor miehei TG 14.7 45.8 11.7 10.8 1.08
(immobilized on Sol-Gel-AK) FFA 19.7 31.1 1.0 4.2 0.24

DG+MG 18.0 45.7 11.8 6.8 1.74
LipozymeÆ TG 14.5 46.5 12.7 10.6 1.20

FFA 17.0 44.3 1.0 8.0 0.12
DG+MG 23.4 35.1 5.0 3.8 1.31

Pseudomonas cepacia TG 17.8 44.8 9.5 9.1 1.04
FFA 17.2 11.1 0.5 0.5 1.00
DG+MG 28.5 1.4 0.0 0.0 0.00

a Triacylglycerols (TG), free fatty acids (FFA), diacylglycerols (DG), monoacylglycerols (MG), b mole percents

3 . 2 . E n z y m i c e s t e r i f i c a t i o n

The enzymic esterification (Method III) (Ref.25) of free
fatty acids, obtained by chemical hydrolysis of BCO, was
performed for 2 h because the selectivity of the lipases to fatty
acids decreased with increasing time due to their deactivation
(Table IV). It was observed that after 3 h of enzymic transfor-
mation, no residual free fatty acids were present and, therefore,
the screened enzymes, immobilized lipases from C. cylin-
dracea, M. miehei (immobilized on Sol-Gel-AK), P. cepacia,

and LipozymeÆ (the lipase from M. miehei immobilized on
macroporous ion exchange resin) showed no fatty acid speci-
ficity. Using LipozymeÆ as biocatalyst, a content of 2.3 % of
butyl γ-linolenate was found in the fatty acid  butyl ester
fraction under conventional heating, while 16.9 % of γ-li-
nolenic acid was identified in the residual fatty acids. When
using the lipase from P. cepacia as biocatalyst under conven-
tional heating, the quantity of butyl γ-linolenate rose to 20 %
in the fatty acid butyl ester fraction, while 12.2 % of γ-linolenic
acid remained in the residual free fatty acids. When evaluating
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Table IV
Composition of fatty acid butyl esters and residual free fatty acids after enzymic esterification performed under conventional
heating ñ Method III

Source of Lipase Fractiona 18:1n-9 18:2n-6 18:3n-6 18:3n-3 18:3n-6/18:3n-3
[%]b [%]b [%]b [%]b ratio

Candida cylindracea FABE not detectable ñ
RFFA 13.7 46.1 12.3 11.4 1.08

Mucor miehei FABE 16.0 54.5 2.2 15.2 0.14
(immobilized on Sol-Gel-AK) RFFA 14.0 47.6 13.3 12.4 1.07

LipozymeÆ FABE 15.8 56.2 2.3 16.0 0.14
RFFA 13.8 45.2 16.9 10.8 1.56

Pseudomonas cepacia FABE 6.8 46.1 20.1 12.9 1.56
RFFA 15.1 47.9 12.2 11.9 1.02

a Fatty acid butyl esters (FABE), residual free fatty acids (RFFA), b mole percents

Table V
Composition of fatty acid butyl esters and residual free fatty acids after enzymic esterification performed under microwave
irradiation ñ Method IV

Source of Lipase Fractiona 18:1n-9 18:2n-6 18:3n-6 18:3n-3 18:3n-6/18:3n-3
[%]b [%]b [%]b [%]b ratio

Candida cylindracea FABE 11.0 7.0 8.0 8.7 0.92
RFFA 14.4 41.4 9.6 8.9 1.08

Mucor miehei FABE 13.3 44.3 5.9 13.9 0.42
(immobilized on Sol-Gel-AK) RFFA 15.6 47.8 9.9 11.0 0.90

