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Abstract

Commercial proteases (Alcalase�, Neutrase�, and
Fla7vourzymeTM) were tested for their ability to re-
lease the oil content of marine by-products (salmon
heads). The amount of oil (17%) obtained after 2 hours
was close to that obtained by the chemical extraction
method (20%). Lipolysis of the oil was carried out
with Novozym SP398 to obtain a mixture of free fatty
acids and acylglycerols (24 hours 45% hydrolysis).
The mixture was filtered on a hydrophobic mem-
brane to discriminate between high melting satu-
rated fatty acids and low melting acylglycerols. The
sum of total polyunsaturated fatty acids increased
from 41.6% in the crude oil to 46.5% in the permeate.
The docosahexaenoic acid content increased from
9.9% to 11.6%, and the eicosapentaenoic acid changed
from 3.6% to 5.6%. Data from differential scanning
calorimetry DSC and from thin layer chromatogra-
phy coupled with flame ionization detection (TLC-
FID) differed significantly between permeate and re-
tentate. A re-esterification of the free fatty acids in
the permeate with Lipozyme IM was carried out to
increase the amount of long chain acylglycerols.
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Introduction

The processes related to fish oil extraction a have
been used for some time, as is evident in the years of
several related patents (GB199054, Takahashi and
Mitsui, 1923; GB438056, Fawcoti, 1935; GB590638,
Fosse, 1947). They all rely on temperatures exceed-
ing 95�C, resulting in protein coagulation and sub-

sequent oil extraction by pressing the slurry. Because
of the presence of long-chain polyunsaturated fatty
acids (PUFAs) 20:5n-3 and 22:6n-3), degradation
reactions such as oxidation are unavoidable. From a
technological point of view, a number of studies
have shown the incidence of PUFA in oxidative and
hydrolytic alteration of food during processing
(Neidleman, 1987; Ackman and Gunnlaugsdottir,
1991). However, more recent studies point out the
importance of lowering the main parameters of
temperature and time to reduce structural altera-
tions (Chantachum et al., 2000; Aidos et al., 2003).

Enzymatic oil extraction using food-grade pro-
teases could provide an interesting alternative. The
use of these biotechnological tools for such a purpose
takes place at a moderate temperature for a short
duration (50�–60�C, 30–120 minutes). Furthermore,
food-grade proteases allowing oil release from the
protein matrix are not expensive and are widely used
in the food industry. The resulting mixture can be
easily separated by ultrafiltration, a process exten-
sively used in the dairy industry.

Several commercial enzymes from animal, plant,
or microbial sources can be used for this purpose,
such as pepsine, papain, Alcalase, Neutrase, Corolase
PN-L, Corolase 7089, Flavourzyme, and Protamex
(Shahidi et al., 1995; Liaset et al, 2000, 2002; Kris-
tinsson and Rasco, 2000b). The monitoring of prote-
olysis is of considerable importance for improving
the physicochemical, functional, and sensory prop-
erties of the hydrolysates, without compromising the
nutritive value of the proteic fraction (Kristinsson
and Rasco, 2000a; Liaset et al., 2000). However, all
these studies have focused on the properties of the
protein hydrolysates, leaving the lipidic fraction
aside. It is noteworthy that fish oils are an important
source of PUFAs, mainly eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA). The realization
that these fatty acids play an important role in hu-
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man health has led to much research into methods of
extracting and concentrating these molecules from
marine oils (Moore and McNeill, 1996). So far, few
studies have been carried out on oil extraction pro-
cesses under mild conditions (without the use of
solvents). A combination of such mild conditions
with solvent-free membrane filtration coupled with
lipase treatments would compete with expensive
current processes such as distillation, supercritical
fluid extraction, crystallization in solvent, or urea
complexation (Wanasundara and Shahidi, 1999; Xu,
2000). The technology is mature and already applied
in the area of oils and fats, mainly in the degumming
of vegetable oil (Bassam et al., 2001; Choukri et al,
2001; Xu et al., 2000).

