NANOTECHNOLOGIES IN FOOD AND NUTRITION
Paulo Figueiredo*

Abstract

Nanotechnology applications are widespread. In the food sector, they are
expected to bring several benefits, from farm to table, including modification of sensory
properties, nutritional improvement, and “active” and “intelligent” packaging materials.
As more products appear in the market, the need for accurate analytical procedures,
risk-assessment studies and regulatory framework is being addressed. This review
looks at recent advances in all those applications and challenges concerning the use of
nanomaterials in food and nutrition.
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Resumo

As aplicacdes da nanotecnologia podem ser encontradas em diversas areas.
Espera-se que aportem diversos beneficios ao sector da alimentagdo, em todos os
seus aspectos, incluindo a modificacdo de caracteristicas sensoriais e melhoria
nutricional dos alimentos e a inclusdo em embalagens denominadas “activas” e
“inteligentes”. A medida que novos produtos surgem no mercado, torna-se mais
evidente a necessidade de desenvolvimento de métodos analiticos e de avaliagdo de
riscos, bem como de legislacdo eficaz. Este artigo passa em revista os mais recentes
avancos e desafios relacionados com a aplicacdo de nanomateriais no campo da
alimentagéo.
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Introduction

The nanosciences comprise diverse areas of knowledge, and most of the
scientific and technological fields are nowadays taking advantage of nanotechnology.
Especially, within the areas connected to health and well-being, there exists an
expectation that the use of nanotechnologies might bring large benefits, both in
diagnostics and treatments. When specifically regarding the food and nutrition sector, it
is believed that nanotechnologies can provide new instruments for the insertion of
innovative features in foods and the control of its properties. The involvement of
nanotechnologies can be found along all the food chain, from production to processing
of food, including its safety, packaging, transportation, storage and delivery (Rossi et
al., 2014).

Although nanomaterials can be traced back to the 4™ century, the modern
concept of nanotechnology dates only from the 20" century, with the first companies
beginning to operate during the early 1990s (National Nanotechnology Initiative, n.d).
The first feature publication concerning food nanotechnology dates from 2003 (Moraru
et al., 2003), but the growing interest in the field can be substantiated through a search
on a database like Web of Science™, which produced 152 results concerning
publications with both words “food” and “nanotechnology” in their titles, from 2003 to
the present.

This growth is also noticeable in the evolution of the global market for nano-
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enabled food products and food packaging hanomaterials, which is expected to attain
US$ 7 billion in 2015 and grow to around US$ 20 in 2020. More than 1200 companies
are at present involved in research and development of these products (Helmut Kaiser,
2006).

As is common with the introduction of new technologies or materials in products
of current human consumption, along with the development of nanomaterials
applications to food products, concerns have arisen in relation to ethical matters and
the risk posed to humans from their exposure.

1. Definitions of nanomaterials

The definitions concerning nanomaterials are constantly evolving and are not
consistent through the different regions. The most recent definition used within the
European Union (EU) is 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 1-100 nm” (European Commission, 2011). However,
some authors claim also properties ascribed to nanomaterials for materials with particle
sizes in the range 100 to 300 nm (Busolo et al., 2010; Huang, 2011). The Food and
Agriculture Organization and the World Health Organization, in a joint technical paper,
have also adopted working definitions for various terms related to food
nanotechnologies, but those are not yet considered as final (Takeuchi et al., 2014).

Nanomaterials are usually classified according to their dimensions as: i) O-
dimensional, when all three dimensions are below 100 nm; ii) 1-dimensional, with two
dimensions below 100 nm; iii) 2-dimensional, when only one of the dimensions is below
100 nm; iv) 3-dimensional, for not nanometre sized materials, constituted by the
assembly of nanometre elementary structures. Nanoparticles and quantum dots are
examples of O-dimensional materials; nanotubes, nanowires and nanorods are
instances of 1-dimensional substances; 2-dimensional nanomaterials include ultrathin
films; and nanocomposites are examples of 3-dimensional nanomaterials (Roesler et
al., 2007).

