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protection and food packaging sectors by
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nanotechnological approaches
Elena Fortunati, Angelo Mazzaglia and Giorgio M Balestra*

Abstract

An overview is provided of the current technological strategies (also at the nanoscale level) recently involved in plant and/or food
protection. In addition, the potential use of natural and sustainable substances, instead of traditional synthesized molecules
or chemical-based compounds, is addressed both with respect to packaging systems and novel pesticide formulations. In this
context, nanotechnological approaches represent promising strategies for the entire agriculture industry chain, from the field
to consumers.

Traditional plant protection strategies are often insufficient and the application of chemical-based pesticides has negative
effects on animals, humans and the environment. Novel greener tools could represent efficient alternatives for the management
of plant diseases using promising strategies; the use of nanotechnologies allows the promotion of the more efficient assembly
and subsequent release of environmentally sustainable active principles, limiting the use of chemicals in terms of economic
losses.

At the same time, new sustainable, antimicrobial and antioxidant systems have been rapidly promoted and investigated in the
food packaging sector as a valid eco-friendly possibility for improving the safety and quality of food products and reducing
and/or limiting the environmental impact with respect to traditional materials. Together, the scientific community and the
growing interest of consumers have promoted the development of new edible and eco-friendly packaging that reduces waste
and any environmental impact.

In this context, the aim is to provide evidence of the usefulness of strategies aiming to limit agrochemicals, as well as the potential
of nanomaterials, in sustainable plant and food protection for agriculture management and the packaging sector.
© 2018 Society of Chemical Industry
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INTRODUCTION
In a permanently changing society, health and wellbeing remain
the key drivers for the food industry. Despite the technological
progress made in the agri-food industry, a true food crisis has
emerged in several areas of the globe and innovative technologies
represent the core throughout the whole food chain, including
raw materials/ingredient sourcing, food processing, quality con-
trol of the finished products and packaging. In this context, food
safety remains a matter of major relevance because the food indus-
try is continually challenged to avoid the spreading of microbial
pathogens along the food chain and to reduce economic losses
caused by spoilage microorganisms.1,2 Plant agricultural produc-
tion allows fundamental products to be obtained for nutrition,
as well as industry (food, feed, fiber and fuels), although natu-
ral resources are limited. Among modern agricultural practices, it
is well documented that an excessive and inappropriate use of
pesticides has increased chemical residues that are dangerous for
consumers, as well as the environment (from soil to groundwa-
ter). Plant diseases are caused by different micro-organisms (i.e.

bacteria, fungi, insects) that are responsible for agricultural crop
loss costing billions of dollars each year and, in the USA alone, hun-
dreds of million are spent annually on fungicides in an attempt
to control pathogens.1 Plant pathogens attack crops and veg-
etable/fruits in the field, as well as during storage, transporta-
tion and commercialization phases. Besides yield reductions, fruit
lesions reduce the marketability of both fresh-market and process-
ing fruits. Pesticides represent a crucial input in agriculture with
respect to controlling plant pests and plant pathogens and secur-
ing quality and yield in plant production. At the same time, con-
cerns are mounting over the effects of plant protection products
on the environment, non-target organisms and human health.
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Consumers and the food chain alike are increasingly demanding
food products that are residue-low or residue-free and are also
produced in more sustainable ways. This applies particularly to
fruit and vegetables, which are often consumed fresh without prior
processing.2,3 Worldwide policies seek to reduce the reliance on
pesticides for crop protection through the design and implemen-
tation of more integrated approaches and restrictions on the use of
several active substances currently used in pesticides. The world-
wide consumption of pesticides is approximately 2 million tons per
year, of which 45% is used by Europe alone, 25% is consumed in the
USA and 25% is shared by the rest of the world.4 Increased parasite
resistance to pesticides results in the need to develop alternatives
and sustainable approaches against relevant biotic agents of dis-
ease, as well as the development of much more ‘green’ pesticides
compared to those actually utilized. The diffusion and the huge use
over time of conventional plant protection strategies is leading to
the degradation of natural ecosystems, highlighting, during recent
years, the need for more sustainable agricultural techniques.

A promising alternative to traditional methods might be to apply
nanotechnologies in the agriculture sector: this opens many possi-
bilities, covering the entire productive thread/chain, from seed to
final products. Nanotechnology is defined, by the US Environmen-
tal Protection Agency,5 as the science of matter at dimensions of
1–100 nm. The burgeoning applications of nanotechnology in the
agri-food field will continue to rely on the problem-solving ability
of the material and are unlikely to adhere very rigidly to the upper
limit of 100 nm. This is because nanotechnology for agri-food
sector should address the large-scale inherent imperfections and
complexities of farm production that might require nanomaterials
with flexible dimensions, characteristics and quantities. However,
this is in contrast to the nanomaterial concept that might be work-
ing well in well-knit factory-based production.2,3 Nanotechnology
design and development are usually represented by two differ-
ent approaches: top-down and bottom-up. Top-down refers to
making nanoscale structures from smallest structures by machin-
ing, templating and lithographic techniques, whereas bottom-up
approach refers to self-assembly or self-organization at molecular
level, which are applicable in several biological processes.6,7

Nanotechnology can change the entire scenario through the
development of new tools that are able to minimize production
inputs and maximize agricultural production outputs, thus meet-
ing the increasing need of global sustainability.6 Nanostructured
materials can offer great opportunities for application in the agri-
cultural field, although, until now, their use in this specific sector,
and especially, in plant protection, has been poorly explored.8,9