As a first step, the aim of the present work was
to test 3 food-grade proteases to recover the lipid
fraction after centrifugation of the resulting slurry.
To produce ‘‘high added value’’ lipid fractions, the
oil was submitted to a lipase treatment (Novozym
SP 398) followed by membrane filtration in order to
discriminate between the mixture of free fatty acids
and acylglycerols according to their melting points.
Subsequently, the filtered oil (permeate) was re-
esterified with an immobilized 1,3-specific lipase
IM60 (Lipozyme IM) to enrich the newly formed
acylglycerols in PUFA.

Materials and Methods

Materials and Reagents. Salmon by-products (100
kg of heads) obtained from a fish processing plant
were ground and homogenized at 4�C using a Britek
TR 130 grinder, immediately before analysis. All
chemicals and reagents were food-grade. Alcalase
2.4L, Neutrase 0.5L, and Flavourzyme were obtained
from Novo Enzymes. Lipid hydrolysis was carried
out with a lipase from Aspergillus oryzae (Novozym
SP 398), and an immobilized 1,3-specific lipase IM60
(Lipozyme IM) was used for re-esterification. Novo
Enzymes also supplied both lipases.

Analysis. Water content was determined by
oven-drying approximately 5 g of the sample at
105�C until constant weight was achieved (AOAC,
1999). Total lipids were extracted from the by-prod-
ucts according to the method of Bligh and Dyer
(1959). The total crude protein content of samples
was determined using the Kjeldahl method (AOAC,
1999). The ash content was determined by heating in
a muffle furnace at 550�C (AOAC, 1999). Peroxide,
iodine, and saponification values were quantified
according to the AOAC 1999 procedures (965.33,
993.20, and 920.160, respectively). All assays were
carried out in triplicate.

FAME Analysis by GLC. The fatty acid compo-
sitions of lipid fractions were investigated after
conversion to their fatty acid methyl esters (FAMEs)
using the boron trifluoride–methanol method (Ack-
man, 1998). An internal standard containing methyl
tridecanoate, methyl pentadecanoate, methyl non-
adecanoate, and methyl heneicosanoate was added
(FAME Mix GLC-90, Supelco), and 1 ll of 2 mg/ml
hexane FAME was injected into the gas chromato-
graph. Analytical GLC of FAME was carried out in a
Perichrom 2000 system equipped with a flame ion-
ization detector (FID) and a fused silica capillary
column (30-m · 0.22-mm i.d. · 0.25-lm film thick-
ness, BPX70 SGE Australia Pty. Ltd., analytical
products). Nitrogen was used as the carrier gas. A
temperature program set at 145�C for 5 minutes,
rising to 210�C at a rate of 2�C/min. and held at
210�C for 10 minutes was used. The injector and
detector temperatures were both set at 260�C. Fatty
acids were identified by comparing their retention
times with standard mixtures (PUFA 1 from marine
source and PUFA 2 from animal source; Supelco.
Peak areas were automatically integrated using the
Perichrom chromatography data software, and indi-
vidual fatty acids were reported as area percentage.
All assays were carried out in duplicate.

Thermal Profiles of Oil Fractions. Thermal
profiles of salmon oil fractions were generated with a
differential scanning calorimeter (DSC; Pyris 1,
PerkinElmer). Samples were cooled under nitrogen
from room temperature to )65�C, which was held
for 10 minutes to allow for polymorphic changes,
and finally heated at 5�C/min up to 80�C. The heat-
of-fusion enthalpies DH (J/g) of the thermograms
were calculated for each peak from )65�C to +40�C
using the Pyris software (PerkinElmer).

