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PREFACE

It has been a great pleasure to work with other authors of this book, Emerging Nanotech-
nology in Food Science, which is designed to give a comprehensive understanding of the
developments in nanotechnology relevant to food. The presence of nanotechnology in
the food products is a newly emerging phenomenon and it is progressing at a fast pace
as a result of increased appreciation of the advantages associated with the inclusion of
nanomaterials in food, food contact materials, and food production processes. Therefore
there is the need to collect and analyze the current knowledge to inform professionals
coming from different sectors.

Nanotechnology has incidence in many facets of food science today and as such
this book has taken an interdisciplinary approach so as to give the readers a broad un-
derstanding of food, chemical, biological, and legal aspects of nanotechnology in food
and the interplay among them. This book splits this broad topic into chapters that deal
with the latest nanotechnological innovations in food and food packaging materials, and
the current knowledge on analysis, toxicity, regulatory framework, and intellectual prop-
erty with rigor and depth. This is done by a team of food scientists, chemists, geochem-
ists, biomedical scientists, biologists, engineers, and lawyers with recognized expertise in
the areas of food and nanotechnology. The authors have sought to explain the complex
concepts of nanotechnology in food in a didactic manner to make the content of the
book attainable to a wide audience.

The first chapter covers basic concepts of nanotechnology (Chapter 1) and initiates
readers who are not familiar with the subject of nanoscience and applications thereof,
which will help with the comprehension of the rest of the book. Chapter 2 is devot-
ed to the application of nanotechnology in food products. A separate chapter includes
the advances in the production of safer water by means of nanotechnology solutions
(Chapter 3). The gain of knowledge in any discipline greatly depends on the capac-
ity that there is to measure data and acquire information. For that reason, a chapter
(Chapter 4) has been dedicated to review the trends in the analysis of nanomaterials in
food and to explain where the boundaries of such measurements are. One of the main
aspects that is holding back putting in practice the advances of nanotechnology in food
is the incomplete knowledge on the safety of products containing nanomaterials. For
that reason, the fate of common nanomaterials in our body and toxicity at cellular level
has been addressed in Chapter 5. Chapter 6 deals with the specific case of the toxic effect
of nanomaterials on microbes, which can be used to our benefit through the manufac-
ture of products incorporating antibacterial properties that increase food product shelf
lite and lead to a reduction of food waste. Increasing shelf life is a very important goal

xiii
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of food packaging, coatings and inks incorporating nanotechnology and have formed
the main focus of Chapters 7 and 8. The manner in which nanotechnology is regulated
and the principles underpinning it are discussed in Chapter 9. In addition, the book
could not be complete without a chapter in intellectual property, which drives inno-
vations generated in research laboratories to their exploitation and investment in new
research that will make advance food nanotechnology. This is addressed in Chapter 10,
which critically reviews relevant patents in the manufacturing and use of nanomateri-
als in food-related applications and analytical system, and discusses trends in intellectual
property in the food sector.

The didactic approach followed in this book will facilitate the comprehension of
rather specific and complex topics and make it accessible and suitable for either specialist
or lay readers. The inclusion of the most recent research advances in the different facets
of nanotechnology in food gives a unique contemporary understanding of this dynamic

field.



CHAPTER ONE

Concepts of Nanotechnology

Rosa Busquets*, Lubinda Mbundi**

*Kingston University London, Kingston upon Thames, United Kingdom
**Blond McIndoe Research Foundation, Queen Victoria Hospital, East Grinstead, United Kingdom
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1.1 INTRODUCTION

Nanoscience is the study of materials in the nanometer scale, which is generally
considered to be a size below 1 micrometer (1 im, a millionth of a meter). A nanome-
ter (nm) is one billionth of a meter (10~ m) and is the most commonly used size unit
in nanotechnology. To put these units into context, a single standard piece of paper is
approximately 75,000 nm thick, and if the earth and a double decker bus were scaled
down a billion times, they would be the size of an olive and a nanoparticle, respectively
(Figs. 1.1 and 1.2). Nanotechnology involves the production, manipulation, use, and
characterization of nanomaterials. In this regard, a nanoparticle is defined as any material
with at least one dimension measuring 1-100 nm and a nanomaterial refers to materials
that contain nanoparticles and/or distinct features with at least one dimension measur-
ing between 1 and 100 nm [1-3].

Although size is important in defining nanoparticles, when the particles reduce be-
yond a certain size, they inherit (quantum mechanical) properties that are different from
those of bulk materials or atoms thereof. This is well accepted to be an important char-
acteristic of nanoparticles at the size range between 1 and 100 nm, which has been
adopted in the definition of nanoparticles and nanomaterials to reflect the importance
of these properties. For instance, gold in bulk form is considered a noble metal due to its
high stability and lack of reactivity but has different electronic properties and reactivity
at nanoscale size [4,5]. It is these nanoscale-related properties that give these minuscule
materials their gigantic potential in various applications.

Although nanotechnology is relatively new discipline that developed with the ad-
vent of microscopy and continues to be advanced further, nanoparticles have always

Emerging Nanotechnologies in Food Science
Copyright © 2017 Elsevier Inc. All rights reserved.
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Earth diameter (equator): 12,752.32 km = 12,752,320 m

One billionth

Olive (large) diameter: 1.2cm =0.012 m

Figure 1.1 Comparison between the diameter of two systems with a billionth difference between their
diameters.

Bus: 15 m

| ~One billionth

.| A nanaparticle of 20 nm diameter

WD =1.4mm

Figure 1.2 Comparison between the length of a double decker bus and a nanopatrticle (iron oxide
nanopatrticle obtained with scanning electron microscopy).



Concepts of Nanotechnology

been there and continue to exist in nature. Naturally, minerals and crystals grow from
the atomic to the macroscopic level passing through a stage where the crystals are in
the nanoscale range and these can be found in the environment such as in volcanic
ash or ocean spray. In space, NASA detected the presence of the carbon nanoparticles
fullerenes [6], and possibly graphene [7]. Besides, anthropogenic activities continue to
produce incidental formation of nanomaterials such as the spontaneous generation of
nanoparticles from man-made objects. For instance, silver nanoparticles can emerge
from objects such as sterling silver cutlery or jewellery [8], but today, one of the main
sources of incidental nanomaterials may come from particulates emitted from running
diesel engines [9].

Nanoparticles have also been found in human art and products manufactured before
the advent of nanoscience. Notable examples of early manufactured objects with nano-
technology are the Lycurgus cup, from the times of the Roman Empire, known for its
characteristic color changes when shone with light from different directions [10]. This
cup, which is on display at The British Museum (London), has an opaque greenish-
yellow tone when reflecting direct light, and it gives a translucent ruby color when light
passes through it. This is caused by the presence of traces of submicroscopic crystals of
silver and gold (so-called colloids) present at a gold to silver ratio of 3:7, specifically. Col-
loids are particles with at least one direction with dimensions comprised between 1 nm
and 1 pm. Although silver nanoparticles are responsible for the greenish tone, the trans-
lucent reddish is attributed to the gold nanoparticles. These nanoparticles, along with
the other traces of copper, antimonium, and sodium chloride nanoparticles, were not
added deliberately but formed during the conditions employed when manufacturing
the cup because nanotechnology did not exist then.

Another activity that, in a way, recognized the properties resulting from nanomateri-
als was the manufacture of glass as early as in Medieval Age: nanogold has been found
in medieval stained glass, and it has been suggested to have played a role in purifying
air through photocatalysis given that nano gold can break down volatile organic com-
pounds [11]. A similar case explains the presence of nanomaterials in steel blades used in
the Crusades [12]. Such nanomaterials are thought to be responsible for the exceptional
mechanical properties of that steel. Damascus steel, renowned for its strength, has been
found to contain carbon nanotubes.

These incidental and natural nanoparticles present a broad range of compositions,
shapes, and sizes, which contrasts with these which have been engineered. Advances in
the preparation and characterization of nanoparticles have allowed their engineering or
optimization toward a goal that is to achieve desired properties and made possible their
controlled production [2]. Such properties may depend on controlled charge, narrow
size distribution, and a determined structure and composition of the particles at the
nanoscale. These properties will translate into superior performance at the macroscale.
For instance, the optimization of nanoparticles to achieve optimal size and reactivity
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allows having highly effective water filter or barrier properties in food packaging, as it
will be discussed in Chapters 3,7, and 8.

The advancements of techniques such as microscopy [i.e., confocal, scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM)], dynamic light scat-
tering, and elemental analysis have led to the increased interest in nanomaterials within
and across different disciplines such as physics, chemistry, biology, engineering and arts,
to name but a few, where they are studied and used in a wide range of applications. In
this regard, nanomaterials have seen increased use in the latest advances in food, tex-
tile, health, electronics, energy, and environment. The application of nanotechnology
continues to evolve with the inevitable advancement of nanoscience and public inter-
est as more economic opportunities are realized. Given the multidisciplinary nature of
nanotechnology, the vastness of the discipline in both fundamental development and
application, and the need to communicate the technology to lay users, there has been
increased calls for the development of basic and clear nanotechnology concepts to aid
dissemination and regulation.

According to the current definition of a nanomaterials, all materials contain-
ing nanoparticles in unbound, aggregate, or agglomerate states, which impart key
properties, and those that have structures (i.e., internal or external pores or fibers)
in the nanoscale range can also be considered to be nanomaterials [1-3]. As a result,
countless objects can be considered to be nanomaterials given that many materials
contain several distinct nanosized structures. Although this broad definition high-
lights the ubiquitous nature of the nanomaterials, it also creates regulatory difficulties
of producing clear guidelines that both encompass all aspects of nanomaterials as per
definition and are clearer. According to European Chemical Industry Council, the
accepted definition for nanomaterials is still too broad in scope [13]. The FDA has
not published regulatory definitions [14] and is less specific in their approach than
the ones by the European Commission [3]. As such, an attempt to narrow the defini-
tion, a suggestion that a material should have at least 50% of the particles it contains
measuring at least 100 nm in one dimension in order for it to be described as a
nanomaterial is under review [1-3]|. While the argument for the 100 nm upper limit
in the definition of nanoparticles is to do with special and unique properties below
this size, the argument for not including particles with one or more dimensions
below 1 nm remains unclear and contentious. Indeed, subnanometer particles, such
as fullerenes, with unique properties resulting from their size and structure are well
established and have been recommended for classification as nanomaterials [3]. This
is a clear demonstration of the dynamic nature nanotechnology and the discipline
evolves. However, not every item with dimension below 100 nm can be considered a
nanoparticle. Currently, submicron molecules such as proteins and cellular organelles,
although below 100 nm, are not regarded as nanomaterials as they do not have special
physico-chemical properties of nanoscale materials (i.e band gap) [15].
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1.2 SIZE MATTERS

The cause of the special properties of nanomaterials lies in the dimensions of nano-
materials: they are much smaller than bulk materials and bigger than individual atoms. As
a result their physico-chemical behavior do not follow classical physics (which describes
properties in the macroscale) or quantum chemistry (which describes phenomena at
atomic level). A direct consequence of the reduced size of nanoparticles is greater surface-
area-to-volume ratio than macroscopic materials, which is characterized by higher num-
ber exposed atoms that can participate in chemical reactions. In Fig. 1.3, the surface-area-
to-volume ratio of a three-dimension cubic microparticle (1000 nm per side) (Fig. 1.3A)
1s compared to the surface-area-to-volume ratio of the 1000 loose nanoparticle building
blocks (100 nm per side) (Fig. 1.3B) that form the microparticle and its mass. In this case,
the combined surface-area-to-volume ratio of the loose nanoparticles is 10 times greater
than that of the microparticle 1000 nm’ cube. This property is economically attractive as
it allows a given mass of nanosized particles to be several times more reactive and efficient
than the equivalent bulk mass. In addition, defects in their structure of a nanoparticle and
the resulting loss of stability can also increase reactivity. Hence, atoms which have lost
some of its neighboring atoms, and therefore have incomplete coordination, can result

(A) (B)
1000 x @
1000 nm 100 nm
——
Microparticle Nanoparticle

Figure 1.3 Comparison between the surface area of a microparticle and a nanoparticle. The mic-
roparticle (A), with 1000 nm side, has a total surface area of 6,000,000 nm’. The microparticle can be
broken down into its 1000 nanoparticle components (B). The surface area of each nanoparticle (B),
with 100 nm side, is 60,000 nm”. Therefore, the disaggregated group of nanoparticles integrating the
microcube can provide a surface area of 60,000,000 nm”.
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in defects in the material such as dislocations in the crystal structure, or result in the
inclusion of impurities. This can introduce new edges in the crystal and or impart new
properties that can enhance reactivity of the whole material. However, the mechanisms
underlying these eftects and how to control them are still unclear [16].

Nonetheless, these unique properties continue to be exploited for different applica-
tion. Good examples of this are nanosized metals and semiconductors whose electrons
and holes (also called charge carriers) are confined in a limited space, which causes the
splitting of the edge of the valence and conduction band into quantised electronic levels.
The valence conduction band plays an important role in the electric and optic properties
and the quantised electronic state creates an intermediate state between bulk materi-
als and atoms or molecules. The spacing between these electronic levels and band gap
(between the valence and conduction band) increases with a decrease in particle size. As
a consequence, more energy is required to transfer electrons from the valence band to
the conduction band in a nanoparticle than in a microparticle. An example of the effect
of particle size on the electronic properties is the difterent color that some nanoparticles
present at different sizes. For instance, although gold in the bulk scale presents golden
color, nanoparticles of gold present a range of colors between red and pink, depending
on their size and how they interact with light and electron clouds of atoms [5]. Given
that light absorbed is affected by the size of some nanoparticles, color changes can be
used to determine changes in particle size and certain particle properties related to the
structure. Moreover, given that several other properties of nanoparticles are dependent
on size and stability, desired characteristics can be imparted by controlling parameters
that affect these features during nanoparticle production. Parameters that affect the size
of nanoparticles during production include temperature, stirring speed, type, and con-
centration of reducing agent as well as the rate at which the reducing agents are added
[17,18]. In addition, the stability of nanoparticles in solution is known to improve with a
reduction in particle size and more so by the composition of the media, pH, nanoparticle
concentration, and interparticle distance. The net charge and charge distribution on the
surface of particles, which is pH dependent, can affect the balance of repulsive and at-
tractive forces (i.e., Born, Van der Waals, or Keesom forces) between particles and favor
their precipitation or suspension in solution.

The dispersion of nanoparticles is important as the aggregation or agglomearation
of particles can reduce the surface area of nanoparticles and associated reactivity. Unlike
aggregation that leads to formation of new particles with sintered body, agglomeration
(reversible weak physical adhesion of nanoparticles) [19] is a transient phenomenon that
remains a challenge to characterize and control. Some of the common ways of control-
ling agglomeration include the use of ultrasonication shortly before the use of nanopar-
ticles that are suspended in solution. Alternatively, the addition of surfactants during or
after the preparation of the nanoparticles is also used to minimize agglomeration. In this
case, a critical concentration of surfactant for optimum coverage of the nanoparticle
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surface is necessary to achieve better stability. Commonly used surfactants can be anionic
[i.e., sodium dodecyl sulfate (SDS) or sodium citrate]; cationic (i.e., cetylpiridinium bro-
mide); zwitterionc (i.e., lecithin), or nonionic (i.e., tetraoxyethylene lauryl ether).

1.3 HEALTH CONCERNS AND PUBLIC UNDERSTANDING

The toxicity of nanoparticles is linked with their unique properties which are
dictated by their composition and structure (shape, electronic properties, particle size
distribution, agglomeration, surface chemistry, concentration, stability) as well as the
route and nature of exposure (temporal, intermittent, continuous exposure) [20—25].

The toxicity and poorly understood fate of nanoparticles in biological systems are
some of the main factors that limit appreciation and use of nanotechnology. The pub-
lic’s poor understanding of nanotechnology and preconceived fears is another factor
that can affect the speed and scope of the application nanotechnology. This in part
because scientific advancements happen at a faster rate with new concepts emerging
before the public have acquired enough understanding of the meaning and implica-
tions of the new technology. Genetic technology (i.e., cloning and genetically modi-
fied food) is one example of such scientific advance where the poor understanding
and appreciation by the general public has resulted in strong opposition to the study
and application of the technology [26]. On the other hand, the use of food additives,
natural or synthetic, that are currently widely used to enhance flavor or color, shelf life
and taste, are well received by the public, albeit the little understanding and anxiety. This
gives some hope that nanotechnology could potentially be as well accepted, despite the
anxiety associated with artificial food additives. A recent study pointed out that knowl-
edge of regulation and trust in regulators, awareness of risks and benefits and preference
for natural products influences the acceptance of artificial food additives by consumers
[27]. This situation is relevant to the introduction and use of particular matter in the
nanodimensions in food and related technologies and therefore advances in regulation
and communication with the public will foster benefiting from safe food products in-
corporating nanotechnology.

The scientific community has the responsibility of communicating scientific ad-
vances and concepts such as nanotechnology and associated benefits and risks of its
incorporation in food products. This can minimize the confusion and anxieties that
cause the public to not only dislike but also resist scientific advances such as nanotech-
nology. The public needs to know the whole picture before accepting a technology
as potentially beneficial and reliable. Indeed, if the new scientific concept remains
misunderstood, related technologies will advance with difficulties, if not advance at
all. Nanotechnology is an emerging technology with immense potential to advance a
number of current technologies, including food science, and should be embraced and
explored thoroughly.
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2.1 OVERVIEW

Nanotechnology ofters a vast number of opportunities for the agri-food industry.
The primary production section would benefit of new pesticides with improved action
thanks to the use of nanotechnology; animal feeds with enhanced efficacy and higher
nutrition value through the use of enriched supplements; smart sensors for the diagno-
sis of animal disease or for the detection of pathogenics in water. The food production
sector could also benefit from improvements in the detection and control of chemical
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and microbiological hazards, thus promoting food safety while eventually leading to an
improved market value of the foods.

Food packaging, one of the utmost operational areas using nanotechnology in the
food industry, can now incorporate antimicrobials to extend shelf life through the de-
velopment of active and intelligent packaging systems. Additional to the development of
new contact materials being investigated to preserve food organoleptic properties, new
packaging systems are being designed to act as sensors that will inform about the quality
or freshness of the sealed food products [1,2].

The nutritional value of food products can be improved through the use of nano-
technology, where the incorporation of bioactive compounds (such as antioxidants, vita-
mins, polyphenols, omega-3 fatty acids, among others) in nanosized structures has shown
to increase their bioavailability. This opens up the possibility of establishing personalized
nutrition schemes with on-demand health requirements and allowing the consumers
to safely choose food products based on their best interest. This is a clear trend today:
there have been increasing number of publications in this area during the past 10 years
(Fig. 2.1A).

2.2 NANOTECHNOLOGY FOR ENCAPSULATION

Some biologically active compounds, such as lipids, vitamins, peptides, fatty acids,
antioxidants, minerals, and living cells such as probiotics, are available on the market in
various forms claiming to provide health benefits in the prevention and treatment of a
range of diseases. However, the administration of these compounds in their free form
often results in a low systemic bioavailability which is mainly attributable to insufficient
gastric residence time, low permeability, and/or solubility within the gut, as well as in-
stability under conditions encountered in food processing (i.e., temperature, oxygen, or
presence of light) or in the gastrointestinal (GI) tract (i.e., pH and presence of enzymes
and other agents)—all of which limit its activity and potential health benefits of bioac-
tive molecules [3,4]. The development of nanoencapsulation technologies offers possible
solutions to improve the bioavailability of many functional compounds, by enhancing
their absorption in the GI tract, which is critical for their effectiveness [5]. Encapsula-
tion consists in the entrapment of a substance (i.e., bioactive molecule) within a carrier
material [6]. The delivery of an active agent can be improved by means of its encapsula-
tion, for instance by enabling the slow down of the degradation processes; protecting
its functionality; or permitting targeted release in sites where absorption is desired [4,7].
Moreover, nanoencapsulation can provide some important advantages. The stability of
labile bioactive substances (i.e., vitamins) can be enhanced by means of increasing their
solubility through nanoencapsulation, which implies solubilizing a hydrophilic com-
pound in hydrophobic matrices or vice versa. Nanoencapsulation can also act as a barrier
between bioactive molecules with limited stability and the environment, thus protecting
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against undesired permeation of gases like CO,, O,, H,O, reducing the evaporation and
degradation of volatile substances (i.e., aromas), as well as prevent unpleasant sensorial
properties (i.e., bitter taste, astringency, or smell) when consuming the food products.
Furthermore, this technology can be used for improved delivery, controlled release, and
bioavailability of bioactive compounds to cells and tissues in the GI tract [6].

Due to their subcellular size and greater surface area per mass unit, nanosystems are
expected to be more efficient in crossing permeability barriers (i.e., epithelial mem-
brane cells and the tight junctions between them) including an increase in adhesive
forces (i.e., interaction through physical entanglement and secondary bonding, mainly
hydrogen-bonding and van der Waals attraction to the GI mucosa) and prolonged GI
transit time, and present higher biological activity than larger-sized particles of the
same chemical composition [8]. For instance, the absorption and oral bioavailability of
several essential minerals (i.e., iron, zinc, calcium, selenium, and magnesium) was dem-
onstrated to be significantly enhanced when administered in the nanosize range [9].
The bioavailability of nanomaterials is explained in detail in Chapter 5. Therefore, the
development of nanoencapsulation technologies offers possible solutions to inherent
difficulties associated with macro- and micro-scale encapsulation for the delivery of
bioactive compounds. For instance, this technology allows overcoming compatibility
issues (i.e., aggregation and phase separation) with the food matrix (which aftects ap-
pearance, texture, stability, or flavor of the product), and control release, that should be
only activated once at the appropriate site (i.e., compounds aimed at being delivered in
the intestine should start its release as soon as mixed with the food product or affected
by light, oxygen, and temperature) |5,10]. At present the major challenges regarding
the use of this technology for food applications are the replacement of nonfood-grade
materials by bio-based, biodegradable food-grade alternatives [8]. Greater knowledge
of intrinsic characteristics of polymers and bioactive compounds to be used, as well
as of physical and chemical interactions that could be established, particularly at the
molecular level, will be crucial for understanding the fundamental mechanisms that
are the basis for the functional properties and behavior of the delivery systems. All this
is fundamental to ensure the design and development of optimized carriers for use in
the food industry.

Difterent products widely used for drug encapsulation have not been approved for
use in food as a result of not having been certified as “Generally Recognized As Safe”
(GRAS) materials for food applications. The whole food process (i.e., from the raw
materials until the final product that reaches the consumers) should be designed to
meet the safety requirements of governmental agencies, that is, European Food Safety
Authority (EFSA) or Food and Drug Administration (FDA) [11,12]. Products used for
constituting the nanosystems must be bio-based, biodegradable, food-grade, and able
to form a barrier between the internal phase and its surroundings. Polysaccharides
(i.e., starch and their derivates, alginate, pectin, dextran, and chitosan) are the most
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widely used products. Proteins (i.e., gelatin, whey proteins, and zein) and lipids (i.e.,
medium chain triglycerides, tristearin, and corn oil) are also appropriate for encap-
sulation [6,8,13]. The features of encapsulating materials influence important charac-
teristics, such as: physico-chemical properties (i.e., density, refractive index, rheology
polarity, particle size, charge, and interactions); protective capacity (i.e., antioxidant
activity); encapsulation performance (i.e., loading capacity and encapsulation and re-
tention efficiencies); and properties related to the release of the bioactive substances
(i.e., trigger, rate, and extent). In addition, the overall cost, safety, and composition
of the encapsulating material should be taken into account with view of the final
application [6,12,14].

There have been major advances in the design and production of food-grade nano-
systems that can be used by food manufacturers to develop effective delivery systems
[8,15]. Many encapsulation procedures have been proposed but none of them can be
considered universally applicable for bioactive compounds. This is related to the fact
that bioactive compounds and encapsulating material in the nanosystems have their
own characteristic molecular structure and properties, which include molecular weight,
polarity, solubility, particle size distribution, encapsulation efficiency, or shape. These
properties can, in fact, be affected by the encapsulation techniques employed. There-
fore, different encapsulation approaches may be required to achieve the desired physico-
chemical and molecular properties [12,16].

The encapsulation techniques most commonly used are spray drying, spray cooling,
freeze drying, emulsification, emulsification-solvent evaporation, coacervation, nanopre-
cipitation, inclusion complexation, and supercritical fluid [6,13,17,18]. These techniques
use either top-down or bottom-up approaches for the development of nanomaterials.
Top-down approaches involve the application of precise tools, assisted with a force, that
allow size reduction and shaping of the structure for the desired application of the nano-
material. The degree of control and refinement achieved in size reduction processes influ-
ences the properties of the materials produced. In the bottom-up approach, materials are
constructed by self-assembly and self-organization of molecules, which are influenced by
many factors, including pH, temperature, concentration, and ionic strength [19].

Techniques such as emulsification and emulsification-solvent evaporation are used
in the top-down approach. On the other hand, the use of supercritical fluids, inclusion
complexation, coacervation, and nanoprecipitation are used in the bottom-up approach
[20]. Spray drying is by large one of the most frequently applied techniques because it
is fast, relatively cheap, and reproducible. The principle of this approach is based on dis-
solving or dispersing the bioactive compound in a solution of biopolymer; the solution/
dispersion is then atomized in a heated air chamber, which causes rapid evaporation of
the solvent and production of dried systems. This method has some limitations for vola-
tile or thermo-sensitive bioactive species [21,22]. Spray cooling may allow overcoming
some limitations of spray drying as it involves an opposite principle. In spray cooling, a
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bioactive substance dispersed in a liquified matrix is atomized into a cool environment,
such as cool air. Usually, fats with high melting point are used as matrix. When cooling,
the fat solidifies, permitting the immobilization of labile compounds, such as mineral
salts, enzymes, flavors, food acids, and protein hydrolysates [16,23]. Freeze drying is also
an alternative to spray drying but usually restricted to very high value ingredients, such
as probiotic bacteria. This technique involves the encapsulation of bioactive substances
in a solution of biopolymer though a freezing process, which enables its immobilization,
followed by drying under vacuum, which causes the sublimation of ice [16,23].

Emulsification is defined as a process of dispersing one liquid (containing the bioactive
compounds) in a second immiscible liquid, by applying electrostatic, or hydrophobic, or
hydrogen bonding interactions between the bioactive compounds and an encapsulating
material [16]. The addition of a surfactant is also frequently used to promote encapsu-
lation by forming micelles, vesicles, bilayers, and reverse micelles around the bioactive
molecules [7,13,16].

The emulsification-solvent evaporation technique involves emulsification of the
polymer solution into an aqueous phase and evaporation of the solvent. This induces the
precipitation of the polymer in the form of nanospheres [24].

Coacervation is one of the most easily implemented techniques for the production
of nanosystems consisting of electrostatic attraction between oppositely charged mol-
ecules. This force may be induced between charged bioactive compounds and an oppo-
sitely charged polymer (simple coacervation). Alternatively, a bioactive substance may be
entrapped within a particle formed by electrostatic complexation of positively charged
(i.e., chitosan) and negatively charged (i.e., pectin and alginate) biopolymers (complex
coacervation). This technique is usually applied for the encapsulation of lipophilic fla-
vors and oils and also some water-soluble bioactive compounds [3,4].

Nanoprecipitation involves the precipitation of polymer from an organic solution
and the diffusion of the organic solvent in an aqueous medium. This technique is based
on the spontaneous emulsification of the organic internal phase containing the dissolved
bioactive compounds into the aqueous external phase [24].

Inclusion complexation consists of the encapsulation of the supramolecular asso-
ciation of a ligand (bioactive compound) into a cavity-bearing substrate (encapsulating
material) through hydrogen bonding, van der Waals force, or by the entropy-driven
hydrophobic eftect [18].

In supercritical fluid processes for encapsulating bioactive substances, the bioactive
compounds are dispersed in a matrix solubilized in a supercritical fluid (usually carbon
dioxide under supercritical conditions). The removal of the carbon dioxide leads to the
encapsulation of bioactive specie within the matrix [16].

Among the techniques described earlier, emulsification and emulsification-solvent
evaporation are the most used techniques to promote size reduction since they have no
impact on any other factor, such as pH and temperature. Coacervation, supercritical fluid,
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and inclusion complexation techniques also allow size reduction; however, these tech-
niques are largely influenced by other factors (i.e., pH and temperature). Coacervation
and supercritical fluid are used for encapsulation of both hydrophilic and lipophilic
compounds, whereas emulsification-solvent evaporation and inclusion complexation are
largely used for the lipophilic compounds [25].

Spray drying and freeze-drying are the most extensively applied encapsulation tech-
niques in the food industry for the stable release of bioactive compounds. They have
become essential because they are flexible, can operate in continuous mode, and are less
expensive than other encapsulation techniques [6,26]. The drying process is character-
ized by providing greater stability to functional compounds compared to their stability
in the original suspensions, which makes it possible to preserve their characteristics for
long storage periods [27].

A selected group of bio-based nanodelivery systems used in innovative food prod-
ucts, which have been commonly used for encapsulation of bioactive compounds is
reviewed in Table 2.1: nanocapsules, nanohydrogels nanoemulsions, lipid nanoparticles,
and micelles. Fig. 2.2 shows some examples of nanosystems used for encapsulation.

2.2.1 Nanocapsules

Nanocapsules have been one of the most widely studied nanosystems for the delivery
of functional compounds [43,44|. Nanocapsules (which are also known as nanoparticles
in food science) are constituted by an external polymeric membrane and an inner part
composed of a liquid or polymeric matrix that contains the bioactive compound [45].
During their production, different techniques can be applied (such as ionic pregelation/
coacervation, polymerization, and dispersion of preformed polymers), which may affect
their final properties [43].

Nanocapsules can be either synthesized through ionic pregelation/coacervation,
which consist of crosslinking of polyelectrolytes in the presence of a counter ion
(cationic or polyanionic) to form nanocapsules 8], or by the polymerization of mono-
mers. In this latter technique, bioactive compounds can be incorporated in the capsules
through their dissolution in the polymerization medium or by adsorption onto the
nanocapsules after polymerization [24]. In addition, nanocapsules can be prepared by
dispersion of preformed polymers and formation through different techniques, such
as self~assembly, nanoprecipitation, and using supercritical fluids [16,46]. For instance,
selt-assembly involves the spontaneous formation of compact and stable nanocapsules
without intervention from external agents. Biomaterials, such as zein, chitosan, and ca-
sein are examples of polymers that can be used in the preparation of nanocapsules via
self-assembly mechanisms [8]. The preparation method for the development of nano-
capsules must be optimized so that the final nanocapsules display higher performance
[8]. Examples of nanocapsules prepared by different techniques using various bio-based
materials are presented in Table 2.1.
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Table 2.1 Examples of nanosystems for application in food products and their main characteristics:
techniques and composition used, encapsulated bioactive compounds, and size

Bioactive
Nanosystem Technique Composition compound  Size (hm) References
Nanocapsules  Ionic pregelation/ Chitosan, alginate Insulin 270 [28,29]
coacervation and sodium
tripolyphosphate
Ionotropic Alginate/ Curcumin 100-120 [30]
polyelectrolyte chitosan/pluronic
pregelation
Ionotropic Alginate/chitosan Vitamin B, ~ 86-200 [31]
polyelectrolyte
pregelation
Nanohydrogels Physical self-assembly B-lactoglobulin ~ ®-3 fatty 100 [32]
and low acids

methoxyl pectin
Temperature and pH B-lactoglobulin  Epigallocate- 7-10 [33]

induced gelation chin-3-gallate
Temperature induced B-lactoglobulin/  o-Tocopherol — [34]
gelation hen egg white
protein/alginate
Temperature induced B-Lactoglobulin ~ Curcumin 142 [35]
gelation
Nanoemulsions High-pressure Corn oil, Tween Curcumin 119.5—-  [30]
homogenization 20, SDS, and 152.9
DTAB
Solvent Hexane, Tween [B-carotene  9-280  [37]
displacement + 20
ultraturrax
Melt-homogenization Medium chain ~ Curcumin 130205 [38]
triglycerides,
trimyristin and
tristearin
Solid lipid Microemulsification  Polysorbate 80/  Curcumin 134.6 [39]
nanoparticles soy lecithin
High-pressure Soy lecithin/ Curcumin 100-110 [40]
homogenization sodium
glycocholate/
glycerol
Micelles Self-assembly Casein B-Carotene 80 [41]
B-casein Curcumin ~ — [42]

Note: SDS: sodium dodecyl sulfate; DTAB:dodecyltrimethylammonium bromide; - Not found.
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Figure 2.2 Examples of colloidal delivery systems that can be used to encapsulate, protect, and deliver
functional food ingredients with the most likely location of the bioactive compound based on its
hydrophilicity or hydrophobicity (not drawn to scale). (Reproduced from I.J. Joye, G. Davidov-Pardo, D.J.
McClements, Nanotechnology for increased micronutrient bioavailability, Trends Food Sci. Technol. 40 (2)
(2014) 168-182 [14] with permission from Elsevier).

2.2.2 Nanohydrogels

Nanohydrogels are three-dimensional hydrophilic or amphiphilic polymer networks
that can swell in water (around 30 times their size), and hold relatively large amount
of aqueous solvent, while maintaining their structure, due to the presence of covalent
or noncovalent interactions [47]. Their swelling ability is attributed to the presence of
hydrophilic moieties (i.e., hydroxyl, carboxyl, ethers, amines, and sulfate groups) form-
ing the nanohydrogel structure, which is responsible for their soft and pliable attri-
butes. Nanohydrogels are designed to spontaneously load biologically active molecules
through electrostatic, van der Waals, and/or hydrophobic interactions between the bio-
active compound and the matrix during the gel formation. This will result in stable
nanostructures in which bioactive compounds become entrapped. These nanosystems
can be prepared from several polysaccharides, such as alginate, chitosan, pectin, pullulan,
and dextran or proteins, such as whey proteins and collagen, with different techniques.

Nanohydrogels have the ability to produce a response (i.e., swelling or deswelling)
to environmental stimuli (i.e., temperature, pH, ionic strength, or enzymatic conditions)
making them important systems to deliver bioactive food ingredients to specific sites of
action and at a particular time in the body [47,48]. Stable bio-based nanohydrogels have
been produced and used for encapsulation and delivery of several bioactive compounds:
such as -3 fatty acids [32], epigallocate-chin-3-gallate (the major catechin in green
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tea and a potent antioxidant) [33], oi-tocopherol [34,49], and zinc [50] thus providing
health-improving properties to beverages and food products.

The approaches more commonly used for the preparation of nanohydrogels are
gelation processes [8,51]. Examples of nanosystems prepared by gelation are given in
Table 2.1. Nanohydrogels permit overcoming some drawbacks inherent to other nano-
systems, such as nanoemulsions or lipid nanoparticles in the preparation procedure and
relatively low loading capacity. They can be produced with relatively low cost materi-
als and do not require the addition of extra components. In general, their preparation
method is simple, some examples of which are given in Table 2.1.

2.2.3 Nanoemulsions

Nanoemulsions consist of a lipid phase dispersed in an aqueous continuous phase (i.e.,
water or aqueous solution), where each oil droplet becomes surrounded by a thin inter-
facial layer of emulsifier molecules [52]. Usually, these systems have good stability against
droplet aggregation because the range of attractive van der Waals forces acting between
the droplets decreases with decreasing particle size. The particle size of nanoemulsions
in food systems typically ranges from 10 to 100 nm [7]. In contrast, the range of steric
repulsion is less dependent on particle size [53,54]. Nanoemulsions can act as carriers
or delivery systems for lipophilic compounds, such as essential oils (i.e., ®-3-rich oils),
polyphenolics (i.e., curcumin), antioxidants (i.e., quercetin), antimicrobials (i.e., thymol),
and vitamins (i.e., vitamin A) [20,55]. Nanoemulsions not only can improve the solubil-
ity of lipophilic bioactive food components but also can improve their thermal stability
and physiological performance by enhancing their bioavailability during the absorption
in the GI tract. Furthermore, the impact of this encapsulation on the organoleptic prop-
erties of food products can be minimal [8,56,57]. It is important to point out that lipo-
philic, hydrophilic, and amphiphilic bioactive compounds can be incorporated within
the oil droplets, the continuous phase, or the interfacial region of the oil-in-water in
nanoemulsions, depending on their nature [58].

Nanoemulsions can be produced through high-energy methods, which need de-
vices that use high mechanical energy input, such as high-pressure valve homogenizers,
microfluidizers, and sonication methods, capable of generating intense disruptive forces
that breakup the oil and water phases and lead to the formation of oil droplets. Low-
energy approaches that require low energy for the production of nanoemulsions, and
mainly depend on the intrinsic physico-chemical properties of surfactants and oily phase
(i.e., phase inversion and solvent demixing methods) are also used [52].

2.2.4 Lipid nanoparticles

Solid lipid nanoparticles (SLNs) are oil-in-water emulsions in which the lipid phase
has been either fully or partially solidified by a solid lipid, or a blend of solid lipids [59].



Advances in Food Nanotechnology

21

Examples of common lipids used in this type of nanosystems are sunflower and palm oils
[60]. SLNs are usually created by preparing an oil-in-water nanoemulsion at a tempera-
ture above the melting point of the lipid phase, and subsequently cooled to temperatures
below the crystallization point of the lipids [61,62].

Nanostructured lipid carriers (NLCs) are a new generation of SLNs consisting of a
solid matrix where the overall solid content can be up to 95% of the total weight [63].
Some potential limitations typically associated with SLN are the relatively high water
content of the dispersions (70%—-99.9%) as it may lead to nanosystem instability; limited
loading capacity; and issues in controlled release during storage. The loading capacity of
SLN's is limited by the solubility of bioactive components in the lipid melt, the structure
of the lipid matrix, and the polymeric state of the lipid matrix. In those cases where the
lipid matrix consists of especially similar molecules (i.e., tristearin or tripalmitin), a per-
fect crystal with few imperfections is formed. As incorporated bioactive components are
located between fatty acid chains, between the lipid layers, and also in crystal imperfec-
tions, a highly ordered crystal lattice cannot accommodate large amounts of components
[64]. These weaknesses may be overcome by NLC [59]. Both systems, NLC and SLNss,
represent suitable alternative carriers to liposomes and emulsions.

Lipid nanoparticles can be prepared with various techniques, such as high-pressure
homogenization, microemulsion, sonication, nanoprecipitation, and emulsification-
solvent evaporation [14,65]. Since nanoprecipitation and emulsification-solvent evap-
oration techniques have been explained earlier, only high-pressure homogenization,
sonication, and microemulsion techniques will be described.

The production of these nanoparticles by high-pressure homogenization can be per-
formed using either hot or cold homogenization techniques, in which the bioactive
compound is dissolved, solubilized, or dispersed in the melted lipid in both approaches.
In hot homogenization, the bioactive substance and lipid melt are dispersed in hot sur-
factant solution, both at the same temperature, and homogenized by high-speed stirring.
The resulting preemulsion is then passed through a high-pressure homogenizer. In cold
homogenization, the bioactive substance and lipid melt are cooled together and, after so-
lidification, they are ground. This forms solid lipid microparticles that are homogenized
in a cold surfactant solution and subjected to a high-pressure homogenizer, which results
in the formation of SLN [66]. In the microemulsion technique, the lipid and aqueous
phase are heated and homogenized at a temperature above the melting point of the lipid.
The microemulsion follows dilution with cooled water, which leads to the breaking of
the microemulsion into a nanoemulsion. The obtained nanoemulsion is cooled leading
to the formation of SLN [67].

The production of nanoemulsions by sonication or by high-shear homogenization
is carried out less commonly than by hot or cold homogenization. The lipid phase and
aqueous phase are heated up to the same temperature and emulsified by mechanical



22

Miguel Angelo Cerqueira, Ana C. Pinheiro, Oscar L. Ramos, Hélder Silva, Ana |. Bourbon, Antonio A. Vicente

stirring (high-shear homogenization) or sonication. The main disadvantage of these
techniques is the presence of both micro- and nanoparticles in the final dispersion [68].

The high-pressure homogenization (hot process) has also many advantages in com-
parison to the other techniques as it allows an easy scale up and a short production time.
It also avoids the use of organic solvents [59]. As an example, curcumin was successfully
encapsulated in lipid nanoparticles [39] and its retention time and stability increased
when assessed throughout in vivo studies [40].

2.2.5 Micelles

Micelles are aggregates of surfactants, such as caseins or whey proteins, of colloidal dimen-
sions which are in equilibrium with their constituents. Additional components, named
cosolvents or cosurfactants, may also be present in the aggregate and contribute to modify
their dimensions and the interaction with the encapsulated substance. These systems are
usually spherical (diameter <20 nm), with a hydrophobic core, composed of oil mol-
ecules and nonpolar surfactant chains. They have a hydrophilic shell composed of polar
groups from surfactants. Lipophilic functional compounds can be encapsulated within
the hydrophobic core of micelles, whereas hydrophilic bioactive food ingredients can be
encapsulated in the core of reverse or inverted micelles, which possess polar inner groups
and hydrophobic surface [69]. Micelles, which only scatter light weakly due to their small
particle size (i.e., ranging from 2 to 20 nm), are suitable for encapsulating lipophilic com-
pounds into clear foods and beverages [69]. Beta-casein, an amphiphilic self-assembling
protein that can form micellar nanosystems, has been used to encapsulate and deliver hy-
drophobic therapeutic compounds, such as curcumin [42] and B-carotene [41].

The main challenges regarding the use of bio-based nanosystems for the encapsulation
and controlled release of functional compounds include the following: (1) appropri-
ate selection of the components to build the nanosystem due to the limited physico-
chemical properties inherent to food-grade materials; (2) their physical instability under
environmental stresses (i.e., pH, salt, and heating); (3) limited control over oxidation of
the functional compounds; and (4) ability to provide protection and stability for encap-
sulated compounds during hash food processing conditions or through GI passage [14].
The advances and recent strategies toward these limitations comprise the functionaliza-
tion of the nanosystems through the use of combined polymers for their preparation or
the creation of one or more layers of a polyelectrolyte surrounding the nanosystem. This
is carried out through a layer-by-layer deposition technique, in which oppositely charged
layers of polyelectrolytes are adsorbed on core materials with controllable thickness and
properties [70]. This technique permits to add further layers by simple deposition of
oppositely charged polyelectrolytes in solution, which promotes the adsorption of the
polyelectrolytes on the top of the first layer. Repetition of this adsorption step leads to
the formation of multilayers [71]. This strategy allows controlling the order and location
of multiple polymer layers with nanoscale precision; and defining the concentrations of
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components encapsulated by simply varying the number of polyelectrolyte layers and se-
lecting the polymer to be used from a wide range available, which increases the potential
application of these nanosystems [72].

There is scarce information regarding the ability of micelles to maintain their prop-
erties when part of complex food matrices and resist real food processing conditions.
Therefore it is of ultimate importance to understand and evaluate the influence of food
matrices on the stability and bioavailability of the bioactive compounds in delivery sys-
tems, as well as the effect of the delivery systems on the physico-chemical and sensory
properties of the final food product.

2.3 NANOTECHNOLOGY FOR FOOD SAFETY/SECURITY

Recent applications of nanotechnology in the food area include development
of nanosized structures with the ability to improve the safety of food products [73].
An example of this contribution are sensors at the nanoscale that can support farm-
ers by providing data on environmental conditions, fertilization, and pest control. This
information can facilitate an early intervention and applying or decreasing the use of
agrochemicals (i.e., antibiotics, pesticides, and nutrients) when necessary [1]. Moreover,
nanoscale carriers can be used for the efficient delivery of fertilizers or pesticides and
improving their effect. This is extremely relevant, given that the controlled use of these
compounds can enhance the quality and safety of food product. For example, Siddiqui
and Al-Whaibi [74] evaluated the benefits of applying silicon dioxide nanoparticles to
tomato germinating seeds and significant eftect on the characteristics of seed germina-
tion (percent of seed germination, mean germination time, seed germination index,
seed vigor index, seedling fresh weight, and dry weight) was found [74]. Clay nanotubes
have also been used as carriers of pesticides: their low cost, extended release, and better
contact with plants allow reducing the amount of pesticide (around 80%), cost, and an
impact of pesticide application on water streams [75].

Preserving food quality during storage and reducing food waste are main factors
considered in food processes that transform agricultural products into foodstuffs for
consumers [76]. During food processing, the control of the quality of the products in real
time and the prompt identification of possible contaminations (pesticides, heavy metals,
antibiotics, and pathogens) are the main challenges where nanotechnology can be very
helpful [1]. The development of sensors with ability to quickly detect environmental
changes during food storage (i.e., temperature, relative humidity, and oxygen exposure);
physico-chemical modifications in food, such as color, pH; the presence of chemical
species, such as nitrite or sulfite; or microbial contaminations, can be extremely useful to
improve the safety and quality of food products.

Fresh food products that are either spoiled or exhibit unpalatable odors, color, or
sensory properties are easily discerned by consumers. However food packaging obstructs
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the sensory perception of consumers and therefore consumers must rely on sell-by dates,
which are determined by producers based on a set of idealized assumptions, among
which is the way that the food will be stored or transported. Nanosensors provide a
solution to this problem and inform on the quality of the food product. Developed
nanosensors have been designed to be inserted in the packaging material, where they
would serve as “noses” that can detect chemicals released during food spoilage [77].
Microfluidic devices are another efficient and high sensitivity type of nanosensors, with
the ability to quickly detect pathogens in real time. Advantages of these fluidic sensors
are their small dimension and their ability to detect relevant compounds rapidly in a
small volume (few microliters), which has already led to widespread applications (such as
medical, biological, and chemical analysis) [78].

Nanocantilevers are nanosensors composed of silicon-based materials. These pres-
ent the ability to recognize proteins and detect pathogens and viruses. In fact, this
capability enables the detection of biological binding interactions, such as antigen and
antibody or enzyme and substrate, by physical and/or electromechanical signal. These
nanosensors are also used in studies of molecular interactions and in the detection
of toxins and antibiotic residues in food products [79]. Devices produced with the
so-called nanoelectromechanical systems technology are also used for food quality control.
They consist of advanced transducers which convert physico and chemical stimuli
into electro signals which serve as tools in food preservation. They can control the
storage environment and act as active “sell by” devices. An example of this device ap-
plication is a digital transform spectrometer produced by Polychromix (Wilmington,
MA, USA) which uses microelectromechanical systems technology to detect trans-fat
content in foods [80]. Some food companies, such as Nano Engineered Applications
[81], LamdaGen [82], and Nanolane [83] already make available nanotechnology
products that help consumers to assess whether certain foods are safe. However,
most applications of nanosensors for food-related components are still in their early
development stages.

2.3.1 Detection of contaminants or adulterants,

gases, and microrganisms

Many of the assays developed to detect molecular contaminants or adulterants in com-
plex food matrices are based on observation of color changes or fluorescent emission
that occurs in solutions containing nanoparticle and specific food contaminants [84].
Electrochemical detection based on immunoassays is also a useful methodology to de-
tect organic molecules. It operates by binding antibodies to a conductive nanomaterial
and detects conductivity changes when the antibodies bind the target contaminant. This
type of detection is very selective and avoids possible interference caused by other food
components.



