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ABSTRACT: Processes that combine enzymic and physical
techniques have been studied for concentrating and separating
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
from fish oil. Candida rugosa lipase was used in hydrolysis re-
actions to concentrate these acids in the glyceride fraction. By
controlling the degree of hydrolysis, two products have been
obtained, one enriched in total n-3 (~50%) , the other enriched
in DHA and depleted in EPA (DHA ~40%, EPA ~7%). The glyc-
eride fraction from these reactions was recovered by evapora-
tion and converted back to triglycerides by partial enzymic hy-
drolysis, followed by enzymic esterification. Both reactions
were carried out with Rhizomucor miehei lipase. DHA-depleted
free fatty acids from a C. rugosa hydrolysis were fractionated to
increase the EPA level (~30% ) and re-esterified to triglycerides
by reaction with glycerol and R. miehei.
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Fish oils are a readily available source of two long-chain n-3
fatty acids, eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA). The recognition that these fatty acids
play an:important role in human health and nutrition (1) has
led to much research into methods of extracting and concen-
trating these materials from marine oils. There are a number
of physical fractionation methods. Crystallization in solvents
(2) is one, which can be enhanced by combination with urea
complexation (3,4). Distillation (5) and supercritical fluid ex-
traction (6,7) are also techniques that have been used. These
methods generally require fish oil fatty acids or fatty acid es-
ters, although recently, low-temperature solvent fractionation
of fish oil triglycerides has been described (8). In most cases
the product is enriched in both DHA and EPA.

Another approach is the use of lipases. This has the advan-
tage of relatively mild processing conditions at temperatures
close to ambient. A number of lipases have been studied in a
number of different reaction systems. Immobilized Rhizomu-
cor miehei has been used to incorporate DHA and EPA into
oils by means of acidolysis reactions (9,10). A Pseudomonas
lipase (Amano lipase CES) was found to be effective in con-
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centrating n-3 fatty acids of cod liver oil in alcoholysis reac-
tions (11). Geotrichum candidum and Candida rugosa (Can-
dida cylindracea) both show discrimination against longer-
chain polyunsaturated fatty acids (PUFA) and have been used
to prepare concentrates from fish and tuna oils in hydrolysis
reactions (12-14). The C. rugosa lipase is of particular inter-
est because it shows increasing discrimination against fatty
acids in the range of C 4 to C,,, as their chainlength increases
(15).

Most work to date has examined the overall concentration
of n-3 PUFA in single processes. For the purposes of provid-
ing materials for formulating nutritionally functional foods, it
would be useful to be able to provide both overall concen-
trates and isolates of individual acids. For example, DHA is
recognized as being important for brain and eye development
in infants. Some studies, however, have observed negative ef-
fects on growth when feeding DHA to infants in combination
with high EPA levels (16). Also, these materials are suscepti-
ble to oxidation. Hence, there are stability benefits in being
able to formulate products with only the required acid (DHA
or EPA), while minimizing the total n-3 level.

Here, we describe experiments that were carried out to
produce, as triglycerides, an overall n-3 concentrate, a DHA
concentrate (with depleted EPA levels) and an EPA concen-
trate (with depleted DHA levels) from fish oils. The processes
exploit the chainlength specificity of C. rugosa lipase in hy-
drolysis reactions and combine this with other physical sepa-
ration processes and lipase reactions to prepare the final ma-
terials.

EXPERIMENTAL PROCEDURES

Overall process scheme. Production of the three concentrates
described above is given in Scheme 1. By controlling the level
of hydrolysis, a reaction with C. rugosa lipase is used to either
concentrate the total n-3 acids or DHA in the glyceride frac-
tion. The free fatty acids and glycerides are then separated.
These glycerides consist of triglycerides and partial glycerides.
To convert this system back to substantially all triglycerides, a
partial hydrolysis, followed by an enzymic esterification, is car-
ried out. The purpose of the partial hydrolysis is to generate
glycerol, which can be removed by washing and drying of the
oil, leaving the free fatty acids and partial glycerides in the cor-
rect stoichiometry for re-esterification to triglyceride.
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SCHEME 1

The free fatty acids, removed after the C. rugosa hydroly-
sis and which are depleted in DHA, are subjected to a con-
centration step to increase the EPA level, and are then con-
verted to triglyceride by lipase-catalyzed esterification with
glycerol.

