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Bionanotechnology, as a tool for incorporation of biological molecules into nanoartifacts, is gaining more and more
importance in the field of food packaging. It offers an advanced expectation of food packaging that can ensure

longer shelf life of products and safer packaging with improved food quality and traceability.
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| 1. Introduction

In recent decades, (bio)nanotechnology has become increasingly important as an appealing technology for the
food industry. Nanotechnology is a discipline composed of several fields of technology, and serves as a tool for
creating, studying phenomena, or manipulating matter in nanoscale dimensionsll. Development of novel
nanomaterials makes possible to improve food quality and safety, crop growth, and monitoring environmental
conditionsl2. The obtained materials have unique properties such as high surface-to-volume ratio and their other
physiochemical properties such as color, solubility, strength, diffusivity, toxicity, magnetic, optical, thermodynamic
properties, etc. are improved!E. Therefore, nanotechnology has brought a new industrial revolution as it offers a
wide range of possibilities for the development and use of structures, materials, or systems with new or improved
properties in various fields such as agriculture, food and medicine, etc. Besides, it is also one of the fastest growing
fields in agriculture and food sector. Bionanotechnology is a tool for integrating biological molecules into
nanostructures®. The growing desire of consumers for quality food and awareness of a healthy lifestyle is
encouraging researchers to find a way to improve food quality while least compromising nutrition product value.
Therefore, new studies are focused on developing novel methods, techniques, and procedures for the purpose of
processing, packaging, functionalization, and quality control implementation of food, and also the for nutraceutical
products delivery system [€. Recently, the demand for nanoparticle-based materials for the different applications
e.g., food industry has increased, especially in the EU. The European nanomaterials market generated more than
$2.5 million in 2015 and is expected to reach around $9 million in revenue by 2022. Many of these materials
contain essential elements, some of them non-toxiclZ that can be stable at high pressures and temperatures!8l2!,
The improved properties of nanomaterials have enabled and prompted the development of technologies that
extend the shelf life and freshness of products, the design of methods and tools for rapid in situ analysis and the
production of environmentally safe and degradable food packaging. With the use of nanotechnology, remarkable
lifestyle improvements can be achieved. Nanomaterials can contribute to the development of improved products,

wealth, health, and quality. Besides, this could also reduce the impact on the environment due to their nano
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sizell9. Nevertheless, the usage of nanotechnology in food packaging is still in the infancy stage. Nevertheless, the
use of different functional nanomaterials can improve materials for packaging, the development and application of
these nanomaterials is increasing presently also in the packaging industry for food increasing the shelf life and

safety of packaged food[11l.

Using nanotechnology, the nanoparticles can be incorporated in film to form nanofilm that could increase certain
gases permeability with the aim to reduce the concentration of harmful gases, such as carbon dioxide (CO,) or
oxygen (O,), which negative affect the foods shelf life and can be also used as barrier materials to prevent spoilage
by microbesl214l13]  Since, the most widely used materials in food packaging industries are plastic polymers
which are non-biodegradable and represent a serious threat to human and the environment®, scientific research
is also focused on synthesis of edible coatings and films from bionanocomposites or employed as matrixes for
incorporating antimicrobial nanoparticles to prolong shelf life and enhance storage quality of fruit and
vegetablesl2®l. With the use of biomaterials, packaging materials may be reduced and at the same time the
tremendous problem of waste may be solved. Additionally, biomaterials can contribute to prolongation of the shelf
life, as well as safety and quality of food during the distribution, storage and consumption period may be
extended2Z18] However, the use of biomaterials in food packaging is still very limited.

