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Abstract The aim of this study was to investigate the
influence of spray drying on oxidative stability of dried
microencapsulated fish oil (DMFO) coated with modified
cellulose. DMFO samples were obtained by spray drying of
prepared emulsions consisted of water solution of modified
cellulose and fish oil. Appearance and size of particles were
measured by electron microscopy and laser light micro-
sizer. The oxidative stability of samples was evaluated by
peroxide value measurements. Additionally the influence
of different antioxidant substances on oxidative stability of
the fish oil was investigated. It was observed that oxidation
changes were much slower in bulk fish oil compared to
DMFO. The most important factor determining shelf-life
of the product was the access to air. It can be concluded,
that the production of fish oil microcapsules by spray dry-
ing technique is possible, however its oxidative stability is
not improved.

Keywords Fish oil - Microencapsulation - Omega-3
PUFA - Oxidation - Spray drying

Introduction

Fish oil is the richest source of long-chain polyunsaturated
fatty acids (PUFA) of omega-3 type. Beneficial health ef-
fects of increased intake of omega-3 PUFA — especially
the long-chain eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) — are well established [1]. Omega-3
EPA and DHA intake may prevent cardiovascular diseases,
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certain types of cancer, inflammations and allergies as well
as improve proper development and function of central
nervous system [2]. In several western countries average
fish intake is far below the recommended minimum of two
fish servings per week (i.e. approximately 200.0 mg EPA
and DHA per day). Besides changing of eating and culinary
habits, the increase of omega-3 PUFA level in a diet may be
achieved by intake of fish oil supplements or food enriched
with fish oil [3, 4]. Therefore, a number of functional foods
enriched with omega-3 PUFA via fish oil addition have been
developed. Dried microencapsulated fish oil (DMFO) is a
powder, which is easily applied to instant powder products.
Fish oil powder has been incorporated into many food prod-
ucts, e.g. bread, biscuits, fruit bars, low-fat cakes, diet pow-
der, fruit juice, milk powder, instant soups, infant formula,
etc. [1]. A direct incorporation of fish oil into food is possi-
ble, but there are some problems related to this process. Ad-
dition of fish oil in excessive amounts may decrease sensory
acceptance while highly unsaturated omega-3 fatty acids
are susceptible to oxidation, resulting in the formation of
toxic hydroperoxides, off-flavors and a shorter shelf-life of
the product [5]. These disadvantages may be avoided by us-
ing well-purified fish oil at moderate addition levels, espe-
cially when protected by the addition of antioxidants [6, 7].

The food industry applies microencapsulation for a num-
ber of reasons such as stabilization of the active substances,
controlled release of the active substances, masking its un-
pleasant taste and smell. Today different techniques are em-
ployed for microencapsulation of food additives, including
flavors, preservatives, leavening agents, vitamins and min-
erals [8]. It may also be useful for microencapsulation of
omega-3 PUFA. Spray drying is a low-cost microencapsu-
lation technology and the most commonly used in the food
industry. This technique has been widely used for drying
heat-sensitive foods, pharmaceuticals and other substances,
because of the rapid evaporation of the applied solvent from
the droplets.

Spray drying is used not only for drying various food
products (e.g., dairy products such as milk) but also for
specific microencapsulation of various food ingredients,
such as flavourings, colouring substances, fats and oils.



Spray drying is transformation of a feed from a liquid form
(solution, dispersion or paste) into a powder by spraying the
feed into a hot drying medium. It is a continuous operating
process involving a combination of several stages, namely
atomization, mixing of spray and hot air, evaporation and
dry product separation [8, 9].

The advantages of this method are: its ability to handle
heat-sensitive materials, availability of machinery and its
variety, good keeping qualities of microcapsules, variety
of particle sizes that can be produced and an excellent
dispensability of particles in aqueous media [9, 10].

The disadvantage of this technology is the high temper-
ature conditions necessary for drying and access to air.
Moreover, parts of the product during drying may adhere
to the surface of the capsules, which presents potential for
oxidation and changes in the flavor balance of the finished
food products [11].

