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Recent developments of nanotechnology fi nd its way into various fi elds of food production in our days. 
Nanotechnology could off er benefi ts in development of food products with enhanced functionality for health 
promotion, or modifi ed texture convenient for elderly, and in quality and safety issues in the food supply chain. 
Nanoencapsulated bioactive components such as vitamins, antibacterial agents contribute to production of enriched 
food stuff s with the required appearance, fl avour, taste, and texture. Nanomaterials can protect the sensitive 
compounds from environmental attack, release them in a programmed way, and provide favourable improvement in 
the bioavailability of nutraceuticals. The innovative approach in food packaging, including the detection, indication, 
and control of food products, serves the quality and safety improvements.
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In the last decade of the 20th century, the conversion of scientifi c knowledge collected by 
colloid chemistry/nanoscience to practical application got a great impetus from National 
Nanotechnology Initiative issued by the US Government. Nanotechnology is defi ned as the 
understanding and control of matter at the nanoscale, at dimensions between approximately 
1 and 100 nanometres, where unique phenomena enable novel applications. The manipulating 
of matter at this length scale opens innovation in energy, information technology, biotech, 
and medicine, and is fi nding its way into food stuff s.

Nanotechnology could off er benefi ts in various fi elds of food technology. It can bring 
changes in areas such as processing, storage, packaging, food safety, and development of 
functional foods for health promotion (Mൾ඀ඁൺඇං et al., 2019). One of the fi rst applications of 
nanotechnology was a carrier to deliver antimicrobial peptide required to stop the antimicrobial 
decay of food quality in the food industry. Starch colloid fi lled with the antimicrobial agent 
operates in a way that when microorganisms grow on the packaged food they will break the 
coating of starch leading to release of antimicrobial agents.

In a consequence of introduction of nanotechnology into food industry a so called 
nanofood has appeared. Nanofood expression describes food that has been cultivated, 
produced, processed, or packaged using nanotechnology techniques or tools, or to which 
manufactured nanomaterials have been added.

Starting from the First International Food Nanotechnology Conference (Atlanta, 2006), 
food industry tries to identify opportunities and the most remarkable discoveries in 
nanotechnology that can signifi cantly enhance food processing and food products in the 
following areas:
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– health promotion through bioactive compound delivery;
– ingredients with enhanced functionality, with novel fl avour and texture;
– novel packaging materials;
– materials with microbial-repellent characteristics;
– advanced tools of nanosensors for food safety shelf life and quality monitoring.

It is also important to consider that those promising innovations should be cost-eff ective, 
and signifi cant changes in current food regulations are needed in the near future (Mඈඋൺඋඎ et 
al., 2009).

Nanotechnology in food processing can be evaluated by considering its role in the 
upgrading of food products in terms of texture, appearance, taste, fl avour, nutritional value, 
food shelf-life, and smart food packaging. Beside these benefi ts concern might arise on safety 
and cost (Mൺ඀ඇඎඌඈඇ et al., 2011).

1. Nanosize and nanostructured materials

1.1. Nanoencapsulation

Development and application of nanosize and nanostructured materials represent an important 
fi eld of food nanotechnology. Nanoencapsulation techniques have been implemented to 
improve fl avour release, retention, and to deliver culinary balance. Nanocarriers have been 
introduced as delivery systems to carry food additives in food products without disturbing 
their elementary morphology (Mൾ඀ඁൺඇං et al., 2019). The main advantage of using 
nanomaterials is that it can release encapsulated compounds much slower and over longer 
time periods, they are carriers of fragrances and fl avours, and also provide a favourable 
improvement in the bioavailability of nutraceuticals due to their subcellular size.

Nanoencapsulating takes the process of encapsulation, a means for drug delivery 
pioneered by the pharmaceutical industry, and improves solubility of vitamins, antioxidants, 
healthy omega oil fractions, and other nutrients, while protecting the ingredient from various 
environmental factors, such as water, oxygen, heat, and light. It is also possible to mask 
undesirable taste, odour, and colour. Nanonutrient particles seem to be fully soluble and 
invisible in water and oil, widening the door for potential nutraceutical beverages. 
Nanoencapsulation is the application of encapsulation in the nanometer scale with fi lms, 
layers, coating, or simply dispersion. Often the encapsulated ingredient is in the molecular or 
nanoscale form (Gൺඈඇ඄ൺඋ et al., 2014).

Scaling down the size of food materials to nanosized crystals might also modify the 
texture of food product, creating more particles for an overall greater surface area (A඀ඎංඅൾඋൺ, 
2014). The enhanced interfacial interaction can lead to change of functional properties of the 
system. As a result of incorporating the multiple water-in-oil-in-water emulsions of nanosized 
lipids, food spreadability and stability are improved. A low-fat mayonnaise formulation for 
example provides a satisfying fatty mouth feel, with the obvious benefi t that extra stabilisers 
and thickeners are not needed to achieve the desirable texture. The nanoemulsion could have 
its application in formulating low-fat products.

