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Summary

SUMMARY OF THE THESIS

The present research work is focused on the study of novel production processes of lipid
extracts with a high content of omega-3 fatty acids through a green technology, such as

supercritical fluid technology, and using fish by-products as raw material.

Omega-3 fatty acids, especially EPA and DHA, have acquired a great importance in
current society since several scientific essays have proved the positive effect of these
compounds on the prevention and treatment of many diseases. In the last years, the
consumption of nutritional supplements and omega-3 fortified food products has
increased noticeably, hence, the search of new omega-3 natural sources, the design of
competitive omega-3 production processes and the development of different strategies
for omega-3 incorporation as ingredients in food products have become fields of

research worth to be explored.

The most important natural source of omega-3 is fish oil, which is usually obtained by a
physical process (cooking, pressing and centrifuging) from small size fish, such as
herring, or from fish by-products. Due to its high level of impurities (free fatty acids,
heavy metals...), the fish oil obtained by physical extraction is a crude oil no suitable
for human consumption and with a low omega-3 content (less than 30 %), thus, it must
be subsequently refined and concentrated. Current refining procedures are based on
physical and chemical methods (neutralization, degumming, deodorization...), which
often require the use of high temperatures and / or organic solvents. On the other hand,
common omega-3 concentration procedures are based on separation process
(distillation, urea complexation, chromatography...), able to isolate omega-3 EPA
and / or DHA with a good efficiency, but as ethyl ester instead of as in their natural
acylglyceride form, which is easier metabolized by humans and more stable against
oxidation. Finally, due to the high tendency to oxidation of the polyunsaturated fatty
acids, such as omega-3, several strategies have been designed in order to prolong the

omega-3 shelf-life, being the addition of antioxidants the most common practice.
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Furthermore, the use of fish oil and omega-3 concentrates as ingredients in food
products and / or nutraceuticals usually requires a previous formulation as a dry powder
in order to enhance the dispersion of the lipid extract within the food matrix (meat,
milk...) and mask the sensorial impact of the fishy odour compound in the final food
product. Among fish oil formulation processes, microencapsulation in a solid matrix by

spray-drying is the most common method used nowadays at industrial scale.

As alternative to these conventional processes, this project proposes the use of different
methods based on the supercritical fluid technology in order to obtain lipid extracts rich
in omega-3 and formulated as dry powder from fish by-products, as it is presented
schematically in Figure 1. The main objectives of the work, developed in four chapters,

are summarized below:

Chapter 1 Omega-3 fatty acids: Health implications & Current Productions
Processes. A Review.

This chapter is focused on a bibliographical search of the current situation of omega-3
fatty acids, considering both the last clinical studies about their beneficial for human
health and the most recent production processes at industrial scale, either based on

physical and chemical methods or based on the supercritical fluid technology.

Chapter 2 Supercritical Fluid Extraction of Fish Oil rich in Omega-3 from Fish
by-products.

This chapter is focused on fish oil production from fish by-products, being the main

targets:

e The characterisation of different fish by-products (offcuts and livers from kingklip,
hake, salmon, orange roughy or jumbo squid) provided by a fish industry,
Pescanova S.L., in order to establish their profitability as raw material of high

quality fish oil rich in omega-3.

e The study of a fish oil extraction process from fish by-products by using
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supercritical carbon dioxide, SC-CO,, as solvent, taking into account the influence
of different process parameters on both, extraction yield and oil quality, in order to
establish the optimal operation conditions and carry out the modelling of the process

required for its scale-up.

e The comparative study of the quality and sensorial parameters of fish oil extracted
from conventional physical and chemical processes and by supercritical fluid
extraction (SFE) processes in order to establish the implications of using SC-CO, as

lipid solvent on fish oil quality.

e The study of the oxidation stability along time of the fish oil extracted by SC-CO,,

in order to establish its shelf-life and select the best storage conditions.

Chapter 3  Fish Oil Refining & Omega-3 Concentration by Supercritical Fluids.

This chapter is focused on the use of SC-CO; in fish oil refining and production of lipid

extracts enriched in omega-3, and involves the followed targets:

e The development of an extraction - fractionation processes in order to obtain a
deacidificated fish oil directly from fish by-products taking advantage of the
tunability of the solvation powder of SC-CO, by changing pressure and/or

temperature.

e The design of a continuous coupled extraction - enzymatic reaction - fractionation
process based on the use of an immobilized sn 1,3-especific lipase and SC-CO, as
reaction media, in order to obtain omega-3 concentrates, mainly DHA, as

acylglycerides from fish oil and / or fish by-products.

Chapter 4  Use of Supercritical Fluids in Fish Oil Stabilisation & Formulation.

This chapter is focused on the study of a novel liquid microencapsulation process based

on the use of SC-CO,, PGSS-drying, for the production of dry powder fish oil
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microencapsulated in a solid maltodextrine / chitosan coating able to prevent the

omega-3 oxidation.
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FIGURE 1

Scheme of the global process to obtain fish oil rich in omega-3 fatty acids
from fish by-products using supercritical fluid technology proposed in this
work. AG’s: Acylglycerides. FFA: Free Fatty Acids. TAG: Triacylglycerides
SFA: Saturated Fatty Acids.




Resumen

RESUMEN DE LA TESIS

El presente trabajo de investigacion se ha centrado en el estudio de procesos no
convencionales de obtencion de extractos lipidicos con un alto contenido en acidos
grasos omega-3, basados en el uso tecnologias limpias, como la tecnologia de fluidos

supercriticos y utilizando subproductos de la pesca como materia prima.