There are several materials used for coat formation dur-
ing microencapsulation by spray drying. The coatings are
generally food-grade hydrocolloids such as gelatin, plant
gums, modified starch, dextrin or non-gelling proteins
[8, 11]. Modified celluloses as coating materials, especially
methylcellulose (MC) and hydroxypropyl methylcellulose
(HPMC), are already used for microencapsulation of
drugs. In this application modified cellulose acts as a
physical barrier protecting the stomach mucosa against
irritation of enteral administrated drugs while creating
a dense and stable wall [12, 13]. For this reason the use
of modified cellulose as a microencapsulating agent may
provide an alternative for materials already used in food
industry. Moreover, Rampurna and Gullapalli [14] have
indicated, that the addition of methylcellulose causes a
significant reduction and narrowing of the particle size
of all basic oil in water (o/w) emulsions [14]. According
to special properties of modified cellulose it may also
act as a good coating material for fish oil microen-
capsulation.

Hence the aim of this study is to investigate the influence
of spray drying on oxidative stability of dried microencap-
sulated fish oil, coated with modified cellulose.

Materials and methods

Fish oil used in this study (ROPUFA’30’ n-3 food oil)
was produced by refination of crude fish oil obtained from
different species of Atlantic fishes and contained approxi-
mately 300.0 g kg~! of long-chain omega-3 PUFA (DSM
Nutritional Products, Switzerland). According to the fish
oil certificate of analysis the content of docosahexaenoci
acid (DHA) was 174.0 g kg~' and the sum of long-chain
omega-3 PUFA, i.e. EPA plus DHA plus docosapentaenoic
acid (DPA) was 318.0 g kg~!. The fish oil was a yellow-
ish, oily liquid with a very faint, fishy-like odour, per-
oxide value of the oil was 1.05 meq O kg~!. Methylcel-
lulose METHOCEL A15 (The Dow Chemical Company,
USA) was used as coating material. Maltodextrin (Crys-
tal Tex 626, National Starch & Chemical Ltd., USA) was
used as an additional coating agent. Soy lecithin — 3-sn-
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phospatidylcholine (Fluka, Germany) was used as addi-
tional emulsifier to improve the homogenization process.
Antioxidants: a-tocopherol (Fluka, Germany) and food
grade lycopene Lyc-O-Malto 7% (LycoRed Ltd., Israel)
were additionally used for higher protection against oxida-
tion of fish oil.

Two types of samples were investigated: (a) fish oil with
and without antioxidant addition, (b) dry microencapsu-
lated fish oil powder of different fish oil content.

Fish oil samples were prepared from pure fish oil mixed
with antioxidants. A total of 100 g samples were poured
into glass vials and closed with aluminum caps. An alu-
minum foil cover was used to protect samples against light.
High amounts of antioxidants were chosen according to lit-
erature suggestion that the addition of each gram of highly
unsaturated EPA and DHA requires 5—6 mg of a-tocopherol
to protect against oxidation [15].

Four fish oil samples were prepared and investigated dur-
ing storage: (a) without addition of antioxidants, stored at
room temperature, no exposure to light and air, (b) with-
out addition of antioxidants, stored at low temperature
(5+0.5 °C), (c) with 2.5 g kg~! of a-tocopherol stored
at room temperature, no exposure to light and air, (d) with
1.0 g kg~! of lycopene preparation stored at room tem-
perature, no exposure to light and air, (e) with 2.5 g kg~!
of a-tocopherol stored at low temperature (5£0.5 °C), no
exposure to light and air. Fish oil samples were evaluated
just after preparation, second evaluation was made after a
week of storage, third one — after 5 days and next ones —
every third day.

Formulations of the emulsions for spray drying were es-
tablished after several preliminary tests with different mate-
rials and proportions of the components. Final formulations
are presented in Table 1.