Nanotechnology has the potential to revolutionize the agriculture
and food sector. It can guarantee the delivery of drugs, genes and
pesticides to specific sites at cellular levels in targeted plants and
animals, by limiting side effects. The broad range of applications in
agriculture also includes nanomaterials, possibly bio-based and/or
biodegradable, to control plant pathogens. Moreover, nanotech-
nology has the potential to conceive products based on environ-
mentally friendly natural materials that can also be obtained from
natural bio-waste.3,10 In this scenario, lignocellulosic materials are
the most promising feedstock in terms of natural and renewable
resources essential to the functioning of modern industrial society.
Lignocellulose is the term used to describe the three-dimensional
polymeric composites formed by plants as a structural material.
It consists of variable amounts of cellulose, hemicellulose and
lignin, besides other minor compounds. The high heterogeneity
of this feedstock mainly depends not only on its origin, but also
on other less manageable factors related to growing, harvesting

and storage conditions. A considerable amount of such materials
as waste by-products is being generated through agricultural prac-
tices mainly from various agro-based industries.11,12 Unfortunately,
much of the lignocellulosic biomass is often disposed of by burn-
ing, which is not restricted to developing countries alone. Recently
lignocellulosic biomasses have gained increasing research inter-
ests and special importance because of their renewable nature.
Therefore, the huge amounts of lignocellulosic biomass can poten-
tially be converted into different high value products, including
biofuels, value added fine chemicals, and cheap energy sources
for microbial fermentation and enzyme production.11,12 In recent
years, however, the use and the revalorization of lignocellulosic
biomass to obtain novel high performing materials, also at the
nanoscale, have represented a strategic solution for reducing the
natural wastes. Every year, more than 24 million tons of processed
vegetable wastes are produced from the agri-food industry, gener-
ating large quantities of residues without any application or reval-
orization possibilities. The biomass obtained from agri-food indus-
tries is composed essentially of cellulosic or lignin-based compo-
nents and these materials are considered to be important resource
for the extraction of novel lignocellulosic nanostructures to use in
many applications, such as in the agricultural sector.12

Nevertheless, sustainable control strategies, also involving a nan-
otechnological approach, could be of interest and applied to
the entire agri-food chain, from the plant to the food products.
The safety risks associated with these novel technologies must
be properly evaluated, including approaches considering emer-
gent pathogens and microorganisms that are competent to adapt
to new conditions of food processing, packaging and storage.13

Among the proposed new technologies, the use of natural antimi-
crobial compounds is a field that has gained relevance because of
the absence of toxic or undesirable effects to the consumers. Many
natural antimicrobials have been successfully tested in plant pro-
tection strategies, as well in food systems. Despite advances in and
successful examples of the use of natural antimicrobials in food,
some promising antimicrobials may have an impaired effect in situ
as a result of undesirable interactions and inactivation in the food
matrix.13,14

In a similar approach, a current focus of interest concerns the
development of novel and more sophisticated approaches for
avoiding pathogenic contamination of foods as a result of antimi-
crobial packaging that refers to those packaging systems able to
inhibit or kill pathogenic microorganisms present in the food. As
a result, compared with the goals of traditional packaging includ-
ing safety, quality maintenance or shelf-life extension, active pack-
aging is specifically designed to limit and prevent the growth of
microorganisms as a result of the use of antimicrobial agents, also
at the nanoscale. Research on use of novel packaging solutions,
also involving nanomaterials, nanocomposites, etc., began in the
1990s, involving the use of montmorillonite clays in a wide range
of different polymers, such as nylon, polyethylene, polyvinyl chlo-
ride and starch.15 However, relatively few commercialized prod-
ucts are available on the market today, with the majority of these
being targeted for beverage packaging. This situation is most likely
a result of the extremely strict safety and hygiene regulations
adhered to by regulatory authorities, particularly within the Euro-
pean Union (EU).16 Accordingly, government agencies must deter-
mine use limitations and release conclusive legislation and regula-
tions as soon as possible because of the high impacts of nanofood
packaging on human health. According to the market report pub-
lished by Persistence Market Research titled ‘Global Market Study
on Nano-Enabled Packaging For Food and Beverages: Intelligent

wileyonlinelibrary.com/jsfa © 2018 Society of Chemical Industry J Sci Food Agric (2018)



Plant protection and food packaging by natural substances and novel nanotechnological approaches www.soci.org

Packaging to Witness Highest Growth by 2020’, the global nano-
packaging market for food and beverages industry is expected
to grow at a compound annual growth rate of 12.7% during
2014–2020, reaching an estimated value of USD 15.0 billion in
2020.17 On the other hand, the European Institute for Health and
Consumer Protection revealed that the use of nanomaterials in the
food packaging market is expected to reach $20 billion by 2020.18

The successful development of antimicrobial packaging is still a
challenging technology. Recent advances in the nanotechnology
field are focused on the development of new antibacterial agents
based on the preparation of highly ionic metal oxide nanopar-
ticles. In this context, antimicrobial active packaging based on
metal nanocomposites is a new generation of nanofood packag-
ing, which comprises incorporating metal nanoparticles into poly-
mer films.19

However, the need for sustainable, cheap, human health/
environmental friendly substances has opened new interesting
perspective for a broad range of natural antimicrobial molecules.
Antimicrobial agents are chemical compounds or substances that
may delay microbial growth or cause microbial death on enter-
ing a food matrix. Most of the antimicrobial packaging-based
systems can be included under the family of active packaging
that differs from previous approaches in which the antimicrobial
ingredients were directly added to the food surface using sprays
or drips. The latter have been demonstrated to be inadequate
for inhibiting microorganism contamination and growth, most
probably as a result of the denaturization of these substances
by food. By contrast, the incorporation of the active molecules
within the packaging permits a controlled diffusion of the active
agent employed toward the food surface.20 Also in this context,
nanotechnology can be a powerful tool for providing solutions
to the complex set of scientific and technological challenges
necessary to improve the safety of food chain. Some advantages
of nanotechnology would be the protection of the antimicrobial
against premature inactivation in the food matrix and controlled
release of the substance, allowing a putative increase in shelf
life.21 Thus, nanobiotechnology has enormous potential for the
improvement of food safety and as a powerful tool for the delivery
and controlled release of natural antimicrobials. Figure 1 identifies
the potential uses of nanotechnology in the entire agri-food
sector.22

ECOFRIENDLY CONSIDERATIONS FOR A NEW
AGROCHEMICAL ERA
Agrochemicals represent a relevant component of worldwide
agriculture systems, influencing crop yields and food production.
At the same time, particularly during the last century, the agro-
chemical residues have demonstrated all their negative effects
on the environment, causing a remarkable contamination of ter-
restrial and aquatic systems all over the world.23 It is necessary
that the scientific community addresses future efforts to develop
crop protection strategies based on pesticides that are, as much
as possible, less impactful with respect to those currently avail-
able. Worldwide pesticide production increased to more than 5
million tons by 2000 (FAO. 2017; http://www.fao.org/faostat/en/#
home). Similarly, pesticides sales increased across the world as a
result of the cost of the chemicals and their residues, causing the
extensive death of bees, birds, fish and small mammals,24 with the
collateral negative effects of pesticides, including neonicotinoids,
being evident and frequently reported.25 Moreover, collected
data indicate that approximately 25 million agricultural workers

worldwide suffer unintentional pesticide poisonings each year
and the consequent severe human diseases.26,27