1.2. Main types of nanoencapsulation systems

The main types of nanoencapsulation systems designed for food application are formed from 
accepted food ingredients as lipids, carbohydrates, and proteins, which are in the group of 
GRAS (generally regarded as safe materials).
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Liposomes are the best known lipid based delivery systems. The shell like lipid bilayer 
structure practically prevents the degradation of the incorporated food ingredient. Manufacture 
of nanoliposomes, however, requires high energy for the dispersion of lipid/phospholipid 
molecules in the aqueous medium. Another special lipid delivery system is the cochleate, a 
spiral like associate of lipid bilayer. Cochleates have a multilayered structure consisting of a 
large, continuous lipid bilayer sheet rolled up in a spiral, delivering their contents to target 
cells through the fusion between the outer layer of the cochleate and the cell membrane 
(Sൺඇඍൺඇ඀ൾඅඈ et al., 2000). The multi-layered structure of cochleates provides protection 
from degradation of the ‘encochleated’ molecules, even when exposed to harsh environmental 
conditions, allowing their transport toward the destination (Bඈඓඈ et al., 2014). As liposomes, 
cochleates are mainly for encapsulation of water soluble bioactive materials, including 
protein and peptide drugs and large hydrophilic molecules, although they are also proved to 
be suitable carriers for compounds with poor water solubility (Gඈඎඅൽ-Fඈ඀ൾඋංඍൾ et al., 2003). 
It is expected that such systems will be used in the future for the encapsulation, targeted 
delivery, and controlled release of chemically sensitive functional food molecules (Sඁංආඈඇං, 
2009).

Nanoparticles can be formed from food biopolymers, proteins, or polysaccharides by 
self-association, controlled aggregation, or inducing phase separation to encapsulate 
functional ingredients.

Polysaccharide-based biodegradable nanoparticles can be used to control rheological 
behaviour or for nanoencapsulation. A new beverage product was prepared applying starch, 
probably the most abundant functional polysaccharide in foods, by ultra-high-pressure 
homogenisation (Cඁൾඇ ๟ Wൺ඀ඇൾඋ, 2004). The enriched product contained powder with 
particle size around 100 nm with about 15% vitamin E acetate, which was stable in the 
beverage and did not alter its appearance.

The design of protein type delivery carrier system focuses on milk or whey proteins as 
source materials. According to a recent concept (Sൾආඈ et al., 2006), self-assembled casein 
micelles are used as nanocapsular vehicles. The authors realised that casein micelles (CM) 
are eff ective nanocapsules created by nature to deliver minerals and nutrients, such as 
calcium, phosphate, and protein to neonates. Thus, they suggested using CM as a self-
assembled system for nanoencapsulation and stabilisation of hydrophobic nutraceutical 
substances for enrichment of food products. Vitamin D2, used as a model for hydrophobic 
nutraceutical compounds, was successfully loaded by utilising the natural self-assembly 
tendency of bovine caseins. In addition to the increased vitamin concentration, a partial 
protection against UV light-induced degradation of vitamin D2 by the micelles was found. 
Casein micellar nanocapsules may be incorporated in dairy products without modifying their 
sensory properties (Sඁංආඈඇං, 2009).

1.3. Emulsion type systems

Emulsion type systems are composed of phases of diff erent polarities, therefore they can 
carry hydrophobic food components in aqueous phase emulsions. The main types of 
nanostructures formed from immiscible liquids as O/W and W/O emulsions, the corresponding 
nanoemulsions, furthermore the double emulsions, are presented in Figure 1. These systems 
cover a wide size range from nanometer to micrometer. As a comparison, surfactant micellar 
and lipid liposome systems are also included.
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Fig. 1. Structure of surfactant micelles, liposome, and various types of nanoemulsions and emulsions

Milk, cream, ice-cream, dressings, mayonnaise, beverages, soups, dips, and sauces are 
typical examples of oil-in-water (O/W) emulsions, while butter, margarine, and some spreads 
are examples of water-in-oil emulsions (W/O). Common emulsions are (macro-) emulsions 
with a milky, opaque appearance with droplet diameters between 100 nm and 100 μm. These 
emulsions tend to show instability such as gravitational creaming or sedimentation, 
aggregation, coagulation, and Ostwald ripening fi nally leading to phase separation. The 
emulsions are also classifi ed according to the character of the emulsifying agents such as 
surfactant, polymers, or particles. The application of the latter, called Pickering emulsions, 
relevant to food and drink was reviewed by Mඎඋඋൺඒ (2019). Organic crystals, cellulose, 
starch, and microgel particles from food components provide a particularly versatile and 
eff ective way of stabilisation.

On the contrary to emulsions, microemulsions are optically clear and thermodynamically 
stable systems with the lowest droplet size of 1–20 nm and ultra-low interfacial tension 
(10–1–10−3 mN m−1 ) between the hydrophobic (oily) and the hydrophilic (aqueous) phases. 
Microemulsions form spontaneously by mixing water, oil, and a signifi cant amount of 
surfactant. Their major disadvantage is that large quantity of surfactant is required, which can 
lead to problems related to fl avour, cost, or legality (Wൾංඌඌ et al., 2006).

