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This study aimed to improve the quality characteristics of fish oil microcapsules from monolayer and multilayer
emulsions by optimizing the ultra-sonicated homogenization conditions to obtain a stable source of omega-3
fatty acids to add in food matrix. For that, a response surface methodology trial was firstly conducted to get
optimum ultra-sonicated conditions that increase stability of emulsions and efficiency of microcapsules. Thus,
optimum combinations of power of (141.01 and 141.21 kg mz/s3), time (15 and 5 min), pulse (80%) and
emulsion volume (100 and 200 mL) were obtained for monolayered and multilayered emulsions, respectively. In
comparison to homogenization by high-pressure, the use of ultrasounds improved most quality characteristics of
emulsions (stability and drop size) and microcapsules (microencapsulation yield, total oil, microencapsulation
efficiency, quantities and bioaccessibility of EPA and DHA, lipid oxidation, size, and distribution), especially in
monolayered ones. It worth noting the increase in microencapsulation efficiency in multilayered and the

improvement in emulsion stability and bioaccessibility of EPA and DHA in both types of microcapsules.

1. Introduction

A diet rich in omega-3 polyunsaturated fatty acids (PUFA ®-3),
principally eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) has been shown to have a wide range of beneficial health effects,
including proper neurological development, especially in early devel-
opmental stages (Czyz et al., 2016), regulation of blood glucose levels by
incorporating into cell membrane phospholipids, stimulating insulin
receptors or reduction of risk factors for the development of various
inflammatory and cardiovascular diseases by regulating triglyceride
concentrations and increasing cholesterol transport to the liver by high-
density lipoproteins (HDL) (Lavie et al., 2009).

The beneficial effects of PUFA ®-3 together with the insufficient
intake of these have led to a growing interest in the development of
dietary supplements and foods enriched in PUFA ®-3 in recent years,
which has led a European regulation with nutritional claims related to
these fatty acids, such as “source of -3 fatty acids” (0.3 g of ALA or 40
mg of the sum of EPA + DHA per 100 g and per 100 Kcal) (EU.
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Commision Regulation, 2010).

