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The Production of Fish Oils Enriched in Polyunsaturated
Fatty Acid-Containing Triglycerides

Colin F. Moffat*, Alister S. McGill, Roy Hardy and Robert S. Anderson
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A simple concentration technique was developed and used
for the production of fish oils highly enriched with respect
to the polyunsaturated triglycerides. The method inveolves
the rapid solidification of fish oil droplets in liquid
nitrogen followed by extraction with acetone at —60°C.
The combined percentage of cis-5,8,11,14,17-eicosapenta-
enoic acid (20:5) and cis-4,7,10,13,16,19-docosahexaenoic
acid (22:6) after enrichment of a crude South African An-
chovy (Engraulis capensis) oil was 57.4. A maximum
percentage of 66.0 was attained for n-3 fatty acids after
enrichment of a crude Chilean fish oil. A maximum yield
of 26.0% was achieved for a crude sardine (Sardina
pilchardus) oil. Triglycerides containing only saturated
fatty acids or a combination of saturated and monoenoic
acids were totally removed by the process, as assessed by
silver-ion high-performance liquid chromatography of the
triglyceride oils. This process permits the production of
significant quantities of highly unsaturated triglycerides,
which may be used in physiological and oxidative studies
or for structural analysis of these triglycerides, many of
which are present at extremely low concentrations in the
original oils.

KEY WORDS: Enrichment of EPA- and DHA-containing
triglycerides, low-temperature solidification, low-temperature solvent
extraction, n-3 polyunsaturated fatty acids, triglycerides.

The triglyceride composition of fish oils is diverse. This
is, in part, a consequence of the wide-ranging fatty acid
composition of these oils, which incorporate short-chain
saturated acids such as tetradecanoic acid and the long-
chain polyunsaturated fatty acids (PUFAs) cis-5,8,11,14,17-
eicosapentaenoic acid (EPA) and c¢is-4,7,10,13,16,19-doco-
sahexaenoic acid (DHA) (1). The composition of virtually
all fish oils can be described by reference to eight major
fatty acids (2). These are 14:0, 16:0, 16:1, 18:1, 20:1, 22:1,
20:5(n-3) and 22:6(n-3). An additional thirteen acids are
often present above a level of 0.3% and include 15:0, 16:2,
16:3, 16:4, 18:0, 18:2, 18:3(n-3), 18:4(n-3), 20:0, 20:4(n-6 and
n-3), 21:5 and 22:5(n-3) (3). Furthermore, trace quantities
of the odd-numbered fatty acids 17:0 and 17:1 are often
detected (4) while methyl-branch fatty acids are also pres-
ent as minor components (5).

The triglyceride distribution of fish oils has been
studied by silver-ion high-performance liquid chromatog-
raphy (Ag™-HPLC) (3,6) and reverse-phase chromatog-
raphy (7). These studies have shown that fish oils contain
triglycerides with only saturated fatty acids present in
the molecule and those where each fatty acid contains at
least five double bonds. Between these two extremes, there
is a wide range of triglycerides of varying composition.

The increased interest in both the fatty acid composi-
tion and triglyceride distribution of fish oils is a direct
result of the association of high fish-containing diets and
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the consumption of fish oils with the prevention and treat-
ment of a variety of human diseases. The influence of the
n-3 acids EPA and DHA, which are regarded as being the
important components of the fish oils, has been observed
in relation to cardiovascular disease (8-10), inflammatory
diseases (11,12) and cancer (13,14). A wide range of fish
oil supplements containing approximately 18% EPA and
12% DHA is readily available at retail outlets (15). Sup-
plements containing higher percentages of EPA and DHA
are generally derived from ethyl or methyl esters. In this
report we present a method for the production of triglyc-
eride fish oils enriched with respect to the polyunsatu-
rated fatty acids.

MATERIALS AND METHODS

Chemicals. Hexane, methanol and acetonitrile were from
Rathburn Chemicals Ltd. (Walkerburn, Scotland). Hiper-
solv 1,2-dichloroethane, used for the HPLC, and Aristar
acetic acid were from BDH Chemicals Ltd. (Poole,
England). Acetone used for the enrichment was a general-
purpose reagent from the same company. Diethyl ether,
chloroform and benzene were Pronalys AR from May and
Baker (Dagenham, England).

Sodium sulfate, copper sulfate, orthophosphoric acid
and sodium hydroxide were AnalaR-grade chemicals from
BDH Chemicals Ltd. Lipid standards were purchased
from Sigma Chemical Co. Ltd. (Poole, England).