To provide an idea of worldwide pesticide use, in April 2017,
the CAS Registry (http://www.cas.org) database included more
than 129 million dangerous organic and inorganic chemical sub-
stances, with an annual growth rate increase of about 15%.28 The
database US Pesticide Action Network includes 6400 pesticide
active ingredients29 and, in the EU pesticide database, there are
approximately 700 chemicals registered as pesticides. Moreover,
in the decade 2004–2013 in the EU, the production of environ-
mentally harmful chemicals was 150 million tons per year, repre-
senting approximately 40% of the total production of industrial
chemicals.30

With respect to the world pesticide market, the 40–60 agri-
chemical companies that were conducting business in 1970 disap-
peared or ended up as part of one of the current mega companies.
Subsequently, from the Big Six companies that dominated the crop
protection supplier landscape at the start of the 2010s, there is now
a Big Four left in their place, and their research aims to develop
new agrochemicals that are much more sustainable considering
the world success (and related business) of organic agriculture. Of
them, the biggest player is the combination of Bayer CropScience
and Monsanto, which will have sales of more than $27 billion; sec-
ond place is the combination of Syngenta and ChemChina ($17.4
billion) and the DowDuPont ‘merger of equals’ ($17.2 billion). The
remaining player in this new ‘Big Four’ structure is BASF. Although
the company is the largest in terms of overall revenues among the
companies in this grouping, its percentage of crop protection sales
stands at ‘only’ $7 billion.31

So, as a result of an increase of reports on environmental con-
tamination, toxic effects on biota and plant pathogen and pest
resistance by chemical pesticides, new agrochemicals character-
ized by improved formulations and new delivery mechanisms will
be developed. In particular, a new era of agrochemicals appears
to be related to the use of biodegradable nanoscaled materials as
a vehicle to active ingredients (AIs) characterized by antimicrobial
activity as biopesticides.3,32

The broad range of applications in agriculture of the nanotech-
nological tools, in particular as sustainable agrochemicals, allows
their development using natural sources, products or agro-food
wastes, with the emergence, in such way, of ecofriendly strate-
gies to control crop pests and plant pathogens. In the last decade,
numerous patents and products incorporating nanomaterials for
agricultural practices have been developed and, in 2011 alone,
over 3000 patent applications dealing with nanopesticides were
submitted.2

To establish the potential use of antifungal and antibacterial
nanoparticles in plant disease control, a detailed understanding
of antimicrobial activity on plant pathogens and an accomplish-
ment of application strategies to increase effectiveness in disease
suppression is required.32

Plant pathologists have obtained different benefits from nano-
materials for the management of plant pathogens, especially
concerning fungi and bacteria, developing nanoparticles of dif-
ferent metals, such as nanosized silver, nanosized silica-silver or
carbon nanotubes. Concerning pesticide nanoformulations, some
of them have already been commercialized by reducing the size
of the active ingredients to a nanoscale and nanoencapsulat-
ing them. Syngenta have developed different nanoformulations
(Banner MAXX Fungicide, Apron MAXX RFC for seed treatments).
Nanotechnological products have been developed also by the
Agro Nanotechnology Corp.33; one of these is ‘Nano-Gro’, certified
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Figure 1. Scheme of the application of nanotechnology in agri-food science. Reprinted with permission22 (https://s100.copyright.com/CustomerAdmin/
PLF.jsp?ref=c49554e1-fa2e-4206-b888-f5603815e169).

as organic, and it is able to allow a yield increase, with the treated
plants fighting various diseases; another is ‘Nano Green’, which is
able to eliminate blast disease (Magnaporthe grisea) from infected
rice plants.34 Accordingly, the impact of ‘green nanoformulations’
delivery systems based on environmentally safe chemical reac-
tions and/or using natural biomaterials (such as plant extracts
and microorganisms) is now producing innovative materials rev-
olutionizing their application in plant protection. The main goals
are the use of renewable materials and energy sources, the use of
safe solvents or reactants, and the prevention of waste produc-
tion developing new nanomaterials to achieve economic, social,
health and environmental benefits. Concerning the materials
potentially useful in nanoformulations, polymer nanocomposite
represents one way of decreasing toxicity and increasing safety.
Biodegradable polymers are an important group of macromolec-
ular networks that can maintain a large amount of aqueous
solvent within their structures. For example, polyphenols of straw-
berry extracts linked with positively protonated amino groups of
chitosan have helped to achieve maximum encapsulation. This
method can enhance the bioavailability and sustained release of
phytochemicals with a lower bioavailability.35 Polyhydroxyalka-
noates are degradable polymers of microbial origin that were
recently considered as promising materials for new formulations
of agrochemicals resulting an innovative branch of biotechnology
for developing new pesticides.36

In the last decade, studies on chitosan for the synthesis of micro-
and nanoparticles has been developed, mainly as a result of its
biodegradable and biocompatible properties, its low toxicity or
non-toxicity to animals and humans, and its antimicrobial activ-
ity. In addition, an increase in the biological activity of chitosan
in solution, when present in the form of micro- or nanoparticles,
has been reported. At the present, one area of research inter-
est is the development and study of micro- and nanoparticles of
chitosan for the controlled release of active compounds.37,38 Chi-
tosan is a deacetylated derivative of chitin mainly composed of
glucosamine units, 2-amino-2deoxy-𝛽-D-glucose.39 The commer-
cial chitosan is obtained from waste crustacean fisheries and the

food industry through food processing process, including shrimps,
crabs and lobsters. It is non-toxic for humans and has a low envi-
ronmental impact.40,41 The natural antibacterial and/or antifun-
gal characteristics of chitosan and its derivatives have resulted in
their use in commercial disinfectants. Chitosan has several advan-
tages over other types of disinfectants because it possesses a
higher antibacterial activity, a broader spectrum of activity and
a lower toxicity for mammalian cells, with these biological activi-
ties depending on its physicochemical properties.42,43 Its mode of
action on phytopathogenic fungi could result in the development
of an extra (plasma membrane) and intracellular level (penetration
of chitosan on fungal cell).44,45 It has been observed that differ-
ent molecular weight chitosan grades could directly inhibit the
growth of fungal plant/food pathogen Botrytis cinerea in both in
vitro and in vivo assays on tomato. The antifungal effects were con-
centration and molecular weight dependent, suggesting a promis-
ing use as a natural compound to partially substitute synthetic
fungicides.46–50 Recently, in vitro antimicrobial assays showed that
both the mycelial growth of B. cinerea and the bacterial growth of
Pectobacterium carotovorum subsp. carotovorum on kiwifruits and
romaine lettuce, respectively, were totally inhibited by the pres-
ence of chitosan.47

