Chapter 6
Microencapsulation of Fish QOil

Christiaan M. Beindorff and Nicolaas Jan Zuidam

6.1 Introduction

6.1.1 Marine Oils

For those fortunate to live near rivers, lakes and the sea, fish has been part of their
diet for many centuries, and trade in dried fish has a long history. The important
fishing industry developed when fishermen started to fish over wider areas of the
seas and when improvements in freezing facilities allowed storage at sea, and sub-
sequent distribution to urban consumers. For many, fresh fish and fried fish are now
a part of their standard diet.

The original medicinal use of fish oils began with cod liver oil in the 1780s in
England for arthritis and rheumatism. By the 1800s, it was used to prevent rickets.
The prevention of rickets also depended on the vitamin D content. Fish oil contains
several special types of fatty acids, the so called long-chain polyunsaturated fatty
acids (LCPUFA, with more than 20 carbon atoms). The chemical structures of
selected long-chain and other PUFAs are shown in Fig. 6.1.

Omega-3 fatty acids are those that have the first double bond at the third carbon-
carbon bond from the terminal methyl group of the carbon chain, the omega (chem-
ists normally start counting from the other side, the alpha). In Fig. 6.1, the omega-3
fatty acids are a-linolenic acid (ALA), eicosapentaenoic acid (EPA), and docosa-
hexaenoic acid (DHA). Omega-6 fatty acids are those which have the first double
bond at the sixth place from the end, here linoleic, y-linoleic, and arachidonic acids.
The characteristics of the omega-3 fatty acids are described in more detail below,
since most people have a shortage of these (Garg et al. 20006).
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Fig. 6.1 Chemical structures of oleic acid and selected PUFAs

6.1.2 Omega-3 Fatty Acids

ALA is an essential fatty acid, which means that it is necessary to human health but
cannot be manufactured by the body (Van Seeventer and Systermans 2006). Hence,
ALA must be obtained from food. ALA is highly concentrated in certain plant oils
such as flaxseed oil and to a lesser extent in canola, soy, perilla, and walnut oils.
ALA is also found in wild plants, such as purslane (Claytonia perfoliata). Once
ingested, the body converts ALA into EPA and DHA, the two types of omega-3
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fatty acids more readily used by the body. ALA is the only omega-3 fatty acid found
in vegetable products (Garg et al. 2006). The unique biochemical structure of ALA
is important and helps to make it a key player in immunity, vision, cell membranes,
and the production of hormone-like compounds.

EPA and DHA are polyunsaturated fatty acids that can be found in marine prod-
ucts (20-40% of the total fat contents) and algae (40% DHA and EPA). Both are
important fatty acids that enter the body through consumption of marine products,
fortification, or as ALA. A number of studies have been conducted to determine the
role these fatty acids play in maintaining a healthy mind and body (Garg et al. 2006).
Currently, more and more studies suggest that omega-3 fatty acids lower the risk of
cardiovascular disease, some forms of cancer, and play a key role in brain develop-
ment (Garg et al. 2006; Kolanowski and Laufenberg 2006; Eilander et al. 2007).
However, due to their highly unsaturated nature they are very sensitive to lipid
oxidation. This leads to an entire scale of off-smells and off-tastes, varying from
grass- and bean-like, to cardboard- and fish-like flavors.

6.1.3 Composition of Different Sources of Fish Oil

The fatty acids of fish oil vary according to fish species. Table 6.1 presents the fatty
acid composition of different fish oils. Fish oil is a by-product of fish meal produc-
tion, and is obtained by filtration of cooked fish, followed by several purification
steps, such as de-acidification to remove free fatty acids, bleaching to remove color
and oxidation products, and deodorization to remove fish off-flavors. Optionally,
the LCPUFA content can be concentrated, and anti-oxidants such as vitamin E are
added subsequently (Kolanowski and Laufenberg 2006).

Of the fatty acids mentioned in Table 6.1, the saturated group (SAFA, mainly
myristic and palmitic acids) is obtained from the fish diet, but it can also be biosyn-
thesized by marine animals, if and when required. The mono-ethylenic fatty acids
(MUFA, mainly palmitoleic, oleic, and eicosenoic acids) can also be biosynthe-
sized by them. Many species of phytoplankton produce the highly unsaturated EPA
(C20:5) and DHA (C22:6). Accordingly, these are passed up the animal food chain,
and conserved as desirable fatty acids at each step. The leading countries producing

Table 6.1 Fatty acid profile (in %) of various fish species

Species Herring Tuna  Sardine Cod liver Menhaden Salmon Mackerel
SAFA 26 33 29 19 34 21 25
MUFA 54 18 31 50 24 29 47

EPA (C20:5) 10 6 22 11 15 13 7

DHA (C22:6) 6 26 9 12 10 18 8

LC omega-3 16 32 33 23 25 31 15

Data are taken from Firestone 1999. Values are averages, and may, for example, depend on
the time of the year and region
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fish oil are Peru and Chile, followed by Denmark, the United States, Iceland, and
Norway. The main fish species in Peru and Chile are anchovy, jack mackerel,
Pacific mackerel, and sardine, while those in north-western Europe are capelin,
Atlantic horse mackerel, sandeel, herring, and cod (Klootwijk 2006). New types of
fish oils include salmon oil from Norway and tuna oil from Thailand and Australia.
They are generally high quality oils that provide a useful source of omega-3 fatty
acids (Gunstone 2004).

6.1.4 Food Fortification with LCPUFA

Growth in humans requires new cells and new membranes that are built up by
phospholipids, for which EPA and DHA are necessary, the latter also reflecting
development of vision and muscle control. The dietary recommendation for
LCPUPFA is still under debate; it varies with the various health organizations and
also depends on disease prevention. The recommended daily doses of EPA and
DHA for adults may vary from 180 to 500 mg for prevention of heart diseases, to
1,000 mg for decrease in mental illness (Garg et al. 2006; Kolanowski and
Laufenberg 2006). According to the FDA in 2000, the daily intake of EPA and
DHA should not exceed 3.0 g. Recently, the European Food Safety Authority
(EFSA) recommended as the daily dose 250 mg of EPA and DHA and 2 g of ALA.
However, the average amount of omega-3 fatty acids in a Western style diet is about
0.15 g per day, which is far below the recommended level. Food fortification with
LCPUFA may fill this gap, since it is not likely that all consumers will start eating
two to three fish servings a week to meet the recommended minimum doses.