Fish oil was added to obtain powders with a predicted
amount of fish oil of 200.0 and 400.0 g kg~!, respectively.
Aqueous solutions of coatings were prepared by dissolv-
ing the wall materials in water and overnight storage at
5+0.5 °C. The maltodextrin was dissolved in cold water
by gentle magnetic stirring, then MC-solution was added
and mixed using a hand blender at speed 200 rpm (Braun,
Germany). An aqueous suspension of lecithin was prepared

Table1 Composition of emulsions for DMFO samples preparation,
gkg™!

Constituent Composition of samples
Sample A, B, Sample A, B,
C-200 C-400
Methylocellulose 28.37 27.88
Maltodextrin 14.18 13.94
Lecithin 0.71 0.70
Fish oil 10.87 27.88
Deionized water 945.85 929.58
Total solids in prepared emulsion®  54.14 70.41
Estimated fish oil level in dry base ca. 200.0 ca. 400.0
Wall:core (fish oil) ratio 3:1 1.5:1

“Including fish oil
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using a heated magnetic stirrer. The materials were mag-
netically mixed for 30 min and chilled in an ice bath to
540.5 °C. Fish oil was poured into the prepared solution
under stirring, after that the mixture was homogenized in
an ice-water bath using laboratory homogenizer Ultratu-
rax TK 25 (IKA-Labortechnik, Germany) at a speed of
10 000 rpm for 5 min. Each batch of prepared emulsion
weighed approximately 2 kg. The appearance and stabil-
ity of emulsions was evaluated in light microscopy under
100x magnifications.

Spray drying was employed using a pilot-scale spray
dryer (Nubilo SA, Italy) with an atomizer nozzle of 500 pm
diameter. The drying chamber diameter wa s 1.5 m, the inlet
and outlet air temperatures were 160 and 65 °C respectively
42 °C. The emulsion was fed into the dryer by a peristaltic
pump at flow rate of 15.0 g min~! and an inlet pressure of
350 kPa during spraying. The powders were collected in
glass vessels.

Obtained DMFOs of fish oil content of 200.0 and
400.0 g kg~! were placed in plastic bags and stored for
32 days under different conditions: (a) room temperature,
no exposure to light, access to air — samples A-200, A-
400; (b) room temperature, no exposure to light, vacuum —
samples B-200, B-400; (c) low temperature (540.5 °C), no
exposure to light, vacuum — samples C-200, C-400; (d) low
temperature, no exposure to light, access to air — samples
D-200, D-400.

Vacuum stored samples were closed using vacuum packer
VAC-STAR 2000 (Vac Star AG, Switzerland), in the case
of DMFOs stored with access to air; the bags were closed
using an office-stapler. Fish oil samples and DMFO sam-
ples were evaluated every third day. After taking sample for
measurements bags were closed again under vacuum and
reopened after 3—6 days for the next measurement. The aim
of this procedure was to investigate oxidation changes of
polyunsaturated fatty acids in products being opened and
closed during storage as happens under typical household
conditions.

Soxhlet extraction was made to determinate the oil con-
tent in obtained DMFOs. The sample material was put into
an extraction thimble which was closed with glass wool
and then placed in a Soxhlet extractor. A condenser was
installed on top of the Soxhlet extractor and fed with cool-
ing water at a temperature of 2 °C. The prepared round
evaporation flask was filled with 75.0 ml of petrol ether
and connected to the Soxhlet extractor. The petrol ether
was heated to boiling point and run for 4 h. Afterwards,
the evaporation flask was put into an evaporator and the
petrol ether was evaporated for 30 min at 50 °C. A water
vacuum pump was used to accelerate the process. Then the
evaporation flask was stored under an extraction hood for
15 min, then the content was weighed.