Advances in Food Nanotechnology

25

Oxygen and moisture are relevant parameters to control food contamination given
that the presence of high levels of oxygen and/or moisture leads to proliferation of
microorganisms. Hence, continuous monitoring of the gas content in the food package
headspace would also provide a means to assess the safety and quality of the food long
after it has left the manufacturing facility. Noninvasive leak detection and methods for
the determination of gas content are very valuable [85]. The use of nanostructures is be-
ing extremely useful to detect these parameters. Their high ratio of area/volume allows
to detect faster and with more precision than the existing systems at bigger scale.

The presence of microorganisms in food products is one of the main causes of illnesses
which, in extreme cases, can result in hospitalization. Therefore, it is important to deter-
mine the presence of bacteria, fungi, or viruses in food matrices that can cause food-borne
diseases. Inexpensive methods for the fast and accurate detection of microbes in food are
main goals of the food sector. Conventional methodologies for microbiological detection
are based on immunological assays, which use selective antibody—antigen interactions.
This approach is similar to the detection strategy used in nanomaterial-based microbial
sensors. In contrast, nanomaterials can offer significant improvements in selectivity, speed,
and sensitivity compared to conventional chemical or biological methods [86].

2.3.2 Removal of chemicals or pathogens from food

In contrast to the indirect detection systems to monitor food safety (i.e., nanosensors),
there are methods that directly improve the safety of food products. Nanoparticles can
be directly used to capture chemical contaminants or pathogenic microorganisms in
food. For instance, Huang et al. [87] developed amine-functionalized magnetic nanopar-
ticles to remove bacterial pathogens. These nanoparticles allowed rapid and efficient re-
moval of bacteria from water and food matrices with high efficiency (88.5-99.1%) [87].
Strategies for water treatment involving nanotechnology are also being developed and
improve food safety directly. These are discussed in Chapter 3, which is devoted to the
application of nanotechnology in water treatment.

2.3.3 Food preparation surfaces

Surfaces containing nanomaterials, such as antimicrobial nanocoatings, can be used to
create nonfouling surfaces for food preparation. These have the potential to reduce bac-
terial growth and decrease food production costs when reducing downtime caused by
the clogging of processing machines. Difterent nanobased coatings are available for coat-
ing surfaces in contact with food in food preparation processes, and for coating machin-
ery used in food processing, including nanosilica coating for hydrophobic self-cleaning
surfaces; titanium dioxide or zinc oxide nanocoating for photocatalytic sterilization of
food contact surfaces; and silver nanocoating for hygienic food preparation surfaces [88].
Table 2.2 shows some of examples of application of nanotechnology in these areas.
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Table 2.2 Examples of application of nanotechnology in food safety

Area Nanostructure Purpose References
Detection Gold nanoparticles with cyanuric Detection melanine [89]
of organic acid
molecules Nanosensor Detection gliadin [90]
Nanoscale liposome-based detector  Detection cyanide in water [91]
Gold nanoparticles and glucose Measurement of glucose  [84]
sensitive enzymes concentrations
Detection of ~ Photoactivated indicator based on ~ Detection of oxygen [92]
gases nanosized TiO, or SnO, particles
Carbon-coated copper nanoparticles Detection of moisture [93]
Fluorophore-encapsulated polymer  Detection of carbon [94]
nanobeads dioxide
Detection of ~ Nanoscale magnetic particles Separation of the target [86]
microorganisms attached to antibodies for Listeria bacteria from artificially
monocytogenes contaminated milk
Nanoscale magnetic particles Separation of Escherichia coli [86)]
attached to antibodies for from freshly ground beef

Escherichia coli

2.4 NANOTECHNOLOGY IN FOOD PROCESSING

Food processing is commonly used to modity the food matrix, maintain the nutri-
tional quality of the food, and increase its shelf life. The food industry is seeking innova-
tive and cheaper methods to produce and preserve food products, and nanotechnology
can play an important role in the processing sector because it offers novel and effective
tools for food manufacturing, encapsulation, and filtration [1]. Some of the most im-

portant applications of nanotechnology in the food-processing sector can be found in
Table 2.3.

Table 2.3 Examples of application of nanotechnology in food processing

Purpose Approaches References
Nanofiltration Selective passage of liquids on the basis of shape and size  [95]
Enzyme Development of nanocarriers for enzymes with good [96]
immobilization stability, adaptability, and reusability

Textureimprovement Nanotubes as gelation and viscosifying agents [97]
Color/flavor/aroma  Nanoencapsulation of color, flavor, or aroma enhancers [98]
enhancers

Meat replacers Fibrillar protein aggregates as meat replacers [99]
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2.4.1 Nanofiltration

Nanofiltration consists of the separation of solutes above the molecular weight cut-
oft of the filter from the liquid medium. This method is applied in different sectors of’
food industry for product quality improvement and its application can be addressed
either to isolated solutes with size above the cut-off of the filter, or to obtain a liquid
free from certain solutes, such as in water treatment [100]. Although the separation
mechanisms are still not completely known, they are determined by complex steric
and electrical effects or electro neutrality principle, such as in the Donnan effect
[101]. The membrane performance depends mainly on the effective pore radius and
ratio of membrane thickness to porosity, as well as on the effective charge density [1].
Hence, membranes used in nanofiltration exhibit high permeability for salts (such
as NaCl or KCI) and low permeability for bulkier compounds such as lactose and
proteins [1].

2.4.2 Enzyme immobilization

Enzymes are commonly used in food processing methods to modify some food compo-
nents and as a result, for instance, achieving enhanced flavor or higher nutritional value
[102]. Nanocarriers can act as enzymes’ support systems to provide improved activity;
longer shelf life; and increase cost-effectiveness due to the better dispersion of enzymes
(when attached to nanocarriers) in food matrices and large surface-to-volume ratios
compared to traditional macroscale support materials [103]. Porcine pancreas lipase is
a good example of successful enzyme immobilization carried out onto functionalized
nanoscale SiO; spheres. It resulted in good stability, adaptability, and reusability of the
immobilized enzyme [96]. Other authors showed that enzymatic activity and thermosta-
bility increased for lipase. Its denaturation and aggregation upon heating was eftectively
prevented when this enzyme was encapsulated in nanogels of cholesterol-bearing pul-

lulan [104].

2.4.3 Texture improvement

Nanotubes are being investigated as gelation and viscosifying agents. For example, nano-
tubes based on milk protein O-lactalbumin present some advantages over conventional
viscosifying and gelling agents: (1) They present high length-diameter ratio and pro-
vide stiffness, which make them efficient viscosifying agents. Less protein material is
needed to increase viscosity of the food matrix as a result of their application. (2) Exhibit
high storage moduli at low concentrations, which implies that less protein material is
needed to form a gel. (3) Form transparent gels, which is attractive in food applications.
(4) Their application makes possible reversible gel formation due to physical interactions.
(5) Controlled disassembly of tubes is possible, which can be used to induce controlled
reduction of gel strength [97].
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2.4.4 Color/flavor/aroma enhancers

A technologically important food processing method with high economical potential
involves the nanoencapsulation of food additives, such as flavors, colors, or aromas to en-
hance food attributes to suit consumers’ preferences. It has been shown that nanoencap-
sulation can be used to protect volatile compounds in natural lipid mixtures (like roasted
coffee oil). Furthermore, these nanocapsules could be used in turn as aroma enhancers
for instant coffee [98].

2.4.5 Meat replacers

The replacement of meat products with products from alternative protein sources is an
ambitious challenge. It implies creating meat-like structural and sensory properties with
nonmeat protein-based ingredients following a complex optimization process (i.e., the
formation of anisotropic structures at various length scales and in various concentra-
tion regimes [99]). Fibrillar protein aggregates are being developed as meat replacers,
and nanotechnology has become one of the routes to construct fibrillar proteins with
potential as food item [105].

The examples provided in this section give the picture of the diversity of applications
that nanotechnology has in the food-processing sector. Although in its initial stage, it is
expected that nanotechnology will have a high impact on food processing, for example,
by making food safer or preserving/improving its nutritional value. In fact, all these ap-
plications of nanotechnology in the domain of food processing show promising results.
However, due to its novelty, there are still many uncertainties that need to be clarified,
such as the assessment of nanotoxicity and potential risks/benefits, before it can be
widely applied in food industry.

2.5 PRODUCTS, MARKET, AND SOCIAL ACCEPTANCE

Agri-food companies are exploring the vast opportunities that nanotechnology
can offer to sectors despite the limitations of current regulation (discussed in Chapter 9);
from improvements in the nutritional value of foods, as explained in this work to im-
provements in food packaging (discussed in Chapters 7 and 8), food-processing, and
primary production sectors. Nanotechnology is expected to reach an overall market of
almost one trillion US dollars, while food encapsulation market is believed to reach 39
billion US dollars [10,106].

Nowadays, the number of inventions presented by companies in the nanotechnol-
ogy field applied to foods is very important. The number of patents published in the
last 14 years shows the economic importance in this field (Fig. 2.1B and Chapter 10).
The interest of the industry for application of nanotechnology in food arose in 1970
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with a patent on the production of an ultrathin polymer film with nanoporosity [107].
This invention was one of the cores of further inventions regarding inverse osmosis and
nanofiltration. Subsequently, several companies presented inventions related to the use of
nanostructured membranes for the purification and filtration of water [108—110]: these
membranes are widely used nowadays in food processing and water purification.

The current state of intellectual property in the food sector has been thoroughly
discussed in Chapter 10; we will only highlight here examples relevant to the area dis-
cussed in this chapter with historical view. In 1979, Professor R osano published a patent
describing the production of a microemulsion with possible applications in food prod-
ucts [111]. However, it was not until 1986 that BASF (USA) showed interest in micro-
emulsions in foods with the publication of a patent entitled “Microemulsion” claiming
their use in foods, among other applications [112]. In 1990, a patent submitted by the
Rohm And Haas Company (company bought in 2009 by Dow Chemical Company)
protected a microbiocidal microemulsion (sizes below 100 nm) and its applications
in food processing, and its inclusion in dairy and animal products [113]. In the same
year, Procter & Gamble Company was granted a patent entitled “Food microemulsion”
which covered several applications [114]. Also, in the early 1990s the company Coletica
(France) developed a patent that protected a method for producing nanocapsules for
food applications [115]; and the Southern Research Institute (AL, USA) presented an
invention on the production of capsules at micro and nanoscale for encapsulation of
food ingredients [116]. Since then, a great number of inventions concerning encapsula-
tion of compounds through the use of nanocapsules, nanoemulsions, or nanotubes have
been presented [117,118].

Pioneer work on the inclusion of nanotechnology in packaging materials was car-
ried out by the company AlliedSignal (that joined Honeywell in 1999). They presented
polymer nanocomposites synthetized by a melting process, and claimed that an exfoli-
ated layered material derivatized with reactive organo silanes had applications for the
fabrication of extruded and laminated film for use in food packaging [119]. The publi-
cation of a patent regarding the use of a metal ion, such as silver, zinc, or copper, with
size between 0.1 and 10 Wm, in a resin, showed the possibility of using nanoparticles to
produce packaging materials with antibacterial properties in the late 1990s [120].

It is expected that a great number of products containing nanotechnology will
arrive at the market in the next few years. Table 2.4 presents examples of commercial
applications already available in the market. However, it is important to mention that
it is expected that several other products in the market may contain nanotechnology
despite the corresponding owner companies not claiming the inclusion of nanotech-
nology in them.

The will to protect nanotechnology applications, such as the inventions cited that
were protected 30 years ago, and also the most recent developments patented (some



Table 2.4 Commercial applications of nanotechnology products established in the agri-food industry

Product Agri-food sector Nanostructure type Company Country References
Canoila active oil Nutrition Nanoemulsion Shemen Industries Israel [121,122]
NovaSol” beverages ~ Nutrition Nanoemulsion Aquanova Germany [123]
Noutralease beverages Nutrition Nanosized self-assembled ~ Nutralease Ltd. Israel [124]

structured liquids
SunActive” Nutrition Nanoemulsions Tayo International Japan [125]
Colors from Nature”  Nutrition Nanoemulsions Wild Flavours Inc USA [126]
NanoR esveratrol® Nutrition Nanoemulsions Life Enhancement USA [127]
SprayforLife Nutrition Nanoemulsions NanoSynergy Worldwide USA [128]
Nutri-Nano Nutrition Nanoemulsions Solgar USA [129]
Altrient Nutrition Liposomes Livon Laboratories USA [130]
Bioral Nutrition Bioral Nutrient Delivery, LLC USA [131]
BioNutriCoat Nutrition/Food Nanoemulsions Improveat Portugal [132]

packaging
Fresh Box Food packaging Silver nanoparticles BlueMoonGoods, LLC USA [133]
N-Coat Food packaging Clay nanoparticles Multifilm Packaging USA [134]
Corporation

FresherLonger Miracle Food packaging Silver nanoparticles Sharper Image USA [135]
Food Storage
Nano Silver Baby Food packaging Silver nanoparticles Baby Dream” Co., Ltd. Korea [136]
Mug Cup
Imperm Food packaging Clay nanoparticles Nanocor” USA [137]
BactiBlock Food packaging Silver-ion based NanoBioMatters Spain

technology in a nanoclay

carrier
Nansulate Food processing Nanocomposite Industrial Nanotech Inc. USA [138]
Bioni nano paint Food processing Silver nanoparticles Bioni Germany [139]
Nano air-filter Food processing Silver nanoparticles SongSing Nano Technology Taiwan [140]

Co., Ltd.

Wifi nanosensors Primary production Nanosensors Accenture USA 41]
Primo Maxx Primary production Nanoemulsions Syngenta Switzerland 141]
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examples compiled in Table 2.4) shows awareness that nanotechnology could and can
trigger new market opportunities. Indeed, the advantages offered by nanotechnology
in innovative food products can lead to market difterentiation and economical gains
[10,141,142]. Today, nanotechnology is considered as a major tool to help to address
key societal challenges by the European Union. For this reason, it is included in the
EU Framework Programme for Research and Innovation, the Horizon 2020. One of
the objectives of research calls from this program is to reduce the gap between research
in nanotechnology and finalized products reaching market, while contributing to eco-
nomical sustainable growth, competitiveness of smaller companies, promoting special-
ized jobs and, at the same time, improve quality of life [143]. Therefore, to address these
challenges, the EU provides funds to scale-up laboratory prototypes to industrial scale
and establish the viability of these new manufacturing technologies. The developed food
products are aimed to be commercialized as multifunctional, economic and environ-
mentally friendly, and safety will need to be assessed in terms of potential impact on
human and environment health [143]. Some specific technologies developed under the
EU research framework are shown in Chapter 3. The EU seeks to support competitive-
ness by accelerating market acceptance of nanolabeled products. This will be achieved by
continuous improvement in manufacturing processes and by defining regulatory strate-
gies [143].

The potential of nanotechnology for solving societal challenges, such as food secu-
rity, nutrition, food safety, and environmental protection is also recognized by the US
Department of Agriculture, which is funding nine research projects (with budget of
US $3.8 million) to support solutions to the societal challenges based on nanotechnol-
ogy [144].

Despite all the potential benefits that nanotechnology could bring to the agri-food
industry, some risks need to be assessed regarding the safety workers manipulating
nanomaterials, potential side effects to human health, such as oxidative damage, in-
flammation of the GI system and cancers, as well as lesions of liver and kidneys due to
acute toxic responses, need to be investigated [1,10]. Additionally, consequences from
the introduction of nanoparticles in the environment need to be measured.

Recently, some work regarding the awareness and acceptability of consumers to
purchase food products developed using nanotechnology has been published: these give
an insight on how the consumers react. For instance, Roosen and coworkers analyzed
the trust and willingness of consumers to acquire food products developed with
nanotechnology by means of online surveys in Canada and Germany. These authors
also analyzed the acceptance of nanobased functional food and changes in the trust of
the consumers when they learnt that certain properties in the product were achieved
with nanotechnology (such as enrichment with vitamins or other chemicals that in-
crease food protection) [145]. These studies showed that the use of nanotechnology in
food products is a real concern for consumers. However, it was unclear if the consumers’
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concerns were related to the lack of information regarding nanotechnology in general,
or lack of knowledge on the uses of nanotechnology in the food industry specifically
[145]. Additionally, these authors conclude that the use of nanotechnology is considered
“bad news,” with this being consistent among Canadian and German consumers [145].
The consumers’ concern was also expressed in studies performed in the United States
and Switzerland [145].

Siegrist and coworkers identified factors that can influence the acceptability of
nanotechnology in food products through questionnaires. In general, participants
were hesitant to buy nanotechnology-based products; either foods or food with pack-
aging using nanotechnology. With all, nanotechnology in packaging is seen as more
beneficial than nanotechnology applied directly on foods. The questionnaires’ results
suggested that the social trust has a major impact on the benefits and observed risks,
whereas the perceived benefits appear to be an important predictor factor for the
acceptability and willingness of consumers to buy food products manufactured with
the use of nanotechnology [146]. Zhou [147] achieved similar conclusions as in the
previous study: observing that consumers are more willing to accept nanotechnology
when they are aware of the benefits added to the food product [147]. In another study,
Handford and coworkers surveyed the awareness and attitudes to agri-food organi-
zations in Ireland regarding the application of nanotechnology through interviews
(carried out in 14 organizations) and online questionnaire (carried out in 88 orga-
nizations). The study identified that the information on nanotechnology applications
provided by the food industry is low and responses were neither positive nor negative.
Also, the key benefits pointed out regarding the use of food products containing nan-
otechnology were safer food products, reduced waste, and increased product shelf life.
As key barriers to the full implementation of nanotechnology, the study identified the
unknown hazards to human health and environmental impacts, consumer approval,
and media framing [148]. Given the overall agreement among the results from inde-
pendent studies carried out in different countries, scientists, governmental entities,
and agri-food industry need to cooperate to increase the understanding, awareness,
and acceptability of nanotechnology by media, and more importantly, by consumers.
All the involved parties should clarity the safety of nanotechnology food products and
applications, addressing the potential benefits associated with its consumption, while
implementing legislative framework for the application of nanotechnology in the
agri-food industry.
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3.1 INTRODUCTION

Nanoscience and nanotechnologies, involving research and technology develop-
ment at the atomic, molecular, or macromolecular levels in the length scale of approxi-
mately 1-100 nm, are finding increasing application in the wider food industry—in
agricultural production (e.g., nanocapsules for pesticide or vaccine delivery), food pro-
cessing (e.g., as gelation or viscosifying agents), food packaging (e.g., as sensors or barrier
materials), and supplements (e.g., as drug or neutraceutical delivery agents) ([1], various
chapters in this volume). Indeed, the “nanofood” market (i.e., where nanotechnology
techniques or tools are used during cultivation, production, processing, or packaging
of food) is rapidly expanding, with an estimated global value of $410 million in 2006,
predicted to grow to several billion dollars in the current decade [2]. In terms of the
wider food production industry, nanotechnology has also been heralded as a potential
solution to many key water purification, waste water and effluent treatment, and soil and
groundwater management, issues (e.g., [3—5]) including those deriving from intensive
agriculture. The supply of clean drinking water (and indeed water used for irrigation and
food and drink production), and the effective treatment of waste and drainage waters
to protect human health (and that of other environmental receptors) are key societal

Emerging Nanotechnologies in Food Science
Copyright © 2017 Elsevier Inc. All rights reserved.

39



40

Andrew B. Cundy

challenges, particularly for a range of emerging contaminants which are increasingly
becoming ubiquitous in the environment. These emerging contaminants include polar
herbicides used in crop production, plasticizers (for instance produced in food packag-
ing), endocrine disrupting compounds (EDCs), and pharmaceutical/animal medicine
products, for which existing water and effluent treatment processes (e.g., ozonation,
activated carbon) may not be eftective in reaching regulatory standards, or in removing
the contaminants of concern to residual concentrations that pose only a negligible threat
to the environment (see review in Ref. [6]). This chapter discusses the current (and po-
tential) applications of nanotechnology in the treatment of emerging contaminants and
other agricultural and food production wastes and effluents, and outlines recent research
on nanocomposites and nanostructured materials aimed at producing scalable, low-cost
and nontoxic devices for eftective effluent and water treatment and land remediation
and regeneration.

3.2 NANOMATERIALS/NANOPARTICLES AS EFFLUENT,
WASTEWATER, AND SOIL CLEAN-UP TOOLS

Some nanoparticles occur naturally and are ubiquitous in air, water, soils, and sedi-
ments (e.g., clay minerals have at least one dimension in the nanoscale, as do colloids,
some aerosols, etc.), playing a key role in many atmospheric, oceanographic, geological,
and biological cycles and processes (e.g., [7,8]). Nanoparticles may also, however, be
produced specifically for a range of emerging scientific and engineering applications,
as so-called engineered nanoparticles, which since the 1990s have been proposed for
use in a variety of environmental applications, including water purification, waste water
treatment, indoor and outdoor air cleaning, and soil and groundwater remediation [3].
The use of nanoparticles in environmental clean-up applications largely makes use of
their enhanced reactivity, surface area, and/or enhanced mobility [9]. For example, zero
valent (elemental) iron nanoparticles of 1-100 nm have an active surface area in the
range of 2040 m’/g, providing 10~1000 times greater reactivity than granular iron,
which has a surface area <1 m’/g [10]. The small size of nanoparticles results in a high
percentage of surface atoms (and surface energy), which can generate novel properties
in relation to their bulk counterparts: for example, gold (and other noble metals) at bulk
scale is unreactive, whereas at the nanoscale gold is highly reactive and has been utilized
in nanoparticle form for the detection of pesticides [11] and for the catalytic destruction
of recalcitrant halocarbons [12], while silver in particular has been used in a variety of
antibacterial applications in textiles and other manufactured goods, and in water reme-
diation [13]. It is also possible to surface modify or functionalize nanoparticles to target
specific contaminants or reaction pathways [14]. Current environmental applications of
nanoparticles use a wide variety of particle types: zerovalent iron, bimetallic alloys, iron
oxide minerals, nanoscale zeolites, zinc oxides, carbon nanotubes and fibers, titanium and
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zirconium oxide minerals, gold and silver, etc. in both adsorptive and catalytic applica-
tions. Some of the nanoscale metal oxides (e.g., nanomaghemite and nanomagnetite) are
superparamagnetic, which can facilitate their separation and recovery following applica-
tion using a low-gradient magnetic field.

Nanotechnologies have been applied in a range of systems of relevance to food
and agricultural production, to treat both concentrated and more dilute aqueous waste
streams, to remove persistent or recalcitrant contaminants, and to clean-up contam-
inated soils and groundwaters. Rahman et al. [15] review the use of nanoparticle
technologies for the treatment of anaerobic digestor residues and other relatively con-
centrated wastes in bioenergy generation, and note both inhibitory and enhancing
effects on energy conversion depending on nanoparticle type and concentration, while
the use of metal and carbon nanoparticles for catalytic destruction of trace organics,
dyes, and other contaminants in waste waters has been an area of major research effort
(e.g., [14,16-21]). For waste treatment and land remediation or clean-up applications,
field trials and prototype devices have generally used nanofilters, bead-type devices,
or directly injected nanoparticles as clean-up tools. For example, the ArsenX™ system
[22] 1s a hybrid (regenerable) sorbent consisting of nanoparticles of hydrous iron ox-
ide distributed through porous polymeric beads, which has been applied for arsenic
removal from groundwater-sourced drinking water, while nanofiltration is a relatively
well-established technique for water purification and desalination [23] and increas-
ingly for food processing. Direct injection of nanoparticles for groundwater clean-up
has made extensive use of nano zero-valent iron (NZVI) and bimetallic nanoparticles,
particularly to target chlorinated solvent contamination [24-26]. The particles used
are typically injected as a slurry directly into the subsurface environment to remediate
contaminated groundwater plumes or contaminant source zones, thus avoiding the
need for intrusive digging or pumping methods, and may be suspended in a hydro-
phobic fluid (i.e., injected as an emulsion) to prevent particle agglomeration or pas-
sivation (a term used to describe the oxidation or inactivation of iron nanoparticles)
before reaching the contaminants they are intended to react with [9]. A number of
authors have also developed and applied NZVI on colloidal carbon, mineral, or resin
hosts for the reduction or removal of Cr, Pb, U, nitrate, dyes, and other effluent and
groundwater contaminants (e.g., [27-32]). For applications in topsoil nanoparticles
can be mixed in using conventional agricultural practices (e.g., ploughing) although
most practical applications have used direct underground injection (e.g., [3]), with
application of bulk amendments such as iron grits or chemical solution additives be-
ing more commonly applied in topsoils for contaminant stabilization [9]. Pan et al.
[33], however, report the successful immobilization of phosphorous in topsoils by
adsorption using nanoscale magnetite (Fe;O,) particles, and there is potential to utilize
nanoparticles and nanostructured materials for delivery or retention of soil nutrients
and for general improvement of soil characteristics (e.g., [34]).
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Although nanomaterials and nanoparticles have shown utility at bench and full/field
scale for a range of applications in the food industry, in agriculture and in land, water
and wastes management, serious concerns have been raised concerning the health
implications of widespread nanoparticle use and release, deriving largely from the
small size and high reactivity and potential mobility (in both environmental and bio-
logical systems) of engineered nanoparticles. For example, environmental exposure to
nanoparticles may allow their penetration into the deep lung via inhalation, where the
clearance mechanism may not eject highly anisotropic, nonbiodegradable nanomateri-
als [35]. Furthermore, the passage of nanoparticles across cell membranes directly into
cells or tissues may interfere with important cellular functions, while their enhanced
reactivity may also have free radical-releasing, proinflammatory properties ([36], see
also Chapter 5 of this volume). The potential for trophic transfer of nanoparticles (i.e.,
movement through the food chain) has also been identified, particularly in food crops
(e.g., [37—40]). In addition, there are serious cost issues in the bulk use of many novel
nanomaterials, particularly where solid or aqueous treatment volumes are large (e.g.,
in bulk wastewater treatment, or management of agricultural solids, soils and residues)
or where applications have low added economic value. Questions over the scalability
of many treatment processes remain unresolved, for example, the need to recover and
recycle dispersed nanoparticles from bulk treatment systems (e.g., wastewater treatment
plants), and how to avoid significant back pressures in nanofiltration devices when filter-
ing large volumes.

The use of nanoparticles in a static, or contained, system however may avoid the
potential health and environmental problems caused by their application as “free”
nanoparticles, while also giving more flexibility to their range of potential applica-
tions in effluent, water and soil treatment or amendment. Indeed, the Royal Society’s
(UK) key 2004 assessment on “Nanoscience and Nanotechnologies: Opportunities and
Uncertainties” [36] notes that:

Currently, we see health, safety and environmental hazards of nanotechnologies as being restricted
to discrete manufactured nanoparticles and nanotubes in a free rather than embedded form.

This “nanocomposite” approach (Fig. 3.1) involves physically or chemically embed-
ding the nanoparticles into a bulk carrier, often in bead, fibrous, or column/monolithic
format, hence retaining the bulk of their reactivity while avoiding release to the sur-
rounding environment. Alternatively, nanofunctionality can be generated via use of
tailored nanostructured bulk materials or nanoassembled devices (e.g., Whitby et al. [41]
report use of assembled multiwalled carbon nanotubes, or buckycolumns, as control-
lable filtration devices). This chapter presents recent work carried out at the University
of Brighton and with European academic and industrial partners which examines the
use of nanocomposite and nanostructured devices as high through-flow, flow-over or
bead-type reactive devices for treatment of liquid wastes, water and soils, and for wider
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[Er— [— Nanoparticles

Porous substrate

Figure 3.1 Schematic of nanocomposite column filter. Reactive nanoparticles are physically or chemi-
cally embedded into the surface of a low-cost macroporous scaffold, and react with contaminated
water flowing through the filter.

separation applications. The overall aim of the work programs described here is to produce
low-cost and scalable technologies for the effective treatment of groundwaters, surface
waters, soils and liquid effluents and wastes (including agricultural wastes) contaminated
with heavy metals, metalloids (e.g., arsenic), nutrients, and organic contaminants such as
EDCs, pharmaceutical/animal medicine products, and pesticides/herbicides.

3.2.1 Case 1: Cryogel-based nanocomposites

Cryogels are macroporous gel materials produced by the polymerization of water-soluble
monomers under freezing temperatures (so-called cryogelation). Ice crystals in the fro-
zen material act as porogens (i.e., pore formers), and are washed out following defrosting
to leave a macroporous gel structure. Cryogels are easy to manufacture (commonly re-
quiring only one cycle of freezing—defrosting of the reagent/polymer solution), nontox-
ic, and offer controllable permeability, high mechanical strength, chemical stability, and
shape recovery [42,43]. Their macroporous structure (containing large interconnected
pores of up to 100 wm diameter) gives low flow resistance and low mass transfer limita-
tions (and so low back pressures), and they can be produced in a variety of geometries
[44]. Cryogels have been utilized as effective hosts or porous scaffolds for nanocomposite
filtration devices targetting a range of problem contaminants. For example, Savina et al.
[44] used hematite and magnetite nanoparticles embedded in the thin polymer walls sur-
rounding the macropores of HEMA-based cryogels as adsorbents (Fig. 3.2A) to remove
As(III) (a major global groundwater and drinking water contaminant) from simulated
environmental waters, and showed that despite physical embedding of the nanoparticles
into the polymer high nanoparticle reactivity was retained due to short diftusion path-
ways. Performance data indicated rapid and eftective sorption of As(Ill) across a wide
pH range (3-9), even in the presence of competing ions such as phosphate. Onnby et al.
[45] targeted the same contaminant (but in its higher oxidation state) using aluminum
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Figure 3.2 (A) SEM image of cryogel-Fe;O, composite, showing interconnected macroporous struc-
ture of composite material. Fe;0, nanoparticles are embedded in the thin polymer walls surrounding
the macropores. (B) Large-scale cryogel produced by the prefreezing method outlined in Savina et al.,
[50], which allows production of large-volume cryogels with reproducible control of the macroporous
structure throughout the sample, and an even distribution of particles within the 3D structure of the
nanocomposite. [I[mage (with permission) from L.N. Savina, C.J. English, R.L.D. Whitby, Y. Zheng, A. Leistner,
S.V. Mikhalovsky, A.B. Cundy, High efficiency removal of dissolved As (lll) using iron nanoparticle-embedded
macroporous polymer composites, J. Hazard. Mater. 192 (2011) 1002-1008 [44]].

oxide nanoparticles embedded into polyacrylamide-based cryogels, and showed effective
removal of As(V) from test waters via adsorption. Any washout or leaching of aluminum
oxide nanoparticles was undetectable during relatively aggressive filtration conditions,
indicating the effectiveness of the embedding process, while in vitro cytotoxicity studies
using heterogeneous human epithelial colorectal adenocarcinoma cells showed no toxic-
ity of leachates after initial washing of the nanocomposites to remove unreacted mono-
mer. Flow rates during treatment by these cryogel-based nanocomposites exceed those
of conventional bead-type devices, and the embedding of the nanoparticles prevents
their agglomeration and further loss of reactivity, which may be a problem in some ap-
plications involving free release of nanoparticles (e.g., [24,46]). Use of such macroporous
polymers has also been attempted successfully at pilot scale in moving bed reactors for
waste water treatment [47]. Practically, freezing kinetics during conventional cryogela-
tion methods limit the size of cryogel-based composites to a few milliliters in volume,
or with at least one small (ca. 2 cm or less) dimension (e.g., [48,49])—larger samples
have variable pore size distribution across the cryogel matrix due to difterential freezing
rates across the sample. In addition, slower freezing in larger samples allows nanoparticle
separation (by floating, sinking, or agglomeration) during the freezing process, which
results in the failure of the composite entirely or the formation of macroporous gels
with uneven particle distribution. Savina et al. [50], however, report a partial or prefreez-
ing method which controls heat transfer during cryogelation and allows the production
of large volume (400 mL or greater) cryogel-based nanocomposites, with effective and
reproducible control of the macroporous structure throughout the sample, and an even
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distribution of particles (including those which do not easily form a stable suspension)
within the 3D structure of the nanocomposite (Fig. 3.2B). This method allows reproduc-
ible production of large volume (i.e., scalable) nanocomposites for a range of biomedical,
biotechnological, bioseparation, and environmental applications.

3.2.2 Case 2:Silica-silver nanocomposites

A number of authors have proposed the use of mesoporous silica as a low-cost scaffold
or host for reactive nanoparticles, or for producing nanocomposites for applications
such as medical imaging and drug delivery (e.g., [51-54]). Katok et al. [55] report the
chemical generation of silicon hydride groups (—SiH) on low-cost mesoporous silica
substrates (via washing with triethoxysilane in the presence of acetic acid), which are
in turn used (via reduction of silver nitrate solution) for the controlled deposition of
discrete silver nanoparticles onto the silica surface (Fig. 3.3A). This process essentially
produces immobilized (and size controlled) silver nanoparticles on a low-cost and adapt-
able substrate, which can then be applied to effluent, waste and water treatment, either
as a filtration device or as a reactive surface. Silver nanoparticles are well known, and
have been extensively utilized, for their antibacterial properties (see also Chapter 6 of
this volume), and nanosilver is also capable of highly effectively removing pesticide resi-
dues and other organic contaminants [13]. In addition, nanosilver very eftectively reacts
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Figure 3.3 (A) Schematic of size-controlled Ag nanoparticle generation on triethoxysilane-modified
mesoporous silica scaffold. (B) Rapid removal of mercury via Ag:Hg amalgam formation. Kinetic data
are shown for three different Ag NP “loadings,” for a 312 mg/L mercury stock solution. Lower pho-
tograph shows TEM image of silver:mercury amalgam nanoparticles on the modified silica surface.
(Adapted from K.V. Katok, R.L.D. Whitby, T. Fukuda, T. Maekawa, I. Bezverkhyy, S.V. Mikhalovsky, A.B. Cundly,
Hyperstoichiometric interaction between silver and mercury redefines conventional redox chemistry at the
nanoscale, Angew. Chem. Int. Ed. 51 (2012) 2632-2635 [55]).
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with the toxic heavy metal mercury, readily forming an amalgam (a similar but inverse
process has been used extensively in silver and gold mining, whereby mercury amalga-
mation is used for precious metal extraction, e.g., [56,57]). In laboratory-based trials,
size-controlled silver nanoparticles (of 11-45 nm size) were generated on a triethoxysi-
lane-modified silica surface via reduction of silver cations, and were shown to rapidly
and effectively remove mercury from aqueous solution via formation of a Schachnerite
amalgam (Ag, Hg,, [55] with 1 g of Ag capable of treating > 10,000 m’ of contami-
nated water (at environmentally realistic ppb levels of Hg(Il)). Reaction kinetics were
extremely rapid (<5 min, or eftectively instantaneous, Fig. 3.3B) and the authors report
an unusually high mercury-to-silver stoichiometric ratio when silver nanoparticle size
is below 32 nm—effectively generating greatly enhanced removal of mercury from the
treated solutions below a critical nanoparticle size. The low-cost surface modification
technique (and low cost of the silica raw material) used lends itself to producing reactive
surfaces in a variety of geometries, which can then be integrated into larger devices for
effluent and water treatment for mercury, pesticide residues, microbial contaminants, and
other target substances.

3.2.3 Case 3: Nanostructured tailored activated carbons

Nanostructured materials (i.e., “tailored” materials with controlled nanoporosity or na-
noscale functionality) also show considerable potential in targeted contaminant removal
from wastes, efuents, and treated waters, or in separation of active biological molecules.
Nanostructured materials or devices present the enhanced properties typical of nano-
materials, such as high surface area in relation to their volume and enhanced reactivity,
with the added benefit that the absence of nanoparticles makes their use free from the
potential hazards associated with possible leaching of nanoparticles from the devices, or
physico-chemical transformations of the nanoparticles. Hence, due to their relative sate-
ty and high performance and functionality, nanostructured materials have high potential
for direct application with food products and in drinking water treatment. Busquets et al.
[58] report the development of nanostructured phenolic-resin derived activated carbons,
used for targeted removal of the pesticide metaldehyde from surface, drinking, and waste
waters. Metaldehyde is an 8-member cyclic tetramer of acetaldehyde widely used as
a molluscicide in agriculture and domestic gardening to control slugs and snails. This
polar molecule is highly mobile in the aqueous environment, is not removed effectively
in conventional wastewater treatment plants, and has been observed to breach regula-
tory limits (of 0.1 g/L, set by the Drinking Water Directive, Council of the European
Communities [59]) in surface waters and some drinking waters following heavy rain-
fall and wash-off from agricultural land. Attrition resistant activated carbon beads with
controlled pore distributions, surface functionalization, and activation degree were syn-
thesized from porous phenolic resin (following the technology patented by Tennison
et al. [60]), and tested for metaldehyde adsorption. Adsorption of metaldehyde was,
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unusually, independent of specific surface area (Sgpr) but was strongly favored in carbons
with an absence of negatively charged functional groups, and with high microporos-
ity (<2 nm) (with narrow pore size distribution) coupled with mesopores (2-50 nm)
to allow eftective diffusive transport. The maximum adsorption capacity for metalde-
hyde was 76 mg metaldehyde/g of carbon, compared to 13 mg metaldehyde/g carbon
in conventional (i.e., standard industrial) granular activated carbon (GAC, Fig. 3.4A).
Adsorption isotherms indicate strong adsorption of metaldehyde onto the phenolic car-
bon beads at environmentally realistic concentrations, and relatively rapid adsorption
kinetics were achieved. Adsorption efficiency was maintained even in the presence of
high background salts and organic matter, which is likely to be an effect of the porous
“skin” of the carbons limiting the diffusion of large molecules, and possibly the pres-
ence of metaldehyde-selective sites on the carbons. The high attrition resistance of the
beads makes them appropriate for a range of water (and gas) treatment applications
(e.g., column filtration, moving bed applications, membrane reactors, e.g., [61]), and
their manufacturing method is easily scalable to industrial scale production, although
they are significantly more expensive than conventional (industry-standard) GAC. The
higher cost can to some extent be offset by the potential to steam regenerate the carbons
on-site rather than using high temperature oft-site regeneration. Additional functional-
ity can be added to the beads through incorporation of metallic nanoparticles into their
porous structure, either by adding metal salts to the phenolic resin precursors prior to
mixing and activation, or by precipitation onto the carbon surface following activation
(Fig. 3.4B). The utility of these nanometal—carbon composites for treatment of mixed
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Figure 3.4 (A) Adsorption isotherms for the removal of metaldehyde by the nanostructured phenolic-
resin derived activated carbon TE7-20-52C, and conventional granular activated carbon (GAC). (B) SEM
backscatter image of nanostructured carbon with additional functionality introduced by precipitation
of Fe/Cu nanoparticles on the carbon surface. (From data presented in R. Busquets, O.P. Kozynchenko,
R.L.D. Whitby, S.R. Tennison, A.B. Cundy, Phenolic carbon tailored for the removal of polar organic contami-
nants from water: a solution to the metaldehyde problem? Water Res. 61 (2014) 46-56 [58]).
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contaminant streams (i.e., efuents and waters containing a combination of organic,
inorganic, and in some cases radioactive contaminants) is currently being examined in
the EU Framework 7 Industry Academia Partnerships and Pathways project WaSClean
(Water and Soil Clean-Up from mixed contaminants, http://www .saske.sk/wasclean/),
with particular focus on the application of Fe/Cu—carbon composites as column or bed
filters, and as reactive-barrier type materials for groundwater treatment. These “tailored”
carbon beads can also be eftectively combined with cryogel technologies (as discussed in
case 1), to produce hierarchical column filtration devices (i.e., with nano/micro, meso,
and macro-porosity) for biological separation and contaminant removal applications
[e.g., Busquets et al. [62] who show improved pore diftusion and effective removal of the
pesticides atrazine and malathion within these hierarchical carbon:cryogel devices, using
water with high total organic carbon (TOC) levels and high salinity].

3.3 DISCUSSION—TOWARDS PRACTICAL APPLICATION

The aforementioned examples show the utility of combining advances in materi-
als science with nanoparticle technologies to produce flexible nanocomposite devices
for water, waste, and effluent treatment and other environmental applications, which
maintain the high reactivity of the nanoparticles while preventing their release to the
surrounding environment. Nanoporous or nanostructured devices, such as those out-
lined in case 3, may also form highly effective contaminant removal or recycling devices.
Although many current embodiments of nanocomposite devices are in bead or fibrous
format, use of flexible, low-cost scaffolds such as modified silica surfaces, polymers, etc.
allows a variety of device configurations and structures to be developed, targeted at par-
ticular end-use applications. For example, devices may be applied as high throughflow
filters, membranes, wafers, reactive barrier materials, or as bed reactors or pipe-lining
devices. Many nanocomposites and nanostructured materials are readily scalable and/
or mass producible, for example, as in case 1, where liter volume cryogel composites
can be produced which are capable of effective separation and filtration applications
at large treatment volumes (Savina et al. [50]). The flexibility of such devices means
that they can be integrated into existing waste, water, and effluent treatment and land
remediation systems, at point of treatment or as decentralized solutions, rather than
requiring additional infrastructure to be constructed. Use of nanocomposite systems
may have a number of significant advantages over conventional waste, effluent, water,
and land treatment systems in terms of their higher reactivity and capacity, more effec-
tive contaminant removal (including at low, environmentally relevant concentrations),
lower waste production, reduced energy demand and carbon footprint, ability to be
“retrofitted” to existing treatment facilities, and targeting of currently problematic con-
taminants. In addition, the flexible chemistry of the devices allows chemical fine-tuning
to target specific ranges of contaminants, for example, pesticides in natural and treated
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waters, phthalates, EDCs, etc. A number of issues remain, however, in terms of the scale-
up and adoption of these and of similar nanocomposite devices, particularly that of
cost for their large-scale use, and regulatory and public acceptance/societal issues (e.g.,
[46]). For the former, effective device recyclability is key to reduce implementation and
operational costs. For the latter, there remains in many parts of the world significant
public opposition to the use of nanotechnology due to health concerns (despite the
large numbers of market products such as textiles, sun creams, etc. that already contain
nanoparticles), while implementing new technologies in water and land management
remains problematic more generally, as noted previously by Cundy et al. [9], due to in-
herent conservatism in these sectors. Given the wide publicity over the potential health
impacts of nanoparticles, this is a particularly severe constraint on the application of
nanoparticle-based materials in drinking/potable water treatment, or indeed for direct
application with food and drink products (although as noted in case 3, nanostructured
materials have higher potential for direct application in these areas due to their relative
safety and high performance and functionality). Treatment of industrial and sewage ef-
fluents, both to recycle potentially valuable waste products such as phosphate and rare
elements and to remove problem contaminants such as estrogens and persistent pesti-
cides, may be an easier route to upscaling and commercial application for nanoparticle-
containing composites.

As noted by Hillie and Hlolphe [63] 10 years ago, nanoenabled technologies for
water treatment are already on the market, with nanofiltration currently the most mature
technology, while a range of nanobased technologies are applied in the food industry
(this volume). Although a number of barriers remain for the large-scale application of
nanoenabled technologies in the food and environmental sectors, not least cost, upscal-
ing and regulatory considerations, the significant improvements in waste, effluent, water,
and soil treatment oftered by these technologies coupled with the increasing use of
nanotechnologies in other sectors mean that their adoption and development is likely to
increase significantly in the future.
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4.1 INTRODUCTION

The benefits that nanotechnology brings to the food industry are well established
and will continue to rapidly evolve. Although there is a sharp increase in the number of
food items that contain nanomaterials [1], research into the merger of nano- and food
technologies is still in its infancy and still exploratory. As a result, the safety implications
of the increasing number of food items containing nanotechnology entering the market
remain unclear. In addition, it is well accepted that the rise in the production of items
containing nanomaterials will lead to greater release of nanomaterials into the environ-
ment [2]. As such, there is pressing need for methodology to enable the study of nano-
materials in different media [3|. The terms nanomaterial and nanoparticle have been
contrasted in Chapter 1. Here, the more general term between the two, nanomaterial,
will be used when possible.

The development of products with nanotechnology in the food sector involves
broad interdisciplinary expertise. The formulation of nanoingredients is studied by food
scientists, who collaborate with material scientists to develop nanoenabled packaging
materials with improved properties. The development of sensors based on nanotechnol-
ogy to monitor food quality, the characterization of particles during the development of
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products, and the study of their potential release is carried out within the areas of ana-
lytical chemistry and material science. The safety of the nanomaterials used is examined
in vitro, in vivo, and in the environment mainly by life scientists, who also assess nanoma-
terial—antibacterial properties where relevant. Consequently, synergy in these different
areas of knowledge and approaches to understanding nanomaterials is needed to provide
common understanding of the effects of nanomaterials in food and the environment and
to help improve the efficacy and safety of the technology.

The early stages of the development of nanoingredients and products containing
nanomaterials, such as inks, packaging materials, sensors, or water filters, usually involve
a relatively high concentration of particles [4-6]. At this stage, the nanomaterials can be
directly assessed by a range of detection systems with less extensive sample manipulation
given that the sample matrix, if any, is not complex and the amount of particles available
for the analysis is sufficient for instrument sensitivity during characterization. In contrast,
when the nanomaterials are diluted within food, the environment, or biological tissues,
the analytical procedures have to work at the limit of their detection capacity and incor-
porate extra steps such as preconcentration, clean-up and in some cases separation steps
prior to detection. As such, the development of appropriate methodologies that can mea-
sure important properties of the particles relevant to their function within sample matri-
ces with enough sensitivity is paramount. In addition, the ability to use a range of other
complementary techniques is important. An example of a multiangled approach carried
out for the characterization of a material containing nanoparticles was conducted by au-
thors of this volume where they assessed the potential leakage of aluminum nanoparticles
from composite water filters [5]. The composite water filters were rinsed, and the filtrate
was passed through track-etched polycarbonate membranes (0.05 wm pore diameter).
To measure possible particle leakage, the difference in mass of both the composite filter
and polycarbonate membranes, before and after filtering water, was measured. The dried
membranes were also examined with transmission electron microscopy (TEM), scanning
electron microscopy (SEM), and particle-induced X-ray emission (PIXE). The latter was
selected over SEM-EDX (also called EDS or energy dispersive X-ray) analysis because
of'its higher sensitivity. In addition, the safety of the leachates was assessed with cell tox-
icity assays and liquid chromatography-mass spectrometry. The cell tests selected (MTS
assay) assessed the eftect of the leachates on the integrity of the mitochondrial metabolic
activity, a process vital in the survival of any cell [7], as well as the integrity of the cell
membrane by assessing leakage of lactic dehydrogenase (LDH assay) that is released by
dead cells [8]. Cell proliferation and toxicity assays have the advantage that cells, as sensors
of toxicity, can be aftected by a broad number of compounds or particles leached, and
therefore provide an overview of the safety of the whole sample, as opposed to a highly
selective and sensitive targeted analysis with mass spectrometry in which a small part of
the composition of the sample is evaluated with no information of the toxicity of the
compounds detected. Other teams have selected different combinations of techniques
for assessing particle leakage. A recent study successfully detected silver nanoparticles
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(10-100 nm) migrate from plastic food storage containers when in contact with food
simulants using EDX [9]. This study also included other techniques [i.e., inductively
coupled plasma-mass spectrometry (ICP-MS); single particle-ICP-MS (SP-ICP-MS),
TEM-EDX] in determining the released nanoparticles, but could not quantitatively ana-
lyze particle shape, size, and agglomeration due to limited particle release [9].