The system nanoemulsion is in between the microemulsion and emulsion, possessing 
some properties of both. The interfacial tension at the phase boundaries in nanoemulsions is 
defi ned as 1–10 mN m–1. Nanoemulsion can be seen transparent or semi-transparent with 
hazy, bluish appearance due to their small particle diameters in the range of 20–100 nm. 
(Nanoemulsions are also referred to in the literature as miniemulsions, ultrafi ne emulsions, 
emulsoids, unstable microemulsions, and submicrometer emulsions.) The characteristics that 
make nanoemulsions attractive for formulation of oil and water containing food products are 
the highly reduced amount of surfactant required compared to microemulsions and the 
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enhanced kinetic stability compared to emulsions. Benefi cial consequences of small droplet 
size are translucent appearance and low viscosity (Sඈඅൺඇඌ et al., 2005). Nanoemulsions are 
unique due to their long term physical stability with no apparent fl occulation, coalescence, 
creaming, or sedimentation, hence the shelf life of such product is extended. Nanoemulsions 
can be used to increase the degree of dispersion of highly hydrophobic bioactive compounds. 
Emulsion with nanometre size droplet diameters are prepared by using high-pressure valve 
homogeniser, microfl uidiser, or a low energy input method called phase inversion suggested 
recently (Pඈඋඋൺඌ et al., 2008). Therefore, nanoemulsions provide a great potential for 
increasing bioavailability of lipophilic functional substances. Solubilisation of phytochemicals 
like curcumin, resveratrol, carotenoids such as lycopene, beta-carotene, lutein, and zeaxanthin 
using nanoemusions was reported (Hඎൺඇ඀ et al., 2010). Bioavailability of essential oils can 
be increased by incorporation of the essential oils into the nanoemulsions, providing a safe 
alternative to synthetic additives. Due to the small droplet size and high optical clarity, there 
is great promise of nanoemulsions in the beverage industry, e.g. cinnamon oil based 
nanoemulsion to deliver vitamin D. Nanoemulsions can be a way to substitute clarifi ers such 
as alcohol in beverage industry (Yൺඅඡංඇදඓ & Eඋඡൾඅൾൻං, 2018).

2. Nanoencapsulation of antimicrobial agents

The specifi c goal with the antimicrobials is to improve the quality and safety of foods. Among 
the FDA approved antimicrobials, we can fi nd various compounds like acids (acetic, benzoic, 
sorbic, lactic, propionic acid), nitrite, nitrates, parabens, and even proteins such as lysozyme 
and nisin as well. The antimicrobials in the food system can be applied to the packaging 
material or/and to the food itself. Obviously, nanoencapsulation is promising in both cases. 
The antimicrobial nanoencapsulation system should be able to reduce the potential negative 
sensory eff ects of antimicrobials (e.g. by suppressing volatility) and to not increase (or 
possibly even decrease) the minimum inhibitory concentrations of antimicrobials to allow for 
a reduction of the required concentrations. Furthermore, the use of food antimicrobials must 
be economically feasible (Wൾංඌඌ et al. 2009).

The requirements for the nanoencapsulation systems are similar to the encapsulation of 
other bioactive components with special importance, controlled, gradual release of suffi  cient 
amount of antimicrobials to continuously inhibit bacterial growth. Solid lipid nanoparticles 
(SLN) as carriers are well suited for hydrophobic antimicrobials. The diff usion of molecules 
is slower than in liquid oil, so the solid matrix slows down movement of the bioactive 
compound to the droplet surface, as well as slows down penetration of any reactants (e.g. 
metals and oxygen) into the particle (Lൾൺඅ-Cൺඅൽൾඋඈඇ et al., 2007). Their appearance despite 
the small size might be turbid, because the refractive index of solid fat is higher than liquid 
oil. Gravitational stability is rather good, since the density diff erence between the particles 
and the medium is small (MർCඅൾආൾඇඍඌ, 2005). Crystallised matrices can also be convenient 
means to building a preservation system that is able to provide long-term protection by slowly 
releasing the antimicrobial agent into the food. Crystalline matrices can contribute to 
maintaining the activity during storage by reducing the volatility of the encapsulated 
compounds, which is advantageous when essential oils with high volatility are applied as 
food antimicrobials (Bඎඋඍ, 2004).

Liposomes as spherical hollow particles from lipids with aqueous interior are ideal 
delivery systems for hydrophilic antimicrobials. Liposomes can serve as a separate 
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microenvironment, in which food antimicrobials, especially protein types, can be incorporated 
maintaining their activity despite changes in the surrounding aqueous phase. Both nisin and 
lysozyme were successfully encapsulated into liposomes and were exposed to environmental 
and chemical stresses typically encountered in foods and food processing operations. It was 
found that liposomes containing nisin may be suitable for use as antimicrobial-active 
ingredients in low- or high-pH foods subjected to moderate heat treatments (Tൺඒඅඈඋ et al., 
2007). However, the main concern with liposomes is the lack of system stability. That can be 
overcome by formation of a coating of biopolymers on the surface of liposomes. A variety of 
polymers such as chitosan, β-lactoglobulin, fi sh gelatine, and casein were adsorbed on the 
surface of liposomes resulting in dramatic improvement in the long-term stability of the 
particles (Lൺඒൾ et al., 2008). Additionally, surface modifi cation with cationic polymers 
provides a possibility to improve electrostatic interaction of the liposome with the target 
bacterial cell surface (Cൺඋඎඌඈ ๟ Mඈඁඐൺඅൽ, 1999), which may have an infl uence on 
antimicrobial activity.