6.2 Lipid Oxidation

As mentioned above, unsaturated fatty acids are sensitive to oxidation. The oxida-
tion of lipid proceeds by a free radical mechanism, which can be described in terms
of initiation, propagation, and termination processes (Chan 1987; Angelo 1992;
Frankel 1996).

6.2.1 Initiation Reaction

The oxidation process can be initiated by a number of factors, including heat, UV
radiation, ionizing radiation, or catalyzed-breakdown of peroxides (lipohydroperoxide
or hydrogen peroxide). Metal-catalyzed oxidation (also called autoxidation) is the
most relevant for foods, since trace elements are always present in raw ingredients.

Hydrogen peroxide might be formed in a metal ion-catalyzed reaction with
oxygen:
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0, +Fe** = [Fe(0,)]”
[Fe(0,)]" +H" = Fe** + HOO+
2HOO*= H,0, +0,

The hydrogen peroxide thus formed can be broken into hydroxyl radicals. These
radicals initiate the oxidative chain.

H,0, + Fe** = HO++ HO + Fe’
H,0, + Fe'" = HOO*+H" + Fe**

HO++LH =L++H,0O

Followed by:
In the presence of metal ions, fatty acid hydro-peroxides generate the corre-
sponding alkoxyl radicals:

LOOH + Fe** = LO+*+ HO™ +Fe**

LOOH + Fe'* = LOO«+H" + Fe’*
Followed by the initiation of a new chain (chain branching):

LO++H,L=LOH + HL-

LH represents the fatty acid chain residue with an allylic proton. In this reaction,
the role of Fe*/Fe** can also be fulfilled by copper ions or any other transition
metal that can give a one-electron redox reaction. Iron and copper are the most
common metals involved in lipid oxidation in foodstuff.

The initiation reaction when oil or fat is subjected to high temperature is com-
pletely different.

Under these circumstances, cleavage of peroxides takes place, leading to an
alkoxy or hydroxyl radical. These can both initiate radical chains.

ROOH = RO +*++OH (WithR:LorH)

6.2.2 Propagation

The propagation reaction is predominantly a radical chain reaction. The peroxide radi-
cals react with the weak allylic and bisallylic C—H bonds, which react further as:

L++0,=L0O0-
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LOO++ ILN=LOOH +L-

The first reaction takes place very fast, and the oxygen level should be very low
to prevent this reaction from happening.

6.2.3 Termination

The propagation reaction will continue until one of the following termination reac-
tions occur:

LOO++LOO+*= LOOL +0O,

LOO++Le= LOOL
Le+Le=L-L
LOO+*+LOO*=L=L + L-OH +0O,

These reactions lead to formation of dimers, polymers, ketones, and alcohols.
At the beginning of the oxidation process, when oxidation proceeds at a low
pace before becoming exponential, these reactions are of little importance since the
concentration of radicals is low.

6.2.4 Formation of Off-Flavor

The primary products of the oxidation reaction described above are lipohydroperox-
ides and lipoperoxides. These compounds do not contribute to any off-flavor. The
off-flavor is due to the homolytic or heterolytic cleavage of these primary products
into the so-called secondary oxidation products. These secondary oxidation products
consist of volatiles (aldehydes, alkanes, and ketones) which are responsible for
(fishy) off-flavor (Jacobsen 1999; Van Ruth and Roozen 2000; Jénsdéttir et al. 2005;
Velasco et al. 2006; Kolanowski et al. 2007; Shen et al. 2007).

6.2.5 Prevention of Lipid Oxidation

To prevent or slow-down the lipid oxidation, the following can be done (McClements
and Decker 2000; Appelqvist et al. 2007):

— Prevent the initiation reaction from occurring (see Sect. 6.2.1)

— Reduce the oxygen concentration (see Sects. 6.2.1 and 6.2.2)
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— Add anti-oxidants (to scavenge radicals, and thus terminate the oxidation reaction
similar to those shown in Sect. 6.2.3)

— Lower the storage temperature

— Scavenge metal ions (iron or copper) using sequestrants in the water phase, if
present (see Sect. 6.2.1)

— Exclude light (see Sect. 6.2.1)

The speed of the above mentioned reactions also depends on the initial quality and
subsequent handling of the raw materials, and on the food structure and composi-
tion. For example, oxidation in a water-in-oil emulsion might differ from that in an
oil-in-water emulsion, the use of positively charged emulsifiers and thickeners of
the interfacial layer of emulsions may repel metal ions, etc. (McClements and
Decker 2000; Appelqvist et al. 2007). Alternatively, microencapsulation can reduce
oxidation (discussed in the subsequent sections).

6.3 Microencapsulation Technologies of Fish Oil

6.3.1 Requirements

Fish oil can be encapsulated to prevent off-flavor (Garg et al. 2006) by:

— preventing contact between oxygen and fish oil,
preventing contact between metal ions and fish oil,
preventing direct exposure to light, and

— trapping off-flavor.

These conditions can be achieved by the entrapment of the fish oil in a glassy state.
Below the glassy state, the molecules in amorphous materials have little relative
mobility. Within glassy state microencapsulates, it is possible to entrap volatiles
like aroma (see Chap. 5), and maltodextrin powder with internal voids can be
loaded with pressurized gas above its glass transition temperature and is then
cooled to trap the gas (Zeller et al. 2006). Thus, this indicates that the exclusion of
oxygen and entrapment of volatile off-flavors might be possible. Of course, the
inclusion of oxygen from air during the microencapsulation process should be
avoided as much as possible. Another advantage of microencapsulation might be
the conversion of a liquid into a powder, which may ease the handling during supply
chain or incorporation into food powder products. However, a common feature of
many fish oil microencapsulates is that they disintegrate or dissolve in aqueous
food products, and will therefore not be storage stable in many food products.
Insolubility of microencapsulates in aqueous products may therefore be an impor-
tant requirement, although this may lead to sandiness and consumer notice. Another
important prerequisite of microencapsulation is that the fish oil will be bio-available
upon consumption, which might be a concern if the microencapsulates do not dissolve
or disintegrate in gastro-intestinal fluids. Without being bio-available, addition of it
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to food products is of no use, as claims about the physiological functionality of the
fish oil cannot be made. These two aforementioned requirements, that is, stability
upon storage and high bio-availability in the human gastro-intestinal tract, are
somewhat contradictory in nature.