Decision making within every stage of product development relies on the quality of
analytical data obtained and the capacity to interpret the data. Simple and effective analyti-
cal methods are valuable in supporting the development of food related products and pro-
viding fast characterization for multidisciplinary teams of scientists. Although procedures
involving fewer steps are largely preferred, attaining robust characterization of nanopar-
ticles with a few steps is challenging given that they have complex behavior and exhibit
a wide range of properties relevant to their use and toxicity that need to be determined.
Moreover, the properties of nanoparticles may change over time due to their high reactiv-
ity. Several authors recognize that the presence of multiple influential factors that aftect the
properties of nanomaterials has created a bottle neck in gaining knowledge across different
fields where nanotechnology is applied [10]. Nanoparticles are unusual analytes.

4.2 DETECTION OF NANOPARTICLES

In the development of products involving the use of nanomaterials, it is necessary to
monitor nanoparticle features that are key to the intended function. This could be related
to their structure or reactivity in water treatment applications (see Chapter 3) or their
content of bioactive compounds in applications aiming to improve the nutritional value of’
foods (see Chapter 2). Crucially, it is vital to determine the size of the particulates as this is
the characteristic feature in defining nanoparticles. According to the European Commis-
sion, the International Standards Organization (ISO) and American Society for Testing and
Materials (ASTM), a nanoparticle by definition needs to have at least one of its dimensions
measuring in the range of 1-100 nm [11-14]. However, there have been calls for the defi-
nition of a nanoparticle to broaden and include other relevant properties that are unique
to nanoparticles. In this regard, the importance of internal and external domains in the
nanorange, such as nanopores [15] and the inclusion of particles smaller than the currently
adopted size range [11] are being evaluated. New experimental evidence and improved
analytical capacity to characterize particles with dimensions below 1 nm will support
decisions on widening the definition of nanoparticle. The upper limit may also be subject
to review as new experimental evidence becomes available. The current guidelines also
consider material as nano it 50% of the particles, in either free, aggregated, or agglomerated
form, possess internal or external structures in the critical size range [11]. Consequently,
the capacity to measure the size and size range of particles needs to be prioritized when
deciding on the method and technique to characterize nanotechnology-based materials.

Besides particle size, composition, structure, surface chemistry, electronic properties
(related to electric conductivity), and agglomeration are other important features that
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can define materials and affect their fate and toxicity in biological and environmental
systems. One of the main challenges of sample treatment, required before the detection
step, is the preservation of the particles in a form most closely resembling their original
position within the matrix, that is, food products, without altering the properties that are
characteristic to the particles as well as to their intended application. A good example
of an attempt to preserve the properties of nanoparticles is the methodology used to
extract metallic particles from plants [16]. This involved a mild and selective enzymatic
digestion to release the nanoparticles from the plant tissue without chemical or physical
(size and size distribution) alteration to the nanoparticles [16]. The extraction avoided
the use of acidic digestion of the matrix to release nanoparticles; this could have aftected
the integrity of the silver nanoparticles.

One other characteristic of nanoparticles that affects the determination of particle
size and size distribution is agglomeration. The tendency of nanoparticles to agglomer-
ate is affected by properties such as particle composition, the concentration and type
of surface coating, and the presence of cations in the media containing the particles.
The latter can shield the superficial negative charges at the surface. Furthermore, the
pH and ionic strength of the matrix within which the nanoparticles are contained can
contribute to the formation of agglomerates. Unfortunately, the difficulty of maintaining
the pH and ionic strength associated with the original sample during the analysis [17]
presents the challenge of preserving particles in a form that represents their environ-
ment in the matrix, particularly with regard to agglomeration. The amount of loaded
bioactive compound can also affect the size of the nanoemulsion. In a recent study, an
increase in the amount of encapsulated substance was related to a decrease in the size of
the nanoparticles. This also reduced the distance between the nanoparticle droplets and
increased the viscosity of the emulsion [18].

The capabilities of the major detection techniques able to capture key characteristics
of nanomaterials are summarized in Table 4.1. Among them, the best and almost only
approach to assess specific surface area is through porosimetry (typically nitrogen poro-
simetry for micro- and mesoporous materials, or mercury porosimetry, for meso- and
macroporous materials). It is also remarkable that microscopy techniques are so far the
only ones that can differentiate between isolated particles and particle aggregates/agglom-
erates. Nonetheless, sample preparation steps and the isolation of particles from the matrix
pose the challenge of maintaining the original particle dispersion found within the sample
matrix. There is currently a range of techniques that are able to detect different sizes of
particles but these techniques record agglomerates in the same way as primary individual
particles without distinction. Likewise, the use of separation techniques such as field flow
fractionation (FFF) or size exclusion chromatography, prior to detection, can separate by
particle size but cannot distinguish agglomerates from primary particles. A cross-sectional
view of the approaches currently used to characterize nanomaterials in various food re-
lated products found within recent papers (2015-2016) is shown in Table 4.2.



Table 4.1 Capability of detection techniques for the analysis of nanomaterials

Detection Particle
technique size

Specific
Internal Surface  surface
Composition structure Morphology chemistry area

Differentiation
Electronic clusters/single
properties particles

Quantitative High

analysis

sensitivity

Microscopy X
(SEM, TEM,
STEM, AFM,
ASEM, ESEM,
WetSEM)/
Microscopy-EDS
SLS, DLS X
Porosimetry
UV-Vis, X
fluorescence

XRD, XAS, XPS, x
EDX, EXAS,
XANES

Infrared, Raman
ICP-MS or OES,
AAS, GFAAS
SP-ICP-MS X

X X X

X

X

X

<

X

X

X

AFM, atomic force microscopy; SEM, scanning electron microscopy; ASEM, atmospheric-SEM; ESEM, environmental-SEM; TEM, transmission electron microscopy; STEM,
scanning transmission electron microscopy; EDS or EDX, energy dispersive spectroscopy X-ray spectroscopy; DLS, dynamic light scattering; SLS, static light scattering; UV-Vis
spectroscopy, LIBD, laser-induced breakdown detection; AAS, atomic absorption spectroscopy; GFAAS, graphite furnace atomic absorption spectroscopy; XRD, X-ray diffraction;
XAS, X-ray absorption spectroscopy; XRF, X-ray fluorescence; XPS, X-ray photoelectron spectroscopy; EXAFS, extended X-ray absorption fine structure spectroscopy; XANES,
X-ray absorption near-edge spectroscopy, ICP-OES, inductively coupled plasma-optical emission spectroscopy; ICP-MS, inductively coupled plasma-mass spectrometry; SP-ICP,
single particle-inductively coupled plasma mass spectrometry.



Table 4.2 Examples of analytical approaches used in recent studies to characterize nanoparticles in food related products

Nanoparticle Matrix Aim of the study Sample treatment Detection Ref
Organic nanoparticles
Lutein SDS, sodium Optimization of the TEM: cover with fromvar film, « TEM [19]
(73-96 nm) caseinate. Tween 20, formulation of lutein air-dried, and stained with 2% e DLS (backscat-
40, 60, 80 nanodispersion phosphotungstic acid. tering at 173°)
* Polydispersity
index
Thymus Tween 80, water, Development of Bacteria+ particles SEM imaging: « SEM [20]
daenensis lecithin antibacterial nanoemulsion fixation: 2.5% in PBS and de-hydrated « DLS
(143 nm) in hydro-alcoholic solution. Coating ¢ UV-Vis: release
with Au—Pd. of proteins
Dilution before DLS. e AAS release of
Centrifugation for stability test. K*
Oregano oil Oil, Tween 80, and Development of Bacteria + particles SEM imaging: * SEM of [21]
(148 nm) water antibacterial nanoemulsion fixation: 2.5% glutaraldehyde in PBS, particles-
in 1% osmium tetroxide in PBS. bacteria
De-hydratation in hydro-alcoholic * DLS

D-limonene
nanomulsion
(31 nm)

D-limonene,
sorbitane trioleate,
polyoxyethylene (20)
oleyl ether; ampicillin

Stability of nanoemulsions

solution.
Coated with Au-Pd.
Dilution before DLS.

TEM imaging: negatively stained with
1.5% (w/v) phosphotungstic acid.
Excess liquid absorbed with filter

paper.

Dilution before DLS and turbidity

measurements.

Z potential

TEM [22]
DLS

Viscosity

Turbidity with
UV-Vis

8G
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Carvacrol
nanoemulsion
(100 nm)
Curcumin
nanoemulsion
(149 nm)

Curcumin
loaded
nanoemulsion
(18-30 nm)

Medium chain
triglycerides
(10, 100 nm)

Carvacrol, miglyol,
Tween 80, sodium
citrate

Curcumin,
lactoferrin/alginate,
corn oil, water

Tween 80, phospha-
tidylcholine, ethyl
oleate

curcumin, bovine
serum,

ethanol, and water

Medium chain
triglycerides
Tween 80, water,
gelatin

Gelatin (200)

Study antimicrobial

properties

Stability of nanoemulsions
in vitro

Stability and interaction of
curcumin nanoemulsions

Incorporation of nano-
emulsions in hydrogels

TEM imaging: coating with uranyl
acetate and leave to dry.

Dilution with solutions emulating
stomach and intestine fluids before DLS
and Z-potential measurement.
Solutions for dilution: KCI-HCI,

10 mmol/L, pH 2 for

stomach sample and phosphate buffer
(10 mmol/L, pH 7 for initial and small

intestine samples.
Dilution prior to DLS

TEM imaging: dilution before deposi-
tion onto mesh. Phosphotungstic acid
was applied and its excess was removed
by absorbing it with filter paper.

No dilution prior DLS

DLS [23]
TEM [24]
DLS

Z potential
UV curcumin
loading

DLS [25]
Z potential

UV-Vis

Fluorescence

TEM

Refraction

index

Viscosimetry

Surface tension

DLS [26]
Temperature
scanning

analysis

Turbidity

Viscosity

(Continued)
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Table 4.2 Examples of analytical approaches used in recent studies to characterize nanoparticles in food related products (cont.)

Nanoparticle Matrix Aim of the study Sample treatment Detection Ref
Organic nanoparticles
Peanut oil Peanut oil, whey Optimization of the DLS [27]
(73 nm) protein, - nanoemulsion Circular
lactoglobulin AB, dichroism
SDS, X-triton-10
Omega-3 Fish and lemon oil,  Influence of polysacharides Confocal: dye with Nile red Confocal [28]
(135 nm) 100 mM acetic/ on stability of omega-3 (hydrophobic) Static light
acetate buffer pH 3, nanoemulsion Static light scattering: dilution with scattering
Tween 80, alginate acetic/acetate buffer pH 3 and stirred Z potential
Z potential: sample diluted with Viscosity
10 mM acetic/acetate bufter Creaming index
D-limonene Sorbitane trioleate,  Stability of D-limonene TEM: negatively stained with 1.5% TEM [22]
nanoemulsion  polyoxyethylene nanoemulsion (w/v) phosphotungstic acid. Excess DLS
(27 nm) oleyl ether, dropylene liquid absorbed with filter paper Turbidity:
glycol, ampicillin, Dilution with water before DLS. UV-Vis
D-limonene, water Dilution with water prior turbidity
measurement
Vitamine E Whey protein isolate Formulation and stability of Z potential [29]
nanoemulsion  Gum arabic nanoemulsion Static light
(110 nm) Orange oil scattering
Vitamin
E acetate

09
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Inorganic nanoparticles

Licopene-nano-
gold emulsion
(17-25 nm)
Gold (3-5 nm)

Silver (60 nm)  In bacteria

Inhibition of colon cancer
cell growth by optimized
nanoemulsion

Study the microbiological
effect of nanosilver with
different shapes

Dilution before DLS « TEM [30]
TEM: Au: excess of sample absorbed ¢ Z potential
with filter paper and dried overnight. ¢ DLS
Au-licopene: 2% phosphotungstic acid ¢ UV-Vis

in pH 6.5-adjusted deionized water. e HPLC-UV
The excess of stain was removed with

filter paper.

Cellular uptake: fixation of cells

with 2.5% glutaraldehyde and 2%

paraformaldehyde at 4°C. Postfixation

with 1% osmium tetroxide, dehydrated

with hydro-alcoholic solutions and

acetone. Embed in Spurr’s resin in

an oven. Cut ultrathin sections and

staining with 4% uranyl acetate and

0.2% lead citrate and mounting on a

carbon-coated copper grid for TEM

imaging

Pretreatment for TEM: a drop of E.coli © TEM [31]
containing Ag nanoparticles placed on ¢ UV-Vis

a glow-discharged Formvar-coated * XRD
copper grid for 2 min. The excess of

liquid was absorbed with filter paper.

The sample was treated with 1%

phosphotungstic acid for 2 min.

(Continued)
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Table 4.2 Examples of analytical approaches used in recent studies to characterize nanoparticles in food related products (cont.)

Nanoparticle Matrix

Aim of the study

Sample treatment Detection

Ref

Inorganic nanoparticles

Silver (21 nm)  Plant tissue

Silver (>10 nm) Food packaging

Internalization of particles

by plants

Migration of nanoparticles
from food packaging into
food

TEM: fixation with 2% « TEM
paraformaldehyde * SP-ICP-MS
and 2% glutaraldehyde in 0.05 M

sodium cacodylate buffer for 4 h

at 4°C. Dehydration with ethanol

solutions and fixation in spur resin for

24 h at 72°C. Sections were cut with

microtome and stained with 2% uranyl

acetate and Reynolds lead citrate.

SP-ICP-MS: clean plant tissues were

blended with 2 mM citrate buffer (pH

adjusted 3.5-10) and incubated with

5% solution of enzymes (cellulose,

hemicellulase, and pectinase) for 24 h

at 37°C. LOD 10 nm.

TEM: migration solution (1 mL) was  TEM-EDS
centrifuged (30 min, 10.000 rpm) and <« ICP-MS
evaporated until dry. Reconstituted e SP-ICP-MS
sample (4 UL) was deposited onto the

copper grid covered with carbon and

dried.

Total silver: plastic samples (0.25 g)

were crushed < 2 mm. Microwave

digestion with H,SO, and HNO;,

210°C, 20 min. ICP-MS for analysis

of migrated silver particles: migrated

solution incubated with HNO; (2:1)

and diluted.

[16]
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Silver (35 nm),
copper (II)
oxide (50 nm),
and zinc oxide
(20-30 nm)

Titanium
dioxide
(167 nm)

Titanium
dioxide (21 nm)

Aluminum
nanoparticles
(<50 nm and

aggregates)

Films for cheese

Coating on stain steel

Retarding bacterial growth
in cheese

Toxicity study of titanium
dioxide

Physical stability and
bactericidal properties of a
titanium dioxide coating

Preparation of a water filter

ICP-MS. Digestion of the fly samples
with aqua regia in microwave (2 h

120-195°C)

Leaching studies: trap potentially
leached particles through nuclepore
filters with a pore size of 50 nm.
Freeze-drying filtrate samples and
reconstituted with buffer for cell tests

Quantification
of particles
with electro
thermal atomic
absorption
spectrometry
TEM, AFM
ICP-MS

XPS

Isotherm:
porosity and
SBET

XRD

Variable
pressure SEM
Scratch hardness
Adhesion
strength

TEM

SEM

PIXE
multielement
analysis

MTS and LDH
cell tests.
LC-MS

[32]

The type and average size of the particles and the analytical strategy used, including sample preparation and detection approaches, are given.
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S 4.3 CHARACTERIZATION OF NANOMATERIALS
USING NONDESTRUCTIVE TECHNIQUES

4.3.1 Microscopy

Microscopy techniques are among the various approaches that allow the characteriza-
tion of nanomaterials with little alteration to the particles and their environment. SEM,
TEM, confocal microscopy, atomic force microscopy (AFM), and their variants, are some
of the few microscopic techniques that can provide direct and accurate measurement of
particle size and in some cases detailed morphology (SEM and AFM). The size distribu-
tion and shape of particles obtained from micrographs can be further analyzed with pro-
cessing software such as Image]J [5,34-35] to achieve more comprehensive information.

SEM, TEM, and AFM are employed in cases where improved resolution is needed
and the ability to distinguish agglomerates from primary nanoparticles. However, these
techniques can only provide local information within the field of view and cannot pro-
vide detailed structural information imaging through dense specimens or cloudy liquids.
In contrast, confocal microscopy is able to scan through a sample and provide a 3D im-
age of some solids and liquids; however the technique has lower nanoparticle resolution
compared to atomic and electron microscopy techniques [36]. In some cases confocal
microscopy may not be able to resolve primary particles from agglomerates as most
nanoparticles are smaller than the light wavelength used in this technique. A strength of
confocal is that it allows for the imaging of samples in their natural state. This is advanta-
geous for imaging nanoparticles in food and is important for understanding the fate of
nanomaterials in cytotoxicity studies. An example of the importance of imaging particles
in their real state in food can be found in a work investigating the effect of alginate on
the stability of omega-3 nanodispersions. In this study, confocal microscopy enabled the
examination of the structure of nanoemulsions at the microsize range (Fig. 4.1); this
allowed for the determination of the conditions (% alginate) under which oil droplets
were evenly distributed, stable against flocculation and when they started to coalesce in
the presence of free alginate [28].

Sample preparation for SEM and TEM involves applying a sample droplet on a TEM
grid or SEM sample holder where it is then left to dry. Following, it is coated with a
fine layer of an electro-conductive metal (e.g., gold or palladium). This inhibits sample
charging and improves the thermal stability of the sample, improving the signal obtained
for topographic examinations. However, this type of sample preparation or dilution of
the sample can affect interparticle interactions and may cause changes in particle size,
shape, and agglomeration. Moreover, the drying process and vacuum conditions within
the microscope may result in collapsed structures [25,37]. Additionally, there is also a risk
of altering particles containing hydrophobic components, such as fat, when dehydrating,
for instance with ethanol or acetone. The possible artifacts introduced when imaging
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Figure 4.1 Confocal microscopy images of omega-3 nanoemulsions-sodium alginate mixtures after
16 days of storage time. (Reproduced from L. Salvia-Trujillo, E.A. Decker, D.J. McClements, Influence of an
anionic polysaccharide on the physical and oxidative stability of omega-3 nanoemulsions: antioxidant ef-
fects of alginate, Food Hydrocoll. 52 (2016) 690-698 [28] with permission from Elsevier).

samples need to be taken into consideration as the morphology of the particles can be
very important. In this regard, variations in toxicity have been observed from differ-
ent nanoparticle shapes (i.e., spherocylindrical, pyriamidal, rod-like, spherical) [31,38].
Checks on the stability of the nanomaterial’s size and structure, especially for organic
particles by comparison with a reference sample, are recommended as these features are
affected by different sample treatments and preparation processes. There are also TEM
and SEM modalities that allow for the examination of nanoparticle under controlled
pressure and humidity, representing a more realistic environment. Examples of these
techniques include environmental-SEM (ESEM), atmospheric-SEM (ASEM), and Wet-
SEM. The latter curtails the effect of the vacuum by imaging moist samples sealed in
vacuum-resistant capsules [39]. These modalities can image hydrated samples and are
therefore very appropriate for examining food samples and gain information about the
presence of agglomerates [39]. Even though agglomerates may be above the nanorange,
it is valuable to study them as they may exhibit vital properties due to their nanodomains
or may de-agglomerate into their primary particles given that the attraction between
particles may change with the external conditions. However, despite the high suitability
of these microscopy techniques, their use is not yet widely adopted and traditional SEM
and TEM approaches are mostly used (Table 4.2); SEM and TEM can resolve prima-
ry particles from agglomerates with the possibility of providing chemical composition
such as in SEM/TEM-EDS. Confocal microscopes, unlike the newly developed ESEM,
ASEM, and WetSEM technologies, are widely used in cell biology labs but despite this,
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its application for imaging nanoparticles in food products is not generalized, as it can be
seen in Table 4.2.

In terms of resolution, AFM and TEM can provide subnanometer spatial resolu-
tion [40,41] and are very appropriate for imaging particles at subcellular level [16,31].
This can be important for carrying out characterizations that comply with the current
European framework with regard to particle size. Although AFM can image a great va-
riety of samples (e.g., food, tissues, ceramics, polymers), TEM requires ultrathin samples
that can be penetrated by its electron beam [42]. In contrast to TEM, state-of-the art
SEM ofters less spatial resolution (of about 1 nm) [43] and only provides information
from the morphology of the exposed surfaces of the particle. However, SEM can image
bulk samples that can be cracked to allow the imaging of the inner surfaces of samples.
Through imaging the cross-section of particles (i.e., crushed particles), information from
the newly exposed internal morphology can be obtained (see abstract figure by Busquets
et al. [44]). Cryo-SEM allows the snap freezing of a sample droplet that is then cracked
to expose inner features. This process of cracking can be repeated to enable the analysis
of difterent regions of the sample.

An especially relevant and challenging application for microscopy analysis is the
determination of nanoparticle leachates from food contact materials. Depending on
the level of leaching this problem can seem to be as difficult as looking for a needle in
a haystack. However, TEM was found to be sufficient to detect migrated nanoparticles
from all food packaging tested, using a minor preconcentration step, under EU regula-
tion 10/2011 for plastic materials [45]. The silver particles migrating from packaging
were mainly spherical and were found in three different states: dispersed, agglomer-
ated, and still bound to the packaging, as depicted in Fig. 4.2. However, due to the low
amount of nanoparticles released, quantitative measurements regarding size, shape, and
agglomeration could not be carried out [9].

4.3.2 X-Ray spectroscopy

X-Ray techniques are used for the characterization of crystalline domains. In X-ray ab-
sorption spectroscopy (XAS), X-ray radiation interacts with electrons within the inner
shells of atoms, which can result in the absorption of the initial radiation. However, XAS
has the limitation of poor discrimination between neighbouring atoms in the periodic
table. The interaction of X-rays with the ordered material can cause the expulsion of
electrons from the inner core, which generates an ion with an excess of energy and a va-
cancy that was once occupied by the expelled electron. This vacancy can be filled by an
electron of higher energy by emitting the excess of energy as an X-ray photon. This will
present a longer wavelength than the starting radiation, which is the process involved in
X-ray fluorescence (XRF).

On the other hand, the interaction of X-rays with electrons of a crystal can also
result in dispersion of the radiation in a constructive or destructive manner, resulting
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Figure 4.2 TEM results for migration solution samples after 10 days in 3% acetic acid. (A) Fresher Lon-
ger Miracle Food Storage bags. (B) Special nanosilver mother’s milk pack. (C,D) The Original Always
Fresh Containers. (E,F) Kinetic GoGreen Premium Food Storage Containers. All the presented images
were analyzed by EDS and confirmed the presence of silver. (Reproduced from A. Mackevica, M.E. Ols-
son, S.F. Hansen, Silver nanoparticle release from commercially available plastic food containers into food
simulants, J. Nanopart. Res. 18 (2016) 1-11 [9] with permission from Springer).

in diffraction (X-ray diffraction, XRD). The diffraction peaks can be converted into d-
spacing, or distance between the ordered layers in a crystal, which are unique for each
crystalline phase of a substance. This can be matched with a database to identity the
atomic composition and structure of the material. The XRD pattern can also be used to
difterentiate between the different crystal facets of nanoparticles. For instance, Fig. 4.3
shows how silver nanowire, nanopsheres, and nanocubes, whose sizes were controlled by
changing the amount of NaCl added during the synthesis of the nanoparticle, could be
distinguished from each other using XRD [31].

X-Ray techniques provide information from the sample as a whole and are nonin-
vasive. The data that they provide are related to the chemical speciation and structure of
the inorganic material; the average size of the crystalline domain; and lattice deformation
as a result of stress. It can be observed in Table 4.1 that X-ray techniques are the ones
that can provide a broader range of characterization information. The Scherrer equation
(4.1) relates the band width at half height in an XRD trace with the size of the ordered
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Figure 4.3 XRD patterns of silver nanowires (A), silver nanospheres (B), silver nanocubes (C). (Repro-
duced from X. Hong, J. Wen, X. Xiong, Y. Hu, Shape effect on the antibacterial activity of silver nanoparticles
synthesized via a microwave-assisted method, Environ. Sci. Pollut. Res. 23 (2016) 4489-4497 [31] with per-
mission from Springer).

domain, where 7 is the size of the ordered domain; f3 is the band width at half height
(measured in radians); Kis a constant related to the shape of the crystalline domain; 4 is
the wavelength used; and 6 is the Bragg’s angle or angle between the crystalline lattice
and the incident and scattered radiation.

- _ KA (4.1)
BcosO

However, there are some limitations that need to be considered when using this
technique to measure particle size of a population of particles. The mean size of the
ordered domains, 7, can be smaller than the size of particles because these may not be
completely crystalline. X-Ray also has limited capacity in characterizing samples with
important inhomogeneous strain or with particle sizes larger than a micrometer [46].
This technique can provide information related to the overall population of (crystalline)
particle size, which is in line with the information required for nanomaterials according
to the recommendations of the EU [11].

In a study where the same particles were characterized individually with TEM and
XRD, both techniques gave similar size distributions for 10 nm [47] and 37 nm [48] par-
ticle size of copper and silver, respectively. Only TEM was able to characterize samples
with particles of size of about 2 pm, the loss of validity of the analysis with XRD was
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attributed to the presence of smaller sized substructures [47]. The minimum sample
amount required is another drawback in the use of XR D, which is in the order of tenths
of grams, and therefore limits its use in cases involving low particle concentration as
is commonly the case in particle leachates from packaging material. XRD is typically
applied to characterize inorganic materials, and was found to be important in studying
the mineral form of food grade titanium dioxide particles used in a toxicity study [33].
XRD can also be used in the characterization of organic structures. For instance, it was
used to assess changes in the lipid crystallization process of nanostructured lipid carriers
used to encapsulate lutein [49].

X-Ray can also be combined with SEM (i.e., SEM-EDS) to allow simultaneous anal-
ysis of the morphological features of particles and acquisition of the elemental composi-
tion of the exposed surface of the sample. However, this approach has sensitivity restric-
tions when compared with other techniques typically used for the analysis of metals such
as ICP-MS, and its use in quantitative analysis requires samples with flat surface, which
can be achieved by polishing the sample. Multielement analysis of nanoparticles, with
higher sensitivity than EDS, in the ppm level, without the requirement for digestion of
the particle, can be carried out with PIXE (particle-induced X-ray emission) [5,50].

A very powerful detection system that has also been coupled to microscopy is X-ray
photoelectron spectroscopy (XPS). XPS provides information about the elemental com-
position, oxidation states, and chemical environment by measuring the kinetic energy of
expelled electrons (photoelectrons) and relating it to the binding energy within the ma-
terial. It was used to characterize the functional groups of food grade titanium dioxide
nanoparticles before testing their toxicity with microorganisms. It was found through a spe-
cific band (532.5 eV) that the surface was partially covered with hydroxyl groups [33]. The
combination of TEM-XPS provides a set-up that benefits from both the high resolution
imaging and precise information of the size and shape of particles by TEM, with detailed
data about the elemental composition of the surface of the particle, including oxidation
states provided by XPS. As such, it can be used in studies such as the analysis of impurities
on nanoparticles or defining the surface chemistry of nanoparticles. Table 4.2 gives an over-
view of the characterization methods used in recent works for both inorganic and organic
nanomaterials relevant to food. Despite the superior properties of XPS, and XRD in terms
of characterization data, as shown in Table 4.1, it 1s surprising that these techniques are not
commonly employed in the characterization of nanoparticles related to food products.

4.3.3 Porosimetry

One of the distinguishing characteristics of nanomaterials is their high specific surface
area in relation to their volume. This property is size dependent, especially for materials
with low porosity. The EU recommends the measurement of specific surface area with
nitrogen adsorption isotherms as an indicator of the presence of nanoparticles [11]. The
specific surface area can be estimated using the Brunauer, Emmett and Teller (BET)
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adsoption model and porosimetry, which involves quantifying the number of gas mol-
ecules, typically nitrogen, that are needed to cover the surface of a material, which is in
turn mathematically translated into surface area [51]. Typically, this measurement requires
a sample amount providing a total specific surface area of at least 5 m°. Lower specific
surface area can still be measured using alternative adsorptive gases, such as krypton or
xenon. This type of analysis is relevant to characterizing materials with nanodomains and
relatively high surface area [33], or nanoporous materials, such as those included in food
packaging or water filters [44].

The applications of porosimetry will be limited to the characterization of certain po-
rous materials and nanoparticles which provide a total specific surface area in the sample
cell above the sensitivity limit of the technique. Hence, while specific surface area can be
measured for instance for 100 mg of carbon nanotubes before including them in a water
filter, a sample of dry nanocapsules containing bioactive compounds with the same mass
of 100 mg may not provide the minimum surface area that would guarantee accurate
analysis. Although the amount of sample used can be increased to achieve the minimum
specific surface area to make an accurate determination, the sample size can be limited
to the capacity of the sample cell in the porosimeter. Likewise, if a food sample is poten-
tially contaminated with particles that may have leached from ink or packaging material,
the use of porosimetry will probably not provide enough sensitivity to detect the uptake
of nitrogen by the particles leached to the food. Therefore it will not be possible to
characterize food products that have been potentially contaminated with nanomaterials
or most types of nanoingredients. Furthermore, given that the samples need to be com-
pletely dry before the adsorption of gas and the drying process may alter the structure
(and possibly the porosity and surface area), this technique has limited application in the
characterization of moist nanoingredients and food products. If microporosity (pores be-
low 2 nm) becomes included in future definitions of nanoparticles, nitrogen porosimetry
will become the most relevant approach of analysis as microscopy cannot provide infor-
mation for the overall sample. In addition to specific surface area, porosimetry is unique
in that it is able to measure the pore size distribution of the whole sample (Table 4.1).
However, in practical terms, it is only applied infrequently at the stage of material devel-
opment as highlighted in the compilation of studies in Table 4.2. Porosity data would be
highly relevant when developing reactive or adsorbent materials for water purification,
or packaging materials with barrier properties [44].

4.3.4 Static, dynamic light scattering, and laser Doppler
microelectrophoresis

The size distribution of particles in suspension can be obtained with static and dynamic
light scattering (DLS), whereas their stability can be determined with laser Doppler mi-
croelectrophoresis (Z-potential measurement). These three techniques are noninvasive
and enable the analysis of particulates in liquid samples in their natural state.
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Static light scattering (SLS) involves measuring the Brownian motion of particles,
emulsions, and molecules in suspension by the illumination of the sample with a laser
and measuring the intensity of the light scattered by the particles at a range of angles.
The intensity of the scattered light is affected by particle size, molecular weight, shape of
the particle, and the thermal energy of the system [52]. In DLS the fluctuations of light
scattered by the particles in motion are measured at 90°. The fluctuations of the scattered
light lead to the hydrodynamic diameter, as described by Stokes—Einstein equation [Eq.
(4.2)], using the assumption that the particles are spherical [53].

kT
R

D (4.2)

In Eq. (4.2), D is the diffusion constant of the solute (particle) in a fluid; T'is the ab-
solute temperature of the system; R is the radius of the particles; 77 is the shear viscosity
of the pure solvent; and ¢ is a constant that depends on the selection of the hydrodynamic
boundary conditions applied at the surface of the particles [54].

Consequently, the information obtained is that of a hydrodynamic sphere (solvated
particle) and not the actual dimensional measurements of the particle size. As a result,
particle size distributions determined with light scattering can difter from the particle
sizes observed with microscopy. Nonetheless, a comparison between the particle size
measurement obtained by DLS with the sample in suspension, and the direct imaging
of the same dried sample by TEM, showed nonstatistical difference for nanoemulsions
of curcumin with Tween 80/lecithin/ethyl oleate [25] and lycopene and nanogold [30].

DLS measurements can be carried out in batch mode or in a continuous following
separation with size exclusion chromatography or filed flow fractionation [36]. At pres-
ent, DLS analysis can be performed for particles as low as 0.3 nm in suspension [55],
and can provide information comparable with TEM [41] in the lower working range
of both techniques. When the acquisition of particle size distribution is carried out by
dispersed-phase volume fraction (instead of by intensity), it is possible to observe if the
smallest particles, which are typically the ones of most interest, represent a high volume
fraction when there is not a monomodal distribution [27].

In SLS, DLS, and Z-potential measurements, particle concentrations need to be low
to avoid multiple scattering eftects that would lead to inaccurate results [52,53]. Diluting
can be a solution but it can also introduce artifacts due to the modification of inter-
particle interactions and the risk of affecting their structure. In some cases, particles can
acquire markedly different shapes with different dilution rates [25].

SLS, DLS, and Z-potential measurements are not able to differentiate free primary
particles from aggregates and agglomerates. As a result, high dispersion energy, that s,
with ultrasonication, is first employed to disrupt particle clusters (agglomerates) and
uniformly disperse the primary particles before analysis. It is however important to take
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note of and reduce the increase in sample heat resulting from prolonged sonication,
as it can affect the thermal energy and Brownian motion of the particles. DLS is the
technique most widely used to measure the size distribution of particles in suspensions;
a summary of its applications from review of studies from 2015 and 2016 is given in
Table 4.2. The popularity of the method is partly due to its cost effectiveness, quick and
easy analysis, and the small size of DLS instruments.

4.3.5 UV-Vis, fluorescence, IR, and Raman in the analysis of nanoparticles

At the atomic scale, molecules with certain types of electrons can absorb UV-Vis radia-
tion, and the portion of the transmitted (in UV-Vis, IR, and Raman) or emitted light (in
fluorescence) can be used to identify and quantify the species that are interacting with
a particular wavelength.

The interaction of light with particles is behind the early application of nanopar-
ticles known in history, as exposed in Chapter 1, where it has been explained that
nanoparticles of noble metals were included in stained glass for decorative and perhaps
other practical functions. In the nanoscale range, when the frequency (or energy) of the
incident radiation coincides with the collective oscillation of the conduction electrons
of the nanoparticles, localized surface plasmon resonance can take place. In this phe-
nomenon and at a particular wavelength, the extinction coefticient € depends on the
nanoparticle radius, shape, number of particles, composition, and the dielectric constant
of the media, following the Mie theory [56]. Consequently, changes in the factors af-
fecting € can aftect the wavelength of the absorbed or transmitted light. As a result, this
enables localized surface plasmon resonance to evaluate particle radii, shape, and number
of nanoparticles. However, this approach has drawbacks of low sensitivity and selectivity
due to the broad spectral bands. An example of where this physical phenomenon has
been used is in the investigation of the toxicity of silver particles with different shapes.
Indeed, localized surface plasmon resonance was observed in the visible light for noble
metal nanoparticles such as silver [57]. The presence of quasi-spherical silver nanopar-
ticles could be determined because its spectra showed a predominant band at 430 nm;
whereas the bands at 350 and 390 nm indicated the presence of nanowires; and the least
energetic band (460 nm) indicated the presence of nanocubes, which was also con-
firmed with TEM imaging [31].

UV-Vis is one of the techniques that can provide information about agglomerates
or aggregates (Table 4.1). In general, smaller particles account for a higher proportion of
absorption than larger colloids that are inclined to scatter light. The scattering of light
is very sensitive to particulate size, where clustering of particles increases the scattering.
This causes the surface plasmon resonance to shift to lower energies (absorption bands
shift to longer wavelengths) and the intensity of the extinction peak to decrease due to
a reduction in the number of nanoparticles [58]. In addition, the presence of aggregates
or agglomerates is typically characterized by the broadening of peaks with the second
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peak likely to appear at longer wavelengths when cluster formation is further increased.
In a study testing the stability of curcumin nanoemulsions, UV-Vis helped to confirm
that the particles of 10 and 100 nm could be kept stable for a month without affecting
their Z-potential [25]. Another study assessing stability of particles used changes in UV-
Vis absorption bands to monitor the aggregation of particles when these were prepared
with similar capping agents [58]. Although the information that can be obtained with
fluorescence and UV-Vis techniques is similar, like in molecular spectroscopy, fluores-
cence offers better sensitivity. However, as can be seen in Table 4.2, UV-Vis remains the
technique of choice over fluorescence because the number of particle components that
are fluorescent are more limited than those active in UV-Vis. A case where fluorescence
has been recently used was in determining the interaction between curcumin and bo-
vine serum albumin, which has fluorescent residues, in a nanoemulsion [25].

IR and Raman are complementary techniques that are generally used qualitatively
to characterize organic particles or coatings onto inorganic particles. The coating can af-
fect the stability of the particles with possible toxicity implications [59]. IR and Raman
are very selective as different functional groups present bands at particular energies (or
wavenumber) and are also further shifted by being in different molecular environments.
Owing to this high selectivity, IR was employed for the quality control of the coating
agent and reductant citric acid in silver nanoparticles [58] as well as terpenoids used as
bio-reductant when plant extracts were used in the synthesis of the same metal particles
[48]. A particularly interesting work used IR to optimize the composition of a film from
which antimicrobial agents had migrated to meat as well as to study the changes to the
film during its use [4]. Although IR is frequently used to characterize nanoparticles after
their synthesis, it is not commonly used to analyze nanoparticles within their primary
matrix as nanoparticles need to be isolated from matrix to be characterized. Neverthe-
less, others have achieved using IR to study molecules within a complex matrix with
one good example being the use of IR assisted determination of the location of the cur-
cumin within the micelles in a nanoemulsion [25]. Although spectroscopic techniques,
UV-Vis, fluorescence, Raman and IR, provide simple and quick monitoring of the sta-
bility of nanoparticle dispersions and composition, the selectivity and sensitivity of these
techniques are limited when the analytes are within a complex matrix such as food and
steps toward the isolation of the nanoparticles are needed.

4.4 CHARACTERIZATION OF NANOMATERIALS USING
DESTRUCTIVE TECHNIQUES

The inclusion of nanomaterials in the production of food containers and utensils
aftects properties of both the material and the nanoingredient in terms of its stability and
toxicity. For instance, nanomaterials such as zinc oxide and silver can dissolve and release
ions in solution that travel to the food products. Although this phenomenon is exploited
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and tailored toward imparting antimicrobial properties into the material [32,60,61], other
nanomaterials or higher concentration of otherwise safer nanomaterials may be toxic
and/or compromise the integrity of the food. As such, quantification of the migrated ions
and nanomaterials to the food is essential although this 1s not always possible due to limi-
tations in sensitivity of the techniques capable to carry out such determination [9]. Be-
sides sensitivity issues, the instruments used often required a particular minimum amount
of sample to enable the collection of robust quantitative data. As such, it is not possible
to obtain quantitative results from either smaller sample sizes that the requirement of the
techniques or samples containing too limited amounts of particles, situation that can oc-
cur when the food becomes contaminated as a result of some minor loss of nanomaterials
from the food storage container, packaging material, or filter unit (in the case of liquids).

In contrast, microscopy is one of the techniques that require only a few microliters
of sample for analysis, with TEM and SEM being capable of analyzing even a single
nanoparticle within the field of view (Table 4.2). Despite this clear strength, localized
portions of the sample are imaged, which is again a thread to the representativeness of the
information that the technique provides. Inductively coupled plasma (ICP) 1s conven-
tionally used in the analysis of metals at atomic level. It makes possible to provide multi-
elemental analysis of most elements in the periodic table with high sensitivity detection
(in the range of low parts per billion) and is commonly used in environmental analysis.
This technique offers superior capabilities for the analysis of metals nanomaterials as
well. The amount of sample required in the analysis with this technique is higher than
in DLS or microscopy: several milliliters are needed, which makes the results obtained
more representative, and also improves the relatively high limit of detection associated
with other techniques such as X-ray (Table 4.1). ICP-MS has been used for quantifying
the total amount of silver nanoparticle in food containers (<0.2-1.4 lg/cm’) after the
acidic digestion of representative samples [9]. It has also been used to quantify food grade
titanium dioxide particles ingested by a few specimens only (3—4 flies which ingested
1002 £ 105 pg titanium dioxide/g fly body weight after exposure to 2 mg titanium
dioxide/L in feeding medium for 4 days) and digestion of the specimens immersed in
aqua regia with pressurized microwave extraction [33].

In ICP-MS, typical acquisition dwell times are in the region of milliseconds. Although
this is suitable for the analysis of particles once they have been dissolved, it has been re-
ported to be too slow for detecting individual nanoparticle events in the plasma, which
have been estimated to have a duration of 0.5 ms [62]. This drawback can be overcome by
using single particle-inductively coupled plasma mass spectrometry (SP-ICP-MS) which
has lower dwell times than ICP-MS, which is its predecessor technique. This enables the
technique to differentiate between the signal from particles, based on pulse signals from
the particles entering the plasma (transient peaks or metals), and the signal of the dis-
solved metal, which appears in the background [63]. SP-ICP-MS has gained popularity
among researchers owing to its ability to determine the number of particles or aggregates
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from the frequency of the signals, and determine particle diameter and mass of the ele-
ments making up the particle from the intensity of the signal (Table 4.2). The reliability
of SP-ICP-MS was demonstrated by a study that analyzed silver nanoparticles (20 nm)
extracted from plant tissues and produced results that were consistent with the results ob-
tained from TEM [16]. However, the minimum detectable particle size of silver nanopar-
ticles that could be detected with SPS-ICP-MS tissue was 10 nm [16] and the inability
to quantify particles in the smaller size range (approximately 1-20 nm) currently used in
food technology has been pointed out as limitation of this technique. Nonetheless, a re-
cent study was able to quantify silver nanoparticles (24 nm) leached from food containers
to food stimulants at concentrations of >1.9 X 10° particles/L, with silver nanoparticles
detection in 11 out of 12 samples. This demonstrates that SPS-ICP-MS is also an ap-
propriate technique in the study of the migration of nanomaterials from materials and
products [9]. Indeed, the high sensitivity of this technique makes it the most appropriate
for monitoring the fate of nanoparticles in cells of living things [64].

S 4.5 OVERVIEW OF RECENT METHODS FOR THE ANALYSIS
OF ENGINEERED NANOMATERIALS AND FUTURE TRENDS

Engineered nanoparticles can be in the form of inorganic particles (i.e., metals
and metal oxides nanoparticles) or organic particles such as those based on natural and
synthetic polymers produced by emulsions and or crosslinking by ionic or covalent
interaction. Both these forms can further exist as free primary particles or as aggregates
and agglomerates. In addition, they can be in the form of encapsulated or bound (in
composites) inorganic particles [65]. The aim of the studies including the nanoingre-
dients or nanomaterials in different type of formulations and composites reviewed in
Table 4.2 has been to investigate improvements in technical properties of the product or
to study the fate of nanomaterials included in the food related products. Studies related
to antimicrobial properties are among the most common themes of research in food
nanotechnology: antimicrobial properties have been investigated in a number of nano-
ingredients such as silver [31], titanium dioxide [34], and natural products such as the
terpenoid carvacrol [23] or oils [21]. Samples with particle size slightly above 100 nm
have been included in Table 4.2 to keep an open view as the size of the particles found in
food items can vary following changes in the surrounding area (i.e., food matrix) which
can happen during the measurement [17].

ESEM, WetSEM, and ASEM are microscopy modalities most recommended because
of the high extent of preservation of the particle environment in the sample being imaged
and the direct analysis offered. Nevertheless, these are not widely used yet (Table 4.2),
possibly because of their cost and technical skills needed for this measurements as com-
pared to conventional measurements with SEM, but it is expected that they will be pro-
gressively introduced in the development of food products containing nanotechnology.



76

Rosa Busquets

On the contrary, measurement of particle size with DLS has been the most extensively
used approach. In DLS, SPS, and Z-potential, authors face the dilemma of diluting or not
the samples before the measurement, and both options are followed, as it can be seen in
Table 4.2. Not diluting the samples may lead to multiple scattering eftects, but diluting
the sample may change interparticle interaction and agglomeration. When using DLS,
SPS, or carrying out measurements of Z-potential, it can be recommended to sonicate
the sample immediately before the measurement, used volume-weighed distributions
and, if necessary, dilute samples with extracting solution as similar as possible to the food
matrix (pH, ionic strength, chemical composition), or cell culture, where relevant. Stan-
dardized methodology for the analysis of nanomaterials in food products reflecting the
original conditions, without causing alterations in the particles, is not available. Actions
toward harmonizing methodology are needed, and for that reference materials need to
be prepared and made available, and laboratories need to participate in intercomparison
exercises. The absence of harmonized methodology has led to the current diversity of
sample treatments carried out before the particle size measurements.

The coating of particles increases their colloidal stability in suspension by increas-
ing electrostatic or steric repulsion. Increasing electrostatic repulsion is often carried
out with citrate in synthetic processes, whereas enhancing steric repulsion is achieved,
in both organic and inorganic particles, with bigger molecules such as polymers (i.e.,
Tween [19,21], or both, by using polyelectrolytes (i.e., casein [19], gum Arabic [29],
whey protein [29], lactoferrin, alginate [24]). Particles that present steric stabilization will
preserve more easily their agglomeration state during sample treatment because they are
less affected by changes caused by ionic strength than uncoated particles or particles with
coating for improving electrostatic stabilization only [58]. A natural coating can also be
gained by adsorption of dissolved organic matter onto the particle, which may improve
their stability [66]. Currently, the characteristics and stability of this coating in analytical
procedures is a property that is being overlooked and rarely addressed. As it can be seen
in Table 4.2, IR or Raman has been rarely used and solid state NMR or mass spectrom-
etry analysis of the coating has not been attempted.

Similarly, separation techniques which are an effective approach to separate nanoparticles
for their determination such as size exclusion chromatography, FFF, capillary electrophoresis,
or hydrodynamic chromatography, after washing steps to remove possible macromolecules,
are not widely applied despite the improvements in quantitative analysis that they can offer.
These techniques have been recently discussed and reviewed for the analysis of nanopar-
ticles [36]. The underlying cause of this could be that both the expertise needed for set-
ting up the separation of nanoparticles from food products and time required to carry
out such determination cannot compete with other easy-to-use approaches such as DLS.
Another cause of this situation can be that the instrumentation to carry out the separation
of nanoparticles is not readily available in material, food or life sciences labs, which are all
important contributors in the development of emerging nanotechnologies in food science.
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The analysis of nanomaterials in food products is of utmost importance due to the
major advances that they can provide and the urgent need to know more about the
properties and behavior in food related products, living organisms, and the environment.
The changing nature of such analytes, due to their high reactivity and interaction with
the environment surrounding the particles, makes their analysis a challenge compared to
the determination of atoms or molecules, and food matrices are well known to be chal-
lenging themselves. A range of techniques available can capture relevant characteristics
of nanomaterials but no technique can provide all features that are needed. Furthermore,
analytical strategies need to progress toward quantitative determinations and the devel-
opment of harmonized and validated methodology is needed. Presently, the application
of'a combination of analytical approaches is the recommended way to move forward in
the analysis of nanomaterials in food products.
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5.1 INTRODUCTION

The application of nanoscale particulates in food products has revolutionized the
industry through greatly improving the control of food quality and food packaging, top-
ics that have been addressed in depth in Chapters 2, 7, and 8 respectively. Nanomaterials
are also widely used in other goods such as in personal care products [1]. The average
western person’s gastrointestinal system (GIS) is exposed to billions of nanoparticles
every day through food and cosmetic products, many of which may enter the body [2].
However, little is commonly known about the toxicity of these materials and how they
interact with the biological systems with which they encounter. Central to understand-
ing the potential risks of toxicity is understanding the bioavailability of these materials
and how they can directly enter the body and disrupt or interfere with the function of
its different cellular mechanisms.