Taking into account the current discovery in agriculture,
nanoparticles prepared from either synthetic polymers or natu-
ral polymers will be considered much more in plant protection
applications. The potential application of nanoparticles depends
on different factors, such as the type of material, particle shape
and concentration. Moreover, the intrinsic properties of nanopar-
ticles are determined predominantly by their size, composition,
crystallinity and morphology. The chemical composition of
nanoparticles, their surface shape, charge and hydrophobicity, in
addition to size and the presence or absence of functional groups
or other chemical compounds, defines the applications of these
compounds.51–54 However, although polymeric-based nanoparti-
cles used as carriers of AIs could represent a real novelty, it should
still be considered that some metals remain fundamental in agri-
cultural applications because numerous studies have confirmed
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that metal nanoparticles are effective against plant pathogens,
pests and insects.32,55–57 Cupric salts, for example, represent the
most used active agent in plant pathogen control, although their
accumulation in the soil, phytotoxic effect and risks with respect
to inducing resistance in plant pathogens lead the European Com-
mission to ban their use for conventional and organic farms. There
is a particularly urgent need to develop alternative solutions and
a few examples have been already proposed to control bacteria
and fungi.58,59

Essential oils (EOs), isolated from several spice plants, could
represent suitable alternatives for antimicrobial applications.60–62

Considering the forbidden use of antibiotics for plant protection
strategies in the EU (i.e. they are allowed only in some Countries,
as well as a few in the USA) and the increasing pest resistance
development, as well as the high cost–benefit ratio, there has
been a growing interest in applied research concerning alternative
pesticides characterized by antimicrobial active compounds, plant
extracts and EOs8,63,64, which highlighted the particularly urgent
need to advance ‘green’ strategies with respect to the develop-
ment of organic active ingredients included in nanoformulations
as a new category of biopesticides, such as by the valorization of
AIs from waste agro-food chains.2,3,47,56,57,65–71

SUSTAINABLE FOOD PROTECTION: NATURAL
SOURCES, BIOPLASTICS, NANOTECHNOLOGY
AND ACTIVE PACKAGING CONCEPTS
As discussed above, at present, production efficiency, food quality,
food characteristics and food safety are the main goals that need
to be improved for food companies so that they obtain competi-
tive advantages, with innovation being vital in the current market.

During recent decades, polymers have replaced conventional
materials (glass, ceramics, metals, paper and board) in food pack-
aging as a result of their functionality, light weight, low cost
and processability. However, growing interest concerning environ-
mental issues and related human health has opened up new sce-
narios with respect to the use of bio-based and/or biodegradable
polymer matrices in the food packaging field. Currently, in packag-
ing industries, the largest proportion of materials used comprises
non-degradable petroleum-based plastic polymer materials. As a
result, this non-degradable food packaging material represents a
serious problem for the global environmental.

The use of bio-based packaging materials, such as edible and
biodegradable films from renewable resources, could at least to
some extent solve the waste problem by reducing packaging
waste and also extending the shelf life, which in turn, enhances
food quality. Biodegradable polymers made from annually renew-
able resources can address the major problems associated with the
plastics used in the food industry and improve their life cycle by
sustainable development. The use of natural polymers or biopoly-
mers as packaging materials may relieve the environmental impact
caused by excessive use of conventional polymeric materials and
thus reduce the increased production of plastics.72–74 Biodegrad-
able materials are associated with the use of renewable raw mate-
rials such as proteins and polysaccharides extracted from agricul-
tural, plant and animal co-products, as well as by-products, marine
or microbial sources. These materials can be degraded by the
environment (exposed to soil optimum moisture, microorganisms
and oxygen) into simple substances (water and carbon dioxide)
and biomass. Similar to conventional packaging, bio-based mate-
rials must fulfil a number of important conditions, including with

respect to containments and the protection of food quality, by
serving as selective barriers to moisture transfer, oxygen uptake,
lipid oxidation and losses of volatile aromas and flavours, main-
taining food’s sensory quality and safety.75 The systems produced
from natural polymers are associated with poor properties and,
often, they have inferior characteristics compared to commodity
polymers. As opposed to most synthetic plastics used as packag-
ing materials, most of the currently available bioplastics do not
fulfil the key requirements of food packaging, especially in terms
of barrier and mechanical properties.76–78 Performing a modifica-
tion technique is one way of improving properties and achieving
the property combinations required for specific applications. The
chemical structure of biopolymers can certainly open up possibil-
ities for their reactive modification, and the modification strate-
gies of the starting material should be those that enhance water
resistance, the barrier effect and mechanical properties, allowing
the incorporation of active ingredients to promote adhesion to
the surface of food and to increase the stability to storage condi-
tions. Accordingly, copolymerization, grafting, transesterification
and the use of reactive coupling agents have been utilized with
success to yield polymers with improved properties. Blending is
another technique that allows a considerable improvement in the
impact resistance of brittle polymers.79–81

In this specific framework, nanocomposites based on biopoly-
mers may serve as a significant route for the development of new
and innovative food packaging materials with appropriate char-
acteristics. Furthermore, the addition of antimicrobial agents into
packaging materials is considered to be an effective means for
controlling microbial contaminants and extending the shelf life
of fresh produce and meat. In recent years, inorganic antimicro-
bial agents have received increasing attention in food applica-
tions, although they are also generally regarded as safe for human
beings and animals relative to organic substances.71,82 Polymeric
formulations based on metallic micro- and nanostructured mate-
rials are considered to enhance mechanical and barrier properties,
and to prevent the photodegradation of plastics inducing antibac-
terial properties to the polymer matrix. Nano-engineered materials
incorporating silver are currently one of the most commonly used
in different application fields as a result of their antibacterial capa-
bilities. The embedding of nanosized metals into biodegradable
polymer matrices represents a valid solution to these stabilization
problems and permits a controlled antibacterial effect.83 Table 1
summarizes some commercial examples of the currently available
nanomaterials used in different polymer matrices for food packag-
ing systems. Special attention has been dedicated to nanomateri-
als, such as as silver or zinc nanoparticles, that confer antimicrobial
properties to the polymer matrix in which they are embedded.