Los acidos grasos omega-3, y en especial el EPA y el DHA, han adquirido una gran
importancia en la sociedad actual desde que diversos estudios cientificos probaran el
efecto positivo de estos compuestos en la prevencién y tratamiento de muchas
enfermedades. En los ultimos afios, el consumo de suplementos nutricionales y
alimentos enriquecidos en omega-3 se ha incrementado notablemente, de ahi que la
busqueda de nuevas fuentes naturales de omega-3, el disefio de métodos competitivos
de produccion de aceite de pescado y concentrados de omega-3 a gran escala y el
desarrollo de diferentes estrategias para la incorporacion de omega-3 como ingredientes
en productos alimenticios se hayan convertido hoy en dia en interesantes lineas de

investigacion.

La fuente natural mas importante de omega-3 es el aceite de pescado, el cual suele
obtenerse mediante un proceso fisico (coccion, prensado y centrifugado) a partir de
pescados de pequefio tamaiio, como el arenque, o de subproductos de pescado. Dado su
alto nivel de impurezas (acidos grasos libres, metales pesados), el aceite obtenido
mediante extraccion fisica es un aceite bruto no destinado a consumo humano y con un
contenido relativamente bajo en omega-3 (inferior al 30 %), razén por la cual debe ser
posteriormente refinado y concentrado. Los procesos actuales de refinado se basan en
métodos fisico-quimicos (neutralizacion, desgomado, deodorizacion...), los cuales a
menudo requieren del uso de altas temperaturas y / o disolventes organicos. Por otro
lado, los procedimientos comunes de concentracion de omega-3 se basan en procesos de
separacion (destilacion, complejacion con urea, cromatografia...), capaces de aislar

omega-3 EPA y /o DHA con buena eficacia, pero en forma de ésteres etilicos en lugar
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de en su forma natural de acilglicéridos, la cual es mas facil de metabolizar por el
organismo y mas estable frente a la oxidacion. Finalmente, debido a la alta tendencia a
la oxidacion de los &cidos grasos poliinsaturados, como los omega-3, se han disefiado
diversas estrategias con el objetivo prolongar su vida 1til, siendo la adicion de
antioxidantes la practica mas habitual hoy en dia. Ademas, el uso de aceite de pescado y
concentrados de omega-3 como ingredientes en productos alimenticios y /o
nutracéuticos requiere a menudo de una formulacién previa en forma de polvo seco para
mejorar la dispersion del extracto lipidico dentro de la matriz del alimento (carne,
leche...) y enmascarar en el producto final el impacto sensorial derivado de la adicion
de compuestos volatiles caracteristicos del pescado. Entre los procesos de formulacion
de aceite de pescado, la microencapsulacion en una matriz sélida mediante spray-drying

es el método mas comun empleado hoy en dia a escala industrial.

Como alternativa a estos métodos convencionales, en este proyecto se propone el uso de
la tecnologia de fluidos supercriticos para obtener extractos lipidicos ricos en omega-3 y
formulados en polvo a partir de subproductos de la pesca, tal y como se muestra

esquematicamente en la Figura 1.

Los principales objetivos del trabajo, desarrollados en cuatro capitulos, se resumen a

continuacion.

Capitulo1l Acidos grasos Omega-3: Implicaciones en la salud & procesos de

produccién actuales.

Este capitulo se centra en el estudio bibliografico llevado a cabo sobre la situacion
actual de los omega-3, considerando tanto los tultimos estudios clinicos sobre sus
beneficios para la salud humana como los procesos mas recientes de produccion a
escala industrial, tanto basados en métodos fisico-quimicos como basados en la

tecnologia de fluidos supercriticos.
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Capitulo 2 Extraccion con Fluidos Supercriticos de aceite rico en omega-3 a partir

de subproductos de pescado.

Este capitulo se centra en la produccion de aceite de pescado a partir de subproductos de

la pesca, siendo los principales puntos a desarrollar:

e La caracterizacion de diferentes subproductos de pescado (pieles y /o higados de
rosada, merluza, salmon, orange roughy o calamar gigante), suministrados por una
industria pesquera, Pescanova S.L., con el objetivo de establecer su potencial como
materia prima para la obtencion de aceite de pescado rico en omega-3 de alta

calidad.

o El estudio del proceso de extraccion de aceite de pescado a partir de subproductos
mediante el uso de didxido de carbono supercritico, CO,-SC, como disolvente,
teniendo en cuenta la influencia de diferentes parametros del proceso tanto en el
rendimiento de la extraccion como en la calidad del aceite extraido, con la finalidad
de establecer las condiciones Optimas de operacion y llevar a cabo el modelo del

proceso necesario para su cambio de escala.

e El estudio comparativo de los parametros de calidad y sensoriales del aceite de
pescado extraido mediante métodos fisico-quimicos y mediante la extraccion con
CO,-SC, con el objetivo de establecer la implicaciones del uso del CO,-SC como

disolvente de lipidos en la calidad del aceite de pescado.

o El estudio de la estabilidad del aceite de pescado extraido con CO,-SC frente a la
oxidacion a lo largo del tiempo, con la finalidad de establecer su vida util y

seleccionar las mejores condiciones de conservacion.

Capitulo 3  Refinado de aceite de pescado & concentracién de omega-3 mediante la

tecnologia de fluidos supercriticos.
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Este capitulo se centra en el uso del SC CO2 en el refinado del aceite de pescado y la
obtencion de extractos lipidicos enriquecidos en omega-3, y ha sido desarrollado en los

siguientes puntos:

e El estudio de un proceso de extraccion-fraccionamiento para la obtencion de aceite
de pescado con baja acidez directamente a partir de subproductos, variando la

capacidad solvente del SC-CO, con la presion y / o la temperatura.

e El diseio de un proceso en continuo de extraccion - reaccion
enzimatica - fraccionamiento basado en el uso de una lipasa sn 1,3-especifica y del
CO,-SC como medio de reaccion para la obtencion de concentrados de omega-3,
principalmente DHA, en forma de acilglicéridos a partir de aceite de pescado y /o

subproductos de la pesca.