The next sections will first discuss the water-soluble microencapsulates and then
the water-insoluble ones.

6.3.2 Water-Soluble Microencapsulates

6.3.2.1 Spray-Drying

Spray-drying is one of the oldest methods of microencapsulation in the food indus-
try, and it is used most frequently to prepare fish oil microcapsules. In principle, an
aqueous dispersion of an oil-in-water emulsion containing carrier material dis-
solved in the water phase is converted into a dry powder by spraying the feed into
hot dry air resulting in moisture evaporation (see also Chap. 2). It is a one-step,
continuous particle processing operation involving drying. Spray-drying normally
contains the following stages: atomization, air contact, evaporation, and product
recovery. The drying of the spray proceeds until the desired moisture content in
the dried particles is obtained and the product is then recovered from the air. The
resulting dried product conforms to powders, granules, or agglomerates, the form
of which depends upon the physical and chemical properties of the feed, the dryer
design, and the operation. Relatively low spray-drying temperatures are advanta-
geous to minimize the lipid oxidation (Baik et al. 2004; Drusch and Schwarz
2006). The use of nitrogen instead of air to dry the dispersion can also be applied,
but it increases the costs. Other options are two step processes where the particles
are not dried completely during the first step but thereafter. Examples are further
drying of spray-dried material on a moving belt with a Filtermat spray dryer or in
a fluidized bed, or spray-drying of powder onto another carrier powder (like
maltodextrin).

For example, maltodextrin, glucose syrup, proteins, sugars, gums, pectin, modified
cellulose (e.g., hydroxypropyl methylcellulose or methylcellulose), and/or modified
starch (e.g., octenylsuccinate-derivatized starch) can be used as a carrier material
(Keogh et al. 2001; Kagami et al. 2003; Jonsdéttir et al. 2005; Tan et al. 2005;
Drusch et al. 2006a, b; Drusch and Schwarz 2006; Kolanowski et al. 2004;
Kolanowski et al. 2006; Drusch 2007; Drusch et al. 2007). Silica derivatives and
tricalciumphosphate can be added to improve flowing properties of the powders
(Drusch et al. 2006a). The fish oil loading of microencapsulates obtained via spray-
drying varies from 1 to approximately 60 wt%. The particle size of these microcap-
sules varies from 10 to 400 um. The higher the powder particle size, the higher the
retention of fish oil (Jafari et al. 2007).

Although the spray-drying technology is commonly used, it has certain disad-
vantages. The spray-drying process may induce oxidation and the fish oil may have
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a limited shelf life due to the porous structure of the obtained spray-dried powder,
and thus high access of air to the oil (Hogan et al. 2003; Kolanowski et al. 2006;
Kolanowski et al. 2007). Kolanowski et al. (2006, 2007) even concluded that their
spray-dried fish oil was less stable upon storage against oxidation than fish oil.
However, this is not a common finding and might be due to the process conditions
applied and/or materials used.

Encapsulates with a larger particle size might be more storage stable than those
with a smaller particle size (Fang et al. 2005). Not only the temperature, but also
the high moisture content affects the shelf life of spray-dried fish oil (Baik et al.
2004; Fang et al. 2005; Drusch et al. 2006a). This is probably because of a decrease
in the glass transition temperature to values below the storage temperature, leading
to relatively higher mobilities of molecules and reaction rates. Further improve-
ments might be obtained by cross-linking of the carrier material prior to spray-
drying, for example, by Maillard reaction of proteins (sodium caseinate, whey
protein isolate, soy protein or skim milk powder) with carbohydrates (glucose,
dried glucose syrup, or oligosaccharides) at 60—100°C for 30—60 min (Sanguansri
and Augustin 2001; Augustin et al. 2006; Luff 2007). It is not clear if these
improvements in storage stability were because of changes in powder morphology
and/or anti-oxidative action of Maillard products. This product is commercialized
under the name Driphorm by Nu-Mega. Another improvement might be obtained
by the induction of simple coacervation (see also Sect. 6.3.3.1), addition of malto-
dextrin (with or without gum Arabic) into an emulsion of fish oil and hydroxypropyl
methylcellulose (HPMC) prior to spray-drying (Ke-Gang et al. 2005). The addition
of anti-oxidants, such as tocopherol or Trolox C, to the oil prior to spray-drying
might also increase the storage stability of spray-dried fish oil (Hogan et al. 2003;
Baik et al. 2004), although it may act as a pro-oxidant at high concentrations
(Kolanowski et al. 2006). Serfert et al. (2009) found that a combination of anti-
oxidants, that is, tocopherol, ascorbyl palmitate, and rosemary extract retarded the
autoxidation significantly upon storage. However, the use of trace metal chelation
like citrem did not affect this, although it improved the storage stability of the emul-
sion prior to spray-drying.

The shelf life of spray-dried fish oil can be enhanced by packing the fish micro-
encapsulates alone or in food powders under nitrogen or vacuum in metalized packing
material (Kolanowski et al. 2007).

6.3.2.2 Melt Injection

The melt injection process is based on the mixing of fish or vegetable oil in a starch
matrix with anti-oxidants, sugars, emulsifiers, and water at a temperature above
100°C. The mixture is then extruded through a filter and collected in a bath filled
with cold organic solvent (e.g., with iso-propanol or liquid nitrogen; Valentinotti et
al. 2006; Subramaniam et al. 2006; see also Sects. 2.2.4 and 5.3.5). The cold
organic solvent solidifies the sugar matrix and transforms it into a glassy state mate-
rial which is then washed with a terpene (e.g., with limonene) to remove the surface
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oil present. This gives maximum protection to the microencapsulated oil against
oxidation, resulting in no unpleasant odour or taste development during dry storage.
The storage conditions are important as at a high water activity (A >0.3) the glassy
sugar structures may start to disintegrate.

