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ABSTRACT: Bueuawse ui the complexity of marine lipids,
polyunsaturated fatty acid (PUFA] derivatives in highly purified
form are not easily prepared by any single fractionation tech-
nique. The products are usually prepared as the ethyl esters by
esterification of the body oil of fal fish species and subsequent
physicachemical purification processes, including short-path
distillation, urea fractionation, and preparative chromatogra-
phy. Lipase-catalyzed transesterification has been shown ta be
an excellent alternative to tradilional esterification and short-
path distillation for concentrating the combined PUFA-content
in fish oils. At room temperature in the presence of Pseudo-
maonas sp. lipase and a stoichiometric amount of ethanal with-
out any solvent, efficiont transesterification of fish oil was ob-
tained. At 52% conversion, a concentrale of 46% eicosapen-
taenoic acid 1EPA) plus docosahexaenoic acid 1IDHAD was
obtained in excellent recovery as a mixture of mono-, di-, and
triacylglycerols. The latter can be easily separated from the sat-
urated and monounsaturated ethy! esters and converted into
athyl esters either by conventional chemical means or enzymat-
ically by immobilized Candida antarctica lipase. Urea-fraction-
ation of such an intermediary product can give an LPA + DHA
content of approximately 87%.
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Utilization and production of marine oils have long traditions
in the Nordic countries. as evidenced by 800-year-old lormal
regulations (). During this time. it was observed that persons
eating flesh from marine animals displayed special physio-
logical characteristics {2). and in the medieval ages, cod-liver
oil in some districts was regarded as obligatory for pregnant
women (3). One hundred years ago. Heyerdahl (4) proposed
that a polyunsaturated fatly acid was responsible for the ther-
apeutic action of cod liver 01l, and he proposed to give it the
name “therapic acid.” After World War 1, Notevarp (5.6) pio-
ncered the connection hetween polyunsaturated fatty acids
{PUFA)} and the incidence of cardiovascular diseases. Mod-
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crn interest was Initiated by epidemiological studies carricd
out by Bang and Dyerberg (7). who tound a decreased inci-
dence of coronary heart discases in the Greenland Eskimo
population compared to Danes. This benelicial elfect has been
attributed to the intake of n-3 PUFA, especially eicosapenta-
enoic actd (EPA)Y and docosahexaenoic acid {DHA).

The growth of new markets for n-3 PUFA has resulted in
the demand for commercial production of high-purity con-
centrates of EPA and DHA. Because of the complexity of ma-
rine raw materials, PUFA in highly purified form are not eas-
ily prepared by a single fractionation technique. Usually. a
combination of technigues is used. the combination of which
depends upon the fatty acid composition of the starting oil
and the destred concentration and purity of PUFA in the final
product.

Cod-liver oil and other lish oils are winterized (cooled and
filtered) before sale to avoid precipitation when refrigerated.
This practice, to a degree. increases the content of PUFA in
these oils. Fish body oils produced in this way typically are
declared to contain “30% " EPA plus DHA. However, these
values often reflect ares percentages as analyzed by gus chro-
matography (GC). and normally the weight percentages arg
stgnificantly lower (8). To further increase the PUFA concen-
tration, il is necessary to resort o chemistry.

The lability of PUFA cslers to heat precludes the distilla-
tion through traditional columns. However, PUFA cthyl es-
ters may be separated by short-path distillation without any
apparent decomposition. Because the degree of [ractionation
that can be achieved with this method is limited. significam
concentration effects can only be obtained at low yiclds.

Urea forms solid complexes with straight-chain organic
compounds. When fatly acids or their esters are added to a so-
Jution of urea. a crystalline complex is formed with the morc
saturated fraction of the acids or esters, The erystals can be
removed. leaving a raffinate that is highly concentrated in
PUFA or PUFA esters. The principle of urea fractionation wus
discovered by Bengen in 1940 (9,100, An carly and extensive
review ol urea complexation us a tool in separation processes
was given by Swern and Marklin (11}, Urea complexation as
a fructionation lool, however, involves large amounts of sol-
vents, chemicals, and by-products. The volumes involved are
illustrated by the Tollowing scale-up experiment: 29.800 ke
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of ethyl esters of lish oil. containing approximately 28%% EPA
plus DHA. was distilled by & two-step molecular distillation
to give 95373 kg product that contained approximately 50%
EPA plus DHA: precipitation with 16,150 kg urea gave
[8.890 kg of urea complex and 3,140 kg PUFA concentrate
t844% LiPA pius DHAY that was [urther purified (12). The
combined recovery of EPA and DHA was approximately 37%
after molecular distilladon, and approximately 31% after ureu
fractionation,

On o conumercial scale there is a need to reduce the butki-
ness of the PUFA concentration process. In this paper, we
show that a facile concentration of PUFA can be obtained by
intraducing an enzymatic step o the overall process,