LipozymeÆ FABE 15.0 52.7 5.5 14.8 0.37
RFFA 11.4 35.4 29.9 8.2 3.65

Pseudomonas cepacia FABE 7.6 47.0 19.6 13.8 1.42
RFFA 16.2 50.0 9.2 11.4 0.81

a Fatty acid butyl ester (FABE), residual free fatty acids (RFFA), b mole percents

the γ-linolenic acid/α-linolenic acid ratios in the individual
fractions after the enzymic esterification, both forms of the
immobilized lipase from M. miehei were found to display
discrimination to this ratio given in the original BCO. A re-
markable discrimination of γ-linolenic acid during this esteri-
fication is well documented by the ratio values (0.14; Table
IV). The γ-linolenic acid/α-linolenic acid ratio in residual free
fatty acid fractions (1.07 and 1.56) shows, in turn, enrichment
with γ-linolenic acid in this fraction only when LipozymeÆ was
used as enzyme mediator of esterification. The linoleic acid
and oleic acid contents seemed to be even in accordance with
increasing or decreasing contents of α-linolenic acid in the
product fractions.

Under microwave irradiation (Method IV) (Ref.25), 5.5 %
of butyl γ-linolenate was found in the fatty acid butyl ester
fraction, and 29.9 % of γ-linolenic acid in the residual free fatty
acids as products of esterification mediated by LipozymeÆ

(Table V). Using the lipase from P. cepacia as biocatalyst
under microwave irradiation, the ratio of butyl γ-linolenate and
the residual γ-linolenic acid changed as well (19.6 % versus
9.2 %; Table V).

Comparing the ratio values (Table V), again both immo-

bilized lipases from M. miehei showed discrimination of γ-li-
nolenic acid in this esterification reaction. A remarkable result
was achieved with LipozymeÆ as biocatalyst. The fraction of
residual free fatty acids (29.9 %) was enriched with γ-linolenic
acid, and a high γ-linolenic acid/α-linolenic acid ratio was
obtained (3.65). The action of other enzymes seemed to be
different from that found in the esterification under conven-
tional conditions. This finding may contribute to the general
idea that microwave-irradiated reactions should be studied
more intensively to understand the processes, which seem to
be more often used as a ìblack boxî. The dependence of
linoleic acid and oleic acid contents in the mixtures showed
again accordance with the content of α-linolenic acid, but
some differences were observed (Table V) compared to the
alternative modification of this enzymic transformation of
fatty acids (Table IV).

The results obtained indicate clearly that differences do
exist if the effect of microwave irradiation is compared with
that of conventional heating. This finding supports the original
hypothesis, in which such results had been expected even if
many differences in results obtained by conventional heating
and microwave irradiation have still been considered with
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certain skepticism. The methods of heating the reaction mix-
tures are different. The focused microwave irradiation supplies
energy in a more concentrated and controlled way to the
system than conventional heating is able to do27ñ28. This dif-
ference results in more effective and more rapid getting over
the transition state energy barrier under microwave irradiation
even if these energies are substantially decreased by the cata-
lytic action of the enzyme.

4. Conclusion

Several important findings were found during this inves-
tigation:
(a) Enzymic hydrolysis, Method I: Highest enrichment with

γ-linolenic acid was achieved in the fraction of mono- and
diacylglycerols using the lipase from M. miehei immobi-
lized on Sol-Gel-AK (16.8 %) and that from P. fluorescens
(15.7 %). However, only the lipase from M. miehei immo-
bilized on Sol-Gel-AK showed simultaneously discrimi-
nation of α-linolenic acid during this enzymic transforma-
tion (γ-linolenic acid/α-linolenic acid ratio = 1.75).

(b) Enzymic hydrolysis, Method II: Almost no enrichment
with γ-linolenic acid was observed (12.7 %) in the triacyl-
glycerol fractions resulting from the enzymic transforma-
tions performed by the lipase from C. cylindracea and by
LipozymeÆ. However, important discrimination of α-li-
nolenic acid was found in experiments with M. miehei
immobilized on Sol-Gel-AK (γ-linolenic acid/α-linolenic
acid ratio = 1.74).

(c) Enzymic esterification, Method III: Enrichment with γ-li-
nolenic acid was achieved either by the lipase from
P. cepacia (20.1 %) in the fraction of butyl esters of fatty
acids or by LipozymeÆ in the fraction of residual free fatty
acids (16.9 %). Maximum γ-linolenic acid/α-linolenic acid
ratio was found identical together with the above-men-
tioned results (1.56).