TLC-FID Analysis. The lipid classes of the dif-
ferent fractions were determined by thin-layer
chromatography coupled with flame ionization
detection (TLC-FID) using the Iatroscan MK-5
apparatus (Iatron Laboratories). Five independent
analyses were performed for each fraction. An ali-
quot (1–3 ll) of lipids was spotted on quartz rods
coated with silica gel (Chromarods S-III, Iatron Lab-
oratories). The rods were developed in hexane, die-
thyl ether, and formic acid (98:2:1 v/v/v) for 40
minutes, dried in an oven at 110�C, then scanned in
the Iatroscan analyzer. The Iatroscan was operated
under the following conditions: flow rate of hydro-
gen, 160 ml/min; flow rate of air, 2 L/min. The
ChromStar internal software provided the recording
and integration of the peaks.
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Enzymatic Hydrolysis. Three commercial pro-
teases were tested for their ability to release the oil
content of by-products. Protein hydrolysis was car-
ried out in a thermostated batch reactor equipped
with an overhead stirrer, under nitrogen flux. Three
batches containing 10 kg of crushed by-products
were subjected to the action of Neutrase 0.5L at
45�C, pH 7.0, Alcalase 2.4L at 55�C, pH 7.5, and
Flavourzyme at 50�C, pH 7.5, for 2 hours. Each batch
of 10 kg contained 18% protein (N · 6.25). The ratio
of enzyme to substrate (E/S) was set at 0.05 for each
enzyme assayed, that is, 90 g of enzyme per 10 kg of
salmon by-products. Reaction kinetics were moni-
tored by measuring the degree of hydrolysis using
the pH-stat method according to the procedure of
Adler-Nissen (1986). The equation relating DH to
the alkali consumption during the course of the
hydrolysis reaction is given by

DHð%Þ ¼ 1

a � htot
� B � NB

MP
� 100;

where DH is defined as the rate of the number of
peptide bonds cleaved over the total number of such
bonds in the protein substrate (htot), which is cal-
culated from the amino acid composition of the
substrate and can be approximated to 7.5 equivalent
per kilogram of protein (calculated as Kjeldahl N ·
6.25); B is the alkali consumption in milliliters; NB

is the normality of the alkali (2 N NaOH); MP re-
fers to the grams of protein (N · 6.25) in the reac-
tor.

After this, the reaction mixture was cooled at
4�C using a pilot frame exchanger before centrifu-
gation with a Westfalia Separator. Samples (400 g) of
the reaction mixture were withdrawn for analysis
and centrifuged to recover the oil (5000 · g under
nitrogen for 10 minutes at 4�C in a centrifuge (J2-HS,
Beckman Instruments). The protease remaining in
the aqueous fraction was inactivated by live steam
injection.The degree of dissociation is

a¼ 10pH�pK

1 þ 10pH�pK

The pK values at different temperatures T (Kelvin)
were calculated from Steinhardt and Beychok (1964):

pK ¼ 7:8þð2:98�TÞ
298 � T

� 2400

Oil Hydrolysis with Lipase. Lipase hydrolysis
was earned out in a 2000-ml jacketed glass reactor
blanketed with nitrogen and kept sealed throughout

the reaction at 37�C, pH 7.0, for 12 hours under
stirring at 800 rpm. A reaction mixture containing
1000 g of oil, 200 kilo lipase units (KLU), and 1000
ml of distilled water was incubated. The hydrolysis
percentage of the oil, after enzymatic treatment, was
measured according to the following equation:
where the acid value is expressed as milligrams of
KOH required to neutralize free fatty acids present in
1 g of oil; the saponification value is defined as

Hydrolysis ð%Þ
¼ ½ðAcid Valueðhydrolyzed oilÞ

� Acid Valueðunhydrolyzed oilÞÞ
	 ðSaponification Valueðunhydrolyzed oilÞ

� Acid Valueðunhydrolyzed oilÞÞ


milligrams of KOH required to saponify 1 g of oil.
After centrifugation, the aqueous phase was re-
moved from the hydrolyzed oil.

Membrane Filtration. The mixture of acylglyc-
erol (AG) and free fatty acids (FFA) was subjected to
filtration using a 150-mm length · 15-mm i.d.
tubular ceramic membrane device with a porosity of
50 nm (Membralox, polyphosphazene ceramic
tubular membrane, 1 bar, 24 hours, + 4�C). The
driving pressure was set at 1 bar, and the mixture
was circulated using a magnet drive gear pump, MG
200. The flow sheet to obtain a PUFA concentrate is
shown in Figure 1.

