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 Introduction  
  Lynn     Frewer   ,    Arnout     Fischer   ,    Willem     Norde   , and    Frans     Kampers       

Nanotechnology in the Agri-Food Sector: Implications for the Future, First Edition. Edited by Lynn J. Frewer, 
Willem Norde, Arnout Fischer, Frans Kampers.
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2011 by Wiley-VCH Verlag GmbH & Co. KGaA.

  As a basic science, nanotechnology has advanced considerably over the past 
decades. It has generally been agreed that nanotechnology deals with structures 
of size 100   nm (nanometers) or less in at least one dimension, and involves devel-
oping materials or devices within these size limits. Research in nanotechnology 
has resulted in applications across a wide range of areas, perhaps more so than 
for most areas of fundamental research in the natural sciences. The potential 
applications range from those within the medical and pharmaceutical sectors, the 
development of new materials, personal care products, to applications in agricul-
ture and food (the focus of this particular volume). 

 In common with other emerging technologies, as well as existing technologies 
that are being re - evaluated, the opportunities for technological advancement are 
potentially profound. However, many scholars in the risk assessment community 
have raised concerns about the  toxicity  in regard to both human health and the 
environment. As a consequence, there is an ongoing discussion regarding whether 
specifi c measures regarding the regulation of nanoparticles are required. This is as 
true in the agri - food sector as in other nanotechnology application areas. Some 
academics have called for stricter application of the  precautionary principle , 
with delayed marketing approval, enhanced labeling, and additional safety data 
development requirements in relation to certain forms of nanotechnology. 
From this, there have been discussions of the need to invoke the precautionary 
principle with regard to the application of nanotechnology. The precautionary 
principle states that, if an activity  –  for example, the application of an emerging 
technology  –  is potentially associated with health or environmental risks, the 
burden of proof that it is not harmful falls on those who advocate taking the action, 
if there is no evidence to suggest otherwise. On the one hand, the application of the 
precautionary principle allows policy - makers to take discretion in the absence of 
complete scientifi c proof of safety. On the other hand, this means that delays occur 
in marketing approval, and additional safety data may be needed in relation to 
specifi c applications of nanotechnology in the agri - food sector. In addition, appro-
priate labeling strategies may be needed to ensure informed consumer choice, 
given the emerging societal debate about nanotechnology and its applications to the 
agri - food sector. 



 2  Introduction

 The editors have attempted to address these (and related) issues in the current 
volume. In Part One, the fundamentals of nanotechnology applied to the agri - food 
sector are discussed, in particular, intermolecular interactions and self - assembly 
of macromolecules. In Part Two, the basics applications of nanotechnology in the 
agri - food sector are identifi ed. Novel techniques such as encapsulation, diagnostics 
and sensing, and packaging are presented in detail, and their applications to food 
production are described. Part Three, on specifi c applications to food, deals with 
application in crop and livestock production, the application to improving the food 
supply (in terms of quality, safety, and security), discussion of functionality, and 
commercialization. Finally, Part Four, which deals with nanotechnology and 
society, focuses not only on the potential benefi ts of nanotechnology, but also on 
potentially emerging risks and what needs to be done to ensure safety. As well as 
a chapter focusing on the toxicology of nanomaterials in the agri - food sector, there 
is additional consideration of what this implies in terms of putative changes to 
risk regulation and governance. As part of this, it is essential to take account of 
the views and preferences of society, in terms of risk – benefi t perceptions and 
preferences for co - development. These issues are addressed from both a theoreti-
cal and a practical perspective. The question that is asked is how should consumers 
and citizens be  effectively  involved in the societal debate about the development, 
application, and commercialization of food nanotechnology. As part of this, emerg-
ing ethical issues need to be addressed, and a chapter has been dedicated to dis-
cussion of these.      



      3

  Part One 
Fundamentals 
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Intermolecular Interactions  
  Willem     Norde     
   

  1 

Nanotechnology in the Agri-Food Sector: Implications for the Future, First Edition. Edited by Lynn J. Frewer, 
Willem Norde, Arnout Fischer, Frans Kampers.
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2011 by Wiley-VCH Verlag GmbH & Co. KGaA.