The evolution and potential of antimicrobial agent-based multi-
functional nanocomposites have been considered recently both in
the academic and industrial sectors. Poly(lactic acid) (PLA)-based
composites prepared with microcrystalline cellulose combined
with silver nanoparticles were recently investigated in relation
to the prospective offered by a multifunctional system approach
involving sustainable sources and greener strategies.85 The syn-
ergic effect of silver nanoparticles and cellulose with respect to
increasing the thermal and mechanical properties of PLA was con-
firmed. A bactericidal effect of silver nanoparticles on Staphylo-
coccus aureus and Escherichia coli was detected at any of the time
points and temperatures analyzed. The selected 1 wt% content
of Ag nanoparticles was able to determine an evident antimi-
crobial effect, providing an active system for food packaging
applications. Furthermore, very recently, the antibacterial and
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Table 1. Currently available nanomaterials applied in the market84

Nanomaterial type Polymer type
Trademark or commercial

product name
Improved functionality

from product claim
Application or product

image

Nanoclay Nylon 6 • Aegis® OXCE Barrier
Nylon Resin

• Product from USA
• Honeywell

International Inc.

• Aegis® OXCE barrier nylon
resin provides an excellent
barrier which is comparable to
the glass bottles performance

• Aegis® OXCE barrier nylon
resin is well suited to the
co-injection process because
its recommended processing
temperature is similar to that
of PET

• 1.6 L Hite Pitcher beer bottles from
Hite Brewery Co. (South Korea)

Nanoclay Nylon 6 • Imperm® Nylon
nanocomposite

• Product from USA
• Mitsubishi Gas Chemi-

cal Company, Inc.

• Imperm® can replace the
EVOH with a more cost effec-
tive material that allows
for easier processing and
maintaining barrier properties

• Imperm® eliminated the need
for tie-layers

• 500 mL beer bottles from Miller
Brewing (USA)

Nanoclay Starch • Plantic® Plastic Tray
• Product from Australia
• Plantic Technologies

Limited

• Plantic® Plastic Tray is made
from renewable and sus-
tainable resources that are
non-toxic to the environment
and biodegradable after use

• The nanocomposite material
has improved mechanical
and rheological properties
and reduced sensitivity to
moisture in that the rates of
moisture update and/or loss
are reduced

• Thermoformed Plantic® trays
for: Cadbury® Dairy Milk™ and
Mark&Spencer Swiss Chocolate

Nanosilver
(particles size
25 nm)

PP • FresherLonger™
Plastic Storage
BagsFresherLonger™
Miracle Food Storage

• Product from USA
• Sharper Image® Com-

pany

• Keep foods fresher three
or even four times longer
for fruits, vegetables, herbs,
breads, cheeses, soups, sauces
and meats

• In tests comparing
FresherLonger™ to
conventional containers, the
24 h growth of bacteria inside
FresherLonger™ containers
was reduced by over 98%

Nanosilver PP, silicon • Sina Antibacterial Food
Storages

• Product from Vietnam
• Dai Dong Tien Corpora-

tion

• Prevent from dirt and fungus
• Removing bad smell and pre-

vent germs growth
• Keep foods fresher and longer

Nanosilver PP, Copolyester
(Tritan™)

• e.Window® Nano Sil-
ver Airtight Container

• Product from South
Korea

• Against odor
• Nanosilver additives help to

sterilize food containers and
reduce bad smells as the result

• Approved by the US FDA
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Table 1. Continued

Nanomaterial type Polymer type
Trademark or commercial

product name
Improved functionality

from product claim
Application or product

image

Nanosilver NA • Everin Food
Containers Nano Silver
Airtight

• Product from South
Korea

• NewLife Co., Ltd

• The silicone seal contains
antibacterial nanosilver parti-
cles that kill harmful bacteria,
keeping food fresher for
longer

Nanosilver Copolyester
(Tritan™)

• Incense Nano Silver
Food Container

• Product from South
Korea

• Dong Yang Chemical
Co., Ltd

• Silver was scientifically
proven anti-bacterial mate-
rial. Accordingly, it naturally
inhibits the growth of bac-
teria, viruses or fungi on the
surface of container

• The effectiveness of silver was
shown through independent
laboratory tests which 24 h of
growth of bacteria in nanosil-
ver containers was reduced
the bacteria 99.9%

• Antifungal capacity 99.9%
(developed by Pohang
University of Science and
Technology)

Nanosilver
(particles size
20–70 nm)

Polyethylene • Fresh Box Nano Silver
Food Container

• Product from South
Korea

• FinePolymer, Inc.

• Fresh Box is a newly devel-
oped nanosilver antimicrobial
food container which made
by unique nanotechnology

• Fresh Box shows excellent
antimicrobial properties
against various bacteria and
fungus as a result of the effect
of finely dispersed nanosil-
ver particles and hence it
makes a food fresh longer
compared with conventional
food containers

Nanosilver PES, PP • BabyDream
Silver-nano Noble
product lines: nursing
bottle, safe pacifier
for newborn and
one-touch mug cup

• Product from South
Korea

• Babydream Co., Ltd

• Feeding bottles and mug
cups developed with this
technology help protect
babies with weak immunity
from gems, the source of all
diseases

• This perfectly prevents Sec-
ondary Virus Inflammation
by controlling germs, and
acting as an anti-bacterial
deodorant, and maintaining
freshness up to 99.9% with-
out additional disinfecting by
boiling and sterilization

A silver-base zeolite
antimicrobial
agent

PP, PS, ABS • Zeomic
• Product from Japan
• Sinanen Zeomic Co.,

Ltd

• Antimicrobial (bacteria,
enzyme, and molds)

• To kill pathogenic organisms,
reducing their number to an
extent that is not harmful,
and making them harmless by
removing their infectability

• Plastic films for food packaging
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Table 1. Continued

Nanomaterial type Polymer type
Trademark or commercial

product name
Improved functionality

from product claim
Application or product

image

Nanosilver PP, polyethylene • Anson Nano
Freshness-Keeping
Film

• Anson Nano
Freshness-Keeping
Storage Bag

• Anson Nano Silver
Fresh Containers

• Product from China
• Anson

Nano-Biotechnology
(zhuhai) Co., Ltd

• Keeps foods fresh longer
• Combining nanosilver with

food grade, it is safe for stor-
age of foods and vegetables

• American FDA standard

Nanosilver PP, silicon • Nano Silver Food
Container

• Product from China
• Cixi Mingxin Plastic

and Rubber Factory

• Nanosilver made using
nanotechnology to bond
materials at a molecular level
can help keeping your costly
foods fresher longer