Microemulsions are thermodynamically stable systems containing large amount of 
surfactant, with a high chance to keep its highly dispersed structure upon dilution. A series of 
investigations on the use of microemulsions to deliver food antimicrobials and inhibit the 
growth of foodborne pathogens were conducted. Gൺඒඌංඇඌ඄ඒ and co-workers (2005) reported 
0.9% eugenol encapsulation into micelles at a surfactant (Surfynol 485W) concentration of a 
few percent. Growth inhibition of four strains of Escherichia coli and Listeria monocytogenes 
by eugenol in microemulsions incubated at various temperatures was determined. Eugenol 
encapsulated in surfactant micelles proved to be eff ective in inhibition of both microorganisms 
at pH 5, 6, and 7.

Nanoemulsions are also attractive delivery systems for antimicrobials due to their 
versatile character to accept both hydrophilic and hydrophobic type of antimicrobials, and 
also because of their signifi cant stability. When droplet size falls below a critical value (d ~ 
100 nm), emulsions become stable to creaming or sedimentation, because the eff ects of 
Brownian motion dominate gravitational eff ects (MർCඅൾආൾඇඍඌ, 2005). Nanoemulsions can 
thus be kinetically stable for many years. Nanoemulsion formation needs less amount of 
surfactant than microemulsions, but the choice of surfactant is critical, since emulsifi ers have 
to rapidly cover the many new surfaces that are formed. Generally, two classes of surface-
active species are used: (1) small-molecule surfactants such as monoglycerides, sucrose 
esters, and others and (2) macro-molecular emulsifi ers such as proteins or modifi ed starches 
(Dංർ඄ංඇඌඈඇ, 2003). Since small-molecule surfactants adsorb much faster to newly formed 
interfaces than macromolecular surfactants, they are typically better suited for manufacturing 
nanoemulsions. The appearance of emulsions is strongly dependent on droplet size, and 
emulsions become transparent, when the size of the droplet falls below a critical diameter 
(d < 90–100 nm), allowing their application in clear beverage products.

3. Nanoencapsulation of vitamins

Nanoencapsulation of vitamins with diff erent techniques is expected to be a crucial fi eld of 
research and development of enriched human food (Kൺඍඈඎඓංൺඇ ๟ Jൺൿൺඋං, 2016). Vitamins 
are bioactive molecules necessary for human health, which are sensitive to degradation. 
During consumption, the bioavailability of these compounds might be limited due to their 
structural change or low absorption. By entrapping vitamins in the nanocapsules, excellent 
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bioavailability for both water soluble and oil soluble vitamins can be achieved. 
Nanoencapsulation is a promising approach for targeted delivery and controlled release of 
vitamins. Such products possess various benefi ts, including the protection of vitamin 
molecules from destructive environment during processing and delivery, masking the 
possible undesirable fl avour, and long shelf life due to their increased colloid stability. The 
nanoparticle type carrier allows the implementation of enhanced benefi cial eff ect of vitamins, 
since the release of the active component is controlled, and targeting and high cellular uptake 
are enabled.

Nanoencapsulation-based technologies are emerging research areas in the food industry, 
employing diff erent nanocarriers like nanoparticles, nanoliposomes, and nanoemulsions. 
These techniques allow development of effi  cient nanoencapsulation of both hydrophilic and 
lipophilic vitamins, applying commercially approved compounds, including natural 
biopolymers such as starches, cyclodextrins, alginates, proteins, and also GRAS lipids and 
surfactants. The nanosystems encapsulating oil- and water soluble vitamins are collected in 
Table 1.

Table 1. Nanoencapsulation of oil- and water soluble vitamins
Vitamin Encapsulation system Reference
Oil soluble vitamins
D Nanoemulsion Gඎඍඍඈൿൿ et al., 2015

D3 Protein nanoparticle Aൻൻൺඌං et al., 2014; Lൾൾ et al., 2016;
Dൺඏංൽ & Lංඏඇൾඒ, 2016

D2 Casein micelle Sൾආඈ et al., 2006
D2 Solid lipid nanoparticle Pൺඍൾඅ et al., 2012

E acetate Nanoemulsion
Sൺൻൾඋං et al., 2013; Oඓඍඎඋ඄ et al., 
2014; Dൺඌ඀ඎඉඍൺ et al., 2016; 
Hൺඍൾ඀ൾ඄ංආൺඇൺ et al., 2015

E acetate Polysaccharide nanoparticles Cඁൾඇ & Wൺ඀ඇൾඋ, 2004

E Liposome Mൺඋඌൺඇൺඌർඈ et al., 2011, Lංඎ & Pൺඋ඄, 
2009

Lycopene, carotene, lutein Chitosome (chitosane coated liposome) Tൺඇ et al., 2016
Water soluble vitamins
B9 Nanoemulsion, double emulsion Aඌඌൺൽඉඈඎඋ et al., 2016
B2 Double emulsion Bඈඎ et al., 2014
C Liposome Mൺඋඌൺඇൺඌർඈ et al., 2011
B12 Small unilamellar vesicle Bඈർඁංർർඁංඈ et al., 2016