Capitulo4 Empleo de la tecnologia de fluidos supercriticos en la estabilizacion y

formulado de aceite de pescado.

Este capitulo se centra en el estudio de un proceso novedoso de encapsulacion de
liquidos basado en el uso del CO,-SC, el PGSS-drying, para la produccion de aceite de
pescado en polvo microencapsulado con un recubrimiento de maltodextrina / quitosan

capaz de prevenir la oxidacion de los acidos grasos omega-3.

10
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SUBPRODUCTOS DE PESCADO
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Esquema del proceso global propuesto en este trabajo para la obtencion de
aceite rico en omega-3 en forma de s6lido mediante el uso de la tecnologia de
fluidos supercriticos. AGL: 4cidos grasos libres. AG’s: acilglicéridos. AGS:

Acidos grasos saturados. TAG: triacilglicéridos.
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Chapter 1

SUMMARY

Since, at the end of the "80s, epidemiological studies began to establish a certain
relationship between a high fatty fish consumption and a low incidence of
cardiovascular diseases in Nordic people, the amount clinical and biological essays
about polyunsaturated fatty acids (PUFA), especialy omega-3 fatty acids, has greatly
increased, being voluminous the current available information related to their
biochemical mechanisms of action, biological effects and health implications.
Nowadays, nobody doubts about the importance of omega-3 fatty acids, especialy EPA
and DHA, in human diet, which recommended daily intakes have been established by
several nutritionist committees all over the world. As a consequence, the demand of
omega-3 enriched products and nutraceuticals has grown up noticeably, especialy in
those societies with adiet based a on high consumption of seed oils and meat, which has
promoted the development of plenty of novel strategies and competitive methods for
producing, on large scale, the high quality omega-3 concentrates requested for both food

and pharmaceutical industries.

This chapter is proposed as an overview of the current situation of omega-3 fatty acids.
Firstly, a brief introduction about essential fatty acids, focusing on the most relevant
clinical studies published in the last 10 years about their role in human health. The last
part of the chapter reviews the state-of-the-art of fish 0il and omega-3 production
processes on large scale, with an emphasis on the scientific articles and patents
published from 2000 to 2010 and distinguishing two main groups. conventional
methods based on physical and chemical processes and alternative methods based on the
use of supercritical fluid technologies. In addition, a short compilation of different fish

oil and omega-3 concentrates currently available in the market is presented.
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Capitulo 1

RESUMEN

Desde que, a finales de los afios ' 80, estudios epidemiol 6gicos empezaran a establecer
una cierta relacion entre el ato consumo de pescado graso y una baja incidencia de
enfermedades cardiovasculares en poblaciones nérdicas, el nimero de ensayos clinicos
y biolégicos sobre los écidos grasos poliinsaturados (AGPI), especialmente los &cidos
grasos omega-3, se ha incrementado enormemente, siendo muy voluminosa la
informacion de que se dispone actualmente sobre sus mecanismos bioquimicos de
actuacion, sus efectos bioldgicos y sus implicaciones en la salud humana. Hoy en dia
nadie duda de la importancia de los &cidos omega-3, especialmente EPA y DHA, en la
dieta, cuyas ingestas diarias recomendadas han sido establecidas por diversos comités
de nutricionistas en todo el mundo. Como consecuencia, la demanda de productos
enriquecidos en omega-3 y nutracéuticos ha crecido notablemente, en especial en
aquellas sociedades con una dieta basada en un elevado consumo de aceites de semillas
y carne, lo cual ha impulsado un gran desarrollo de nuevas estrategias y métodos
competitivos para la produccion, a gran escala, de los concentrados de omega-3 de ata

calidad requeridos tanto por laindustria alimentaria como por la farmacéutica.

Este capitulo se propone como una revision general del panorama actual de los acidos
grasos omega-3. En primer lugar, se presenta una breve introduccion a los acidos grasos
esenciales, centrada en los estudios clinicos mas rel evantes publicados en los Gltimos 10
afos acerca de su papel en lasalud humana. En la Ultima parte del capitulo, se resumen
los procesos mas novedosos de produccion de aceite de pescado y omega-3 a gran
escala, con énfasis en los articul os cientificos y patentes publicados desde € afio 2000 a
2010 y distinguiendo dos grupos principales. métodos convencionales basados en
procesos fisico-quimicos y métodos alternativos basados en el uso de la tecnologia de
fluidos supercriticos. Asi mismo, se recoge una peguefia recopilacion de diferentes

aceites de pescado y concentrados de omega-3 disponibles actualmente en el mercado.
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NOMENCLATURE
AA Arachidonic Acid
ALA Alpha-Linolenic Acid
AV Anisidine Value
BHA Butylated hydroxyanisole
BHT Butylated hydroxytoluene
CHD Cardiovascular Heart Disease
CP Critical Point
DGLA Dihomo-Gamma Linolenic Acid
DHA-EE Docosahexaenoic Acid (Ethyl ester)
DPA Docosapentaenoic Acid (n-3)
EDTA Ethylenediaminetetraacetic acid
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P Pressure (MPa)
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1.1. Omega-3 Fatty Acids. reasons for being
Interesting

Abstract .

» Section Content
Omega-3 fatty acids have been very often the 1.1.1 Introduction to essential fatty
subject of scientific research in the last years, EYo o 27
being numerous the studies developed about 1.1.2 Omega-3 fatty acids and human
their biological effects and health implications. NEAIN ...ooovveee s 30

. . — 1.1. -3 f idsin h
In this Section, a description of the role of P e e

essential fatty acids in the organism and the
influence of omega-3 fatty acids in human health is presented, as well as the requirements
of these fatty acids on human diet.