The fish oil load within microencapsulates prepared by melt injection is relatively
low (10-20 wt%) and the particle size varies from 200 to 2,000 wm.

Figure 6.2 shows two confocal scanning laser microscopic (CSLM) images of a
sugar extrudate with fish oil included. The images clearly show that the oil droplets,
represented by light spheres, are well distributed through the whole matrix of the
microencapsulate. This type of fish oil microencapsulate is protein free (and thus
no gelatin), a feature that distinguishes it from other microencapsulate types.

6.3.2.3 Extrusion

Fish oil can also be encapsulated into a formable mixture or dough by using an
extruder with one or more screws in a continuous process (Van Lengerich et al.
2004; Van Lengerich et al. 2007a, b; see also Sect. 2.2.4 of this book). The extru-
sion process is done at relatively low temperatures (below 30°C) and low pressures
(500-5,000 kPa), in contrast to the melt extrusion process to encapsulate aroma
(see Chap. 5). This can be achieved by using relatively high amounts of plasticizer
(15-35 wt% water and 10-20 wt% of glycerol). First, emulsions using protein
(such as sodium caseinate, wheat protein, or whey protein isolate), gum, or modified

200 pm

Fig. 6.2 CSLM images of Duralife® from Firmenich. The fish oil microencapsulate was embed-
ded in low acryl embedding material and colored with a Nile blue solution. Sectioning of the
embedded material was done using a microtome. Two laser lines from the argon/krypton laser
were used to excite the fluorochrom Nile blue. The light spheres depict the fish oil droplets. The
pictures were kindly provided by Ellen Drost (Unilever Research & Development Vlaardingen)
and the Duralife® microencapsulates were obtained from Firmenich, Switzerland
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starch as an emulsifier were prepared, and then mixed into 45-75 wt% of matrix
materials (flours, starch, proteins, gums, etc.) with relatively high amounts of
plasticizer (water and glycerol) and 0.5—4 wt% of an acidic anti-oxidant (ascorbic
acid or erythorbic acid) using a twin screw extruder with a barrel temperature
between 5°C and 10°C. The anti-oxidant is claimed to scavenge any oxygen before
it can reach the fish oil, and hence, is not added to the emulsion phase in an attempt
to avoid deleterious interactions between the protein and the acidic anti-oxidant.
Flavor might be added to mask any off-flavor of fish oil, titanium dioxide or zinc
oxide might be used as a whitener, and a flow agent such as starch might also be
added. The extrudate is shaped by the die geometry (operating at 15-30°C) and can
be cut immediately after extrusion or granulated by grinding or milling afterwards.
The particle size of the extrudate will in general be around 0.5-2 mm. The water
level of the extrudate (15-35 wt%) can be reduced by rotary or fluid bed drying to
a water activity of less than or equal to 0.7 to increase the shelf life stability. The fish
oil load is relatively low (typically 10-25%). Optionally, the particle can be coated
with protein, starch or fat via, for example, pan coating. Alternatively, the fish oil
can be added in an encapsulated (e.g., spray-dried) form when preparing food
products by extrusion (Diguet et al. 2005).

6.3.2.4 Submerged Co-extrusion

Another type of extrusion technology is the so-called submerged co-extrusion, based
on the simultaneous dropping of an oil droplet and shell material through a vibrating,
concentric nozzle in a stream of cooling oil (see Sect. 2.2.9). The shell material may
consist of gelatin or other polysaccharides and glycerol (as a plasticizer), and the fat
content of the obtained particle is approximately 90 wt% (Sunohara et al. 2000).
This patent of Sunohara et al. also discloses the use of an intermediate layer gelatin
layer with citric acid to prevent insolubility with time due to interactions of unsatu-
rated fatty acid with gelatin. The obtained capsules may have a relatively high fish
oil load of about 70-95 wt% and a particle size between 0.8 and 8 mm. This technol-
ogy is currently used by Morishita Jintan, Japan.

6.3.2.5 Cyclodextrins

Cyclodextrins are cyclic oligosaccharides of six to eight D-glucose molecules,
which are enzymatically joined through alpha 1-4 linkages in such a way that they
to form a ring (see Sect. 2.2.10 and Fig. 3.7). Cyclodextrins containing six, seven,
or eight glucose molecules are referred to as o-, B-, and y-cyclodextrin, respec-
tively. They may reduce the off-flavor perception by either forming a complex with
LCPUFA or absorption of off-flavors. Schmid et al. (2001) disclose in their patent
that the fish oil could form a complex with y-cyclodextrin in water during stirring
under a nitrogen atmosphere, and excluded from light at 45°C for 24 h. The result-
ing paste was filtered to remove water and then dried under vacuum at 50°C for



172 C.M. Beindorff and N.J. Zuidam

48 h. The fish oil did not oxidize for more than 24 h upon storage at 100°C under
air when using y-cyclodextrin, in contrast to the use of a- or B-cyclodextrins. The
fish oil loading was 15-40 w/w% of y-cyclodextrin, and higher loads resulted in
more oxidation. This product is now marketed as OmegaDry® by Wacker Chemical
Corporation, using refined menhaden oil stabilized with mixed natural tocopherols
and/or tert-butylhydroquinone. The powder particle size is 100 um max.

6.3.3 Water-Insoluble Microencapsulates

6.3.3.1 Complex Coacervation

Coacervation is a method in which a solution is separated into a phase with a lot of
polymers and a phase with hardly any polymers. In the case of one polymer, one
speaks about “simple” coacervation (Ke-Gang et al. 2005; see also Sect. 6.3.2.1).
Complex coacervation involves two or more polymers, and is most commonly used.
One of the colloids is usually gelatin or whey proteins, while the other is an oppo-
sitely charged colloid, like gum arabic, sodium polyphosphate, or carboxy methyl
cellulose. Coacervation is started by making an emulsion of oil droplets in the aque-
ous colloidal solution. By decreasing the pH, the phase separation of the solution in
a polymer-rich and a polymer-poor phase is obtained, and the polymers precipitate
on the interface of the oil droplets. Because the reaction is reversible and the poly-
mers dissolve again if the pH is increased, hardening of the polymer layers might be
necessary. This can be done by heat treatment and consequently de-naturation of the
protein gelatin, or by cross-linking of the protein chains by glutaraldehyde or trans-
glutaminase (see also Sect. 2.2.7). The release of ingredients may be controlled by:

— varying the amount or type of cross-linking material,

— varying the amount or ratio of the colloids,

— varying the wall-to-content ratio,

— using alternatives for the colloids with somewhat different properties,
— process conditions during preparation.