Fish oils. Sardine (Sardina pilchardus) oil and a refined
stabilized fish body oil were provided by Isaac Spencer
and Co. Fleetwood (1920) Ltd. (Fleetwood, England).
Menhaden (Brevoortia spp) oil was from Zapata Haynie
Corporation (Reedville, Virginia). A white fish oil was pro-
vided by United Fish Products Ltd. (Aberdeen, Scotland)
while a commercial-grade fish oil was supplied by HBP
Ltd. (Fraserburgh, Scotland). Sun 'n’ Sea cod liver oil
(Cupar Ltd., Blackburn, England) was purchased from a
local retailer. A Chilean fish oil, South African anchovy
{(Engraulis capensis) oil and a Danish fish oil were taken
from samples held at Torry Research Station {(Aberdeen,
Scotland).

Analysis of the original, enriched and residual fish oils.
The fatty acid distributions of the original, enriched and
residual fish oils were determined as described by Moffat
et al. {18).

The triglyceride distribution of the original, enriched
and residual fish oils was determined by Ag*-HPLC
with a 1,2-dichloroethane, acetone, acetone/acetonitrile
{75:25, vol/vol) ternary gradient system (3). The gradient
was altered to give a shorter analysis time and improved
resolution of the PUFA-containing triglycerides. This is
summarized in Table 1.

The original and enriched oils were further analyzed by
high-performance thin-layer chromatography (HPTLC), to
assess the effect of the enrichment process on free fatty
acids, using LHP-K linear HPTLC plates (20 X 10 cm,
Whatman International Ltd. Maidstone, England), as
described previously (3).
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TABLE 1

Ternary Gradient Conditions for Elution of Triglycerides
from the Original and Enriched Fish Oils?

Time % COMey/MeCN

(min) % (Hy,CCl), % COMe, (15:25, vol/vol)
0.0 100 0 0

12.0 60 40 0

13.0 10 83 7

25.0 10 83 i

35.0 0 75 25

45.0 0 70 30

50.0 0 53 47

55.0 0 0 100

60.0 0 0 100

65.0 100 0 0

80.0 100 0 0

@The period from 60.0 to 80.0 min was required to recondition the
column. (HyCCl),, 1,2-dichloroethane; COMe,, acetone; MeCN,
acetonitrile,

Enrichment of the fish oils. Fish oil (200 g) was run
down a finely drawn-out Pasteur pipette. The small
droplets thus produced fell into a conical flask contain-
ing, and surrounded by, liquid nitrogen. The oil droplets
solidified instantly, thus producing very small beads of
fish oil with a high surface area to volume ratio. The beads
sank to the bottom of the flask. Once all the oil was con-
verted into small beads, the liquid nitrogen was allowed
to boil off, and the beads were poured into acetone (1800
mL) at —60°C. The mixture was stored at —60°C for 42
h, with intermittent mixing, after which the solid was
separated from the supernatant by filtration at —60°C
through a glass sinter funnel. The acetone was removed
by rotary evaporation (water bath 40°C) with final traces
of solvent being removed with a high-vacuum pump. The
antioxidant 2,6-di-tert-butyl-4-methylphenol was added to
the oil to give a final concentration of 0.01%.

RESULTS

The yields of enriched fish oil varied from 26.0% for a sar-
dine oil to 2.8% for the Danish fish oil (Table 2). Fish oils

TABLE 2

Percentage Yield and Degree of Enrichment
for the Enriched Fish Oils?

(% EPA + % DHA) enriched

Yield

Fish oil {%) (% EPA + % DHA) original
Sardine 26.0 1.54
South African anchovy  18.1 1.67
Chilean 15.6 1.72
Menhaden 15.2 1.62
HBP fish oil 14.1 1.81
White fish oil 9.2 2.14
Cod liver oil

{Sun 'n’ Sea) 8.4 2.20
Refined stabilized fish

body oil 6.3 2.52
Danish 2.8 2.12

AEPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.
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that gave the higher yields (greater than 15%) were
characterized by a low concentration of the monoenoic
acids eicosenoic acid (20:1) and docosenoic acid (22:1)
(Table 3). These were the sardine, South African anchovy,
Chilean and menhaden fish oils.