Peroxide value (PV) was measured to determinate the
oxidation process during storage. The applied iodometric
method is based on ISO 3960 — Animal and vegetable fats
and oils — Determination of peroxide value (2001), with
chloroform and glacial acetic acid as solvents. Samples
representing 0.5 g of oil, i.e. 2.5 g DMFO sample of fish oil
content of 200.0 g kg~! or 1.25 g sample of 400.0 g kg~

were placed in the Erlenmeyer flask and dissolved in 20 ml
of chloroform. Then 30 ml of glacial acetic acid was added
and the mixture was stirred for a few seconds to ensure
the mixing. After that 0.5 ml of the potassium iodide (KJ)
solution was added. After 1 min, 30 ml of deionized water
was added and the titration started. When the dark-yellow
color changed into a pale-yellow, 0.5 ml of starch-solution
was added. Titration was finished when the color disap-
peared. The mixture was stirred magnetically during the
procedure. Results were calculated as micro equivalents of
active oxygen per 1 kg of fat sample (meq O kg™).

Microscopic evaluation of samples was made using light
and scanning electron microscopy (SEM). Obtained emul-
sions were examined by optical light microscopy applying
100 x magnification by using light microscopy. The surface
appearance and morphology of DMFOs were examined by
SEM (XL 20 Philips, Netherlands). Samples were fixed
onto double-sided adhesive carbon tabs mounted on SEM-
tubs, coated with gold/palladium in a sutter coater, and
examined by SEM operating at 5 k'V.

Particle size analysis was carried out using the Sympa-
tec laser light diffraction particle size analyzer (Sympatec,
Germany).

Statistical analysis of variance (ANOVA) was applied
to the data obtained from peroxide values measurements
using the statistical software MS Excel.

Results

Modified cellulose showed very good emulsifying proper-
ties. However, mixing and homogenization of the solution
provoked an air entrapment creating an excess of foam,
which disappeared after 30 min. This disadvantage may
lead to an excess of oxygen incorporation for a short time
and should be avoided. It was also observed that a conse-
quence of the homogenization step was that the temperature
of the emulsion increased up to 25 °C, in spite of the fact
that an ice-water bath was used.

The diameter of droplets in all prepared emulsions ranged
from 10 to 40 wm. That was observed a tendency to ag-
gregate smaller droplets resulted in an increase of average
droplet size. However visual evaluation showed that ob-
tained emulsions were stable for at least 3 h after homoge-
nization process, which was sufficient for spray drying.

The structures of DMFOs observed by SEM are shown
in Fig. 1a and b. In all samples, the average diameter of
the microcapsules was 27 pm, there were few particles
of lower or higher diameter (Fig. 2). In Fig. 2 sinusoid
curve reflects statistical distribution of particle size, which
the highest peak reflecting an average particle size (i.e.
ca. 27 pm), S-shaped curve reflects percentage amount
of particles of different sizes (e.g. 75% of all particles
was between 10 and 50 pm, or 50% of all particles
was smaller than 27 pwm diameter). The sinusoid curve
shows that particles of diameter between 10 and 20 pm
were the most common occurring (30% of all particles).
The diameter of the microcapsules depends probably
on homogenization parameters, the materials used and



Fig.1 SEM images of DMFO
samples coated with modified
cellulose, containing 200 and
400 g kg~! fish oil (a and b,
respectively)
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Fig. 2 Image of particle size analysis

conditions of the spray drying process. It was observed,
that not all of the wall material was used for the formation
of microcapsules. Some unbound cellulose was observed
around the capsules. Not too many capsules were broken
or damaged. The surface of samples was smooth and
regular, however small holes occurred on surface of sample
containing 200.0 g kg~! of fish oil. It could be an effect
of too high content of coating material in the formulation,
which was not used for creation of microcapsules wall and
occurred in the form of irregular small particles.
Measurements of fish oil content in the obtained powders
showed high microencapsulation efficiency. In the case of
the sample with estimated content of fish oil —200.0 g kg~!
the real amount of oil was 173.0 g kg™!, representing an
efficiency of 86.5%. In the case of sample of fish oil content
400.0 g kg~!, the real amount of oil was 339.5 gkg™~!, rep-
resenting an efficiency of 84.8%. Unbounded fish oil (i.e.
13.5 and 15.2% of oil used for sample preparation) proba-
bly remained at the inner wall of the spray dryer chamber
as it is usually during spray drying of o/w emulsions.
Evaluation of oxidative stability of fish oil samples
showed that addition of antioxidants (a-tocopherol, ly-
copene) did not improve the shelf-life of the samples. The
peroxide values for these samples during storage increased
and were significantly higher in comparison to pure fish oil
(Fig. 3). Results of measurements showed that the sample
without antioxidants addition gave a product of the highest
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Fig. 3 Oxidation changes of fish oil (FO) samples during storage