Oil-in-water (O/W) nanoemulsions as delivery systems for drugs, vitamins, and 
nutraceuticals within functional food products are gaining increasing attention. The O/W 
nanoemulsions are particularly suitable for encapsulation of lipophilic nutraceuticals because 
of their ability to form stable and transparent delivery systems with high oral bioavailability. 
Vitamin D3 was entrapped in whey protein isolate (WPI) nanoparticles and the stability was 
investigated in presence of air for 7 days (Aൻൻൺඌං, 2014). Particles formed compact structures 
in the presence of calcium, and the oxygen diff usion into the particle was inhibited. The 
results illustrate that these nanoparticles can be used either in clear or non-clear beverages as 
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enriching agent. Lൾൾ and co-workers (2016) applied another protein isolate obtained from 
soy to prepare nanoemulsion to deliver vitamin D3. The oil droplet size was in the range of 
70–120 nm, while the protein nanoaggregates provided good protection of vitamin D3 against 
UV exposure (180 min), with retention above 70%, compared to 5.2% in the control. The 
advantage of spontaneous emulsifi cation method to prepare nanoemulsion for vitamin D was 
presented by Gඎඍඍඈൿൿ and co-workers (2015). The infl uence of oil phase composition, 
surfactant type (Tween 20, 40, 60, 80, and 85), and stirring conditions on the initial particle 
size of vitamin D nanoemulsions was studied. Nanoemulsions with small droplet diameters 
(d<200 nm) could be formed using Tween 80 at high stirring speed (800 r.p.m.). These 
systems were relatively stable to droplet growth at ambient temperature (<10% in diameter 
after 1 month storage). The thermal stability of the nanoemulsions could be improved by 
adding a cosurfactant, sodium dodecyl sulphate. The spontaneous emulsifi cation method has 
great potential in forming nanoemulsion-based delivery systems for food and other 
applications, because it is simple and inexpensive. Spontaneous emulsifi cation was also used 
for encapsulation of vitamin E acetate (Sൺൻൾඋං et al., 2013). The eff ect of cosolvents, 
propylene glycol (PG) and ethanol, on the formation, stability, and physical properties of 
vitamin E loaded nanoemulsion was studied. The particle size and optical clarity of the 
nanoemulsions (10% vitamin E + 10% surfactant + 80% aqueous phase) depended strongly 
on cosolvent type and concentration. The smallest droplets (d<50 nm) and highest transparency 
were observed when either 30% PG or 20% ethanol was present in the aqueous phase. 
Dilution of the nanoemulsions (100 × with water) prior to storage considerably improved 
their long-term stability, especially at higher storage temperatures. Vitamin E acetate loaded 
nanoemulsion was successfully formed using natural small molecule surfactants: quillaja 
saponin and lecithin (Oඓඍඎඋ඄ et al., 2014). The eff ect of oil composition (0–100% vitamin E 
acetate), surfactant type, and surfactant concentration (0.0005–5%) on the mean particle 
diameter and vitamin loading capacity was examined. The mean particle diameter had a 
minimum value (about 120 nm) at an intermediate vitamin E-to-orange oil ratio. The mean 
particle diameter decreased with increasing surfactant concentration for both surfactants. 
Both systems were found to be stable at temperatures from 30 to 90 °C (pH 7). A food grade 
vitamin E acetate nanoemulsion using edible mustard oil and surfactant Tween 80 was 
prepared by Dൺඌ඀ඎඉඍൺ and co-workers (2016). A stable nanoemulsion for 15 days with 
droplets of spherical morphology and a size distribution of 86.45±3.61 nm was obtained. 
These nanoemulsions showed improved bio-, antioxidant, and antimicrobial activities and 
could be potentially used to increase the shelf life of fruit juice. Beside the stability of the 
nanoemulsion, vitamin E degradation was also characterised under a wide range of 
environmental conditions by Hൺඍൾ඀ൾ඄ංආൺඇൺ and co-workers (2015). The low energy 
emulsifi cation method known as Emulsion Phase Inversion was applied with diff erent carrier 
oils (short-chain, medium-chain, and long-chain triglycerides) and Tween 80 as colloid 
stabiliser. Although nanoemulsions made with vitamin E and the three carrier oils showed 
physical stability to heat shock (30–90 °C, 30 min), ionic strength (0–500 mM), pH (2.0–
8.5), and long term storage (60 days, under light and darkness, 4, 25 and 40 °C), there was 
signifi cant vitamin E degradation in heat processed and long-term stored samples. Vitamin E 
retention increased when the nanoemulsions were stored in the dark.

