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Lipid-soluble bioactives, such as vitamins A, E, D and K, carotenoids, polyunsaturated fatty acids (PUFA) and essential
oils, are important nutrients in foods. However, their addition in food formulations, is often limited by limited solubility and
high tendency for oxidation. Among the different encapsulation technologies, nanoemulsions are one of the most
promising for protecting lipid-soluble bioactives.
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| 1. Introduction

Lipid-soluble bioactives are essential nutrients that play significant role in human diet . This group includes lipophilic
vitamins (e.g., vitamin A, D, E and K), carotenoids, polyunsaturated fatty acids (PUFA) and essential oils. However, their
direct use in food and beverage products is limited by their low water solubility and high sensitivity towards oxidation. For
these reasons, these bioactives need to be encapsulated. A number of innovative technologies are fit for this purpose.
Examples include coacervation, spray-drying, freeze drying, spray cooling and fluidized bed coating [&. Alternatively,
emulsification technology is also commonly used.

Emulsions can be also categorized depending on the diameter size of the droplets. Droplet size greatly influences the
optical rheology, physical and chemical properties of the emulsions. Conventional or macroemulsions have a droplet size
range between 100 nm and 100 um and are thermodynamically unstable and opaque. Nanoemulsion can be defined by a
smaller droplet size with a mean diameter between 20 to 100 nm and they are still categorized as thermodynamically
unstable systems. Microemulsions unlike the other two are thermodynamically stable systems with a particle size between
5 nm and 50 nm Bl Regardless to the type and size of the emulsions, the technology used for their preparation includes
high or low energy methods depending on the type of equipment and power needed to produce emulsions.

Although a number of studies have investigated the possibility to improve the oxidative stability of encapsulated bioactives
against environmental stress factors and increase their biological and nutritional properties [4, their high surface to volume
ratio and the high oxygen diffusion in the aqueous phase may increase the lipid oxidation process 5.

To overcome such drawback, several technologies have been proposed in recent years. Among others, nanoemulsion
technology seems one of the most promising, not only for delivering lipid-soluble bioactives in foods, but also for
protecting them from oxidation processes Bl A growing number of studies suggest that smaller particle size of the
droplets containing lipid-soluble bioactive compounds increase their uptake in biological systems B, For these reasons,
nowadays, many food products, such as soft drinks, butter, ice-cream, milk, dressings, sauces, and creams are produced
with application of nanoemulsion technologies. Nanoemulsions with desired composition, stability and functional
properties can be prepared using commercial emulsifiers, oils and water using simple operations, such as mixing and
homogenization.

2. Encapsulation of Lipid-Soluble Bioactive Compounds by
Nanoemulsions

2.1. Vitamin A

The encapsulation of vitamin A in nanoemulsions is challenging because of its low water solubility and high sensitivity to
oxidation. Only a few studies have been reported. Hwang and colleagues prepared a phospholipid-based microemulsion
system to overcome the solubility problem of all—trans retinoic acid. Their microemulsion was prepared by mixing
soybean oil and phospholipids with a high-pressure homogenizer. Eight cycles at 150 MPa were needed. However, the
resulting stability was still limited. In 1 h, 9% of all-trans-retinoic acid was degraded. After 7 h, around 59% of all trans
retinoic acid was retained 19,



2.2. Vitamin E

Vitamin E defines a group of liposoluble vitamins widely used as antioxidants in food, pharmaceutical, and cosmetic
formulations 4. Various structural forms of vitamin E can be classified as tocopherols derivatives (a, B, y, and 3) or as
tocotrienols (a, B, y, and d). The a-tocopherol is considered the strongest antioxidant form among tocopherols. Although
vitamin E is one of the most important oil-soluble antioxidants, hydrophobic properties limit its direct dispersion in
beverages and food products containing high amounts of water. In addition, vitamin E easily degrades when exposed to
oxygen, heat and light. Thus, its encapsulation in nanoemulsions facilitates its incorporation in food products 121,

2.3. Vitamin K

Vitamin K includes a family of lipophilic compounds with a same chemical structure containing 2-methyl-1,4-
napthoquinone. Vitamin K1 (2-methyl-3-phytyl-1,4-naphthoquinone; VK1) is a molecule, which exists in a numerous
number of green species of vegetables and was shown to prevent skin diseases.

Currently the number of studies on encapsulation of vitamin K by nanoemulsion technology is still limited. A study
performed by Campani and colleagues aimed to solve some problems related to semisolid vitamin K1 for incorporation
into aqueous lipid free formulation. In this study the nanoemulsions were prepared by using spontaneous emulsification
method using Tween 80 as a surfactant and ethanol as organic solvent. The oil phase consisted of a-tocopherol and
vitamin K. The organic phase was slowly mixed by a syringe pump at the flow rate 50 mL/min into an aqueous phase,
while stirring at 700 rpm in the beginning and at 1400 rpm for the last 5 min. The prepared nanoemulsion was found to be
a good option for commercial development of tropical vitamin K1 delivery in both liquid and aqueous formulations 3],

2.4. Vitamin D

Vitamin D is a precursor of a hormone and has two forms: the first, ergocalciferol (D2) is present in fish and plants, while
the second cholecalciferol (D3), is synthesized in skin when exposed to the sun.