The bioavailability of nanomaterials is highly dependent on particulate size, poros-
ity, chemical composition, density, and the biological system with which it is interact-
ing [3,4]. Therefore to understand some of the complex processes that can determine a
nanomaterials’ bioavailability it is simplest to follow the journey they take through the
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human body, and how they may interact with the tissues that they encounter. To under-
stand the bioavailability of a given nanomaterial with a given tissue we must first explore
the mechanisms by which cells and tissues can interact with and transport nanoparticles.

5.1.1 Mechanisms of cellular and extracellular transport of nanoparticles

There are two main classes of transport that affect nanoparticles; these are transcellular
and paracellular [5]. As the name suggests, transcellular transport is a process by which
the cells of a tissue utilize a mechanism of transport through the cell [5,6] whereas a
paracellular transport is a process that occurs due to free passage or physical effect that
passes not through cells but through extracellular spaces [7].

Among transcellular processes, there are a number of different types of transport,
most notably endocytosis; active transport; and facilitated diffusion (Fig. 5.1) [6]. Specifi-
cally, there are three different main forms of endocytosis: phagocytosis, pinocytosis, and
receptor-mediated endocytosis.

Phagocytosis is a process of transport that functions by a cell engulfing and encapsulat-
ing the nanoparticle within the cell [8]. This type of process is most commonly seen in cells
of immune function such as macrophages as a mechanism of destroying a foreign body,
virus, or microorganism infecting the host [8]. The production of macrophage is highly
regulated but increases in response to immune activation and inflammation of tissues [9].

Pinocytosis, however, is common to almost all eukaryotic cell types and is often de-
scribed as “cell drinking” where cells form invaginations of the cell membrane to create
a vesical filled with extracellular fluid [10]. This process allows the cell to take up many
nutrients from the extracellular fluid and also some small proteins and particulates [11].
Due to its nonspecific nature, the process of pinocytosis is thought to be one of the pri-
mary mechanisms of nanoparticle transport, with numerous publications demonstrating
the ready transport of different nanomaterials using this process [10]. These include gold

Endocytosis Active Facilitated
0 transport  diffusion
L]
e Paracellular G U
2 L]

Figure 5.1 Mechanisms of cellular transport.
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[12,13], quantum dots [14], and hydroxyapatite nanoparticles [15]. Although this process
is thought to be the main mechanism of nanoparticle transport, other mechanisms are
still considered to be highly probable due to the extremely small sizes being able to by-
pass tightly controlled active transport processes.

Active transport is a process by which membrane proteins can selectively transport
molecules into and out of a cell using energy-dependent mechanisms [16]. These protein
“gates” allow the access of specific biological molecules while excluding other mol-
ecules not desired by the cell. In contrast, facilitated diffusion works via passive diffusion
of molecules through specific selective transmembrane protein channels [17,18]. These
channels, although specific, are largely limited in their control and it is believed that a
given nanoparticle of small enough size may be capable of being taken up either by
direct transport through the channels or entering the cell with the transport of other
larger biological molecules.

Although these mechanisms are common to many molecules, their role in nanoparti-
cle uptake is lesser known: there are evidences that many of these basic transport mecha-
nisms do interact directly with some type of nanoparticles [19]. Although it has not been
possible to differentiate the uptake mechanisms in many studies, it is known that many
materials, when in nanoparticle form, may enter cells and be readily transported through
a number of different mechanisms including endocytosis, active transport, and facili-
tated diftusion [20-22]. The potential of a nanoparticle to be transported through any
one of these mechanisms is inherently and primarily governed by its size, as larger bulk
materials or agglomerates have been shown to have poor cellular uptake [23]. However,
surface charge and reactivity also determine the likelihood of transport of cellular uptake
[23]. Indeed, a number of nanomaterials have been engineered with positively charged
surfaces to capitalize on the negatively charged tight junction filaments between cells,
increasing their transport through paracellular mechanisms [24]. Furthermore, many
nanoparticles have been utilized for their transport properties to enhance the uptake of
drugs with poor bioavailability or aqueous solubility [25,26]. Furthermore, nanoparticles
in common food products have been found to be readily transported via highly specitic
cellular mechanisms, such as clathrin-mediated endocytosis in the oral mucosa [19].
Although the transport processes of nanoparticles are likely highly varied dependant on
their specific properties, the mechanisms are important to understand their interactions
with cells and also their potential to cause harm. Once nanomaterials have entered cells,
their potential to cause cytotoxicity or systemic toxicity increases greatly.

5.1.2 Mechanisms of nanoparticle cytotoxicity and systemic toxicity

Throughout the journey of nanomaterials in foods, nanomaterials are exposed to the
cells of the GIS that may interact with them in a number of different ways. The way
in which a given nanomaterial interacts with these cells depends greatly on the envi-
ronment of the tissue, the surface charge, size of the nanoparticle, and the type of cell
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encountered [20]. The field of toxicology accepts that current testing procedures and
understanding are not sufticient to truly predict the risks from a wide range of nanopar-
ticles [27]. However, a number of pivotal studies are starting to expose new mechanisms
and properties of nanoparticles that clearly demonstrate how nanoscale can drastically
change the bioavailability and toxicity of well-known and studied materials. The 2009
paper by Stone et al. highlighted this clearly, presenting data that showed that once
nanoparticles are transported into the systemic blood, they can accumulate in many
organs of the body [28]. The findings revealed that accumulation readily occurs in the
liver, bone, nervous tissues, and even the brain where these nanoparticles could pose
major risks to human health [28]. However, the processes by which nanoparticles cause
cellular damage can vary drastically: from immune mediated damage to direct eftect
on membrane integrity. For example, metallic nanoparticles have been shown to cause
increased cellular damage compared to larger bulk materials through catalyzing cellular
and toxic reactions at a greater rate due to their high surface area [29]. Furthermore,
the release of metal ions from these metals as they degrade has been demonstrated to
cause cellular damage through oxidative stress [30,31]. This process is caused by metal
ions producing free radical species through processes such as the Haber—Weiss cycle and
Fenton reaction (Fig. 5.2) [32]. Furthermore, other mechanisms of toxicity indirectly
caused by nanomaterials have been discovered that are capable of causing cellular dam-
age through immune system response activation. The activation of immune response to
foreign bodies such as metal oxides, carbons, and other organic-based materials is well
documented [33-36]. However, due to the nature of nanoparticles and their ability to
be transported to a number of different tissues in the body, they pose a risk of the im-
mune response against these materials damaging the function of organs in which they
accumulate. Studies on the accumulation of silicon oxide nanoparticles, carbon—iron
nanotubes, gold and silver nanoparticles found large build up in the liver and spleen in
animal models [37—40]. Although in the case of most of these materials no major toxic-
ity was observed at lower doses, silver nanoparticles however, were identified to cause
immunotoxic response [37]. Furthermore, new evidence is emerging linking exposure

o )
@ Fe(lll) OH

0, Fe(ll) H,O,

Figure 5.2 Haber-Weiss cycle and Fenton reaction: H,0, produced from mitochondrial activity inter-
acts directly with iron through the Fenton reaction producing reactive hydroxide free radicals that can
cause cellular damage by lipid peroxidation.
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of nanoparticles to the development of chronic autoimmune diseases such as Crohn’s
disease through accumulation and activation of immune responses [35].

Immune activation in response to foreign bodies such as metal oxide nanoparticles
or carbon nanomaterials, for example, occurs through a process of antibody mediated
cellular activation. Antibodies that contact the surfaces of the foreign materials bind and
change their structural configuration presenting binding sequences that are recognized
by cells of the immune system, in effect, flagging the material to the immune system
as foreign. Dependent on the type of cell, the cell can either engulf the foreign body
through phagocytosis or can release powerful cytotoxic chemicals into the surrounding
tissue. If released in excess, these chemicals can cause damage and inflammation to the
host tissue thus reducing its ability to function correctly.

Cytotoxicity of nanoparticles through disruption of intracellular process has also
been widely reported with a number of key components and organelles being disrupted,
including mitochondria [41], actin cytoskeleton architecture [42], and even the nucleus,
resulting in genotoxicity by disruption of DNA by TiO, nanoparticles [43].

Although there are undoubtedly a great number of cytotoxic mechanisms currently
unknown, those previously discussed show clear mechanisms and evidence that nanopar-
ticles found in foods could pose a potential risk to human health. However, a risk that
may arise or be is yet unknown. It inevitably depends greatly on the concentration of
nanoparticle administered, on the tissue environment and cells which a nanoparticle
encounters. Therefore, to understand bioavailability and toxicity, the environment of the
cell must also be understood.

§ 5.2 THEJOURNEY AND BIOLOGICAL EXPOSURE
OF NANOPARTICLES IN FOODS

5.2.1 The gastrointestinal system

The GIS is responsible for the breakdown, digestion of foods, the absorption of nutri-
ents, and the removal of waste. The GIS is a varied and complex series of mucosal mem-
branes and compartments each with a very different role and chemical environment,
all of which can greatly affect the material dissolution, particle—particle interaction, and
adsorption of nanoparticles into the body [44]. The GIS is over 30 feet long and has a
total absorptive area of more than 30 m’, giving it the greatest bioavailability and uptake
potential of all systems of the body [45]. This section aims to cover the role and environ-
ment of each area of the GIS and how this may aftect the bioavailability and behavior
of different nanoparticles.

5.2.2 The oral cavity

The oral cavity is a mildly acidic environment with a number of key enzymes that aid
the breakdown of foods. It is also home to a number of different cellular types each
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highly specialized for their role. These cell types typically belong to one of two classes
of oral tissues, the keratinized gingival tissue or the nonkeratinized tissue for the buc-
cal mucosa (including cheek, floor of mouth and surface of the tongue and lips, and
the mixed mucosa) [46]. The cells of primary contact with nanoparticles are gingival
epithelial cells. These cells line the surface of the gingiva (gums) acting as a barrier
layer protecting the body from unwanted materials [47]. The gingival tissues are com-
posed of multiple layers of cells that, like skin, regularly shed [47]. The upper layer of
the epithelium is formed of highly keratinized epithelial cells making the tissue highly
resistant to mechanical force and chemical damage from enzymes while having strong
cell to cell tight junctions [47]. Below this layer there are epithelial cells that will later
become keratinized and replaced. Below the epithelium, there is a small layer of fibro-
blastic cells that serve the role of maintaining the tissue composition and to remodel
it in the event of damage to the mucosal layer. Beneath the fibroblastic cells, there is
a single layer of macrophages that serve to defend the tissue from bacteria viruses and
foreign bodies such as nanomaterials. This layer is highly important as the macrophage
cells are capable of identifying foreign materials or cells and engulfing and destroying
them through phagocytosis [48]. Furthermore, in response to infection or penetration
of the tissue by foreign body, they can stimulate a defensive immune response creating
an increased influx of immune cells to the tissue as well as an increased permeability of
the blood vessels causing gingival bleeding. This process increases the speed of both the
breakdown and removal of foreign materials and infective agents to protect the body
from unregulated transport into the circulatory system.

As previously discussed the environment of the oral cavity is very mildly acidic with
a pH between 6.5 and 6.8 [49]. There are also a number of key enzymes, these include:
lysozymes—enzymes that kill bacteria; lactoferrin—anti-viral/bacterial enzyme that also
increases the absorption of iron ions into the body [50]; lactoperoxidase—a hydrogen
peroxide catalyzing enzyme that aids in the breakdown of both inorganic and organic
materials [51]. The influence of this environment and its enzymes on nanoparticles can
greatly determine their cytotoxicity, for example, the presence of high concentrations
of lysozymes may degrade peptidoglycan or biopolymer nanoparticles such as chitosan
used in oral heath care products. Similarly the presence of hydrogen peroxide producing
enzymes may accelerate the breakdown of metal-based nanoparticles through reactions
such as Fenton’s reaction, thus releasing metal ions at an accelerated rate having impli-
cations on toxicity [52]. Interestingly, lactoferrin has been shown to have a significant
stabilizing effect on nanoparticulate emulsions of curcumin, which is commonly used in
nanoparticulate forms as a food additive and colorant [53].

Although the knowledge of nanoparticle uptake in the oral mucosa is still in its in-
fancy, recent research has shown that many types of inorganic nanoparticles have very
low or no bioavailability or uptake into the body through the oral mucosa [44]. This
is suggested to be a result of multiple factors: a reduced rate of paracellular transport
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in the keratinized cells has been identified as a potential rational for these findings
[44,54]. Secondly, saliva flow, a viscous mucus that forms a tight covering continually
flowing away from the oral cavity, is thought to prevent the uptake of nanomaterials
[55]. Although inorganic nanoparticles may have a low absorption, the bioavailability
of lipid nanoparticles in the oral mucosa has been shown to be evidently greater [56].
The impact of this uptake on human health is currently not clear but the accumula-
tion of nanoparticles of foreign lipids may cause potential immune activation and
toxicity [57]. Although bioavailability and uptake into the body is an important de-
terminant of toxicity, nanoparticles can still cause harm even if not transported across
a mucosal barrier. This as demonstrated by the work of Best et al. who found ZnO
nanoparticulates used in toothpastes were cytotoxic to oral mucosal epithelial cells at
concentrations exceeding 0.31% w/v [44]. The long-term implications on oral health
from the exposure of nanoparticles in dental products and foods to this extent is not
well known. Furthermore, with very limited regulatory restrictions or definitions on
the use of these materials in oral exposure products a largely unknown risk exists that
must be addressed.

Once passing from the oral cavity, foods have been broken down into small particu-
lates via mastication (chewing) and mild enzymatic digestion. Now, small enough, the
foods travel through the esophagus to the stomach.

5.2.3 The esophagus

The esophagus derived from the Greek word oisophagos, meaning “to carry to eat,” is
a tubular tissue that connects the oral cavity and throat to the stomach and is formed
of a number of different key layers [58]. Its primary function is to ensure the smooth
passage of food from the mouth and throat to the stomach while also preventing the
content of the stomach from moving backwards [59]. This is achieved by both mus-
cular action and mucosa secretion to ensure safe transit. As such, the structure of the
esophageal tissue, the most inner layer of the lumen that is in contact with food is an
epithelial cell layer and mucosa. This serves two processes: firstly the secretion of a mu-
cous that lubricates while the epithelial cells act as a selective barrier to the absorption
of nutrients [59]. Below this layer there is a muscular mucosa and a major muscular
layer which contracts and relaxes the tissue to create a downward motion to drive the
food down. The correct function of this tissue is highly important to maintain correct
GIS function; therefore the interaction of nanoparticles is of high importance to food
research. Although there are still limited studies of nanoparticle uptake and absorp-
tion through the esophagus, it is considered a relatively low area of bioavailability and
uptake. This is for two reasons: firstly, the esophagus has relatively small absorptive area
compared to the other area of the GIS [59]. Secondly, the duration of contact time be-
tween food (or nanoparticles) and the esophagus tissue is typically seconds to minutes
whereas other tissues of the GIS, such as the stomach and intestines, are in contact with
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food materials for hours. However, some studies have found significant toxicity risks of
nanomaterials used as contrast agents in magnetic resonance imaging to the esophagus
[33]. These studies have shown links between the use of super magnetic iron oxide
nanoparticles and the development of tumors and a number of cytotoxicity mecha-
nisms including DNA damage, oxidative stress, changes in gene expression profiles,
disturbance in iron homeostasis, and disruption of signaling pathways and impairment
of cell cycle regulation [33].

As foods pass from the esophagus to the stomach, they reach the lower section of the
esophagus with the lower esophageal sphincter. Here, the sphincter relaxes passing the
food into the stomach, where it will be processed by chemical digestion [60].

5.2.4 The stomach

The stomach is a highly acidic environment with a pH typically ranging 1.5-3.5 [59].
It also has a high concentration of proteases enzymes that are released in response to
food entering the stomach [59]. These enzymes break down proteins and carbohydrate
ready for absorption in the small intestine. Although the stomach also can absorb amino
acids and small molecules, most of the absorption and chemical digestion actually oc-
cur in the small intestine, specifically, in the duodenum. However, when looking at
the factors that aftect nanoparticle behavior, the very low pH of the stomach can dra-
matically affect both the integrity and properties of nanoparticles [61]. Acid erosion of
metal-based nanoparticles such as silver can release much higher levels of metal ions
than other more neutral pH environments [61]. The release of high levels of metal ions
is extremely toxic to cells though the generation of reactive oxygen species leading to
oxidative stress [3,62]. Moreover, a range of nanomaterials such as chitosan and nano-
emulsions are also readily degraded in the stomach, changing their structural form, size,
and integrity [53,61]. As discussed previously, nanoemulsions of curcumin have been
stabilized against acid digestion in the stomach using the addition of lactoferrin and
enzymes of saliva [53]. This was proposed as a method to reduce the bioavailability of
curcumin, which has been shown to be cytotoxic and causing many side effects in clini-
cal trials. Curcumin is of particular concern as a colorant and additive in many foods as
it has been found to be an iron chelator, and thus reduces the uptake of nutritional iron
[63,64]. Although presenting an improved stability and reduced bioavailability within
the stomach, nanoemulsions were less stable when moving to the other parts of the
GIS. Most of the nanoemulsion breakdown was observed in the duodenum as this is
the main site of chemical digestion. However, the toxicity of these nanomaterials to
the stomach is not necessarily related to bioavailability, but to the form they take under
certain conditions. For example, the work of Wick et al. demonstrated the effect of
the pH of the environment and strong acids on the aggregation of carbon nanotubes
[65]. This work documents the reversal of the classical model of bioavailability linked
toxicology; the findings revealed a strange paradox by which nanotubes dispersed freely
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Figure 5.3 Scanning electron microscopy images of silver nanoparticles (stabilized with pvp) after
15 min exposure to synthetic human stomach fluid; (A) 75 nm silver particles and (B) 10 nm silver
particles. (Reproduced from S.K. Mwilu, A.M. El Badawy, K. Bradham, C. Nelson, D. Thomas, K.G. Scheckel,
T. Tolaymat, L. Ma, K.R. Rogers, Changes in silver nanoparticles exposed to human synthetic stomach fluid:
effects of particle size and surface chemistry, Sci. Total Env. 447 (2013) 90-98 [66] with permission from
Elsevier).

at neutral pH with a high bioavailability showed little toxicity. However, with change
in pH, the nanotubes were found to assemble into agglomerates of varying structure.
These structures, while having a lower bioavailability, had a greater cytotoxicity [65].
Furthermore, other nanomaterials have also been shown to aggregate under stomach
environmental conditions with silver nanoparticles commonly used in foods found to
aggregate and thus reducing their bioavailability [66]. Particle size can aftect bioavail-
ability; an example is given in Fig. 5.3 where silver nanoparticles of different particle
sizes stabilized with polyvinylpyrrolidone (pvp), which have been exposed to media
simulating stomach fluid for 15 min. It can be observed that whereas the bigger particles
maintain their individual particle shape, the smaller particles coalesce, showing higher
degree of transtormation and aggregation.

In contrast, for many materials, bioavailability is lower in the stomach. For the case
of zinc oxide nanoparticles, the gastric juice of the stomach has been shown to com-
pletely dissolve all tested nanoformulations [67], thus demonstrating a high bioavailabil-
ity through the release of zinc ions and the implications that they have to cytotoxicity.
Although this highlights the high range of variability in nanomaterials and how difticult
it is to predict their behavior, it also demands that we understand more about the risks
and mechanisms of these materials. Furthermore, this research highlights the importance
of the influence of strong pH environments and how it can influence on both bioavail-
ability and toxicity to biological systems. From the stomach, digested food (known as
chime) is passed through the pyloric sphincter by muscular contraction of the stomach
into the duodenum of the small intestine. Any unabsorbed or degraded nanoparticles
will pass with this low of digested food.
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5.2.5 The small intestine

The small intestine is formed of three district regions: the duodenum, jejunum, and
ileum. The duodenum is where most of the chemical digestion occurs [59]. As discussed
previously, the nanoparticle directed autoimmunity has been implicated in Crohn’s dis-
ease, which affects the endothelium of the duodenum [35]. It is thought that this mecha-
nism is caused by immune activation of macrophage in response to exposure to ultrafine
nanoparticles and materials in contact with the epithelium.

Moving from the duodenum and jejunum, chime moves into the ileum, a con-
tractile tissue that controlled the flow of foods based on chemical signaling. The ileum
has a pH of 7-8 and is more than 2 m long, having the greatest surface area of any of
the tissues of the GIS with more than 20 m’ [45]. This property has evolved for the
purpose of nutrient uptake from foods and, as such, is thought to be the main site of
nanoparticle bioavailability and uptake of the GIS. Further to this, as discussed previ-
ously, many materials agglomerate in the stomach which reduces their bioavailability
[66]. However, it is in the small intestine, specifically in the ileum, where the reduction
of pH has shown that silver nanoparticles redisperse, increasing their bioavailability to
the ileum epithelium [68].

The ileum epithelium is a highly sensitive tissue and has a great number of nerve
collections and a supporting sympathetic nerves system which controls the contrac-
tion wave of the ilium that determines the movement rate of the chime. The effects of
metals on this tissue have long been known with papers back as far as 1971 showing
zinc and cobalt ions interfering with this natural contraction process. These metal ions
did not only cause the contraction of the ilium, but also spasm and thus reducing food
transit rate and the absorption profile [69]. With zinc nanoparticles so commonly
used in foods, and known to dissolve in the acids of the stomach, the generation of
zinc ions from everyday foods is of high likelihood and of huge risk to the long-term
health of the ileum. Further to this, there are numerous studies documenting the
transport and high bioavailability of nanoparticles across the ileum epithelium reach-
ing the circulatory blood [70]. These include titanium dioxide and silver, both present
in many food and oral health care products [70]. Based on these findings, the ileum
can serve as the main entry point to the body for most nanomaterials in foods, giving
them access to the circulatory blood, which as previously discussed, can lead to acu-
mination in many organs and tissues of the body [28].With the implications of these
findings to human health, it is of critical importance that food and drug regulators
tighten their requirements over the use of these materials, zinc, silver, and titanium
dioxide, in food.

As the ileum removes almost all the remaining nutrients from the chime, the
indigestible food (waste) moves into colon where water and remaining nutrients are
removed to form the final stool.



Bioavailability of Nanomaterials and Interaction With Cells

91

5.2.6 The colon

The colon plays an important role in removing large amounts of water and salt from the
digested food and, as such, is highly important to maintain water homeostasis in the body
[59]. The colon is also home to billions of bacteria that are essential to its correct function-
ing serving as a major part of the body’s natural microflora, with up to 5000 species present
in the GIS [71,72]. These bacteria play a critical role in the immunological and digestive
function of the GIT. These include the regulation of colonic enterocyte health through
the production of short-chain fatty acid butyrate, vitamin B12 and modification of certain
drugs and plant toxins reducing their toxicity [72—74]|. Furthermore, the microflora of the
colon plays an important role in the immune system maturation and education, while also
preventing the growth of pathogenic species of bacteria harmful to the body [70,75]. The
influence and negative eftects of changes to this remarkable environment have been found
to have wide ranging implication from cancer risk [76] to xenobiotic metabolism [70,77].

The uptake of nanoparticles in the colon is not well studied but is thought to be less
than that of the small intestine. However, due to the important balance of microflora
in the colon, the presence of antimicrobial nanoparticles in foods for storage and preven-
tion of spoilage could potentially impact the function of the colon through alteration of
the function of the microflora. A recent study by Taylor et al. on the influence of metal
oxide nanoparticles on gut microflora phenotype revealed small but significant changes
in microflora expression. The authors of the paper proposed this as a possible cause for
the development of inflammatory diseases such as ulcerative colitis through changes in
expression or in native bacterial population [78]. Other relevant research has found that
the epithelial cells of the colon are also highly sensitive to platinum nanoparticles, with
cytotoxicity directly related to size of the nanoparticle, and smaller particles increasing
cellular death [79]. That research also demonstrated that the toxicity mechanisms were
not as expected through metal ion driven free radical generation and oxidative stress, but
through other unknown mechanisms of toxicity [79]. These findings demonstrate the
huge area of cytotoxicity mechanisms unknown to current knowledge and that many
nanoparticles may not only have one mechanism of toxicity but perhaps several. Fur-
ther to this, any cytotoxic effects on the tissue of the colon can potentially lead to both
compromised barrier function and water homeostasis, both critical to many systems of
the body. To illustrate the toxicity of platinum nanoparticles, Fig. 5.4 shows a scanning
electron microscopy (SEM) image of slices (20 nm thick) of human colon carcinoma
cells (so-called HT29) which have interiorized Pt nanoparticles.

The risks of nanoparticles from foods to the health of the colon are already evident
from the available literature, with the highlighted links discovered between inflamma-
tory disease in the colon (colitis) and the increase in the use of nanomaterials. It is of
critical importance that toxicities of nanomaterials with the colon and the small intestine
are areas of intense research focus in the future.
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Figure 5.4 Detection of platinum particles in the interior of HT29 cells after incubation (<100 nm par-
ticles at a concentration of 1000 ng/cm’ for 24 h) (A-C) Images of different sections of the HT29 cell
arrows mark small platinum clusters. (Reprinted with permission from J. Pelka, H. Gehrke, M. Esselen, M.
Tiirk, M. Crone, S. Brdise, T. Muller, H. Blank, W. Send, V. Zibat, P. Brenner, R. Schneider, D. Gerthsen, D. Marko,
Cellular uptake of platinum nanoparticles in human colon carcinoma cells and their impact on cellular
redox systems and DNA integrity, Chem. Res. Toxicol. 22 (4) (2009) 649-659 [79]. Copyright 2009 American
Chemical Society).

5.3 CONCLUSIONS

The global increase seen in inflammatory disease aftecting the gastrointestinal tract
including ulcerative colitis and Crohn’s disease has been linked to the increases in pro-
cessed foods and the use of nanoparticles in foods [35,80]. Although there is currently
insufficient evidence strongly linking these findings, evidence of the risks of cytotoxicity
and systemic toxicity posed by nanoparticles is evident. With these present risks identi-
fied in current food production and with the continued development of nanoparticle
technologies, it is the role of regulatory bodies to ensure the protection of the general
public. It is widely accepted in the scientific field that the current methods of analysis
of toxicity are not sufficient to understand all the risks posed by nanoparticles in foods.
Therefore, a dynamic change is needed to ensure the continued safety of foods.

The advent of new nanoparticle technology has yielded a huge benefit to food sci-
ence and holds much promise for many future developments. However, the role of
food and life scientists in this developing industry is paramount to understanding more
about these materials and how they can interact with the human body to understand the
risks they pose to human health.
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6.1 INTRODUCTION

There has been a remarkable growth of nanotechnology and growing interest
in the application of engineered nanoparticles (ENPs) in several products over the last
decade [1,7]. This growth of interest has been associated with increased concern for
human and environmental health due to the potential toxicological implications of en-
gineered nanoparticles released into the environment which could have reversible or
irreversible effects on microbial-dependent processes [1]. Despite the great research at-
tention commanded by (ENPs) eftect on biological systems in recent years, there is still
a considerable challenge in the analytical procedures and evaluation [2—4]. ENPs exert
their antimicrobial effect through a wide range of mechanisms including the formation
of reactive oxygen species (ROS), disruption of microbial physiology and metabolic pro-
cesses although there is growing evidence that the ENPs could also augment microbial-
mediated processes in the ecosystem [4,6,8].

Interaction mechanisms between nanoparticles and microorganisms are not yet fully
understood [1,8]. The complexity comes with the particles ability to bind and interact
with biological matter and change their surface characteristics, depending on the envi-
ronment they are in [1,2]. Recent studies on nanoparticle—cell interaction mechanisms
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indicated that cells readily take up nanoparticles via either active or passive mechanisms.
In contrast intracellular mechanisms and pathways are more difficult to understand as
even particles of the same material can show completely difterent behavior due to, for
example, slight differences in surface coating, charge, or size. This makes the catego-
rization of nanoparticle behavior, when in contact with microbes, intricate and thus
nanoparticle toxicity is not straightforward. Therefore the entry route of ENPs and their
toxicity need to be understood.

S 6.2 NANOPARTICLES PROPERTIES AND REACTIVITY

The small size of ENPs confers unique physicochemical properties different from
its bulk counterpart, offering a broad spectrum of application in consumer products.
ENPs can be of spherical, tubular, or irregular shape, be present in fused or aggre-
gated form and are usually designed for a particular product manufacture [3]. Their
novel properties are influenced by their homogeneous nature, size of the particle, shape,
surface charge, zeta potential, solubility, aggregation potential, interaction with other
compounds, and ligands in the medium. ENPs of 1-10 nm exhibit extraordinary prop-
erties in relation to their electronic, magnetic, optical, and catalytic reactions when com-
pared with their atomic/molecular and bulk counterparts [3]. Concepts on the special
properties of nanoparticles have been discussed in Chapter 1 of this volume. Alteration
in physicochemical properties by adsorption influences the nature of ENPs and the
surface charge plays a prominent role in the adsorption process. The unique surface of
pristine ENPs could be chemically and biologically functionalized or modified by or-
ganic matter and microorganisms. Also, the release of functionalized or embedded ENPs
is affected by environmental conditions, for example, light, oxidizing agents, or microbial
interactions [4].

S 6.3 NANOPARTICLES APPLICATIONS AND THE ENVIRONMENT

ENPs are produced through the structural organization of groups of atoms and
molecules with one dimension of 1-100 nm. ENPs are materials with unique charac-
teristics and enhanced functionalities which attract considerable interest for research and
consumer product application [5]. ENPs can be of spherical, tubular, or irregular shape,
be present in fused or aggregated form, and are usually designed for a particular prod-
uct manufacture. Their unique properties are influenced by their homogeneous nature,
size of the particle, shape, surface charge, zeta potential, solubility, aggregation potential,
interaction with other contaminants, and ligands in the medium.

ENPs such as silver oxide (Ag'), zinc oxide (ZnO), titanium dioxide (TiO,), cerium
oxide (CeQ,), and silicon oxide (SiO,) are widely used in consumer products due to
their broad microbiocidal and microbiostatic properties and their selective toxicity to
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microorganisms [8]. More than 1500 consumer products in the health and fitness sector,
pharmaceuticals, food, and textiles personal care products, cosmetics, pesticides, paints,
sprays, preservatives, diagnostics, therapeutics, surgical devices, nanomedicine, water and
wastewater treatment, and formulations for soil remediation contain ENPs [6,7]. ENPs
are known to associate with organic materials in sewage sludge, and it is perceived that
the environment will be inundated with aged-ENPs released from consumer prod-
ucts into wastewater treatment plants during sludge disposal and effluents discharges
[8,9] However, there are no empirical records of residual ENPs in environmental media
which heightens environmental health concern to date [8].

6.4 ENGINEERED NANOPARTICLES AND TOXICITY
6.4.1 ENPs and microbiological indices for evaluation

Currently, there are no accepted protocols for toxicity and exposure assessment of ENPs.
However to measure toxicological end points, there is a need to fully understand and
characterize the ENPs [4,10]. Otherwise, possible toxic effects cannot be easily attributed
to a certain property of the ENPs or even the ENP itself because, for example, impurities
and other components could be held responsible. Therefore a number of parameters have
been recommended as critical requirements for evaluating ENPs reactivity and toxicity
including (1) solid-water partition coefticient; (2) octanol-water partition and affinity
coetlicient; and (3) reaction rate constants. Such information provides an understanding
on how ENPs dissolve, precipitate, and degrade [10]. In addition to these parameters,
the measure of primary particle size; surface area; zeta potential; impurities; presence of’
natural organic matter (NOM); and divalent ions in the medium are required to measure
ENPs toxicity [4,10]. The biological end points used in the measurement of toxic effect
on microbial species include microbial activities, community structure and dynamics,
abundance and diversity, species richness, evenness, redox activity, growth, reproduction,
synthesis of secondary metabolites such as exopolysaccharides and biofilm formation,
bioluminescence, disruption of cell wall/membrane, enzyme activity, alterations in ge-
netic information, and oxygen uptake rate due to cryptic growth or endogenous respira-
tion which vary for diftferent organisms [11,12].

6.4.2 Causal mechanism of ENPs toxicity

ENPs concentration or dose regime is one of the key parameters needed in nanotoxicol-
ogy to draw meaningful conclusions from in vitro and in vivo experiments for health
and environment risk assessment. Thus, nanotoxicology should be determined using
nanoparticle dose based on real-world doses rather than unrealistically high doses to
achieve a biological response. Generally, toxicity bioassays directly expose the targeted
microbial species to ENPs concentrations in diluent. Prior to exposure, in most studies,
the ENPs are pretreated by sonication, filtration, dispersion, and drying [13]. However,
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the pretreatment processes can reduce or enhance the bioavailable ENPs and ultimately
influence microbial response in a static or continuous flow toxicity assay [13]. The major
mechanisms by which ENPs exhibit toxic effect on microorganisms include the fol-
lowing: (1) oxidative stress from ROS causing lipid peroxidation and alteration of cell
permeability, leaking of intracellular content and death [14]; (2) the release of ions and
free radicals to interact with key receptors causing protein and amino acid, DNA and
nucleotide oxidation, and strand breakage indicated by disruption of microbial activity,
physiology, and enzyme functions [11,15,16].

6.4.3 Physico-chemical and biological characteristics dependent toxicity
6.4.3.1 Particle size/shape influences ENPs toxic effect

A major determining factor of ENPs toxic effect is the particle size. The smaller the
diameter of a spherical ENP the more the surface-to-volume ratio increases which is
accompanied with an increased chemical reactivity and toxicity to microorganisms (12;
Table 6.1 summary).

For example, the cytotoxic effect of Ag’ nanoparticles with particle size <30 nm
on E. coli and S. aureus [25] is more pronounced than Ag’ nanoparticles with particle
size ranging between 80 and 90 nm [31]. In other study, Ag’ nanoparticles with particle
size <5 nm and in suspension with diverse components in wastewater are toxic to nitri-
fying bacteria in activated sludge [74]. Apart from particle size and dose response, shape
also plays a role in nanotoxicity, for instance, Ag’ exist in the triangular, spherical, or rod-
shaped forms. However, when the effects of these three distinct shapes are compared, the
truncated triangular form of Ag’ exerted more bactericidal effect on E. coli in both agar
plate and broth cultures [75].

6.4.3.2 lons mediate ENPs toxic effect

The release of ions by ENPs is a potent mechanism to exert toxic eftect on micro-
organisms in different media. However complexion reactions occurring with organic
compounds in complex environmental matrices can mitigate such effects by diluting
the ion concentrations [76]. The release of ions is also dependent on the alkalinity and
hardness of the medium whereas the toxic effect of the released ions depends on the
bacterial cell wall composition [70]. The presence of divalent cations interact to form
ion bridge with the bacterial cell wall which exacerbate ENPs toxic effect [8,77]. In
addition, ENPs such as ZnO, TiO,, and SiO, are phototoxic due to the formation of
ROS and free radicals that are enhanced in the presence of light [16,78,79]. However,
comparative studies show that C, fullerenes readily associate with E. coli than B. subtilis
and suggest differences in sorption potential due to surface charges [52]. Similarly, Ag"
preferentially bind to glycoprotein spikes of HIV-1 viruses [80], although opinions are
divergent for role of bacterial cell wall and its charges on difterent ENPs sorbed to
it [8].



Table 6.1 Summary of antimicrobial activity of engineered nanoparticles

ENPs Size (hnm)  Test organism Effect on microorganism References
Ag’ (Shewanella oneidensis ~2-11 Escherichia coli, Bacillus subtilis, MIC of 2.0, 0.5, and 3.0 ug/mL for [17]
synthesized) S. oneidensis E. coli, B. subtilis, S. oneidensis
Ag0 3-8 E. coli, B. subtilis, S. oneidensis MIC of 6.0, 2.0, and 6.5 pg/mL, [17]
respectively
Ag'-B-CD, Ag’ 4-7,17 E. coli ATCC 11229, Pseudomonas ~ Capped Ag’ exhibited about 3.5-fold [18]
aeruginosa ATCC 27852, higher antibacterial activity than
Staphylococcus aureus ATCC 25923 uncapped form
Ag” (Sesuvium portulacastrum 520 Bacteria (P. aeruginosa, S. aureus, Antibacterial and antifungal activity [19]
L. callus and leaf extract L. monocytogenes, Micrococcus luteus, — with inhibitory zones of 823 mm and
synthesized) Klebsiella pnuemoniae), Fungi 12—-18 mm, respectively
(Alternaria alternaria, Penicillium
italicum, Fusarium equisetti, and
Candida albicans)
Ag’ 8.4, 16.1,  Streptococcus mutans Particle size dependent toxicity with [20]
98 MIC of 101 £ 72.03, 145 £ 104.88, and
320 + 172.88 pg/mL, respectively
Ag’ ~9 E. coli Inhibition of AgNO; preexposed bacteria  [21]
at 3 uM
Ag’ 9-12 Nitrifying bacteria Inhibition of microbial growth at ECs, of  [22]
0.14 mg/L
Ag(’ 10, 30—40, Methicillin resistant S. aureus MICy, and MICy at 1.35 mg/mL, MBC  [23]
and ~100 value inhibited 100% of bacterial growth
Ag’ ~ 12 E. coli 70% inhibition of bacterial activity with [24]
10 ug/mL
Ag’ 20-25 E. coli, P. aeruginosa, S. aureus MIC of 0.53, 0.37, and 0.74 ug/ [25]
mL compared with 0.83, 1.33, and
0.42 pg/mL for gentamicin, respectively.
Ag’ 20-25 C. albicans MIC of 6 lg/mL compared with [25]
64 ng/mL fluconazole, and 0.25 pg/mL
amphotericin B
(Continued)
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Table 6.1 Summary of antimicrobial activity of engineered nanoparticles (cont.)

ENPs Size (hnm)  Test organism Effect on microorganism References
Ag’ 20-25 Mycobacterium smegmatis MIC of 0.46 ng/mL compared with [25]
0.85 pg/mL rifampicin
Ag’ 20-25 Cryptococcus neoformans, C.albicans, ~ MIC of 3, 6, and 25 (lg/mL, respectively — [25]
Aspergillus niger
Ag’ (Aspergillus clavatus 20-25 E. coli, Pseudomonas fluorescens, Bacterial MIC of 5.83 pug/mL and fungal  [26]
synthesized) C. albicans MIC of 9.7 ug/mL
Ag’ (Streptomyces 20-30 B. subtilis, Enterococcus faecalis, E. coli, Broad spectrum growth inhibition of test  [27]
hygroscopicus synthesized) Salmonella typhimurium, C. albicans ~ organisms at 1% v/v
Ag" (Acalypha indica leaf 20-30 E. coli, Vibrio cholerae MIC of 10 pg/mL [28]
extract synthesized)
Ag'-cellulose 20-45 E. coli, S. aureus MIC of 2.7 and 5.4 pg/mL, respectively  [29]
Ag-TiO, 250-300  C. neoformans, C.albicans, A. niger ~ MIC of 3.1, 6, and 12.5 ug/mL [25]
respectively
Ag’-TiO, 250-300  Uropathogenic E. coli MIC of 0.24 pg/mL [25]
Ag’-TiO, 26-56 Nonpathogenic E. coli BL-21 MIC of 25.46 ug/cm’ [30]
Ag' 15-21 E. coli PHL628-gfp MBC of 38 and 10 mg/L killing 99.9%  [22]
of planktonic and biofilm bacterial
population
Ag’ 7,29,and E. coli ATCC 25922, S. aureus MIC of 6.25, 13.02, and [31]
89 ATCC 25923 11.79 ug/mL, and 7.5, 16.67, and 33.71
for the respective sizes
Ag’ (Myramistin stabilized) 10 + 1.8  E. coli ATCC 25922, S. aureus MIC of < 1 pg/mL (E. coli) and 5 ug/mL [32]
FDA 209P (St. 209) strain, (S. aureus) on liquid medium, 2.5 pg/L on
Leuconostoc mesenteriodes VKPM both liquid and agar plates. 5 plg/mL for
B-4177, Saccharomyces cerevisiae L. mesenteriodes, S. cerevisiae, and A. niger
RIA 259, and A. niger
Ag' 13.83 E. coli (ATCC 700926), B. 100% inhibition of E. coli at 1.589 ug/mL  [33]

subtilis (ATCC 9372), S. cerevisiae
(ATCC 26108)

after 1 h, two orders of magnitude
lower effect on B. subtilis than E. coli, no
observable inhibitory effect on S. cerevisiae
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Ag’ 100 Estuarine sediment bacterial No observable effect on bacterial density — [34]
consortia and genetic diversity after 30 days
exposure at 25 (lg/L or 1000 pug/L
Ag’-TiO, <5 E. coli 98% growth inhibition at 1.2 ug Ag’/mL, [35]
100% inhibition at 2.4 ug Ag’/mL
whereas < 3 nm Ag/TiO, of 3.9 mg/L
produced 99.9% inhibition
Ag’ 10-20 E. coli, S. aureus MIC of 209 nug/mL for E. coli and [36]
433 ng/mL for S. aureus
Ag’ 100 Multidrug-resistant P. aeruginosa MIC of 66.7 £ 17.7 mM for ERSP, [37]
(MRPA), ampicillin-resistant E. coli 83.3 £ 16.7 for AREC and MRPA. 99.7,
0157:H7 (AREC), erythromycin-  95.7, and 92.8% MBC at 50 mM to
resistant Streptococcus pyogenes ERSP, AREC, and MRPA, respectively.
(ERSP)
Ag’ 5 E. coli ATCC 8739 Complete inhibition of growth and [11]
viability at 10 pg/mL for 10 cfu/mL
Ag"-TiO, 100 E. coli WP2 trp uvrA Complete photoactivated inhibition of [38]
growth and viability at 2.0 mg/L. TiO,
alone had no observable effect
Ag’ (JS47N and SO-01) 20-50 Microcystis aeruginosa Selective reduction in composition ratio  [39]
(cyanobacterium) of M. aeruginosa from 95.5% to 49% and
21% after 10 days incubation at 1 mg/L.
Growth inhibition by 87%
Ag’ (Hydrophilic) ~7 E. coli, Shigella sonnei, Bacillus MIC of 100 pg/mL (E. coli), 215 pg/mL  [40]
megaterium, Proteus vulgaris, (S. sonnei), 275 wg/mL (P. vulgaris),
S. aureus 300 ng/mL (B. megaterium), 350 [lg/mL
(S. aureus)
Ag’ (Bacillus licheniformis 50 P. aeruginosa, S. epidermidis 95 and 98% disruption in extracellular [41]
synthesized) polymeric substance/ biofilm formation at
24 h exposure to 100 nM whereas 50 nM
resulted in 50% reduction. 12 + 1.2 mm
(S. epidermidis) and 9.5 + 0.9 mm
(P. aeruginosa) zones of inhibition
(Continued)
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Table 6.1 Summary of antimicrobial activity of engineered nanoparticles (cont.)

ENPs Size (hnm)  Test organism Effect on microorganism References
Ag’ (A. niger synthesized) — 3-30 E. coli, S. aureus, A. niger, Bacillus ~ Growth inhibition with zone diameters of [42]
species 12 mm (A. niger), 9 mm (S. aureus), 8 mm
(Bacillus sp and E. coli)
Ag’ (Banana peel extract 100 C. albicans (BX and BH), C. lipolytica Inhibitory zones for C. albicans BX [43]
synthesized) (NCIM 3589); Citrobacter koseri (12 mm), C. albicans BH (13 mm),
(MTCC 1657), Enterobacter aerogenes E. aerogenes (13 mm), E. coli (14 mm),
(MTCC 111), E. coli MTCC 728), Klebsiella sp (17 mm); no inhibitory effect
Klebsiella sp, P. vulgaris MTCC 426) on C. koseri, P. vulgaris, P. aeruginosa
P. aeruginosa (MTCC 728)
Ag’, CuO, ZnO 10, 33, and Pseudomonas putida KT2440 Dose-dependent bacteriostatic effect [44]
50-70 on light output at > 0.2 mgAg'/L,
10 mgCuO/L, < 7 mgZnO/L, whereas
lower concentrations of ZnO had
stimulatory effect on light production
Ag'- Tribulus terrestris 1628 Mutidrug resistant S. aureus, High bactericidal activity with inhibition  [45]
synthesized B. subtilis, E. coli, P. aeruginosa, zone range of 9.25— 10.75 mm
S. pyogenes
Ag’ (citrate capped) 10 E. coli KACC10495, B. subtils Colony forming rates of 0.5% (E. coli) and [46]
KACC10111 77.5% (B. subtilis) at 10 mg/L
Ag"-Graphene (GrO) 5-25 E. coli, P. aeruginosa, Concentration-dependent growth [47]
hybrid inhibition of different Ag’-GrO hybrids
Ag’ 1521 Autotrophic nitrifying bacteria More than 80% growth inhibition by [22]
1 mg/L
Au, Ago, Fe,O, 10, 2, Photobacterium phosphoreum No inhibition of luminescence at 28, 45,  [48]
and 7, and 52 ng/mlL, respectively
respectively
AL,O, <50 E. coli WP2 trp uvrA, No mutagenic eftect or growth inhibition [38]
on test organism
Alumina 179 E. coli, Mild to moderate inhibition of [49]

microbial growth at a concentration of
10-1000 pg/mL
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Boron 10-20 Vibrio fischeri NRRL B-11177 Toxic with EC;; of 55.85-65.98 mg/L [50]
at 1 and 60 days of the solution age,
respectively

CeO, 6.5 V. fischeri More than 80% inhibition of [51]
luminescence at MIC of 0.064 mg/mL

CeO, <25 Cyanobacteria Anabaena CPB43337 24 h EC;, of 0.27-6.3 mg/L with [15]
menbrane disruption and cell damage

CO;0, <50 S. typhimurium TA 97a and TA100, No mutagenic potential or growth [38]

E. coli WP2 trp uvrA inhibition on test organism at tested
concentrations

Cq, Fullerenes Variable E. coli, B. subtilis MIC of 0.5-1.0 mg/L and 1.5-3.0 mg/L, [52]

and respectively
dependent
on medium

CuO <50 S. typhimurium TA 97a and TA100 Low mutagenic potential to test organism |38
at specific concentrations

CuO ~30 V. fischeri Toxic with 72 h EC5, value of 79 mg/L,  [53]
MIC value of 200 mg/L

Cu-doped Ti0O, 20 M. smegmatis, S. oneidensis MR-1 High toxicity level compared with no [54]
observable effect at < 100 mg/L of TiO,

Fe,O,, Au 8,5 E. coli Dose-dependent microbiostatic effect by [55]
Fe,O, (50200 png/mL); no observable
effect by Au (25-100 pg/mL)

Fe,O, 6 V. fischeri EC; of 0.24 mg/mL [51]

Fe and Cu 25,25 Trametes versicolor Significant reduction of lignocellulolytic  [56]
enzymes; B-glucosidase, B-xylosidase, and
cellobiohydrolase at 0.1 mmol/L after
24 h. Reduction in laccase production by
copper nanoparticle. Production profile of
enzymes not growth related

TiO, (81% anatase, 15—20 and Soil microbial consortia Altered microbial diversity, low DNA [12]

19% rutile) and ZnO 20-30 and changes in bacterial composition at

(100% zincite) 0.5 mg/g soil after 60 days exposure

(Continued)
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Table 6.1 Summary of antimicrobial activity of engineered nanoparticles (cont.)

