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Abstract

Nanostructured colloids are materials with at least one dimension in the nanometer range
(<100 nm). Such materials find multiple and exciting applications in various areas of food
science, and can lead to development of new and innovative food products and ingredients.
Nanostructured colloids can be naturally present in food or they can be synthetically
manufactured and added during different stages of food production and packaging. The
building blocks of nanostructures in food consist of organic molecules (proteins, lipids,
saccharides), inorganics (metal and metal oxides, carbon-based materials, clays) and com-
bined organic and inorganic compounds. Some examples of nanostructured colloids natu-
rally occurring in food include fat globules in homogenized milk, casein micelles, [3-
lactoglobulin fibers in milk. Synthetically manufactured colloids (artificial and engineered)
include nanoemulsions, nanomicelles, nanocapsules, nanofoams, nanoliposomes, nanogels,
nanofibers, metal and metal oxide nanoparticles. Synthetically manufactured nanostructures
are normally added in food to enhance solubility, improve bioavailability, protect the biolog-
ically active compounds from degradation, increase the shelf life, color, flavor, and add
nutritional value. Exciting fields of applications of nanostructured colloids in food science
comprise: functional food ingredients, food additives, food supplements, food packaging
and nanosensors.

Keywords: natural nanocolloids, artificial nanocolloids, engineered nanocolloids,
applications, safety

1. Introduction

Nanotechnology provides innovative means of controlling and structuring food. Recently,
nanotechnology has become an active research field in food science, especially related to the
development of functional foods with improved functionality and value. Nanostructured
colloids (nanocolloids) are nano-sized materials that can be inherently present in food, or they
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can be formed because of food processing technologies such as milling, homogenization,
emulsification, electrospraying, spray-drying, supercritical CO,-based techniques, gelation,
foaming, etc. [1, 2].

According to the European Commission, “Nanomaterial” means a natural, incidental or
manufactured material containing particles, in an unbound state or as an aggregate or as an
agglomerate and where, for 50% or more of the particles in the number size distribution, one or
more external dimensions is in the size range of 1-100 nm. In specific cases and where
warranted by concerns for the environment, health, safety or competitiveness, the number size
distribution threshold of 50% may be replaced by a threshold between 1 and 50% [3].

Additionally, engineered nanomaterial means any intentionally produced material that has
one or more dimensions of the order of less than 100 nm, or that is composed of discrete
functional parts, either internally or at the surface, many of which have one or more dimen-
sions of the order of 100 nm or less, including structures, agglomerates or aggregates, which
may have a size above the order of 100 nm but retain properties that are characteristic of the
nanoscale. Properties characteristic of the nanoscale include: (i) those related to the large
specific surface area of the materials considered; and/or (ii) specific physicochemical properties
that are different from those of the non-nanoform of the same material [3].

Two approaches are commonly encountered in food science and industry to produce nano-
sized particles: the so-called ‘bottom-up” and ‘top-down’ approaches. The ‘bottom-up’
approach is related to the ability of molecules to self-assemble; it is a method based on atomic
and molecular manipulation. Self-assembly is characteristic for the formation of naturally
occurring nanostructures in foods. The ‘top-down’ approach leads to particle size reduction
down to the nanometer range during physical processing of breaking-up bulk materials such
as milling, homogenization, emulsification, and nanolithography [1, 4, 5].

Molecular self-assembly at the nanometer scale can be achieved by non-covalent interactions.
The self-assembly of nanostructured food components is thermodynamically driven by non-
covalent interactions such as van der Waals interactions, hydrogen bonds, electrostatic inter-
actions, Coulomb interactions, coordinate bonding, or hydrophobic interactions. Proteins,
peptides, lipids and polysaccharides have the ability to self-assemble into different types of
nanostructures such as self-assembly of casein micelles, folding of globular proteins, formation
of protein nanofibers, and formation of starch [6].

The “top-down” approach most commonly includes dry milling, high-pressure homogeniza-
tion, and ultrasound emulsification. In milling, mechanical energy is applied to break-up the
particles and reduce their size to the nanometer range. Dry milling can be applied to reduce the
size of wheat flour and increase thus its water-binding capacity. Also, applying dry milling to
reduce the size of green tea particles resulted in increased oxygen-eliminating enzyme activity
[5]. High-pressure homogenization or microfluidization converts high fluid pressure into shear
forces, leading to uniform particle size reduction and formation of nanostructures. The tech-
nique is normally used in dairy sector for size reduction of fat globules which is useful to
increase the stability of emulsions. Microfluidization results in size reduction and emulsion
formation, leading to improved texture and aspect. It is applied for obtaining fillings and



Nanostructured Colloids in Food Science 55
http://dx.doi.org/10.5772/intechopen.79882

icings, salad dressings, yoghurts, syrups, flavored oil emulsions, creams, drinks [4, 5, 7].
Ultrasound emulsification is also used to prepare stable oil and water emulsions making use
of high intensity ultrasound waves.