Different methods have been investigated to microencapsulate PUFA
®-3, being spray drying the most used in the food industry as it is a
flexible, economical process, easy to scale up and giving rise to a powder
of good quality. This process involves the preparation of a simple oil-in-
water (O/W) or double oil-in-water-in-oil (O/W/0O) emulsion, having
the O/W emulsions a single layer of emulsifier around each drop of oil.
From here, techniques based on the superimposition of wall materials
have been developed to increase the protection of m-3 PUFAs, giving rise
to multilayer emulsions (Jiménez-Martin et al., 2015, 2016), where the
oil droplets are surrounded by multiple layers of wall materials, made up
of a combination of an ionic emulsifier (i.e., lecithin) to stabilize the oil
particles in the aqueous phase and one or more polyelectrolytes of
opposite charges (i.e., chitosan and maltodextrin), joined by the elec-
trostatic deposition technique “layer by layer”. The choice of one or the
other wall materials is influenced by the final application, depending on
the food matrix likely to be enriched, the desired moment of release of
the bioactive compound and the environmental conditions at which the
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minor ones. This profile is quite in agreement with the fatty acid
composition of the fish oil used in this work (Jiménez-Martin et al.,
2016). As expected, the highest quantities of fatty acids released were
found in the intestinal phase in both types of microcapsules, followed in
decreasing order by gastric and oral phases. These results agree with
previous studies of fat digestion that have shown higher percentages of
hydrolysis in the intestinal phase compared to the oral and gastric phase
(Friedman & Nylund, 1980; Solomando, Antequera, & Perez-Palacios,
2020), which is consistent with the secretion of lipolytic enzymes such
as pancreatic lipase, phospholipase, and sterol esterase, at the intestinal
phase, hydrolyzing most lipid compounds. In general, the main fatty
acids releases were docosahexaenoic acid (C22:6n-3, DHA), following in
decreasing order by oleic (C18:1n-9c), palmitic (C16:0), linoleic
(C18:2n-6) and gadoleic acid (C20:1), which according to the fatty acid
profile of the fish oil used in this work and described in previous studies
(Jiménez-Martin et al., 2016). On the other hand, the type of fish oil
microcapsules significantly influences the amounts of fatty acids
released. In the oral phase, higher release was observed in 10 of the 24
fatty acids identified in Mo compared to Mu; in the gastric phase all fatty
acids except for trans-tetradecenoic (C14:1) showed higher release in Mo
compared to Mu in the intestinal phase differences were only observed
in 3 of the 24 fatty acids identified, being the release of linoleic (C18:2n-
6) and a-linolenic acid (C18:3n-3) higher in Mu than in Mo and of C14:1
higher in Mo than in Mu. These differences could be explained by the
extra coating of chitosan in Mu, providing a major protection of the
encapsulated fish oil, specially from the acidic environment of the
stomach, at pH between 1 and 3, chitosan tends to be positively charged,
having a high electrostatic attraction with anionic molecules such as
maltodextrin. However, chitosan loses its positive charge at pH values
above 6.5, not presenting electrostatic interaction (McClements & Li,
2010). Thus, during acid digestion in the stomach, a high electrostatic
interaction can take place between chitosan and lipid droplets,
decreasing the amount of lipid surface exposed to enzymatic activity,
but in the phase of intestinal digestion (pH between 6 and 7,5), the
electrostatic interaction decreases, which would favor the release of
lipid molecules, remaining at this time available to be digested by the
enzyme pancreatic lipase. Focusing on the fatty acids of interest in the
present study, EPA and DHA, despite the significant differences at oral
and gastric, the release of fatty acids was quite similar in Mo and Mu at
the intestinal phase, being the bioaccessibility of EPA + DHA (expressed
as the percentage of fatty acids at the intestinal phase in relation to
initial quantities) 82.6% and 83.07% for Mo and Mu, respectively, This
may point out that the fatty acid released at oral and gastric phases
should not be hydrolyzed, reaching the intestinal phase, in comparison
to fish oil microcapsules from emulsion homogenized at high pressure
that showed higher bioaccessibility of EPA and DHA in Mu (around
50%) than in Mo (around 40%) (Solomando, Antequera, & Pérez-Pala-
cios, 2020). The ultra-sonicated homogenization supposes a notable
improvement.

In the case of Mo, the single wall of maltodextrin may prevent the
rapid absorption of water of oral fluids, providing partial protection
against oxidizing agents in the early stages of the gastrointestinal tract.
However, at the gastric level, the decrease in pH catalyzes the hydrolysis
of the glycosidic bonds that join the monosaccharide molecules, which
may induce the degradation of the microcapsule wall. However, the
fatty acids of Mo may not be completely digested until the intestinal
phase by the action of the enzyme pancreatic lipase (Damodaran et al.,
2008).

4. Conclusions

This work demonstrates the importance of optimizing the ultrasonic
homogenization conditions of monolayer and multilayer fish oil emul-
sions to improve the quality characteristics of the microcapsules.

Optimum combination of power (141.01 and 141.21 kg m?/s%), time
(15 and 5 min), pulse (80%) and emulsion volume (100 and 200 mL) has
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been achieved for monolayer and multilayer fish oil emulsions, respec-
tively, giving rise to microcapsules with a higher content of encapsu-
lated oil.

The homogenization method influences the quality characteristics of
emulsions (creaming index) and microcapsules (lipid oxidation, micro-
encapsulation yield and microencapsulation efficiency), showing the
ultra-sonicated homogenization of monolayer and multilayer fish oil
emulsions  better quality characteristics to  high-pressure
homogenization.

The simulated digestion of both types of microcapsules released the
highest quantities of fatty acids in the intestinal phase, however, the
combination of maltodextrin-chitosan in multilayer microcapsules pro-
vides higher resistance in the first phases of digestion compared to
simple maltodextrin coating on monolayer microcapsules.
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