• Nanosilver food containers
have long been considered
a powerful and natural
antibiotic and antibacterial

• Silver works differently than
most other substances as it
interferes with enzyme from
single celled bacteria

• The organisms do not
develop a resistance to silver
like they do to other agents

Nanosilver PP, silicon • Double handle
nanosilver baby bottle

• Product from China
• Shenzhen Ibecare

Commodity Limited
Company

• Food grade PP material and
nanometer silver antibacterial
agent, BPA free

FDA, food and drug adminstration; PPET, polyethylene terephthalate; OXCE, oxygen scavenging polyamide; EVOH, ethylene vinyl alcohol copolymer;
PP, Polypropylene Silicon; PES, polyethersulphone; PS, porous silicon; ABS, acrylonitrile-butadiene-styrene; BP, black phosphorus.

anti-ultraviolet properties of PLA have been enhanced by the
incorporation of a low amount of nanosized zinc oxide (1–3 wt%).
Indeed, surface treated zinc oxide nanoparticles with a selected
silane (i.e. triethoxycaprylylsilane) have been successfully used to
avoid PLA degradation during the production and melt processing
of PLA/ZnO nanocomposites86,87 and coated poly (vinyl chloride)
films with ZnO nanoparticles, and were reported to have antimi-
crobial activities against E. coli and S. aureus, whereas a more recent
study confirmed the potential of packaging formulations contain-
ing ZnO nanoparticles during the storage of apple cuts, report-
ing a better preservation of quality indicators such as ascorbic
acid and polyphenol content, and lower counts of typical alter-
ing microorganisms.88 Longano et al.88 embedded laser-generated
cupper particles (CuNPs) in a biodegradable polymer matrix to
prepare antibacterial systems for novel active food packages. The
nanocomposites proposed are extremely attractive nanomaterials
because they possess good antibacterial activity, as demonstrated
by biological tests performed against Pseudomonas spp. Further
studies of the mode of action of the CuNPs-C-PLA nanocompos-
ite material with Gram-positive and Gram-negative bacteria will be
carried out to fully evaluate its potential for food packaging appli-
cations. The ease of preparation of nanoparticles and the fact that

they are obtained as a dispersion offer the opportunity to make our
approach compatible with a large-scale, roll-to-roll fabrication of
nanocomposite PLA films, as required by packaging technology.89

As previously noted, the major roles of food packaging are to
protect food products from any outside influence and damage, as
well as to contain the food and provide consumer with a list of
ingredients and nutritional information. Currently, active packag-
ing is one of the most dynamic technologies with an increasing
application as a result of its advantages over traditional packag-
ing systems. Active packaging materials are designed to extend
the shelf-life of foodstuff by positively interacting with the prod-
uct and environment,90–92 at the same time as preserving the
quality, safety and sensory properties of food.93 Active packag-
ing allows the controlled release of bioactive substances (antimi-
crobials or antioxidants that have previously been added to the
package), thus avoiding the direct addition of the active agents
into the food product. Accordingly, it represents a potential way
of preserving the oxidative and/or microbiological degradation of
foodstuffs.94 Moreover, the incorporation of antioxidants into the
polymer matrix may lead to the prevention or delay of oxidation
reactions in polymer chains and thus the achievement of stabiliz-
ing the polymer matrix.95
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To meet consumer demands for more natural products and
for active packaging materials with a low environmental impact,
extracts and EOs from many spices, plants and fruits have been rec-
ognized as potential antimicrobial or antioxidant agents,91 such as
thymol95 or carvacrol.46 These compounds are regarded as natu-
ral alternatives to conventional synthetic additives (some of them
under controversies by their potential toxicity to human health)
and they present a GRAS status (generally recognized as safe) as
defined by the US Food and Drug Administration.3 EOs and sec-
ondary metabolites of plants contain large amounts of active com-
pounds, such as phenolic acids, and flavonoids, such as quercetin,
which provide strong antimicrobial or antioxidant properties and
low toxicity compared to those from synthetic substances. These
remarkable properties allow natural agents to be used as alter-
native food preservatives against synthetic additives. However,
because their high relative volatility and, consequently, a difficulty
with respect to controlling their release into food products, the
use of EOs may not be totally effective in terms of being directly
applied on food. In this sense, their incorporation in a polymeric
matrix could provide an alternative issue to ensure their stabil-
ity in such a way that only desired levels of the preservatives
will diffuse progressively and come into contact with the food.
The incorporation of EOs in packaging materials can be carried
out using different procedures. The most commonly approaches
involve the inclusion of the active additive into the polymer matrix
by either a melting or solvent-casting process. In addition, the use
of active coating has been also reported. The incorporation of EOs
or extracts in nanocomposites allows the development of multi-
functional systems that are good devices for food packaging appli-
cations. Other possible approaches for modifying the final prop-
erties of materials when using biopolymers are the development
of multilayer systems or the combination of different matrices to
obtain a blend.82

It is clear from these forecasts of the growth of nano-enabled
products across all market areas, as well as the specific forecasts
for growth in nano-enabled food and beverage product packag-
ing, that this area is already ahead in terms of already having
products in the market place and also in terms of expectations of
significant growth. Nanotechnology will be an enabler to deliver
smart, novel packaging that can benefit not only the product
producer, but also the consumer by providing an extended shelf
life with additional product information and enhanced security
at a cost that is acceptable both to the producer and the con-
sumer.

However, even if concerns have been expressed about the
inclusion of nanomaterials and the potential for free nanomate-
rials entering the environment, nanotechnology will lead to an
enhanced performance for lower total packaging weights, and
there is likely to be less waste for disposal. Nevertheless, the actual
use of polymer nanocomposites in industry is progressing very
slowly, with the main reasons for this being the cost price of mate-
rials and processing, restrictions because of legislation, acceptance
by customers in the market, a lack of knowledge about the effec-
tiveness and impact of nanoparticles on the environment and
on human health, potential risk as a result of the migration of
nanoparticles in food, and a balance between the use of biomass
to produce materials or food.

Recent contributions on plant and food protection using
bio-based and/or biodegradable polymers and nanorein-
forcement phases, as also extracted from natural sources or
forest/agricultural wastes, as well as their potentials and the

possible applicability from a practical point of view with per-
spectives for agricultural and industrial fields, are all discussed
below.