2. Types of nanostructured colloids in food science

2.1. Naturally occurring nanocolloids in food

In many cases, food products naturally contain ingredients in the nanometer range, which are
different from the synthetically manufactured ones. There is a large variety of naturally occur-
ring food structures that fall within the nanometer range at least in one dimension. Such
nanostructures result from the self-assembly of the biological molecules through non-covalent
interactions. The nanostructures can result from the arrangement of proteins, lipids, polysac-
charides as-such, or in combinations, even combinations with small ligands. Also, most poly-
saccharides and lipids in food form linear polymeric chains less than 1 nm thick. Milk contains
many naturally occurring nanostructures; during milk homogenization, lipid vesicles of
around 100 nm are formed. Proteins in food are globular structures with size between 10 nm
and hundreds of nm.

Some particular examples of commonly encountered protein nanostructures include: the
casein molecule, 3-lactoglobulin, bovine serum albumin, a-lactalbumin, lactoferrins (all pre-
sent in milk), and lysozyme, ovalbumin, avidin (all present in egg white) [5, 8]. Most of the
proteins of vegetal and animal origin are globular proteins, with few exceptions such as casein
which forms micelles. Globular proteins such as whey proteins from milk have the ability to
form particles with sizes of 40 nm.

Caseins belong to a family of phosphoprotein nanostructures present in milk that self-assemble
into micellar granular structures which are suspended in the aqueous phase of milk. Ninety-
five % of the caseins naturally self-assemble into micelles with 50-500 nm diameter [8, 9]. There
are four varieties of caseins present in the mammalian milk: casein ag;, ag, B, and x [5, 10].
Casein accounts for 80% of the proteins in the cow’s milk and 2045% of the proteins in the
human milk [11]. The casein micelle is stabilized by calcium-phosphate bonds. The high phos-
phate content of casein micelles allows it to associate with calcium and to form calcium phos-
phate salts. The high phosphate content of milk allows it to contain much more calcium than
would be possible if all the calcium were dissolved in solution, thus casein proteins provide a
good source of calcium for milk consumers. Thus, this type of colloidal micelles significantly
increase the bioavailability of the calcium and phosphate ions [12]. Moreover, the casein micelles
are important in milk digestion in the stomach and intestine, and constitute the basis for many of
the milk products, being the major component of cheese (cheese is obtained by coagulation of
casein). Casein is also used as food additive.

B-Lactoglobulin is the major whey protein in mammalian milk, except the human milk. The
B-lactoglobulin monomer is a 3.6 nm long nanofiber which consists of a 162 amino acid
sequence, and a molecular weight of 18.4 kDa. Depending on the pH, (3-lactoglobulin can exist
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as slightly different structures such as dimmers, monomers, tetramers. The exact role of [3-
lactoglobulin has not yet been clearly established. It is believed to be involved in the transport
of molecules due to its capacity to bind hydrophobic molecules and iron [5, 13].

a-lactalbumin is a 123 amino acid residue milk protein, with 2.01 nm radius, 14.2 kDa molecular
weight and an isoelectric point between 4.2 and 4.5. a-Lactalbumin is a component of lactose-
synthase, the enzyme responsible for lactose synthesis in mammalian milk, so it has a key role in
regulating lactose production in milk. It has been proved that some folding variants of a-
lactalbumin have bactericidal activity and some of them cause apoptosis of tumor cell [12, 14].

Lactoferrin is a 689 amino acid iron-binding protein with 3.6 nm radius, 82.4 kDa molecular
weight and 8.7 isoelectric point. Lactoferrin has antibacterial and antifungal activity, it plays a
role in iron adsorption, and studies have shown that lactoferrin is involved in the immune
system responses [5, 15]. Human colostrum has the highest lactoferrin content, providing
protective and antibacterial activity to infants. Lactoferrin normally complexes with other milk
components such as casein, -lactoglobulin, DNA, polysaccharides, and some of its biological
activity is due its complexated forms [15].

Lysozyme (C-type) is a 129 amino acids globular antibacterial protein found in egg white, with
a diameter of about 4.2 nm. C-type lysozyme is related to a-lactalbumin regarding the
sequence structure [16].

Ovalbumin is the main protein in egg white, accounting for 55% of its protein content. It is a
385 amino acids sequence with 42.7 kDa molecular weight and 6.1 nm diameter [5, 17].

Lipid based nanocolloids naturally occurring in food are represented by lipoproteins in egg yolk,
oleosomes found in plant seeds, fat globules in milk. The lipid nanostructures in food are nor-
mally composed of a hydrophobic core (triacylglycerols, glycerols, esterified fatty acids), surrou-
nded by other phospholipids or proteins. The lipoproteins present in egg yolk form spherical
structures with 15-60 nm diameter. The oleosomes are specialized lipid-based organelles in plant
seeds, 0.1-10 pm in diameter, used for energy storage and for preventing fats from oxidation
during germination. They are good vitamin reservoirs, being composed of a vitamin and
triacylglycerol-rich core, surrounded by a phospholipid layer and protein layer [18].