Fatty acid composition of the original and enriched fish
oils. Similar trends were observed for the changes in the
fatty acid composition of the fish oils after enrichment.
The saturated fatty acids comprised less than 7.2% of the
total, corresponding to less than onefifth that of the
original oils. Palmitic acid (16:0) was significantly reduced
while octadecanoic acid (18:0) was absent from all the
enriched fish oils (Table 3). The concentration of palmito-
leic acid (16:1) increased by a factor of 1.1 to 1.3, while
the percentage octadecenoic acid {18:1) decreased slightly
except for the Danish fish oil. The concentration of 20:1
and 22:1 decreased except for the sardine oil where 22:1
showed a small increase. All fatty acids containing two
or more double bonds were present at a higher concen-
tration in the enriched oils. Significant increases were
observed in the concentration of EPA and DHA. The
minimum combined percentage of these two fatty acids
(41.7%) was observed for the menhaden fish oil, while a
maximum of 57.4% was noted for the enriched South
African anchovy oil. The degree of enrichment was more
significant in the oils that gave the lowest yields (Table 2).
The refined stabilized fish body oil was enriched, with
respect to EPA and DHA, by a factor of 2.52 but the yield
was 6.3%. The highest concentration of the six n-3 acids
{66.0%), which included 18:3, 18:4, 20:4, 20:5, 22:5 and 22:6,
was observed for the enriched Chilean fish oil, but the
enriched South-African anchovy oil contained the highest
concentration (76.2%} of fatty acids with two or more dou-
ble bonds.

Ag*tHPLC of the original and enriched sardine oil.
The original sardine oil gave a typical Ag*-HPLC profile
{(Fig. 1A), which was conveniently divided into three
regions, The first region (0 to 17 min) was comprised of
triglycerides containing only saturated fatty acids (3.0
min) together with those containing one (5.0 min), two (8.0
min) or three (11.5 min) monoenoic acids. A small propor-
tion of dienoic acids was present in peaks eluting after
11.5 min, These triglycerides were readily identified by
reference to standard triglycerides and previous Agt-
HPLC fractionation of fish oils (3). Triglycerides eluting
between 17 and 30 min (region 2) contained increasing pro-
portions of PUFAs with the progressive introduction of
more highly unsaturated fatty acids, including EPA and
DHA. The third region (30 to 60 min) contained highly
unsaturated triglycerides with equivalent retention times
to trilinolenin {TL) and triarachidonin (TA; Fig. 1A). The
most highly unsaturated triglycerides, those with more
than 13 double bonds per triglyceride, were present at very
low concentrations and were eluted after 44 min.

The enrichment process radically altered the Ag*-
HPLC profile for the sardine oil (Fig. 1B}. Almost all the
triglycerides from the first region, those containing satu-
rated, monoenoic and a small proportion of dienoic acids,
were removed by the treatment. In contrast, the concen-
tration of the most highly unsaturated triglycerides, those
eluted after 44 min, was greatly increased, with a series
of discrete peaks evident on the HPLC chromatogram. In
addition to the PUFA-containing triglycerides, the process
was shown, by HPTLC, to concentrate the free fatty acids.
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FI1G. 1. Silverion high-performance liquid chromatography of the original and enriched fish oil triglycerides. A, original sardine oil; B,
enriched sardine oil; C, original Chilean fish oil; D, enriched Chilean fish oil; E, original Danish fish oil; F, enriched Danish fish oil.
S = saturated, M = monounsaturated, TO = triolein, TL = trilinolenin, TA = triarachidonin.

This was qualified by the presence of a broad peak at 20.3
min in the Agt-HPLC chromatogram (Fig. 1B). The
relative concentration of triglycerides in the second region
(17 to 30 min) was considerably reduced, although the
triglycerides eluted between 26 and 30 min were of approx-
imately the same peak intensity. The most intense peaks
were those with retention times approximating to the
standard triarachidonin, which contains 12 double bonds
per triglyceride. The apparent percentage of triglycerides
eluted after 30 min was 24.9 and 79.6% for the original
and enriched oils, respectively. Due to the variation in
detector response associated with longer chainlength and
degree of unsaturation (3), these figures do not directly
reflect a degree of enrichment.

Ag*-HPLC of the original and enriched Chilean fish
oil. The Chilean fish oil gave a similar triglyceride pat-
tern (Fig. 1C) to the sardine oil (Fig. 1A} when analyzed
by Ag*-HPLC. The split peak with maxima at 4.5 and
5.0 min corresponds to o« or 8 substitution, respectively,
of the glycerol moiety by the monoenoic acid. There was
no equivalent peak to the one observed at 17.4 min in the
sardine oil, but thereafter the Ag*-HPLC profile of the
Chilean oil varied only with respect to peak intensities.

The enrichment process again removed all the triglycer-
ides that eluted in the first region of the Ag*-HPLC pro-
file (Fig. 1D), although there was a peak at 10.4 min that
was more intense relative to a peak with an equivalent
retention time present in the original oil. This sharp gaus-
sian peak was typical of all the enriched fish oils. The
changes in the relative intensities of the peaks present
after 17 min showed similar trends to the sardine oil. The
most significant area of variation was between 43 and 49
min. The Chilean fish oil gave a significant peak at 43.5
min, while the sardine oil gave a peak of low amplitude
in this region, which was coincident with a shoulder on
the Chilean fish oil peak. Thereafter, the peak shapes and
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distribution were quite distinct until after 49 min when
both oils gave four similarly shaped peaks.