stability. That effect could be provoked by too high level of
antioxidant, which in a high amount may accelerate oxida-
tion process. The highest peroxide value at the end of stor-
age time showed fish oil sample with addition of lycopene.
Initial peroxide value of pure fish oil was 1.05 meq
O kg~! and after microencapsulation process increased
to approximately 4.06 and 2.10 meq O kg~' for 200.0
and 400.0 g kg=' DMFO samples, respectively. High
temperature during spray drying resulted in acceleration
of oxidation changes and higher peroxide values after the
process. The formation of peroxide compounds was the
highest in both DMFOs samples stored at room tempera-
ture with access to air, reaching at the end of the induction
period values: 171.7 and 211.4 meq O kg~! for 200.0 and
400.0 g kg~! sample respectively, as shown in Fig. 4. The
induction period was shorter for 200.0 g kg~! sample than
for 400.0 g kg~' sample. Heinzelmann and Franke [16]
considered the value of 20.0 meq O kg~! as the upper
limit for DMFO [16]. In the case of DMFO samples stored
at low temperature peroxide values were much lower but
with tendency to significant increase in time (Fig. 5).
Samples packed under vacuum were stable and mean per-
oxide values slightly increased during 30 days of storage.
In the case of vacuum packed samples, the storage period
was too short to observe the typical PV curve. After 30 days
of storage peroxide value did not exceed 10.0 meq O kg~.
Moreover, there were no significant differences between
vacuum packed samples stored in different temperatures in
case 200.0 g kg~' and 400.0 g kg~! DMFOs. The most
unexpected results were obtained in the case of vacuum
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stored DMFOs which were opened for a short time, closed
and reopened again after 3—6 days for measurement. Per-
oxide values of these samples showed significant increase
despite contact to air was very short and limited. Thus,
access to oxygen, even for short time may have a strong ef-
fect on oxidative stability of DMFOs. Results of oxidation
measurements of vacuum packed DMFOs are presented in
Figs. 6 and 7.

Results of peroxides evaluation suggest that once initi-
ated oxidative changes of fat runs more intensive in samples
of higher fish oil content despite vacuum packaging. In the
case of samples with full access to air, intensity of per-

Storage period, days + day of reopening

oxides formation was higher in samples of lower fish oil
content. This may suggest that the wall of DMFOs of fish
oil content of 400.0 g kg~ was more protective, i.e. more
dense than in the case of 200.0 g kg~! samples, which
was also observed during SEM examination. This unex-
pected phenomenon could be explained by differences in
proportion of components of both formulations. In the case
of 400.0 g kg~! DMFO utilization of used materials was
probably more efficient and resulted in creation of more
dense wall of particles than in the case of 200.0 g kg™
sample, which contained significant amount of unbounded
cellulose and more holes on the surface (Fig. 1).
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Fig. 7 Oxidation changes of vacuum and reopened vacuum packed
DMFO samples stored at low temperature

Discussion

Heinzelmann and Franke [16] showed that contact between
fish oil and oxygen during the emulsion production process
may lead to acceleration of oxidation changes in emulsion
before the drying process. It is impossible to prevent this
contact completely. Moreover, a consequence of the ho-
mogenization process is that the temperature of emulsion
increases. Maximal emulsion temperature during homog-
enization should not exceed 35 °C. In the present study it



was observed that emulsion temperature increased during
homogenization despite using ice-bath, though not exceed-
ing 25 °C. An examination of oxidation deterioration in
the obtained emulsions after homogenization showed no
significant changes in peroxide value, which is in contra-
diction to results obtained by Heinzelmann and Franke [16]
and Shahidi and Han [17].