2.2. Artificial nanocolloids in food

The term artificial refers to synthetically manufactured organic structures to produce colloidal
particles on the nanoscale. There is huge interest towards designing nano- and microstructures
for the food industry sector, since bioactive molecules can be encapsulated in such nanostr-
uctures. In many situations, encapsulation offers significant advantages, such as enhancing the
stability and solubility of bioactive compounds (e.g. carotenoids), improving bioavailability (e.g.
carotenoids, vitamins, minerals), protecting nutrients and bioactive compounds from degrada-
tion during manufacturing and storage, facilitating controlled release, masking unpleasant taste
during eating (e.g. fish oil, polyphenols) [19].

Artificial organic colloidal nanostructures are most often synthesized from proteins, polysac-
charides, and lipid molecules. Artificial organic nanostructures can be build-up of one type of
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molecule only, or, alternatively they can be combinations of different molecules. Commonly
encountered artificial nanocolloids include nanoemulsions, nanomicelles, nanocapsules,
nanofoams, nanoliposomes, nanogels, and nanofibers. The development of such structures
has impact on the stability, protection, delivery, and bioavailability of bioactive molecules.

2.2.1. Nanoemulsions

Nanoemulsions are dispersions of at least two immiscible liquids, usually oil-in-water disper-
sions with mean diameters of 10-100 nm. Basically, they are fine dispersions of droplets of one
liquid in another one in which the first is not soluble (usually defined as the oil phase and
aqueous phase). Compared to conventional emulsions, nanoemulsions offer significant advan-
tages for certain applications. First, nanoemulsions are much more stable compared to tradi-
tional emulsions, due to the small particle size [4, 20, 21]. They have higher stability towards
particle aggregation and gravitational separation. In addition, nanoemulsions are used to
increase solubility and bioavailability of bioactive hydrophobic molecules, especially caroten-
oids (lutein, lycopene, 3-carotene), polyphenols (resveratrol), vitamins (A, D, E3), enzymes (co-
enzyme Q10), fatty acids (omega-3 fatty acids). Also, compared to traditional emulsions, the
very small particle size of nanoemulsions, which can be smaller than the wavelength of light,
only scatters light weakly. This does not alter the appearance of the food in which they are
incorporated. So, they can be incorporated into optically transparent foods and beverages
without affecting their clarity. Nanoemulsions can be prepared by high-pressure homogeniza-
tion or ultrasound-assisted homogenization.

2.2.2. Nanoliposomes

Nanoliposomes are spherical bilayered vesicles made of amphiphilic molecules, such as phos-
pholipids (e.g. lecithin, cholesterol). The molecules are arranged in two concentric circles, such
that the hydrophilic end of the outer layer is exposed to the outer environment, while the inner
hydrophilic end makes the hydrophilic core. The hydrophobic tails are in between the two
hydrophilic layers. Their size varies between 20 and 400 nm usually. Liposomes can encapsu-
late both hydrophobic and hydrophilic molecules: hydrophobic molecules are encapsulated in
the hydrophobic tail regions, while water soluble molecules are encapsulated in the hydro-
philic core [4, 21].

2.2.3. Nanomicelles

Nanomicelles are spherical monolayered vesicles made of amphiphilic molecules. In a biolog-
ical system, the molecules tend to arrange themselves in such a manner that the inner core is
hydrophobic and the outer end is hydrophilic in nature. Thus, they can be used for encapsula-
tion of hydrophobic molecules. Nanomicelles size varies in the range 5-100 nm.

2.2.4. Polymeric nanocapsules

Polymeric nanocapsules are synthetic colloidal nanostructures obtained from different natural
or synthetic biocompatible polymers, with the final goal of encapsulating bioactive com-
pounds. Most common polymers are poly lactic acid, poly-e-caprolactone, poly-lactide-co-
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glycolide, natural polysaccharides (chitosan, Xanthan gum, Arabic gum), whey protein, etc.
[22]. Nanocapsules are synthetic vesicles in which the bioactive compounds of interest, solubi-
lized in an aqueous or oil core are covered by a polymeric shell. Polymeric nanocapsules can be
build-up of single or multilayered polymeric walls, such as for example the polyelectrolyte
multilayer capsules made of alternating layers of positively and negatively charged polymers.
The bioactive compounds are normally encapsulated within the nanocapsule’s core. Examples
of molecules that can be encapsulated in polymeric nanostructures are the carotenoids lutein,
lycopene, [3-carotene, bixin, but also quercetin, a-tocopherol, vitamin B12, turmeric oil, lemon-
grass oil, cinnamon oil, etc. [22].

2.3. Engineered food nanocolloids

Engineered food nanocolloids mainly refer to synthetic metal and metal oxide nanoparticles.
According to the European Commission, these nanoparticles are attracting great interest
because they are increasingly used through sunscreen creams or other cosmetics, paints,
plastics, dyes, food, medicines. Commonly used engineered colloidal systems in food indus-
try include silver nanoparticles (AgNPs), titanium dioxide nanoparticles (TiO,-NPs), zinc
oxide nanoparticles (ZnO-NDPs), silicon dioxide nanoparticles (S5iO,-NPs), nickel oxide
nanoparticles (NiO-NPs), copper oxide nanoparticles (CuO-NPs), tin oxide nanoparticles
(5SnO,-NPs), chromium oxide nanoparticles (Cr,O3;-NPs), or composites between such
nanoparticles [23]. A more complete list containing nanomaterials currently used in the
European Union is presented in Table 1, based on an inventory of the European Food Safety
Authority (EFSA) [3].