RECENT PROGRESS IN PLANT AND FOOD
PROTECTION
Plant protection
The current EU guidelines impose the quick identification of valid
and sustainable alternatives to the use of cupric salts (Cu++) in
plant protection against pathogens such as bacteria and fungi.
Botanical extracts and different EOs, used alone and/or in combi-
nation, are a valid eco-friendly possibility. Their use, also in associ-
ation with a reduced amount of copper salts (up to 50% of field
doses), has recently resulted in an effectiveness with respect to
reducing, both in in vivo and in open field tests, the multiplication
and damage caused by Pseudomonas syringae pv. tomato (Pst) and
Xanthomonas axonopodis pv. vesicatoria (Xav), which are bacterial
plant pathogen agents of bacterial speck and bacterial spot dis-
eases on tomato plants, respectively.96

Moreover, pesticide-based microformulations were helpful for
the development of novel nanotechnological tools to apply in the
plant protection field. AIs, such as gallic and ellagic acids, microfor-
mulated together, were found to be useful for controlling bacterial
diseases on kiwifruit plants. Their encapsulation in methacrylate
polymeric microparticles demonstrated an antimicrobial and
prolonged activity up to 14 days in the open field on naturally
infected plants. These microformulations were effective against
three different bacterial diseases caused by Pseudomonas syringae
pv. actinidiae, P. s. pv. syringae and Pseudomonas viridiflava, which
are causal agents of bacterial canker, floral bud necrosis and
bacterial blight on kiwifruit plants, respectively.57 Furthermore,
novel poly(DL-lactide-co-glycolide acid) (PLGA) copolymer-based
biopolymeric nanoparticles and cellulose nanocrystals (CNC)
were evaluated as basic materials for their use as nanocarriers
inside plant protection nanoformulations for tomato crops. PLGA
nanoparticles were synthesized and tested and the effects of
natural surfactants, such as starch and CNC, on the nanoparticle
final properties were investigated. Moreover, CNC were evaluated
as a possible nanostructured formulation to be directly applied
on cultivated plant for protection treatments. The effect of PLGA
nanoparticles and CNC was investigated with respect to their
influence on the survival of P. s. pv. tomato (Pst), the causal agent
of bacterial speck disease, on tomato plant development and
eventual phytotoxicity damages. These nanocarriers were able
to cover uniformly the tomato vegetal surfaces without dam-
age, allowing regular development of the tomato-treated plants.
Moreover, these nanoformulations were unsuitable for Pst survival
over time on the tomato plant surface and so these results appear
to be particularly useful for the development of innovative plant
protection strategies by organic nanoformulations.70

In this context, edible coatings were found to be innovative,
sustainable and effective with respect to protecting plants and
fruits against different plant pathogens during the transporta-
tion, storage and commercialization phases. Generally, edible
coatings comprise proteins (ex. whey and soy proteins concen-
trate), polysaccharides (carrageenan, maltodextrins, methylcel-
lulose, carboxymethyl-cellulose, pectin, alginate and microcrys-
talline cellulose) and lipids (beeswax, acylated monoglycerides,
fatty alcohols, fatty acids almost always combined with a carbo-
hydrate or protein) and are also used to prevent the loss of water,
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Figure 2. In vivo symptoms (external and internal) developed after 25 days as a result of artificial inoculation by Botrytis cinerea (CBS 120091) fungal plant
pathogen on kiwi fruits after preventive treatments by chitosan hypochloride and chemical compound (Fenexamid) with respect to the positive control
thesis (treated only by Botrytis cinerea) and, as a negative control, only treatment with sterile distilled water). (A) Control positive: Botrytis cinerea fungal
plant pathogen at 1 × 106 conidia mL−1; (B) Chitosan hydrochloride (1 g L−1) solution; (C) Control negative: sterile distilled water (SDW); (D) Fenexamid
(1.2 g L−1) solution (P = 0.01).

Figure 3. Examples of different natural sources and wastes used as precursors for the extraction and revalorization of lignocellulosic materials, also at the
nanoscale, using reinforcement phases in a nanocomposite approach.
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Figure 4. CNC from kiwi Actinidia deliciosa pruning residues. Reprinted with permission66 (https://s100.copyright.com/CustomerAdmin/PLF.jsp?
ref=67a00071-48ed-4262-bfcd-4a54fe267adc).

improve mechanical properties during handling and transporta-
tion, and as a food additive carrier. Edible coatings did not affect
the firmness loss, soluble solids content and brightness of fruits
over time, and the use of films did not result in the develop-
ment odors and flavors displaying the same sensory parameters.46

Recently, a chitosan hydrochloride-based coating was proposed
to counter the soft rot frequently caused by two plant pathogens
(B. cinerea and P. c. subsp. carotovorum) during the postharvest
phases of fruit or vegetable products and its effect was compared
with that of a commercially available and normally used chemical
fungicide (Fenexamid). The results of the research underlined the
film-forming capability of the selected grade of chitosan, which
maintained its physico-chemical characteristics after dissolution in
water, forming a thin and well-distributed coating with antimicro-
bial properties for 5–7 days on lettuce and up to 20–25 days on
kiwifruit, respectively47 (Fig. 2).

Food protection
Similarly, new biodegradable multifunctional, antimicrobial
and antioxidant systems were investigated in different fields
of application fields for agri-food chains and for plant protection
with respect to the development novel food packaging sys-
tems and the prodution of eco-friendly strategies that improve
the safety of food products. In this scenario, bio-based and/or
biodegradable molecules and polymers were recently considered
to reduce and/or limit the environmental impact with respect
to traditional chemicals or plastics.2,50,97

One strategy concerning active plastic is to increase the safety
of horticultural products by restraining the proliferation of
micro-organisms among production fields. Develop an active
plastic incorporating an antimicrobial agent (e,g, triclosan) can
lead to an improvement in the inhibition of phytopathogenic and
food pathogenic micro-organisms. This approach was developed
and the active plastic crate is therefore an innovation that can func-
tion as a barrier to inhibit and/or reduce diseases causing losses
and/or damage to agricultural produce, as well as contributing to
the reduction of possible cross-contamination among production
fields and, consequently, reducing the need for the use of agro-
chemicals on crops, which result in chemical contamination.98

Another study demonstrated synergistic inhibitory effects of spice
and herb extract against foodborne pathogens. Notably, when
Alpinia galanga was combined with either Rosmarinus officinalis
or Eucalyptus staigerana, strong synergistic antimicrobial activity
was revealed against bacteria.99

