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Nanoemulsions and emulsions can be used as delivery systems for omega-3 fatty acids into
functional food and beverage products.
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Abstract

Consumption of biologically active amounts of omega-3 fatty acids is linked to
improved human health, which has partly been attributed to their important role in brain
development and cardiovascular health. Western diets are relatively low in omega-3 fatty
acids and many consumers turn to supplements or functional foods to increase their
intake of these healthy lipids. Fish oil is one of the most widely used sources of omega-3
fatty acid for supplementation and has greater health benefits than plant sources because
of its higher concentration of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). The incorporation of omega-3 fatty acids into foods and beverages is often
challenging due to their low water-solubility, poor oxidative stability, and variable
bioavailability. Nanoemulsions offer a promising way to incorporate omega-3 fatty acids
into liquid food systems like beverages, dressing, sauces, and dips. Nanoemulsions are
colloidal dispersions that contain small oil droplets (r < 100 nm) that may be able to
overcome many of the challenges of fortifying foods and beverages with omega-3 fatty
acids. The composition and fabrication of nanoemulsions can be optimized to increase
the chemical and physical stability of oil droplets, as well as to increase the

bioavailability of omega-3 fatty acids.

Keywords: Omega-3 fatty acids; fish oil; nanoemulsions; functional foods;
nutraceuticals
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1. Introduction

EPA and DHA are the long chain polyunsaturated fatty acids (LC-PUFAs) most
commonly found in fish oil and are linked to brain development, cardiovascular health,
and inflammation 1. Western diets have been reported to be severely lacking in the
amount of omega-3 fatty acids (FA) consumed . Consumption of sufficient levels of
omega-3 FAs have been identified as a way to reduce mortality risks, especially for
cardiovascular disease °. It is estimated that the mortality risk of low omega-3 intake was
responsible for 84,000 deaths in the US in 2005. Low consumption of EPA and DHA is
due to numerous factors such as the high cost of fish, dislike of seafood by many
consumers, presence of methyl mercury, and low availability in many geographical
locations ®8. The low consumption of EPA and DHA mean that fortification of foods
may be one of the most effective ways in increase omega-3 intake and improve health.

Much of the early research on omega-3 FAs focused on enrichment of foods using
alpha-linolenic acid (ALA), however more attention is now being paid to
eicosapentaenoic acid (EPA) and docosahexaenoic (DHA). This rise in interest may be
a result of the specific recommendation for EPA and DHA intake by the National
Academies and the Dietary Guidelines for Americans in 2010 or the FDA’s approval of a
qualified health claim for foods or supplements that contain EPA and DHA in 2004 2 %12,

The food industry is now taking measures to help consumers increase their omega-3
FA consumption by introduction of various kinds of functional foods. Functional foods
provide health benefits over and above their basic nutritional aspects **. Omega-3
enriched foods are quite popular, especially beverages, and there are large areas of
growth for omega-3 products in countries with both small and large existing omega-3
markets . At present, there are a number of functional foods enriched with omega-3
fatty acids that are on the market, such as milk, eggs, yogurts, breads, and spreads. Some
of these products have been naturally enriched through the diet of the chicken or cow
they were obtained from, while others have been enriched through the addition of omega-
3 fatty acids as bulk oils, emulsions, or powders 146, Nevertheless, there are
considerable challenges to incorporating omega-3 FAs into many types of functional food

products due to their low water-solubility, poor chemical stability, and variable
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bioavailability. Consequently, there has been growing interest in the development of

appropriate delivery systems to encapsulate, protect, and release omega-3 fatty acids.

Nanoemulsions have great potential for overcoming the challenges associated with
developing omega-3 enriched food and beverage products. They can be used to
encapsulate oils and increase their water-dispersibility 1. They can be designed to have
good Kinetic stability and high optical clarity, which is important for application in many
food and beverage products 8. They can also be designed to increase the oral
bioavailability of encapsulated lipophilic components %29, Despite these advantages,
nanoemulsion-based delivery systems must still be carefully designed to ensure good
physical and chemical stability, and high bioavailability. The purpose of this article is to
highlight the potential of nanoemulsions for the encapsulation, protection and release of
omega-3 fatty acids. These delivery systems could be used in the food industry to fortify
foods and beverages with these bioactive lipids, or they could be used in the supplement
or pharmaceutical industry to increase the bioactivity of therapeutic omega-3 fatty acid

formulations.

2. Omega-3 fatty acids

2.1. Chemistry and health benefits

Fat consumption is necessary for human development, health, and longevity 2.
There are two fatty acids that have been identified as being essential in the human diet:
linoleic acid (LA) (18:2 n-6) and alpha-linolenic acid (ALA) (18:3 n-3), which are also
known as omega-6 and omega-3 FAs, respectively. These substances are part of a lipid
group collectively known as long chain polyunsaturated fatty acids. These fatty acids are
considered essential because they cannot be synthesized by the human body as a result of
the lack of enzymes that can form double bonds beyond the A°® carbon 2*. After
consumption, the essential fatty acids can then be converted in the human body by
desaturation and elongation into longer chained and more unsaturated fatty acids, which

are more bioactive than their precursors 22, The most common derivative of LA is
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arachidonic acid (20:4 n-6) 222, ALA is converted to eicosapentaenoic acid (EPA) (20:5
n-3), which is further elongated to docosahexaenoic acid (DHA) (22:6 n-3) %,

The conversion of ingested ALA to EPA and DHA within the body is not usually
considered to be a reliable source of LC-PUFAs in the human diet. The elongation and
desaturation conversions are highly inefficient as most of the fatty acid precursors are
utilized for energy 22. Furthermore, the conversion yield of ALA to EPA and DHA in
men is only 0.3-8% and < 4%, respectively 23, In women, the conversion yield of ALA to
EPA and DHA is 21 % and 9%, respectively. This poor production of LC-PUFA in the
body makes it more beneficial to consume omega-3 FAs as preformed EPA and DHA,
rather than as ALA.