1.1.1. Introduction to essential fatty acids

Fatty acids are organic compounds formed by a hydrocarbonated chain and
a carboxylic group that is normaly bounded with glycerol forming

acylglycerides (mono-, di- or triglycerides).

-6 |C|)
H3CW/\A/\A/\OH
p o3 ®-7 ®-9 o-11 o-13 *}

w oL

FIGURE 1.1

Common carbon positions in the hydrocarbonated chain of fatty acids.
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TABLE1l.1l

Common fatty acids in human diet.

Type Common name Carbon number boEr?(ljj:Ig-C Formula
Butyric 4 0 C4.0
Caproic 0 C6:0
Caprilic 8 0 C8:.0
Capric 10 0 C10:0
Lauric 12 0 C12:0
SFA Myristic 14 0 C14.0
Palmitic 16 0 C16:0
Stearic 18 0 C18:0
Araquidic 20 0 C20:0
Behenic 22 0 C22:0
Lignoceric 24 0 C24:0
Palmitoleic 16 1 C16:1n-9
®9 Oleic 18 1 C18:1n-9
MUFA Gadoleic 20 1 C20:1n-9
oll Gondoic 20 1 C20:1n-11
o 13 Erucic 22 1 C22:1n-13
Linoleic 18 2 C18:2n-6
y-Linolenic 18 3 C18:3n-6
©0 Dihomo- y-Linolenic 20 3 C20:3n-6
Araquidonic 20 4 C20:4n-6
PUFA a-Linolenic 18 3 C18:3n-3
Stearidonic 18 4 C18:4n-3
®3 EPA 20 5 C20:5n-3
DPA 22 5 C22:5n-3
DHA 22 6 C22:6n-3
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The most common fatty acids in nature are reported in Table 1.1. They are
classified according to the number of unsaturations (number of double
bounds in the hydrocarbonated chain) as saturated (SFA), monounsaturated
(MUFA) or polyunsaturated fatty acids (PUFA); or according to the position
of the first C-C double bound as omega-3, -6, -7, -9, -11 or 13 fatty acids,
where the term omega, expressed as “w” or “n”, is related to the carbon
position further from the functional group —COOH, as shown in Figure 1.1.

The human body is able to synthesize SFA such palmitic acid (C16:0) and
MUFA of the n-7 and n-9 series such as palmitoleic acid (C16:1n-7) or oleic
acid (C18:1n-9). However, it cannot produce fatty acids with a C-C double
bound in the position n-6 or n-3 of the hydrocarbonated chain such as
linoleic acid (C18:2n-6, LA) or a-linolenic acid (C18:3n-3, ALA), which
are considered essential fatty acids in human nutrition and must be taken
directly for the diet.

LA and ALA are the parent of omega6 and omega3 fatty acids
respectively and, from them, other omega-6 such as arachidonic acid
(C20:4n-6; AA) or omega-3, as eicosapentaenoic acid (C20:5n-3; EPA),
docosapentaenoic acid (C22:5n-3, DPA) and docosahexaenoic acid
(C22:6n-3, DHA), can be synthesized in the human body by a series of
enzymatic reactions based on desaturation and elongation of the
hydrocarbonated chain (see Figure 1.2). Nevertheless, since LA and ALA
compite for the same enzymes, a high level of LA in the organism, related to

a high consumption of vegetable oils, means a lower conversion of ALA in
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EPA and DHA, and, for that reason, these omega3 fatty acids are

considered essentia fatty acids too.

1.1.2. Omega-3 fatty acids and human health

The implications of fatty acids in human health have been the subject of
many scientific articles and reviews in the last years. One of the most
complete compilations of scientific research on this subject can be found in
the book edited by Chow (Chow, 2000) and one of the most recent review
articles on dietary fat and cancer risk has been published by Chen et al.
(Chen, et al., 2007).

Specificaly dealing with omega-3 faity acids, there is also plenty of
research. Their importance in human health was realized in the “80s when
several authors (Dyerberg, 1986, Kromann, et al., 1980) published
epidemiological studies showing the relation between an omega-3 enriched
diet and the prevention of some diseases like myocardial infarction or
bronchial asthma. Subsequently, an enormous number of epidemiological
and clinical studies have deal with the effect of omega-3 PUFA, especially
EPA and DHA, in human health and the mechanism by which this effect
takes place.

In this section, we will only mention the latest review articles that compile
most of the research done on this subject and summarise the conclusions to
clarify the real effect of omega-3 PUFA in human health.
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FIGURE 1.2

Metabolic pathways for the synthesis of omega-3 and omega-6 fatty acids
(adapted from (Smopoulos, 1991)).
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Ruxton et al. published ageneral review in 2005 on the impact of long chain
(LC) n-3- PUFA on human health. They concluded that, there is strong
evidence of the clinical benefit of this type of n-3 PUFA on cardiovascular
diseases or rheumatoid arthritis, although further studies are needed to show
the benefits for other inflammatory conditions as asthma, cystic fibrosis,

bowel diseases or their role in mental illnesses (Ruxton, et al., 2005).

The effect of LC n-3 PUFA when treating asthma has been recently
reviewed by Reisman et a. (Reisman, et al., 2006).

Zulfakar et a. have reviewed the works that have examined the potential use
of n-3 PUFA in psoriasis (Zulfakar, et al., 2007).

Severa recent reviews have studied the influence of omega-3 PUFA on
bowel diseases (Diamond, et al., 2008, Razack, et al., 2007, Turner, et al.,
2008 ).

The application of omega-3 fatty acids in the treatment and prevention of
mental illnesses (Clayton, et al., 2007, Horrobin, et al., 1991, Mazza, et al.,
2007, McNamara, 2006, Ross, et al., 2007, Song, et al., 2007, Sillwell, et
al., 2003) and on the prevention of several types of cancer (Calviello, et al.,
2007 , Chen, et al., 2007, MacLean, et al., 2006) has also been widely
reviewed.