The application of nanotechnology in food industry can be divided into two major groups: food nanosensing and
food nanostructured ingredients!2l. Nanostructured food ingredients cover a wide range including food processing

and food packaging whereas the field of food nanosensing provides improved food quality and safety (Eigure 1).
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Figure 1. Application of (bio)nanotechnology in different fields of the food industry.
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In the field of food processing, nanostructures and nanostructured materials can be used as: (a) food additives and
carriers for smart delivery of nutrients; to improve nutritional value of food, (b) anticaking agents; to improve the
consistency of food and to prevent the lump formation, (c) gelating agents; to improve the food texture and (d)
nanocapsules and nanocarriers; to protect aroma, flavor and other ingredients in food. While, in the field of food
nano-packaging, improved packaging, active packaging, smart packaging and bio-based packaging are

considered.

2. Safety and Environmental Concerns of
(Bio)Nanotechnology Implementation in Food Packaging

Nanotechnology is a rapidly developing field and nanomaterials are of significant technological and economic
interest and have a huge impact on many industries especially in the food packaging industry. In general, the
beneficial effects of nanocomposite materials are well recognized as opposed to the potential (eco)toxicological
effects and effects of nanoparticles on human health, where less studies were performed. Their interaction with
food system raises a concern about human and animal health. The use of nanomaterials in nanosensing or food
packaging applications can lead to the migration of nanomaterials in the human organism. This can occur through
inhalation, skin penetration or ingestion due to leaching of nanocomponents from packaging or sensing elements
into the food, or by storing of packaging, nanosensors in landfills with possibility of release into the environment,
air, water, and soil Q2292 Some performed studies have shown the possible toxicological effects of
nanoparticles on biological systems(22l23l24] However, the toxicity seems to depend on the type and size of the
nanoparticles2d. Side effects caused by nanoparticles exposure include the formation of reactive oxygen species
(ROS), protein denaturation, mitochondrial disorder, and phagocytosis dysfunction. A potential concern should be
focused on the migration of nanomaterials from the packaging or the sensing element inside the packaging into the
food. The most evident contact route of nanomaterials to the human body in food application is upon ingestion.
Therefore, the gastrointestinal tract properties such as pH, presence of various surface-active molecules,
electrolytes, digestive enzymes, gut microbiota, and mechanical forces influence the absorption of nanomaterials,
which may cause changes in the properties and agglomeration state of nanoparticles [28. The Ag migration from
the various kinds of nanocomposites (plastic food containers) into food has been investigated by Echegoyer and
coworkers with conclusion that in acidic food the highest level of Ag migration was detected. Besides, microwave
heating increased more migration of Ag nanoparticles than a conventional ovenlZl, Metal and metal oxide
nanoparticles are often specified as biocompatible materials, without significant toxic effect in vivo and in vitro;
however, pro-inflammatory responses and oxidative stress due to their presence were also detected[22128129] |
addition, the accumulation of carbon nanotube particles in living organisms and the consequent formation of ROS
could classify nanotubes as potentially toxic nanomaterials. However, their toxicity is mainly conditioned by its
structural modification, size distribution, surface charge and the impurities and functionalization29E132]  Migration
of various metal oxides such as TiO,, ZnO, SiO,, aluminum oxide, which were used in food packaging to improve
mechanical, antimicrobial, light-blocking and gas barrier properties of polymers, was investigated. No significant
migration of nanomaterials from packaging to food was determined22, but additional barrier to separate food from