2.2. Food sources

There are many dietary sources of omega-3 FAs including fish, krill, algae, and land
plants ©. The type and amount of omega-3 FAs varies between sources. Fish is the most
common source of omega-3 FAs and the amount of EPA and DHA varies between fish
species, time of year, the fish’s diet, and geography. Cold water, pelagic fish usually have
the highest levels of EPA and DHA. Overall, in marine fish the most important factor is
their total fat content, with high fat fish having the highest amount of omega-3s per
serving. Sardine, mackerel, herring, and halibut have some of the highest omega-3
PUFA levels but are uncommon in many diets 8. In the United States, salmon, anchovies,
herring, sardines, Pacific oysters, trout, and Atlantic and Pacific mackerel are the most

commonly consumed low mercury seafood varieties 2.

The frequent consumption of fish does raise some safety and environmental
concerns. Fish is susceptible to bioaccumulation of toxins and pollutants, one of the most
common being mercury ©. An advantage of using fish oils (rather than consuming whole
fish) is that oil refining removes the majority of these toxins. Another concern is

overfishing of the supply that could strain the sustainability of the market &.

Alternative marine sources are available as a source of omega-3 FA, without facing
some of the challenges associated with using fish. Krill oil can achieve higher levels of
EPA and DHA than fish oil but the product has a higher cost so it is usually used in

Page 6 of 37
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supplements ®. In addition, there are non-marine sources of omega-3 FA that can be used
commercially in food products. Algae are a primary producers of omega-3 FAs, which
can be cultivated to produce a continuous supply of omega-3 FAs. While algae produce
high amounts of DHA, the EPA levels are often lower than those found in fish oil 2224,
Until recently, relatively high production and purification costs limited the large scale
manufacturing of algae oils, however, considerable advances have been made in recent

years that have led to their increased commercial use 22 2426,

The Dietary Guidelines and American Dietetic Association encourage nutrient
consumption from food rather than supplements however, people may choose to consume
supplements or fortified foods for many reasons including cost, their dislike of seafood,
allergies, a vegan diet, convenience, and the inability to meet recommended EPA and
DHA levels from their normal diet > & 11, Consumers seeking alternative sources of
omega-3 FAs should be aware if the products contain ALA, EPA or DHA in order to

receive maximum health benefits.

Land plant sources of omega-3 FAs include canola, soy, flaxseed, and walnuts
mainly in the form of ALA 12227 An increased consumption of omega-3 FAs from
these sources may have a limited effect in decreasing cardiovascular disease or a stroke
because of the inefficient conversion of ALA to EPA and DHA 2,

Supplements may contain EPA and DHA in different forms than the common
triglyceride form typically found in fish oil ®. Ethyl esters of omega-3 FAs are commonly
used in dietary supplements and pharmaceuticals because of ability to be distilled ethyl
esters to produce highly concentrated oils ®. The ethyl esters of EPA and DHA have a
different absorption route in the human body than triglyceride forms, but plasma lipid
levels appear to be equivalent, however the triglyceride form can be better utilized in the
body © 28,

2.3. Fish oll
In the remainder of this section, we will primarily focus on fish oil as it is considered

to be the most common, least expensive, and best source of both EPA and DHA in the
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human diet 2’. However, other sources of omega-3 fatty acids are becoming more

economically viable, such as genetically engineered oil seeds 2%,

2.3.1. Health aspects

Fish oils have been reported to have many mechanisms by which they can reduce
cardiovascular disease (CVD) risk factors for morbidity and sudden death. The
combined effects of decreased blood pressure, positive shifts in blood lipid profiles (a
decrease in LDL cholesterol and increase in HDL cholesterol), lowering of plasma
triacylglycerols, improved cell membrane stability (especially in the heart muscles that
control heart rate), decreased platelet aggregation, and reduced inflammation contribute
to these health benefits 2”31, Bread rolls, cereal bars and crackers were fortified with
DHA and participants consumed the products in order to achieve 2 g of DHA/day. The
consistent consumption of DHA increased HDL cholesterol in middle aged men and
women and these fortified foods present a convenient way to incorporate omega-3 FAs

into the diet 32,

The EPA and DHA found in fish oil is also associated with the prevention and
possible treatment of inflammatory disease like asthma, cystic fibrosis, and rheumatoid
arthritis 2”23, The anti-inflammatory properties of omega-3 fatty acids may also help
patients recover after surgery. Omega-3 FAs administered through a parenteral route to
patients after undergoing a liver transplant had positive effects including decreasing the
duration of the post-transplant hospital care, reducing infectious morbidities, and
protecting the liver from injury partially as a result of the anti-inflammatory effects of the
PUFA 34,

DHA has been associated with brain development because of the large amounts of
DHA in the human nervous system . The cell membranes of the brain and retina of the
eye experience a surge of DHA inclusion between the third trimester and the first year
after birth %. Omega-3 FAs are essential for proper brain functioning and development
and studies have found connections between maternal consumption of fish and the visual
acuity, higher developmental scores at 18 months, and higher 1Q of infants 333537, These
preliminary studies highlight the potential importance of DHA consumption for pregnant

women.
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Besides brain development, omega-3 FAs have also been investigated for
connections with mental health conditions including attention deficit hyperactivity
disorder (ADHD), dyslexia, depression, and adult cognitive decline including dementia
and Alzheimer’s disease 3. All of these areas require further investigation for various
reasons including small sample sizes, inconsistencies in regimes, drug interactions, or

conflicting conclusions.

2.3.2. Dietary recommendations for LC-PUFA

Many organizations at the national and international levels have published
recommendations for omega-3 FA. These recommendations vary in the specificity of
omega-3 FA forms taken, such as fish, ALA, EPA, and DHA, and if subsets of the
general population require different recommendations. In the United States, the 2010
Dietary Guidelines for Americans suggests consuming 250 mg of EPA and DHA per day
through the means of 8 ounces (227 g) of a variety of seafood a week 1. It is
recommended that pregnant women consume 8 to 12 ounces (227 to 340 g) of low

mercury seafood per week 1.