(d) Enzymic esterification, Method IV: Enrichment with γ-li-
nolenic acid was achieved either by the lipase from P. ce-
pacia (19.6 %) in the fraction of butyl esters of fatty acids
or by LipozymeÆ in the fraction of residual free fatty acids
(29.9 %), which was the best enrichment found in this
series of experiments for γ-linolenic acid. The absolute
maximum of the γ-linolenic acid/α-linolenic acid ratio was
found with LipozymeÆ (3.65).

(e) Enzymic esterification, in general: While LipozymeÆ dis-
criminates γ-linolenic acid (16.9 % and 29.9 % found in
the fraction of residual free fatty acids), the lipase from
P. cepacia works in the opposite way, because it causes
enrichment with γ-linolenic acid in the fraction of fatty
acids butyl esters (20.1 % and 19.6 %).

(f) Enzymic transformations, in general: The lipase from
M. miehei (sn-1,3-regiospecific lipase) was the best lipase
for performing the evaluated enzymic processes in the way
they had been designed.

(g) Enzymic transformations, in general: LipozymeÆ was the
best biocatalyst among all three forms of the lipase from
M. miehei, which were subjected to this screening. This
form of immobilization of the lipase from M. miehei seems
to meet all basic requirements of the immobilized lipase
to be considered for potential industrial application in the

enrichment with γ-linolenic acid and α-linolenic acid from
natural plant oils as shown in this study with BCO.

Financial  support of  this research through  the COST
network project D13/0014/01 (D13.10; Ministry of Education
of the Czech Republic) and through the internal grant No. 2/8
of the Institute of Organic Chemistry and Biochemistry is
gratefully acknowledged. We thank the University of La Ro-
chelle, France (Professor M.-D. Legoy), for enabling us to
perform experiments with a Synthewave S 402 microwave
reactor in the frame of the COST exchange program for
scientists. The authors appreciate skilful technical assistance
of Mrs. M. Wimmerov· and Mrs. H. Ernyeiov·.

REFERENCES

1. Horrobin D. F.: Prog. Lipid Res. 31, 163 (1992).
2. Youdim K. A., Martin A., Joseph J. A.: Int. J. Dev.

Neurosci. 18, 383 (2000).
3. Hadjiagapiou C., Kaduce T. L., Spector A. A.: Biochim.

Biophys. Acta 875, 369 (1986).
4. Yerram N. R., Moore S. A., Spector A. A.: J. Lipid Res.

30, 1747 (1989).
5. Sprecher H., Luthria D. L., Mohammed  B. S., Bay-

kousheva S. P.: J. Lipid Res. 36, 2471 (1995).
6. Phillips J. C., Huang Y.-S., in: γ-Linolenic Acid, Metabo-

lism and Its Roles in Nutrition and Medicine (Huang
Y.-S. and Mills D. E., eds.), Chapter 1, p. 1. AOCS Press,
Champaign 1996.

7. Lindskov R., Holmer G.: Allergy (Copenhagen) 47, 517
(1992).

8. Wille H.-J., Wang J., in: γ-Linolenic Acid, Metabolism
and Its Roles in Nutrition and Medicine (Huang Y.-S. and
Mills D. E., eds.), Chapter 4, p. 33. AOCS Press, Cham-
paign 1996.

9. Makrides M., Gibson R. A., in: Essential Fatty Acids and
Eicosanoids (Riemersma R. A., Armstrong R., Kelly R.
W., and Wilson R., eds.), p. 136. AOCS Press, Cham-
paign 1998.

10. Vajreswari A., Rupalatha M., Rao P. S.: J. Nutr. Sci.
Vitaminol. 48, 365 (2002).

11. Traitler H., Winter H., Richli U., Ingenbleek Y.: Lipids
19, 923 (1984).

12. Panos T. C., Stinnet B., Cross E., Beard A. G.: Fed. Proc.
20, 366 (1961).

13. Friedman Z., Danon A., Stahlman M. T., Oates J. A.:
Pediatrics 58, 640 (1976).

14. Christophe A., in: γ-Linolenic Acid, Metabolism and Its
Roles in Nutrition and Medicine (Huang Y.-S. and Mills
D. E., eds.), Chapter 13, p. 168. AOCS Press, Champaign
1996.