nanocomposite is recommended. The possible migration of biopolymers also needs to be studied and taken into
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consideration. Ubeda and coworkers studied the migration of PLA in the form of pellets and films to food simulants
was carried out. Migration tests confirmed the presence of some PLA oligomers in food simulants as well as new
neo-formed oligomers formed due to the reaction processes between PLA components and food simulants4l.
Zimmermann et al. made in vitro toxicity tests and chemical composition study of 43 everyday bio-based and/or
biodegradable products as well as their precursors, covering mostly food contact materials made of nine material
types. 67% of the samples induced baseline toxicity, 42% oxidative stress, 23% antiandrogenicity and one sample
estrogenicity. They concluded that bio-based/biodegradable materials with regards to the chemicals they contain
and conventional plastics are similarly toxic22l. However, effective guidelines and policies are required for the safer
use of nanoparticles in food industry. The regulation of nanoparticles in food applications and food packaging in the
USA is guided by USFDA. Food Standards Australia and New Zealand (FSANZ) is the responsible body for
regulation of food additives in nano size and ingredients in Australia. The use of nanoparticles in food applications
or food ingredients in EU is regulated by the European Union Novel Foods Regulation (EC 258-97). European
Food Safety Authority (EFSA) prepared the re-evaluation program where a scientific opinion on the potential risks
on food and feed safety (EFSA 2009), also considering nanopatrticles, is drafted. Some existing restrictions and
ongoing evaluation processes of nanomaterial safety are already defined (for example existing restrictions of
TiO, application in France, chitosan smaller than 100 nm is not allowed in EU for direct food contact applications

etc.).

Though, additional research and investigations focused on the physico-chemical characterization, exposure
assessment and toxicokinetics and toxicity of nanomaterials are needed to address the many current uncertainties
and data limitations of their use in food application. The investigation should study the interaction and stability of
nanomaterials in food and feed in the gastro-intestinal tract and in biological tissues. Also, the routine methods to
detect, characterize and quantify nanomaterials in food contact materials, food, and feed as well as methodologies
to assess toxicity including chronic exposure and carcinogenicity of nanomaterials should be developed3],
Additionally, internationally granted protocols for the toxicity tests of nanomaterials are required for standardization
of data due to their diversity.

| 3. Conclusions

The use of nanomaterials is increasing in diverse fields of application drastically. Current research in food
packaging suggests that nanotechnology offers a variety of options in the improvement of food packaging based on
functionality nanomaterials, from bio-based packaging to smart packaging. Due to the growing demand for types
and varieties of exotic foods and the consequent provision of safer packaging of goods, the concept of food
packaging will be increasingly advanced in the industry in the future. Nanotechnology, used for the processing of
food packaging allows a remarkable improvement in packaging material properties, but further research and
development are needed to better understand the role of nanotechnology in the case of food packaging materials,
in particular by the advantages and disadvantages of its effect. The usage of nanotechnology in the food sector is
focused on improving food quality and safety in form of the incorporation of nanoparticles in food or packaging

materials. To create new food packaging functions, the use of nanotechnology enables possible improving the
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properties of food, such as healthier, tastier as well as improved nutritious food, when it is packaged. Additionally,
by employing suitable nanomaterials, the mechanical properties, better barrier, and thermal properties of packaging
materials could be improved to prolong food self-life and safety. Such material can be a surface-modified
antimicrobial films from nano cellulose with incorporated both inorganic or organic antimicrobial agents with
extremely good antibacterial activity against both Gram-positive and Gram-negative bacteria. The nanosensors, as
intelligent packaging, could also serve to obtain visual information about the food state inside the packaging. The
usage of nanoparticles as a food ingredient is more harmful than their use in food packaging applications. Active,
intelligent, and bio-based packaging technologies can work synergistically to create a multi-purpose food
packaging system without negative interactions between components, what present future goal of food packaging
technology. Many global companies Amcor Ltd., Sonoco Products Company, BASF SE, Tetra Laval International
S.A., Honeywell International Inc., and Chevron Phillips Chemical Company, LLC, among others already produce
nanotechnology-based packaging materials that extend shelf life and improve food safety. The upcoming trends in
the nanotechnology application in food packaging sector are expected to be at the forefront in the coming decade,

with dominance in the field of blockchain application .

With more intensive development of sustainable or green food packaging, the impact of packaging on the
environment could be drastically reduced, through the use of edible or biodegradable materials, plant extracts and
bionanomaterials. Besides the human health aspects, the carbon, energy, water, and land footprints need to be
taken into consideration when the creation of new food packaging materials is in progress to avoid regrettable

substitutions to already existing ones.
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