The National Academies (USA) has made its omega-3 FA recommendations using
adequate intake values. An adequate intake value is used if a recommended daily
allowance cannot be established and is determined based on the intake of healthy people
%, For males and females 14 years old and above, the adequate intake value of ALA, EPA
and DHA are 1.6 and 1.1 g/day, respectively with most of the recommendation coming
from ALA %, Pregnant and lactating women have an adequate intake value of 1.4 and

1.3 g omega-3s/day, respectively.

The American Dietetic Association and Dieticians of Canada recommend 2 servings
of fatty fish per week; 8 oz of cooked fish should provide 500 mg of EPA and DHA per
day 3. The American Diabetes Association suggest at least 2 servings of fish per week
for adequate omega-3 FA consumption “°. Commercially fried fish filets are excluded
from this recommendation. The American Heart Association recommends 2 servings of

fatty fish per week, a total of 8 oz in order to obtain beneficial amounts of EPA and DHA
41
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8

The European Food Safety Agency proposes the dietary intake of 250-500 mg of
EPA and DHA/day for adults 2" %2, They also acknowledge that supplementing up to 1 g
of DHA per day is safe. The Scientific Advisory Committee on Nutrition of Great
Britain recommends at least 2 servings of fish (140 g) per week with at least one of the
servings from oily fish 2. In France, the French National Nutrition and Health Program
(PNNS) recommends eating fish two times a week **. The French Food Safety Agency
(AFFSA) recommends that individuals over the age of 10, including pregnant and
lactating women, should consume 500 mg of EPA and DHA/day and a minimum of 250
mg of DHA/day.

The World Health Organization recommends 2 servings of fish per week in order for
the consumer to intake about 200 to 500 mg of EPA and DHA per day 4. The Australian
and New Zealand National Health and Medical Research Council recommends 430 and
610 mg/day of DHA/EPA/DPA (docosapentaenoic acid) for women and men between the
ages of 19 and 69 years “°. For pregnant and lactating women from 19-50 years old, 115
and 145 mg/day of DHA/EPA/DPA is recommended.

Western diets in general do not provide satisfactory omega-3 FA intakes.
American’s current consumption of EPA and DHA is lower than the recommended
values V', On average, Americans are currently consuming 3.5 ounces (99 g) of seafood
per week and much of it is low in omega-3 FAs > 1. The National Health and Nutrition
Examination Survey (NHANES) determined the mean intake of EPA and DHA through
food sources by people over 19 years is 23 and 63 mg/day, respectively 4. For
individuals over the age of 19 consuming EPA and DHA through both food and
supplement sources, they are consuming 41 and 72 mg/day, respectively. As of the
2008/2009 and 2010/2011 surveys, the actual consumption of oily fish by the population
of Great Britain was not meeting the recommendation %4, On average, only 54 g of oily
fish were consumed per week across the age range of 19-64 years. Adults over 65
consumed an average of 90 g of oily fish per week. In contrast, Japanese diets easily
provide sufficient omega-3 FA. The Japanese population achieves the recommended

intake values of DHA and EPA through their diet high in seafood, and their use of dietary

Page 10 of 37
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fats high in ALA 7. Japanese adults consume about 80 g of fish and shellfish per day,
resulting in around 1-2 g of omega-3 FA per day.

Although many of the dietary recommendations for omega-3 encourage consumption
of fish, this is not always convenient: some people do not like fish; some people cannot
afford fish; fresh fish spoils rapidly; fish may contain undesirable contaminants (such as
heavy metals); overfishing may reduce the supply of fish available; the growing global
population puts a higher demand on the available fish ¢8. Consequently, there is great
interest in the development of alternative means of incorporating omega-3 fatty acids into
the human diet 8.

3. Nanoemulsions

Emulsion-based delivery systems offer a number of potential benefits for introducing
omega-3 oils into foods and beverages *3*°. Nanoemulsions are a class of emulsion-
based delivery systems that are becoming increasingly popular because of their ease of

preparation, small particle size, relatively high stability, and high bioavailability.

3.1. Characteristics of nanoemulsions

Oil-in-water nanoemulsions, which are the most suitable for encapsulating omega-3
oils, consist of emulsifier-coated lipid droplets dispersed within an aqueous continuous
phase. Nanoemulsions have been defined as emulsions that have mean particle radii
below 100 nm 851, Unlike microemulsions, which also contain small lipid droplets
dispersed in water, nanoemulsions are thermodynamically unstable systems °2 %3,
Nanoemulsions have been utilized in the food and pharmaceutical industries as delivery
systems to encapsulate, protect, and control the release of a variety of bioactives 4% 54,

The small particle size provides both benefits and challenges for nanoemulsions.

The bioavailability of lipophilic bioactive components encapsulated in small
particles is usually greater than those in larger particles, which may be due to various
mechanisms >4, Smaller particles have a larger specific surface area allowing for
increased enzyme activity at the oil-water interface and therefore faster lipid digestion 1"

% Smaller particles can also penetrate into the mucus layer coating the epithelium cells
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10

of the small intestine, thereby increasing the time for lipid digestion and absorption. In

addition, smaller particles may be able to pass through the mucus layer and be absorbed
by epithelium cells. Lastly, smaller particle sizes increase the solubility of encapsulated
lipophilic components in the aqueous phase close to the particle surfaces due to a

curvature effect, thereby increasing the driving force for absorption 174,

Nanoemulsions are not thermodynamically stable since the separate oil and water
phases have a lower free energy than the emulsified system 1751, Nevertheless, they can
be designed to have high kinetic stability *>. For example, nanoemulsions typically are
more resistant to gravitational separation, flocculation, and coalescence than conventional
emulsions . Their high stability to gravitational separation can be attributed to two
reasons: (i) the creaming or sedimentation velocity is proportional to the square of the
particle size; (ii) Brownian motion dominates gravitational forces for small droplets 5.
The high stability of nanoemulsions to droplet aggregation is due to the fact that the
attractive forces that normally promote flocculation or coalescence weaken with
decreasing droplet size ®1. On the other hand, nanoemulsions are often more susceptible
to Ostwald ripening than conventional emulsions. Ostwald ripening in O/W
nanoemulsions involves the diffusion of oil phase from small droplets to larger ones
resulting in an increase in the mean droplet size 1”56, Droplet growth due to this
mechanism can be inhibited by careful selection of the oil phase or by addition of

ripening inhibitors °.