Due to the novelty of the area, new engineered nanoparticles (ENPs) are
constantly being developed, frequently gaining their names from similar “macro”
objects, by adding the “nano” prefix: nanobubbles, nanoclusters, nanoplatelets,
nanocrystals, nanofibres, nanowhiskers, nanocubes, nanomultifacets, nanowires,
nanorods, nanospheres, nanoplates, nanotriangles, quantum dots, liposomes, carbon
nanotubes, dendrimers, functionalized nanoparticles, and fullerenes (Hannon et al.,
2015). Although the names are similar, these ENPs can exhibit markedly different
chemical and physical properties relative to those of the corresponding bulk materials
(Roduner, 2006).

2. Synthesis and analysis of nanomaterials

Two approaches are commonly used for the synthesis of ENPs: the “top down”
method involves the reduction of larger particles by physical or chemical mechanisms;
the “bottom up” method is more complex and involves the assembly of molecules and
ions into nanoparticles (Hannon et al., 2015; Cushen et al., 2012). Several examples of
both approaches are constantly being published, usually with a focus on environment-
friendly methods (Cheviron et al., 2014).

Nanomaterials usually occur as uncomplexed metals, inorganic metals and
carbon based compounds. The more commonly used are carbon and metal based
materials, dendrimers and composite materials (Sonkaria et al., 2012). Other materials,
such as clays, proteins and polymers can also be used to form ENPs (Rossi et al.,
2014; Food Safety Authority of Ireland, 2008). Among the first nanocomposites used
were polymers incorporating clay nanoparticles, in particular montmorillonite. The
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polymers used include polyamides, nylons, polyolefins, polystyrene, ethylene-
vinylacetate, polyurethane and polyethylene terephthalate (Rossi et al., 2014).

The occurrence of nanomaterials in consumer products implies the need to use
analytical techniques with lower sensitivity limits, able to identify and quantify
substances in the nanoscale. Nanoparticles (NPs) already existed in nature before
analytical techniques for their detection were developed. For example, food grade
titanium dioxide (E171) contains between 17-35 % nanosized particles (Yang et al.,
2014), and silicon dioxide (E551) contains aggregates with particles < 100 nm
(Bouwmeester et al., 2014). Albeit a considerable number of recent publications
addressed this issue, the development of adequate analytical techniques is still lagging
behind the evolution of NPs (Gmoshinski et al., 2013).

3. Nanomaterials in the food industry

Nanotechnology is present in every aspect of the food industry and has the
potential to be more so. At the farm level, it can be used to produce more specific
pesticides, to release, in a more controlled way, compounds to increase crop yield and
improve animal health, while minimising greenhouse gases emission.

During food processing, nanoproducts may be applied in transport systems and
hygiene procedures, preventing equipment clogging and reducing cleaning necessity
(Tepper & Kaledin, 2005); nanomaterials are used to create non-fouling surfaces, used
as nano-sieves for filtration purposes (Eriksson, 1988) and as sensors for food
processing; NPs can be directly added as food supplements or materials for
encapsulation and food ingredients processed into nanostructures.

In food packages, ENPs can be used in surface coatings or included within the
polymers used for packaging, by formation of particles in situ or by attachment of
particles to the polymer (Yang, 2003). Nanomaterials used in food packaging can
provide antimicrobial properties, allowing fresh products to maintain quality during
longer periods. Materials such as silver (Ag), gold (Au), zinc oxide (ZnO), titanium
nitride (TiN), alumina (Al.O3), and titanium dioxide (TiO;) are used. However, given the
superior antimicrobial properties of engineered silver nanoparticles, those have
received more attention regarding their incorporation in food packaging (Hannon et al.,
2015). TiO, and TiN are used in packaging, respectively for UV protection and
mechanical strength (Chaudhry & Castle, 2011). In the manufacture of the so-called
“active” and “intelligent” packages, package labels with nanosensors could inform the
consumer about temperature abuse or microbial contamination. For this purpose, and
as an example, an array of thousands of nanoparticles was developed to fluoresce at
different wavelengths when in contact with food pathogens (Srinivas et al., 2010).
Another application allows that, after use of a food product, its packaging may be
designed for composting and thus degrade into environment-friendly compounds
(Hannon et al., 2015; Chaudhry et al., 2008). Also in the field of food packaging, a
recent development was the introduction of hanocomposites, polymers containing up to
5 % w/w NPs. These materials have increased mechanical and thermal performances
and reduced permeability to gases (Llorens, 2012).