The main purpose of nanoencapsulation is the protection of the bioactive component in 
the case of water soluble vitamins. The inverse type emulsion, water in oil (W/O), is suitable 
to encapsulate the various hydrophilic B vitamins. Double emulsion (W/O/W) is the perfect 
form to easily introduce an aqueous system into e.g. beverages. Water in oil nanoemulsions 
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containing folic acid (vitamin B9) was prepared and optimised by a low energy (spontaneous) 
emulsifi cation technique using a non-ionic surfactant (Span 80) (Aඌඌൺൽඉඈඎඋ et al., 2016). 
The optimum nanoemulsion formulation with 12% dispersed phase, a water to surfactant 
ratio of 0.9, and folic acid content of 3 mg ml–1 in dispersed phase was encapsulated within 
maltodextrin-whey protein double emulsions. Droplet size decreased at higher surfactant 
contents, and the fi nal nanoemulsions had a droplet size <100 nm. Bඈඎ and co-workers 
(2014) examined the infl uence of the type of lipid source (chia oil, sunfl ower oil, olive oil, or 
rendered pork backfat) on the physicochemical properties of ribofl avin (vitamin B2) 
encapsulation in food-grade W/O/W double emulsions for use as functional healthier-fat 
food ingredients. Thermal treatment caused minimal changes in oil droplet particle size 
characteristics, viscosity, dynamic rheological properties, physical stability, and encapsulation 
effi  ciency. Ribofl avin was effi  ciently encapsulated, and the carrier system was stable to 
environmental stresses typically occurring in the food industry.

In recent years, much attention has been given to lipid carriers as potential delivery 
systems for bioactive molecules, due to their favourable properties such as high 
biocompatibility, size and composition versatility.

Nanoliposomes provide excellent possibility to encapsulate both hydrophilic and 
hydrophobic compounds. The inner core of the nanovehicle is an aqueous phase, which can 
deliver a relative high amount of water soluble vitamin, while the nonpolar section of the 
lipid bilayer can incorporate hydrophobic, oil soluble vitamins. For this purpose, multilayer 
liposomes off er higher encapsulation capacity. Soy phosphatidylcholine-based liposomes 
were developed as vitamin transporters for vitamins E and C to be incorporated in orange 
juice (Mൺඋඌൺඇൺඌർඈ et al., 2011). Liposomes had a protective eff ect on antioxidant activity of 
vitamins before and after pasteurisation. Addition of stearic acid favours oxidative stability 
and encapsulation effi  ciency due to a bilayer stabilising eff ect. It is important to note that the 
combination of liposomal formulations and vitamins with orange juice did not change its 
organoleptic characteristics and showed microbiological stability after pasteurisation and 
storage at 4 °C for 37 days. An innovative ultrasound-assisted approach was described by 
Bඈർඁංർർඁංඈ and co-workers (2016) to obtain nanostructures (Small Unilamellar Vesicles, 
SUVs) less than 100 nm in size, loaded with diff erent vitamins (B12, tocopherol and 
ergocalciferol). SUVs with diameter size ranging from 40 nm to 51 nm were obtained starting 
from MLVs with a diameter range of 2.9–5.7 μm. Stability tests have shown that the used 
lipid composition allows keeping the nanovesicles and their content intact for more than 10 
days when incubated under simulated extracellular environmental conditions.

A new nutraceutical carrier, chitosan-coated nano-size liposome from phosphatidyl-
choline (pc) and cholesterol was developed by Lංඎ and Pൺඋ඄ (2009). Sonication method was 
applied to get small liposomes with mean diameter ~82 nm. Chitosan-coated nano-size 
liposomes appeared to be promising vitamin E carriers, with the highest payload over 27%. 
The stability of the suspension of loaded liposomes during the 8 weeks of storage was over 
90% under 4°C. The previously described cithosan coated nano liposome, the chitosome, is 
the delivery system for various carotenoids (lycopene, β-carotene, lutein, and canthaxanthin) 
in the report of Tൺඇ and co-workers (2016). It was revealed by fl uorescence analysis that the 
interaction of chitosan with liposomal membrane, such as electrostatic and hydrophobic 
interaction, restricted the motion freedom of lipid molecules and enhanced their order at the 
polar headgroup region and hydrophobic core of the membrane. These rigidifying eff ects 
were directly responsible for the stabilisation of carotenoid-loaded liposomes against heat 
and gastrointestinal stress. The liposomal membrane was able to protect β-carotene and lutein 
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to a higher extent than lycopene and canthaxanthin. These results may contribute to the 
development of chitosomes as potential candidates for an effi  cient delivery of bioactive 
compounds in nutraceutical and functional foods.