Another potential advantage of nanoemulsions for certain applications is that they
can appear transparent or only slightly turbid when they are fabricated to have particle
sizes much smaller than the wavelength of light (Figure 1) 8. Typically, the mean
droplet radius should be less than about 20-25 nm to ensure high optical clarity of a
nanoemulsion, which requires careful control of fabrication conditions and product

formulation.

3.2. Fabrication methods

Typically, nanoemulsions require the use of high mechanical energy, high surfactant

levels, or both in order to be produced °’. In general, nanoemulsion production can be



Page 13 of 37

301
302
303
304
305
306
307
308

309
310
311
312
313
314
315
316

317
318
319
320
321
322
323
324
325
326
327
328
329
330

Food & Function

11

divided into high-energy and low-energy methods 8. High-energy methods rely on the
application of mechanical energy to disrupt the separate oil and water phases, mix the
two phases together, and form tiny oil droplets 4% °1. High-energy methods based on this
principle include high pressure valve homogenizers, microfluidizers and sonicators '
Droplet size is dependent on many variables including the production method, operation
settings, and system components 7. Typically, the droplet size decreases with increasing
energy input and duration, provided there is sufficient surfactant present and the oil,
water, and surfactant type are carefully selected.

In contrast, low-energy methods rely on changes in the environment or solution
conditions to promote the spontaneous formation of tiny oil droplets “°. The ability of
low-energy methods to produce nanoemulsions are closely related to the physicochemical
properties of the surfactant, and depend on the type and amount of surfactant, oil and
water present >, Low-energy methods for nanoemulsion fabrication are becoming more
popular because they can better create smaller particles sizes compared to high energy

methods, they have lower manufacturing costs, and they have simple production methods
49

A number of low-energy emulsification methods are available, including the
spontaneous emulsification (SE), phase inversion temperature (PIT), phase inversion
composition (P1C), and emulsion inversion point (EIP) methods *’. SE uses simple
mixing as one phase is slowly added to another to spontaneously form an emulsion, e.g.,
an organic phase containing surfactant and oil is added to an aqueous phase containing
water *°. The final emulsion can be manipulated by controlling many variables including
which phase is added into the other, the composition of the phases, environmental factors
(i.e. temperature and pH), and mixing conditions (i.e. stir speed and rate of addition) 4°.
The PIT method utilizes alterations in temperature to change the solubility or optimum
curvature (molecular geometry) of non-ionic surfactants, which results in the conversion
of an oil-in-water to a water-in-oil emulsion or vice versa *"-°% ¢ Typically, a surfactant-
oil-water mixture of appropriate composition is heated above the PIT, and then rapidly
cooled with continuous stirring to form a nanoemulsion. The PIC method is similar to

the PIT method as it relies again on a change in the solubility or optimum curvature of
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the surfactant, however instead of changing the temperature of the system, the
formulation of the system is altered, e.g., salt concentration *°. Both the PIT and PIC
methods rely on a transitional-phase inversion which utilizes the change in surfactant’s
functional characteristics *°. The EIP method however relies on catastrophic-phase
inversion instead of transitional-phase inversion methods. Catastrophic-phase inversion
changes the ratio between the oil and water phases while maintaining the surfactant’s
properties 4°. This may occur by preparing a water-in-oil emulsion and then adding water
while stirring. The water will initially form more droplets in the oil however when
excess water is added, the water becomes the continuous phase and the oil becomes

droplets leading to the formation of an oil-in-water emulsion.

3.3. Formulating safe nanoemulsions

When formulating nanoemulsions for food systems, food safety is one of the greatest
concerns °, followed by the consumer’s desire for clean labels on their foods 52,
Reducing the particle size into the nano-range (r < 100 nm) may substantially change the
gastrointestinal fate of ingested foods, which has led to some concern about the presence
of engineered nanoparticles in foods *°. As mentioned earlier, there may be a
considerable increase in the oral bioavailability of encapsulated bioactive agents when
they are incorporated into nanoemulsions. In many cases, this increase may be desirable,
but in some cases it may be undesirable. For example, a bioactive agent may have an
optimum blood level concentration for efficacy, but may become toxic at higher levels.
If a nanoemulsion greatly increased the concentration of this type of bioactive agent, it
may lead to high blood levels that increase toxicity. However, this should not be a
problem with omega-3 oils because they can usually be consumed at high levels without
causing health problems. Nevertheless, if the oil is highly oxidized then it may contain
toxic reaction products that would cause a problem, although consumers usually reject

this type of product due to poor sensory characteristics.

The presence of certain components in nanoemulsions may also cause concern,
particularly high levels of surfactants or solvents. Surfactants are commonly used to
stabilize nanoemulsions by adsorbing to droplet surface and protecting them from
aggregation “8. Large amounts of surfactant are typically needed to fabricate

Page 14 of 37
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13

nanoemulsions using low-energy methods (such as the spontaneous emulsification or
phase inversion temperature methods), but this is less of a problem with the high-energy
methods commonly used in the food industry (such as high pressure homogenization or
sonication) 5283, In addition, the surfactants used to form nanoemulsions are typically
small molecule synthetic surfactants (such as Tweens), although some progress has been
achieved forming nanoemulsions using natural surfactants such as phospholipids or
saponins ®4 %, There are some health concerns associated with using high amounts of
certain types of synthetic surfactants in foods, and so their use is limited by government
regulations ®¢. Natural biopolymer-based emulsifiers, such as polysaccharides and
proteins, cannot currently be used to form nanoemulsions by low-energy fabrication
methods *°, although they can be used to form nanoemulsions by high-energy methods .
Toxicity may also arise from the utilization of organic solvents in certain solvent
displacement or evaporation methods used to prepare nanoemulsions 4°. Small traces of
these solvents may remain in the emulsion and must be monitored. However, most of the
fabrication methods currently used to create food emulsions do not require the utilization
of organic solvents. Another important issue affecting the potential toxicity of
nanoemulsions is the fact that lipid nanoparticles may behave differently in the human
body than the larger particles conventionally used in foods, e.g., the location, rate, and

extent of absorption °.