Naturally occurring nanomaterials ~ Nisin Proteins Casein
Cellulose Green tea Lysozyme
Starch Enzymes Zeolites
Nanodroplets Nanolipids Nanosalts
Artificial nanomaterials Nanocapsules (liposomes, micelles, nanocapsules, nanoemulsions)
Engineered nanomaterials Silver Copper Nickel
Titanium dioxide Fullerenes Cerium oxide
Nanocomposites Selenium Aluminum
Zinc oxide Calcium Aluminum oxide
Clays Calcium carbonate Carbon black
Synthetic amorphous Silica ~ Calcium silicate Organic Pigments
Carbon nanotubes Calcium phosphate  Platinum
Silicon dioxide Copper oxide Sulfur
Gold Chromium Amorphous Na-Al silicate
Iron Lead Titanium nitride

Table 1. Nanomaterials in the agricultural, food and feed sector, as reported by an EFSA inventory [3].
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Even if there is great potential for applications of such colloidal nanostructures in food indus-
try, this class of structures is also related to potential food safety implications, health and
environmental hazards. There is currently a continuous debate in this regard. The health
hazards related to human exposure to such engineered nanostructures is due to the fact that
their accumulation in tissues and cells is not entirely understood, and there is a fear of long
term systemic toxicity. Environmental concerns are closely related to the fact that hundreds of
tons of nanoparticles end up annually into the environment and further into the food chain.
Plants play a critical role nanoparticles fate in the environment by assimilation, being exposed
to nanoparticles due to agricultural soils fertilization with sewage sludge, as well as due to the
use of nanoparticles in phytosanitary products.

3. Applications of nanostructured colloids in food science

The unique physical, chemical, and biological properties of colloidal nanostructures are consid-
erably different from their bulk counterparts and this opens them unique and new possibilities
for applications. Several research papers and reviews have identified potential applications of
nanostructures for the food sector to improve food quality and safety. Increasing the shelf life of
the food (preservation), pathogen detection, sensing, coloring, flavoring, and increasing nutri-
tional value, are some of the important applications of nanostructures in the food and agri-food
sectors.

AGRICULTURE FOOD ADDITIVES

* Metal oxide nanoparticles

« Improved color, flavour, taste,
consistency, light and heat resistance

* Pathogen detection

* Pesticides

 Improved distribution, efficiency and
controlled release of pesticides

SENSORS

* Metal oxide nanoparticles

* Food quality

* Food safety

« Detection of spoilage, pathogens

Applications of
Nanostructures in

Food Science

FOOD CONTACT MATERIALS

» Food packaging: active and intelligent ENCAPSULATION
packaging

» Improved mechanical and heat resistance

+ Antibacterial surfaces

» Improved stability and shelf life

* Monitoring of packaged food

* Nano-encapsulated bioactives
* Improved stability, bioavailability,
delivery of bioactive molecules

Figure 1. Applications of colloidal nanostructures in the food and agri-food sectors.
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According to a report of EFSA [3], AgNPs and TiO,-NPs are most used nanomaterials, with
food additives and food contact materials being the most encountered applications. Some of
the common potential fields of application of nanostructures and nanotechnology in food
science and agriculture sectors are highlighted in Figure 1.

3.1. Sensing

Lately, there is an increasing number of sensing devices with applications in the food analysis
sector, especially food quality control. Such devices are mainly based on colloidal metal oxide
nanoparticles. They can mainly detect unwanted gases and volatile organic compounds that
are produced in food products due to their spoilage. The working principle of such sensors is
based on the interaction between the gas molecules and the colloidal metal oxide particles,
which generates the change of a physical parameter in the transduction mechanism, making it
possible to identify and in some situations to quantify the unwanted gas molecules. The
colloidal metal oxide nanoparticle sensors can be independent devices used for food quality
monitoring or they can be incorporated in intelligent packaging systems (see Section 3.3).

Some examples include sensors for the detection of trimethylamine, dimethylamine and
ammonia, which are gas molecules naturally formed during biodegradation of plants, fish
and animal tissues. Their presence is directly related to the degree of freshness of the fish and
seafood products. Different metal oxide nanoparticle sensors have been reported for the
detection of trimethylamine such as TiO,-NPs, Au-WO3-NPs, ZnO-Cr,05-NPs, Cr,O3-SnO,-
NPs [23, 24]. For dimethylamine detection different formulations of ZnO-NPs have been
reported. Besides being used for detection of fish meat freshness, detection of ammonia is also
useful to give information about spoilage of other meat products.