The integration of nanotechnology with other knowledge areas such as
biotechnology and information technology has led to the development of new products.
Examples are nano-biosensors for the detection of contaminants in food, delivery
systems such as nano-micelle based carriers for nutritional supplements and
nutraceuticals (Rossi et al., 2014) and other nanostructures for encapsulation of food
ingredients and additives, in order to protect them and mask their flavour, as well as
providing a controlled release, and better dispersability for water-insoluble substances
(Cushen et al., 2012).

4. Nanomaterials and human nutrition
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One of the most interesting areas of application for nanotechnologies is in the
acquisition of nutritional information, namely the location of a particular nutrient or
bioactive compound in a tissue, cell, or cellular component. The use of these new
technologies has rendered possible the detection of nutrients and metabolites and the
understanding of their interactions with specific tissues, leading to measures of their
bioavailability. Nanotechnologies can assist in gaining a deeper knowledge of the
molecular targets of nutrient activity, allowing the concept of a more “personalized”
nutrition (Srinivas et al., 2010). Applications of nanotechnology to nutrition include the
modification of sensory properties of foods, the enhancement of nutritional quality, the
improved delivery of nutrients and the use as a tool to better understand metabolic
pathways and the physiology of nutrients (Moraru et al., 2003; Ross et al., 2004;
Nickols-Richardson, 2007).

Several phytochemicals have been studied in vitro due to their potential as
preventive and therapeutic agents for some diseases. Food probiotics are also
considered beneficial for human health. However, phytochemicals have poor solubility,
stability, bioavailability and target specificity in the human body, which prevents their
effective use and probiotics can only be beneficial if not affected by processing
methods and reach the target location in the body intact. Nanotechnology can enhance
the delivery of those products through encapsulation, namely solid lipid nanoparticles
(Chung et al., 2010).

Nanoliposomes can provide better bioavailability of encapsulated compounds
due to their small size and large interfacial area with biological tissues (Wang et al.,
2014). When steric stabilisation is needed, this can be achieved by coating the
nanoliposomes with inert polymers (Momekova et al., 2007).

Nanostructured lipid carriers are a new generation of stable, biocompatible and
biodegradable nanocarriers, which have a high loading capacity and are particularly
suited to deliver poorly soluble compounds, such as phytochemicals (Puri et al., 2009;
Gokce et al., 2012; Aditya et al., 2013). Lipid based nanoparticles can be administered
through a diversity of routes, but the oral way seems to be the most preferable (Igbal et
al., 2012). However, there is scarce knowledge about the absorption and metabolism of
NPs in the gastrointestinal tract (Srinivas et al., 2010). Nanoparticle technology has
been successfully tested as a possible solution for the delivery of compounds such as
(-)-epigallocatechin gallate, resveratrol, curcumin and quercetin (Wang et al., 2014).

5. Possible risks associated with the exposure to nanoparticles

NPs are naturally present in some foods, likely produced due to the processes
used in the food manufacture. In some other cases, as the casein micelles in dairy
milk, which have a 100 nm diameter, they are already present in the raw food before
processing (Trejo et al., 2011). But the processing of food ingredients and additives, to
reduce their size to nanoparticles, should give rise to a higher internal exposure,
enhancing their absorption and bioavailability in the human body. Thus, some health
problems may be associated with the consumption of NPs, ranging from different
profiles of nutrient absorption to the introduction of toxic substances or microorganisms
adsorbed on nanomaterials, or even diverse toxic effects at cellular level, such as
oxidative damage due to production of radicals (Rossi et al., 2014). Several
components found in NPs (nucleic acids, antibody fragments and proteins) may act as
antigens, leading to an increase in immunotoxicity (Desai, 2012). On the other hand, it
was suggested that the process of digestion takes place in the nanoscale, implicating
an existing ability of the human body to process nanomaterials (Chaudhry et al., 2008).