Studies published on nanoemulsion for the encapsulation of vitamin D are all quite recent. They have the objective to
obtain a fortified system to be used as supplement for all health interventions, which are designed for micronutrient
delivery. One of the first studies was published in 2015 by Guttoff et al. They produced vitamin D nanoemulsions by the
method of spontaneous emulsification. The organic phase was prepared with vitamin D, medium chain fatty acids (MCT),
Tween 20, 40, 60, 80 and 85 as surfactant. Aqueous phase at pH 3 consisted of 0.8% citric acid and 0.08% sodium
benzoate. In the next step, the organic phase was titrated into the aqueous phase at a fixed speed using a magnetic stir
bar. The results also showed that with the spontaneous emulsification method was able to obtain stable system (particle
size lower than 200 nm) with droplet growth lower than 10% in diameter after 1 month of storage 14!,

2.5. Carotenoids

Carotenoids are another important group of liposoluble antioxidants, which act as filters for blue light in a human eye.
Carotenoids are also natural precursors of vitamin A and its metabolites and play an important role in the immune system
and formation of cells and tissues 8. Carotenoids are contained in many vegetables and fruits (e.g., tomatoes, peppers
and carrots) and are responsible for their orange, yellow and red color. Carotenoids can be categorized into two main
groups: carotenes—a-carotene, [(-carotene, y-carotene, and lycopene; and, xanthophylls—lutein, zeaxanthin, a-
cryptoxanthin, and B-cryptoxanthin 181, Most carotenoids can be found in vegetables and fruits, but they can be in some
microbial and edible animal products. Carotenoids have been proved to have a wide a range of positive biological
activities 4. The antioxidant property of carotenoids is due to its binding ability with a singlet oxygen by conjugated
double bonds systems 8. Despite of many health benefits potential of carotenoids, their chemical instability and low
water solubility limits their application in many functional beverage and food products 24, Thus, carotenoids encapsulation
by nanoemulsions has been reported to overcome the solubility problems and increase their bioavailability.

Several studies describe encapsulation of carotenoids using nanoemulsions. In the study of Ha and colleagues,
nanoemulsions of lycopene were prepared in order to preserve the antioxidant activity and enhance tomato extract
bioaccessibility 29, The nanoemulsion was already enriched with lycopene (contained 6% of lycopene) by the method of
emulsification evaporation. For this, tomato extract enriched with lycopene was dissolved in ethyl acetate while stirring for
3 h at 500 rpm. The organic solution and aqueous solution containing 0.5% (w/w) Tween 20 in distilled water were mixed
with each other at constant stirring. The mixture was then homogenized at 5000 rpm for 5 min by a shear homogenizer,
and accordingly by the high-pressure homogenizer for 1, 2, and 3 cycles at various pressures of 60, 80, 100, and 140



MPa. Under homogenization pressure in between 60 and 140 MPa (3 cycles), the mean droplet diameter of the resulting
nanoemulsion was between 96 and 282 nm. The results showed that the lycopene encapsulated in hanoemulsions with
droplet size less than 100 nm had the highest in vitro bioaccessibility.

2.6. B-Carotene

Studies related to the encapsulation of B-carotene in aqueous based formulations are limited due to their low water
solubility. In 2012, Qian and colleagues studied the effect of the antioxidants on chemical degradation of -carotene
encapsulated in nanoemulsions. The compound was incorporated into an O/W nanoemulsions stabilized by a globular
protein (B-lactoglobulin) or Tween 20 as a non-ionic surfactant. A strong chelating agent, such as
ethylenediaminetetraacetic acid (EDTA), water-soluble antioxidants such as ascorbic acid or an oil-soluble antioxidant
(vitamin E acetate)were added to this formulation along with coenzyme Q10. Nanoemulsions were then kept at neutral pH
and both their physical and chemical stability were investigated at 55°C. The degradation of B-carotene was monitored by
a nondestructive method which was color reflectance measurements. The results showed that oil in water nanoemulsions
were prone to color fading in about 3 days of storage time. The degradation was related to the chemical degradation of
the carotenoid. The addition of water-soluble antioxidants effectively retarded the degradation. In detail, EDTA had a high
influence on inhibition of the color loss. This effect was due to its ability to strongly chelate and inactivate the metals such
as iron transition which normally can promote the oxidation of carotenoid. Ascorbic acid could slow the color fading, but it
was found to be less effective than EDTA. In between oil soluble antioxidants, coenzyme Q10 could bring a higher
protection against color loss in comparison to vitamin E. One reason for this can be its ability to reproduce other
antioxidants which presented in the system 211,

2.7. Polyunsaturated Fatty Acids (PUFA)

Polyunsaturated fatty acids (PUFA) are responsible for reducing risk of chronic diseases, such as cardiovascular disease,
inflammation, immune response disorders, mental disorders, and poor infant development can be mentioned 22. The
most important PUFA in human diet are linoleic, alpha-linolenic acids, eicosapentaenoic acid (EPA), and docosahexaenoic
acid (DHA). Thus, there is an increased interest in encapsulation of PUFA for food fortification (23],

2.8. Essential Oils and Flavor Compounds

Essential oils are botanical products, which principally derive from whole or specific parts of plants which includes flowers,
roots, barks, leaves, seeds, peel, fruits and wood. Apart from their discovered aromatic and coloring properties, essential
oils found to have antimicrobial and antioxidant activity [24. The hydrophobic, volatile and reactive nature of essential oils
reduces the possibility of their incorporation directly into food matrices. Encapsulation in nanoemulsions can help to
overcome the challenge of essential oils incorporation into food formulations. Common techniques for production of
nanoemulsions with essential oils include two methods [23],
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