3.2. Encapsulation and functional foods

Incorporation of several bioactive molecules in various food systems is limited by their poor
water solubility and instability in presence of light, heat, and oxygen. As mentioned above,
bioactive food compounds can be encapsulated by inclusion in different nano-sized structures,
such as nanoemulsions, nanomicelles, nanoliposomes, nanocapsules. Vitamins, probiotics,
fatty acids, lipids, antioxidants, preservatives, proteins, enzymes, peptides have been incorpo-
rated in several nanocapsule-based systems.

To summarize, the main objectives of encapsulation are:
*  to enhance the solubility (e.g. coloring agents, antioxidants);

e to improve the bioavailability of the compounds, meaning the amount of bioactive com-
pound which is absorbed by the human body (antioxidants, vitamins, minerals, enzymes);

* to improve stability and shelf life;
*  to protect bioactive molecules and micronutrients during manufacture, storage, retail;

e to allow controlled release of bioactive molecules and drugs (only at desired target organs,
only in particular parts of the gastrointestinal tract; e.g. pH-driven release, light-driven
release).
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As particular example, enzymes are a very important class of bioactive molecules for which
colloidal nanoencapsulation can bring advances regarding improvement of their stability,
activity, avoiding of denaturation, improving absorption in the gastro-intestinal tract.
Enzymes would benefit delivery through functional foods and supplements, but since they
are susceptible to denaturation, encapsulation is one was to overcome the problem. Food-
grade colloidal enzyme delivery nanocapsules are normally composed of lipids, proteins,
polysaccharides (starch, carrageenan, etc.), and encapsulating structures include colloidal
nanoemulsions, solid-lipid nanoparticles, liposomes, gels [25].

Micelles and liposomes are used as encapsulating and carrier structures for different hydro-
phobic molecules such as essential oils, flavors, antioxidants (polyphenols, carotenoids, coen-
zyme Q10), vitamins, minerals, proteins, nutrients, nutraceuticals [4, 21].

Nanoemulsions find applications in the production of table spreads and yoghurts, flavored
oils, personalized beverages, sweeteners, fortification of milk with vitamins, minerals, antiox-
idants [4, 5].

Nanoliposomes in food were reported as vesicles for encapsulation of antioxidants, fatty acids,
oils. Stable nanoliposomes made of w-3 and w-6 fatty acids, tocopherol and vitamin C encap-
sulated in soy phosphatidylcholine were studied as functional ingredients in acidic foods, such
as the orange juice [26].

Nanocapsules can be incorporated in interactive foods and drinks which can release flavors,
aromas, colors by breaking up at certain pH values or at certain infrared frequencies. Breaking
up causes delivery and release of the content. One such example of colloidal polymeric
nanocapsules is the light-responsive polyelectrolyte capsules containing gold nanoparticles as
light responsive nanomaterial [27]. These colloidal nanocapsules are formed by alternating
layers of positively and negatively charged, biocompatible polymers, hold together by electro-
static interactions. The bioactive molecules are encapsulated into the nanocapsules core, while
the optically addressable colloidal AuNPs are embedded within the nanocapsule walls. The
AuNPs within the capsule walls absorb light in the near infrared region, where most tissues
show only weak absorption; the laser energy is then efficiently transformed into heat, being
possible to open the capsules and achieve laser-induced release of the encapsulated molecules,
with minimal damage of the surrounding tissues and of the bioactive molecules. There is
currently a lot of effort being put into developing this type of light-responsive systems. One
potential application could be the encapsulation of antioxidants such as carotenoids and their
efficient delivery to retina cells—to be used as food supplements and to prevent and treat age-
dependent macular degeneration.

3.3. Food packaging and antimicrobials

Lately, several innovative food packaging materials based on colloidal nanoparticles have been
developed. Nano-packaging is a new generation of food packaging technology which repre-
sents a radical alternative to the conventional food packaging. Basically, nanomaterials are
incorporated in the polymer matrix to offer mechanical strength or to function as a barrier
against gases, volatile components (e.g. flavors) or moisture. Widely used colloidal
nanostructures in food packaging include colloidal AgNPs, ZnO-NPs, TiO,-NPs, mostly used
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for antimicrobial activity and ultraviolet protection, also nanoclays used to develop materials
with enhanced gas-barrier properties, colloidal Silica nanoparticles used for surface coating of
packaging materials. Titanium nitride in the nanoparticle form is authorized in the EU for use
as additive or polymer production aid in plastic food contact materials (EU Regulation 1183/
2012) [28].

The concept of active packaging, e.g. antimicrobial packaging involving incorporation of
nanoparticles with antibacterial and antioxidant properties (AgNPs, ZnO-NPs, MgO-NPs,
TiO,-NPs) into the food package has attracted increasing interest due to its potential huge
impact in the food safety sector [29]. An active packaging system involves interaction between
the packaging material and the food to provide desirable effects, such as microbial safety,
extended shelf life of foods. For example, colloidal AgNPs have been for long known to be
effective antibacterials. They are reported by several authors [30, 31] to be incorporated in
antibacterial coatings, efficient against different fungi, gram positive and gram-negative path-
ogens such as Escherichia coli, Staphylococcus aureus, Aspergillus niger, Penicillium funiculosum,
Chaetomium globosum, Aspergillus terreus, and Aureobasidium pullulans.