Re-esterification Step. Permeate samples (5 g)
were re-esterified with 5 g of glycerol using immobi-
lized lipase (0.5 g of Lipozyme IM 60) and 100 ll dis-
tilled water at 50�C for 48 hours. Molecular sieves
were added after 3 hours of incubation to remove the
water formed during the reaction. The flasks were
blanketed with nitrogen and kept sealed throughout
the reaction. The vessels were swirled on an orbital
shaker at 300 rpm. The degree of esterification was
calculated from the amount of fatty acids consumed
during the reaction, according to the procedure of He
and Shahidi (1997). All experiments were carried out
in triplicate. The enzymes were inactivated by live
steam injection to recover fish hydrolysate (Figure 1).

Results and Discussion

Crude salmon heads contained (%): 38.2 ± 1.3 dry
matter; 12.0 ± 0.3 protein; 20.0 ± 0.4 total lipid,
and 2.6 ± 0.6 ash. The oil extracted showed
0.94% ± 0.04% oleic acidity; 240 ± 1 saponification
value; 135.5 ± 2.6 iodine value; 2.4 ± 0.2 meq/kg
peroxide value.
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The increase in DH (Figure 2) initially occurs
rapidly as loosely bound polypeptide chains are
cleaved from an insoluble protein particle. A second,
slower reaction period occurs in which the more
compact core protein is digested. After 2 hours of
proteolysis with Neutrase, Flavourzyme, or Alca-
lase, the DH was in the range of 6.9–7.2, 8.0–8.2, or
16.4–16.6, respectively. The fat recoveries did not
increase further with an increase in hydrolyzing
time.

The final choice of Alcalase was based on cost
considerations and on its specificity for terminal
hydrophobic amino acids, which generally leads to
the production of nonbitter hydrolysate (Adler-Nis-
sen, 1986).

The fat was decanted from the aqueous phase
after centrifugation, and no other removal was nec-
essary with Alcalase, unlike the other 2 proteases.
However, no significant difference was found be-
tween the 3 enzymes (Neutrase, 17.2%; Flavour-
zyme, 17.0%; Alcalase, 17.4%), whereas the chemical
extraction (Bligh and Dyer, 1959) led to a better
recovery (20%). Unlike current industrial processes
(heating over 90�C for 30–90 minutes), our oil
extraction was carried out under mild temperature
conditions (below 55�C). After the centrifugation
step, the enzymes were inactivated in the hydroly-
sates by live steam injection. The production of the
x3 concentrate from the salmon by-product by pro-
teolysis was attempted via lipase action under mild
conditions.

Hydrolysis with the lipase from Aspergillus ory-
zae (Novozym SP 398) led to a mixture of free fatty
acids and acylglycerols. The reaction was stopped
when the degree of hydrolysis had reached 45% in 24
hours. After that, the kinetics approached a station-
ary phase in which no apparent hydrolysis took place.
Then the hydrolyzed oil was filtered through hydro-
phobic membrane in order to discriminate between
high melting saturated fatty acids remaining in the
retentate and low melting PUFAs in the permeate.
The general tendency of PUFA is to be esterified at
the sn-2 position of fish oil (Aursand et al., 1995;
Nwosu and Boyd, 1997; Wanasundara and Shahidi,
1997), whereas these fatty acids are mainly located at
the sn-1 and sn-3 positions in marine mammal lipids.
The difference in fatty acid composition between the
crude oil and the permeate, showed a decrease of the
saturated fatty acid from 27.2% to 20.2%, mainly
represented by 16:0 and 14:0 (Table 1). The sum of
total PUFA increased from 41.6% in the crude oil to
46.5% in the permeate, with an increase of DHA from
9.9% to 11.6% and EPA from 3.6% to 5.6%. In the
same way, DSC analysis of the different fractions
showed differences in melting temperatures (Fig-
ure 3). The crude oil displayed 2 main peaks at
)45.4�C and )8.2�C. The permeate resulting from
membrane filtration of the acylglycerol mixture
presented several new peaks at )52.1�C, )28.4�C,
)21.8�C, and +13.8�C. The high melting point of the
retentate (+36.8�C) is noted worthy.