ENPs Size (hnm)  Test organism Effect on microorganism References
TiO, 15-30 E. coli, P. aeruginosa Particle size dependent bactericidal effect  [57]
on test organisms
TiO,, SiO,, and ZnO 330, 205, E. coli, B. substilis Photo-induced bactericidal activities on [58]
and 480 B.subtilis (75%) and E. coli (44%), SiO,
least toxic
Ti0, < 100 V. fischeri No toxic effect at a concentration of [59]
1000 mg/L
TiO,, Au-capped TiO, 12-18, E. coli DH 50, B. megaterium QM 60%—100% killing efficiency by [60]
5-10 B1551 photocatalytic formation of reactive
oxygen species (ROS)
TiO, 7.5 V. fischeri Only 21% inhibition of luminescence [51]
detected at a maximum concentration of
1.12 mg/mL
TiO, and ZnO 30 and 50  S. typhimurium strain TA98, TA1537 Concentration-dependent uptake and [61]
and E. coli (WP2 uvrA) internalization of nanoparticles with 8
and 80 ng/mL after 60 min. Exhibition of
weak mutagenic effect.
TiO, 25-70 V. fischeri Not acutely toxic: ECs, >20 g/L even at  [53]
8 h exposure in the dark, MIC: >20 g/L
TiO,, CuO, ZnO and Ag(), 25, 30, 70, Wild type E. coli AB1157 (pSLlux), TiO, inhibited viability at > 4,000 mg/L, [62]
fullerene and <100 E. coli sodABC strain AS391 but stimulated luminescence at 100 mg/L.
respectively (pSLlux), E. coli K12:s0xRSsodAlux 2 h EC;, of 8.1 and 2.0 mg/L (CuO),
46 and 3.1 mg/L (Ag"), 4.5 and 54 mg/L
(ZnO) for triple sod mutant and wild
type, respectively. Fullerene inhibited
bioluminescence of sod triple mutant at
3,882 mg/L but NOEC on wild type at
20,800 mg/L
TiO, <100 E. coli WP2 trp uvrA Induced marginal mutagenesis to [38]

organism
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Ti0,, ZnO, CuO 25-70, S. cerevisiae TiO, not toxic at ECy, of > 20 g/L; [63]
50-70, 8 and 24 h EC;; of 20.7 mg CuO/L,
and 30, 13.4 mg CuO/L and 121-134 mg
respectively ZnO/L and 131-158 mg ZnO/L,
respectively
Ti0, 79 E. coli sodABC Phototoxic effect by reactive oxygen [64]
species
TiO, 6 V. fischeri NRRL B-11177 EC;, range of 56—-66 mg/L was [50]
dependent on the age of TiO, solution
TiO, 6—40 V. fischeri 14% loss of bioluminescence, low [33]
toxicity in aqueous medium, LOEC
of 500-1000 mg/L (ECs, of 650.6 and
940.6 mg/L)
Ti0O,, Al,O;, ZnO, SiO, 50, 60, 20, B. subtilis, E. coli, P. fluorescens Toxicity at 20 mg/L: ZnO (100% toxic [16]
and 20, effect on all organisms), ALO; (57, 36, and
respectively 70%, respectively), SiO, (40, 58, and 70%,
respectively), TiO, (low toxic effect).
Zero-valent iron 20-30 B. subtilis var niger, P. fluorescens Complete bacterial inactivation at [65]
nanoparticles 10 mg/mL, 95 and 80% inactivation
at 0.1 and 1 mg/mL, respectively, for
B. subtilis var niger, complete inactivation
of P. fluorescens at both concentrations
ZnO 20 S. oneidensis MR-1, E. coli No growth inhibition at > 40 mg/L in [54]
aquatic media whereas aerosolized particle
of 480 nm and 20 nm was toxic
ZnO 20-45 S. aureus, E. coli Enhanced antibacterial effect of [66]
ciprofloxacin (27 and 22% increased
inhibition zones for S. aureus and E. coli,
respectively).
ZnO 70 E. coli 0157:H7 Microbial growth inhibition at [67]
=12 mmol/L
ZnO 480-4000  B. subtilis CB310, E. coli DHSoU Growth inhibition by 90% at 10 mg/L [59]
(B. subtilis), 48% at 1000 mg/L (E. coli)
(Continued)
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Table 6.1 Summary of antimicrobial activity of engineered nanoparticles (cont.)

ENPs Size (hnm)  Test organism Effect on microorganism References
ZnO <100 E. coli WP2 trp uvrA Induced marginal mutagenesis to [38]
organism but no growth inhibition
ZnO 24-71 and E. coli and V. fischeri MIC of 200-250 mg/L and 100 mg/L for [68]
90-200 E. coli and V. fischeri, respectively
ZnO 100-150  Streptococcus agalactiae, S. aureus Inhibition of microbial growth at 0.12 M [69)]
concentration
ZnO 50-70 V. fischeri Growth inhibition, bactericidal: 30 min [53]
EC;, of 1.1-1.9 mg/L at 20 g/L, MIC
value of 100 mg/L
Zn0O, ZnO-PVP, ZnO-PS 4,5, 10 L. monocytogenes, E. coli 0157:H7,  Dose-dependent bactericidal effect [70]
Salmonella enteritidis at > 0.3 mg/mL ZnO-PVP, bacteriostatic
effect of ZnO powder. No observable
inhibitory effect with ZnO-PS
ZnO and ZnO-Brij-76 10.4 £ 1.2 Anabaena flos-aquae (cyanobacteria) Size- and capping agent-dependent [71]
and decrease in photosynthetic activities
127 £ 1.6 and cell death. ZnO and ZnO-Brij-76
stimulation of cyanobacterial
photosynthetic activity after 10 days
ZnO ~30 Campylobacter jejuni, Salmonella MIC of 0.05-0.025 mg/mL (C. jejuni), [14]
enterica serovar enteritidis, E. coli 0.4 mg/mL (S. enterica and E. coli)
Ag(’, ZnO, TiO, 2040 Activated sludge microbial Bactericidal effect on Nitrosomonas, [72]
community Nitrobacter, and Nitrospira
Ag', ZnO, TiO, 20—40 Methanogens in sewage sludge 80% reduced abundance and diversity [73]

anaerobic digester

of methanogens with nanotolerant
Methanosarcina acetivorans and M. barkeri;
toxic to sulfate-reducing bacteria

Ag', silver oxide nanoparticles; TiO,, titanium dioxide nanoparticles; ZnO, zinc oxide nanoparticles; SiO,, silicon dioxide nanoparticles; CeO,, cerium (iv) oxide
nanoparticle; ECs, effective concentration of substance that generates 50% reduction in bioluminescence; B-CD, B-cyclodextrin; TOPO, Tri-n-octylphosphine oxide;
Brij-76, polyoxyethylene stearyl ether; PVP, polyvinylpyrrolidone; PS, polystyrene; MBC, minimum bactericidal concentration; CO;0y, cobalt oxide; AL O,, aluminum
oxide; CuO, copper oxide; TiCl,, titanium tetrachloride; Au, gold nanoparticle; LOEC, lowest observed effect concentration; NOEC, no observed effect concentration;

MIC, minimum inhibitory concentration.
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6.4.3.3 Effective ENPs toxic dose depends on cultural conditions

The amount of a substance on a target organism, a system or subpopulation in a specific
frequency for a defined duration, commonly called the dose [81], is important in the
measurement of toxicity. However, determining the effective dose of ENPs in contact
with microbes in a defined or complex medium is a challenge because of potentiation,
additive, and synergistic or multiplicative phenomena with micro-components in the
medium [82]. ENPs generate different ions in different media, for instance, TiO, gen-
erated hydroxyl radicals in ultrapure water and superoxide in minimal Davis microbial
growth medium (microbial broth used to isolate and characterize nutritional mutants
such as E. coli and B. Subtilis mutants) [64].

In addition, aerosolized ENPs have been shown to be more toxic than their nanoag-
gregate form in aquatic media. For example, aerosolized ZnO nanoparticles are more toxic
to S. oneidensis and E. coli two commonly bacterial species used in microbial toxicity than in
the ZnO nanoaggregate form [54]. In contrast phosphate buftered solution mitigated ZnO
nanoparticles toxic effect on E. coli and S. aureus growth and viability compared to deion-
ized water and normal saline solution [83]. ZnO nanoparticles were used in these studies
because their toxic effect is linked to both photocatalytic potential and ROS production.
Furthermore, ENPs effect in batch, continuously fed reactors, aerobic and anaerobic pro-
cesses [0,72] vary and can influence the effective dose in a particular medium. It is common
knowledge that the physicochemical properties and the presence of solids can influence
ENPs behavior and reaction [72]. However, aggregated Ag’ nanoparticles are more toxic
to E. coli than the dispersed form due to incomplete sulfidation of Ag’ [84]. The insights
from these findings have significantly altered the mode to predict ENPs effect on microbes
and raise further questions on how ENPs react and behave in complex medium. Recently,
studies have demonstrated that ENPs are selectively toxic to different groups of microor-
ganisms in activated sludge [6,72,85] and on methanogens during anaerobic digestion [73]
and this feature was influenced by the complex composition of the environmental media.

6.4.3.4 Selective toxicity of ENPs on microbial ecophysiology

The cell wall/membrane maintains structural integrity, osmotic balance and regulates
transport essential for the survival of the microorganisms. A disruption of these key func-
tions results in loss of viability and cell death (Fig. 6.1).

The bacterial cell wall composition and their charges [72] can either enhance or
attenuate ENP bactericidal effect, although consensus is yet to be established on the re-
lationship between ENPs surface charge and charges on bacterial cell wall. For instance,
Ag” nanoparticles produce ions (Ag’) that exert toxic effect on E. coli [24] whereas in
the presence and absence of fulvic acid with different pH ranges the eftect was unrelated
with the dissolved Ag" [86].

Most studies on the effect of ENPs are focused on pristine nanoparticles and pure
cultures of different microbial species in defined medium (Table 6.1). Thus, the empirical
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Figure 6.1 Effect of ENPs on representative microbial species in activated sludge process. (A,B) Disinte-
gration and dissolution of bacterial cell wall. (C-F) Selective effect of ENPs on different bacterial cells.

evidence for understanding aged-ENPs eftect on microbial community in complex me-
dium is still limited and not clearly defined. Diverse microorganisms found in complex
medium respond in different ways to the type and concentration of ENPs [22,58] and
are influenced by aggregation which restricts contact and reduces bioavailable dose [87].
For example, fullerenes (Cg,) were toxic to pure cultures of B. subtilis [52] and E. coli
[88] while no toxic effect was observed on soil bacterial communities due to the pres-
ence of NOM [89]. Other studies also reported that different impacts are expected for
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free-living planktonic and biofilm cells [90]. Typically, there is restricted contact with
ENPs in the biofilm by spatial and temporal location of the organisms embedded in
extracellular polysaccharides matrix [90]. On the other hand, proteins promote disag-
gregation of ENP and increase the bioavailable dose [54].

6.4.3.5 Influence of capping agent on ENPs toxic effect

The surface properties of ENPs are one of the most important factors governing their sta-
bility, mobility, and/or aggregation into larger particles and deposition in aquatic systems.
Stable suspensions of ENPs (e.g., particles rather than aggregates) are in fact a prerequi-
site for efficient interactions with microorganisms. Great eftorts have recently been made
toward improving the water stability of ENPs by utilization of surface coatings that alter
the solubility, surface charge, and thus their relative hydrophilicity/hydrophobicity [72].
Capping agents protect ENPs from degradation, change their properties (by the addition
of catalytically active species and/or specific binding sites), and prevent aggregation due
to either charge or steric stabilization mechanisms [18,86]. They may be organic mol-
ecules, polymers, biological molecules, or carriers of specific functionalities. For example,
metallic ENPs are usually coated with inorganic or organic compounds (e.g., amine,
citrate, cysteine, carbonate) or surfactants (e.g., sodium dodecyl sulfate). In some cases,
the surface coatings on ENPs have been observed to either enhance or eliminate ENP
toxicity to microorganisms. For instance, capping Ag’ with B-cyclodextrin enhanced
the antibacterial properties of silver nanoparticles on E. coli ATCC 11229, Pseudomonas
aeruginosa ATCC 27852, and S. aureus ATCC 25923 [18]. Similar findings were found
on Pseudomonas putida [86] and Listeria monocytogenes [70] when ZnO nanoparticles were
capped with polyvinylpyrolidone. In contrast, capping ZnO nanoparticles with Brij-76
was initially toxic to cyanobacteria but then stimulated their photosynthetic activity after
10 days exposure [71]. All these bacterial species are indicator organisms commonly used
to determine the microbiological quality or safety of water and food as their presence
indicates a potential risk of occurrence of pathogenic or toxigenic organisms.

6.4.3.6 Expressing ENPs toxic end points

There are considerably high number of experimental approaches which makes it dif-
ficult to determine the effective dose or establish toxicological guidelines for ENPs on
microorganisms. In part, this is due to nature of the nanoparticles, inadequate and evolv-
ing analytical procedures, exposure time, and physicochemical properties of the sample,
and in part, due to the different metabolic end points used to determine toxic effect
[4,8]. In addition, ENPs are transformed into by-products that can be toxic or innocuous,
or behave and react contrary to Derjaguin—Landau—Verwey—Overbeek (DLVO) theory
generally used to interpret and understand how colloidal particles adsorb and desorb from
interfaces [4]. Thus, the notionally determined statistical end points such as lethal concen-
tration (LC), lowest observed eftect concentration (LOEC), inhibitory concentration (IC),
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effective concentration (EC), or no observed effect concentration (NOEC) are inadequate
to evaluate ENPs toxic effect on microorganisms. These statistical estimates are subjective
because hormesis (in toxicology, a concept of biphasic dose response phenomenon by
biological systems including microorganisms in which a substance at low dose stimulates
and high dose inhibits the activities of the test organism) can occur and the ENPs con-
centration below the limits of detection exerts biologically significant eftect [72]. Overall
determining the endpoints of ENPs toxic effect on microorganisms are yet to be further
investigated as to date there are inconsistent findings in relation to the varying factors that
can influence the toxicology assessment. The effects of ENPs on individual microorgan-
ism in pure or mixed culture and on microbial communities vary and depend on several
factors such as the type of organisms, the eftective dose being applied or the nature of the
culture media or environmental matrix being tested [8,87].

6.5 CHALLENGES IN MEASURING AND INTERPRETING
ENPs TOXIC EFFECT

It is common knowledge from the various biochemical, physiological, and mo-
lecular approaches that most ENPs exhibit inhibitory, toxic, and mutagenic eftects on
pure cultures of microorganisms. However, it is difficult to extrapolate the effect of
ENPs on individual organisms in pure cultures (Table 6.1) to complex microbial com-
munities because the species are diverse in composition, abundance, and activity [8]. In
addition, the microbial communities are not uniformly distributed in the environment,
the biotic and abiotic characteristics interact in a nonlinear mode and vary with spa-
tial and temporal patterns [90]. Most studies on the effect of ENPs on microorganisms
(Table 6.1) indicate in vitro test and the same effect may not be exhibited during in vivo
tests or in complex medium such as food, soil, and wastewater with diverse microbial
community. In addition, challenges during static and nonstatic renewable toxicity tests;
use of continuous and discrete scales of measurement; sampling frame limitations on the
measure of diversity; inability to identify or account for confounding factors; and the use
of dose—response and time—response approaches are critical challenges.

6.6 CONCLUSIONS

The use of ENPs in consumer products, release into the environmental matrix
and effect on nontarget microbes and microbiologically-mediated processes in the eco-
system are of critical concern. Significantly, ENPs and their transformed products differ
in reaction from naturally occurring nanoparticles, produce ROS, ion and free radicals
that exert toxic effect on microorganisms. The knowledge gap from limited empirical
evidence on effect of pristine and aged-ENPs can be bridged by the development of ap-
propriate analytical protocol and framework to evaluate factors that enhance or attenuate
ENPs effect. To minimize the uncertainties surrounding how pristine and aged-ENPs
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toxic effects are interpreted, the toolbox approach involving the use of more than one
biological end point to estimate microbial activities, community structure, abundance
and diversity with consideration to the confounding factors might be adequate to evalu-
ate microbial response especially in a complex medium. Although recent studies are
shedding light on pristine and aged-ENPs toxic effect mechanisms on microorganisms,
toxicity data should be evaluated and interpreted on a case-by-case basis for proper un-
derstanding.
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7.1 INTRODUCTION

Polymers have replaced conventional materials in packaging applications due to
their functionality, lightweight, ease of processing, and low cost. The use of synthetic
polymers is ubiquitous in food packaging where they provide mechanical, chemical,
and microbial protection from the environment and allow product display. The chemi-
cal composition of polymers can be tailored to achieve a variety of properties; therefore
plastics are versatile materials. However, they present several limitations regarding the
gas barrier properties, especially, since it is difficult to achieve a good balance of gas and
water vapor transmission. Depending on the application, such as fresh food containment,
the lack of gas barrier behavior can compromise the shelf life of the contained food, as
well as its organoleptic properties. This drawback, among other performance limitations,
such as lack of UV protection or limited printability, is usually overcome by producing
multilayered systems in which the different layers have specific functionality.

Emerging Nanotechnologies in Food Science
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Multilayer systems present outstanding performance for desired specifications, such
as mechanical resistance, printability, or barrier performance. The complexity of multi-
layer structures greatly hinders their recyclability in cases where the layers are bonded
with adhesives that cannot be removed or are bonded by direct melt joint produced by
coextrusion processes. In addition, the need for several layers directly affects the material
costs in terms of weight and material consumption and, hence, the associated carbon
footprint of the entire value chain. Therefore, the applied material science research com-
munity is looking for new implementations of technologies that can overcome the bar-
riers of the current in-market products. Within this framework, nanotechnology meets
packaging. According to market estimates, food packaging applications make up the
largest share of the current and short-term predicted market for nanoenabled products
in the food sector [1].

Nanotechnology has brought improvement to polymeric materials since the mid 1980s
[2]. However, the true start of the nanocomposites’ history can be dated back to 1990,
when Toyota first used a clay/nylon-6 nanocomposite to produce timing belt covers [3],
replacing the metal parts previously used to protect this section of the car engine. The
early-noticed improvement of the barrier properties [4,5], as well as mechanical behavior
[6], along with the low dosage of nanomaterials needed to achieve this enhancement in the
material properties, generated interest in the use of polymer nanocomposites in packaging
applications. Nanotechnology in food packaging enables the altering of the structure of the
packaging materials on the molecular scale to give the materials desired properties. Simple
traditional “packing” is to be replaced with multifunctional intelligent packaging methods,
which can provide advantages such as extended shelf life, sensoring the quality of the prod-
uct, or bactericidal properties. New packaging structures that include nanotechnology have
new functionalities that can improve food quality. They can also be lightweight solutions
with reduced cost in terms of production and transportation. Polymer nanocomposites
consist of a polymeric continuous matrix containing one or more doping agents (com-
monly called fillers) whose individual elements have at least one of their dimensions in
the nanoscale range |7]. Nanocomposites have emerged as novel food packaging materials
due to their benefits such as enhanced mechanical, thermal, and barrier properties.

This chapter aims to depict an overview of the different polymer nanocomposites
suitable for food packaging applications in terms of production, properties enhancement,
risks, and future trends.

S 7.2 PREPARATION AND TRANSFORMATION OF POLYMER
NANOCOMPOSITES FOR FOOD PACKAGING
7.2.1 The chemistry behind polymer nanocomposites
7.2.1.1 Therole of the interface
The interface between the polymer and nanoparticles is the key factor of nanocom-
posite final properties. According to Kickelbick, a cube of 16 X 16 X 16 packed atoms
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Figure 7.1 Effect of the subdivision of a cubic particle on surface area."N" refers to the total number of

uons

atoms, and “n” indicates the number of atoms at the surface of the particles.

contains an overall number of 4096 atoms. Thus, 1352 are located on surface compris-
ing around 33% of the total [8]. If the cube is divided into eight equal parts, the overall
atom number remains the same; however the number of atoms at the surface increases to
2368 representing 58% of the total. By increasing the cube’s subdivision we reach 3584
surface atoms, which supposes an 88% of surface atoms (Fig. 7.1). The newly exposed
inner interface will have a direct impact on material properties. Based on the interfacial
chemistry two distinct categories of interfaces can be defined; the first one consists of
weak bonds such as hydrogen bonding, Van der Waals, or ionic interaction, whereas the
second is based on covalent bonds between organic and inorganic components [9-11].

Several research works have been published on the preparation of nanocomposites
since they were first discovered; however, achieving homogeneous dispersion of the
nanoparticles in polymeric matrices still remains a difficulty [12]. In most cases, interac-
tions based on small forces such as Van der Waals attraction between nanoparticles pro-
mote formation of agglomerates. In addition, hydrophilic nanoparticles and hydrophobic
polymers are not fully stable together, which results in poor interfacial adhesion and
consequently incomplete dispersion and limited properties. Hence, nanocomposites can
exhibit worse properties than conventional polymers without nanomaterials; this lim-
its their effective application [13,14]. To overcome these interfacial problems, scientists
have focused on synthesis processes, as well as development of new combined methods
to achieve higher control on the composition of the polymers and resulting morphol-
ogy. Additionally, functionalization of particles or innovative procedures, such as reactive
extrusion which consists of chemical reactions triggered by high shear stress and tem-
perature, and promoted by an initiator toward creating covalent bonds between the con-
tinuous matrix and dispersed domains [15], are currently under development to achieve
all the benefits that nanotechnology can bring to polymer composites; these mentioned
pathways will be further discussed in this chapter.

7.2.1.2 Main polymer matrices for polymer nanocomposites

Polymer food packaging represents 30% of the total share of the polymer industry [16],
comprising almost a fifth of its net revenue. High-density polyethylene (HDPE), low-
density polyethylene (LDPE), polypropylene (PP), polyethylene terephthalate (PET),
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polyvinyl chloride (PVC), and polystyrene (PS) are the main materials used. However,
other materials such as ethylene vinyl alcohol (EVOH) or polyamide (PA) are usually
employed mainly because they can confer barrier properties to multilayered systems
[17]. The final application of these polymers within the diftferent targeted packaging
product will depend on the intrinsic properties of the polymer matrix and the dif-
ferent additives that can modify the final performance of the developed product. A
polymer such as HDPE is used for containers or bottles, such as milk, which have high
demand, in terms of moisture barrier, chemical resistance, and strong mechanical prop-
erties. However, transparency is not among its requirements [18]. Meanwhile, LDPE is
used for food storage bags because it is cost effective and has a large stretch capacity as
well as excellent barrier properties [19]. Another polymer belonging to the family of
polyolefins is PP, which is used in rigid containers when high strength properties are
needed, though it is slightly more expensive than the aforementioned polyethylene fam-
ily [20]. PET presents very good tensile and yield strength properties, as well as clarity
and high oxygen barrier properties after processing. Therefore, it is broadly used for cold
beverages [21]. PVC is most commonly used for clear plastic wrapping because of its
well-known cost effectiveness and great stretching capabilities [22]. However, due to the
plasticizers needed for its appropriate processing behavior [23], usually esters of carbox-
ylic acids such as phthalates or adipates, PVC is likely to disappear within the diftferent
primary packaging structures in the next few years, unless migration problems from the
plasticizers to the food are solved [24,25]. Finally, PS is commonly used in its foamed
format for food containers, as well as meat and egg trays that require a rigid form [26].
Combinations of these different materials in multilayered systems can lead to packaging
solutions with enhanced properties that can be used for a variety of applications, such
as water jugs or oven-bake bags.

These conventional polymers are also the ones whose properties have been modi-
fied the most by means of nanoadditivation [27]. In this way, the vast majority of the
studies have been mainly focused on the enhancement of polyolefin’s properties since
the 1990s [28], principally, with the aim of improving oxygen barrier, mechanical per-
formance, and thermal resistance of both HDPE [29] and PP [30]. Concerning PET, the
greater part of the publications tackle barrier performance as the target property to be
improved [31]. Additionally, other materials and their nanocomposites, such as polyam-
ide, are emerging as feasible solutions to bring enhanced properties to food packaging
products [32].

It is also important to highlight that there is not any current packaging plastic that
addresses other problems, such as biodegradability or petrol resource consumption in
its preparation. Within this framework, the environmental impact of persistent plastic
packaging waste is raising global concern as disposal methods are limited. Furthermore,
exhausting natural scarce resources by manufacturing fossil fuel-based plastic packaging
materials has increased the demand for biodegradable polymers from renewable sources
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as an alternative to their petrol-based counterparts, especially when it comes to short-
term and disposable packaging applications [33,34].

Bio-based polymers are those in which constitutional units are wholly or partly
from biomass origin [35]. The development of these products entails many difter-
ent benefits; like preservation of resources, reduction of the carbon footprint and
the petroleum dependence with new alternatives, enhancement of farm and rural
economies, and creation of green jobs, as documented by Wolf et al. [36]. Mean-
while, biodegradable polymers are defined as materials in which at least one step
in the degradation process takes place through metabolism of naturally occurring
organisms [37]. Under appropriate conditions of moisture, temperature, and oxygen
concentration, on paper, biodegradation leads to no environmentally hazardous resi-
due or by-products [38]. Bio-based polymers can be classified into different groups
based on their manufacturing processes. They include (1) synthetic biodegradable
polymers such as poly(i-lactide) (PLA), poly(€-caprolactone) (PCL), poly(glycolic
acid) (PGA), poly(butylenes succinate) (PBS), etc. (2) biopolymers produced by
microbial fermentation like microbial polyesters, such as poly(hydroxyalkanoates)
(PHAs) including poly(B-hydroxybutyrate) (PHB), poly(3-hydroxyvalerate) (PHV),
poly(3-hydroxyhexanoate) (PHH), and copolymers thereof; and (3) natural biopoly-
mers such as starch, cellulose, chitosan, etc. [39-41]. Among these materials, PLA,
PHAS, and starch are the prevailing choices for packaging applications. This is because
they can be used as raw materials or as the matrix of a polymer nanocomposite with
enhanced properties to overcome the inherent shortcomings of these materials such
as limited mechanical performance, difficulty of processability, poor thermal resistance,
or hydrolysis sensitivity [42—44].

7.2.1.3 Nanopatrticles for polymer nanocomposites

Nanoplatelets composed of clays or other silicates materials are the most promising
nanoscale fillers for nanocomposites. The popularity of nanoclay in food contact ap-
plications derives from their low cost, low dosage needed, high stability, and (alleged)
safety [45]. The first studies regarding clay/polymer nanomaterials for packaging usage
date back to the last decade of the 20th century, when several patents were registered
regarding the dispersion of layered silicates within different polymeric matrices. Dif-
ferent production routes were implemented like in situ polymerization or dispersion
processes [46,47]. The use of organo-modified clays has been a broadly studied area
[48,49]: their lamellar structure (Fig. 7.2) can confer singular behavior to the final com-
posite, which is very appropriate for their application as nanofiller [50]. Additionally,
clays provide versatility [51,52] for further chemical modification, which enables the
compatibility with different polymeric domains [53] by having direct impact on the
polymer—clay interfacial tension and improving the dispersion of filler in the polymer
matrix [54].
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Figure 7.2 Structure of layered silicates.

Improvement of barrier properties, as well as mechanical or fire resistance, are some
of the developments that have been reported in several studies with difterent polymeric
matrices [55,56].

Another nanofiller which has gained interest during the last few years is nanocellul-
lose in its different formats. Two types of nanoreinforcements can be obtained starting
from cellulose [57]. In nature, cellulose chains form microfibrils (or nanofibers), bun-
dles of polysaccharide chains held together by hydrogen bonding [58]. Each microfibril
consists of aggregated elementary nanofibrils, which present crystalline and amorphous
domains. The crystalline parts, known as nanowhiskers, nanorods, or nanocrystals, can be
isolated by difterent treatments. In brief, these treatments involve removing the amor-
phous domains present in the fibrils, and thus exposing the crystalline regions. This
process does not damage the crystalline regions because they present higher chemical
resistance than the amorphous regions [59]. The lengths thereof can vary from 500 nm
up to 1-2 um, and their diameter can go down to about 8-20 nm, namely resulting in
high aspect ratios, which is fundamental to their proper performance [60,61]. Back in
1996, Helbert et al. [62] reported having prepared crystalline nanofibrils whose elastic
modulus was only about seven times lower than those of single-walled carbon nanotubes
(CNTs) reported by Podsiadlo et al. [63]. On the other hand, no conclusive results were
achieved with respect to elongation at break. The results reported by Dogan et al. [64]
suggest that the cellulosic reinforcement hinders the elongation observed in the matrix
without reinforcement. Still other works uphold that elongation increases [65], or at least
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no significant changes can be expected [66], from the addition of cellulose nanofibers.
Moisture barrier of polymer has also been reported to be improved by Paralikar et al.
[67], due to slower diffusion processes [68].

Carbon-based nanofillers, such as CNTs or graphene, have come to the fore since
the start of the 21st century [69,70]. CNTs consist of a one-atom thick single-wall
nanotube (SWNT), or a number of concentric tubes known as multiwalled nanotubes
(MWNT), having extraordinary high aspect ratios and elastic modulus [71]. Their prin-
cipal characteristic is their high Young’s modulus and tensile strength values that can
reach as high as 1 TPa and 200 GPa, respectively [72]. In addition, the fact that their
surface can be derivatized makes them perfect candidates to be dispersed within a poly-
mer matrix [73]. Even in minimum concentrations, CNTs have proven to greatly en-
hance thermal stability as well as tensile strength and elastic modulus of polymers, such
as PVOH [74], PP, or PA [75]. Similar to CNTs, graphene has emerged as a feasible
nanofiller to improve polymer performance in terms of mechanical resistance or barrier
properties due to its layered structure [70] and ease of their chemical modification [76].
Thus, recent studies carried out by Xiang et al. reported that gas effective diftusivity of a
polyurethane matrix decreased by three orders of magnitude with only 0.5% in weight
of graphene [77].

Silica nanoparticles (nSiO,) have been demonstrated to improve mechanical and
barrier properties of polymer matrices. The addition of nSiO, into PP improved the
tensile properties of the material in terms of strength, modulus, and also elongation [78].
This phenomenon has been reproduced in other matrices, such as starch, as reported by
Xiong et al. [79] together with decreased water absorption by the bio-based polymer.
Si0O, nanoparticles are especially interesting due to their ability to add a functional group
to their structure, such as a vinyl group, and grafted to a polymer matrix by means of
covalent bonds, as reported by Jia et al. in [80]. According to the authors, the nano-
composites prepared by free radical polymerization of PVOH and vinyl SiO, presented
improved thermal and mechanical properties when compared to the pure PVOH as
a consequence of strong covalent bonding between nSiO, and the polymer matrix.
Another study reported that the surface grafting of polymers onto the nSiO, improved
the compatibility of the composites [81], which means that different grafted monomers
result in tailored interfacial interactions and enhanced tensile strength.

Other important type of nanoparticles used in food packaging nanocomposite man-
ufacturing encompass metal nanoparticles such as silver nanoparticles (Ag-NPs), due to
their well-known antimicrobial activity [82], or bio-based nanoparticles, such as those
based on starch nanocrystals and chitin/chitosan. According to Kristo and Biliaderis
(2007) [83], the addition of starch nanocrystals to a polymer matrix increases the tensile
strength and Young’s modulus; however, the elongation at break decreases. Besides, a de-
crease of around 20% in water vapor permeability was observed in the aforementioned
study. Regarding chitin/chitosan nanoparticles, Lu et al. reported that the addition of
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chitin whiskers to protein films greatly improved the tensile strength and water resis-
tance of the films [81]. Similarly, Sriupayo et al. observed that chitosan films containing
chitin nanoparticles presented a general increase on their mechanical properties and
water resistance [84].

7.2.2 Methods for the preparation of polymer nanocomposites

There are two main pathways that are followed to prepare polymer nanocomposites. They
can be prepared by in situ synthesis of inorganic particles (such as metal oxide nanopar-
ticles); and also by dispersion of fillers (i.e., layered nanoclays) in a polymeric matrix [8].

An appropriate selection of the preparation technique is of major importance for
obtaining nanomaterials with desired properties based on a homogeneous distribution
of the nanodomains within the continuous polymer matrix [85]. The synthesis of poly-
mer nanocomposites can involve either bottom-up or top-down methodologies. In the
bottom-up approach, precursors are the starting point to create well-defined structures
from the nanoscale level. Besides block assembly, the strategy refers to the mix of dif-
ferent preformed nanosized units. With already formed nanostructures, these can be
hierarchically combined to form the target material [85,86]. In the top-down approach,
bulk material is broken down into smaller (sometimes patterned) pieces (nanoparticles),
mostly by physical methods. The dispersion of layered nanosized silicates within polymer
matrices is the most common example (Fig. 7.3).
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Figure 7.3 Scheme of (A) top-down and (B) bottom-up approaches. (Adapted from A. Tolentino,
lonic complexes of biodegradable polyelectrolytes, Doctoral dissertation, Universitat Politécnica de Cata-
lunya, Spain, 2014. Available from: http://www.tdx.cat/bitstream/handle/10803/144662/TATCI1del.
pdf?sequence=1 [99] with permission).
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Five main routes (1-5) are followed to obtain polymer matrices with dispersed inor-
ganic nanoparticles. The first two use the top-down methodology where nanoparticles
are added to the unsolidified polymer matrix, which consists of directly mixing the filler
with a polymeric matrix in solution (1) or in melt (2). The bottom-up methodology
involves in situ polymerization of monomers in the presence of nanoparticles previously
obtained (3) or in situ formation of inorganic particles in the presence of a previously pro-
duced polymer (4). Finally, in the last route, inorganic and organic components (polymer
matrix) are both formed in situ (5) during the preparation of the composite. The basic
methods used to prepare nanocomposites are discussed in Sections 7.2.2.1-7.2.2.5.

7.2.2.1 Preparation from solution

Polymer or prepolymer intercalation from solution, also called exfoliation adsorption,
is based on the addition of dispersed polymer to a solution containing layered sili-
cate. The layered silicate is swollen and dispersed in solvent before being mixed with
the polymer solution. The polymer chains then intercalate and displace the solvent
within the silicate interlayers. Eventually, on removal of the solvent, a multilayer struc-
ture forms as the sheets reassemble trapping the polymer chains [88]. This approach is
widely used for water-soluble polymers to produce intercalated nanocomposites based
on polymers with low or no polarity such as poly(vinyl alcohol), poly(ethylene oxide),
poly(vinylpyrrolidone), or poly(acrylic acid) [89]. However, this method is not environ-
mentally friendly given the large amounts of solvents required as only about 10% of the
starting material was solid [90]. Emulsion polymerization consists of the polymerization
of an organic monomer dispersed in water media. It is considered to be a polymer in-
tercalation method as monomers, usually methyl methacrylate and styrene, are dispersed
in water along with emulsifiers, which typically are polyethoxylates (nonionic) or alpha
olefin sulfonates (ionic), and added to difterent silicate concentrations (normally ranging
between 1 and 5%) [91]. Finally, the monomer is polymerized with part of the silicate
embedded inside the polymer particle and part adsorbed on the particle surface, form-
ing a nanocomposite.

7.2.2.2 Preparation by melt mixing
The melt mixing approach relies on annealing a mixture of polymer and nanoparticles
above the softening point of the polymer, typically under shear stress [92]. This process
is the most common method of polymer nanocomposite manufacturing when it comes
to layered polymer nanocomposites [90]. The mobility of the melted polymer chains
enables their diffusion into the galleries present between the host nanolayers during
annealing. This makes it possible to obtain an exfoliated distribution of the nanosized
material [93].

The polarity difference between the organic polymer matrix and the inorganic nano-
material can greatly hinder the dispersion thereof, and lead to less favorable formation
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Figure 7.4 Scheme of different layered silicates-polymer composites depending on dispersion effec-
tiveness: (A) tactoid (aggregates), (B) intercalated, and (C) exfoliated (nanocomposites). (Adapted from
A. Tolentino, lonic complexes of biodegradable polyelectrolytes, Doctoral dissertation, Universitat Poli-
técnica de Catalunya, Spain, 2014. Available from: http://www.tdx.cat/bitstream/handle/10803/144662/
TATCldel.pdf?sequence=1 [99] with permission).

of intercalated layout or, in the worst case scenario, aggregates (tactoid conformation),
as is shown in Fig. 7.4, since the different components tend to remain together with
those of same chemical nature. This issue is usually solved by means of functionalization
of nanoparticles with polymer compatible organic groups [94]. Unfortunately, the low
thermal resistance of the interaction between nanoparticle and the grafted functional
groups, together with the high temperatures needed to trigger the melting of a polymer,
can degrade the nanomaterials, leading to deficient performance of the final composite.
Thus, several factors, such as the nature of the functional groups on the nanoparticles,
processing temperature, or applied shear stress, need to be considered when developing
the nanocomposite to succeed [95]. The melt mixing process is widely used due to its
environmental benignity; its compatibility with a wide variety of polymer matrices with
respect to other methodologies that depend on the solubility of the materials or synthe-
sis processes; and compatibility with industrial processes as organic solvent is not needed.

7.2.2.3 Preparation by in situ polymerization

The preparation of nanocomposites by in situ polymerization involves the swell-
ing of the filler in liquid monomer or monomer solution. This swelling occurs as
the low-molecular-weight monomer seeps in between the interlayers of the silicate.
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Polymerization starts by the application of heat, radiation, initiator diffusion, which trig-
gers the subsequent polyaddition of monomers to obtain the final macrostructure with
the nanoparticles embedded within [96]. In this modality, the monomers polymerize in
between the interlayers of nanolayered structures, such as clays or graphene, forming in-
tercalated or exfoliated nanocomposites. The advantage of this approach lies in improved
exfoliation compared to melt and exfoliation adsorption methods [97].

7.2.2.4 Preparation by in situ synthesis of nanopatrticles

The in situ formation of the nanocomposite constituents, based on the bottom-up ap-
proach, makes it possible to build well-defined structures, which have different proper-
ties from the original precursors. Typically, a polymer acts as a reaction medium where
nanoparticles are generated. The desired nanoparticles are then obtained by chemical
conversion of their precursor [98]. On the other hand, polymers are robust and chem-
ically stable organic materials. Thus, the resulting nanocomposites exhibit synergetic
properties and can be used in applications that could not exist with the polymeric ma-
terial or the nanoparticles individually. The incorporation of metal nanoparticles into a
polymeric matrix can be done using two different means: ex situ or in situ approaches
(Fig. 7.5A—=C). The inorganic nanoparticles are first synthesized and then introduced in
the polymer solution or melt in the ex situ process. This is based on physical entrapment
of the metal or metal oxide nanoparticles into the polymer network. However, it is dif-
ficult to achieve a homogenous dispersion of the nanoparticles into the polymer matrix.
To overcome this difficulty, the in situ approach can be used. Here, the metal or metal
oxide particles are generated inside the polymer phase using a metal precursor, which is
converted into the desirable nanoparticles. The in situ method allows control over the
particle size and the morphology of the particle [98].

7.2.2.5 Preparation by in situ polymerization and inorganic synthesis

The in situ preparation of polymer nanocomposites involves the formation of both poly-
meric matrix and nanoparticles, which will become embedded in the polymer, at the
same time. The most used method for the in situ preparation of polymer nanocomposites
is the sol-gel process [100]. This method is related to two reaction steps that lead to the
transition from solution state, that is, a colloidal suspension of solid particles in a liquid
phase, to a gel state, formed by the interconnected network between phases [101,102].
The chemical reactions involved are: (1) hydrolysis of the precursors to form the reactive
groups that will be involved in the subsequent reaction; which consist in (2) the condensa-
tion of newly generated reactive groups to form the final network [103,104] (Fig. 7.5C).

7.2.3 Transformation processes of polymer nanocomposites
for food packaging

There are several methods to transform polymers and polymer nanocomposites to make
final products for food packaging applications. A simple classification can distribute
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Figure 7.5 Scheme of ex-situ preparation of nanocomposites: (A) solution dispersion, and (B) melt
dispersion. Scheme of in situ preparation of nanocomposites: (C) sol-gel process. (Adapted from
A. Tolentino, lonic complexes of biodegradable polyelectrolytes, Doctoral dissertation, Universitat Poli-
técnica de Catalunya, Spain, 2014. Available from: http://www.tdx.cat/bitstream/handle/10803/144662/
TATCldel.pdf?sequence=1 [99] with permission).

them into three main preparation procedures based on extrusion and injection processes,
as well as their different variants, and thermoforming [105,106] to obtain flat or three-
dimensional forms. Extrusion of cast films is used, for instance, for food and textiles
packaging, flower wrapping, or photo album page protectors. They are also applied as
coating substrates used in extrusion coating processes or laminated to other materials in
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the formation of more complex films [107,108]. Typically, the transformation of nano-
composites by cast film process involves the use of coextrusion, which is a simultaneous
extrusion of two or more materials from a single die to form a multilayered film [109].
In many instances, food packaging applications require the use of films with oxygen
barrier capabilities hence films that meet the requirement of a high oxygen barrier ma-
terial. The poly(ethylene-co-vinyl alcohol) copolymer (EVOH) is an example of such
materials: it is combined with polyolefin materials in a multilayered structure [110].
The number of layers, their position in the coextrudate, and their individual thickness
are all variables that change depending on the particular application of the film [111].
The cooling of the film with cast extrusion is highly efficient and makes possible high
production rates [112].

The blown film process is a biaxial stretching of the extruded melt. The molten
extrudate passes through an annular die (like a tube) and, when exiting the die, is blown
as a bubble. This bubble is cooled by using an air ring along its outer surface. This infla-
tion process will stretch the bubble in the transverse or circumferential direction [113].
During blown film extrusion, melt rheology (both shear and extensional) plays an im-
portant role in obtaining a stable process condition. Shear rheology is predominant dur-
ing the extrusion of the polymer, whereas extensional rheology is predominant when
the melt exits from the die and in the process of bubble formation [114]. Therefore, it
1s useful to understand the shear rheological behavior of the polymer melt to mini-
mize the process difficulties (i.e., high power consumption, lower output, melt fracture).
Poor extensional behavior of the polymer melt will also lead to bubble instabilities and
inadequate molecular orientation, which will affect the film properties. The most com-
mon resin used for blown film production is LDPE due to its high bubble stability and
suitability in many packaging applications. LDPE of high molecular weight and long
chain branching (LCB) has a substantial impact on the processing behavior [113] and
film properties [115].

Another prevailing conventional method for food packaging manufacturing is the
injection molding. This process produces plastic parts by injecting material into a mold.
The material is fed into a heated barrel, mixed, and forced into a mold cavity, where it
cools and hardens to the configuration of the cavity. This technology is used to produce
thin-walled plastic parts with high quality, great dimensional accuracy, and productivity
for a wide variety of applications. One of the most common usages is plastic housings:
a thin-walled enclosure, used in different types of open containers, such as buckets.
When hollow objects, such as bottles or jars, are needed in large quantities, a two-stage
injection and blow molding process is performed [116]. In a first step a conventional
injection molding process is carried out, in which a preform is produced. The preform
consists of a fully formed bottle/jar neck with a thick tube of polymer attached, which
will form the body. During the blowing step, the preform mold opens and the core rod is
rotated and clamped into the hollow, chilled blow mold. The core rod opens and allows
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compressed air into the preform, which inflates it to the finished article shape. Once the
final part is cooled, it is ejected from the mold.

Finally, thermoforming process is the most common option when it comes to manu-
facturing of trays for food packaging. In this process, a plastic sheet is softened at the
heating station and then, it is directed toward the forming station where the forming of
the sheet will take place by combining air pressure and male core plugs [117]. Depend-
ing on the requirements of the applications, a mono material or a multilayer sheet will
be used. Multihead extruders feed into the extrusion die with the differing materials,
typically PVC/PE for meat trays, and crystalline PET/amorphous PET for meat trays
and ready-to-eat meals [118].