3.4. Formulating label-friendly nanoemulsions

Consumers are increasingly demanding products that are perceived to have “clean
labels” 888, Changing to natural surfactants may be one way to meet these demands.
One natural surfactant that has been investigated is extracted from the bark of the
Quillaja saponin Molina tree and is marketed commercially as Q-Naturale® (Ingredion,
New Jersey). This surfactant has been compared to Tween 80, a common nonionic
surfactant used in the food industry, to form nanoemulsions by a high-energy method
(microfluidization) using medium chain triglycerides as the oil phase . Q-Naturale
exhibited effective surfactant properties, as it was able to form stable nanoemulsions
under certain circumstances at relatively low surfactant-to-oil ratios (1:10). The use of

clean label ingredients also extends to any cosolvents or antioxidants that are added to the
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emulsion formulation to increase physical and chemical stability, which may narrow the

formulation possibilities for omega-3 nanoemulsions.

4. Applications of nanoemulsions in foods and beverages

The most widely used delivery systems for incorporating omega-3 oils into foods
and beverages are bulk oils, emulsions, and powders ®°. These powders are typically
formed by spray drying emulsions. Microencapsulation has proved to be a popular way
of creating powdered omega-3 that can be incorporated into a variety of food products
including baked goods, spreads, and fruit beverages '°. However, this technology
typically only delivers relatively small levels of bioactive lipids since powders usually
only contain around 1 to 30% omega-3 FAs °. Microencapsulated emulsions for food
applications have previously been discussed in detail elsewhere and will therefore not be

reviewed further here 1679,

Nanoemulsions offer a convenient means of fortifying many aqueous-based food and
beverage products with omega-3 oils. Fortified nanoemulsions could be introduced into
food systems such as beverages, salad dressings, sauces, dips, and desserts "% 2, Current
liquid or semisolid food products that have been enriched with omega-3 FAs using
emulsion-based delivery systems include table spreads, yogurts, and milk >, None of
these products requires the delivery system to be optically transparent, and therefore
emulsions or nanoemulsions could be used, although there may be some advantages in
terms of long-term stability and bioavailability from using nanoemulsions . The optical
transparency that can be achieved with nanoemulsions allows their application within
clear food and beverage products, which would expand the functional food market for
lipophilic bioactives. Low-energy fabrication methods are also becoming a larger area of
interest because of their beneficial characteristics mention previously, e.g., simplicity,
low cost, and gentle processing conditions % 72, That being said, nanoemulsions must be
carefully formulated to create physically and chemically stable systems suitable for food

applications.
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5. Obstacles to incorporating Omega-3 nanoemulsions in foods

A number of obstacles must be overcome before omega-3 fortified nanoemulsions
can be successfully incorporated into commercial food products *, such as their
susceptibility to lipid oxidation, ensuring the physical stability of the system, delivering a
nutritionally beneficial quantity of bioactive in a bioavailable form, and providing a
palatable product that is acceptable to consumers. A number of these challenges are

discussed in more detail in the remainder of this section.

5.1. Oxidation

Lipid oxidation in food products causes multiple problems that impact shelf-life,
safety, nutritional value, functionality, and flavor "® 7°, Oxidation is readily noticed by
consumers because the products of the reaction cause undesirable sensory attributes in
food products at very low levels “8. Oxidation is the reaction of unsaturated fatty acids
(FAs) free radicals and oxygen (Figure 2) and occurs in three stages: initiation/induction,
propagation, and termination 888 The most common mechanism for oxidation in
emulsions is the reaction of free radicals with unsaturated lipids leading to the formation
of lipid radicals. These lipid radicals react with oxygen and other lipids, thus beginning
the chain reaction (propagation) stage of lipid oxidation 8. Before oxidation occurs,
there is a lag phase, which is the phase that food processors attempt to extend through
means of storage in cooler temperatures, decreased oxygen exposure, and addition of
antioxidants®t. Once the initiation phase has begun, the rate of oxidation increases
exponentially and the food is spoiled.

Lipid oxidation is promoted by exposure of unsaturated lipids to air, light, heat, and
irradiation "8, Many factors contribute to an emulsion-based delivery systems
susceptibility to oxidation including the composition, structure and organization of the
oil, water and interfacial phases, as well as the type, amount, and location of any
antioxidants present 8. Fish oil nanoemulsions are particularly susceptible to lipid
oxidation for a number of reasons: high degree of lipid unsaturation; high surface area of
exposed lipids; greater light penetration 8. Indeed, experimental studies have shown that
lipid oxidation is faster in protein-stabilized nanoemulsions than in conventional

emulsions with similar compositions, which was attributed to the higher lipid surface area
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8, Consequently, it may be necessary to take additional steps to stabilize omega-3 oils

encapsulated within nanoemulsions when compared to conventional emulsions.

Oxidation in nanoemulsions can be partially managed by controlling their
physicochemical characteristics. Surfactants can influence the droplet charge, thickness,
and permeability, all of which control the ability of pro-oxidants, free radicals, and
oxygen to interact with the lipids in the droplets 8 8. Several studies have shown that
anionic surfactants attract cationic transition metals while cationic surfactants repulse
them thereby decreasing the rate of oxidation 8288 In addition, the interfacial layer of
an emulsion can form a physical (steric) barrier against the aqueous phase of a system
that contains pro-oxidants 8 88, Thicker interfacial layers offer more protection, which
depends on the dimensions and composition of the surfactant’s head and tail group. A
surfactant with a larger head group (Brij 700) was found to be better at slowing lipid
oxidation in salmon oil-in-water emulsions than one with a smaller head group (Brij 76)
(Figure 3) 8. Conversely, surfactant tail length has been shown to have only a minor

impact on oxidative stability .