Subsequent esterification of the permeate was
achieved using glycerol and an immobilized ste-
reospecific sn-1, sn-3 lipase (Lipozyme IM) at 50�C
for 48 hours. The system could be re-esterified to
greater than 90% acylglycerols, leaving a system of
triacylglycerols, 2-monoacylglycerols, and diacyl-
glycerols (He and Shahidi, 1997; Xu et al., 2000).

Fig. 2. Enzymatic hydrolysis of salmon by-products (heads)
by Neutrase 0.5L (45�C, pH 7.0, E/S 0.5), Alcalase 2.4L
(55�C, pH 7.5, E/S 0.5), and Flavourzyme (50�C, pH 7.5, E/S
0.5) for 2 hours.

Fig. 1. Flow sheet for the production of salmon protein
hydrolysate and crude oil.
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The different lipid classes were quantified using the
Iatroscan TLC-FID technique (Figure 4). The crude
oil displayed a single peak representing 99% of
triacylglycerols. Following the first hydrolysis step
by lipase Novozym SP 398, 35.2% of (FFAs) were
liberated from acylglycerols. After the membrane
filtration step, 45% of these FFAs were retained in
the retentate. In the filtrate were found the low
melting FFAs, mainly PUFAs, which were re-
esterified by Lipozyme IM 60. Owing to thermo-
dynamic limitations, the kinetics of the reaction
did not allow total re-esterification. Consequently,
12% of fatty acids remained free in the medium
after 48 hours. Because the major objective of the
present work was to maximize PUFA content in
the form of acylglycerols, the glycerol and the FFA
were easily eliminated by washing and neutraliza-
tion by sodium hydroxide.

A large fraction of the 45% of FFAs obtained by
lipolysis was retained in the retentate. As observed
in Figure 4, a mixture of acylglycerols (22% TAG,
20% DAG, and 40% MAG), and 12% FFA was ob-
tained using this lipase, according to Esteban Cerdan
et al. (1998). The final product would comply with
physicochemical properties (surfactants) and nutri-
tional specifications, since x3 fatty acids present in
fish oil are of major importance in the prevention or
treatment of a range of human diseases or disorders
(Simopoulos, 1991; Ackman, 1999; Horrocks and
Yeo, 1999).

Conclusion

The present study tested a new method for oil
extraction using biotechnological tools. This process
has several advantages. It requires no organic solvent,
low temperature, and use of commercial, low-cost,
food-grade proteases, and oil is released in less than 2
hours. The method competes with current high-
temperature, lengthy techniques, which use heating

Table 1. Main Fatty Acids (% of the total fatty acids) of
Crude Oil and Permeate Obtained After Filtration and Li-
pase Action Using SP 398.

Fatty
acid Crude oil Permeate

Permeate
re-esterified

14:0 7.31 ± 0.09 6.21 ± 0.07 5.72 ± 0.05
16:0 15.72 ± 0.04 11.42 ± 0.03 10.70 ± 0.03
18:0 2.80 ± 0.03 2.32 ± 0.02 2.21 ± 0.02
S SFA 27.2 20.2 19.9
16:1x7 7.91 ± 0.13 7.73 ± 0.15 7.65 ± 0.09
18:1x9 16.45 ± 0.03 18.53 ± 0.03 18.61 ± 0.04
20:1x9 4.62 ± 0.05 6.05 ± 0.05 6.20 ± 0.02
S MUFA 30.2 33.3 33.5
18:2x6 2.20 ± 0.01 2.31 ± 0.01 2.33 ± 0.02
20:4x6 1.72 ± 0.06 1.70 ± 0.04 1.72 ± 0.03
Sx6 5.7 5.8 5.7
18:3x3 1.01 ± 0.05 0.94 ± 0.05 0.92 ± 0.05
18:4x3 2.32 ± 0.05 2.15 ± 0.07 2.12 ± 0.05
20:4x3 9.85 ± 0.04 10.61 ± 0.03 10.70 ± 0.04
20:5x3 3.60 ± 0.05 5.64 ± 0.04 5.06 ± 0.04
22:5x3 4.01 ± 0.05 4.36 ± 0.05 4.40 ± 0.05
22:6x3 9.90 ± 0.04 11.63 ± 0.05 11.90 ± 0.04
Sx3 31.7 36.0 37.1
Others 4.2 4.7 3.7
SPUFA 41.6 46.5 46.5
aData are given as mean ± sd (n = 3)