S 7.3 PROPERTIES OF POLYMER NANOCOMPOSITES
FOR FOOD PACKAGING

7.3.1 Polymer nanocomposites with high barrier properties

Polymer nanocomposites can be made into packaging with enhanced gas barrier prop-
erties (reduced oxygen, water vapor, and aroma diftusion through the matrix) to main-
tain food quality and organoleptic properties, hence extending the food shelf life. Gas
permeation through polymer nanocomposites follows a two-step mass transport mecha-
nism in which gas molecules are initially adsorbed onto the surface of the polymer and
then diffuse through the bulk polymer matrix, where gas can permeate. The incor-
poration of nanoparticles in the composite, which are typically in the form of layered
nanoplatelets, prevents gas permeation [119]. However, the great majority of the studies
carried out in this area are focused on the estimation of the diffusion and permeability
coefficients, rather than on the estimation of the solubility coefficients, as their contribu-
tion is negligible when the stationary state has been attained [120]. The diftusion of gases
in the nanocomposite is influenced by the structural parameters of platelets, including
the volume fraction, aspect ratio, orientation angle, and, most importantly, the degree of
exfoliation in the polymer nanocomposite [121]. The basis of this phenomenon relies on
the so-called “tortuous path” (Fig. 7.6). These layered structured materials force gas to
travel through the polymer matrix surrounding the particles, which could be for instance
nanosilicates, thereby increasing the effective path length [122]. In this way, a simulated
case study carried out by Bhunia et al. [123] showed that the total amount of oxygen
transfer can be reduced by 97% when platelets with an aspect ratio of 1000 and a vol-
ume fraction of 0.07 are dispersed in exfoliated form in the polymer matrix. Gupta
et al. [124] reported that polyamide-6 (PA-6)/montmorillonite clay composite (pre-
pared by in situ polymerization) reduced the oxygen transmission rate (OTR) of neat
PA from 2.2 to 0.45 cc mil/100 in.? day, when 8% of the silicates were incorporated
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Figure 7.6 Scheme of the “tortuous path” of gas molecules in polymer nanocomposites containing
exfoliated platelets.

into the nanocomposites. Akkapeddi et al. found a significant reduction in the OTRs
of nylon-6-based nanocomposites in which the silicate plates of high aspect ratio were
incorporated [108]. Additionally, OTR was reported to be further reduced by incorpo-
rating oxygen scavengers into the matrix. On his behalf, EVOH-kaolinite nanocompos-
ites using a melt intercalation process developed by Cabedo et al. showed that chemical
modification of the natural kaolinite helped improve the degree of exfoliation.The
treatment also increased the oxygen barrier properties of the nanocomposites, as well
as their thermal resistance, glass transition temperature and crystallinity with respect to
the neat polymer [125]. De Abreu et al. reported that 5% of layered nanoclay in PP- and
LDPE-based composites reduced the OTR from 480 to 374 and from 240 to 210 cc/m’
per day, respectively [126]. Multilayer films containing montmorillonite layered silicate
and polyamide nanocomposite, as oxygen barrier layer, and LDPE, as hydrophobic layer,
were developed by Thellen et al. by means of a coextrusion process [127]. Nanofiller
content ranging between 3.3 and 3.6% leads to a reduction of the OTR of neat film
from 3.7 to 1.1 cc/m” per day. Other publications report the development of PET
nanocomposites and two difterent nanoclay platelets using a polymer melt intercalation
process [128]. The produced films showed the lowest oxygen permeability with 1 wt.%
nanoclay/PET nanocomposite. Meanwhile, Cloisite 15 A (a commercial montmoril-
lonite type layered silicate) exhibited optimal barrier properties, at 2 wt.%. In both cases,
the permeability decreased with an increasing degree of exfoliation.
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7.3.2 Polymer nanocomposites with antimicrobial properties

The incorporation of antimicrobial compounds into food packaging materials has re-
ceived considerable attention, as it could help control the growth of microorganisms. It
is particularly desirable due to the acceptable structural integrity and barrier properties
imparted by the polymeric matrix, and antimicrobial properties by agents embedded
within [129]. Due to the high surface-to-volume ratio nanomaterials are able to attach
more copies of biological molecules when compared with their microscale counter-
parts, which leads to a greater efficiency [130]. Nanomaterials are versatile materials
that can be used in several ways, such as killing agents [131], antibiotic carriers [132], or
growth inhibitors [133]. The quintessential nanocomposites used as antimicrobials for
tood packaging are based on silver, which is well known for its strong toxicity to a wide
range of microorganisms [134], besides its high temperature stability and low volatility
[82]. The action mechanism is in line with studies by Kumar and Miinstedt, who stated
that the antimicrobial activity of silver-based polymers depends on releasing of Ag’,
which binds to electron donor groups in biological molecules containing sulfur, oxygen,
or nitrogen [110]. Silver nanocomposites have been prepared and studied by several re-
searchers, including Damm et al. who compared the efticacy of polyamide 6/silver-nano
and microcomposites [135]. According to the authors, nanocomposites with a low silver
content presented a better increased efficacy against Escherichia coli than microcomposites
with a much higher silver content. Moreover, polyamide 6 filled with 2 wt.% Ag-NPs
was effective against E. coli, even after immersed in water for 100 days. Additionally, L1
et al. reported that a nanocomposite PE film with Ag-NPs was also able to retard the
senescence of jujube, a Chinese fruit [136]. Titanium dioxide (T1O,) is broadly used as
a photocatalytic disinfecting material for surface coatings [137] that has been used to
inactivate several food-related pathogenic bacteria [138]. Metal doping, such as silver
doping, has been reported to improve visible light absorbance of TiO, and increase its
photocatalytic activity under UV irradiation, as it was demonstrated by Choi et al. [139].
Even if the great majority of studies are focused on TiO,/Ag" coatings, this combination
was used by Cheng et al., who obtained good antibacterial properties from TiO,/Ag"
nanoparticles in a nanocomposite with PVC [140]. On the other hand, other antimicro-
bial mechanisms were proposed by Rabea et al. [141] and Quin et al. [142] based on the
chemistry of chitosan nanocomposites containing CNTs. CNTs have been reported to
present antibacterial properties as they can puncture microbial cells, causing irreversible
damages [143]. Notwithstanding, there are studies addressing the risks associated with
their use and these will be further discussed within this chapter.

7.3.3 Polymer nanocomposites with other properties

The improvements of tensile strength and modulus generated by the delaminated
nanocomposites structure on polyamide 6—clay hybrids were first reported by the
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aforementioned studies carried out by Toyota [3]. An increase of 55% of the tensile
strength was described, whereas the modulus experimented a rise of 90% with the ad-
dition of only 4 wt.% of clay. Studies carried out by Lee and Jang [144] reported that
the modulus of intercalated PMMA-clay nanocomposites with 20% weight of clay was
found to outperform by 60% to the pristine polymer. It should be pointed out that
the contribution of mechanical properties of nanoclay-based nanocomposites both in
petrol-based matrices, such as PA, PE, or PET [33,145,146], and bio-based ones, like
PLA, PHAs, and starch [33,146—148] are the most studied and successful pathway, espe-
cially in the case of exfoliated nanocomposites filled with layered silicates of high aspect
ratio. On the other hand, several types of carbon-based nanoparticles have been reported
to provide better mechanical strength for packaging applications, such as carbon nano-
fibers and CNTs [69], although the use for food packaging is still not so clear due to
health concerns. Finally, nanocomposites of calcium carbonate [149] or kaolinite [150],
typically within polyolefin matrices, have led to an increase in the tensile strength and
modulus. The improvement of the mechanical properties is usually closely related to the
thermal resistance improvement [151] due to nucleation phenomena in semicrystal-
line polymers. In this way, increases up to 87°C in the thermal distortion temperature
have been achieved in PA/clay nanocomposites [3], together with a thermal expansion
coetlicient reduction of 45%. In the case of polyolefins, copper nanoparticles have dem-
onstrated to increase the degradation temperature of both LDPE and HDPE due to
the increase in thermal conductivity as well as heat capacity of the bulk material [152].
Finally, other promising results have also been reported in terms of chemical resistance
[153], flammability [154], optical properties [155], or gas scavenging [156].

7.4 CHARACTERIZATION AND RISK EVALUATION
7.4.1 Characterization of nanocomposites

Characterization tools are of major importance to understand and predict the behavior
of polymer nanocomposites as well as their physical and chemical properties. There are
several techniques for characterization that have been broadly used in polymer nanocom-
posite research [157]. The most common ones in terms of structural properties encompass
microscopic and X-ray analysis, such as scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), wide-angle X-ray diffraction (WAXD), and small-angle
X-ray scattering (SAXS) [89,158-160]. The SEM provides images of surface features and
usually can bring information about the distribution of the different nanoparticles with-
in the polymer matrix. Nevertheless, there are two other microscopies, scanning probe
microscopy (SPM) and scanning tunneling microscopy (STM), which are of great utility
in nanoparticles research [161]. The SPM is based on the interaction between a sharp tip
and a surface to obtain an image. On the other hand, in STM, a sharp conducting tip is held
close to a surface (typically about 0.5 nm), so that electrons can go across the gap [162].
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This method provides surface structural and electronic information at atomic level. Based
on a similar development, the atomic force microscope (AFM) [163] uses a sharp tip to
scan across the sample. This method is especially useful to determine mechanical proper-
ties of the surface of materials at nanometric scale. TEM allows qualitative understand-
ing of the internal structure, spatial distribution of the various phases, and views of the
defective structure through direct visualization, in some cases, of individual atoms [164].
Regarding X-ray-based techniques, WAXD is the most commonly used to probe the
nanocomposite structure [165] and occasionally to study the kinetics of the polymer melt
intercalation [166] due to its easiness and availability. This technology is especially useful
when it comes to layered silicate nanocomposite systems, where a fully exfoliated system
is described by the absence of intensity peaks in WAXD pattern [167]. WAXD data have
also demonstrated to be comprehensively complemented by TEM [168]. On the other
hand, SAXS is typically used to analyze structures on the order of >10 A. However, X-ray
diffraction has found relatively limited success in CNT research [160].

Other common experimental techniques used for the characterization of nanocom-
posites are nuclear magnetic resonance (NMR). NMR is used in materials where the de-
termination of their chemical structure and interactions, associated with their behavior,
gives greater insight into the morphology, surface chemistry and, to a very limited extent,
quantification of the exfoliation degree in polymer nanocomposites [169]. Difterential
scanning calorimetry (DSC) is employed to understand the nature of the changes in the
characteristic thermal transitions of the polymer matrix [170]. Fourier transform infrared
spectroscopy (FTIR) is used to analyze functional groups on the surface of the nanocom-
posite and understand better its composition [171]. Dynamic mechanical analysis (DMA)
brings information associated with the response of a material to oscillatory deformation
as a function of temperature. In DMA, storage modulus is related to elastic response to
deformation; loss modulus corresponds to plastic response to deformation; and the ratio
of the previous two is an indicator of occurrence of molecular mobility transitions [172];
and resonance Raman spectroscopy is used for complementary structural studies [173].
See Chapter 4 for further information on the analysis of nanomaterials.

7.4.2 Nanosafety aspects related to food contact materials

Currently the potential impacts of engineered nanomaterials on humans and the en-
vironment have generated considerable research interest, as their use and diversity of
applications in commercial products have grown extensively over the past decade, and
continue to grow rapidly. Specifically, the risk that food contact materials containing
nanomaterials might pose depends on the (1) likelihood of exposure, which is deter-
mined by the amount of substance that migrates from to the material into the food and
consequently might be ingested by consumers, and the (2) inherent toxicity of nano-
materials. As detailed in Chapter 5, results from laboratory experiments suggest that
some nanomaterials may induce oxidative stress, inflammation, and may bio-accumulate
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because of their greater ability to pass biological barriers, derived from their difterent
physico—chemical properties compared to their macro size equivalents. However, it is
well accepted that there are a large number of deficiencies in the way toxicological
studies are designed [174]. It should be also pointed out that interactions between nano-
materials and biological systems are rather complex and greatly depend on nanomate-
rial size, shape, surface chemistry, and functionalization. This is clearly exemplified by
the increased cytotoxicity induced by organoclays in different cell lines, when they are
modified with quaternary ammonium cations [175].

Considering the market evolution and nanosafety concerns, the necessity of specific
regulations for nanomaterials and nanoenabled products is into debate worldwide. In
Europe, despite the fact that no specific legislation on nanotechnology exists, recent
regulation specifically addresses nanomaterials which are defined as natural, incidental,
or manufactured material containing particles in an unbound state or as an aggregate or as an ag-
glomerate 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 [176]. Food contact materials are covered
by Regulation (EC) 1935/2004, and more specifically nanomaterials are explicitly ad-
dressed in the revised “Plastic Food Contact Materials” Regulation 10/2011, where it is
stated that only those nanomaterials authorized and mentioned in the Annex I can be
used. Regarding the risks of substances in nonplastic materials, such as adhesives, coat-
ings, and inks, the European Commission has planned to launch a consultation on policy
options. So far, titanium nitride nanoparticles is the only material authorized as nano
in Annex I, defined as material with primary diameter of 20 nm forming aggregates of
100-500 nm. It is also specified in Regulation 10/2011 that migration cannot occur.
This difters from other authorized substances to which specific migration or overall mi-
gration limits are applied (10 mg/dm’ of food package surface or 60 mg/kg of food are
defined as default values). In addition, two more substances, not listed as nanomaterials,
are also included: carbon black and amorphous silica (also currently in use as a food ad-
ditive in E551, below 100 nm) [177]. Such strict regulation could be the reason for the
limited number of available packaging products in the market.

In addition, current recommendations in the USA defined, by the FDA, include
guidance on how potential migration to food under worst foreseeable conditions of
use should be tested and recommendations on the toxicity experiments that should be
carried out are given, for example, mutagenecity in vitro tests. Indeed, the level of data
required to support the safety of a food contact material depends on the estimated daily
intake. Another consideration to take into account is that migration from materials to
food that has been stored under prescribed conditions should overpoise over results
obtained using food stimulants. Food stimulants, for example, ethanol, water, acetic acid,
vegetable oil at different dilution factors, are assigned according to the hydrophilic/
hydrophobic character of the food. Time and temperature are also considered when
designing such migration studies. Following this approach, an increasing number of
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publications have focused on trying to answer the question whether nanomaterials
might be released from food contact materials (mostly nanocomposites) by either test-
ing simple immersion protocols defined in the legislation or by using specially designed
migration or permeation cells [178]. Literature analysis, including some recent reviews
on the topic [179,180], reveals that the most investigated nanomaterials are Ag and clays,
tollowed by ZnO, SiO, TiO, or organic materials such as chitosan. Materials are typically
embedded in polymeric matrices such as PLA, PE, LDPE, or PET.

Ag nanoparticles are defined as migrating systems because it is well known that their
toxicity is mainly caused by Agions, which are formed from the oxidation of Ag nanopar-
ticles by air. Ag cations can diffuse out of the matrix and be transported by the moist food
environment, where they inhibit bacterial growth. Due to the likelihood of Ag to be
ingested by consumers, the scientific community indicates that the incorporation of Ag
nanoparticles in materials needs to be regulated to avoid overuse [181]. On the other hand,
clays fall within the category of nonmigration systems as they are designed to improve
the barrier properties of polymeric materials. Therefore, the property of the nanomaterial
is exhibited inside the package, without the requirement of migrating outside packag-
ing layers or into the food. For that reason in terms of the release of these nanomaterials,
clay 1s usually considered as safe. However, some authors have reported low levels of clay
constituents (e.g., silica and aluminum) from migration studies in food stimulants [182].

It is widely recognized that the migration of nanomaterials will mainly depend on
the nanomaterials physico—chemical properties (i.e., size, functionalization), polymer
characteristics, nature of food stimulant, as well as time and temperature. Furthermore,
potential migration pathways have been identified: desorption, diftusion, dissolution, and
degradation of the matrix [183]. Regarding food contact materials, the main migration
routes are diffusion and dissolution. In this regard, it remains a challenge to determine
the form in which the nanomaterials are released, which for Ag is not clearly solved yet.
For instance, researchers cannot differentiate migration via diffusion mechanism; via re-
lease from the food contact material surface, or whether nanomaterials are formed post
dissolution, for example, release of Ag" and postformation of Ag or AgCl/Ag,S (nano)
particles [184]. Commonly employed analytical techniques are TEM coupled with EDX
and ICP-MS, allowing determination of form and concentration of release material,
respectively. Analytical methodology is explained in more detail in Chapter 4. Low mi-
gration rates as well as miniscule quantities make the detection of nanoparticles in food
stimulants difficult to be accomplished. In general terms, it is also evident from the litera-
ture that results can often not be compared since first, sample preparation methods and
migration tests are frequently adapted and varied in a large number of works. Second,
the characterization of the starting materials, including pristine nanomaterials, is gener-
ally poor.

In conclusion, enhancing the knowledge on the migration of nanomaterials from
food packaging to support reliable risk assessment is necessary, since at present, empirical
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information that could be used to predict the amount and form of nanomaterials re-
leased as a function of their physico—chemical properties, food packaging material, and
external conditions, is scarce. This means that more eftort should be put into clarifying
and evaluating structure—function relationships by systematically modifying composi-
tional parameters. With more data, theoretical modeling of nanomaterials diffusion will
gain confidence in the future. Specifically, literature supports the development of new
analytical methods able to distinguish between the diftferent potential pathways that can
result in the release of nanomaterials, in particular whether nanomaterials leach as 1ons
or single/aggregated/agglomerated nanomaterials. There are still no methods widely
accepted to assess particle leaching, but ICP-MS operating in a single-particle mode or
the hyphenated techniques such as FFF-ICP-MS in combination with electron micros-
copy observations will provide advantages over simpler elemental analysis of the food
products using [CP-MS.

7.5 OUTLOOK AND CONCLUSION

Nanotechnology will likely encompass, direct or indirectly, almost every feature
of the food sector during the upcoming years. The discussed promising applications in-
clude nanomaterials as important in packing materials with high gas barrier, antimicrobial
properties, and enhanced mechanical and thermal resistance. Nanotechnology is meant
to open a wide span of new opportunities within the food packaging sector. However,
the introduction of nanomaterials within global public habits still remains uncertain,
due to the health and toxicology concerns. As a consequence, consumers are hesitant
regarding consuming products involving nanotechnology, even more when it comes to
applications related to foods. Specific regulations need to be defined and implemented
toward public acceptance of food products that incorporate or utilize nanomaterials.
Therefore, the consumption of nanocomposites will be highly dependent on how much
trust the public has in industry and the government to protect them from likely hazards.
In that sense, the capability of industry and academics to spread their knowledge will
play a key role in mitigating public fears about nanorelated food products. Unfortunate-
ly, the inherent veil of secrecy of industry toward intellectual property overprotection
that could reflect economical return greatly hinders the transparency of their activities.
Furthermore, the future of emerging nanotechnologies for food packaging applications
is also uncertain upon the way regulatory agencies are able to handle the challenge
that nanotechnology represents. Nanotechnology in food packaging strengths must be
correctly and delicately counterbalanced against the potential risks of use and abuse of
nanomaterials. Furthermore, there are still several gaps of knowledge that need to be
filled in terms of product safety, for instance regarding nanomaterial migration through
polymer films and further the interaction of nanomaterials with biological functions, as
well as the effect of characteristics, concerning size, shape, surface charge, etc. In the
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same way, a comprehensive definition of identification, quantification, and characteriza-
tion methods and techniques for nanomaterials in complex packaging structures is also
needed. Besides, evaluation of the interrelationship of biodegradability and toxicity of
degradation products in new emerging packaging materials such as bio-based materials
incorporating nanotechnology needs to be addressed in depth. This chapter aimed to
depict a framework of current advances regarding polymer nanocomposites applicable
to food packaging to identify the existing gaps and highlight the vast span of possibilities
that nanotechnology can bring toward more interactive, smart, and a health-concerned
food packaging industry. Although nanocomposites are already well-known materials,
their incorporation in food packaging is still in its infancy and the future of this promis-
ing technology remains uncertain. Hence, indepth dialog and an open minded attitude
will be needed from scientists developing these new approaches, companies in charge of
implementing them, as well as the final consumers. If we overtake the existing initial mis-
trust, nanotechnology will be a key player in a healthier and accessible global food supply.
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8.1 INTRODUCTION

Coatings and printed inks are usually applied for improving functionality and
performance of food packaging materials. Those including nanomaterials (or nanobased
coatings and inks) are developed and validated to achieve novel and improved perfor-
mance compared to conventional materials for food packaging applications. Very high
surface area per weight ratio, together with specific functionalities derived from the
nanosize, are key aspects to understand the increased interest in research on nanobased
coatings and inks for food packaging applications.
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New or improved properties can be achieved when functional nanomaterials are
embedded in packaging materials, such as nanocomposites, or in the form of nanobased
coatings and inks. Nanocomposites can be efficient, durable, and easily manufactured in
asingle compounding step (see Chapter 7 for further details). However, when nanocom-
posites incorporate nanomaterials as part of their internal structure, and this can be done,
for example, by extrusion or injection molding, the amount of nanomaterials required
is much higher than when applying them as nanobased coatings and inks. This implies
that nanocomposites can be more expensive than nanobased coated/printed materials,
the total packaging costs of the former being expected around 10% of the food prod-
uct cost [1]. Besides, the incorporation of functionalities on the surface of materials by
coatings or inks is sometimes independent of the type of packaging (i.e., thermolabile
materials); therefore this type of processing is much more versatile than those associated
with nanocomposites.

8.2 TYPES OF COATINGS/INKS FOR FOOD PACKAGING
INCLUDING NANOMATERIALS

8.2.1 Main functionalities

The main functionalities in materials requested by the food packaging industry that
are conferred by nanobased coating are mechanical, barrier, electrical/electronic,
optical, and antimicrobial properties. A range of examples showing how solutions
involving nanotechnology are helping to meet the industry needs are exposed as
follows:

1. Abrasion and scratch resistance food packaging materials with improved mechani-
cal resistance such as glass bottles, or ultrahigh molecular weight polyethylene used
in severe operating conditions in food processing can be prepared by incorporating
coatings containing ceramic [i.e., silica (S10,)] nanoparticles.

2. Food-grade coatings with high anticorrosive barrier are required for food or bev-
erage cans, particularly for steel cans. Such coatings can be developed by applying
polymeric coatings containing nanocarriers that can confer improved anticorrosive
protection.

3. Vacuum-coated ceramic nanolayers (i.e., SiO,) are currently used to improve gas and
water vapor barrier properties in flexible food packaging materials.

4. Conductive and semiconductive printed inks based on metallic nanoparticles [e.g.,
silver (Ag), copper (Cu)] are increasingly used as part of gas and temperature sensors
for food packaging applications.

5. Titanium dioxide (TiO,) nanoparticles are used in food packaging materials due to
their high UV absorption and photocatalytic properties.

6. Eftective and durable antimicrobial coatings based on nanocapsules made from natu-
ral polymers.
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8.2.2 Mechanical properties

Elongation at break and tensile strength are both important characteristics for packag-
ing materials. In general, these properties are inversely related. Hence, when a particular
material presents high elongation at break, its tensile strength is usually low. And the op-
posite is true; a material with high tensile strength presents low elongation at break. The
presence of nanomaterials in inks and coatings can enhance the mechanical properties
of the packaging. Usually, the tensile strength of food packaging increases with small
amounts of nanoparticles included in nanocomposite coatings; however this is followed
by a decrease in the tensile strength when the loading of nanoparticles increases. The
elongation at rupture is also greatly affected by the inclusion of nanoparticles: this prop-
erty decreases as a result of nanoparticle agglomeration, which hinders the intercalation
or exfoliation of the nanocomposite coatings.

The food packaging industry is increasingly interested in bio-based coatings com-
posed of starch, chitosan, celluloses, lipids, and/or proteins, among others, including
nanoparticles (i.e., biocomposite coatings) because they can improve the properties of
plastic substrates without jeopardizing its original attributes and optimize their cost
efficiency [2]. For instance, the tensile strength of a protein-based biopolymer such as
wheat gluten coating deposited on paper increases with the addition of low amounts of
cellulose nanocrystals (CNC) and TiO, nanoparticles. However, higher amounts of these
nanoadditives decrease the resistance of the polymeric film against fracture [3]. Similar
behavior has been obtained for polylactic acid (PLA) films coated with nanoclay inks [4].
Other bio-based nanocomposite coatings composed of chitosan and starch can improve
their mechanical properties after addition of magnetite (Fe;O,) nanoparticles. The ad-
dition of Fe;O, nanoparticles to the film (up to 10%) increases its tensile strength while
decreasing the elongation at break [5]|. The development of bio-based nanocomposite
coatings has aimed at improving not only the mechanical properties of the polymeric
resin (i.e., stiffness, impact, wear resistance), but also their flame retardant behavior and
their barrier properties against gases, vapors, and radiation [6]. Nevertheless, insignifi-
cant effect on the mechanical properties of film was observed when nanoparticles were
coated directly onto film, instead of being filled into the polymeric matrix. For instance,
mechanical properties of zinc oxide (ZnO) coated PVC films [7], and cellulose nano-
crystals coated flexible food packaging films [8], are similar to bare films. This confirms
that the improvement of the mechanical properties is not related to the nanoparti-
cles themselves but to the effect of their interaction with polymeric matrices in the
nanocomposites.

Abrasion and scratch resistance of food packaging, which are other main mechanical
properties in food packaging, can be enhanced by using varnishes containing ceramic
nanoparticles. An example of such coating formulation is an UV-cured over-print var-
nish containing LP X 20470 (BYK-Chemie), which is a colloidal SiO, nanoparticle
dispersion in tripropylene glycol diacrylate [9].
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8.2.3 Barrier properties

Besides polymeric nanocomposites with enhanced barrier properties (covered in
Chapter 7), nanobased coatings with the same use are commercially available in food
packaging applications. Barrier properties can result from the following phenomena: (1)
hydrophobic character given by barrier coating materials (i.e., nanoclays, polyolefines, per-
fluorinated polymers); (2) reduction of the free volume of the polymeric matrix; (3) pos-
sible changes in the orientation of polymeric crystals within the matrix; and (4) reduction
of the diffusion of gases and vapors across the thickness of the coating materials due to
their “tortuous path” across the packaging material, which has been discussed and displayed
in Chapter 7. The enhanced barrier properties thus result from the higher aspect ratio
associated with the distribution of nanolayered materials dispersed in a polymer matrix
compared to conventional random distribution of particles in composites [10,11].

The most important nanobased barrier coatings are ceramic nanocoatings, lay-
ered nanoclays, sol—gel coatings, and bio-nanocomposite coatings. Ceramic nanocoat-
ings obtained through homogeneous deposition of silicon oxide (i.e., SiO,) nanolayers
(40-80 nm onto PET, PA, PP, and PLA) by plasma processing [12] or electron beam
evaporation [13] are currently commercialized by the company Amcor. SiO, barrier
nanocoatings are typically used in flexible packaging applications like stand-up pouches,
pillow pouches, sachets, low-wraps, lidding films for trays and cups, tube laminates,
and others. They constitute an environment friendly alternative to chlorine-containing
PVDC lacquered films. SiO, barrier nanocoatings are applied in different laminated
structures and each structure has its own barrier. Fig. 8.1 shows oxygen and moisture
barrier properties of most commonly used laminates in food packaging.
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Figure 8.1 Barrier properties of different laminated structures for food packaging. (Adapted from
Amcor, Ceramis, 2016. Available from: http://www.amcor.com [13]).
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As it can be seen in Fig. 8.1, the barrier caused by SiO, does not decrease under high
humidity conditions, as it is the case with ethylene vinyl alcohol (EVOH). This tech-
nology is able to achieve very low oxygen transmission rates (OTR) and water vapor
transmission rates (WVTR), which are potentially useful for applications even in the en-
capsulation of organic light emitting diodes, which is a very demanding application [14].

The cost of vacuum technologies for the deposition of nanocoatings is relatively
high. At present, there is no other alternative technology that can achieve high barrier
level with high transparency and low haze obtained when using SiO, nanolayers. Novel
acrylic nanocoatings are developed to offer an alternative to SiO, nanolayers. These are
prepared with environment friendly and low cost atmospheric pressure plasma enhanced
chemical vapor deposition (AP-PECVD) [15]. Such nanocoatings are highly flexible
and, hence, potentially useful for improving performance of current high barrier ce-
ramic nanocoatings. Other technologies based on wet chemistry formulations including
nanomaterials (i.e., layered nanoclays, sol—gel, and (bio)nanocomposite coatings) have
also been developed. In particular, layered inorganic silicates such as nanoclays have at-
tracted great attention by the packaging industry due to their environmental friendliness,
natural abundance, low cost, simple processability, and significant improvement of barrier
properties [16]. Layered silicates present approximately 1 nm thickness; layer diameter of
100-1000 nm; 6000—~10,000 layers per particle; particle size of 6~13 tm; 700-800 m°/g
surface area; negative surface charge [17,18], and the possibility of presenting difterent
structures of layered nanocomposites. The high surface area of nanoclays intercalated or
exfoliated (preferably) in polymeric matrices; their nanolayered structures and hydro-
phobic nature explain the improvements of mechanical, barrier, chemical resistance, and
flame retardant properties associated with their use [19]. It was reported that, with only
1% (wt.) of the nanoclay Cloisite 30B contained in gravure inks, OTR improved from
1600 cm’/m™day to 1000 cm’/m*day, and modified nanoclays present better perfor-
mance than nonmodified ones [19].

Several nanoclay-based products have been recently commercialized as part of plastic
composites and barrier coatings for food packaging applications [20]|. Durethan KU2-
2601, from Nanocor, is based on polyamide 6 and montmorillonite composites. These
provide excellent gas and moisture barrier properties, strength, toughness, abrasion, and
chemical resistance [21]. Imperm products, from Nanocor, Voridian and Mitsubishi
Gas Chemical Company, are based on semiaromatic polyamide-based nanocomposites
that extend the shelf life of packaged food (e.g., multilayer PET bottles) [22]. Aegis
OXCE, from Honeywell Polymer, is a polyamide 6-nanoclay composite modified with
an additional oxygen scavenger used for high-oxygen barrier packaging for beer and
flavored alcoholic beverages. Triton Systems, Inc., the US military and NASA have
developed together (EVOH)-nanoclay composites for long-shelf life packaging (i.e.,
nonrefrigerated food). Nanolok, from InMat Inc., is a high barrier, water-based nano-
composite coating for transparent packaging applications with suitable oxygen barrier,
up to 80% relative humidity, and more cost eftective than EVOH [23]. Nano-Seal, from
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NanoPack Inc., is a water-based coating made of PVOH and VMT with good oxygen
and aroma barrier properties [24]|. Nanoblend, from PolyOne Corp., is a homo- and
modified polypropylene (PP), linear low-density polyethylene (LLDPE), low-density
polyethylene (LDPE), high density polyethylene (HDPE), or an ethylene copolymer
matrix-based composite with 40% nanoclays. Polyolefin-based nanocomposites pro-
vide higher barrier properties but poorer optical properties (e.g., haze and clarity) than
polyamide-based ones [25]. Finally, Plantic R 1 Tray, from Plantic Technologies Ltd., is a
thermoformed starch-based nanoclay composite that can be used as a bio-based barrier
coating [26].

Sol—gel coatings are another important solution with barrier properties. These are
based on hydrolysis, condensation, and polycondensation reactions of metal alkoxides
obtained under mild operations conditions. Sol—gel coatings present high thermal sta-
bility, mechanical strength, and gas barrier properties [27,28]. These are applied to polar
polymeric materials such as PET [29] and PA-6 [30]. However, lack of adhesion and
cracking is observed when applying these coatings onto polyolefins [31]; to mitigate
this, surface modifiers, such as silanes, and/or surface pretreatments, such as atmospheric
pressure plasma, are required in sol-gel coating formulations. Poly(lactic acid) (PLA) is
an abundant biodegradable polymer with poor barrier properties. In contrast, hybrid
organic—inorganic (PLA)/silica (SiO,) coatings increase the barrier properties of the
starting polymer in food packaging applications [32]. Other PLA/SiO, hybrids applied
by bar coater (or casting) have also been recently investigated. The transparency and
optical transmittance of films were over 92%, and OTR and WVTR properties were
increased by 69.7 and 45.7%, respectively, over those of neat PLA films [33]. Finally, a
plasma posttreatment applied onto hybrid inorganic—organic coatings can increase the
inorganic character of the outermost layer, which can improve their wetting, adhesion,
and gas barrier properties [34].

In addition, many of the current food packaging materials with high barrier proper-
ties are based on multilayer systems (e.g., laminated and/or coextruded materials) in-
cluding usually PE thermo-sealable outer layers; EVOH (as high barrier layer); and other
layers made of PET or PA and adhesives. These multilayered gas barrier materials are
effective but they are not recyclable. They can present high thickness which makes the
final product less light and more expensive.

Bio-nanocomposite coatings consist of a single monolayer containing a high barrier
nanomaterials well dispersed in a bio-polymeric matrix. This type of solution has great
potential because it allows reducing the thickness of the packaging without jeopardizing
their overall performance at a competitive cost (see scheme in Fig. 8.2).

The light weight packaging concept associated with multifunctional nanocompos-
ite coatings presents environmental and economic benefits such as better waste disposal
and reduced energy for production, transport, and storage. Polysaccharide [35], pectin
[36], and protein [37] bio-based barrier coatings have been investigated recently with
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Protective coating

Multifunctional
nanocomposite
coating

Figure 8.2 Schematic illustration of (A) the light weighting concept associated with multifunctional
nanocomposite coatings; (B) cross-section of a multilayer package (total thickness 90 mm) obtained
with optical microscopy (left), nanocomposite coating (0.7 mm) on a 12 mm PET substrate (right) ob-
tained with scanning electron microscopy. (Adapted from I.U. Unalan, G. Cerri, E. Marcuzzo, C.A. Cozzolino,
S. Farris, Nanocomposite films and coatings using inorganic nanobuilding blocks (NBB): current applications
and future opportunities in the food packaging sector, RSC Adv. 4 (2014) 29393-29428 [6] with permission).

promising results. However, bio-based barrier nanocoatings are still relatively expensive
today compared to conventional synthetic polymeric nanocomposites. Paper/paperboard
presents hydrophilic character that limits their potential applications in the food pack-
aging market. However, it has been adapted for food packaging: a nanostructured su-
per hydrophobic surface based on R812S silica nanoparticles and polydimethylsiloxane
(PDMS) silicone oil have recently been investigated on paper [38]. A recent study de-
veloped antibacterial and barrier paper-based packaging materials based on polystyrene
(PS)/Ti0O,/Ag nanocomposite coating with promising results [39].

8.2.4 Electrical and electronic properties

In recent years, there has been growing interest in developing smart packaging incorpo-
rating electronic devices (e.g., radiofrequency antennas, temperature sensors) into flex-
ible substrates and using cost-eftective methods, like printing technologies, to do so. The
development of inks with specific rheological properties is at the core of such intelli-
gent packaging. These inks are multicomponent systems containing conductive materi-
als, such as conductors or semiconductors in a liquid vehicle (aqueous or organic), and
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other additives (i.e., rheology and surface modifiers, binders, humectants, or defoamers)
to enable their printing onto the packaging substrate. Electronic inks have recently been
investigated for packaging applications [40—44].

A major challenge in applying printing techniques for the deposition of the con-
ductive materials in food packaging is the formulation of suitable inks, and this is the
reason why the vast majority of published works focus on their formulation and control
[45-50]. In this sense, viscosity, surface tension, and wettability are the most critical char-
acteristics of the ink formulation. These parameters have a clear impact on the printing
quality since they determine drop size, drop placement accuracy, satellite formation, and
wetting of the substrate. Moreover, the ink should have compatibility with the substrate,
good printability, and resolution with minimum printer maintenance. In addition, the
ink should be processable (annealing, curing) at temperatures generally below 150°C to
be compatible with flexible substrates.

Different types of conductive materials have been explored, including metallic,
carbon nanomaterials and conducting polymers. Metal-based inks have been the
most studied formulations with a particular focus on inks containing metal nanopar-
ticles, complexes, and organometallic compounds. The best candidates for conduc-
tive materials are silver (G, = 6.3-10" Q™"“m™"), copper (¢, = 5.96:10" Q7 "'m™),
gold (G4, = 4.4-10" Q7"-m™") or aluminum (6, = 3.8-:10" Q™ "-m™"). At present, most
commercial conductive inks are based on silver nanoparticles as silver has the highest
electrical conductivity among conductive metals and is resistant to oxidation. How-
ever, due to its high cost, great efforts are being dedicated to replace it. Aluminum
is considered inappropriate for conductive ink formulations because of its very fast
oxidation in air (around 100 ps), which results in loss of electrical conductivity [51].
Oxidation of copper is slower than that of aluminum but it also reduces the electrical
conductivity of the printed copper. Thus, one of the main challenges to replace silver
with much cheaper metals, such as copper or aluminum, is to avoid their fast oxidation
at ambient temperature. Some strategies to avoid their oxidation are based on working
in an inert atmosphere; use of hydrocarbon solvents; use of low precursor concentra-
tion; and nanoencapsulate particles with nonoxidable metals [52-54], which all imply
very sophisticated experimental conditions. A drawback when using nanoparticles is
their aggregation and precipitation. Therefore, adding stabilizing agent (i.e., polymer,
surfactant) is necessary, but the presence of these components prevents the formation of
continuous interconnected metallic nanoparticles, resulting in low conductivity values.

Although organometallic compounds used in inks are mainly based on either silver
or copper complexes, a wider range of complexes have been developed using either
anionic or coordinating ligands (i.e., aminopropoxides, amidinates, or guanidinate com-
plexes). These complexes must undergo a reduction process to obtain metallic silver or
copper and a further thermal treatment to allow particle sintering. The advantages of this
strategy are the use of low-cost silver and copper precursors and the possibility of using
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lower temperatures during the thermal treatment. Impurities from the ligands could
result in low conductivity.

Carbon nanomaterials such as carbon nanotubes (CNT) or graphene have recently
been explored as conductive inks because of their exceptional electrical, optical, and
mechanical properties. The high intrinsic electrical conductivity of individual CNTs
or graphene sheets is close to the conductivities of metals [55]. The main drawback of
these carbon nanomaterials is the formation of large bundles or ropes that result from
Van der Waals forces, causing agglomerates [55,56]. For this reason, dispersant agents
must be added to the ink formulation. However, the presence of all these organic addi-
tives prevents electrical contact between individual CNTs or graphene sheets which can
result in low conductivity films [55,56]. These organic components can be removed by
thermal treatment of the printed ink, but again, relatively high temperatures (>200°C)
are required for their use which restrict the substrates to which they are printed.

Finally, conducting polymer-based inks have also been developed for printed elec-
tronics. Among the different conducting polymers, poly(3,4-ethylendioxythiophene)
(PEDOT) has been the most widely studied because of the good conductivity values
(300 S/cm) [57]. Despite the low cost, easy conversion into inks, and easy processing,
they have shown less conductivity than conventional metals and are also limited in
terms of chemical and thermal stability. Individual types of conductive materials have
not shown satisfactory properties as ink constituents and as a result the development of’
nanocomposites has received increased attention.

8.2.5 Optical properties

The main optical properties required in the food packaging sector are light stability and
transparency. Light stability is based on preventing color changes (i.e., yellowing) due
to photo-oxidation of photosensitive food (e.g., meat, beer, and milk) from UV radia-
tion (wavelength below 340 nm). Light transparency consists of high transmittance in
the wavelength of visible light (between 340 and 800 nm). Transparent packaged food
can be directly evaluated by the consumer by visual inspection. UV stabilization is gen-
erally achieved by using the highly efticient family of hindered amine light stabilizers
(HALS) which has capacity to trap radicals. Free radicals are eliminated before they are
converted into inert derivatives. There are many formulations based on HALS in the
market: a suitable selection of HALS depends on the polymeric matrix (or binders in
food packaging coatings) and the target application [58]|. HALS additives are combined
with ultraviolet light absorbers (UVAs) to prevent color change and delamination of
coatings, adhesives, and sealants: the combination of these two chemistries is highly
synergistic [59]. However, higher thermal stability than that offered by UVA/HALS
systems 1s often required [60]. In that sense, UV-shielding/absorbing properties based
on the use of metal oxides such as TiO, [61,62], ZnO [63], or clays [64] have recently
been investigated but light transparency is still deficient. More research effort and
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optimization of the type of nanofiller(s), their associated structure, and processing con-
ditions: time, temperature, energy input, amount of additives, solvents and cosolvents,
among others, is needed [6].

8.2.6 Antimicrobial properties

Health risks associated with microbial contamination continues to be one of the main
public and governmental concerns concerning food packaging. Despite the evident
progress in health risk assessment throughout manufacture, transport, and commercial-
ization of food products, the incidence of foodborne illnesses in developed countries has
not waned in the last few decades [65]. In this context, a combination of new technolo-
gies with antimicrobial properties as part of food contact products can result in shelf-life
extension and foods with improved quality and safety characteristics. In this book, the
toxic effect of engineered nanoparticles on microorganisms are discussed in great detail

in Chapter 6.

In antimicrobial packaging, a substance with biocide properties is included in the
packaging system to extend shelf life and reduce the risk of contamination by pathogens
[66]. This aim is achieved by difterent strategies including the following:

1. The addition of sachets or pads containing volatile antimicrobial agents. This ap-
proach is only feasible with volatile compounds, which extremely limits the range of
antimicrobials that can be used [67].

2. The incorporation of volatile or nonvolatile antimicrobial agents directly into
polymers [68] by extrusion/blending and solution casting. However, these tech-
nologies can present serious limitations due to the intrinsic lack of thermal stabil-
ity of many of such active compounds, which can be lost through degradation and
evaporation during the heat transfer involved in the preparation of the packaging
material [69].

3. The immobilization of antimicrobials to polymers by ionic interaction or covalent
linkages [70]. This 1s probably the least explored approach for antimicrobial packaging
applications, possibly because the most commonly studied antimicrobial agents, such
as nisin or essential oils, must migrate from the packaging material to be effective.

4. Coating antimicrobials onto polymer surface. This can be carried out by using poly-
mers that are inherently antimicrobial or incorporating antimicrobial compounds
into the coating or ink formulations used in food packaging.

Ideally, packaging materials incorporating antimicrobial agents should encompass a
broad spectrum of antimicrobial activity at low concentrations; exert no adverse sensory
effects on the product; and comply with current food legislation and toxicity levels. Low
production costs are also a must considering the very low mark-ups in the food sector.
Antimicrobial coatings can cover all of these requirements and, additionally, they present
the advantage of preserving the packaging materials’ bulk properties. There is therefore
interest in the application of thin coatings, rather than modifying in the bulk packaging
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Figure 8.3 Factors affecting the composition of antimicrobial ink, and the application of antimicro-
bial coating in packaging materials. (Adapted from L.J. Bastarrachea, D.E. Wong, M.J. Roman, Z. Lin, J.M.
Goddard, Active packaging coatings review, Coatings 5 (2015) 771-791 [73]).

material, as thin coatings are not expected to affect packaging material’s relevant physical

and chemical properties [71].

The most important parameter by which to judge the effectiveness of the antimicrobial

coatings 1s the ability of controlled release (see scheme of antimicrobial coatings in Fig. 8.3).

Antimicrobial coatings should control the release rates of the incorporated active substances

to the surrounding media in a targeted way to achieve the maximum function [72].

There are wide number of active agents with size in the nanometer range that can

be incorporated into coatings for controlling growth of pathogenic and/or spoilage

microorganisms in packaged products. Metallic nanoparticles and metal oxides are of

great interest in this regard due their broad spectrum of action (including Gram positive,

Gram negative bacteria, yeasts, and viruses); greater chemical and thermal stability as

compared to organic antimicrobials; and involve easy and cost-ettective production [74].

Nanosized TiO, is one of the most promising antimicrobials that can be incorporated

into coatings for diminishing the risks associated with biofilms in food contact surfaces.

In relation to their mechanism of action, photocatalytic titanium dioxide nanoparticles

induce the production of reactive oxygen species (ROS), glutathione depletion, and cell

membrane disruption [75]. Among metallic cations, ionic silver is known to have the

greatest antimicrobial capacity against bacteria, yeast, or viruses; it has long-term biocide

properties while at the same time being much less toxic to eukaryotic cells and nontoxic

to humans [76]. The effects of silver are being reviewed and research on its toxicity is

still in progress. Although less studied than silver nanoparticles, copper [77] or zinc—

oxide-based [ 78] nanoparticles can provide an interesting route to develop antimicrobial

coatings for packaging materials as well. Nanoclays modified with organic compounds,

such as quaternary ammonium-modified montmorillonite, represent another promising

alternative for coating paper packaging with antimicrobial properties, as reported by

Soares et al. [79].
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On the other hand, the antimicrobial properties of food packaging materials can be
improved by the use of natural substances, such as enzymatic extracts, bacteriocins, or
essential oils. They are generally recognized as safe (GRAS) food preservatives, can be
incorporated into coatings in the form of polymer binder solutions or solid nanopar-
ticles, and are usually used in different combinations with other antimicrobial substances.
For instance, chitosan is an amino-polysaccharide obtained by deacetylation of chitin: a
structural component present in the shell of some crustaceans. It is a biodegradable in-
herently antimicrobial polymer, and it presents promising potential for the development
of new antimicrobial packaging concepts. There is extensive literature as to its antimi-
crobial efficacy either alone or in blends with other polymers [80-82].

Another type of natural antibacterial agent with important industrial applications
are bacteriocins. These are peptides produced by a broad range of bacteria, although the
great majority of these compounds are ascribed to the genus Lacfococcus. Nisin is the main
bactericin used industrially, and it is for instance applied in the prevention of contami-
nation of cheese surfaces by Clostridium species and L. monocytogenes. The incorporation
of bacteriocins in coatings, such as nisin/methylcellulose [83] or enterocin/PE-PEG
block copolymer-based coatings [84] have been investigated for a long time and there
is extensive data on their performance. Among enzymes, lysozyme, most commonly ex-
tracted from egg white, is capable of breaking the glucosidic bonds in the peptidoglycan
of Gram positive bacteria and has been successfully incorporated in zein nanoparticles
[85] or cellulose acetate films [86]. Essential oils are also of great importance as natural
antimicrobial agents. Some examples include the use of oregano and clove essential oils
in methylcellulose films [87] or the addition of cinnamon essential oil to chitosan-based
films [88]. However, one of the main drawbacks of incorporating these natural oils into
polymers is their high chemical and thermal instability, as well as a very high volatil-
ity. Additionally, their eftfectiveness is much lower than other traditional antimicrobials,
which implies the need for higher filler contents. These issues pose difficult challenges as
to the development of cost-effective polymer technologies releasing essential oils.

With the range of strategies reviewed, it can be inferred that while the incorporation of
active agents and use of specialized packaging processes will increase material costs, there
are opportunities for new products with enhanced food safety, and with prospective reduc-
tion of waste of packaged goods. Therefore, there is potential for increasing product value
through the use of packaging coatings with smart integration of antimicrobial agents.

8.3 COATING/PRINTING TECHNOLOGIES USED
INTHE FOOD PACKAGING INDUSTRY

8.3.1 Main printing technologies

There 1s a wide repertoire of printing methods for many industrial applications [89]:
printed electronics [90], magazines, wallpaper, floor covering, and food packaging [91],
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to name a few. These printing methods include screen printing [92], flexographic [93],

offset printing [94], ink-jet printing [95], and gravure printing [94]. The selection of

a printing method depends on the ink properties (such as viscosity, surface tension,

Fig. 8.3), pattern geometry, speed of the printing process, yield, quality and production

costs. Some of the most important printing parameters is listed as follows. These also ap-

ply for inks and coatings incorporating.

1. Printing accuracy and resolution.

2. Uniformity when printing from a few squared centimeters to a one squared meter.
It will be affected by the ink composition and the drying process.

3. Wetting control and interface formation. The surface energy of the substrate and
bonding between the printed layers and the substrate must allow creating a quality
printed pattern.

4. The ink compatibility with the printer components, such as rollers, doctor blades,
ink-jet heads, has an important impact on the yield and quality when printing in
mass production.

5. Process cost considerations.

8.3.2 Flexography

Flexography is the most important process used for printing food flexible packaging. It
1s also used to print paperbacks, comics, and newspapers. Flexography employs a flex-
ible rubber plate, rather than a metal plate (letterpress), to print onto plastic, corrugated
cardboard, and paper-based substrates. This printing process (shown in Fig. 8.4) is based
on the transfer of the ink from the ink tray through a fountain cylinder to an Anilox
cylinder. Such a cylinder presents texture with small wells holding ink that is transferred
to a plate cylinder (flexible rubber-like material). This results in evenly distributed ink
with uniform thickness. In the process of transferring ink from the Anilox cylinder to
the plate cylinder, there is a blade or scraper, which removes the excess ink onto a flex-
ible plate. To transfer the image, a substrate (food packaging) is sandwiched between
the plate cylinder and the impression cylinder. Finally the substrate is then fed through
either a dryer drum to dry the ink on the substrate or a UV ray device to cure the final
ink (Fig. 8.4).