To prevent oxidation in food systems, radical scavenging and metal chelation are the
main antioxidant strategies '8 8%, Free radical scavengers react with free radicals
before they can react with unsaturated FAs, and their effectiveness depends on their
ability to donate a hydrogen atom to the free radical ®*. Flavonoids tend to be effective
free radical scavengers by donating a hydrogen from their hydroxyl groups, however
their ability to act as an antioxidant depends on their volatility, pH sensitivity, and
polarity. Metal chelation is a mechanism by which an antioxidant reduces the reactivity
of the transition metal or physically blocks it from interacting with the lipid 8. Metal
chelators in oil-in-water emulsions have been shown to promote the movement of iron
out of the lipid phase and to remove it from the surface of oil droplets, thereby inhibiting
lipid oxidation 92 % Studies of the chemical degradation of -carotene in
nanoemulsions (another polyunsaturated bioactive lipid) have shown that the rate of
oxidation depends on system conditions (such as pH, ionic strength, temperature, droplet
size, and emulsifier type) and can be inhibited by adding appropriate antioxidants %%’

The addition of antioxidants has also been found to improve the stability of citral oil in
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nanoemulsions . Similar factors are likely to affect the rate of omega-3 oxidation in

nanoemulsions.

Flavonoids can act as antioxidants through the means of radical and oxygen
scavenging and have been found to be successful in inhibiting oxidation in fish oil
emulsions %. Two Flavonoids from apples (phloretin and phloridzin) have been tested for
their ability to inhibit oxidation of PUFA methyl esters in oil-in-water emulsions 1%,
Both of these natural components had a significant effect in preventing lipid oxidation,
with phloretin having a higher antioxidant activity than phloridzin, which was attributed
to the fact that it was more lipophilic and therefore tended to accumulate within the lipid
droplets where oxidation occurs. Certain flavanols (quarcetine glucosides) have also
been evaluated for their antioxidant activity in bulk fish oil and in fish oil-in-water
emulsions, and compared with butylated hydroxytoluen (BHT) and alpha-tocopherol 101,
The emulsions were formed with methyl linolenate or DHA as the lipid phase. In oil-in-
water emulsions, the flavanols were less effective than BHT but more effective than
alpha-tocopherol in preventing oxidation. In addition, the flavanols were more effective

than both BHT and alpha-tocopherol in the bulk oil oxidation prevention.

5.2. Physical stability

The physical stability of nanoemulsions impacts their shelf life, appearance,
functionality, and acceptability to consumers. As previously mentioned, nanoemulsions
are most susceptible to Ostwald ripening, which is driven by the degree of water-
solubility of the oil phase in the aqueous phase ** %2, Qils with a higher water-solubility
are more susceptible to Ostwald ripening because it is easier for them to migrate through
the aqueous continuous phase. Oils with a lower degree of water-solubility, like long
chain triglycerides, rarely experience Ostwald ripening. Fish oils contain long chain
triglycerides, which makes them resistant to droplet growth due to Ostwald ripening 1%,
If nanoemulsion-based delivery system are formulated using more water-soluble oils
(such as flavor oils to mask off flavors), then it may be necessary to carefully design
them to avoid Ostwald ripening. For example it may be necessary to mix a certain
amount of water-insoluble oil (such as fish, flaxseed, or algae oil) with a flavor oil to

prevent droplet growth “°. In this case, the water-insoluble oil acts as a ripening inhibitor.
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The surfactant type and concentration used to create a nanoemulsion or emulsions
impacts its susceptibility to flocculation and coalescence & 4% 104 Non-ionic surfactant-
coated and polysaccharide-coated droplets tend to be stable across a wide range of salt
and pH conditions because they are mainly stabilized by steric repulsion. On the other
hand, phospholipid-coated and protein-coated droplets tend to be highly susceptible to
changes in pH and ionic strength because they are mainly stabilized by electrostatic
interactions. Non-ionic surfactant stabilized nanoemulsions are influenced by other
factors, such as surfactant characteristics and temperature. For example, nanoemulsions
formed by spontaneous emulsification experienced coalescence during one month storage
when using surfactants with intermediate hydrophilic/lipophilic balance (HLB) numbers
(5-9). These surfactants tend to be soluble in both oil and water and form lamellar
structures instead of micelles due to their optimum curvature, which do not stabilize
nanoemulsions very effectively 2. Non-ionic surfactant stabilized nanoemulsions may
also coalesce upon heating due to changes in the optimum curvature of the surfactant

monolayer at elevated temperatures, i.e., dehydration of the head group %% 1%,

Protein-coated lipid droplets are highly susceptible to flocculation at high salt levels
or at pH values close to their isoelectric point (pl) due to a reduction in electrostatic
repulsion between the droplets 1% 17 Protein-stabilized nanoemulsions should therefore
only be used under conditions that favor a strong electrostatic repulsion between the
droplets, i.e., low ionic strength and/or pH far from pl. Alternatively, they should be
incorporated into products that are highly viscous or gel-like, since then even if
aggregation does occur the nanoparticles will not separate from the product due to

gravitational separation.

5.3. Reaching the RDA

For a product to be considered to be a functional food, it must provide health benefits
exceeding those of basic nutrition 3. The incorporation of fish oil in foods and beverages
meets this definition based on the potential health benefits previously mentioned.
However, it is important that the amount of omega-3 FAs present in a functional food is
large enough to demonstrate a beneficial health effect 1°. Thus products should be
fortified with an amount of fish oil that is a substantial amount of the recommended
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intake value if not the total amount. The total amount of omega-3 fatty acids in a
functional food product (mw-3) depends on the fraction of omega-3 fatty acids in the oil
phase (®w-3), the fraction of oil phase in a nanoemulsion-based delivery system (®ne), the
amount of nanoemulsion added to the food product (®p), and the serving size of the

product (me):
Mw-3 = Mp X Oy.3 X Dpe X Op

For example, for a fish oil containing 50% omega-3 fatty acids (®w-3 = 0.5), that is
converted into a 20 wt% oil-in-water nanoemulsion (®ne = 0.2), that is added to a food
product that has a serving size of 280 g at a level of 10 wt% (®p = 0.1), then the final
amount of omega-3 oil present is 2.8 g (2,800 mg). As mentioned earlier, the
recommended intake values of omega-3 fatty acids are around 250 to 1000 mg per day,
and therefore this amount should be achievable. The amount of nanoemulsion added to a
food product may be limited by changes in optical properties if the nanoemulsion is not
completely transparent. Typically, the smaller the droplet size, the more transparent is
the nanoemulsion and therefore the more that can be incorporated before the system
becomes turbid. It is also important to ensure that the droplets do not grow after the food
product has been manufactured, or this could result in an increase in turbidity during

storage.