Materials. Chilean fish oils with suitable starting composi-
tions in terms of their DHA and EPA levels were selected and
refined according to the methods disclosed in Unilever Patent
EP 304 115 (17). These methods include a soda/silicate “boil-
ing” process after neutralization, bleaching with high levels
(~4%) of acid-activated bleaching earth, and deodorization
below 190°C. The initial free fatty acid composition of the oils
used for each product is given in Table 1.

Candida rugosa AY lipase, in powdered form, was supplied
by the Amano Pharmaceutical Co. Ltd. (Nagoya, Japan).
SP392 catalyst, R. miehei immobilized on an ion exchange
resin, was supplied by Novo Nordisk Bioindustries U.K. Ltd.
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Candida rugosa hydrolysis. Candida rugosa AY lipase was
dissolved in demineralized water and added to the fish oil. A
ratio of 0.5:1 water to oil (w/w) was used in the preparation
of the n-3 and EPA concentrates, and 1:1 was used for the
DHA material. The reaction was carried out at 25°C under ni-
trogen with stirring. When the required level of free fatty
acids had been produced, the reaction was stopped by heating
to 90°C. The inactivated enzyme solution was separated, and
the oil was then washed and dried by heating under vacuum.

Acid/glyceride separation. After the C. rugosa hydrolysis,
the free fatty acids were separated from the mixed triglyc-
erides and partial glycerides in a Fischer shortpath evaporator
(model KD 500/S). The process was run at a temperature of
190°C, with a flow rate that gave a residence time, in the unit,
of about | min.

Conversion of triglyceride and partial glyceride mixture
to triglycerides: Step 1—Partial hydrolysis. Partial hydroly-
sis of the glyceride fraction was used in the triglyceride resyn-
thesis process (described above), for the production of the n-
3 and DHA concentrates. This was achieved as follows. Dem-
ineralized water and the oil were mixed together in a weight
ratio of 1:1. Immobilized R. miehei lipase (SP392 ex Novo
Nordisk) was added. The reaction was allowed to proceed,
with stirring under nitrogen, to the required free fatty acid
level. The enzyme and water were separated by settling. The
oil was then washed several times to remove glycerol gener-
ated during the reaction, and then dried under vacuum,

Step 2—Re-esterification of mixed glycerides and free fatty
acids. Immobilized R. miehei lipase (SP392 catalyst) was also
used for the re-esterification process. This was carried out at
55°C under vacuum to remove water generated during the re-
action. The reaction was continued until the free fatty acid
level had fallen to below 5%. The catalyst was then removed
by filtration, and the oil was refined according to the method
given above.

Concentration of EPA. The acids from a C. rugosa hydrol-
ysis were subjected to an acetone fractionation at —60°C. A
solvent-to-oil ratio of 4:1 was used. The olein fraction, con-
taining the EPA concentrate, was collected by filtering the
crystallized slurry. The solvent was removed from this frac-
tion by evaporation under vacuum.

Esterification of EPA-containing free fatty acids with glyc-
erol. A slight molar excess of the concentrated EPA acids,
from the above fractionation, was added to glycerol in a batch
vessel. SP392 catalyst was added. The esterification was car-

TABLE 1
Fatty Acid Composition of Fish Oils (wt%)?
14:0 14 Un/15 16:0 16:1 16 Un/17 18:0 18:1 Other 18 20:0 20:5 Other20 22:0 22:6 Other22

Feed oil for n-3 6.5 0.9 156 8.0 5.9 3.4 15 5.3 02 16.2 4.4 0.1 132 5.3
concentrate

Feed oil for DHA 5.5 1.6 16.8 6.6 4.8 48 19.2 48 ' 0.2 10.1 5.1 — 14.2 6.5
concentrate

Feed oil for EPA 7.0 1.0 183 7.9 5.9 3.8 13.6 5.1 0.2 159 3.9 — 12.3 5.1
concentrate

“Refer to text for details of products and materials. DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; Un, unsaturated.
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ried out at 55°C with vacuum applied. At the end of the reac-
tion, the catalyst was separated by filtration, and the oil was
refined according to the method previously referenced.