Flexography inks can be either synthetic or natural resins dissolved in low boiling
point solvents, which result in liquid inks with low viscosity, rather than pastes. Common
solvents used in these inks are low molecular weight alcohol, such as ethanol, n-propyl,
or butanol, mixed with esters and glycol ethers and/or aliphatic hydrocarbons. Polymer-
ic resins in these inks are typically based on nitrocellulose, polyamide, and polyurethane,
and the dyes in them are organic molecules or metal complexes. Besides, flexography
inks contain plasticizers to provide higher flexibility to printed films and waxes, which
add rub resistance. The formulation of the ink, with high solubility of all its components,
and high drying speed are desirable for high quality printed images onto the substrate.
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Figure 8.4 Flexography printing process. Reproduced from American Label Group Ltd, Explore the flexo-
graphic printing process, Available from: http://www.americanlabel.com/algweb/alg2/explore_flexo.asp
[96] with permission.
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The main advances in flexographic printing have taken place in improvements in the
material of photopolymer printing plates and methods of plate creation [96]. Further-
more, flexographic printing has improved its tonal value (or dot gain) which translates
into higher quality and accuracy of printed substrates.

8.3.3 Rotogravure

Rotogravure is another technique applied in printing flexible food packaging. This
technology is based on an intanglio process, where a sunken surface is obtained after
printing cylinders engrave the desired pattern [97]. In this printing process, a group of
micrometric cells (i.e., small cavities engraved onto cylinders) act as ink reservoirs that
transfer ink to the surface of packaging substrates by direct contact. The amount of ink
contained in the cells translates into different color intensities onto the substrate, and,
therefore, the cell dimensions must be designed according to the intensity of the ink
color desired onto the substrate. Thus, the deeper the cells, the brighter the colors will
be. A rotogravure printing press has a printing unit for each color, hence, the number of
units will depend on the color required in the final image.

The printing process with rotogravure is shown in Fig. 8.5. A blade scrapes off the
excess ink around the noncontact printing areas of the engraved cylinder, leaving
the amount of ink required in the engraved cells ready to be transferred to the substrate.
An impression roller is used to apply force and press the substrate onto the engraved
cylinder to transfer the ink and ensure an even ink cover. Finally, the printed substrate
passes through a dryer unit before moving to the next color unit for the next applica-
tion of ink.
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Figure 8.5 Rotogravure printing process. Reproduced from Discovery flexibles, Rotogravure process,
Available from: http://www.discoveryflexibles.com/rotogravure/ [98] with permission.

Gravure inks are very similar to the flexographic inks used in food packaging and
are constituted by organic solvents such as esters and alcohols. These present low boiling
point, and therefore become volatilized during the drying step, which minimizes their
migration from the printed packaging to foodstuff. A number of packaging products
include resins (i.e., cellulose nitrate, maleic, acrylates, polyurethanes, polyamides); plasti-
cizers (i.e., phthalates, citrates, adipates), dyes, and pigments. Besides organic based inks,
water-based gravure inks are also widely used in the food packaging sector.

8.3.4 Ink-jet

Ink-jet printing is a noncontact dot matrix printing technology in which ink droplets
are jetted from small nozzles directly to a specified position on a media (substrate) to
create an image [90,91,95]. The principle where a liquid stream can be broken into small
droplets with uniform size and spacing was introduced by Lord Rayleigh in 1878. Based
on the mechanism of droplet formation through the breakup of a continuous liquid jet,
two main ink-jet technologies were designed [89]. The formation of drops by thermal
and piezoelectric mechanisms is at the core of the main ink-jet technology. A second
main technology, continuous ink-jet, involves the uninterrupted generation of drops
from a drop generator. This breaks oft the ink in small electrically charged droplets.
Drops then go through an electrified plate which deflects the noncharged droplets to
the gutter, where they will be recirculated, whereas the charged droplets will be directed
to the substrate.

Ink-jet printing has become the main print technology in display applications. Spe-
cial interest has been focused on UV-continuous ink-jet for printing polymeric food
packaging such as polyethylene and polypropylene. This UV-continuous ink-jet print-
ing technique is growing very fast due to its good jetting performance and robust
printing. It provides high image quality and durability (i.e., suitable adhesion, scratch
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Figure 8.6 Offset printing process. Reproduced from Offset printing technology, offset lithography, 2016.
Available from: http.//www.offsetprintingtechnology.com/sub-categories/offset-lithography/ [99] with
permission.

resistance, and solvent resistance), high curing speed, and curing degree (92-98%),
which minimizes the migration of unreacted monomers from the curing process to
the foodstuff, and provides good optical properties to the printed media, such as gloss,
color, or brightness.

8.3.5 Off-set

In the offset printing process, the surface with and without printed image lies on the
same plane and differ in their wetting properties. The nonimage area is hydrophilic and
therefore can be wetted with water and a mixture of both water and alcohol. In contrast,
the image area (ink-receptive areas) is hydrophobic and can be wetted with oil. The oft-
set printing process is shown in Fig. 8.6.

The ink used in off-set printing must present high viscosity, and its temperature
should be between 25 and 40°C to avoid the evaporation of the solvent. The resins used
in the ink need to be soluble in the solvent, stabilize the ink in the inking system and
ensure its good drying. The solvents used for the offset printing process are normally
vegetable oils (which present a few double chemical bonds), mineral oils, and fatty
acid esters. The latter ones are used in food packaging printing due to their low level of
migration from the printed polymeric material to the foodstuft [94].

8.3.6 Other technologies

There is an increasing trend to use new packaging materials but improvements in the
sealability of such laminated composite materials are required [100]. This is carried out
with both new and conventional approaches. Among the new technologies, nanoim-
printed lithography and injection mold coatings are especially relevant [101]; and also
extrusion and lamination coatings technologies, which are conventionally used in the
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food packaging sector. Extrusion coating consists of heating together a mixture of two
different polymer granules or pellets. The combined polymers are extruded (pushed
through a die of a specific cross-section) as a single product which is a multilayer web
of plastic film. Cast extrusion and blown extrusion are the two extrusion methods usu-
ally considered [91,98]. The lamination processing consists of two or more polymers in
web form which will become multiple polymeric layers with enhanced properties. This
is achieved by extrusion or hot melt lamination [91,102]. A wide variety of printing
technologies are in use for printing coatings and inks containing nanomaterials and their
effectivity will have important nanosafety implications.

8.4 NANOSAFETY AND NANOTOXICOLOGY

Specific regulations for nanomaterial-based products are into debate worldwide
due to their growing market and nanosafety concerns. In this book, Chapter 9 exposes
how the regulatory bodies are reacting to ensure food safety and the existing principles
applied to nanofoods; however contact materials have not been dealt specifically in
Chapter 9.

The already established R egulation (EC) 1935/2004 for food contact materials, and
a revised Regulation 10/2011 for “Plastic Food Contact Materials” address nanoma-
terials nanosafety and nanotoxicology [103]. The general requirements of Regulation
(EC) 1935/2004 are laid down in Article 3, where it is stated that materials coming
into contact with food shall be manufactured such that, under normal and foresee-
able conditions of use, they would not transfer their constituents to food in quanti-
ties which could endanger human health or bring about an unacceptable change in
the composition of food or deterioration in the organoleptic characteristics thereof.
In Article 5, specific measures for groups of materials and articles are defined, but no
positive list of allowed substances with specific migration limits for printing inks ex-
ists. Therefore the compliance of nanobased coatings and inks can only be assessed on
the basis of the overall migration limits. Regarding the risks of substances in adhesives,
coatings, and inks, the European Commission has planned to launch a consultation on
policy options.

Hannon et al. [104] reviewed the main challenges related to the use of engineered
nanoparticles in food contact materials. This work shows that there are substantial gaps
of knowledge regarding the use of nanobased coatings/inks in food packaging with
reference to human health risk assessment. Migration phenomena are influenced by
temperature, time, concentration gradient, material properties, migrant material position
in the material, the interaction between the migrating material, and the food prod-
uct and physico-chemical conditions in the food product such as pH. The presence
of nanomaterials in coatings and inks for food packaging materials can cause migration of
nanomaterials to the outermost layers of the food products. More research is needed on
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the migration of nanoparticles from food contact materials, their diffusion mechanisms
and their associated nanosafety implications for consumer health.

8.5 FUTURE TRENDS AND CHALLENGES

The main challenges of nanocoatings and inks for commercial food packaging are
related to the improvement of their functionality at reasonable costs. Additionally, prog-
ress in the assessment of their nanosafety is needed. These challenges are in agreement
with the global challenges of the packaging industry, some of the most important being
the need to: (1) increase sustainability of manufacturing processes, (2) improve recyclabil-
ity of materials, and (3) improve performance and functionality. With reference to (3) in
particular, there is a need to overcome adhesion issues and achieve higher barrier proper-
ties. Adhesion problems in laminates and nanobased functional inks are solved currently
by the development and application of specific surface treatments such as those based on
atmospheric pressure plasma technology, but greater research eftort is needed to improve
nanocoating and nanoink formulations without compromising their functionality.

Keeping or improving barrier properties of packaging to extend food products’ shelf
lite with less amount of thermoplastic commodity is still a challenge [105]. Greater gas
and water vapor barrier properties are required. In particular, two well-accepted needs
are materials with greater oxygen barrier for packaging transparent to visible light. This
type of packaging is of great importance for fresh food (i.e., vegetables, fruits); for lidding
films for retort products; and low cost water repellent coatings for frozen food (i.e., meat,
fish) such as packaging based on cardboard packaging. Nanobased barrier coatings are a
promising alternative for overcoming these challenges.

Multifunctional nanobased coating and inks conferring improved mechanical, bar-
rier, electrical, optical, and antimicrobial properties are in great demand by the packaging
industry. The development of intelligent packaging is advancing toward improving the
protection and communication aspects of packaging materials [105,106]. Active packag-
ing (packaging which interacts with the packaged food) requires to extend food shelf life
with antimicrobials, and also by using oxygen [107] and ethylene [108] scavengers, based
mostly on titanium dioxide polymeric nanocomposite coatings. Intelligent packaging
(which senses and communicates information from the packaged product) involves us-
ing functional nanomaterial-based ink formulations with innovative electronic designs
and architectures printed on packaging materials to achieve several functionalities, such
as communication by radiofrequency, time-temperature indicators, gas sensors, and
freshness indicators, among others. New concepts such as integrated printed radiofre-
quency antennas; printed temperature sensors; and printed supercaps, through the use
of electronic inks, are still under development [109]. A promising concept developed
for oxygen sensors based on photocatalytic titanium dioxide-nanoparticle-based inks
consists of reversible multistep redox consecutive reactions using UV radiation, titanium
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dioxide nanoparticles, a sacrificial electron donor (which can be glycerol), and an encap-
sulated dye (i.e., methylene blue dye) [110]. Other trends with great impact in intelligent
packaging are focused on the detection of spoilage and pathogenic microorganisms
[105]. They are based on the use of quantum dots, and fluorescent organic compounds
and nanoparticles, which offer high sensitivity in the detection. A successful example
was the selective detection of two difterent species from Escherichia coli and Salmonella
typhimurium with quantum dot—antibody conjugates [111]. This approach opened the
door to detecting multiple species of bacteria. Fluorescent nanoparticles are also applied
as highly sensitive sensors for proteins, enzymes, DNA, bacteria, and chemicals related
to changes in food such as CO, or ammonia [112]. The application of nanobased inks to
detect biological indicators of food spoilage is expected to grow considerably in the near
future. Time, temperature, humidity, and freshness indicators can already be monitored
by using nanobased coatings and inks. The presence of intelligent packaging solutions in
the market such as those briefly exposed is expected to increase in the next few years.
As a final point, there is a global trend to extend the variety of food products oftered
to the consumer with short delivery dates. Regarding coating/printing technologies, this
trend involves a progressive move toward using highly versatile environment friendly ink-
jet technology, which is also prepared for fast customization, and replace gravure and off-set
and flexography technologies. The trend in nanobased ink formulations, therefore, is to
design and develop functional, sustainable, and reliable inks and coatings inks at lower costs.

8.6 CONCLUSIONS

Coating and ink formulations including nanomaterials are increasing their appli-
cation in food packaging. Some nanobased products with enhanced abrasion and scratch
resistance, oxygen and water vapor barrier, and UV absorption properties have already
been developed with demonstrated effectivity. In nanobased coatings and ink formula-
tions, there could be the solution to overcome some main challenges in the food pack-
aging sector such as improving the shelf life of raw materials and recyclability, which will
in turn decrease waste, and play a key part in active and intelligent packaging. Some of
the most interesting examples that are under investigation are novel coatings to achieve
transparent high barrier properties; inks with enhanced electrical conductivity using
room temperature sintering; and eftective, durable, and safe antimicrobial varnishes for
meat packaging, among others. Innovative coating and printing technologies required
for nanobased inks could be complementary to conventional oft-set, flexography, roto-
gravure, screen, or pad printing technologies. Roll-to-roll nanoimprinted lithography is
a potential forthcoming technology in the food packaging sector.

The growing market of nanobased inks and coatings increases nanosafety concerns
and there is urgent need to accelerate the development of specific standards to validate
the nanosafety and nanotoxicology of the developed food contact products containing
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nanomaterials. It can be concluded that the design and development of functional, sus-
tainable, and safe nanobased inks and coatings for food packaging with a suitable per-
formance at acceptable costs presents satisfactory and very promising perspectives in the
near future.
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9.1 INTRODUCTION

For many of us, food is much more than simply a source of fuel. It is, instead,
multivalued being inextricably linked to custom and culture |1], rituals and religion [2],
and family and friends [3]. Whether the food that you buy is, for example, organic or
farm to table, contains genetically modified (GM) organisms, or comes from the grocery
store, there is an implicit assumption that the food is safe for consumption; that checks
and balances, set down by the State in some form, exist so as to ensure safety. This is a
reasonable assumption.

However, high profile food scares and controversies—bovine spongiform en-
cephalopathy (BSE) in beef, outbreaks of salmonella in peanut butter, and the United
Kingdom’s “horse-meat-gate” to name just a few [4—6]—illustrate the very real daily
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challenges faced by food regulatory schemes. There is a very real human and economic
cost to such food safety incidents. Hussain and Dawson [5:586] estimate, for example,
that food-borne illnesses are responsible for approximately “300,000 hospitalizations and
5000 deaths in the [United States] alone” annually. The direct and indirect costs of such
incidents have been estimated to be $US7 billion per year to the US economy alone [5].
As such, ensuring food safety is big business.

Food safety regulators also face the challenge of overseeing and ensuring safety of
new technologies and technological processes within the agri-food sector. These have
included the development of GM foods, remote monitoring and sensing technologies,
food irradiation, and active packaging materials [7-9]. Such innovation is driven by a
range of different demands including: undernourishment and malnutrition, food secu-
rity concerns, changing weather patterns, increasing globalization of food markets, and
economic pressures, to name just a few [10—12]. These emerging technologies can, how-
ever, give rise to the so-called “pacing problem,” in which the regulator does not possess
the necessary legal oversight to adequately regulate the technology, or its products, as
they enter the market [13]. These pacing problems can be further exacerbated when the
oversight architecture involves multiple tiers, a myriad of actors and numerous regula-
tory instruments as is the case with the agri-food sector.

The purpose of this chapter is to explore the design and function of the food safety
regulatory regime, and the ways in which the regulatory community is responding to one
emerging technology which falls within their remit: nanotechnologies. With a growing
body of literature now dealing with the actions and approaches being taken by national
regulatory agencies, such as the United States (US) Food and Drug Administration (FDA),
Food Standards Australia New Zealand and the European Food Safety Authority (EFSA)
(see, e.g., [14-16]), the focus of this chapter is on the global food safety architecture, and
its application to foods containing nanomaterials. In this vein we look at the global stan-
dards that apply to the foods themselves, as well as standards that have been created and
adopted for the labeling of such foods. This chapter will focus on nanofoods, including
their labeling but will not consider contact materials (see, instead, [17,18]).

Regulation around food safety is called on to address hazards arising from many dif-
ferent sources including chemical, biological, fraud, food-borne, and packaging related
[19]. Expectations of regulation of nanobased products are no different in this matter.
However, importantly the introduction of nanobased products is often driven as a re-
sponse to address these hazards in other foods. For example, nanosensors are used to
detect pathogens or contaminants in food and nanomaterials are used to improve water
filtration, improving food safety.

As other chapters in this book highlight, nanomaterials and nanotechnology-based
food processes are increasingly being used within the food sector as a way, for example,
within the product itself to enhance aesthetic appeal or within food contact materials to
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extend a product’s shelf life (see also [20,21]). Such products are just the beginning with
industry experts suggesting that the next generation of nanobased foods will be on the
supermarket shelves within the next few years [22,23].

The development and entry into the market of nanobased foods has not been
without controversy; a number of commentators have voiced their concern about the
potential risks posed by the use of nanomaterials in food stuffs and within the matrix
of food contact materials (see, e.g., [24—26]. It has been argued, for example, that the
current regimes and the tools that underpin them are not adequate for safeguarding
human and environmental safety, and that nanospecific regulations and tools are need-
ed to ensure safety [26—28]—a classic example of the pacing problem. Commentators
have also called for the implementation of a labeling scheme for foods containing
nanomaterials so that consumers may exercise an “informed choice” in their purchas-
ing [26,29,30].

Such views are not, however, universally held. Many policy makers, regulators, mem-
bers of the scientific community, and other key stakeholders have argued that the cur-
rent regulatory approach is adequate for ensuring consumer safety at this time (for an
overview of these discussions, [31,32]). Many have also argued against the introduction
of a nanolabel. The complexities of any such label are captured eloquently by Throne-
Holst and Rip [33]. Here they reference concerns regarding low consumer awareness
of what “nano” is and the subsequently meaningless nature of any such label, as well as
the traditional nature of labels to “warn” consumers of a potential hazard. Here the label
would be simply to inform of the presence of the nanomaterial, and not of potential
risks, which could be confusing to consumers [33].

Although it appears unlikely that these opposing views on safety and labeling will be
reconciled anytime soon, an increasing number of nanobased products are making their
way into the market, and onto the shelves. Whether they know it or not, consumers will
increasingly be purchasing and consuming products containing nanomaterials or foods
produced using nanotechnology.

To examine how regulatory regimes have responded to nanobased food products to
ensure food safety it is important to first understand the framework in which they oper-
ate and the general principles governing their operation. The second part of this chapter
provides an overview of this global architecture and the key principles underpinning
it. These standards and principles are then incorporated and reflected in the national
schemes through their vested powers and regulatory tools. With the question of labeling
continuing to be a contentious issue among stakeholders the third part of this chapter
provides an in-depth examination of the so-called nanolabeling debate, framed by the
general principles outlined in the second part. The chapter concludes by reminding us
of the real value of food, and the myriad of challenges it presents to policy makers and
regulators alike. Regardless of the technology used to produce it.
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S 9.2 ARCHITECTURE OF INTERNATIONAL FOOD REGULATORY
SYSTEMS & GENERAL PRINCIPLES UNDERPINNING THEM

Although there are international agreements addressing food safety, as yet no such
agreement expressly addresses nanofoods. Nevertheless, the key general principles cre-
ated by international regulatory systems will apply to nanofoods and these are explained
subsequently. Further, in the context of safety, work is being done by international or-
ganizations, such as the Organisation for Economic Co-operation and Development
(OECD), which is developing a Consensus and Risk Assessment Document for manu-
factured nanoparticles and nanofoods.

9.2.1 Codex Alimentarius Commission

Established in 1963 under the auspices of the World Health Organisation (WHO) and
the Food and Agriculture Organization (FAO) of the United Nations, Codex Alimen-
tarius Commission (Codex) is the intergovernmental body charged with developing
international food standards, principles, and guidelines for the purposes of “protect-
ing consumers’ health and ensuring fair practice in food trade” [34:5, Part I (1)]. As of
December 2016, 187 countries were considered to be Member Countries of Codex,
with the EU being the only Member Organization. As noted on the Codex website,
these Members are home to “99% of the worlds population” [35]. The body has a fur-
ther 234 Observer Members, which include international governmental organizations,
nongovernmental organizations, and United Nations Organizations [35]. Together, these
Members shape the agenda of Codex, and provide the necessary expertise and assistance
to enable the development of scientifically based standards, guidance, and other docu-
ments that become the reference points for food safety across the globe.

General and specific standards, along with guidelines, codes of practice and recom-
mendations produced by Codex are published in the Codex Alimentarius, or “Food
Code.” As of November 2015, the Alimentarius consisted of 341 documents, including
212 standards, 73 guideline documents, and 51 codes of practice [36]. These include, for
example, the General Standard for Food Additives (Codex Stan 192-1995), the Standard for
Chocolate and Chocolate Products (Codex Stan 87-1981, Rev. 1-2003), and the Guideline
for the Production, Processing, Labelling and Marketing of Organically Produced Foods (GL 32-
1999). These documents are produced through a rigorous, consensus driven, process.' As
such, it is not uncommon for the process to take years from start to finish.

Importantly, the standards, guidelines, and other documents produced by Codex are
not binding on Member Countries. Member Countries are, instead, strongly encouraged
to incorporate the standards and other materials published in the Alimentarius into their
domestic regulatory frameworks as a way to promote food safety, increase harmonization,
and promote trade [37]. Where a standard is a “minimum standard,” a Member Country
retains the flexibility to adopt more stringent standards to protect consumer safety (when
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based on a scientific basis) [38]. This provides Member Countries with a degree of flex-
ibility in defining the level of protection that they wish to implement within their own
jurisdiction. However, as noted subsequently, even this is subject to further restraints.

Given the scope of Codex’s work, there can be little doubt that food incorporating
nanomaterials or nanoscale food additives falls within their remit. Currently though,
there is no express reference to such foods or additives in the Alimentarius. Should the
Member Countries wish to expressly bring these issues within the body’s work a Mem-
ber Country would need to put forward a proposal to the Executive Committee, in the
manner set out in the Procedural Manual [39]. This by itself would not guarantee that
the proposal would go forward, with the Executive Committee having to assess each
proposal against a number of specific criteria. This includes, for example, relevance to
their strategic plan and the needs of developing countries [39].

One area in which the Executive Committee may receive a request for new work
would be in the area of developing a labeling standard for foods containing nanomate-
rials. As shall be discussed in more detail in the conclusion, the EU has already moved
ahead with requiring foods containing “engineered nanomaterials” (as defined in Regu-
lation (EU) No 1169/2011) to list nanoscale ingredient in a food’s list of ingredients
(Article 18(3)). Such a work item would not be without precedent with Codex having
previously commenced deliberations for a labeling standard for GM food [40].

The GM labeling deliberations provide a case-in-point as to the challenges that a
Member Country may face should it push forward with a similar work item for the
labeling of nanobased foods. Deliberations over GM labeling lasted well over a decade
due to highly polarized views on the need for, and nature of, any such label [41,42]. Key
issues of debate and disagreement included, for example, the practical implications of a
labeling standard, the “product v process” dichotomy underpinning different regulatory
approaches, a lack of scientific risk analysis and toxicological studies, economic costs, and
consumer rights [37,40]. “With the same arguments presented ad nauseam’™ and a “lack of
consensus about compulsory labeling for foods derived from modern biotech” [43:971],
a decision was reached to discontinue the work program in relation to definitions and
detailed rules. In its place, Member Countries agreed to the adoption of the Compilation
of Codex Texts Relevant to Labeling of Foods Derived from Modern Biotechnology (CAC/GL
76-2011). The purpose of the document, published by the Codex Committee on Food
Labelling is to simply,

“recall and assemble in a single document some important elements of guidance from Codex texts,
which are relevant to labelling of foods derived from modern biotechnology” (Article 1).

This amounts to ten different standards ranging from, for example, the General Stan-
dard for the Labelling of Prepackaged Foods (Codex Stan 1-1985) through to the Guidelines
for Use of Nutrition and Health Claims (CAC/GL 23-1997), and the Working Principles for
Risk Analysis for Food Safety for Application by Governments (CAC/GL 62-2007).



180 Diana M. Bowman, Karinne Ludlow

Importantly, for the purposes of this chapter, CAC/GL 76-2011 “is not intended to
suggest or imply that foods derived from modern biotechnology are necessarily different
from other foods simply due to their method of production” [44]. Codex also adopted
principles for risk analysis for food safety for foods derived from genetic modification,
which establish that if a risk is identified, labeling is an appropriate management strategy
[Principles for the Risk Analysis of Foods Derived from Modern Biotechnology (CAC/
GL 44-2003:1)].

In our view, should Codex pursue a labeling standard for foods containing nanoma-
terials, debates analogous to those that played out over a decade or two in relation to
GM foods are likely to occur. A similar stalemate and/or lack of consensus on any such
standard would be the most likely outcome.

In regard to food safety, the general principles of Codex and national regulatory
systems will apply to nanofoods as they do to other foods. This includes the principle
that new food substances shall be subject to independent and scientifically based safety
assessment prior to sale. If'a food is not assessed as safe, it will not be approved for sale
at the national level. As a general rule, commercial sponsors of the new food substance
will have the burden of demonstrating safety in accordance with specified testing re-
quirements. Such sponsors will also need to ensure that there are well-defined intended
uses (including the level of use and foods in which it will be used) and compositional
specifications of added substances. These definitions are central to the development of
scientific data (such as acceptable intake levels) on the safety of the food and verification
of that data as well as to minimize fraudulent and misleading uses.

9.2.2 World Trade Organization

As noted earlier, member countries are not bound to adopt the standards produced by Co-
dex. Although this is true, the reality is much more complex given the relationship between
Codex and the World Trade Organization (WTO), and the various binding instruments
that fall under the latter’s umbrella. Two key instruments administered by the WTO—the
Sanitary and Phytosanitary Measures (SPS) Agreement and the Technical Barriers to Trade (TBT)
Agreement—specifically refer to, and rely upon, the international food standards, guidelines,
and recommendations produced by Codex as the benchmark for food safety.

By way of background the WTO was established on 1 January 1995 as a replacement
body to the Contracting Parties of the General Agreement on Tarifts and Trade (GATT).
The WTO is the key international institution concerned with the liberalization of trade
rules (as provided for under the World Trade Organization Agreement (WTOA)) [45].
As such, the WTO has an interest in the governance of all nanotechnology products,
including nanofoods, in so far as domestic regulatory frameworks impact on the trade of
the products. WTO’s primary concern shall, however, be in relation to whether or not
the regulatory approach adopted by a Member Country for a nanobased product results
in the restriction of trade.
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As with GM foods, any safety concerns raised by WTO members in relation to nano-
toods would fall within the scope of the SPS Agreement. As stated in Article 1—General
Provisions, the SPS Agreement “applies to all sanitary and phytosanitary measures which
may, directly or indirectly affect international trade.” Under the SPS Agreement, any SPS
measure implemented by a WTO Member Country” which conforms with a Codex
standard will be prima facie consistent with that nation’s obligations under the Agreement.

However, in the absence of any Codex standards, guidelines, and/or recommenda-
tions that deal specifically with nanofoods governments will be required to base any na-
tional measures on either analogous international standards [38], or demonstrate that the
higher level protection is based on scientific risk assessments to the extent necessary to
protect human and environmental safety (SPS Agreement, Article 5.1°). The establishment
of a higher level of protection will need to be deemed to be scientifically justifiable, if it
is to survive its examination by other member states [37].

Given the lack of toxicological and epidemiological studies reported on potential hu-
man health risks associated with the ingestion of foods containing nanomaterials, in con-
junction with contradictory findings, it appears likely that members may resort to relying
on Article 5.7" of the SPS Agreement when formulating national SPS measures. However,
although Article 5.7 enables a member state to employ provisional SPS measures under
strict conditions, as established by the Appellate Body in_Japan—Measures Affecting Agriculture
Products (Japan—Agricultural Products)’, the decision of the Appellate Body in EC-Biotech
Products suggests that it will be extremely difficult for a member to have a right to recourse
under Article 5.7 when formulating their national SPS frameworks. Further, provisional
measures introduced by a Member under Article 5.7 must be reviewed within a reasonable
period by seeking additional information to conduct an objective risk assessment [46:27].

Moreover, should a Member wish to incorporate a precautionary approach to nano-
foods within their national SPS framework, such measures would need to be consistent
with existing scientific evidence in order for the member to act consistently with its
obligations under the SPS Agreement. This is because, as noted by Gonzalez [47], Article
5.7 is triggered by insufficiency of scientific evidence and not by scientific uncertainty.

In contrast, any “technical regulations and standards, including the packaging, mark-
ing, and labelling requirements” (Preamble, TBT Agreement) concerns raised by WTO
members in relation to nanofoods that are not covered by the SPS Agreement will fall
within the scope of the TBT Agreement. In doing so, the Agreement further recognizes,
however, that “no country should be prevented from taking measures necessary to en-
sure the quality of its exports, or for the protection of human, animal, or plant life or
health...” (Preamble, TBT Agreement). Although the TBT Agreement does not identity
relevant standard setting bodies for international standards, as with the SPS Agreement
the establishment by a member state of a higher level of protection in relation to nano-
foods would need to be based on scientific risk assessment data. As such, if' a country
implemented, for example, a national labeling policy for nanofoods for reasons other



182 Diana M. Bowman, Karinne Ludlow

than food safety, such an action could, potentially, be challenged by another country on
the basis that the policy was an unnecessary barrier to trade.

9.2.3 Impact at the national and regional level

National and regional regulatory systems for nanofoods will be subject to the constraints
imposed by international agreements, such as those described earlier. Within that con-
straint, although the food safety principles and guidelines for implementation provide
the foundation for oversight at regional and national levels, countries have responded
differently in the manner of codification and application to nanofoods.

In most cases, the broad policy principles and general approach—such as the re-
quirement for premarket assessment and review to assure safety—are mandated in laws
enacted by parliaments or other legislative bodies. Critical scientific principles and rules
for conducting safety assessments are typically codified in regulations or less formal
directives or guidance documents issued by bodies, such as the European Food Safety
Authority (EFSA)’ and the US FDA."

Other relevant internationally applicable general principles include the Codex Code
of Ethics for International Trade in Food (CAC/RCP 20-1979) and Principles for Food Import
and Export Inspection and Certification (CAC/GL 20-1995). Article 4.2 of CAC/RCP
20-1979 provides that no food should be in international trade which, inter alia, has in
it any substance in an amount which renders it harmful or injurious to health, consists
of foreign matter or is otherwise unfit for human consumption or is adulterated. This
would apply to nanofoods if they meet any of those characteristics.

As noted earlier, a central regulatory principle governing all new food substances,
whether nanoform or not, is that they undergo independent, scientifically sound safety
assessment prior to marketing. Pursuant to section 1.1 of the General Standard for Food
Additives (Codex Stan 192-1995) only listed food additives are recognized as suitable for
use in foods and only additives that meet premarketing safety assessment can be listed.
This approach is adopted by national regulatory systems, such as the Australia New Zealand
Food Standards Code—Standard 1.3.1-Food Additives, clause 3. One difficulty for national
regulatory systems is where a nanoform of a previously approved substance is introduced.
If such a material is not considered “new” it will not be subject to reevaluation.

Other key general principles regarding safety include that each nation can establish
its own “appropriate level of protection” (ALOP) for food substances. Most national and
regional regulatory systems do this by codifying a protective safety standard for inten-
tionally added substances. For example, the US FDA uses “safe” as its standard. Safe (or
safety) 1s defined in 21 Code of Federal Regulations (CFR) § 170.3(1)) as to mean:

“that there is a reasonable certainty in the minds of competent scientists that the substance is
not harmful under the intended conditions of use. It is impossible in the present state of scientific
knowledge to establish with complete certainty the absolute harmlessness of the use of any sub-
stance. Safety may be determined by scientific procedures or by general recognition of safety....”
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The burden of proof on safety falls on the commercial sponsor. Nevertheless, the com-
mercial sponsor must, when conducting the safety testing, proceed in accordance with
specified testing requirements and demonstrate safety. If safety cannot be demonstrated,
approval in the form of listing will be denied. Further CAC/GL 20-1995 requires coun-
tries to keep up to date with available scientific evidence. For example, section 3.6 requires
inspection and certification procedures to be fully effective in achieving their designated
objectives having regard to the determination of acceptable levels of protection which is
required and section 3.7 requires risk assessment to be based on current available scientific
evidence (for a discussion on the current scientific evidence, and questions regarding risks
for nanomaterials in foods, please refer to chapters [Chapter 5] and [Chapter 0]).

§ 9.3 LABELING

It 1s generally recognized that food labeling, as described by Codex, “is the pri-
mary means of communication between the producer and seller of food on the one
hand, and the purchaser and consumer on the other” [48:1]. As such, food labeling may
provide a benefit to both the consumer and the seller as it can assist the consumer in
making an informed decision on the product, while promoting the movement of goods
within the market [49].

The internationally accepted general principles relating to the labeling of prepack-
aged foods are set down in Codex General Standard for the Labelling of Prepackaged Foods
[Codex Standard 1-1985 (Rev. 1-1001)]. Pursuant to section 2 of the General Standard,
“labeling” includes,

‘any written, printed or graphic matter that is present on the label, accompanies the food, or is
displayed near the food, including that for the purpose of promoting its sale or disposal’.

A “label” is defined in section 2 to mean “any tag, brand, mark, pictorial or other
descriptive matter, written, printed, stenciled, marked, embossed or impressed on, or at-
tached to, a container of food.” As such, as eloquently noted by Einsiedel [50:231], the
definition of a label as supplied by Codex is broad enough to include simple symbols or
logos, as well as “something as complex as a set of ingredients (with a string of chemical
information) and nutritional information.”

In this part of the chapter we focus on the internationally accepted principles relat-
ing to the regulation of food labeling and their application to foods containing nanoma-
terials. Where appropriate, we then consider their application in specific jurisdictions to
illustrate how they may be applied within a national context.

9.3.1 Considerations in relation to the labeling of prepackaged foods

As noted earlier, the internationally accepted principles relating to prepackaged foods
labeling are set down in Codex Standard 1-1985. These are reflected in legislative
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instruments of participating jurisdictions including, for example, the EU under Regu-
lation (EU) No. 1169/2011 on the provision of food information to consumers and the US
under Title 21 (Food and drugs), Chapter I, Subchapter B (§101) of the Federal Food, Drug
and Cosmetic Act.

Pursuant to section 1 of Codex Standard 1-1985 the,

“standard applies to the labelling of all prepackaged foods to be offered as such to the consumer or
for catering purposes and to certain aspects relating to the presentation thereof”’

A general principle embodied in section 2 of the Standard is that labeling must not
be “false, misleading, or deceptive.” Mandatory information to appear on the label of
prepackaged foods is set out in section 4 and includes, but is not limited to, the name of
the food, list of ingredients which are to appear in descending order of ingoing weight
at the time of manufacturing and food additives which serve a technological function.
Pursuant to section 5.1, the label must also provide a quantitative list of ingredients by
weight or volume. Additional information may be voluntarily incorporated onto the la-
bel as long as it does not conflict with the requirements set out in Codex Standard 1-1985
(section 7). Prima facie, these principles apply equally to prepackaged foods that do, and
do not, contain nanomaterials.

As provided for under section 4.1, the name of the food must be indicated on the
label, in a form that indicates the “true nature of the food and normally be specific and
not generic.” Pursuant to section 4.1.2,

“there shall appear on the label either in conjunction with, or in close proximity to, the name of
the food, such additional words or phrases as necessary to avoid misleading or confusing the con-
sumer in regards to the true nature and physical condition of the food including but not limited to
the type of packaging medium, style, and the condition or type of treatment it has undergone..."

For example, fruit that has been sliced must be labeled as such to inform the con-
sumer as to the exact nature of the prepackaged food. As the label must not mislead the
consumer as to the “true nature” of the food, a fundamental question here in relation
to foods processed with or containing nanomaterials is whether or not the condition
or type of treatment it has undergone is sufficient to render the food different from
its conventional food counterpart. If the true nature and physical condition of a food
containing nanomaterial differs enough from that of a conventional food, the argument
could be made under this section that the label on the food must contain “additional
words or phrases as necessary to avoid misleading or confusing the consumer.” Any such
conclusion would have to be made on a product-specific basis.

Section 4.2 of Codex Standard 1-1985 requires a listing of ingredients. Such ingre-
dients are required to be listed on the basis of their common or usual name (specific or
class name) as a means to inform the consumer of the type and form of the prepackaged
food; the principle does not require information relating to the size of the ingredient
present in the food to be included as part of the listing requirement. '’
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[t is arguably not surprising, therefore, that with the exception of the EU, ju-
risdictions have not sought to differentiate conventional ingredients from those at
the nanoscale for the purposes of complying with section 4.2 of the Standard. The
EU has, however, done exactly that. Pursuant to Article 18(3) of Regulation (EU) No.
1169/2011,

"All ingredients present in the form of engineered nanomaterials shall be clearly indicated in the
list of ingredients. The names of such ingredients shall be followed by the word nano’in brackets”"’

The purpose of this provision, as stated in the Preamble, is to “inform consumers of
the presence of engineered nanomaterials in food” (Preamble, 25). Let’s take an example.
As noted by Weir et al. [51], titanium dioxide (TiO,) has been a common ingredient
in food products for the purposes of “whitening” the food. The white powder, com-
monly referred to as E171 in the EU" or food grade titanium dioxide can be found in
products as diverse as mozzarella cheese, donuts, and chewing gum [51,52]. As reported
by Weir et al. [51], approximately 35% of the TiO, particles in the food stuft shall be at
the nanoscale. As such, the ingredients list for a chewing gum, for example, sold in the
EU would now need to indicate this. The ingredient list would therefore look some-
thing like this: sorbitol, gum base, natural and artificial flavorings, glycerol. Less than
2% of: soy lecithin, aspartame-acesulfame, aspartame mannitol, colors (titanium dioxide
(nano), red 40).

In this vein, and articulated in the Preamble of Regulation (EU) No. 1169/2011 the
labeling obligation provides consumers with an environment of greater transparencys; it
is not their intent for the “nano” listing to be read as a warning. Although this require-
ment may have been driven by a wish to “inform consumers about nanomaterials in
food” (Preamble at 25) it also provides the regulator with an additional tool for monitor-
ing, and tracing, the use of nanomaterials within the EU market.

Section 4.2.4 requires processing aids and food additives to be included in the list
of ingredients under certain conditions; listing is done on the basis of the name of the
processing aid or food additive. The requirement for listing of such a food additive is
based on it being present in a “significant quantity or in an amount sufficient to perform
a technological function.” As such, nanoscale food additives which are carried over into
foods may be required to be listed on the label, even if present in small quantities but
in an amount sufficient to perform a technological function. However, even if they are
listed, the label does not need to provide information on the size of the food additives;
rather only the name of the food additive must be listed.

Importantly, it would appear that Codex Standard 1-1985 does not prevent the volun-
tary labeling of prepackaged foods that contain nanomaterials (either positive or nega-
tive), as long as such information is not in conflict with the Standard generally, including
being “false, misleading, or deceptive.” As such, it can be concluded that Regulation (EU)
No. 1169/2011 is in compliance with the Standard.
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9.3.2 Considerations in relation to labeling of additives

In addition to the requirements relating to the labeling of food additives set out in sec-
tion 4.2.4 of Codex Standard 1-1985, internationally recognized standards in relation to
the labeling of food additives'" are set down in the General Standard for the Labelling of
Food Additives When Sold As Such (Codex Standard 107-1981).

As with Codex Standard 1-1985, a general principle embodied in Codex Standard
107-1981 is that labeling must not be “false, misleading, or deceptive” (section 3). Pursu-
ant to section 4.1(a) of Codex Standard 1-19835,

“the name of each food additive present shall be given. The name shall be specific and not generic
and shall indicate the true nature of the food additive...”

This requirement would appear to apply equally to food additives regardless of the
particle size of the food additive, as it refers to a listing on the basis of name and not size.
Within the EU, pursuant to Regulation (EU) No. 1169/2011, any food additive at pres-
ent within the food at the nanoscale (as defined by the Regulation) would need to be
labeled as such.

Arguably, however, the term “true nature” as it is stated here is ambiguous. Outside
of the EU, a stakeholder could argue that the term should be read broadly so as to
encompass the particle size of the food additive. Thus, nanoscale food additives would
have to be labeled as such. Whether or not such an argument is successtul depends on
the interpretation of the term “true nature” within the overall context of the Codex
Standard 107-1981, which does not refer to physico-chemical characteristics else-
where 1n its text.

9.3.3 Considerations concerning claims

The commonly defined internationally accepted principles relating to claims for foods
may be found in several Codex Guideline and Standard documents. The most relevant to
this chapter include the General Guidelines on Claims (CAC/GL 1-1979) (Rev. 1-1991)
and Guidelines for Use of Nutrition and Health Claims (CAC/GL 23-1997). These two
documents, and how they relate to the labeling of foods containing nanomaterials, are
discussed in turn.

The General Guidelines on Claims (CAC/GL 1-1979) sets out the accepted principles
relating to “claims made for food irrespective of whether or not the food is covered by
an individual Codex Standard” (section 1.1). A general principle embodied in CAC/
GL 1-1979 is that “no food should be described or presented in a manner that is false,
misleading or deceptive or is likely to create an erroneous impression regarding its char-
acter in any respect” (section 1.2). For the purposes of the Guideline, a claim is defined as
including “any representation which states, suggests, or implies that a food has particular
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characteristics relating to its origin, nutritional properties, nature, production, processing,
composition, or any other quality” (section 2). Any claim made by an individual must be
able to be substantiated in order for it to be permissible (section 3.3). The principles set
out in CAC/GL 1-1979 will apply equally to claims made in relation to foods that do
and foods that do not contain nanomaterials.

As an example, if a person marketing a food wishes to make the claim that the food
is processed using nanotechnologies (a production related claim) then they must be able
to substantiate this claim in order for it to be an admissible claim. Any such claim must
also conform with all other requirements set out in CAC/GL 1-1979 as well as any
other relevant guidelines.

The Guidelines for Use of Nutrition and Health Claims (CAC/GL 23-1997) set down
the commonly accepted principles for nutrition and health claims in food labeling. As
stated in its Preamble, the nutrition and health claims should be consistent with, and
support, national nutrition and health policies. Health claims, in particular,

“should be supported by a sound and sufficient body of scientific evidence to substantiate the
claim, provide truthful and non-misleading information to aid consumers in choosing healthful
diets...” (Preamble).

The scope of CAC/GL 23-1997 is set out in section 1.1 so as to “relate to the use
of nutrition and health claims in food labelling and, where required by the authorities
having jurisdiction, in advertising”."* Pursuant to section 3,

‘any food for which a nutrition or health claim is made should be labelled with a nutrient declara-
tion in accordance with section 3 of the Codex Guidelines on Nutritional Labelling”.

Only such nutrition claims which relate to,

‘energy, protein, carbohydrates, and fats and components thereof, fibre, sodium and vitamins and
minerals for which Nutrient Reference Values have been laid down. ..”

are permissible under section 4.1 of CAC/GL 23-1997. Permitted nutrient claims on
the label would include, for example, the phrase “a low fat food.” These principles con-
cerning the labeling of nutrition claims, including comparative claims, apply to all foods
to which nutrition claims are made and will apply equally to foods that do and do not
contain nanomaterials. At this time it appears unlikely that a manufacturer of foods con-
taining nanomaterials would or, indeed, could make any such claims.

The requirements for health claims are set out in section 8 of the CAC/GL 23-1997.
As provided by section 8.1, health claims are permitted as long as they are,

“based on current relevant scientific substantiation and the level of proof must be sufficient to sub-
stantiate the type of claimed effect and the relation to health as recognized by generally accepted
scientific review of the data and the scientific substantiation should be reviewed as new knowl-
edge becomes available...” (section 8.1.1).
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Moreover, pursuant to section 8.1.2, “any health claim must be accepted by or be
acceptable to the competent authorities of the country where the product is sold.” An
example of a health claim, as provided in section 2.2.1 of the Guidelines, is as follows:

“Nutrient A (naming a physiological role of nutrient A in the body in the maintenance of health and
promotion of normal growth and development). Food X is a source of/high in nutrient A”

Any such claim must be truthful and supported by relevant scientific evidence. These
principles concerning the labeling of health claims, as well as those relating to healthy
diets, apply to all claims made in relation to foods, and will apply equally to foods that
do and do not contain nanotechnologies. At this time, at least to our knowledge, no
national regulator has accepted a health claim specifically associated nanomaterials. As
such, it appears unlikely that such a claim could, or would, be made by a manufacturer
in the near future.

9.3.4 Considerations in relation to nutrition labeling

The internationally accepted principles relating to nutrition labeling for all foods are set
down in the Guidelines on Nutritional Labelling (CAC/GL 2-1985) (Rev.1-1993). The
purpose of CAC/GL 2-1985 is “to ensure that no nutritional claims are made without
nutritional labeling” (Preamble). As with other Standards and Guidelines examined in
this section of the chapter, a general principle embodied in CAC/GL 2-1985 is that the
nutritional labeling is not in anyway “false, misleading, or deceptive.”

Pursuant to section 2.1 of CAC/GL 2-1985, nutrition labeling “is a description
intended to inform the consumer of nutritional properties of food.” A nutritional
claim,

“means any representation which states, suggests or implies that a food has particular nutritional
properties including but not limited to the energy value and to the content of protein, fat and car-
bohydrates, as well as the contents of vitamins and minerals....” (section 2.4).

Where a nutritional claim is made, section 3 of the Guidelines mandates the inclusion
of a nutrient declaration on the labeling. Such information must include, but not limited
to, energy value, amount of protein, available carbohydrate and fat, and the amount of
any other nutrient considered being relevant for a good nutritional status.

These labeling requirements for nutritional labeling will apply to foods that do and
do not contain nanomaterials. The Guideline does not differentiate between “nutrients”
of varying sizes, and as such, it would appear that such labeling does not require the
particle size of the nutrient to which the claim refers to be listed. Rather, as required
by section 3, listing of nutrients is on the basis of the name of the substance to which
the nutritional claim is being made. It does not appear to matter per se if the nutrient
may or may not be formulated and present at the nanoscale; it is the amount and type
and energy value thereof] for example, that is important and must be declared under the
Guidelines.
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The use of labels as a food safety tool, while a new tool per se, should still fall within
the regulations described earlier. For example, where a label monitors for pathogen
presence, the label will need to be accurate to avoid the product facing challenges as a
misleading claim under CAC/GL 1-197.