EXPERIMENTAL PROCEDURES

The experimental procedures with Psendomentas ~p. lipase
(PSLY and Pyseudomonas fluorescens Bipuse (Amano Enzymes
Europe 1.td.. Milton Keynes. United Kingdom). including un-
alytical procedures. are as given in Haraldsson ef ol (13). lm-
mobilized Ceandida anrarctica lpase (CALY (SP433, 1-2%
water conlent) was ablained by Novo-Nordisk {Bugsvaerd,
Denmark}. The fish oil wriglycerides, originating from sardine
ol were provided by Pronova Biocare as. (Bergen. Norway),
and contained 14.9% EPA and 9.8% IDHA. They were used
without further refinement. The short-path disdilation was
carricd out in a Leybold KDL 4 still {Leybold AG. Hanau,
Germany). Analyses of environmental poliutants {preconcen-
tration and inalysis by GC with electron capture detection)
were performed at Handels- und Umweltschutzlaboratorium
Dr. Wiertz - Dipl, Chem. Eggert D, Jérissen GmbH, Ham-
burg, Germany.

CAL ethanedysis, Immobilized CAL was added to an aeyl-
giyeerol mixture (2.5 g upproximately 8.5 mimol of ester
equividens: inital composition 25.0% EPA and 15.1% DHA:
produced by PSL-catalyzed transesterification of Gish oily and
absolute ethanot (0.80 g, 14.4 mmol). The resuiting enzyme
suspension was gently stirred at toom temperature under ni-
rrogen. Samples were collected at appropriate tmes and ana-
Ivzed as described before 1130, The reaction wus discontin-
ued by separating the enzymce by filtration after 22 h.

Analvses of fipid classes. Analysis ol lipid classes alter

short-path distillution was performed by high-performance
size-exclusion chromatography. Ten mg ol the substance o
be examined was weighed into a 13-mL volumetric Aask. dis-
solved in (etrahydroluran { THE} and diluted to 10.0 ml. with
THE. The chromatographic scparation was carried out with
Waters Ultrastyragel columns (0.3 m by 7.8 mum ido). packed
with styrene-divinylbenzene copolyimer. one column with
pore size 1{0) A and two columns with pore size SO0 A (Wa-
ters. Milford, MA: Cal. no. 10570 and 1057 1) connected in
serics. TIHF was used as @ mobile phase ava flow rate ot 0.8

mbl/min. A Waters Model 410 Differential Refractometer

(Waters)y was used as a detector, and a VG Multichrom 2
Chromatography Data System (VG Data Systems. Altrin-
cham. United Kingdom?} lor quantitation.
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RESULTS AND DISCUSSION

Biocutalvoed transesterification. To reduce the large reaction
volumes in the concentration of EPA and DHA. the possibil-
ity of linding an enzymatic procedure for selectively transes-
erilying fatty acids other than EPA and DHA was invest-
guted. In Scheme | s displayed the outline ol principie for
concentration of EPA cthyl ester (EPA-EE) and DHA ethyl
ester (DHA-EE) via lipase-catulvzed transesterification
[ Pyetdomonas sp. lipase (PSL): Roany fatty acid]. Detailed
information regarding the enzymalic work is given hy Har-
aldsson ef wf. {13y, The work that lfollowed showed that li-
nase-catalyzed trarsesterilication was an excellent alternative
o truditonal estertficauon and short-path disutlation in con-
cemprating the combined EPA and BDHA conent in tish oils,
and that it can take place as part ol an integrated process for
the production of lighly purilied concentrates of these latty
acids (14 AL room emperature, i the presence ol PSL and
a stoichiometric amount of ethanol, without any solvent. u
highly efficient transesterification reaction of the fish oil
(14.9% EPA and 9.8% DHA) wan obtained. AL 32% conver-
sion {Table ). a concentrute of 46% 1EPA und DLLA (Table 2)
was ebtained in excellent recovery as a mixture ol mono-. di-
Cand triaeylelycerols.