Other nanocolloidal systems (e.g. TiO,-NPs, SiO,-NPs, nanoclays) can ensure good food pres-
ervation by blocking the UV radiation, improving mechanical and heat-resistance properties,
reducing the permeability of foils, deodorizing, antimicrobials [32]. Colloidal TiO,-NPs are UV
blocking agents, used as filler particles in foils, food packaging, plastic containers. Nanoclays
are among the first polymer nanostructures to emerge on the market as improved materials for
food packaging [33]. Clays are one of the oldest and most important types of available
colloidal materials. Nanoclay based food packaging increases the shelf life of oxygen sensitive
foods by increasing the water and gas barrier of the polymer material. Uses have been reported
for manufacturing of bottles for beers and carbonated drinks [33]. Nanoclays have been also
reported to improve mechanical properties, thermal stability and fire resistance of polyethyl-
ene, polypropylene, nylon, poly(e-caprolactone), polyethylene terephthalate polymers.

The possibility to improve the performances of polymers for food packaging by adding
nanoparticles has led to the development of a variety of polymer nanomaterials. Polymers
with nanofillers, e.g. polymer nanocomposites, are created by dispersing an inert, nanofiller
into a polymeric matrix. Filler materials can include nanoclays as mentioned above, SiO,-NPs,
carbon nanotubes, starch nanocrystals, cellulose-based nanofibers, chitin and chitosan
nanoparticles [29, 32]. Compared to conventional polymers, polymer nanocomposites show
improved packaging properties by having better mechanical resistance, flame resistance, and
better thermal properties (e.g. melting points, degradation and glass transition temperatures).
Polymer nanocomposites can improve quality of meat and meat products by reducing mois-
ture loss, reducing lipid peroxidation, improving thus the appearance of the products by
maintaining the flavors, color, and texture.

Very recent work in the field of nanocomposites and antimicrobial packaging reports on the
use of polyvinyl alcohol/nanocellulose/Ag nanocomposite films with antibacterial activity
against Staphylococcus aureus and Escherichia coli [34]. Other advances report the development
of nanocomposite gelatin based antifungal films efficient against Aspergillus niger [35, 36]. For
the gelatin-based nanocomposite preparation either chitin nanofibers and ZnO-NPs, or chitin
nanofibers and corn oil were used.
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Intelligent packaging involves incorporation of nanosensors into food packaging to improve
detection and tracking of the physicochemical changes in food during storage and transport. It
gives information based on its ability to detect changes in the product’s environment [29].

Despite tremendous advances in applying nanostructures in food packaging, there is continuous
debate regarding the potential diffusion in time of nano-sized materials from food packaging
into the packaged food and this is a topic that requires further and careful investigation [37].

3.4. Food additives

3.4.1. Titanium dioxide (TiO,)

TiO, is a food coloring agent approved by EFSA, known as E171. It is used as whitener and
colorant. It is also used as a food additive and flavor enhancer in a variety of non-white foods,
including dried vegetables, nuts, seeds, soups, and mustard, as well as beer and wine. E171
contains TiO, particles, partially in the nanometer size. The average particle size is 200-
300 nm, part of this bulk material may contain a fraction of particles with sizes <100 nm. A
recent study showed that 5-36% of the TiO, in food products is in the nano-size range [38].
Colloidal TiO, can be found in products such as candies, sweets, chewing gum, toothpaste,
nutritional supplements, sunscreen protection products [39].

Other metals in the form of colloidal nano-sized particles are available as food or health supple-
ments. These include selenium nanoparticles [40], calcium nanoparticles, iron nanoparticles, and
colloidal suspensions of metal particles, e.g. cobalt nanoparticles, gold nanoparticles, platinum
nanoparticles, silver nanoparticles, molybdenum nanoparticles, paladium nanoparticles, tita-
nium nanoparticles, and zinc nanoparticles.

Extensive use of TiO, has been, in some studies linked with adverse health effects. The Europ-
ean Chemicals Agency has concluded that titanium dioxide may cause cancer if inhaled [41].
In their study on mice, Rizk et al. [42] found that some biochemical parameters and the liver
structure were influenced by colloidal TiO,-NPs in a dose-dependent manner. There is contin-
uous debate and further studies are needed to elucidate all the safety aspects of TiO, in its
nano- and non-nanoforms on pharmaceutical and food applications. In September 2016, EFSA
published an opinion on the re-evaluation of E171, based on a detailed literature review on
TiO, nanoparticles. It was concluded that current exposure of consumers to E171 related to its
use in foodstuffs is not likely to constitute a health risk, but that it was not possible to establish
an acceptable daily intake [43].