Complex coacervates may have a fish oil load of about 40-90 wt% and a particle
size between 10 and 800 um, depending on the materials and process conditions
used.

Lumsdon et al. (2005) found that complex coacervates composed of gelatin or
B-lactoglobulin, gum arabic, starch, and cross-linked with glutaraldehyde could
decrease the oxidation of fish oil. Complex coacervates containing fish oil can be
present in two different morphologies: mono- and poly-nucleated format (see
Fig. 6.3). The first type consists of a single oil droplet core surrounded by a hydro-
colloid shell, whereas the second type consists of a multi-oil droplet core surrounded
by a common hydrocolloid shell (Yan 2003), here composed of gelatin and poly-
phosphate. The complex coacervates might be double coated by repetition of the
complex coacervation process (Yan et al. 2004) or by entrapment in another glassy



6 Microencapsulation of Fish Oil 173

10 um

Fig. 6.3 CSLM images of two types of complex coacervates. The left side shows a mono-nucle-
ated type with sunflower oil and on the right a poly-nucleated type of complex coacervate with
fish oil is shown. In the CSLM picture, the light sphere depicts the oil core of complex coacervates
and the dark circle around is the protein wall material. The images were kindly provided by Ellen
Drost (Unilever Research & Development Vlaardingen) and the microencapsulates were obtained
from the International Special Products, United Kingdom (left picture) and Ocean Nutrition
Canada, Canada (right picture)

matrix (e.g., composed of maltodextrin and modified starch) by spray-drying,
spray-granulation, or melt extrusion (Bouquerand et al. 2007) to enhance the storage
stability and to prevent the dissolution in the mouth. Interestingly, complex coacer-
vation has also been used to prepare ~100wm nanoparticles composed of DHA,
B-lactoglobulin, and pectin (Zimit and Livney 2009). First, 0.22 mM DHA mol-
ecules interacted with 0.05% B-lactoglobulin (1:2 molar ratio), and then 0-0.6 wt%
pectin was added and the pH adjusted to pH4.5 with hydrochloric acid. These
nanoparticles were colloidal stable and transparent in an aqueous solution, and
protected DHA against oxidation. However, their load is quite low compared to
other microencapsulates.

A modified coacervation process was recently published by Gan et al. (2008).
Soy protein isolate (SPI) was preheated at 95°C for 30 min and cooled to room
temperature to promote de-naturation of SPI, followed by emulsification with fish
oil and the emulsifier SPAN 80. The emulsion was subsequently treated at pHS5
and 40°C with transglutaminase. The obtained coacervates were filtered and freeze-
dried. After freeze-drying, the powder were dry-mixed with sucrose or ribose and
heated at 80°C for 1 h to induce cross-linking by Maillard reactions. The freeze-
dried samples were less sensitive towards oxidation than fish oil at 50°C. No or
small effect was obtained by the transglutaminase treatment. The use of ribose,
however, delayed the oxidation of fish oil, most likely due to release of anti-
oxidative Maillard reaction products during heating and a slower rate of gas
permeability through the capsules.



174 C.M. Beindorff and N.J. Zuidam

Protein cross-linking of complex coacervates may have profound consequences
for the structure of food proteins, and the subsequent properties of the final product.
Cross-linking involves the chemical reaction of a bifunctional reagent, such as
glutaric dialdehyde (1,5-pentanedial) with two amino acid residues (arginine or
lysine) in the same protein, in adjacent subunits, or in two proteins that associate
with each other. Although this reaction looks quite simple, a large variety of subse-
quent reaction pathways may be involved in this cross-linking. It is generally
assumed that glutaric dialdehyde cross-linking of proteins takes place through reac-
tion of the aldehyde groups of glutaric dialdehyde (II) with e-amino groups of
arginine or lysine residues (Tabor et al. 1992). According to these authors, the effect
of cross-linking on the oxidative stability is rather limited. The amino acids
involved in the cross-linking reaction (arginine and lysine) are only a small percent-
age (<10%) of the total amount present. Studies performed to investigate the com-
plex mechanism of cross-linking reveal that glutaric dialdehyde cross-linking is a
process resulting in the formation of a large variety of cross-linked entities.
Although isolation and characterization of these products would seem to be the
most direct approach to understanding the mechanism of glutaric dialdehyde cross-
linking, the complex nature of the reactions involved suggests the difficulty of this
approach. Furthermore, reaction time, glutaric dialdehyde concentration, tempera-
ture, and pH are very important parameters influencing the subsequent reaction
pathways. Unfortunately, the chemical cross-linking with glutaric dialdehyde is
legally not allowed to be used in foods in the European community.

Another way of cross-linking is through the use of enzymes. Transglutaminase
is an (microbial) enzyme that connects glutamine and lysine residues with the
release of NH,. It is safe to be used in food products. Transglutaminase can be used
for cross-linking several proteins, like gelatin, casein, whey protein, and certain soy
proteins.

Not only is the need of protein cross-linking for use in complex coacervates a
disadvantage of this technology but also the common use of gelatin in this micro-
encapsulation product can give rise to difficulties with either Kosher or Halal status
of the food matrix. Due to the fact that most gelatin used for complex coacervation
is obtained from pig skin, these status problems can easily arise. Of course, an
alternative source of gelatin is available, for example, from beef, poultry and fish,
but in most cases they are more expensive than the gelatin from the pig.