The latest overview found about the effect of omega-3 faity acids in
rheumatoid arthritis was published in 1998 (Ariza-Ariza, et al., 1998)
although there is a more recent one (2006) not published in English
(Sancik, et al., 2006).
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Several recent reviews on cardiovascular effects have also been recently
published (Biscione, et al., 2007, Das, 2008, Tziomalos, et al., 2007, von-
Schacky, et al., 2007).Von Schacky & Harris proposed the omega-3 index
(percentage of EPA + DHA of total fatty acidsin red blood cells) as a risk
factor for sudden cardiac death and concluded that this index should be
higher than 8 % (von-Schacky, et al., 2007).There are also severa studies
that propose the mechanisms by which the omega-3 PUFA act in humans
(Horrobin, et al., 1991, Massaro, et al., 2007, Shaikh, et al., 2008, Stillwell,
et al., 2003).

All this scientific activity regarding long chain omega-3 PUFA usually ends
up by advising an intake of this type of PUFA, either through the natural
food products that contain them or as a supplement in the diet for beneficial
effects on health (Lands, 2008). Moreover, nutrition experts have suggested
that an n-6:n-3 fatty acid ratio of 5:1 or lessis desired in order to maintain a
good human health (WHO/FAO, 1994), and other expert committees have
proposed specific recommendations of EPA and DHA intakes in different
population sectors such as hedthy adults, pregnant and lactating women,
patients with cardiovascular heart disease (CHD) or patients with high
triacylglyceride levelsin blood (see Table 1.2).

1.1.3. Omega-3 fatty acidsin human diet

Fish, and especialy oily fish from Scombridae, Clupeidae and Salmonidae
families, is the most important natural source of omega-3 EPA and DHA in
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the foodstuff portion (see Table 1.3); whereas seed oils such as sunflower

oil, are the main source of omega-6 (see Table 1.4).

TABLE 1.2

Daily intakes recommendations for EPA and DHA.

Population

sector Recommendation Expert Committee Reference
Healthy adults 500 mg EPA + DHA / day ISSFAL (Cunnane, et al., 2004)
Pregnant and Perinatal Lipid Intake

200 mg DHA / day (Koletzko, et al., 2007)

|actating women, Working Group

American Hearth

Patients with CHD 1gEPA + DHA / day (*) (Kris-Etherton, et al., 2002)

Asociation
Patients with high " American Hearth .
triglyceride level 2-49g/day (*) ACTEETT (Kris-Etherton, et al., 2002)

(*) Under medical supervision.

Nowadays food habits in western society are characterized by a high
consumption of meat, seed oils, fast food (pizzas, hamburgers...) and snack
food (cakes, biscuits...), that contain a large amount of saturated fatty acids
and a low proportion of omega-3 fatty acids (Fernandez-SanJuan, 2000).
Comparing the composition of fast food, consumed mostly by young
people, with typical Japanese food (Kamei, et al., 2002) or Mediterranean
food (Ambring, et al., 2006), both of them with alarge amount of fish, it can

be observed that the n-6:n-3 ratio in blood, in people who consume Japanese
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or Mediterranean food, is close to 2:1, while in people who consume fast

food, it can reach values up to 25:1, much higher than desired.

TABLE1.3

EPA and DHA content in some species of fish. Adapted from literature (Mataix, et al.,
2005)

0/100 g of foodstuff portion

Species Common name C20:5n-3 Cc22:6n-3
(EPA) (DHA)
Scomber scombrus mackerel 1.10 2.56
Mullus surmuletus red mullet 0.91 1.66
Sardina pilchardus sardine 0.62 112
Salmo salar salmon 0.50 1.00
Thunnus thinnus ton 0.24 0.98
Engraulis encrasicolus anchovy 0.14 0.80
Pagellus bogaraveo sea bream 0.12 0.61
Gadus morrhua cod 0.23 0.47
Merluccius merluccius hake 0.10 0.54
Conger conger conger eel 0.15 0.43
Luvarusimperialis swordfish 0.15 0.30
Galeorhinus geleus dogfish 0.04 0.30

In some cases, maintaining a good omega-3/omega-6 ratio through fish
consumption is quite difficult, since it requires changing the nutritional
habits, or even impossible when it involves an alergic reaction.
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Furthermore, the consumption of marine fishes like salmon, sardine, tuna,
anchovy, mackerel or hake, sometimes is questioned due to the presence of
toxic compounds such heavy metals as copper or mercury, or organic
pollutants as PCBs or dioxins (Domingo, et al., 2007).

TABLE 1.4

Lipids (g / 100 g ail) in different kind of seed and fish oils. Adapted from Mataix et al.
(Mataix, et al., 2005).

Oil SFA MUFA PUFA n-3 n-6 n-6/ n-3
Sunflower 12.0 205 67.5 0.10 63.2 632
Corn 14.5 29.9 55.6 0.90 50.4 56
Soya 15.6 21.2 63.2 7.30 51.5 7.05
Palm 47.8 37.1 151 0.30 10.1 33.66
Olive 14.3 73.0 12.7 0.70 7.8 11.14
Cod liver 226 20.7 56.8 19.8 0.9 0.04
Herring 21.3 56.6 22.1 11.9 12 1.01
Salmon 19.9 17.0 63.1 353 1.06 0.03
Sardine 304 14.5 55.1 281 22 0.07

In the last years, many products enriched with n-3, like nutritional
supplements or functional foods, have been developed in order to maintain a
agood n-6:n-3 ratio in the diet with a low fish consumption. Nowadays, the
market offers a wide variety of commercial food products enriched with

omega-3 including bread and bakery products, milk and derivatives,
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spreadable fats, eggs, juices and soft drinks, meat and poultry products, etc.
(Kolanowski, et al., 2006).