Separation by short-pati distitfation. The EPA- and DHA-
containing acylalycerals can be eastly separated from the sat-
urated und monounsaturated ethyl esters by short-puth disiil-
latzon. Short-paih distillaton is not usually regarded as being
suitable Tor difficult separations. However, in this process i
proved o be surprisingly advantageous. The eflect wax
demonstrated in an experiment i which the total EPA and
DHA in the acylglveerol fractions analyzed was 40.1% byv GC
arca pereentages {Tables 3) The product was formed by
adding PSL (100 g, 25200 activity units/g) 1o fish oil (1000 ¢,
approxumnalely |13 mol) and absolate ethanol (1704 g, 3.70
maet). The resulting ensyme suspension wax stirred gently
with & magnetic stirrer ol roont wmperature uader nitrogen
For 30 ho A centrifuge was used for separating the reaction
mixture from the fipase (3000 rpm for 10 nind. The reaction
mixture (902 g was degassed by passing through the short-
path distillation stll under vacuwm at B0"C to remove volatile
components w give an acylglycerobfethyl ester mixure (844
gh The mixture (756 g) was distilled in the shogt-path distil-
lation still at 125°C, 0,005 mbar. This gave a distillate (359 g,

TABLE 1
Composition of Acylglycerol/Ethyl Ester Mixture Aiter Partial
Ethanolysis of Fish Oil with Pseudomonas sp. Lipase (PSL) at 20°C7

I h th i h th 14 h 24 h
hale] 5.0 R P30 [7.4 1648 13,9
130 24 IERS .6 234 Ay RN
It A 2 KA 2o 2.7 27 27
TG 420 [7.4 [-1.2 Y Y i
Il 20 1.2 T 170 4810 3H

TResulls i sveight pread cntage witor different reae tion fimoes, 30, monoa |-
plycerels DO dinevlplycensls; FEA, tree Tty acids; TG tianevlglvoerels: EF
clbivl esters.
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47.4% )y and a residue (388 g, 51.3%). The fractions bad the
compositions shown in Table 4. The residue alier short-path
distillation contained as much as 47.35¢ EPA plus DHA. com-
purcd to 40.19% in the acylglycerol fractions. The disutllation
step results ina HYL6% moneacylglyeerol fraction in the dis-
tiltate. which is predominantly menoacylglyccrols of latty
acids with chatnlength below C, . T this way, little or no EPA
or IJHA 1s [ostinto the distillate. Similarly, a small part of the
ester fraction will remain with the residuasl acvlglycerol mix-
ture. This will be predominantly €., and C,; fauy acids. such
as EPA and DHA. Accordingly. part of the EPA and DHA (hat
has been transestertfied will still remain in the residue frac-
tion after distillation. The recovery from the starting {ish oil

TABLE 2
Cancentration of EPA and DHA in Different Lipid Classes After Partial
Ethanolysis of Fish Oil with PSL at 20°C*

Area % FPA 4 DIHA

Ih h 4h 8 h Tih 24h
MG 27.5 20.0 328 P 410 418
Bl 2.0 RER 397 412 47 .4 47.2
FEA 3.5 5.4 4.4 P20 124 18.9
TE 29.0 $3.3 414 440 45.6 443
11 20 2.6 1.5 4.4 5.0 .4
MOAXGTE 0 336 8.7 A5 44,49 43.4

Arta perentage aiter different reaction times is based an the ntegration of
the corresponding «hromatograms obtaned Dy gas chromategraphy (G,
[PA, eicosapentacnaic acid I2NIA, docosaheraenon acd. See Table 1 ior
nther abbreviations,

was approximately 88%. a signilicant increase from the two-
slep short-path distillation from ethyl esters.

Environmental potlutants, such as pesucides, tend 1o con-
centrute in the ethyl ester lraction after lipase ethanolysis. A
fish oil mixture, having undergone partial lipase-catalyzed
ethanolysis, was analyzed before and after short-path disulla-
tion, The starting matenial contained 0.03 mg/kg of combined
dichloroediphenyltrichiorethane (DDT) and DDT metabolites.
u-Hexachlorocyclohexane («-HCH). hexachlorobenzene
(HCB). und toxaphene were not detected. After distillation.

TABLE 3
Composition of Acylglycerol/Ethyl Ester Mixture After Partial
Ethanolysis of Fish Oil with PSL at 20°C for 50 h?

EPA

LA DHA « DHA

Lipid ¢lass win  areated reed arcated recnd arcat
MO 7 17.403 Fa.0 17.8 289 3.8
126 200 289 234 14.5 121 434
FEA 2.8 5.7 1.2 Bl 1.9 1.7
TG 5.9 288 19.3 11.4 12.2 4006
FF 462 2.6 f.4 24 148 3.3
MOAXOTOG 220 25.0 4 KR 83.2 4431

“See Tables Tand 2 ror abbroviations.

PResults inweight percontage as delermined by proparative thin-layoer chro-
matopnaphy.

CResults inarea percentage as determined by GO

“Rocovery percentage as determined by G lrased on the total amaunt of
FIPA o EXFIA i she initial cil (Ref. 19,
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TABLE 4

Composition of Fractions AHter Separation by Short-Path
Distillation of the Reaction Mixture from the PSL-Catalyzed
Ethanolysis of Fish Oil?