The use of solid lipid nanoparticles (SLNs) is a technique that has been widely used in 
the pharmaceutical industry for the last 2 decades and has become of increasing interest to 
food scientists due to its potential for encapsulation and controlled release. The classical lipid 
based carrier, the lipid nanoparticle, is usually the solidifi ed form of O/W emulsion droplet. 
Starting from nanoemulsion nano sized solid crystalline lipid spheres can be obtained 
containing the bioactive compound dispersed in the matrix. Encapsulation of ergocalciferol 
(vitamin D₂) performed in tripalmitin SLNs stabilised by polysorbate 20 (Tween 20) was 
reported by Pൺඍൾඅ and co-workers (2012). They found that, with increased vitamin D₂ 
concentration, the clarity of the dispersion increased, and the stability of the lipid crystal 
structure was aff ected in a way that indicated a higher capacity of the lipid to incorporate 
vitamin molecules and hence, to protect them better from oxygen and light. That vitamin 
loaded SLNs off er a useful way for fortifi cation of clear juices with ergocalciferol. Another 
solution was proposed by Dൺඏංൽ and Lංඏඇൾඒ (2016) for fortifying beverages with vitamin D 
of low water solubility and acid-sensitivity. Potato protein, a widely available and inexpensive 
raw material, considered GRAS and non-allergenic was used. Vitamin D3 – potato protein 
nanoparticles were formed in phosphate buff er at pH 2.5, the solutions obtained were 
transparent. Nanocomplexation provided signifi cant protection and reduced vitamin losses 
during pasteurisation and simulated shelf life tests under several diff erent sets of storage 
conditions. Hence, potato protein shows promise as a good protective carrier for Vitamin D3, 
and possibly other hydrophobic bioactives, for enrichment of clear beverages and other food 
& drink products, to promote human health.

4. Texture modifi cation

To provide elderly people with healthy and soft food is recently an essential task for the food 
industry. The need for texture modifi ed food products becomes more demanding with the fast 
growing rate of older people in the population (A඀ඎංඅൾඋൺ ๟ Pൺඋ඄, 2016). Nanotechnology 
might off er a valuable contribution to the development and introduction of tailor-made soft 
foods. Texture-modifi ed foods (TM) is a term that refers to foods with soft-textures and/or 
reduced particle size as well as thickened liquids (drinks) aimed at the market segment of 
seniors with eating dysfunctions. Categories of soft and TM food are thin drinks, soups, 
thickened liquids, creamy food jellies, mousses, purees, and pates, minced and moist foods, 
and process-softened foods (Zൺඋ඀ൺඋൺൺඇ et al., 2013). Older people are particularly exposed 
to nutritional defi ciencies, so specifi c recommendations have been proposed for this age 
group. Higher daily protein, vitamin D, and calcium intake, soft, fi bre-rich food, which is 
tasty and easy to safely swallow are required.

Considering the technologies, some conventional methods can be used to soften food 
and meals, freeze-thawing, enzyme impregnation, high-pressure processing, use of pulsed 
electric fi elds, and sonication. Proper control of process variables allows preserving the 
colour and fl avour of food products, while tuning their soft texture to diff erent extents. 
Additionally, there are novel technologies, microfl uidics (Mൺඋඊඎංඌ et al., 2014), 3D printing 
(Gඈൽඈං et al., 2016), electrospinning (Gඁඈඋൺඇං ๟ Tඎർ඄ൾඋ, 2015), elecrospraying (Gඈආൾඓ-
Mൺඌർൺඋൺඊඎൾ et al., 2015) leading to small particles, which may fi nd applications in TM 
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foods. Proteins, carbohydrates, and lipids are the basic building blocks for the design of TM 
foods. Globular proteins unfold and denature when heated, increasing the viscosity of liquids 
(e.g. in protein drinks). On further heating they may self-assemble into nano-sized aggregates 
and fi brils, eventually becoming the network chains of gels. Polysaccharides are used to 
thicken aqueous food dispersions, stabilise emulsions and foams, and as gelling agents. 
Gums and starches are often used as thickening agents and encapsulating matrices for 
nutrients, antioxidants, colorants, enzymes, and fl avours. Monoglycerides and phospholipids 
may be used as emulsifi ers in interfaces due to their amphiphilic nature or self-associated into 
a multitude of nanosized structures (e.g., micelles and vesicles) as delivery vehicles for 
nutrients and bioactives.

Due to their small and tuneable size, soft texture, and free fl owing state, gel microparticles 
are excellent alternatives to tailor the rheological properties of foods. They may be mixed 
into thin liquids or added to purees to modify their fl ow behaviour and texture perception. 
Loaded with fl avours and provided with weak and fragile texture, they elicit stronger aroma 
feel during breakdown in the mouth.

Feeding the elderly with tasty and nutritious food is considered a major challenge for the 
food industry in many countries of the world.

5. Nanotechnology in food packaging

Consumers’ expectation towards food packaging is to provide food safety and to maintain 
food freshness and sensory values. A further convenience for the seller and the customer is to 
get information on the history of thermal or other environmental conditions possibly 
infl uencing the quality of food products during their shelf life. That demand could be met by 
various nanostructural sensors and indicators built into smart packaging materials (Oඓൽൾආංඋ 
๟ Kൾආൾඋඅං, 2016).

According to the legal defi nition of the EU (EC, 2009), intelligent packaging contains a 
component that enables the monitoring of condition of the packaged food or the environment 
surrounding the food during transport and storage. That provides the user with reliable and 
correct information on the conditions of the food, environment, or package integrity 
(Vൺඇൽൾඋඋඈඈඌඍ et al., 2014). Active packaging is an extension of the protection function of 
traditional food packaging, and is designed such that it contains a component that enables the 
release or adsorption of substances into food or the environment. In such a system the product, 
the package, and the environment interact in a positive way to extend shelf life, improve the 
condition of the packaged food. Both packing systems can work synergistically to realise the 
so-called smart packaging. Smart packaging provides a complete packaging solution that on 
the one hand monitors changes in the product or the environment and on the other hand acts 
upon these changes. This kind of closed-loop packaging system off ers the perspective to 
monitor changes in the product, packaging, and/or the environment and to respond 
appropriately on these changes via a feedback mechanism.