The increment in the production of omega-3 supplements and enriched food
products involves a higher demand of omega-3 concentrates with a good
quality at low cost. Therefore, the study of novel and more competitive
omega-3 production processes has acquired a great interest both in the food
and the pharmaceutical industries.

The most important natural sources of omega-3 PUFA are marine organisms
(fish, seafood, algaes...), that are fed, directly or indirectly, from marine
phytoplankton, the primary producer of omega3 in the trophic chain.
Nowadays, the mgjority of commercial omega-3 concentrates derive from
fish or fish by-products, and its production involve severa steps, i.e.: fish
oil extraction, refining, concentration, stabilization and / or formulation (see
Figure 1.3).

Conventional processes, based on physical and/or chemical methods, are the
most common methods carried out in the current industrial production of
omega-3. However, recent studies have shown that supercritical fluid
technology could be interesting in omega-3 processing, since it alows
avoiding the use of high temperatures, which prevent omega-3 oxidation,

and minimising the use of organic solvents.

In next sections, omega-3 processing by both conventional methods and

supercritical fluid technology are reviewed.
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1.2. Production of omega3 fatty acids from
fish ail: state-of-the art

Abstract

> Section Content

Due to their benefits for human hedth, the 121 Conventional methodsin

production of omega-3 fatty acids has acquired omega-3 production...................... 39
agreat importance in the last years, especially 1.2.2 Production processes based on
in the food and the pharmaceutical industries. supercritical fluid technology....... 63

This Section accounts for both, the current
methods and the most recent advances, related to the several stages of omega-3 processing
from fish and fish-by-products, i.e., extraction, refining, concentration, formulation and / or
stabilization. In the first part, a review of conventiona procedures based on physical and
chemical methods is provided, including a compilation of commercia fish oil and omega-3
concentrates available nowadays in the market. The last part of the Section is focused on
the recent studies developed about the use of supercritical fluid technologies in the
production of both fish oil and omega-3 concentrates.

1.2.1. Conventional methodsin omega-3 production

1.2.1.1. Extraction of crudefish oil

Natural fish ail, or crude fish oil, is the lowest quality fish oil obtained
directly from whole fish or fish by-products. This ail is not suitable for
human consumption, but is used in the chemical industry as well as raw
material for high quality fish oil and omega-3 fatty acids.

Historically, crude fish ail is produced from the antiquity by Nordic towns
that used it as fuel in lamps.
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TABLE 15

Main patents about fish oil extraction published in the twenty and twenty-first centuries.

Y ear Title Inventors Patent
number

1901 Procgss of extracting oil from fish or other ER. Edson US689472
material

1930 Proc&s_s o_f recovering oil fromfish liversand AW. Owe US1742666
other similar materials

1932  Fishail extraction S. Hiller US1840715

1933 Me_thod and process of extracting oil and W.T. Conn US1903503
moisture from fish press cake

| WIECTENEISIET AT Non available GB0486277
production of fish-liver
Process and apparatus for the extraction of ]

1939 il from fish-liver Non available GB0500645

1943 II ir\r/)srr;)ved method of obtaining oil form fish Non available GBO558290

1952  Production of oil and proteins from fish Non available GB0664827

1952 I_mpr(_)vements in the extraction of oil from Non available GBO675661
fish-liver

1966 cF)’irloductlon of pharmaceutical oil from fish- E Potter GB1026359

1967  Method of recovering fish oil Non available GB1070128

g oEEESGE R L) e TE iz, D.B. Vincent US3959518
and fish oil by-product

1982 Process for recovering meal and oil from raw P Bladh USA344976

fish
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TABLE 1.5
(Continued)
Y ear Title Inventors oL
number
1987  Purified fish oil and its production VLW EeREE, Gl 62093234
Nagahama

1988 Prgducno_n of _flsh liver oil containing high M. Morimitsu IP63290823
units of vitamins
Process for producing protein-rich fish meal Y. Shirakawa, Y. Minowa,

) and/or fish oil T. Azumi, and J. Hisano SRENEES

1990  Method for extracting oil from fish offal F. Eriksson WQO9008179
Fish oil having decreased fish odour and a H. Konishi, I. Riverside, K.

28 method for preparing the same Tatsumi, and N. Sato Broseesy
A method for recovering fish oil having low

e cholesterol content from fat fish. P QT L
Production of high-quality fish oil and high- o

1998 ity edible extract from head of bonito L [RElE L PIERERTS

2001 Meth(_)d and plant for extracting fish oil ad P. Barrier, and J.Y. US6214396
resulting products Rousseau
Process for producing edible quality refined J.B. Crowther, B.H. Booth,

2001 figh oil and D.D. Blackwell WO014158
A process for the production of oil and

2007 protein from fish waste J.B. Cloughley GB2428682

iy | CEESUSES 2 EACTIES E fere Il L. B. Tae and C.B. S0 KR100718551
and anchovy oil

oy | HEES) IO EYEI | TN [y G2 ol S. Yong CN 101297708
fish oil from coarse fish ail

2010 Method for extracting crude fish oil in B.Yangetal., CN101768507

leftovers of tilapia
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At the beginning of the 19" century, US began to produce crude fish oil
from menhaden, using a process with two steps: fish cooking and rock-
weighted pressing. Around 1850, this type of press was replaced by
mechanical screw presses and later by hydraulic presses. Since the
beginning of the 20™ century, numerous patents have been published to
describe new extraction apparatuses and/or to improve the yield of the
extraction, the quality of the fish oil extracted and the profitability of the
process for industria purposes, especially using fish by-products as raw
material (see Table 1.5).