5.4. Bioavailability

With the growing use of emulsion-based delivery systems for human consumption, it
is important to evaluate the gastrointestinal fate of the systems to ensure that there are no
adverse health effects, and that the bioactive being delivered is indeed being absorbed
into the body %1% In vitro and in vivo digestion models have become instrumental in
undertaking this kind of evaluation 1%12 Bjoaccessibility is an important marker used
in these studies that describes the fraction of an ingested compound (the bioactive) that is

transferred into a mixed micelle after lipid digestion %3,

An ingested nanoemulsion will pass through the mouth and stomach before reaching
the small intestine where lipid absorption normally occurs 14 1°. The size, composition,

and surface characteristics of the lipid droplets within a nanoemulsion may change
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appreciably when they are exposed to gastrointestinal conditions '°. Upon entering the
small intestine, lipase adsorbs to the surfaces of emulsified fats and coverts
triacylglycerols into monoacyglycerols and free fatty acids (FFA) 2. These fatty acids
are then incorporated into mixed micelles, travel through the mucus layer, and are
absorbed by epithelium cells. The bioavailability of encapsulated fatty acids may be
inhibited if the ability of the lipase to adsorb to the surface of lipid droplets and hydrolyze
the triglycerides is prevented. The type and amounts of surfactants in a nanoemulsion
may therefore impact the rate and extent of lipid digestion and FFA release. For
example, corn oil nanoemulsions made using high-energy methods experienced a lag
period before FFA release that ranged from 5 to 20 minutes as the mean droplet radius
increased 6. This was a result of the lipase not being able to adsorb to the surface of the
droplets due to the presence of excess surfactant that competed for the droplet surfaces.
In these emulsion, 61-71% of the FFAs were released with higher amounts of FFA being
release as the particle radius decreased. The obstruction of lipase as a result of high
surfactant concentrations was also seen in medium chain triglyceride nanoemulsions
containing vitamin E acetate made from both high and low energy methods ', In this
study, both the high and low energy emulsions had comparable particles sizes and similar

behaviors throughout the in vitro digestion and both released similar amounts of FFA.

Surfactants can also impact the rate of lipid digestion based on their molecular and
physicochemical characteristics. A study by Speranza et al. evaluated the effect of
nonionic and anionic surfactants with a range of HLB numbers on the bioaccessibility of
lipids (trioctanoyl glycerol) in emulsions using an in vitro digestion model 8. The
results showed that an increasing (HLB) number increased the lag time in the jejunum
and decreased the rate of lipolysis. In contrast, increasing the length of the aliphatic
chain decreased the lag time in the jejunum, but increased the rate of lipolysis in the

small intestine.

After FFA and bioactives are liberated from the lipid droplets, they form mixed
micelles that travel through the mucus layer, and are then absorbed by the intestinal
epithelial cells. When conventional fish oil emulsions were compared with fish oil

nanoemulsions, the nanoemulsions had a significantly higher percentage of lipid
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absorbed compared to the conventional emulsions, which was attributed to their smaller
particle size (Figure 4) 1'°. A recent study showed that the bioaccessibility of an oil-
soluble bioactive component (vitamin E acetate) was higher in nanoemulsions prepared
using a low-energy method (EPI) than in those prepared using a high-energy method
(microfluidization) ', It was suggested that the high levels of surfactant used in the low-
energy method may have increased the amount of bioactive incorporated into the mixed
micelles. The surfactant characteristics can also impact FFA absorption 118, An
increasing surfactant HLB has been reported to increase the bioaccessibility of FFASs in

the small intestine.

Lastly, the absorption of fish oils from ingested foods is important when developing
functional food systems. Researchers investigated the absorption of fish oil in capsules
versus microencapsulated fish oil incorporated into a milk shake 2°. Both treatments
resulted in similar increases of EPA and DHA in blood plasma. Another study looked at
yogurt as a carrier product for algal oil nanoemulsions (mean droplet size 258 nm) versus
bulk oil ™. In this study, both the nanoemulsion and bulk oil increased DHA levels in
blood lipids however; the DHA from the nanoemulsion was more bioavailable than the
bulk oil during the first four hours of digestion (Figure 5). Both of these studies support
the use of microencapsulated or emulsified fish oil in food products and provide an
alternative way for consumers to supplement their EPA and DHA intake without
swallowing a large pill. The properties of a food system that accompanies the fish oil
also has importance. When supplements were consumed with a higher fat meal
compared to a lower fat meal, more long chain omega-3 PUFA were available, possibly
due to the higher fat content stimulating more digestive enzymes and more mixed
micelles 28. This again supports the use of functional foods to incorporate omega-3 FA

and increase the absorption of the fats as an alternative to supplements.

5.5. Flavor

As previously mentioned, some consumers must find alternative sources of omega-3
FAs because they do not like the flavor or texture of fish or seafood. High quality refined
fish oils have little to no flavor. This is unlike oils used in some dietary supplement that

are low quality and have strong fishy flavors. Some consumers avoid soft gel capsules of
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fish oil supplements because of the reflux of fish oil resulting in “fish burps” *?%. This is
caused by the formation of a layer of the fish oil on top of the stomach contents because
the oils have a lower density than the gastric juices. By using a fish oil nanoemulsions
incorporated into food products, consumers can receive the benefits of EPA and DHA in
a form other than seafood. In addition, nanoemulsions can be designed to be resistant to
coalescence and creaming within gastric environments by selecting appropriate
emulsifiers so that the oil will not form a layer of oil on the top of the stomach contents
and cause reflux issues 122124 When functional foods are concerned, consumers will not
sacrifice the taste of a product, even if the consumer is aware of the potential health

benefits of the functional food 12°.