TG DG MG EF EPA DHA  EPA « DHA

A N L A L R L R A 1%,
After degassing 112 355 197 336 164 11.0 27.4
Distiffate — 049 106 885 30 3.4 7.0
Residue 18.5 3440 252 23 291 182 47.3

“See texd ior experimenta] details. See Tables 1 and 2 for abbreviations,
PResults in ares percentage as determined by high-performance size-exclu-
sion chromatography.

“Results in area percentage as determined by GC.

the ethyl ester fraction contained up to 0.03 mg/g combined
DDT and DDT metabolites. and up to 0.005 mg/e o-HCH,
0.03 mg/g HCB. and 0.4 mg/g toxaphene. The arget acyl-
glyeerol residue did not contain detectable amounts of pesti-
cides. The results show that, for some pesticides. the levels in
the starting material are just below the detection limit. For
DDT. some of the pollutant can be removed by degassing of
the partially transesterified product mixture. The results show
that enzymatic ethanolysis of fish oil can be an efficient way
of removing environmental pollutanis from n-3 concenlrales.

Integrated production process. The enzymatic alcoholysis
reaction can serve as Lhe initial step in an inlegrated produc-
tion process for EPA and DHA concentrates. The acylglye-
erol mixture from this step can be converted into ethyl esters,
either by conventional chemical means or enzymalically.
Urea lractionation of such an intermediary product, based
upon traditional procedures (15.16). gives an EPA and DHA
conlent of approximately 85% .

CAL-caralvzed ethanolvsis. Immobilized CAL has been
documented to have good activity toward bath EPA and DHA
{17). This is in agreement with the results shown in Table 5.
The data show that CAL is suitable for the ethanolysis of the
acylglycerol mixture from the PSL reaction. Complete con-
version was obtained after 22 h at room temperature. Virlu-
ally all EPA and DHA in the acylglycerol mixture from the
PSL reaction had been converted into the ethyl esters. This
required less than a twotold stoichiometric amount of ¢thanol,
as based on the number of ester equivalents left in the resid-
ual acylglycerol mixture. As with the PSL reaction. this
mcans a significant reduction of reaction velume compared to
chemical cthanolysis, where ethanol also acts as a solvent
Desptte its efficicncy. CAL discriminates between 1EPA and

TABLE 5
Results from Ethanolysis of Acylglycerol Mixture
with Candida antarctica Lipase at 20°C?

Time Conversion Area s Area % Recovery EPA - Recovery DHA
thi {al EPA DHA i) it

1 40.2 281 71 47.1 218

3 6l 23.5 8.2 726 4104

3} 70,6 7.8 10,3 3.4 354
22 1O 253 1.8 Y. 100.0

See Tahle 2 1or ablireviations,
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DHA in favor of the former fatty acid. in agreement with pub-
lished observations (17). After the PSL treatment. there are
small amounts of EPA and DHA present as free acids as a re-
sult of hydrolysis side reactions, In conventional chemical
cthanolysis reactions under basic conditions, the free fatly
acids are losl as soaps. On the other hand. the CAL reaction
esterifies these Tree fatty acids and acylglycerols to ethyl es-
ters, thus increasing, the recovery of both EPA and DHA.

Seguential use of various lipase. If it is desirable (0 pro-
duce a substantially pure EPA and DHA concentrale. a
process as schematically illustrated in Scheme 2 may be pro-
posed. Here, PSL is used 1o achieve an initial concentration
of EPA and DHA. In subsequent sleps, an enzyme like Mucar
miehel lipase (MML), which selectively fuvors the esterifica-
tion of EPA rather than DHA. might be used. (hereby permit-
ting a good separation of these two acids. Finally, an enzyme
such as CAL can be used to effect the cthanolysis of the
DHA-enriched acylglycerol mixture.

Chromatographiv. For very pure products, the final purifi-
cation step will often include chromatography. As the recir-
culation of cluent represents a major part of the total cost of
the chromatographic separation process. the economy of the
process may be significantly improved it the organic eluent in
preparative chromatography is substituted with a supercritical
tluid (18.19). Recently, preparative simulated moving-bed
chromatography has shown good results for purification of
EPA and DHA (20.21). This lechnigue gives much higher

45-50% (EPA + DHA)
TG/DGMG

Ethanol
MML-catalyzed
transesterification
Separation
—<——1 by short-path |- —F—
distillation T
EPA ethyl ester DHA MG/DG/TG

concentrate concentrate |
- J

[ Ethanol ., >

CAL-catalyzed
transesterification

Y

‘ DHA ethyl ester

concentrate
\ Y
Purification | Puritication
by chromatography | by chromatography
h 4
_ ! :
EPA DHA

SCHEME 2
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productivity and uses less solvent than traditional production-
scile high-performance liquid chromatography. The produc-
tivity of the process is further increased by using a pressure
gradient with supereritical carbon dioxide as the eluent.
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