15. Okuyama H., Huang M.-Z., Miyazaki M., Watanabe S.,
Kobayashi T., Nagatsu A., Sakakibara J., in: Essential
Fatty Acids and Eicosanoids (Riemersma R. A., Arm-
strong R., Kelly R. W., and Wilson R., eds.), p. 273.
AOCS Press, Champaign 1998.

16. Friedman Z., Frˆlich J. C.: Pediatr. Res. 13, 932 (1979).
17. Stein T. P., Marino P. L., Harner R. N., Schluter M. D.,

Leskiw M. J., Black S.: J. Am. Coll. Nutr. 2, 241 (1983).
18. van Dam P. S.: Diabetes Metab. Res. Rev. 18, 176 (2002).
19. Nishimura K., Tsumagari H., Morioka A., Yamauchi Y.,

Chem. Listy 97, 206 ñ 213 (2003) International Projects

212



Miyashita K., Lu S., Jisaka M., Nagaya T., Yokota K.:
Appl. Biochem. Biotechnol. 102, 239 (2002).

20. Vacek M., Zarev˙cka M., Wimmer Z., Str·nsk˝ K., Kou-
tek B., Mackov· M., Demnerov· K.: Enzyme Microb.
Technol. 27, 531 (2000).

21. Sovov· H., Zarev˙cka M., Vacek M., Str·nsk˝ K.: J.
Supercrit. Fluids 20, 15 (2001).

22. Gandhi N. N.: J. Am. Oil Chem. Soc. 74, 621 (1997).
23. Syed Rahmatullah M. S. K., Shukla V. K. S., Mukherjee

K. D.: J. Am. Oil Chem. Soc. 71, 569 (1994).
24. Huang F. C., Ju C. W.: J. Am. Oil Chem. Soc. 74, 977

(1997).
25. Vacek M., Zarev˙cka M., Wimmer Z., Str·nsk˝ K., Dem-

nerov· K., Legoy M.-D.: Biotechnol.  Lett. 22, 1565
(2000).

26. Str·nsk˝ K., JursÌk T.: Fett/Lipid 98, 65 (1996).
27. Jacquault P.: F 9,116,286 (1991).
28. Jacquault P.: EP 549,495 (1992).

M. Zarev˙ckaa, M. Vaceka, Z. Wimmera, K. Str·nsk˝a,
B. Kouteka, and K. Demnerov·b (aInstitute of Organic Che-
mistry and Biochemistry, Academy of Sciences of the Czech
Republic, Prague, bDepartment of Biochemistry and Micro-
biology, Faculty of Food and Biochemical Technology, Insti-
tute of Chemical Technology, Prague): Enzymic Transfor-

mations of Blackcurrant Oil: Enrichment with γ-Linolenic
Acid and α-Linolenic Acid

The ability of enzymes to mediate some transformations
of blackcurrant oil was described and evaluated. Four com-
mercially available lipases, both in their free and immobilized
forms were selected for the investigation. The selected en-
zymes were the lipases from Candida cylindracea, Mucor
miehei, Pseudomonas cepacia and Pseudomonas fluorescens.
Two target enzymic processes were investigated: (a) Enzymic
hydrolysis of blackcurrant oil was studied and potential selec-
tivity was evaluated of several commercially available lipases
to discriminate polyunsaturated fatty acids, namely α-lino-
lenic acid and γ-linolenic acid in products under mild condi-
tions. Two modifications of the process were used, of which
employing aqueous media gave a higher enrichment in γ-li-
nolenic acid in the obtained mono- and diacylglycerols (up to
16.8 % of γ-linolenic acid). (b) Enzymic esterification of fatty
acids obtained by chemical hydrolysis of blackcurrant oil was
studied and evaluated  to find  commercially available  en-
zyme(s) capable of mediating similar discrimination to that
under (a). Two modifications of the process were again used:
Enrichment with γ-linolenic acid up to 20 % was achieved
under conventional heating, and up to 30 % under microwave
irradiation. The methods employed were compared.
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