5.6. Consumer acceptance

Studies disagree about which types of food a bioactive component, such as omega-3
oils, should be added for maximum consumer interest. In a study by Ares and Gambaro
consumers were more accepting of a functional food when the carrier food was perceived
as being healthy ?°. In a separate study by Bech-Larsen and Grunert, it was concluded
that functional foods with a healthier base food were perceived as healthier compared to
functional foods with an unhealthy base food, however this study also stated that
consumers rationalized the enrichment of less healthy foods better than that of already
healthy foods 2. Some consumers have concerns about unhealthy foods that have been
fortified because they may now be perceived as a health food by others when it in fact
they are not 128,

Regardless of the carrier product, it is important to the consumer that the bioactive
ingredient and base food are compatible; this is a stronger driving force for the
purchasing of functional food products compared to health benefits and attitude towards
functional foods 12°. For example, products where fish oil appears to be a more natural fit
such as fish balls, rye bread, and tuna salad were expected to receive more positive
attention by consumers 28, Another characteristic of fish oil enriched foods that should
be considered when choosing an appropriate food carrier and in the product formulation
is the sweetness profile. Participants in a study evaluating the acceptance of fish oil
fortified foods were put off by sweet products such as yogurt drinks and sports bars
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having the addition of fish oil 28, In a separate study, women between the ages of 40 and
60 years did not accept the addition of sweeteners into a functional food and would rather

consume a more natural product 1%,

It is suggested that the use of health claims on functional food labels will have a
positive impact on the consumer’s view of the healthfulness of that food 2. The source
of omega-3 fatty acids used in the fortification of foods can affect the cost of the products
but also their health benefits. ALA omega-3s may give a cleaner label because they are
from plant sources along with a lower price for consumers however, the conversion of
ALA to LC-PUFA is quite low, decreasing its actual health benefits 22. The FDA health
claim for EPA and DHA containing foods can aid in the marketing and advertising for

qualifying products while differentiating them from products that only provide ALA.

Finally, sensory aspects also play a key role in consumer acceptance of foods. Few
studies have researched the effect of nanoemulsions on the sensory properties of enriched
foods. Dairy products have been the main focus of these studies. One study evaluated
the fishy off flavor intensity of strawberry yogurt containing emulsified omega-3 oils
after 14 days storage 3. This study found no significant difference between the control
and fortified yogurt samples amongst an untrained consumer panel. Another study
evaluated a strawberry drinking yogurt fortified with bulk algae oil and algae oil
nanoemulsion for smell, appearance, flavor, texture, consistency, aftertaste, and overall
acceptability '3°. Consumers were able to identify a sensory difference between yogurts
fortified with either bulk oil or nanoemulsions in a triangular test. However, no
statistically significant differences were found between the nanoemulsion-fortified, bulk
oil-fortified, and unfortified yogurts in terms of their consistency and appearance. The
sensory properties of cheese fortified with bulk fish oil or fish oil nanoemulsion have also
been evaluated '3!. Fishy off flavor was dependent on the concentration of fish oil in the
sample and was more easily detected in the bulk oil-fortified samples compared to the
nanoemulsion-fortified samples. Clearly, more research should be conducted to evaluate
the sensory aspects of foods fortified with nanoemulsions to better understand their effect

on consumer acceptance.
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6. Conclusions

The low consumption of omega-3 FAs in Western diets clearly shows the need for
alternative food sources on the market that provide these essential fatty acids. Fish oil is
an effective functional food ingredient because it is a good source of both EPA and DHA.
Consumers will be more likely to buy functional foods with fish oil if the carrier food is
compatible with the fat and if the foods are more savory instead of sweet. Whether the
fish oil should be added to healthy or unhealthy foods is debated and should be evaluated
on a product-by-product basis. Nanoemulsions are a promising way to deliver fish oils
into liquid food systems with the capabilities to protect the oil from oxidation, mask
undesirable off-flavors, and increase oral bioavailability. Most importantly, the ability of
nanoemulsions to be added to clear products increases the range of products that omega-3
FA enrichment can be applied to. That being said, there is still a need to expand omega-3
nanoemulsion research in order to optimize the fabrication method and formulation as a
way to increase palatability, shelf life, and other physical characteristics of the food

product.
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Figure 1. A schematic diagram comparing the appearance and particle size of
emulsions and nanoemulsions. Nanoemulsions appear transparent because the particle

size is smaller than the wavelength of light and so they only scatter light weakly.
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Figure 2. Proposed mechanism of lipid oxidation in an oil-in-water emulsion or

nanoemulsion.
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Figure 3. Comparison of lipid peroxide formation in salmon oil nanoemulsions
(mean diameter = 200 nm) stabilized by Brij 76 and Brij 700. Samples were stored at pH
7.0 and 32 °C. Graph replotted from Silvestre, et al. %,
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Figure 4. Comparison of EPA and DHA absorption in the intestinal tract of rats
when delivered as nanoemulsions (mean diameter = 82 nm) or conventional emulsions
(mean diameter = 1580 nm). Volume percentage of the emulsion absorbed was measured
at three time intervals. *Mean values were significantly different (P<0.05). Graph

replotted from Dey, et al. 1°,
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Figure 5. Comparison of the mean baseline adjusted percentage blood fatty acid
levels for DHA after subjects consumed algal oil delivered in either nanoemulsions or
bulk oil incorporated into yogurt. *Mean values were significantly different (P<0.05).
Graph replotted from Lane, et al. ™,

0.50

0.45 —-Nanoemulsion -0 Bulk Oil

040 1 |*

lood DHA

0.35 -
o

£ 0130 -

0.25 -
0.20 -

% Change

0.15 -
0.10 -

0.05 -

OOO T T T 1 T T
0 8 16 24 32 40 48

Time after ingestion (hours)