Analysis. Fatty acid compositions were determined by
fatty acid methyl ester gas chromatography by the method
given in AOCS Ce 1b-89 (18). Free fatty acids were deter-
mined by titration against standard sodium hydroxide solu-
tion. Partial glyceride contents were determined by silica gel
high-performance liquid chromatography.

RESULTS

Production of a total n-3 concentrate. The production process
for the total n-3 concentrate is described above and outlined
in Scheme 1. The composition of the glyceride fraction at
each step in the process is shown in Table 2.

The hydrolysis with C. rugosa lipase was stopped when
the free fatty acid level had reached 60%. At this stage, the
total n-3 content in the glyceride fraction had increased to
50%. This represented an overall enrichment of 1.6. The in-
crease in EPA level, however, was relatively small, compared
to a more than doubling of the DHA level. Removal of the
free fatty acid from this mixture by short-path evaporation at
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190°C did not significantly alter the fatty acid composition in
the remaining triglyceride and partial glyceride fraction.

The partial hydrolysis with SP392 catalyst, part of the
process for converting the glyceride mixture back to triglyc-
eride (see above), was taken to 20% free fatty acid. This level
of hydrolysis generated sufficient glycerol such that, after its
removal by washing and drying, the system could be re-ester-
ified to >95% triglycerides, again by using SP392 catalyst.
The above processes and final refining, once again, did not
affect the total n-3 levels in the product.

DHA concentrate. The DHA concentrate was prepared
from a starting oil with an initial DHA/EPA ratio greater than
1 (Table 1). This facilitated achieving a high final DHA/EPA
ratio. The composition at each stage in the production
process, described in the Experimental Procedures section
and in Scheme 1, is given in Table 3. The hydrolysis reaction,
with C. rugosa lipase, was taken to 80% free fatty acid, re-
sulting in almost a tripling of the initial DHA level to about
40%. At this level of hydrolysis, the EPA level was also re-
duced over its starting value, leading to a final DHA/EPA
ratio of 5.3. Partial glyceride levels in the oil, after C. rugosa
hydrolysis and acid removal, were similar to those found dur-
ing the production of the n-3 concentrate, described above.

TABLE 2
Composition of Fractions During Preparation of n-3 Concentrate?
EPA DHA DPA Total DG MG FFA
(Wt%) (Wit%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Refined Chilean fish oil 16.2 13.2 2.3 31.7 1.9 <0.1 <0.1
Glycerides after Candida rugosa 18.5 28.8 4.4 51.7 — — 58.1
hydrolysis
Glycerides after evaporation 18.5 28.8 4.4 51.7 285 0.9 22
Glycerides after partial 18.5 28.8 4.4 51.7 24.2 5.1 2.2
hydrolysis
Triglycerides after 18.5 28.8 4.4 51.7 4.6 <0.1 1.9
re-esterification
Refined product 18.6 28.5 4.7 51.8 4.6 <0.1 <0.1

“Refer to the Experimental Procedures section for details of overall production route and individual process steps. DPA,
docosapentaenoic acid; DG, diglyceride; MG, monoglyceride; FFA, free fatty acids. See Table 1 for other abbreviations.