In the present study it was observed that the drying proce-
dure gave rise to oxidative degradation, which is in opposite
to the results obtained by Heinzelmann et al. [17, 18]. The
results obtained in this experiment confirmed previous con-
clusions that the main disadvantage of microencapsulation
by spray drying technology is elevated temperature which
may lead to an increased oxidation of PUFA [16, 17].

A number of studies have been reported on the oxida-
tive stability of microencapsulated fish oil or fatty acids
methyl esters, obtained either by spray drying or freeze
drying techniques. Literature review on oxidative stability
evaluations of different PUFA shows a wide variation of
results that are difficult to interpret. Such inconsistent re-
sults may be due to changes in oxidation conditions and to
the application of analytical methods that measure different
endpoints of lipid oxidation. In many experiments on sta-
bility of fats and oils oxidation is accelerated under extreme
conditions (e.g. elevated temperature of storage, forced air
access) and many methods employed to determine the level
of oxidation are not sufficiently sensitive to be relevant to
flavor detection [19].

Explanation of poor shelf-life of fish oil sample with
high addition of a-tocopherol may be its superior reactiv-
ity. Above a certain concentration, a-tocopherol loses effi-
ciency in stabilizing PUFA [20]. Lampi et al. [20] indicated
that the addition of a-tocopherol to vegetable oils does not
generally improve their oxidative stability. It seems that
this is because the natural a-tocopherol level in these oils
is sufficient for protection against oxidation and its addi-
tion on higher level cannot elevate stability of the oil [20].
However, less is known about the reactions in more com-
plex food systems, where it is possible that interactions
with matrix and catalysts may cause different oxidation re-
actions. It has been observed that a-tocopherol may have
a considerable pro-oxidant activity in aqueous systems in
the absence of chelating agents and reducing compounds
[20].

In the case of lycopene stabilized sample, the perox-
ide values were the highest in comparison to the others.
The explanation of this results may be that too high doses
of lycopene promote formation of peroxyl radicals acting
as pro-oxidants and of the oil [21]. At the moment very
little is known about the antioxidant activity of lycopene
on polyunsaturated fatty acids present in fish oils. Further
studies are necessary to evaluate possible stability effect of
lycopene on fish oil.

Obtained results showed that fatty acids oxidation was
much slower in the case of bulk fish oil samples in compar-
ison to DMFO samples, which is similar to observations
made by Marquez-Ruiz et al. [22]. The difference in oxida-
tive stability is related to a high developed surface area of
DMFOs in comparison to bulk fish oils [17, 22]. Therefore,
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difference in air access exerts an effect on the oxidative sta-
bility of examined samples. These was observed also dur-
ing present investigation. Results of oxidation studies for
vacuum-stored DMFOs are in agreement with other stud-
ies [18, 23, 24] which suggests that shelf-life of DMFOs
may be improved when stored under nitrogen or vacuum.
However, it is difficult to stop once oxidation process has
started.

Conclusions

Results obtained during this study indicate that microen-
capsulation by spray drying technique did not significantly
protect fish oil against oxidation in comparison to bulk
fish oil. It was observed that oxidation changes were much
slower in case of vacuum packed DMFO samples. How-
ever, vacuum packed samples opened during storage for
a short time, closed under vacuum and reopened again
after couple of days showed significantly higher oxida-
tion changes in comparison to unopened ones. Results also
showed that modified celluloses, especially methylcellu-
lose, can be used as an alternative material for fish oil mi-
croencapsulation. Further studies are necessary to evaluate
influence of addition of antioxidant as a factor increasing
shelf-life of dried microencapsulated fish oils, as well as
to optimize homogenization conditions, which may affect
oxidative stability of the final food product.
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