Concerning the packaging sector, research is aiming to develop
new edible packaging considered as valid alternatives for reduc-
ing wastes and residues.100 Different studies have focused on the
use of lignocellulosic by-products as reinforcing fillers in polymeric
matrices and different natural sources (Fig. 3) were recently con-
sidered as precursors for the extraction and revalorization of lig-
nocellulosic materials subsequently used as nanoreinforcements,
such as cellulose nanofibers, cellulose nanocrystals (CNC) and/or
nanolignin.2,97,101 In addition, it should be noted that the use of
waste lignocellulosic waste biomass does not compete with the
food chain and fodder industry for the synthesis of green, safer and
sustainable nanomaterials.31

Recently, CNC were extracted from both barley straw and husk
and then used as reinforcements phases in poly(vinyl alcohol)
(PVA) blended with natural chitosan-based films.102 The results
indicated that chitosan reduced the optical transparency and the
mechanical response of PVA matrix, whereas its combination with
CNC could modulate the optical properties and the mechanical
and thermal responses. In addition, inhibitions on fungal and bac-
terial development were detected for PVA/chitosan/CNC ternary
systems, suggesting their activity against microorganisms con-
tamination.

Similarly, kiwi Actinidia deliciosa pruning residues have been
used as precursors for the extraction of high performing cellulose
nanocrystals (Fig. 4) and then used as reinforcement phases in PVA
blended with natural chitosan-based films, as well as combined
with carvacrol as an active agent. The morphological, optical and
colorimetric characteristics did not change and, with carvacrol
and CNC as a barrier, it was possible to induce antioxidant and
antibacterial activities, suggesting potential applications as novel
packaging formulations for improving the shelf-life and quality of
fresh food products.66

Furthermore, binary and ternary polymeric films, also using
PVA and chitosan as matrices, produced and loaded with lignin
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Figure 5. Active properties and disintegrability of biodegradable nanocomposites systems reinforced with cellulose and lignin at the nanoscale for
food active packaging applications. Reprinted with permission104 (https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=00022a4c-0edc-4922-9a6e-
9b568fa6e2ed).

nanoparticles (LNP) added at two different amounts (1 and 3 wt%),
were created by solvent casting. The mechanical results revealed
that the addition of LNP enhanced the tensile strength and Young’s
modulus of PVA, also producing a toughness effect in the chi-
tosan matrix, and LNP improved the thermal stability of the
binary and ternary nanocomposite systems. Moreover, antibacte-
rial assays revealed a capacity to inhibit Gram-negative bacteria
such as Erwinia carotovora subsp. carotovora and Xanthomonas
arboricola pv. pruni over time, suggesting innovative opportuni-
ties against plant/fruit pathogens in food packaging applications,
using lignin extracted from natural sources or wastes, and poten-
tial as an antimicrobial agent. In addition, the synergic effect of
LNP and chitosan in the antioxidation response of the films pro-
duced highlighted their potential use in the different biomedi-
cal applications required (e.g. drug delivery, tissue engineering,
wound healing).103

LNP and CNC allowed additional original results to be obtained in
antimicrobial tests, revealing a capacity to inhibit plant pathogen
(bacteria) growth over time. LNP was found to be highly efficient
in antioxidation activity; its combination with CNC generates a
synergistic positive effect (antioxidation response of PLA ternary
films) and all of the formulations studied showed a disintegrabil-
ity value of up to 90% after 15 days of incubation in composting

conditions. In addition, the migration tests showed that these films
can be considered suitable for application in the food packaging
field. Cellulosic material and lignin, at the nanoscale, when com-
bined into a polymeric-based formulation, resulted in the multi-
functional properties (antioxidant, migration and disintegrability)
of ternary nanocomposite films based on PLA incorporating both
CNC and lignin nanoparticles (LNP), in two different amounts (1
and 3 wt%)104 (Fig. 5).

CURRENT CONCLUSIONS AND FUTURE
SCENARIOS
Concerning the topics analyzed in the present review, it is nec-
essary to learn the lessons from the past and, desirably, the cir-
cle of trial and error should come to an end. Current agricul-
ture and intensive food production may not dispense with the
use of current agrochemicals in the next few years. Several mea-
sures could be introduced to mitigate their collateral effects. The
introduction of organic nanoformulations of agrochemicals can
reduce the amount of chemicals applied in the field, as well as in
food packaging chains. Some additional measures could be also
applied generally, such as the education of farmers and the public
about chemical hazards and a thorough toxicity testing and proper
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registration of future chemical formulations. There is a consen-
sus that intensified research on food production with a better
quality is needed; therefore, it is necessary to improve pesticide
application and the adoption of good agriculture practices, taking
into account as much as possible integrated pest management
and organic techniques.

Consumers have already rejected the environmental and health
costs of hazardous chemicals. More safe food is required but
humans and ecosystems may not survive longer with continued
poor agriculture practices. This requires a deep risk assessment of
chemical toxicities for both the environment and humans. Other
alternative paths in food production, such as the development of
genetically modified organism varieties and their release for agri-
culture without the application of satisfactory risk assessments,
must be avoided.

Nanostructure organic polymers, low molecular weight
molecules and the bio-macromolecules reported in the present
review represent some examples of the best candidates for the
development of more efficient green chemistry methods, as well
as for the synthesis of nanoscale AIs delivery vehicles, with the aim
of developing better crop protection and safer food packaging
strategies. Most of the developments with green processes have
led to materials of low toxicity and high biocompatibility and
they have been designed using plant extracts and biomaterials.
From the research emphasized in the present review, it is evident
that much more work is needed to develop safe nanoparticles in
agriculture for plant and food protection.

Even the current cost of nanoscaled materials is relatively
high and it is reasonable that, in the medium term, and with
large-scale applications, their costs will decrease significantly
and, as a result of the increasing popularity of nanotechnology,
the cost of their application will become acceptable. However,
nanotechnology applications in the agricultural chain are still
marginal and have not yet made it to the market in comparison
with other industrial sectors. The trends of patent applications
from agro-chemical companies are growing greatly, although no
effective new nano-based products for plant/food protection in
the agricultural sector have really reached the market in a signifi-
cant way. This suggests that applicants are actively patenting and
keeping broad patent claims to ensure future freedom to operate
and to guarantee future exploitation in the case of promising
commercial developments.105–107
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