There are three main routes of human exposure to ENPs: dermal contact,
inhalation and ingestion. Other less common routes are through rectal administration,
the female genital tract and direct injection into the blood. It should also be taken into
account the existence of other possible sources of oral exposure to nanoparticles,
namely from drugs, sunscreens, lipsticks, skin creams, and toothpastes (Rossi et al.,
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2014). However, human exposure assessment to nanopatrticles is still in its infancy.
Clinical trials can be used to assess short-term toxicity of NPs, but long-term toxicity
due to chronic exposure needs a more careful control. The relatively few studies
concerning human exposure to ENPs are related to the ingestion route. Only four
human exposure models are found in the literature to quantify the risk associated with
oral ingestion of ENPs from food packages (Hannon et al., 2015; Cushen et al., 2013;
Cushen et al., 2014; Goetz et al., 2013; Bachler et al., 2013). Nonetheless, at present,
no known in vivo studies were performed to evaluate the toxicity of ENPs via ingestion
(Hannon et al., 2015).

The presence of NPs in food packages is one potential source of toxicity.
Several studies have shown that the use of combinations of ENPs in packaging
materials seems to affect the migration of substances (Fortunati et al., 2013; Kumar et
al., 2005; Martinez-Abad et al., 2013). The exposure through ingestion of NPs from
food packaging can be determined either by way of migration studies or in vivo toxicity
studies. When these studies indicate an acceptable level of risk, the authorities are
responsible to allow or not the use of such a product. In Europe, the European Food
Safety Authority is the responsible body (EFSA Scientific Committee, 2012). In general,
the few experimental studies reported suggest a very low probability of nanopatrticle
migration from polymer packaging materials to food (Avella et al., 2005; EFSA Panel
on Food Contact Materials, 2008).

Particles naturally existing or manufactured from food compatible sources are
considered food grade nanoparticles and are viewed as a solution to the inherent
toxicity associated with metal ENPs (Coles & Frewer, 2013). Several food compounds
can be loaded into biocompatible and biodegradable nanoparticles, in order to improve
their absorption and bioavailability (Wang et al., 2014). Some examples are alcohalic
lecithin and sodium caseinate added to chitosan for use as nanocapsules (Sato et al.,
2011) and a paprika oleoresin used to improve the marinating process and sensory
properties of poultry meat (Yusop et al., 2012).

6. Legal framework

There is a disparity between engineered nanoparticles which are intentionally
manufactured to possess enhanced properties and naturally occurring nanoparticles
which are unintentional.

For regulatory purposes, the distinction between ENPs and natural (or
accidental) nanomaterials with the same chemical composition in food, needs to be
addressed in order to selectively determine the former. Analytical methods used for this
purpose can be complex and imply the use of combinations of imaging and analytical
techniques. Despite the fact that labelling for ENPs in food is mandatory in the
European Union since 2014, there are only a handful of available methods for
determination of nanomaterials in a few food matrices (Rossi et al., 2014).

There are no specific regulations on ENPs used as food contact materials
(FCMs), but some regions, including the EU, have made amendments on general
legislation concerning FCMs to provide guidance for nanomaterials (Hannon et al.,
2015). In the EU, the first regulation concerning new “active” and “intelligent” food
packaging materials dates from 1994 (Regulation (EC), 2004). No specific mention of
ENPs were however present. Only in 2011, Regulation No. 10/2011 specifically
mentioned that substances migrating from food packages to foods must not exceed the
limit of 10 mg dm-2 of the food contact material, including nanomaterials among the list
of substances for use in FCMs (Regulation (EC), 2011). This regulation establishes the
mandatory indication of engineered nanomaterials in food labels after December 2014.
In the United States, the Food and Drug Administration issued a guidance stating that
the manufacturer of a new FCM has to provide a safety assessment including safety
studies in animals and humans, in order to commercialise the product (United States
Food and Drug Administration, 2014). This guidance recommends that safety
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evaluation should not use data extrapolated from conventional substances, accepting
only studies specifically performed on the nanomaterial.

Conclusions

The use of nanoparticles in the agri-food sector are still at development stage,
with a few products having already reached the market. Most of the applications of NPs
and nanotechnology are found in food packaging and nutrient supplementation, due to
their unique properties, consequence of their small sizes and large surface to mass
ratio. Analytical methods capable to detect NPs in food and biological samples can be
categorized as imaging, separation and spectroscopic techniques, however they still
require development as does the existing toxicological effects assessment assays.
Finally, the ethical, safety and environmental issues raised by the introduction of
nanotechnologies brought forward the need to implement and harmonize regulatory
measures in relation to risk-benefit evaluation and labelling.
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