TABLE 3
Composition of Fractions During Preparation of DHA Concentrate®
EPA DHA DG MG FFA
(Wt%) (Wit%) DHA/EPA (Wt%) (Wt%) (wt%)

Refined Chilean fish 10.1 14.2 1.4 1.2 <0.1 <0.1
oil

Glycerides after Candida 7.5 395 5.3 — — 80.2
rugosa hydrolysis

Glycerides after 7.5 39.5 53 243 0.8 33
evaporation

Glycerides after 7.5 39.5 53 26.1 4.7 22.8
partial hydrolysis

Triglycerides after 7.5 395 5.3 4.2 <0.1 6.5
re-esterification

Refined product 7.5 40.6 5.4 4.0 <0.1 <0.1

“Refer to the Experimental Procedures section for details of overall production route and individual process steps. See

Tables 1 and 2 for abbreviations.
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TABLE 4
Composition of Fractions During Preparation of EPA Concentrate?
EPA DHA
(Wt%) (Wit%) EPA/DHA

Refined Chilean fish oil 15.9 123 13
Acids from hydrolysis 12.3 2.4 5.1
Fractionated acid olein 33.2 5.9 5.6
Fractionated acid stearin 23 0.8 —
Triglycerides after esterification 333 6.0 5.6

and refining

“Refer to the Experimental Procedures section for details of overall produc-
tion route and individual process steps. See Table 1 for abbreviations.

And once again, a partial hydrolysis to about 20% free fatty
acid allowed final re-esterification to >95% triglycerides (see
production of total n-3 concentrate above).

EPA concentrate. The acids used in the preparation of the
EPA concentrate (see Experimental Procedures section and
Scheme 1 for process description) were obtained by evapo-
rating the free fatty acids from a 60% hydrolysis reaction with
C. rugosa lipase. The acid composition is shown in Table 4.
The starting oil, used in this hydrolysis reaction, was of a sim-
ilar composition to that used for the production of the n-3
concentrate (Table 1). These acids, therefore, would be repre-
sentative of those produced by that process. Although the
acids were depleted in both EPA and DHA, the decrease in
EPA level was relatively small compared to the fivefold re-
duction in DHA level. The resultant EPA/DHA ratio was 5:1
with an EPA level of 12.3%.

A 35% yield of olein was achieved from solvent fractiona-
tion, with an EPA level of 33.2%. Recovery of EPA into the
olein was, therefore, better than 85%. These acids were ester-
ified, by the procedure described above, to yield a material
that contained >95% triglyceride after refining.

DISCUSSION

The final composition of the materials produced here depends
on the relationship between the initial fish oil composition
and the selective hydrolysis. This has been investigated sepa-
rately in laboratory experiments (19). Figures 1 and 2 show
data from that work, which illustrates the principles involved.
The DHA and EPA levels in the glycerides, as a function of
degree of hydrolysis, are shown for an oil of similar starting
composition to that used for the n-3 concentrate. The total
DHA + EPA, within the glycerides, rises almost linearly with
amount of hydrolysis. The graph also shows, however, the
chainlength discrimination of C. rugosa lipase between EPA
and DHA. There is an initial increase in the EPA level, as
lower-chainlength fatty acids are preferentially hydrolyzed
away. Ultimately, however, EPA itself is hydrolyzed prefer-
entially to DHA, and its concentration falls compared to its
initial level. The overall increase in n-3, therefore, is due to
the increasing DHA concentration, which is reflected in the
DHA/EPA ratio, which also increases (Fig. 3).
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In the free fatty acid fraction (Fig. 2), the EPA level rises
back to its initial concentration in the fish oil as hydrolysis
progresses. Due to hydrolysis of some DHA, the EPA/DHA
ratio falls (Fig. 3) and is highest during the early stages of hy-
drolysis.