Fig. 3. Thermal behavior of salmon oil fractions obtained
by differential scanning calorimetry. Operating conditions,
)65�C to 80�C at 5�C/min; sample weight, 10 mg.
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and pressure steps that have remained the same for
70 years. However, it should be stressed that this
process can only be efficient with oily proteinic
substrates, such as fish and meat by-products. In the
case of plants, the presence of the cell walls, cellu-
lose, and lignin prevent optimal oil release.

New processes excluding organic solvents are
developing in the food, cosmetic, and nutraceutic
areas. From this point of view, the use of lipases
assisted by membrane filtration is an alternative
method to increase the PUFA content of marine
lipids for possible specific applications.
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Ledun’’ (Cany-Barville, France) for financial support.

References

1. Ackman RG (1998) Remarks on official methods
employing boron trifluoride in the preparation of me-
thyl esters of the fatty acids of fish oils. J Am Oil
Chem Soc 75, 541–545

2. Ackman R (1999) Docosahexaenoic acid in the infant
and its mother. Lipids 34, 125–128

3. Ackman RG, Gunnlaugsdottir H (1991) ‘‘Seafoods and
fishery byproducts natural and unnatural environ-
ments for longer chain omega-3 fatty acids’’. In: Lipid
Oxidation in Food, ACS Symposium Series 12, St.
Angelo AJ, ed. (New York, N.Y.: Am. Chem. Soc) pp
208–229

4. Adler-Nissen J (1986) Enzymic Hydrolysis of Food
Proteins. (London, U.K.: Elsevier Applied Science
Publishers)

5. Aidos I, Kreb N, Boonman N, Luten JB, Boom RM, Van
der Padt A (2003) Influence of production parameters
on fish oil quality in a pilot plant. J Food Sci 68, 581–
587

6. AOAC (1999) Official Methods of Analysis of the
Association of Official Analytical Chemists, 16th ed.,
Volume 2 (5th revision). (Washington D.C.: AoAC)

7. Aursand M, Jorgensen L, Grasdalen H (1995) Positional
distribution of x3 fatty acids in marine lipid triacyl-
glycerols by high-resolution 13C nuclear magnetic res-
onance spectroscopy. J Am Oil Chem Soc 72, 293–297

8. Bassam J, Harapanahalli SM, Otten DD (2001) Method
for removing phospholipids from vegetable oil mis-
cella, method for conditioning a polymeric microfil-
tration membrane, and membrane. United States
Patent US 6 207–209, Bl

9. Bligh EG, Dyer WJ (1959) A rapid method of total lipid
extraction and purification. Can J Biochem Physiol 37,
911–917

10. Chantachum S, Soottawat B, Sriwirat N (2000) Sepa-
ration and quality of fish oil from precoocked and non-
precooked tuna heads. Food Chem 69, 289–294

11. Choukri A, Kinany MA, Gibon V, Tirtiaux A, Jamil S
(2001) Improved oil treatment conditions for soft de-
gumming. J Am Oil Chem Soc 78, 1157–1160

12. Esteban Cerdan L, Medina AR, Gimenez A, Gonzalez
MJ, Grima EM (1998) Synthesis of polyunsaturated
fatty acid-enriched triglycerides by lipase-catalyzed
esterification. J Am Oil Chem Soc 75, 1329–1337

13. Fawcett EW (1935) Process of refining crude fats and
fatty oils. British Patent GB438056

14. Fosse J (1947) Improved apparatus for the heat treat-
ment of animal material, especially from whale, her-
ring or other fishes for the production of oil and dry
stuff. British Patent GB590638

15. He Y, Shahidi F (1997) Enzymatic esterification of x-3
fatty acid concentrates from seal blubber oil with
glycerol. J Am Oil Chem Soc 74, 1133–1136

Fig. 4. Iatroscan TLC-FID chromatograms of salmon oil,
permeate, and re-esterified permeate. Operating condi-
tions: Chromarods SIII, 1ll development in hexane, die-
thyl ether, and formic acid (98:2:1, v/v/v) for 40 minutes.
TG, triacylglycerols; DAG, diacylglycerols; MAG,
monoacylglycerols; FFA, free fatty acid.