3.4.2. Zinc oxide (ZnO)

Zinc oxide nanoparticles (ZnO-NPs) are used in some food contact materials such as polypro-
pylene and polyethylene. ZnO is used as a transparent ultraviolet light absorber in un-
plasticized polymers at up to 2% by weight [44]. It is added as nanopowder in the formulations
and thus colloidal nanoparticles are present in the final polymer. It absorbs UV light without
re-emitting it as heat, improving thus the stability of the polymers. It is also used in nutritional
supplements, for example vitamins [39].
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There are several in vitro studies demonstrating some degree of toxicity of ZnO-NPs. A study
on RKO human colon carcinoma cells found that the toxicity is not related to the colloidal
ZnO-NPs concentration, but to the direct particle-cell contact [45]. In vivo studies have shown
that ZnO in the nanometer form tends to accumulate in liver, spleen, kidney tissues in higher
amounts compared to the micrometer ZnO particles. EFSA has performed a safety assessment
study of ZnO-NPs used in food contact materials [44]. Considering previous knowledge on the
nanoparticles diffusion in polymers and the solubility characteristics of the ZnO-NPs, it was
concluded that ZnO-NPs do not migrate and the focus should be on the migration of soluble
ionic Zn, which complies with the current specific migration limit.

3.4.3. Silicon dioxide (5i0O>)

Silicon dioxide (5iOy) is a licensed food additive (E551), used as anticaking agent. It is one of the
most important caking agents, present in many powdered food items, chewing gums, cheese,
seasonings, cooking salt [3]. It is also used for clearing of beverages. E551contains primary
particles, aggregates and agglomerates, and partially it contains SiO, in the nanometer range,
with sizes <100 nm.

3.5. Agriculture and animal feed

Nanostructured colloidal materials have been reported to have contributions in the delivery of
agro-chemicals such as pesticides and herbicides through, for example controlled delivery
systems based on encapsulation. Such systems can decrease the amounts of sprayed chemicals
by more efficient delivery of bioactive compounds. Different nanostructured delivery systems
could be applied to store, protect, deliver, release of pesticides, nutrients, fertilizers [5]. Some
formulations of nanocapsules with pesticides and herbicides have been reported. Some com-
panies have produced nanosuspensions and nanoemulsions containing water or oil soluble
pesticides and herbicides. Nanocapsules can also be used for the delivery of DNA and
chemicals to plant tissues, with the final goal of ensuring protection against several pests and
diseases [5].

Additionally, uses of colloidal nanostructures in agriculture have been reported for wastewater
treatment, disinfectants (AgNPs mainly), sensors for detection of pesticides, fertilizers, herbi-
cides, pathogens, aflatoxins, soil pH and moisture, etc. The efficiency of colloidal AgNPs and
colloidal gold nanoparticles (AuNPs) as larvicide against Aedes aeqypti was reported [46]. AgNPs
were also found to be effective against powdery mildew in cucumber and pumpkin, under
different cultivation conditions in vitro and in vivo [47]. Powdery mildew is one of the most
devastating diseases in cucurbits, which can lead to serious crop yield decrease. Colloidal AgNPs
have been studied also as an alternative for the antibiotics used in the poultry production [48].

Colloidal nano-sized minerals, vitamin or other additives could equally be used for animal
feed, to ensure improved delivery of veterinary drugs and to improve availability and quality
of nutrients in feed.
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3.6. Some examples of commercial nanofood products

Many food companies are investigating or already employing nanocolloids to change the
structure of food and drinks. Examples include the interactive foods and drinks containing
colloidal nanocapsules that can change color and flavor, spreads and ice creams with nanopar-
ticle emulsions that improve food texture [49]. In the following, some examples of commercial
nanofood products existing on the market will be provided.

Nanotea [50] is a colloidal formulation containing nano-selenium in concentration of 3-5 ppm,
prepared using nanotechnology. The nanotea can release effectively all the excellent essences of
the tea, being a good selenium supplement (10-fold increase).

Nanoceuticals™ Slim Shake Chocolate [51] is a slimming product containing Cocoa
nanoclusters reported to enhance the taste benefits of the product.

Canola Active Oil [52] produced by Shemen Industries, Israel, is a product obtained by the
nano-sized self-assembled structured liquids (NSSL) technique, giving compressed micelles,
called nanodrops. These micelles act as liquid carriers, allowing encapsulation of different
bioactive components (vitamins, minerals, phytosterols). The micelles are added to the food
products for improving bioavailability of the bioactives, being able to pass through the diges-
tive system effectively, without breaking up, and thus effectively reaching the absorption site.

Hydracel [53] is a food supplement containing nanocolloidal minerals, made of water, silicon,
magnesium sulfate, potassium carbonate, potassium hydroxide, sunflower oil, reported to
improve the cell life cycle.

Nano calcium [54] is a food supplement containing calcium in the nanoparticle colloidal form,
reported to enhance and fasten calcium absorption in the body.

Production of carotenoid preparations in the form of coldwater-dispersible nano powders with

up to 200 nm size, and the use of the novel carotenoid preparations are reported by US patent
5968251A [55].

LycoVit [56] is a BASF product containing lycopene in the nanosize range. Its intended use is
for dietary supplement, beverage and food applications such as turbid beverages, carbonated
drinks, cake and biscuit fillings, dairy desserts, candies, pastas, meats and soups. It is reported
to be a safe, highly effective substitute for artificial colors, which may have an adverse effect on
activity and attention in children.