Such innovative approach of development of packaging system with novel functionality 
can be the answer to the emerging need to solve safety and quality issues through the supply 
chain and reduce product losses. The application of micro- and nanoencapsulation covers the 
area of designing food packaging loaded with bioactive components, the time and temperature 
indicators, as well as pressure triggered fragrance and fl avour releasing systems. The active 
components of these intelligent packaging materials provide important functions as 
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antimicrobial, antioxidative, or even insect or rodent repellent properties to enhance the 
safety of food products. This requires appropriate technologies that can be integrated into 
food packaging preserving the quality of packaged food and comprising the concept of 
controlled release. The most important positive impact on food quality and storage stability 
is that the amount of preservatives applied could be greatly reduced (Oඓൽൾආංඋ ๟ Kൾආൾඋඅං, 
2016). Encapsulation of antimicrobial agents represents some of the earlier applications of 
active packaging technology (LൺCඈඌඍൾ et al., 2005; Cඁൾඇ et al., 2012). Foods such as cheese, 
sliced meat, and bakery that are prone to spoiling on the surface have been the focus for 
contact packaging imbued with antimicrobials. A food fi lm for bakery products that 
incorporates the essential oil of cinnamon was brought to market. Working with oregano oil 
and apple puree, scientists created edible food fi lms that are able to kill certain E. coli. 
Packaging made with nano particles of zinc, calcium, magnesium oxide, and titanium dioxide, 
materials that are cheaper than nano silver, were tested as antimicrobials and were found 
eff ective.

Another reason behind the possible deterioration of food is oxygen. Oxygen inside the 
food packaging causes oxidation of fats and oils. It is also responsible for discoloration, 
changes in texture, rancidity, off -odour, and fl avour problems (Mൾ඀ඁൺඇං et al., 2019). 
Utilisation of nanomaterial helps to enhance the safety of food by avoiding spoilage or loss 
of food nutrients. Nanoclays embedded in plastic bottles and nylon food fi lms stiff en 
packaging and reduce gas permeability. The nano-enhanced barrier keeps oxygen-sensitive 
foods fresher and can reduce packaging costs for manufacturers. A low cost nanoclay 
composite interior coating for paperboard cartons was created to keep juice fresher. 
Nanocomposites with oxygen radical scavenging ability given to plastic bottles off er a 
6-month shelf life for beer. In another development of composite packaging material, addition 
of 3–5% nanoclay to plastic signifi cantly improved the oxygen, carbon dioxide, moisture, 
and volatile barrier properties as well as heat-resistance and strength of plastic beer bottles. 
Starch/clay and hydroxyapatite/chitosan are further nanocomposite materials of natural 
components with particularly good barrier properties, application of which could enhance the 
shelf life of foods such as processed meat, cereals, and cheese (Mඈඋൺඋඎ et al. 2009).

Beside the quality preserving packaging, the monitoring of products is a major focus of 
food-industry-related nanotechnology. Such systems are able to respond to environmental 
conditions and alert the customer if the food is contaminated. With embedded nanosensors in 
the packaging, consumers will be able to read the condition of the food inside. The indicators 
provide immediate visual, qualitative information about the packaged food by means of a 
colour change, an increase in colour intensity, or diff usion of a dye along a straight path. 
Changes should be irreversible. Researchers are continuously searching for sensitive tools 
that are fast, accurate, and ultrasensitive to detect foodborne pathogens and their toxins. The 
possibility to combine biology and nanoscale technology into sensors holds the potential of 
increased sensitivity and reduced response time. Bioanalytical nanosensors would be able to 
detect a single virus particle long before the virus multiplied and long before symptoms are 
evident (Fൺඋඁൺඇ඀, 2009).

Sensors off er the prospect to provide an alternative to the time consuming, expensive, 
and destructive analytical techniques that are currently applied to monitor a packaged food 
product and its environment throughout the entire supply chain, though there is still a need to 
overcome the present limitations of sensors. The fl exible printed sensors might be a promising 
alternative to silicon based systems. They are lightweight, bendable, rollable, large area, thin, 
small, sensitive, selective, and reversible with similar or better optical and electrical 
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characteristics. By connecting one or more sensors to a radiofrequency identifi cation tag, 
ensuring energy supply and storage of data in the memory, important historical information 
can be gathered on the quality status of the food. This remote and non-destructive way of 
monitoring food products is especially relevant for the transport and storage of perishable 
goods such as fruit, vegetables, meat, and fi sh.

The environmental aspect of food packaging is also crucial, as innovations should serve 
the reduction of harmful impact of packaging waste and food loss on our environment 
(Vൺඇൽൾඋඋඈඈඌඍ et al., 2014).

*
This work was completed in the ELTE Institutional Excellence Program (NKFIH-1157-8/2019/FEKUTSTRAT) 
supported by the Hungarian Ministry of Human Capacities.
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