6.3.3.2 Microspheres

An example of fish oil encapsulation in microspheres is the use of calcium alginate
as an encapsulation material. Alginate is a polysaccharide, which is obtained by
extraction from brown algae. The use of alginate as an encapsulation material is
based on the capacity of alginate to bind di- and trivalent ions (except with Mg?>*)
resulting in gel formation. The most common way to form alginate beads is to drop
an alginate solution (1.5—4 wt%) into a calcium chloride solution (50 mM-1.5 M).
The beads are formed instantaneously. Blatt et al. (2003) used this microencapsulation
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procedure followed by an additional coating of hydropropyl cellulose on the dried
beads via fluid bed coating.

The Norwegian company Denomega Nutritional Oils sells fish oil encapsulates
in microspheres with the Austrian encapsulation company GAT. They are prepared
by first making water-in-oil emulsions, with calcium in the water phase. The addi-
tion of an aqueous alginate solution during stirring produces a phase inversion, and
calcium alginate begins to deposit on the newly formed drops (Casana Giner et al.
2006). Another colloid is then added that deposits on the surface of the micro-
spheres (e.g., xanthan gum) and then a primary surfactant is added to reduce the
size of residual water in the oil drops. Agglomeration or deagglomeration may
occur (depending on the process conditions), and finally the microspheres are hard-
ened at elevated temperature (75°C for 120 min). These microspheres might be
relatively small (1-30 um) and may have a load between 20 and 50 wt%. The GAT
encapsulates are claimed to protect the fish oil against oxidation and degradation
during food processes and release their contents below a pH of 3.5 (e.g., in the
stomach) (Thueringer 2009). The encapsulates can also be used to entrap, for
example, water-soluble active agents like vitamin C, by maximising the residual
water phase in the oil droplets during the preparation process.

The use of cross-linked, isolated soy proteins is another example of the use of
microspheres for fish oil entrapment (Cho et al. 2003). These microspheres were
prepared by making a duplex emulsion of fish oil-in-water-in-corn oil, in which the
protein is cross-linked with transglutaminase to entrap the fish oil. A reduction in
oxidation of the microencapsulated fish oil was found compared to non-encapsu-
lated fish oil upon storage for up to 14 days at 50°C. Microspheres with fish oil can
also be prepared by dropping emulsions composed of 20 wt% fish oil, 1 % chitosan,
and 10 wt% maltodextrin or 20 wt% fish oil, 1 wt% chitosan, and 1 wt% whey
protein isolate via ultrasonic atomization into a sodium hydroxide solution
(Klaypradit and Huang 2008). The basic solution solidifies the chitosan and after
centrifugation, filtering, washing with distilled water, and freeze-drying, micro-
spheres with entrapped fish oil droplets and with a particle size of about §—10um
were obtained.

6.3.3.3 Calcium Carbonate Capsules

The production of calcium carbonate capsules is based on the electrostatic adsorp-
tion of calcium carbonate particles on the negatively charged oil surface of a fish
oil-in-water emulsion during stirring (Nakahara et al. 2006). Salts, proteins, thick-
ening, and/or stabilising agents might then be added, followed by freeze- or spray-
drying. An anti-oxidant in the oil is also used. The advantage of calcium carbonate
shells is that it only dissolves at low pH. This low pH condition can be achieved in
the human body only when the food matrix, containing the calcium carbonate
encapsulates, is present in the stomach. A scanning electronic microscopic image
of a calcium carbonate microcapsule containing fish oil is presented in Fig. 6.4.
These encapsulates have been commercialized by the KITII Corporation under the



176 C.M. Beindorff and N.J. Zuidam

Fig. 6.4 A scanning electron microscope image of a Calshell microcapsule containing fish oil.
Courtesy of KIITI Corporation

name Calshell. The particle size of Calshell is approximately 20 wm which is rather
small compared to other types of encapsulates. This can be an advantage because
these small particles will not be noticed. Optionally, the particle size can be
enlarged. Also, the fish oil loading of Calshell, which is approximately 30-40 wt%,
is favorable when compared with other types of fish oil encapsulates. According to
the supplier information, less fish off-flavor is produced when Calshell encapsu-
lates are used in a food matrix (compared to the free oil), and the capsules are high
temperature and pressure resistant. Unfortunately, this technology is currently
rather expensive.

6.3.3.4 Emulsions with Protein or Polymer Shell

The oxidation of emulsion depends on the food structure and composition, for
example, water-in-oil emulsion, oil-in-water emulsion, emulsifiers, and composi-
tion of the aqueous phase (McClements and Decker 2000; Appelqvist et al. 2007).
Also, the type and charge of emulsifiers may influence oxidation. Anionic emulsi-
fiers attract positively charged metal ions such as iron, which brings them closer to
the lipid phase and enhances oxidation. Positively charged emulsifiers (such as
proteins) may repel metals and reduce oxidation, unless they have a metal-binding
capability (such as sodium caseinate). In addition, a protein layer may protect oil
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by steric hindrance and/or free radical scavenging properties, and excess of proteins
in the bulk may scavenge metals.

Further reduction might be achieved by the formation of layers around emul-
sions. The use of a single layer composed of sodium caseinate cross-linked with
transglutaminase could not inhibit lipid oxidation (Kellerby et al. 2006). The use of
two layers, which were composed of lecithin and chitosan, resulted in a slight inhi-
bition of oxidation (Ogawa et al. 2003; Klinkerson et al. 2005a). These emulsions
were prepared by first making a so-called primary emulsion with lecithin, and then
mixing this emulsion with a solution of a positively charged chitosan (Klinkerson
et al. 2005a, b). These two-layered emulsions could be freeze- or spray-dried after
addition of corn syrup solids to improve the oxidative stability (Klinkerson et al.
2005b; Klinkesorn et al. 2005¢; Klinkerson et al. 2006; McClements and Decker
2005, 2007; Shaw et al. 2007). Corn syrup solids also improve the physical stability
of the emulsions against other food processing conditions such as salt, thermal
processing, chilling, and freezing. The addition of the chelator ethylenediaminetet-
raacetic acid (EDTA) and mixed tocopherols further improved the oxidative stability
of dried emulsions. Surprisingly, the oxidation was more rapid at 11% and 33%
relative humidity than at 52%, which might be due to the sugar crystallization or
formation of Maillard products.