NovaSOL curcumin [57] is a nanomicelle-based compound, stable through the digestive pro-
cess, able to deliver curcumin to the intestinal wall with maximum therapeutic effect. It is
reported that NovaSOL curcumin has 185x increased bioavailability than native powdered
turmeric/curcumin.

NutraLease Ltd. Company [58], through the nano-sized self-assembled structured liquids (NSSL)
technology develops nanocarriers to be incorporated in food systems and cosmetics. The tech-
nology allows enhanced solubility and bioavailability of compounds in water-based or oil-based
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media. The encapsulated compounds include lycopene, beta-carotene, lutein, phytosterols, coen-
zyme Q10, lipoic acid, and DHA/EPA. The company focuses on fortifying foods and beverages.

4. Regulatory aspects of nanotechnology in the agri-food sector in the EU
countries

As mentioned, nanotechnology and the use of colloidal nanoparticles in the food science and
agricultural sectors open up the possibility to produce new ingredients and foods with
improved and beneficial properties. However, as the research in the field is intensifying, in
some cases several health and environmental concerns appear. Therefore, a careful assessment
of the potential risks is essential before approval of any nanostructured ingredients. Efforts are
being made worldwide to ensure the production and safe use and handling of nanomaterials
in the agricultural and food sector.

Nanomaterials are present in many commercial preparations. Some of the nanoparticles are
ingested by humans through food consumption. EFSA observed that organic artificial
nanomaterials (vesicles, nanoemulsions) present a low risk for health as they are most likely
completely metabolized. In contrast, the agency considered that the research effort has to be
concentrated on inorganic, synthetic nanomaterials, whose faith and accumulation in the
human body is not exactly certain, nor are their effects upon long term exposure.

There is no single legislation fully dedicated to nanomaterials, but there are several regulations
addressing different aspects of nanomaterials use in the agri-food sector. Table 2 summarizes
relevant European regulations connected to the use of nanomaterials in food. The “General
Principles and Requirements of Food Law” are established by the EC Regulation 178/2002,
containing several articles on novel foods, novel foods ingredients, food and feed additives,

Legislation number Legislation topic

(EC) 178/2002 General principles and requirements of food law

(EU) 2283/2015 Novel foods, novel food ingredients, food and feed additives, food supplements, vitamins,
minerals, food contact materials

(EC) 1332/2008 Food enzymes

(EC) 1333/2008 Food additives

(EC) 1334/2008 Food flavorings

(EC) 46/2002 Food supplements

(EC) 10/2011 Plastic materials and food contact materials

(EC) 450/2009 Active and intelligent materials and food contact materials

(EU) 528/2012 Biocides

(EC) 1107/2009 Plant protection products

Table 2. Overview of the European legislation on the agri-food sector, in relation to nanomaterials.
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food supplements, vitamins, minerals and food contact materials. Regulation (EU) 2283/2015
concerning novel foods and novel food ingredients covers aspects of the use of nanotechnol-
ogy in food production and repeals the older Regulation (EC) 258/97. Food additives are
covered by several regulations: Regulation (EC) 1333/2008 on food additives, Regulation (EC)
1332/2008 on food enzymes, Regulation (EC) 1334/2008 on flavorings and certain food ingre-
dients with flavoring properties for use in food. Regulation 1331/2008 establishes a common
authorization procedure for food additives, enzymes and flavorings prior to their entrance on
the market. Vitamins and minerals are regulated by Directive (EC) 46/2002 on food supple-
ments. Regulation (EC) 10/2011 establishes specific rules for plastic materials and articles
intended to come in contact with food, to be applied for their safe use. Regulation (EC) 450/
2009 deals with active and intelligent materials and articles intended to come into contact with
food. The Biocidal Products Regulation (EU) 528/2012 lays down the provisions for the use of
non-agricultural pesticides by both professionals and consumers and Regulation (EC) 1107/
2009 concerns placing of plant protection products on the market [3, 59, 60].

5. Conclusions

Applications of colloidal nanostructures in food science are receiving increased attention due
to the possibility of developing structures and materials with improved properties compared
to the conventional ones. In the future, enabling a better control over the colloidal nanostruc-
ture formation will enhance the control over food structure formation, leading to the design of
new food products with improved characteristics and enhanced impact on consumers’. It is the
unique physical, chemical, optical and biological properties of the nanocolloidal systems,
considerably different from those of the corresponding bulk materials that are responsible for
their unique properties. Colloidal nanostructures are also raising a series of health and envi-
ronmental concerns, since not so much information is known on the long-term exposure of
organisms to such materials, even if at the present time most of them are considered safe. In
the future, more studies and regulations regarding the health and environmental impact of
colloidal nanostructures will be needed.

Despite the fate and potential toxicity of such colloidal nanostructures being not fully under-
stood, it is obvious that this research field will bring significant advances in the food sector,
which will most likely impact the food safety and nutrition sectors, the production of new
functional foods and ingredients, the developing of innovative packaging with great potential
to transform the future of food packaging, will as well help assisting in the detection of
pesticides, pathogens, toxins, etc.
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