MICHEL LINDER ET AL.: ENZYMATIC EXTRACTION OF MARINE OIL 75



16. Horrocks LA, Yeo YK (2000b) Health benefits of do-
cosahexaenoic acid (DHA). Pharmacol Res 40, 211–225

17. Kristinsson HG, Rasco B (2000a) Fish protein hydro-
lysates: production, biochemical, and functional
properties. Crit Rev Food Sci Nutri 40, 43–81

18. Kristinsson HG, Rasco B (2000b) Kinetics of the
hydrolysis of Atlantic salmon (Salmo salar) muscle
proteins by alkaline proteases and a visceral serine
protease mixture. Process Biochem 36, 131–139

19. Liaset B, Lied E, Espe M (2000) Enzymatic hydrolysis
of by-products from the fish-filleting industry; chem-
ical characterisation and nutritional evaluation. J Sci
Food Agric 80, 581–589

20. Liaset B, Nortvedt , Lied E, Espe M (2002) Studies on
the nitrogen recovery in enzymatic hydrolysis of
Atlantic salmon (Salmo salar, L.) frames by Protamex
protease. Process Biochem 37, 1263–1269

21. Moore SR, McNeill GP (1996) Production of trigly-
cerides enriched in long-chain n-3 polyunsaturated
fatty acids from fish oil. J Am Oil Chem Soc 73,
1409–1414

22. Neidleman SL (1987) ‘‘Effects of temperature on lipid
unsaturation’’. In: Biotechnology and Genetic Engi-
neering Reviews 5, Russel GE, ed. (Wimbome, Dorset,
U.K.: Intercept Ltd.) pp 245–267

23. Nwosu CV, Boyd LC (1997) Positional distribution of
fatty acids on triacylglycerols of menhaden (Brevooriia
tyrannis) and salmon (Salmo salar) oils. J Food Lipids
4, 65–74

24. Shahidi F, Han X-Q, Synowiecki J (1995) Produc-
tion and characteristics of protein (hydrolysates
from capelin (Mallotus villosus). Food Chem 53,
285–293

25. Simopoulos A (1991) Omega-3 fatty acids in health and
disease and in growth and development. Am J Clin
Nutri, 54, 438–463

26. Steinhardt H, Beychok S (1964) ‘‘Interaction of protein
with hydrogen ions and other small ions and mole-
cules 2’’. In: The Proteins, Neurath H, ed. (New York,
N.Y.: Academic Press) pp 139–304

27. Takahashi C, Mitsui K (1923) Improvements relating
to the extraction of oils from fish. British Patent
GB199054

28. Wanasundara UN, Shahidi F (1997) ‘‘Structural char-
acteristics of marine lipids and preparation of x3
concentrates’’. In: Flavor and Lipid Chemistry of
Seafoods 20, Shahidi F, Cadwallader KR, eds. (Weimar,
Tex: C.H.I.P.S.) pp 240–254

29. Wanasundara UN, Shahidi F (1999) Concentration of
omega-3 polyunsaturated fatty acids of seal blubber oil
by urea complexation. Food Chem 65, 41–49

30. Xu X (2000) Production of specific-structured triacyl-
glycerols by lipase-catalysed reaction: a review. Eur J
Lipid Sci Technol 77, 287–303

31. Xu X, Skands A, Jonsson G, Adler-Nissen J (2000)
Production of structured lipids by lipase-catalysed in-
teresterification in an ultrafiltration membrane reac-
tor. Biotechnol lett 22, 1667–1671

76 MICHEL LINDER ET AL.: ENZYMATIC EXTRACTION OF MARINE OIL