Further inhibition of lipid oxidation may be achieved with multi-layered inter-
faces around oil droplets in oil-in-water emulsions, which may also enable their
application as a controlled release system or triggered release system (Guzey and
McClements 2006; McClements and Decker 2005). For example tuna oil-in-water
emulsion droplets (particle size 0.2—1um) can be prepared by first emulsification
with a food-grade anionic surfactant such as lecithin or fatty acid salts (so-called
primary emulsion), followed by incubations with a cationic bio-polymer such as
chitosan (so-called secondary emulsion), and then with an anionic bio-polymer such
as pectin (so-called tertiary emulsions). One may repeat these alternative incubations
to adsorb another cation/anion bilayer on the emulsion, although care must be taken
to prevent the agglomeration due to the presence of excess free polyelectrolyte.

An increase in the oxidative stability has been reported by Guzey and
McClements (2006) when using emulsions with a SDS-chitosan-pectin wall. This
can be related due to the repulsion of iron ions by the chitosan layer and/or physi-
cally shielding of the iron ions by the multi-layers.

The lipids in the multi-layered emulsions might be bio-available (Park et al.
2007). However, applications of this technology in food matrixes remain difficult
because chitosan is not a food grade ingredient in the USA and Europe and is only
allowed in food supplements and pharmaceutical applications. Furthermore, chito-
san has no Kosher or Halal status because it is obtained from crustaceans.

6.3.3.5 Coated Microencapsulates

Powder with fish oil (e.g., obtained by spray-drying) might be coated with a lipid
layer to prevent oxidation upon storage. Ponginebbi and Publisi (2008) disclosed in
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their patent that fish oil powder in the presence of 0.5% silica flow aid could be
coated in a fluid bed by spraying with molten 30% (w/w) hydrogenated palm wax.
Presence of the lipophilic anti-oxidant L-ascorbic acid 6-palmitate in the lipid coat-
ing improved the oxidation stability of these microencapsulates upon storage better
than the presence of the hydrophilic anti-oxidant Gravinol-T. A similar lipid coat-
ing might also be used by spray-chilling of 25-33 wt% spray-dried fish oil in mol-
ten lipid (Subramanian et al. 2008).

6.4 Analytical Characterization of Fish Oil Microencapsulates

6.4.1 Chemical Composition

Fish oil microencapsulates can be analyzed with several routine analytical tech-
niques to measure the amount of protein, fat, moisture, and inorganic matter (ash
content). Please see “method collections” from American Oil Chemists’ Society
(AOCS), Association of Analytical Communities (AOAC) or pharmacopeia for
more details. In short, protein levels in foods are calculated from the total nitrogen
content determined using the Dumas or Kjehldahl method. Fat is determined gravi-
metrically after acid hydrolysis of microencapsulates and extraction using petro-
leum ether. Moisture is determined from the weight loss of the sample during
heating in a microwave oven. The ash content is determined gravimetrically by
heating the sample in an open vessel to 550°C under air to constant weight. The
remaining carbohydrate content of microencapsulates can then be calculated by
subtraction of protein, fat, inorganic matter, and water contents from 100%. Not
only is the total amount of fat in microencapsulates (the loading) important, but also
the knowledge on the presence and level of the so-called surface oil is informative.
Surface fish oil is easily oxidized, because it is located on or just in the outer shell
of microencapsulates. Indeed, Velasco et al. (2006) concluded that free fish oil and
microencapsulated fish oil oxidized differently, probably due to differences in the
oxygen availability between encapsulated oil globules. In general, the level of sur-
face oil should be as low as possible. However, the amount of surface oil alone
cannot be used to predict shelf-lives of microencapsulated fish oil (Drusch and Berg
2008). The amount of surface oil can be determined by mild extraction with hexane
or petroleum ether if they do not dissolve microencapsulates (as is the case with,
e.g., spray-dried ones; Velasco et al. 2006; Drusch and Berg 2008).

Not only is the fat content of microencapsulates important, but also the fatty acid
composition of the microencapsulated fat. Also, the percentage of DHA and EPA
in the fat phase and the ratio between these two ingredients are important from the
nutritional perspective. Especially, when a nutrient or health claim is made on the
label of the product, the amounts of DHA and EPA must be specified. Furthermore,
it is important to measure the percentage of other polyunsaturated fatty acids,
mono-unsaturated fatty acids (mainly oleic acid), and saturated fatty acids (pre-
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dominantly, myristic, palmitic, and stearic acid). Ideally, the level of saturated fatty
acids should not exceed the acceptable value, and should be in accordance with the
current nutritional recommendations. Standardized gas chromatographic methods
can be used for the fatty acid analysis.

Very important with regard to the initiation of fish oil oxidation are the amounts
of both iron and copper in microencapsulates. These metals can be present in the
fish oil or in the carrier material. For food safety reasons, the levels of the trace
elements mercury, lead, arsenic, and cadmium are also important. Fish oil may
contain high amounts of heavy metals due to the pollution of oceans and seas, for
example, gelatin can be high in trace metals both from the source (bone, skin) and
the process chemicals (acids, lye).

6.4.2 Physico-Chemical Characteristics

Particle size of micoencapsulates can be measured by standard techniques like laser
scattering or particle image analyzer (O’Hagan et al. 2005 and references therein).
Microscopic observations with either conventional light or confocal scanning laser
techniques can obtain very useful information about the size, distribution of sizes,
and structure of the microcapsule. CSLM can be combined with staining techniques
that allow staining of either the hydrophobic core or the hydrophilic shell of the
microencapsulate (see Figs. 6.2 and 6.3). Microencapsulates can be visualized
either from a dispersion in water if the microencapsulate does not dissolve in
water (e.g., cross-linked complex coacervates), or from a dry powder. Scanning
electron microscopy might be used to study the details of the morphology (see
Fig. 6.4).

6.4.3 Stability Testing

A more instrumental technique is the measurement of the oxygen head space con-
centration and the amount of secondary oxidation products formed. The decrease
of the head space oxygen concentration in a sealed bottle containing a certain
amount of fish oil powder dissolved or dispersed in an aqueous solution is a good
indication of the oxidative stability of the fish oil. Oxygen consumption reflects the
propagation step in the lipid oxidation cascade. Head space oxygen concentration
in sealed bottles and their variation over time can easily be measured with an oxygen
analyzer, in combination with an air pressure measurement.