With respect to the materials produced here, this has a
number of impacts. First, for the production of a concen-
trate, a balance needs to be found between initial n-3 levels,
the level of enrichment required and the final yield of prod-
uct. The fish oil used in these experiments is toward the top
end of n-3 levels for common, commercially available oils.
And at a hydrolysis level of 60%, it represents a good com-
promise between yield and final n-3 content. Beyond this
level, the increasing yield loss is probably not compensated
for by the smail gain in concentration. Second, for the pro-
duction of a DHA concentrate, the oil used should preferen-
tially have a favorable DHA/EPA ratio and as high a DHA
level as possible. Tuna oil, for example, has been used
(14,20). Its cost, however, is high and its availability is lim-
ited. The oil used here is representative of the more com-
mon commercial oils with a suitable ratio and DHA content.
A final level that approaches those found with tuna oil is
reached. This is, however, at the cost of final product yield,
because 80% hydrolysis is required. Third, for the produc-
tion of an EPA concentrate, a subsequent enrichment step is
needed, as the acid fraction always contains less EPA than
the starting oil. This is facilitated by choosing an oil with a
high EPA level. Due to the high degree of discrimination
which C. rugosa shows against DHA, however, it is not nec-
essary to have a low-DHA oil. This offers the opportunity
to use the same fish oil for the production of a n-3 concen-
trate and an EPA product. There are a number of techniques
that can be used for acid/glyceride separation. Liquid/liquid
or supercritical fluid extraction, selective adsorption/des-
orption, and neutralization are all possible. The key require-
ment is that, whichever method is chosen, it should not af-
fect the final composition, for example, by causing polymer-
ization or oxidation of these highly unsaturated acids.
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FIG. 1. Concentration of eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) in glycerides (wt%) during hydrolysis of fish oil
by Candida rugosa lipase. EPA (W), DHA(®), EPA + DHA ().
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FIG. 2. Concentration of EPA and DHA in free fatty acids (wt%) during
hydrolysis of fish oil by Candida rugosa lipase. EPA (l), DHA(®), EPA +
DHA ([J). See Figure 1 for abbreviations.
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FIG. 3. DHA/EPA and EPA/DHA ratios in glyceride and free fatty acid
fractions during hydrolysis of fish oil with Candida rugosa lipase. See
Figure 1 for abbreviations.

Short-path evaporation, used in this study, proved suitable
in this respect.

The purpose of the partial hydrolysis is to generate glyc-
erol, which can be removed by washing, leaving a system of
triglycerides, partial glycerides, and free fatty acids, which can
be completely re-esterified to triglycerides. In this study, an
sn-1-3 specific lipase was used. It is theoretically possible that
such a lipase can be used to produce free fatty acid without
generating glycerol, leaving 2-monoglyceride and 1,2-diglyc-
eride. Partial glyceride isomerization, however, has been rec-
ognized for a long time (21), as has its consequences within
enzymatic reactions (22). The isomerization itself favors 1(3)-
monoglycerides and 1,3-diglycerides. Hence, in reality, hy-
drolysis of all fatty acid residues on some molecules does take
place, even with a regiospecific lipase. Here, the hydrolysis
was taken to a slight excess of free fatty acid over the level re-
quired for total re-esterification to triglyceride. And this
proved to be sufficient to convert >95% of the glyceride. This

30 40 50 6! 70 80 90

3 . . " ; : :
20 30 40 50 60 70 80 9O
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is presumably due to the combined effects of the time allowed
for reaction, the large excess of water present, and extraction
of free glycerol into the aqueous phase, the latter effect pre-
venting re-esterification of glycerol to partial glycerides.

As with the acid removal process, the concentration method
used for the EPA-containing acids was one of a number that
could have been employed. The results of low-temperature
solvent fractionation, for example, should be comparable to
urea complexation. Whichever method is chosen, it must min-
imize oxidation and polymerization. Solvent fractionation was
suitable in this respect.

The use of R. miehei lipase in esterification reactions has
been studied previously (23). In addition to the potential prob-
lems of regiospecificity, R. miehei also has been reported to
show some selectivity against longer-chain fatty acids (24).
This discrimination, however, is not absolute. By directing the
reaction with water removal and allowing sufficient reaction
time (~48 h), virtually complete conversion to triglyceride was
achieved for both partial glycerides and glycerol with free
fatty acids.

We conclude from these studies that combining fish oil se-
lection with lipase and physical processing methods is a feasi-
ble means of producing a range of long-chain n-3 enriched
products.
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