The Chilean fish oil gave a significantly lower yield
(Table 2), yet. there were no stark differences in either the
triglyceride profile of the original oils or the two enriched
products.

Agt-HPLC of the original and enriched Danish fish
oil. The Danish fish oil gave the lowest yield of all the fish
oils on enrichment. The Ag*-HPLC profile (Fig. 1E) was
distinct from the other two oils with respect to the
triglyceride pattern after 17 min. Prior to this time the
profile was typical with trisaturated and monoenoic-sub-
stituted triglycerides. The peak intensities of the early
eluting triglycerides in the second region {17 to 30 min)
of the Ag™-HPLC profile were greater for the Danish fish
oil than for the sardine or Chilean fish oils. Furthermore,
the peak at 26.0 min was more significant than for the
other two oils. Thus, the triglyceride composition of the
Danish oil was quite different. The third region (30 to 60
min) contained less than 10% of the detected triglycerides;
there were no highly unsaturated triglycerides (greater
than 44 min) detected. A low yield was, therefore, expected
from this oil. The enriched Danish fish oil gave an
Ag*-HPLC profile similar to those obtained for the sar-
dine and Chilean fish oils with the exception of the
presence of a peak at 8.0 min. This arises from triglycer-
ides that contain one saturated and two monoenoic acids
per glycerol moiety (3). The relative concentration of
triglycerides in the second region (17 to 30 min) was re-
duced, and there was only a slight change in peak inten-
sities for triglycerides eluted between 30 and 35 min. The
relative increase in the concentration of triglycerides with
retention times equivalent to TL and TA was far greater
for the Danish fish oil than for the other two oils. Al-
though the peaks were not as discrete, it was apparent
that the enrichment process extracted quite specific
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triglycerides, those that were highly unsaturated. Such
observations were confirmed by the Ag*-HPLC profiles
obtained for the other enriched oils. The presence of highly
unsaturated triglycerides (eluted after 44 min, Fig. 1F)
again typified the results for all the oils. Equivalent
triglycerides were not identified in the Ag*-HPLC pro-
file of the original Danish fish oil (Fig. 1E), but it was ap-
parent that such triglycerides were present in all the
original fish oils, even though their concentration was ex-
tremely low.

Composition of the residual oil. The menhaden and
HBP fish oils both gave mid-range yields of enriched fish
oil (Table 2). The residual triglycerides still contained
significant amounts of EPA and DHA (Table 4). Removal
of the highly polyunsaturated triglycerides resulted in a
12.8% and 19.2% decrease in the combined percentage for
EPA and DHA from the menhaden and HBP oils, respec-
tively. A feature of the enriched oils was the absence of
18:0. This fatty acid showed an increase of 24.2% for the
residual menhaden oil and a 25.0% increase in the residual
HBP oil.

The changes observed in the Ag*-HPLC profiles
agreed closely with the increase in concentration of the
saturated and monoenoic fatty acid-containing
triglycerides and the corresponding concentration of
polyunsaturated triglycerides.

TABLE 4

Fatty Acid Composition (% of nominated acids) and Percentage
Fatty Acids with Specific Number of Double Bonds for the Residual
Triglycerides from Menhaden and HBP Fish Oils?

Fatty Residual triglycerides  Residual triglycerides
acid from menhaden fish oil from HBP fish oil
14:0 9.3 7.0
15:0 6.7 0.6
16:0 24.3 18.4
16:1 10.0 5.6
16:2 1.3 0.5
16:3 1.4 0.4
16:4 0.7 0.8
18:0 4.1 2.5
18:1 13.3 12.4
18:2 1.3 1.9
18:3 1.2 1.3
18:4 3.6 3.5
20:0 0.4 —
20:1 14 8.2
20:4 1.8 1.2
20:5 11.6 9.3
22:1 — 14.1
21:5 0.6 0.5
22:5 1.9 1.1
22:6 10.9 10.9
Sat. 38.8 28.5
Mono. 24. 40.3
Di. 2.6 2.4
Tri. 2.6 1.7
Tet. 6.1 5.5
Pent. 14.1 10.9
Hex. 10.9 10.9
EPA + DHA 22.5 20.2
n-3 29, 26.5

@Abbreviations as detailed for Tables 2 and 3.