The measurement of secondary oxidation products (e.g., aldehydes, ketones, and
alcohols) requires more sophisticated analytical equipment. The formation of these
volatile products during time can be followed by the static headspace gas chroma-
tography (Van Ruth and Roozen 2000; Jénsdéttir et al. 2005). Key off-flavor
compounds are hexanal, acetaldehyde, trans-2-pentenal, pentanal, propanal,
propenal, etc. There might be a good correlation between the oxygen consumption
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over time and the formation of secondary oxidation products (but not always),
because both might be part of the same lipid oxidation cascade.

Standardized application tests where fish oil powder is dispersed in, for example,
warm milk and directly consumed can give good indications of taste and fishy off-
flavor. Of course, these organoleptical observations are from a consumer point of
view the most important ones to make choices between different fish oils and their
microencapsulates.

In most cases instrumental and organoleptical analyses of the fish oil microen-
capsulate give the same conclusion regarding the oxidative stability. However,
contradictory results can sometimes be obtained.

6.5 Selection of Fish Oil Microencapsulates

Currently, both fish oil and fish oil microencapsulates are widely used in food
applications (bread, orange juice, cereals, bars, etc.). Microencapsulation broadens
the scope of application of sensitive fish oil in diverse food applications by enhanc-
ing the stability. A large set of different fish oil microencapsulates is currently
available in the market. Roughly, these microencapsulates can be categorized in
different groups according to the percentage of oil loading, species of fish oil which
reflects in the amount of EPA and DHA, and the type of used microencapsulation
technology. The combination of these three parameters results at the end in a price
indication of the microcapsule. A selected list of fish oil microencapsulate suppli-
ers, their commonly used microencapsulation technique, and some characteristics
are presented in Table 6.2. Most of the listed suppliers use the well-known spray-
drying technology to produce fish oil microencapsulates.

To select the type of fish oil microencapsulate suitable for a certain food applica-
tion type from the list of commercial microencapsulates or own developments is a
challenge. The following criteria might be relevant:

— quality and safety of the fish oil (including the absence of off-flavors, pesticides,
EPA/DHA ratio, and high EPA and DHA content),

— physico-chemical characteristics of the microencapsulates,

— stability during supply chain, processing, and/or storage in a food product
(which may depend on the composition of the food matrix and packaging),

— bio-availability of the fish oil,

— commercial available quantity,

— COsts,

— legal status (food grade and, e.g., the use of cross-linking agents), and

— availability in Halal or Kosher quality.

In general, one has to consider the fact that the microencapsulated fish oil is more
expensive than native fish oil. As a golden standard, it is therefore advised to test
always as a first option the use of native fish oil and only if this does not give an
acceptable end product, consider the use of a microencapsulated version. For
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Table 6.2 Commercially available fish oil microencapsulates
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Water Expected price
Supplier Trade name Technology soluble? range
Arjuna, India Zepufa Spray-dried powder Yes Low
BASF, Germany Dry n-3 Spray-dried gelatin/ Yes Low
caseinate/sugar matrix
with a starch coating
DSM, The Ropufa Spray-dried cornstarch- Yes Low
Netherlands coated matrix of gelatin
and sucrose
The Wright Supercoat Spray-dried starch/ Yes Low
Group, USA Omega-3 protein matrix
National Starch, Novomega Spray-dried powder Yes Low
USA based on modified
starch and soy protein
Kievit, The Vana-Sana Spray-dried powder Yes Low
Netherlands produced by spraying
on a moving belt
Nu-Mega, Driphorm Spray-dried powder Yes Low
Australia with Maillard
products
Wacker, OmegaDry Complexation with Yes Middle
Germany y-cyclodextrin in
water, followed by
vacuum drying
Firmenich, Duralife Melt injection with Yes Middle
Suisse matrix based on
maltodextrin and
sugar
Ocean Nutrition ~Meg-3 Dried complex No Middle
Canada, coacervates of
Canada gelatin and
polyphosphate
KITII Calshell Calcium carbonate Only at High
Corporation, precipitation low pH
Japan
Morishita Jintan, Submerged co-extrusion  Yes High
Japan
Denomega, Denomega GAT  Calcium alginate No Middle
Norway 100 microspheres prepared

via duplex emulsions
and phase inversion

example, as an alternative to microencapsulation one may also use an edible coating
of zein and fish oil on cookies, cereals, or fruit piece (Bello et al. 2007).

Much depends on what the structure of the food matrix is. For example, is it a
dry product or in a liquid form? Water-soluble microencapsulates will dissolve
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rapidly in aqueous food products and can therefore not give further protection.
Presence of different macro- and micro-nutrients may also influence the oxidative
stability of fish oil. For example, the presence of vitamin C (ascorbic acid) may act
as an anti-oxidant or as a pro-oxidant (Gunstone 2004). Sometimes, only for supply
chain and logistic reasons, companies decide to select microencapsulated fish oil
for application in their products instead of the use of native fish oil.

Spray-drying is generally the cheapest option available; submerged co-extrusion
and calcium carbonate capsules are available at relatively higher costs. The price
range of the other microencapsulation technologies in Table 6.2 might be more in
the middle of these two extremes. The prices of the several commercial microen-
capsulates vary widely, and depends on many factors (including fish oil and mate-
rial costs, cost structure of the company, processing costs, and volume of sales).
Hence, one should consider these price estimates as only indicative.

6.6 Future Developments

Currently, there are a lot of different types of fish oil microencapsulates that are
commercially available. When looking at different food applications the following
requirements of fish oil microencapsulate are currently missing:

— better resistance to oxygen burden and more proof for prevention of oxidation
and off-flavor formation in food products,

— water-insoluble microencapsulates that are storage stable in an aqueous food
product and do not sediment,

— evidence for bio-availability of fish oil from especially water-insoluble
microencapsulates.

Future research might be aimed at filling these gaps and improving existing tech-
nologies further by choosing new carrier materials and new processing conditions.
One may make use of similar technologies as used for the microencapsulation of
aroma (see Chap. 5), and/or combine existing ones. For example, one may spray-
chill microspheres.
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