Nowadays, crude marine oil extraction is usually carried out in fish meal
and oil plants by pressing or centrifuging fish or fish by-products previously
cooked, although alternative methods based on the protein digestion with a
protease have been also proposed in the literature in order to avoid the use

of high temperatures and improve oil quality.

i) Production of fish oil in fish meal plants

The traditional process to obtain crude fish oil from whole fresh fish such
capelin or mackerel at industrial scale is the wet pressing method, as
described by the Food and Agriculture Organization of the United Nations
(FAO, 1986).

This process involves the production of fish oil and fish meal through
several steps, i.e. cooking of the raw material, pressing of the cooked

material and final filtration or centrifugation to recover the oil from the
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micelle (see Figure 1.4). The use of a 3-phase centrifuge can greatly

simplify the separation stages after cooking.
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FIGURE 1.4

Industrial process for crude oil extraction in fish meal and oil plants. Adapted

from www.copeinca.com.pe/.

Following this process, several companies, mainly located in Europe, South
America and Asia, produce crude fish oil from different types of fish and
fish by-products (see Table 1.6).




Omega-3 fatty acids: state-of-the-art of the production processes

TABLE 1.6

Industrial plants for crude fish oil extraction in Europe.

Company Country Raw material
Triple Nine Fish Protein Denmark iar::(lj( :eé, sprat, blue whiting, Norway pout, horse
Havsbran Ltd. F(a:rj(:re]:jaar?(()js Norwegian pout, capelin, blue whiting
SR-Mjél HF. Iceland Capelin, herring, blue whiting
\ég(?]g\'gfgﬁ)mmg“'c"ﬁkg Germany Pollock, rossfish, plaice, herring
Agro-Fish Poland Herring, sprat, spotted silver carp, mackerel, cod
ARTABRA, SA. Spain Whole fish mixed with by-products of canned fish
CopeincaASA Peru Anchovy
Salmonoil Chile Salmon and trout by-products
Pesguera Pacific Star, SA. Chile Sardine, scad, anchovy, salmon by-products
Janatha Fish Meal & Oil Products India Sardine
Raj Fish Meal & Qil Products India Sardine, pink perch
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In the last years, several studies have been carried out in order to improve
the fish oil quality through improving the raw material freshness and
avoiding or minimising the use of high temperatures during the extraction

process.

Focussing on the influence of the raw material, Chantachum et al. published
a study about the separation of oil from tuna heads by a wet reduction
method (Chantachum, et al., 2000). They studied both the yield and the
quality of the oil extracted from precooked (100 °C for 60 min) and non-
precooked fish at different heating temperatures and times, and concluded
that the optimum results were achieved when heating at 85°C for 30 min

and without precooking.

Aidos et al., aso reported the oil production from herring by-products using
a method consisting of mincing the raw material (16 mm), cooking it in a
heat exchanger (8 min at 95 °C) and recovering the oil in a three-phase
decanter (4 min at 95 °C) with good results (Aidos, et al., 2001). Moreover,
they focused on the influence of by-product freshness (Aidos, et al., 2003)
and the different process parameters (cooking temperature, pumping speed
to the heat exchanger and decanter speed) on fish oil quality (Aidos, et al.,
2003). They concluded that herring by-products have good storage stability
and that the main variables that influence oil quality are the separation speed
of the decanter and the pumping speed.
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i) Fishoail extraction by enzymatic methods

The use of enzymes in fish oil extraction is fairly recent but it has become a
good aternative to traditional methods, since it can be simpler and cheaper
regarding investment cost and energy expense. Besides, this technology
requires neither organic solvents nor high temperatures (Rolle, 1998). These
advantages have promoted the research on the use of enzymatic technology
to release lipids from fish avoiding the use of solvents and high

temperatures.

Liaset et al. studied the enzymatic hydrolysis of salmon frames with
proteases and the composition of the different fractions obtained after
separation by centrifugation. They reported that this process enables to
obtain omega-3 enriched oil with a good recovery (about 77 %) as well as
severa interesting products such as peptides or essential amino acids
(Liaset, et al., 2003).

Linder et al. developed another enzymatic method to extract oil from ground
salmon heads at middle temperature (55°C) using different commercial
enzymes. a protease (Alcalase), an exo-peptidase (Neutrase) and an
endo-peptidase (Flavourzyme). They concluded that the highest oil recovery
(17.4% after 2h) was obtained by using Alcalase, being close to the
recovery obtained by the Bligh & Dyer method (20 %) (Linder, et al.,
2005).

SliZyte et dl., studied the enzymatic hydrolysis of mixtures of cod by-
products using Flavourzyme and Neutrase respectively. They studied the
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influence of the composition and state of the substrate on the yield and
composition of the hydrolysis products (oil fraction, hydrolysed protein,
sludge and emulsion) (DaukSas, et al., 2005) and on the chemical
composition of the lipid phase (Dauk3as, et al., 2005). The same authors,
(Dauk3as, et al., 2005), also studied the influence of initial heating of the
raw material and on the yield and the chemical composition of the ail
extracted by enzymatic hydrolysis of cod by-products using other enzymes

such as Alcalase and L ecitase.

Liu et al. proposed an enzymatic process based on a proteolytic extraction of
oil from crude tuna heads followed by an urea complexation step, obtaining
amixture of DHA and EPA with a purity of 85.02 % and ayield of 25.10 %
(Liu, et al., 2006).

Gbogouri et a. studied the enzymatic hydrolysis of fresh salmon heads, with
Alcalase, Neutrase and Protamex concluding that Alcalase was the most
efficient enzyme regarding oil yield. They also found phospholipids to be
more effective carriers of LC-PUFA (Gbogouri, et al., 2006).