DISCUSSION

The process utilized for producing the enriched fish oils
was simple and avoided chemical modification of the
triglycerides. Large quantities of crude fish oil, with no
prior refinement, can be enriched relatively quickly to give
a product free of all particulate material. Furthermore, the
by-products of the process contained a reduced proportion
of PUFAs and as such may be of direct use to other pro-
cessing industries where oils with a reduced PUFA con-
tent are required. The enriched oils gave a relatively con-
sistent Ag*-HPLC profile. Thus, specific triglycerides
were being extracted from the solidified lipid by the
acetone at —60°C. The rapid solidification is likely to pro-
duce an amorphous solid, rather than a erystalline ma-
terial, which is at liquid nitrogen temperature when mixed
with the cooled acetone. The structure of the solid prob-
bably resembles that of triglycerides in the liquid state
{17). During storage at —60°C, the triglyceride beads re-
main discrete hard spheres. The exact process that the
biphasic system is undergoing is unclear but selective
dissolution of the PUFA-containing triglycerides by the
acetone is most likely. The solubility of fatty acids, con-
taining up to three double bonds, in various solvents at
a variety of temperatures has been studied in detail (18).
Only linoleic and linolenic acids show significant solubility
at —60°C in acetone. The solubility of the saturated
triglycerides tricaprin, trilaurin and trimyristin in acetone
decreases markedly with increasing chainlength, but the
addition of one double bond per fatty acid, as in triolein,
greatly enhances solubility in acetone. A further increase
in the degree of unsaturation, as observed for trilinolenin,
results in an improved solubility in acetone (19). On this
basis, more highly unsaturated triglycerides should be
readily soluble in acetone at —60°C.

Free fatty acids were concentrated by the process, but
this was of little consequence when the original oil con-
tained only low quantities of these molecules. They would,
however, have to be removed from oils where their con-
centration was higher. The production of significant quan-
tities of a high-quality enriched oil will provide a material
that can be used for structural or oxidative studies and,
in addition, could be used to further investigate the
physiological effects of the consumption of such highly
unsaturated n-3 acids.

REFERENCES

1. Puustinen, T., K. Punnonen and P. Uotila, Acta Med. Scand.
218:59 (1985).

2. Gunstone, F, J L. Harwood and F.B. Padley, The Lipid Hand-
book, Chapman and Hall, 1986, London, England, p. 130.

3. McGill, A.S,, and CF. Moffat, Lipids 27:360 {1992).

4. Ackman, R.G., in Advances in Fish Science and Technology,
edited by J.J. Connell, Fishing News Books Ltd., Oxford,
England, 1980, pp. 86-103.

. Ratnayake, WM.N., B. Olsson and R.G. Ackman, Lipids 24:630
{1989).

. Laakso, P, WW. Christie and J. Pettersen, Ibid. 25:284 {1990).

. Laakso, P, and WW. Christie, J. Am. Oil Chem. Soc. 68:213{1991).

. Hay, CR.M., A.P. Dunbar and R. Saynor, Lancet 1:1269 {1982).

. Kristensen, S.D,, E.B. Schmidt, H.R. Andersen and J. Dyerberg,
Atherosclerosis 64:13 (1987).

10. Kinsells, J.E., B, Lokesh and R.A. Stone, Am. J. Clin. Nutr. 52:1

(1990).
11. Darlington, 1.G., Annals of Rheumatic Diseases 47:169 (1988).

we

W~

JAOCS, Vol. 70, no. 2 (February 1993)



138

12.
13.
14.

15.
18.

C.F. MOFFAT ET AL.

Leslie, CA,, WA. Gonnerman, M.D. Ullman, K.C. Hayes, C. Franz-
blau and E.S. Cathcart, J. Exp. Med. 162:1336 (1985).
Jurkowski, J.J., and WT. Cave, Jr., Proc. Am. Assoc. Cancer Res.
25:210 (1984).

Gabor, H,, and S. Abraham, J. Nat’l. Cancer Ins. 76:1223 (1986).
Ackman, R.G., Chemistry and Industry:139 (1988},

Moffat, CF, A.S. McGill and R.S. Anderson, J. High Res.
Chromatogr. 14:322 (1991),

JAOCS, Vol. 70, no. 2 (February 1993)

17. Larsson, K., Fette Seifen Anstrichmittel, 74:136 (1972).

18. Brown, J.B., and D.K. Kolb, Prog. Chem. Fats Lipids 3:57 (1955).

19. Privett, O.S,, E. Breault, J.B. Covell, L.N. Norcia and W.0. Lund-
berg, J. Am. Oil Chem. Soc. 35:366 (1958).

[Received June 22, 1992; accepted November 12, 1992]