9.3.5 Other consumer information issues

As noted earlier, the labeling of food products containing nanomaterials is becoming an
increasingly controversial issue in a number of jurisdictions. At this stage it would appear
that, as with the national labeling policies and approaches that have emerged in relation
to genetically modified organisms (GMOs), for example, there is the potential for juris-
dictions to adopt one of the three broad approaches:

1. retain the current status quo,

2. pursue voluntary labeling programs, or

3. pursue mandatory labeling programs (the approach adopted by the EU).

Caswell has argued, for example, in relation to GMOs, that “governments are likely
to prefer voluntary or mandatory approaches based on their perception of what propor-
tion of their citizens want information about the technology” [53:24]. However, Caswell
[54:56] notes that the labeling policy ultimately adopted by governments will be largely
driven by “its perception of benefits and costs.” Labeling policies for food products
containing or processed using nanomaterials will be similarly made on an economic
basis, as well as the politics of differing social value systems and consumer preferences.
It is these factors that appear to have played a strong hand in the European Parliament’s
push for nanospecific provisions in Regulation (EU) No. 1169/2011 on the provision of food
information to consumers and Regulation (EU) 2015/2283 on novel foods. This will have the
potential for not only influencing the amount of information consumers have access to
in relation to such products, but will—as we have already seen—give rise to divergent
labeling policies amongst jurisdictions.

§ 9.4 LOOKING FORWARD

Looking forward returns us to the beginning—food is more than fuel. Nanotech-
nology can add more value to this already value-laden sector but it, like other innova-
tions, will challenge regulatory regime as it develops. Although not unique to nanofoods,
food safety regulation around nanotechnology will be most challenged at, what has
been called, the intersections of applications of food beyond its traditional applications,
including developments, such as food-mediated targeted nutrient delivery to help main-
tain or improve health, which will cause food science to merge with nutritional science
and the interface of food safety regulation with drug regulation [55:35-36]. The applica-
tion of food for gastronomy and pleasure through new types of food structures, tastes,
and textures may influence the attitudes of some stakeholders to nanofoods. However,
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in all cases, food safety will be assumed by the public and regulation will be needed to
deliver that.

ENDNOTES

" The details of which are set out in Codex’s Procedural Manual (version 23). Available from: ftp://fip.fao.
org/codex/Publications/ProcManuals/Manual_23e.pdf.

* As of December 2016, 164 countries were members of the WTO [45].

* Article 5.1 of the SPS Agreement states that, “Members shall ensure that their sanitary or phytosanitary
measures are based on assessment, as appropriate to the circumstances, of the risks to human, animal or
plant life or health, taking into account risk assessment techniques developed by the relevant international
organizations.”

* Article 5.7 of the SPS Agreement states that, “In cases where relevant scientific evidence is insufficient,
a Member may provisionally adopt sanitary or phytosanitary measures on the basis of available pertinent
information, including that from the relevant international organizations as well as from sanitary or
phytosanitary measures applied by other Members. In such circumstances, Members shall seek to obtain
the additional information necessary for a more objective assessment of risk and review the sanitary or
phytosanitary measure accordingly within a reasonable period of time.”

* Japan—DMeasures Affecting Agricultural Products, WT/DS76/AB/R (22 February 1999). In this dispute, the
Appellate Body dealt with a complaint by the USA ‘relating to the requirement imposed by Japan to
test and confirm the efficacy of the quarantine treatment for each variety of certain agricultural products
(“the varietal testing requirement”)’. In their decision, the Appellate Body stated that Article 5.7 operates
as a qualified exemption from the obligation under Article 2.2 not to maintain SPS measures without
sufficient scientific evidence. An overly broad and flexible interpretation of that obligation would render
Article 5.7 meaningless (at paragraph 80). The Appellate Body subsequently articulated four requirements
that must be meet in order for a Member to adopt and maintain a provisional SPS measure: (1) imposed
in respect to a situation where relevant scientific information is insufficient; and (2) adopted on the basis
of available pertinent information. After adopting provisional measures, the Member must: (3) seek[s] to
obtain the additional information necessary for a more objective assessment of risk; and (4) review|s| the
...measure accordingly within a reasonable period of time (at paragraph 89).

® WTO Panel Reports on European Communities-Measures Affecting the Approval and Marketing of Biotech Prod-
ucts WT/DS291R, WT/DS292R, WT/DS293R 29 September 2006.

7 See, for example, EFSA, Technical guidance for establishing the safety of additives for the consumer
(EFSA-Q-2008-406) (16 September 2008) (Available from: http://www.efsa.curopa.cu/EFSA/efsa_lo-
cale-1178620753812_1211902094077.htm).

¥ See, for example, FDA/CFSAN/Oftice of Food Additive Safety, Recommendations for Submission of
Chemical and Technological Data for Direct Food Additive Petitions (March 2009) (Available from:
http://www.cfsan.tda.gov/~dms/opa2cg5.html).

’ This general standard is reflected in numerous Codex Standards relating to prepackaged foods includ-
ing, for example, Codex Standard for Ginger (Codex Standard 218-1999, AMD. 1-2005) (see section 6.1),
Codex Standard for Asparagus (Codex Standard 225-2001, AMD. 1-2005) (see section 6.1) and the Codex
Standard for Chocolate and Chocolate Products (Codex Standard 87-1981, Rev. 1 - 2003) (see section 5).

'" This requirement is expressly incorporated into a number of other Codex Standards including, for ex-
ample, Codex Standard for Formula Foods for Use in Weight Control Diets (Codex Standard 181-1991) (see
section 9.2).

" For the purposes of the Regulation, an ‘engineered nanomaterial’ is defined in article 2(t) to mean: “any
intentionally produced material that has one or more dimensions of the order of 100 nm or less or that
is composed of discrete functional parts, either internally or at the surface, many of which have one or
more dimensions of the order of 100 nm or less, including structures, agglomerates or aggregates, which
may have a size above the order of 100 nm but retain properties that are characteristic of the nanoscale.”

"% As listed in Annex I of Directive 94/36/EEC.

" For the purposes of Standard 107-1981, a “food additive” is defined in section 2 of the Standard.

" For the purposes of CAC/GL 23-1997, a “nutrition claim” is defined in Section 2.1, and a ‘health claim’
is defined in section 2.2. “Other function claims” is defined in section 2.2.2.


ftp://ftp.fao.org/codex/Publications/ProcManuals/Manual_23e.pdf
ftp://ftp.fao.org/codex/Publications/ProcManuals/Manual_23e.pdf
http://www.efsa.europa.eu/EFSA/efsa_locale-1178620753812_1211902094077.htm
http://www.efsa.europa.eu/EFSA/efsa_locale-1178620753812_1211902094077.htm
http://www.cfsan.fda.gov/~dms/opa2cg5.html
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10.1 GENERAL INFORMATION ON PATENTS
AND PATENT APPLICATIONS

A patent relates to an exclusive right granted by a state to an inventor with regard
to an invention. The scope of protection, and hence the exclusive right, is defined by
the patent claims. The right is territorial and applicable in one or more states in which the
patent application has been filed and the patent granted. A patent gives its owner a right
to exclude others from using the invention, although others may be allowed to use the
invention if permitted by the owner.

Although patent law varies between different states, a patent may typically be granted
for an invention of technical nature which is novel, involves inventive step, and is indus-
trially applicable. The patent involves an agreement between the state to the owner of
the patent in exchange for a detailed description of the invention being published. The
right is granted for a limited time period, generally for a period of 20 years from the date
of filing of the patent application, during which time maintenance fees must be paid to
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keep the patent in force. A patent application typically is published, and thereby publi-
cally available, 18 months from the date of filing of the patent application, and eventually
the patent is also published after having been granted.

The procedures for obtaining patents in some countries are made more efficient for
the applicant by harmonization of patent laws between countries and in some cases the
examination of the patent application is common between countries and executed by
one single patent oftice. For example, the European patent oftice, the EPO, centrally
handles one application designating a plurality of European states. Information on patent
applications and patents may be obtained from the Patent office of a specific state, and
also from the World intellectual property organization, WIPO.

A number of commercial and noncommercial databases are available, in which pub-
lished patent applications from a large number of states are searchable and accessible.
Searches in the databases can be made in the English language, since in many cases at
least the abstract of a patent application is available in English, either resulting from the
language of filing being English, or from manmade or machine translation. To further
facilitate searches in the databases, all inventions are classified based on field of technol-
ogy by the patent office.

If comparing patent applications to scientific papers, it might be concluded that
scientific papers are frequently more elaborate in the experimental sections, although
patent applications often contain experimental results to support the scope of the in-
vention where relevant. The journals typically require more technical evidence in the
articles compared to patent applications, and the patent applications are not subjected
to the peer-review process applied by the journals. The patent claims, which define the
scope of protection, often are generalizations of examples disclosed in the application
and therefore to some extent broader than experimental examples of the application.
Therefore, for example, in a case wherein the invention relates to a composition of
compounds, the patent claims typically contain ranges of the content of each compound
rather than exact contents. Defining the exact content of the compounds would provide
a too narrow scope of protection which could be easy to design around for a competitor.

§ 10.2 PATENTING IN THE FIELD OF NANOTECHNOLOGY AND
FOOD TECHNOLOGY

Due to the novelty requirement for inventions, patent applications are often a
useful source for obtaining information in the forefront of a technical field, although as
mentioned earlier, patent applications will normally not be published until 18 months
from the date of the filing of the patent application. Since the almost explosive develop-
ment of nanotechnology in the 1990s, a very large number of patent applications have
been filed related to this field. The interdisciplinary nature of nanotechnology, in combi-
nation with the high numbers of patent applications filed, used to make it troublesome
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to retrieve patent documents in this area from the patent databases. As one result of this,
patent offices worldwide started to classify nanotechnology in a class of its own in 2011,
the “B82Y” class in the IPC system and later also in the CPC system. Specifically, the
“B82Y” class relates to “Specific uses or applications of nanostructures; measurement or
analysis of nanostructures; and manufacture of nanostructures”. Since long before, differ-
ent classes have been related to various aspects of food and food technology inventions.

Searches in the patent database Patbase (per December 1, 2015) in the CPC “B82Y”
resulted in 61,635 hits, and in classes related to food (CPC “A21,” “A22,” and “A23”) in
more than 100,000 hits, thus, clearly illustrating the high patent activity in these fields.
Notably, from Figs. 10.1 and 10.2, the trends for patenting in these fields have increased
considerably when compared to 30 years ago. Due to the lag period between the filing
of a patent application and its publication the last years filings have not been included
in Figs. 10.1 and 10.2. Although the “B82Y” class is excellent when searching for pat-
ent applications related to nanotechnology, it may be too limited when attempting to
search for and review patents concerning use of nanotechnology in food, which in part
explains a relatively low number of hits when combining the class “B82Y” with “A21,”
“A22,” or “A23,” which resulted in 187 hits, or when using the search term “Food*” in
the CPC “B82Y,” which resulted in only 464 hits.
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Figure 10.1 Number of annually filed patent applications related to food between 1980 and 2013.
Searches made in database Patbase in classes CPC“A21, ""A22,"and “A23”
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Figure 10.2 Number of annually filed patent applications related to Nanotechnology between 1980
and 2013. Searches made in database Patbase in class CPC“B82Y."

10.3 FRAMES FORTHE CHAPTER

It has been considered outside the frames of this chapter to translate patent appli-
cations which are not available in English. Therefore, analysis of many of the applications
herein are based solely on Abstracts, where a legible machine translation or a manmade
translation of the abstract has been available in English in spite of the remaining applica-
tion text being written in non-English language. In many cases an English abstract from
an earlier application within the same patent family has been analyzed instead of a cor-
responding non-English application resulting from the database search.

Note that the present review in no means is intended to provide information on
whether a reviewed application has been or will be granted a patent, or if the patent
application is maintained or has been abandoned by the applicant. This is in part due to
the patenting system where an application is often published before the examination of
the application by the Patent oftice has been finished. Further, it should be noted that
among the presented hits from the database search not only patent applications may be
found, but also utility models and design applications.
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10.4 DATABASE SEARCHES

Due to the high number of patent applications filed in the fields of nanotechnol-
ogy and food technology, searches using search terms combining food and nanotech-
nology were conducted in the patent database Patbase to reduce the number of hits.
The searches were further restricted to applications published, not filed, during 2014
and 2015. Patbase is one of the several available commercial patent databases. According
to their webpage, Patbase covers over 47 million patent families from over 103 issuing
authorities.

10.5 REVIEW

Selected and reviewed documents from the searches have been divided into sub-
categories, which are reflected in the headings, including nanoparticles as food addi-
tives or for encapsulation or transporting of compounds; analytical systems and sensors
(further divided into subcategories); antibacterial applications; and food packaging tech-
nology. Many of the reviewed documents relate in one way or another to nanoparticles
with applications in different food related areas.

10.5.1 Nanoparticles for encapsulation and transporting

of compounds or used as food additive

Several of the reviewed documents relate to nanoparticles for encapsulation or trans-
porting of compounds with applications in the field of food, as well as nanoparticles used
as food additives, that is, food additives in the form of nanoparticles. This area has been
addressed in Chapter 2 of this volume.

Some of the documents relating to nanoparticles for encapsulation and transporting
of compounds disclose nanoparticles based on proteins. Nanoparticles having a casein
matrix is reported to enable encapsulation of water-soluble or fat-soluble biologi-
cally active compounds with application in the food sector [1]. More specifically, the
nanoparticles in addition to casein contain a basic amino acid, for example, arginine or
lysine, and a metal suitable for food, such as calcium. It is reported that the nanoparticles
are stable and capable of protecting biologically active compounds from degradation by
external agents, such as light, pH changes, and oxidation, both during product processing
and storage. When applied in food, the nanoparticles are reported to protect biologically
active compounds from the acidic conditions of the stomach, thus preventing release
of the compounds along the gastric tract, and avoiding their precipitation and resulting
reduced bioavailability. Nanoparticles having a zein matrix (i.e., a type of plant protein
matrix) and a basic amino acid, with applications in the food sector, are disclosed in one
document [2]. These nanoparticles also function to enable encapsulation of water-soluble
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or fat-soluble biologically active compounds. Another application [3] relates to the field
of food technology and delivery of hydrophobic biologically active compounds, particu-
larly nutrients, via food products and beverages using isolated casein micelles. A method
for the production of capsules, based on milk serum proteins, including electro-drawing
or electro-spraying or blow-drawing or blow-spraying has also been described [4]. It is
disclosed that the capsules can be used as vehicles for the encapsulation of functional
additives and ingredients for the incorporation in pharmaceutical or food preparations.

Nanocapsules having low oxygen permeability and thus protecting liquids included
in the core of the nanocapsules from oxygen, specifically intended for protection of
food or food ingredients from oxidation have been described [5]. For this purpose, the
nanocapsules have a specific design: they comprise a shell and a core, wherein the core
contains at least one compound characterized by being a liquid between 0 and 80°C,
and the shell contains semicrystalline cellulose nanofibers and/or semicrystalline cellu-
lose nanocrystals each having a crystallinity index of at least 30%. Another invention [6]
relates to monodisperse particles having sizes between 100 and 400 nm prepared from
natural waxes from the Amazon. The nanoparticles are reported to allow for the encap-
sulation of active agents and pharmaceuticals and applied in the development of food
components. Nanoparticles made of sugar-beet pectin, and a bioactive compound such
as a nutraceutical or a drug bound to the sugar-beet pectin, useful for foods, beverages,
or pharmaceutical preparations are disclosed in one document [7].

Nanoparticles specifically used as food additives, rather than for carrying or encap-
sulating compounds, will now be discussed. Two documents [8,9] disclose preparation of
a nanoparticulate or micro-particulate protein-based products to be used as fat replacer
in food products. One of the preparation methods [8] comprises the steps of mixing a
polysaccharide solution, a protein solution, and an alkaline earth metal salt solution. The
mixture is heated to form a suspension of alkaline earth metal cation-stabilized protein
microparticles or nanoparticles, followed by rapid cooling of the mixture. One specifi-
cally mentioned example includes whey protein and konjac gum. A nanogel composi-
tion comprising at least one water-soluble active ingredient, one or more plant proteins,
and one or more soy-soluble polysaccharides is disclosed in another document [10].
The compositions, it is suggested, can be used for the enrichment, and fortification of
food, beverages, animal feed, and cosmetics further allowing stabilization of the active
ingredient.

Calcium hydrogen phosphate as nanoparticles used as food additive has been disclosed
[11]. The production of the nanoparticles is based on an emulsion method, wherein cal-
cium hydroxide and phosphoric acid each form a reverse emulsion in an organic phase.
The two emulsions are mixed and stirred uniformly, after which a stabilizer is added.
The, thus, obtained product is reported to have small and uniform particle size and good
fluidity, and to allow for efficient absorption by the human body as well as an improved
utilization rate of both phosphorus and calcium.
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Two reviewed inventions [12,13] relate to minimizing salt ingestion and low sodium
salts by taking advantage of small particles of salt. One of these inventions [12] relates to
particles of salt having average diameters of 180—350 nm obtained by mixing a solution
of table salt and a carrier in a weight ratio of 1.8-2.2:0.8—1.2. The solution is then spray
dried and pulverized into the particles. It is reported that the salty taste is improved with
these salt particles as compared with common salt. The other invention [13] discloses
small salt particles adhered to an edible carrier particle. The increased surface area-to-
volume ratio of the product is reported to assist in interacting with mouth physiology
to provide increased salt flavor as compared to conventional table salt, while substantially
reducing the amount of salt ingested by the consumer.

10.5.2 Analytical systems and sensors

One large field in the combined area of nanotechnology and food includes different
types of analytical systems and sensors for food analysis, often with an emphasis on food
safety and health. In an attempt to improve the clarity, the reviewed documents have
been divided into subcategories related to Detection of microorganisms, Detection of human
or animal pharmaceuticals in_food, Detection of nutritional contents in_food, and Detection of other
compounds in food. Difterent types of binding sites of sensors are disclosed in the reviewed
documents, including aptamers, antibodies or immunoassays, and molecular imprints.
Magnetic nanoparticles used for extracting molecules of interest from samples are used
in several of the aforementioned applications.

10.5.2.1 Detection of microorganisms

A major part of the reviewed documents concerning detection of microorganisms relies
on biosensors including antibodies or aptamers. It will be noted that a vast majority of
these reviewed inventions relate to detection of food borne pathogens.

Aptamers, that is, oligonucleotide or peptide molecules binding to a specific target
molecule, have been used for selective binding of microorganisms in two of the re-
viewed applications [14,15]. A biosensor chip intended for rapid detection of Salmonella
typhimurium is suggested. The chip is obtained by attachment of aptamers with a spe-
cific gene sequence on a chip modified with gold nanorods. It is reported that the S.
typhimurium can be selectively identified even in a complex medium. Further, from the
measurement of the local surface plasma resonant wavelength of the chip before and af-
ter contacting with S. typhimurium, quantitative detection is achieved [14]. The presence
or absence of microorganisms in a sample has also been detected by using two different
aptamers: a first aptamer binding to a cell-surface protein of the microorganism under
formation of a complex, and a second aptamer binding to the first cell-surface protein
or a second cell-surface protein of the microorganism. An assay is carried out to detect
the second of these aptamers. The detection of the second aptamer indicates that the
microorganism is present in the sample, and vice versa. [15]
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A high number of documents relate to the use of antibodies for binding of target
microorganisms. One application [16] takes advantage of titanium dioxide nanowires for
detecting pathogenic bacteria of food. Antibodies are adhered to the surface of modified
nanowires having diameters of 60 nm through covalent bonding. The thereby obtained
nanobiosensors are reported to benefit from rapid monitoring of multiple bacterial
pathogens and chemical substances. Rapid detection of the food-borne pathogenic bac-
teria Enterobacter sakazakii has also been reported [17]. The disclosed method comprises
adding immunized superparamagnetism nanobeads to a sample, followed by a stabilizer,
and incubation whereby the magnetic beads are specifically bonded and enriched on
E. sakazakii.

Two inventions disclose detection methods for food-borne pathogenic bacteria
[18,19]. Both are taking advantage of immunomagnetic Fe;O, nanomaterials. Accord-
ing to one of the methods [18] the Fe;O, nanomaterial is used for preparing an im-
munomagnetic bead for specific enrichment of a target bacterium, and the influence
of paramagnetic and superparamagnetic characteristics of Fe;O, on nuclear magnetic
resonance relaxation time is used for determining any presence of the bacterium. It is
reported that the method enables rapid detection of harmful pathogenic bacteria in a
food sample thereby allowing rapid screening of large quantities of samples. According
to the other method [19], detection of pathogens in a sample is carried out by separating
the nanomagnetic beads once having captured the target bacteria, wherein iron ions are
converted through nitration reaction. Quantification of target bacteria is indirectly real-
ized via quantification of the iron ions.

Detecting and identifying specific microorganisms in a culture sample has been tar-
geted [20]. Raman spectroscopy active nanoparticles with binding members with affinity
for the microorganisms of interest are used for forming a complex of nanoparticles and
microorganisms in the culture sample. Antibodies are given as examples of the binding
members. Further, magnetic capture particles, also having one or more binding members
with an affinity for the microorganisms of interest, are suggested to be used to capture
and concentrate the complex antibody-microorganism for detection and identification.

One invention [21] relates to an electrochemical sensor for detecting Escherichia coli.
The sensor comprises an electrode, a prussian blue-carbon nanotube-nanogold com-
pound layer, an E. coli antibody layer, and a bovine serum albumin layer. The electro-
chemical sensor is reported as being suitable for detection of the E. coli for food safety
purposes.

Three separate applications [22—24] belonging to different patent families but from
the same inventors relate to rapid detection of food borne pathogenic bacteria using
Fe,O; containing nanoparticles. The inventions take advantage of the specificity of an
antibody I being combined with the target bacteria. The Fe,O; containing nanoparticles
are utilized to prepare immune-magnetic beads of an antibody II to enrich target strains
marked by the antibody I. The nanoparticles bound to the target bacteria are captured
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through separation, and then subjected to nitration to be converted into ferrous ions
capable of being detected and thereby, indirectly, detecting whether the sample contains
the target pathogen. Under certain conditions and within certain ranges the detection is
reported to allow quantitative detection of the target bacteria.

As indicated from the abstracts of the documents, one of the documents [22] relates
to gamma-Fe,O;@Au composite nanoparticles, another of the documents [23] relates
to gamma-Fe,O; nanoparticles, and the third document [24] relates to Fe;O, and Au-
nanomaterial. It has not been further concluded from the abstracts how or if the Fe,O,
comprising nanoparticles of the three documents differ from each other.

Some of the reviewed documents did not clearly specity, at least not in the abstract,
the type of binding site being used. One such document [25] relates to a method and
apparatus for separating and detecting food poisoning bacteria using magnetic nanopar-
ticles. The nanoparticles, which are described as having an affinity for the bacteria, are
contacted with a sample, thereby allowing separation and analysis of the bacteria from
the sample. A difterent approach [26] discloses a membrane strip biosensor device which
may be used to detect pathogens, proteins, and other biological materials of interest in
food, water, and environmental samples. The device uses a fluid mobile conductive com-
position of ferromagnetic particles bound to a conductive polymer in turn bound to a
capture reagent. Another method [27], based on NMR,, for the detection of food-borne
pathogens is based on the use of Fe;O,@Au composite nanoparticles. The detection of
target pathogens in the sample is carried out through the influence of paramagnetic and
superparamagnetic characteristics of the nanoparticles on the NMR attenuation signal
relaxation time. It is discussed that the method can be used for quick screening of a
large number of samples. A method for detecting pathogenic bacteria in food by means
of magnetic beads designed to be suitable for being added into a PCR system has also
been reported [28]. DNA in food samples is captured by the magnetic nanoparticles,
which are further processed, and eventually PCR detection is directly carried out on
the nanoparticles. The method is reported to have advantages including being rapid, high
in sensitivity, and capable of detecting multiple kinds of pathogenic bacteria simultane-
ously. A method for detecting food poisoning bacteria, including a method for rapidly
and quantitatively isolating the bacteria from food [29] involves introducing magnetic
nanoparticles to a sample for binding to the bacteria. The nanoparticles are thereafter
isolated and transported through a solution having high viscosity so as to separate the
nanoparticles to which bacteria are bound from nanoparticles to which no bacteria are
bound, the former are then quantified.

10.5.2.2 Detection of human and animal pharmaceuticals in food

A field attracting interest, not only in media and research, but also in the patenting
field is detecting undesirable presence of pharmaceuticals and particularly antibiotics in
food. For example, dairy products could potentially contain antibiotics originating from
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treatment of the cows. A number of relevant inventions will be described to give an
overview of trends in this field.

One method for detecting veterinary medicine residues in foods using magnetic
nanoparticles with antibodies for binding of the veterinary medicines has been disclosed
[30]. The method takes advantage of that the magnetic susceptibility of the nanopar-
ticles is being reduced when mixed with a sample containing the veterinary medicine.
Thereby, quantification of the amount of the veterinary medicine in the food is allowed.
Another method [31] similarly relates to detecting animal drug residues in food using
bio-functionalized magnetic nanoparticles as labeling antibodies for the drug. Again,
reduction in magnetic susceptibility of the nanoparticles resulting from the association
between the nanoparticles and animal drugs is used for quantifying the drug residues in
food.

One method for detection of antibiotics in liquid milk products takes advantage of
magnetic particles used in a solid-phase extraction method for enriching beta-lactam
penicillin antibiotics in the product [32]. The method involves adding superparamag-
netic nanometer or submicrometer magnetic particles having surfaces functionalized
with aniline to milk, after which the magnetic particles are separated using magnetism,
whereby a liquid enriched with the antibiotics is obtained. Another method relates to
the detection of fluoroquinolone drugs in milk (Auoroquinolone is a type of broad-
spectrum antibiotics) [33]. A hollow imprinted material with ofloxacin as a template was
synthesized and used as an adsorbent. High performance liquid chromatography with
UV detection was used for detection of the fluoroquinolone drugs.

Some documents [34,35] relate to aptamer sensors for detecting oxytetracycline, also
a type of broad-spectrum antibiotic, in food. Another concerns analysis of the antibiotic
doxycycline using a nano-SiO,-based doxycycline molecularly imprinted polymer [36].
The molecularly imprinted polymer was obtained by using nano-SiO, as a support
material/carrier and doxycycline as a template molecule. After polymerization, SiO,
was removed by etching with hydrofluoric acid leaving an imprinted polymer. The im-
printed polymer was used as a packing material in a solid phase extraction column and
detection of tetracycline antibiotics in animal derived foods.

An electrochemical sensor for detecting clenbuterol hydrochloride (a substance used
for treatment of breathing disorders, but also known to be used as a doping agent for hu-
mans and animals) in food analysis has been described [37]. The sensor integrates three
working electrodes, and enables simultaneous detection of hydrochloride of ractopamine,
salbutamol, and clenbuterol in a range of 0.01-1000 ppb. One invention [38] discloses a
sibutramine magnetic molecularly imprinted polymer for use in detecting sibutramine
present in food. Magnetic molecularly imprinted polymer particles composed of a core
made of Fe;O,@Si0O, magnetic nanoparticles and a shell made of sibutramine molecu-
larly imprinted polymers were used. The nanoparticles are controlled by an external
magnetic field, thereby facilitating efficient absorption, washing, and desorption.
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10.5.2.3 Detection of nutritional contents in food

Inventions related to analysis of antioxidant and sugar levels of food are discussed subse-
quently; these constitute an important but smaller part of the overall number of inven-
tions in the food nanotechnology area.

A method and an assay for portable colorimetric detection of antioxidants in food
samples comprising immobilized cerium [IV] oxide nanoparticles has been described.
The method involves the contact of the nanoparticles with a food sample containing
antioxidants, and an optical property of the colorimetric reagent associated with the
presence of antioxidant in the food sample was detected and quantification of the anti-
oxidant was achieved [39].

One invention relates to method for detection of antioxidant capacity of plants and
plant-derived liquid food being based on a system of gold nanoparticles [40]. The meth-
od takes advantage of a correlation between optical properties of nanogold particles and
the antioxidant capacity of a sample. The system of gold nanoparticles contains AuCl,,
CTAB, sodium citrate, and a phosphate buffer. The sample to be analyzed is added to
the system, followed by heating, whereby AuCl, is reduced to gold by the antioxidant
activity of the sample resulting in shifting the color of the system to wine red. The color
shift allows determination of the antioxidant capacity of the sample.

Some reviewed inventions relate to determination of sugar levels in food or blood
[41-43]. One of the inventions [41] relates to measuring sugar through gold nanopar-
ticle colorimetry. Phenyl boronic acid and gold nanoparticles are added to a sugar-
containing sample. The combination of the sugar and the phenyl boronic acid inhibits
combination of the phenyl boronic acid and the nanometer gold, which results in a
color shift of the solution, thus enabling quantitative or qualitative detection of the
sugar in the sample.

Another method relates to determining glucose using gold nanoclusters as a fluo-
rescence probe [42]. The method takes advantage of glucose being oxidized by glu-
cose oxidase to generate H,O,. Fe’" in turn catalyzes the H,O, to generate hydroxyl
radicals which quench fluorescent light of the gold nanocluster. Thereby a change of
a fluorescence emission spectrum is obtained which allows determining the glucose
content. Another method for determining glucose is based on a hollow copper sulfide/
polypyrrole nanometer sized compound having activity similar to peroxidase, and which
can generate hydroxyl radicals with strong oxidizing ability by catalyzing H,O,. The in-
vention is claimed to be applicable to detection and analysis of glucose content in food
and blood [43].

Measuring of salt content in drinking water has been realized by a method using
gold nanoparticles having different colors in different salinities [44]. The method com-
prises preparing and modifying the gold nanoparticles, and, testing a saline solution with
different salt concentrations. A test paper is described which allows for determining the
salinity of a sample by comparing with a colorimetric card.
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10.5.2.4 Detection of other compounds in food
Now the focus shifts to analysis of compounds other than bacteria, drugs, and nutrients.

Acrylamide is one compound which may form in some types of food during cook-
ing and which may, potentially, increase the risk of cancer. Analysis of acrylamide has
gained interest not only in academic research but also in the patent field. Detection of’
acrylamide in thermally processed foods is addressed in one invention [45], which relates
to a method comprising binding of acrylamide to nanosized gold particles, and quantify-
ing by means of UV-visible absorption spectrophotometry. Another method for detect-
ing acrylamide takes advantage of a sol-gel molecular imprinted electrochemical sensor
based on nanomaterial composites [46]. The method comprises coating a composition
of carbon nanotubes, gold nanoparticles, and chitosan on the surface of a glassy carbon
electrode, and electrochemical deposition in a sol-gel solution containing template mol-
ecules, functional monomers, and cross-linking agents. After removal of the template
molecules acrylamide was detected in the sample by using the, thus, obtained molecular
imprinting electrochemical sensor. It is disclosed that the method provides sensitivity
that enables detection of acrylamide in fried foods such as potato chips.

Detection of pesticide residues in processed food and agricultural products using
DNA labeled fluorescent magnetic nanoparticles has been described [47]. DNA was
grafted on the particles, which were intended to be applied in an antigen—antibody reac-
tion in a quantitative analysis method.

Some reviewed inventions relate to detection of melamin in foodstufts [48—50]. No-
tably, it has been reported in media that melamine, being a toxic organic chemical rich
in nitrogen, has been used to increase the nitrogen content of diluted and adulterated
milk, in attempts to increase the apparent protein content of diluted milk and thereby
to mask the dilution. Addition of melamine to food is not approved by the FAO/WHO
Codex Alimentarius (food standard commission) [51]. Thus, there is a need for detec-
tion of melamin in, for example, dairy products. One invention [48] dealing with this
discloses an electrochemical method for detecting melamine in dairy products or food.
A composite material consisting of carbon nanotubes and natural polymers being coated
on a glassy carbon electrode was used as a sensor. Electrostatic attraction and hydrogen-
bond interaction between the composite material and the melamine was followed by
detection of melamine in dairy products or food using a tri-electrode system. Other
inventions [49,50] also relate to methods for detecting melamine in food. These inven-
tions take advantage of gold nanoparticles being modified with nucleic acid aptamers,
and the binding of melamine to these modified nanoparticles. One of the documents
claims to enable a detection limit 4.3 ppb, which is of high sensitivity in relation to the
current state-of-the-art.

Other inventions relate to detection of pigments or dyes in food. For example, a
method for detecting synthetic pigments in food by a Raman spectrometric method
has been described. Nanostructured gold modified by mercaptoethylamine was used
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in synthesizing nanostructured gold sol with positive charge. The nanostructured gold
sol then served as a Raman spectrum enhanced reagent for detection of the pigment.
Absorption of the pigments occurred through electrostatic interactions [52]. Another
method relates to analysis of trace amount of rhodamine 6G, a fluorescent dye, in
food samples [53]. The method uses a nanoscaled rhodamine 6G molecularly imprinted
solid phase extraction material. Surface-aminated Fe;O, nanoparticles functioned as a
magnetic core having a layer of rhodamine 6G molecularly imprinted polymer. It was
reported that the material was used for selective adsorption, extraction, and separation
of trace amounts of rhodamine 6G in food sample.

10.5.3 Antibacterial applications

Above under Analytical systems and sensors, a large section was committed to detection
of microorganisms by means of sensors having nanoscaled structures. Another common
use of nanostructures relates to their antibacterial properties, which is also reflected in
patent documents. Many of those documents relate to such antibacterial applications
from the presence of nanostructures in materials and packages intended for food. Par-
ticularly nanoscale silver structures are reported in a plurality of the documents [54-57].
The antimicrobial properties of silver have been recognized for a long time, although
its use in food packaging may be regarded as being controversial or challenging due to
potential health risks. Chapter 6 has compiled the toxicity of silver nanoparticles, among
other types of nanoparticles, with a wide range of bacteria. Negative health effects of
nanoparticles in humans are also of concern. Some of the patent applications attempt to
tackle these problems.

One invention [54] relates to an absorbing pad having antimicrobial properties de-
rived from antimicrobial silver nanotechnology. The pad is intended to be placed at the
bottom of plastic food containers. Another invention [55] discloses nanostructured silver
solutions embedded in ice for preservation of foods including fish, chicken, and mutton.
A nanofiber material for pork preservation has also been described [56]. This material is
prepared from catechin (an antioxidant), copper nitrate, and polyvinylpyrrolidone as raw
materials. By adopting the nanofiber material, a problem relating to easy oxidation of
catechin in antibacterial applications is claimed to be solved, thus resulting in improved
antibacterial properties of the nanomaterial. The nanofiber is claimed to be nontoxic. A
nanometer sized silk fibroin-nanosilver antibacterial composite membrane has also been
described [57]. The membrane is reported to have potential use for, for example, food
packages, hygienic products, and medical materials. A package specifically intended to
hold foodstuft susceptible to microbial growth is addressed with another invention. The
interior of the package has an antimicrobial surface with an ordered nanoarray of metal
or metal oxide nanostructures. Silver oxide is provided as an example. The nanoarray is
claimed to reduce the amount of silver required to achieve an antimicrobial effect, to
less than 0.001% by weight, as compared to convention technology. Further, due to the
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nanostructures being rigidly anchored to the package surface risks of ingestion of the
nanostructures by consumers are reported to be minimized [58].

Dendrimer nanoparticles conjugated with vancomycin and/or polymixin (types of
antibiotics) have been used to sequester and identify bacteria and to screen liquid sam-
ples including water samples, and food samples for the presence of bacteria [59].

10.5.4 Food packaging technology

Packaging materials including nanotechnology have been discussed in depth in
Chapters 7 and 8. A brief overview of relevant inventions will be provided here.

Two inventions [60,61] relate to packaging materials containing soy bean proteins.
One of the inventions [60] relates to a nanocomposite soy protein plastic and its prepa-
ration. The plastic is reported to have high water resistance and to benefit from be-
ing environmentally degradable. The other invention [61] relates to a soybean protein
isolate-polyaniline antimicrobial composite film. The material for the film is synthesized
from soybean protein isolate and polyaniline complex. The polyaniline is in the form of
nanofibers having a diameter of 40—45 nm.

Several reviewed inventions relate to packages or packaging films intended to pro-
vide air or oxygen sealed environments for prevention of oxidation of food. A food
container made of a plastic material with a nanostructured hydrophobic surface has
been described [62]. The container is reported to provide efticient gas blocking as well as
high hydrophobicity. A composite film made of a modified nanocellulose obtained from
Rami, that is, a plant in the Urficaceae family, and polylactic acid having high strength
as well as good properties relating to air permeability, biodegradability, stability, softness,
and biocompatibility is disclosed in one application [63]. Another invention [64] relates
to a composition of solid lipid nanoparticles used as a nanocoating for natural fresh
foodstuffs. The composition contains solid lipids or wax, emulsifying stabilizing agents,
and film-forming materials in an aqueous dispersion or solution. The foodstuffs are
coated by means of fluidization, immersion, or spraying of the composition.

An edible membrane based on a composition of Thammnaconus modestus fish skin
nanoparticles has been invented [65]. The membrane is intended for being used for
food or medicine packing, and for preventing lipids from being peroxided. A method
of providing a package with an oxygen barrier for pourable food products is disclosed
in one document [66]. The liquid oxygen barrier composition of a polymer dispersion
containing nanoparticles of clay or silica is applied as a coating on the outside of pack-
ages. A further oxygen barrier film is disclosed in another document [67], which uses
graphene oxide nanoribbons in the film. The film is reported to have excellent blocking
performance and good acid and alkali resistance. Ice bags for packaging ice and frozen
products, and food packaging films are included among the suggested uses of the film.

Further use of silver in antibacterial materials has been realized by a silver nanopar-
ticle/lignin composite material [68], wherein the silver nanoparticles are adsorbed to the
surface of lignin. The reduction of E. coli 1s reported to be greater than 75% after 2 h.
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A plastic material with antibacterial properties based on mixing nanoscale metal ion
material with plastic particles followed by injection molding arranged on the container
cover has been manufactured [69].

Besides packaging materials with antibacterial properties, degradable packaging ma-
terials also have great interest and several novel applications already exist, for instance
a degradable chlorinated polypropylene/SiO, nanocomposite membrane which is re-
ported to be completely degraded within 1-2 years [70]. Suggested uses of the degrad-
able membrane include preparing of food preservative films, degradable foam material,
disposable tablewares, disposable medical materials, and a food packaging material.

10.6 DISCUSSION AND CONCLUSIONS

Patenting over the last 30 years has increased considerably in the field of food,
and gone from essentially nothing to a high number of new applications per year in
the field of nanotechnology. The combined field of nanotechnology in food naturally
involves lower total numbers of patent applications, although the development in that
field, speculatively, also has accelerated.

From the reviewed patent applications, certain focus areas are evident: the use of
nanoparticles for protection and transport of compounds added to food; different type
of food analysis systems and methods taking advantage of nanoscaled structures; antibac-
terial applications, such as for food preservation; as well as the use of nanoscaled struc-
tures in food packages. Of those focus areas, food analysis has attracted most attention
among the reviewed documents.

Common to all of the focus areas is a health aspect to which a clear majority of the
reviewed documents relate. Many of the documents tackle detection or reduction of toxic,
unhealthy or otherwise undesirable microorganisms or compounds in food. Other docu-
ments disclose methods and means for preservation of food, which also relates to health.

When discussing trends and activity in patenting in a field of technology, it is interest-
ing to consider some aspects of patenting and research. In high technology fields, such as
nanotechnology applied to food, patenting is frequently based on considerable research
activity. Therefore, at least to some extent, trends in patenting may be expected to follow
paths and trends of research in that field. However, while much relevant research is fol-
lowed by publications in journals, certainly not all relevant research, from academia or
industry, results in the filing of patent applications. Although the reasons may vary, there
is a financial aspect: the patenting process involves costs which should be motivated by
gains resulting from the exclusive right to the invention obtained from the patent. Thus,
trends and activity in patenting are expected to depend also on commercial interests in
the inventions. Further, there may be various reasons not to publish research by filing of
patent applications. Therefore, trends and activity in patenting may reflect the research in
a different way than scientific papers do, but are likely relevant indicators of technologi-
cal development and commercial interest in that particular field of technology.
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Good health is, naturally, central to man, which not only attracts focus in research but
also fuels commercial interest. Patenting in the field of food, being so closely related to
health, may therefore be expected to have a focus on health now as well as in the future.

Note: Although the database search for the review was limited to applications pub-
lished during 2014 and 2015, referenced documents as listed below may have earlier
publication years, for example where the review was based on an application belong-
ing to the same patent family as the application resulting from the search but having an
earlier publication year. The below reference list discloses Inventor([s], Title of invention,
Year of publication, and publication number.
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Emulsification-solvent evaporation, 21
Emulsion polymerization, 127
Engineered nanomaterials

foods containing, labeling standard for, 179
Engineered nanoparticles (ENPs), 40, 75

adsorption process, 98

surface charge, role of, 98

antimicrobial activity, 101

antimicrobial effect, 97

antimicrobial mechanisms, 97



Index

215

metabolic processes, 97
microbial physiology, disruption of, 97
reactive oxygen species (ROS) formation, 97
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Generally recognized as safe (GRAS), 14, 160
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General Standard for Labelling of Prepackaged
Foods, 183
Genetically modified (GM), 175
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Genetically modified organisms (GMO), 189
Genetic technology, 7
GM. See Genetically modified (GM)
GMO. See Genetically modified organisms (GMO)
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Graphene oxide nanoribbons, 208
GRAS. See Generally recognized as safe (GRAS)

H
Haber-Weiss cycle, 83, 84
HALS. See Hindered amine light stabilizers (HALS)
HDPE. See High-density polyethylene (HDPE)
Heat transfer, 43
HEMA, 43
High-density polyethylene (HDPE), 121
Hindered amine light stabilizers (HALS), 157
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Human colon carcinoma cells

interiorized Pt nanoparticles SEM image, 92
Hydroxyapatite nanoparticles, 82
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chime movement, effect on, 90
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nerve collections, 90
supporting sympathetic nerves system, 90
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Immune system response activation
metal oxides, role of, 83
organic-based materials, role of, 83
Immunoassays, 24
Imprinted polymer, 204
Inductively coupled Plasma (ICP), 54, 74
Infrared (IR), 72-73
Ingredient, 179, 183-185
Injection molding, 150
Intelligent packaging, 155, 166
International food regulatory systems
principles and architecture of, 178—183
Codex Alimentarius Commission, 178—180
impact at national and regional level, 182-183
World Trade Organization (WTO), 180-181
IPC system, 196

L

Labelling, 179, 181, 187

Lactic dehydrogenase assay (LDH assay), 54

Land management, 49

Laser Doppler microelectrophoresis, 7071

Layered silicates-polymer composites

depending on dispersion effectiveness, 128

exfoliated (nanocomposites), 128
intercalated, 128
tactoid (aggregates), 128

Layered silicates structure, 124

LDPE. See Low-density polyethylene (LDPE)
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comparison between, 2

Lipid nanoparticles, 20-22

Lipophilic functional compounds, 22

Listeria monocytogenes, 111

Localized Surface Plasmon Resonance, 72

Low-density polyethylene (LDPE), 121

Lycurgus cup, 3

M
Magnetic nanoparticles, 203
Mass spectrometry (MS), 54
Membrane strip biosensor device
for pathogen detection, 203
Mercury, 45
Metal-based nanoparticles
acid erosion, role in, 88
Metaldehyde, 46, 47
Micelles, 22-23
Microemulsion, 29
Microporosity, 46
Microscopy techniques, 64
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confocal, 64
confocal microscopy, 64, 65
determination of nanoparticle leachates, 66
direct and accurate measurement of particle size,
64
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sample preparation, 64
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SEM-EDX, 54
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TEM results for migration solution samples in
acetic acid, 67
WetSEM, 65
MTS, cell proliferation assay, 54

N

Nanoarray, 207
Nanobased barrier coatings
bio-nanocomposite coatings, 152
ceramic nanocoatings, 152
layered nanoclays, 152
sol-gel coatings, 152, 154
Nanobased coatings, 149
Nanobased inks, 149
biological indicators of food spoilage,
application, 166
Nanocantilevers, 24
Nanocapsules, 17-19, 200
Nanoclay inks, 151
Nanocomposite coatings, 151
Nanocomposites, 39, 150. See also Food packaging
nanocomposite; Polymer nanocomposites
coatings, 151, 155
column filter, schematic of, 43
materials, 42
nanoscale fillers, use of, 123
Nanoelectromechanical systems technology, 24
Nanoemulsions, 20
in food systems, 20
high-energy methods, 20
production, 20
Nanoencapsulated bioactive compounds, 28
Nanofiltration devices, 42
Nanofoods, 176, 189
labeling, 176, 181
Nanohydrogels, 19-20
Nanoingredients, 54
Nanolabeling, 177. See also Food labeling
Nanomaterials, 1, 14, 53, 54, 149
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bioavailability of, 14
in bioenergy generation, 41
characterization
destructive techniques, 73
inductively coupled plasma (ICP), 74
microscopy, 74
quantification of, 73
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IR and Raman, 72-73
laser Doppler microelectrophoresis, 70-71
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porosimetry, 69—70
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static and dynamic light scattering (DLS),
70-71
UV-Vis radiation, 72-73
X-ray spectroscopy, 66—69
characterization of, 1
as effluent, wastewater, and soil clean-up tools,
40—42
environmental applications of, 40
foods containing, labeling standard for, 179
mechanical properties, 3
nanosafety and nanotoxicology, 165
optimization of, 3
practical application, 48
preparation, 3
size matters, 5—6
surface-to-volume ratio, 134
usages, 134
Nanoparticle-cell interaction, 97
Nanoparticles, 7
applications, 98
bioavailability and behavior
gastrointestinal system (GIS) areas,
role of, 91
biocomposite coatings, 151
biological exposure in foods, 85-91
colon, 91
esophagus, 87-88
gastrointestinal system, 85
oral cavity, 85-87
small intestine, 90
stomach, 88—89
in biological systems, 7
body organ accumulation, 83
cellular transport mechanism, 82-83
ceramic nanoparticles, 151
chronic autoimmune diseases development,
role in, 83
cytotoxicity mechanism, 83—85
intracellular process disruption,
role of, 85
detection, 55
agglomeration, 56
analytical approaches used, in recent studies to
characterize, 58
capabilities of detection techniques, 56, 57
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fate and toxicity, 55
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environment, 98
extracellular transport mechanism, 82—83
health concerns, 7
and microorganisms interaction, 97
nanocomposite coatings, 151
oxidative stress, role in, 83
properties, 98
public understanding, 7
reactivity, 98
systemic toxicity mechanisms, 83-85
TiO, nanoparticles, 151
toxicity, 7. See also Nanotoxicity
mechanisms, immune system response
activation, 83
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active transport, 82, 83
cell drinking, 82
endocytosis, 82
facilitated diffusion, 82
phagocytosis, 82
pinocytosis, 82
Nanoplatelets, 123
composition, 123
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Nanoscale magnetite, 41
Nanoscience, 1, 39
Nanosilica coating, 25
Nanosized metal, 6
Nanostructured devices, 42
Nanostructured lipid carriers (NLCs), 21
Nanostructured materials, 46
Nanostructured tailored activated carbons, 46
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