Most recently, Al-Sayed Mahmoud et a., have reported a similar study
about the enzymatic extraction of oil from rainbow trout roe by using
Alcaase, Neutrase and Protamex respectively (Al-Sayed-Mahmoud, et al.,
2008). They also found Alcalase to be the enzyme that leads to the highest

oil recovery.
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The general conclusion reached by the authors that have studied fish oil
extraction by using enzyme technology is that this technology yields better
oil than thermal treatments.

iii) Other physico-chemical methods for fish oil extraction

Fish oil extraction based on protein precipitation has been also proposed in
the literature (Okada, et al., 2007). This method replaces the cooking step
by apH adjustment to the isoelectric point of the protein of the raw material,
and has shown good results for extracting oil from high-oil pelagic species
such as sardine, athough the main drawback is that several acids
(hydrochloric, citric and tartraric acid) and salts (calcium citrate and calcium
tartrate) are required.

1.2.1.2. Fish ail refining

Crude fish oil obtained directly in fish meal and oil plants are characterized
by a high free fatty acid content and other impurities that limit its use in
anima or human nutrition. Therefore a subsequent refining step must be
carried out in order to aim the quality standards established by the British
Pharmacopoeia (BP, 2008) or the Global Organization for EPA and DHA
(GOED, 2006) (see Table 1.7).

The conventiona oil refining process involves different physical and
chemical methods aimed to remove impurities (free fatty acids, glycerides,

phospholipids, sterols, pigments...), toxic compounds (heavy metals,
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dioxins, PCBs...) and smelly compounds, depending on the final use of the

refined fish ail, that is, animal feeding or human nutrition.

In the last years, the demand of health food-grade or pharmaceutical-grade

aimed to human nutrition has increased noticeably, and nowadays several

companies produce it all over the world (see Table 1.8) following the

quality standards required. The most common refining methods used are

reviewed below.

TABLE 1.7

Specifications for fish oil aimed to human nutrition established by GOED (GOED, 2006)
and British Pharmacopeia (BP, 2008).

Parameter Specification Unit
Acid value Max. 3 mg KOH /g
Peroxide value (PV) Max. 10 mq O, / kg
Anisidine value (AV) Max. 20
PCDDs/PCDFs Max 2 pg (WHO-TEQ) / g
Dioxine-like PCBs Max. 3 pg (WHO-TEQ) / g
Lead, Pb Max 0.1 mg / kg
Cadmiun, Cd Max 0.1 mg / kg
Mercury, Hg Max. 0.1 mg / kg
Inorganic arsenic, As Max. 0.1 mg / kg
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TABLE 1.8
Industrial production of health-grade and pharmaceutical-grade fish oil.

Country Company Product
Iceland Lysi Cod liver ail, salmon qil, tunaoil
Norway Denomega Anchovy oil
United Kingdom Seven Seas Cod liver ail
France Winterisation Europe Fish oil, cod liver oil
Spain GSN Salmon oil
Spain Solgar Cod liver ail
Spain Nutrytec Salmon oil
Canada Enerex Salmon oil
USA Lamberts Herring oil, mackered ail, cod liver oil
USA NewChapter Salmon oil
New Zealand Xtend-life Hoki oil

i)  Removing impurities and contaminants

The main procedure to remove fish oil impurities involves severa steps
such as degumming, to separate phospholipids, neutralization or
deacidification, to clear free fatty acids and decrease oil acidity and

bleaching to absorb pigments.

This process presents several drawbacks since it implies the use of chemical
products (alkalis), that contaminate the environment, and some neutra oil
losts, mainly in oils with high free fatty acid content.
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Physical refining processes, based on the application of superheated steam
under low pressure have been proposed as aternative to remove free fatty
acids and volatile compounds. However, these methods require a
preliminary step of chemical refining and, due to the use of high
temperatures, they are not suitable for thermolabile oils such as fish ail
(Cmolik, et al., 2000).

Physical adsorption on activated carbon has been proposed recently to
remove contaminants, such as dioxins and PCBs, from fish (Maes, et al.,
2005, Oterhals, et al., 2007)

i) Removing smelly compounds

Oil deodorization is also an important process stage, especialy in crude fish
oils, which are usually characterized by a fishy odour that reduces their

sensory quality and limits their application in the food industry.

Traditional oil deodorization is based on the application of high
temperatures (Cmolik, et al., 2000). This method is also applied to fish oil
although several studies have demonstrated that, at a temperature above
180 °C, an important PUFA degradation, involving the formation of many
undesirable compounds such as polymers, PUFA isomers, mono and di-
trans and cyclic fatty acids monomers, is produced (Fournier, et al., 2006).

Alternative methods based on vacuum steam distillation at low temperatures
followed by a treatment in a silica gel column (Chang, et al., 1989),
adsorption with a resin (Nishimoto, et al., 1996) or treatment with
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diatomaceous earth (Yoshikazu, et al., 1997), have been proposed for

removing smelly compounds from fish ail.

1.2.1.3. Omega-3 concentration

Concentrated fish ail is a refined fish oil subjected to modification in order
to increase the amount of omega-3 to at least 600 mg omega-3/g ail,
usually in form of ethyl esters.

The magjority of the industrial processes for production of omega-3
concentrates on large scale involve afirst step of marine oil extraction from

marine organisms, followed by concentration and stabilization steps.

In the last years many processes have been developed to isolate, fractionate
or concentrate n-3 PUFA from fish oil, although the majority of them are
referred to omega-3 ethyl esters formed by the esterification or
saponification of triglycerides with ethanol.

Nowadays, these methods are used by several companies to produce
omega-3 concentrates both with pharmaceutical and nutraceutical quality
and with different amounts of EPA and DHA (see Table 1.9). However, the
main drawback of these procedures is that the natural triglyceride form is

lost during the process.

52



Chapter 1

TABLE1.9

Commercial omega-3 concentrated fish oils.

Chemical

Company Process Product - Omega-3
<100 mg/g EPA
.