    1.1 
Introduction 

 Nanotechnology may be broadly defi ned as the study, fabrication, and application 
of systems by manipulating structures or objects having nanoscale dimensions 
(say, between 1   nm and 100   nm). Of course, molecular scientists, in both chemistry 
and biology, have been dealing with nanoscopic (polymer) molecules and biologi-
cal cell components for decades. So, what ’ s new? New is that, with the advent in 
the 1980s of new instrumentation, in particular scanning probe microscopes  –  for 
example,  atomic force microscopy  ( AFM )  –   individual  nano - objects can be observed 
and manipulated (see Figure  1.1 ).   

 Using AFM, the positions of molecules and  nanoparticle s, relative to each other, 
may be rearranged in a controlled way. AFM furthermore allows the measurement 
of interaction forces between nanoparticles as well as between nanoparticles and 
macroscopic objects. Other recently developed devices, the so - called  optical tweez-
ers  and  magnetic tweezers , also enable the controlled motion of, and the determi-
nation of forces between, nanoparticles. 

 Manipulation on the nanoscale may be done in two  “ directions ” , referred to as 
  top - down   and   bottom - up  . In the top - down approach, structures are made increas-
ingly smaller by progressively removing matter, usually by etching. Perhaps the 
most well - known example of a top - down structure is the electronic chips present 
in various devices. Another example is the micro -  or  nano - sieve , a solid wafer 
punctured with equally sized micro -  or nanopores. Nano - sieves are in particular 
relevant for  food processing  and water treatment. Because various agricultural  and 
dairy products are of heterodisperse particulate nature, that is, emulsions, foams, 
and dispersions of solid particles, they may be fractionated using a series of sieves 
of varying pore size. The separate components thus obtained may be recombined 
to give newly composed products of superior quality. Also, nano - sieves could be 
used in (cold) sterilization by fi ltering out microbial cells. 

 In the agri - food sector, however, bottom - up  nanostructure s are more often 
encountered. Bottom - up implies that atoms or molecules are distributed and 
rearranged to build new, functional nano - objects. Nature itself is full of bottom - up 
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nanostructures, especially in living species. Think of viruses, where  nucleic acid s 
and  protein s are arranged and interact such that viral activity results. Think of 
microbial, plant, and animal cells in which the various nano - sized  organelle s and 
 membrane s are complex bottom - up assemblies of precisely arranged building 
blocks (Figure  1.2 ).   

 Although nature is capable of making structures far more complicated and 
sophisticated than the ones that scientists can  –  for the time being  –  achieve in 
their laboratories, it may not be a surprise that nano - engineers are strongly 
inspired by nature. A few examples come to mind: in making addressable biocom-

     Figure 1.1     Atomic force microscopy. (a) The 
topography of a surface is scanned with 
subnanometer resolution, so that nano - sized 
objects can be (b) observed and (c) 

manipulated. (d) Atomic force microscopy 
may also be applied to determine the 
interaction between two objects.  

(a) (b) (c) (d)

     Figure 1.2     Cartoon of a biological cell showing a variety of nano - sized subcellular structures.  
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patible nanoparticles to be used for the encapsulation and delivery of  nutriceutical s 
and  pharmaceutical s, nature provides clues as to how the surface of such particles 
should look; viruses may serve as a model in the design of particles carrying  deox-
yribonucleic acid  ( DNA ) fragments to be used in gene therapy; non - fouling sur-
faces may be mimicked from the outer composition and structure of cell surfaces; 
and the texture of foodstuff may be optimized by imitating nanostructures as they 
occur in nature, for example, fi brillar protein aggregates in meat replacers and 
three - dimensional polymer networks in mousses. 

 To achieve the specifi c architectures related to the desired (biological) function 
of the nanostructure, the  physicochemical interaction s between the building 
blocks should be tuned with high accuracy. Needless to say, understanding the 
mechanisms underlying the various types of interaction is a prerequisite for suc-
cessful tuning. 

 In this chapter an introduction to the main types of interactions that may play 
a role in bottom - up nanotechnology is given. These are physicochemical interac-
tions more or less sensitive to changing environmental conditions and therefore 
result in the formation of annealed, responsive structures. The discussion here 
may not be the most rigorous one, as, in view of the scope of this book, the sci-
entifi c language of chemistry and physics that involves formulas and equations 
will be avoided as much as possible. 

 In natural systems, including those of the agri - food sector, most nano - objects 
exist by virtue of their interaction with an aqueous environment. Not only their 
existence but also their shape and spatial structure are to a large extent determined 
by their interaction with water. It is, therefore, essential fi rst to pay attention to 
some physicochemical properties of water.  

   1.2 
Water 

 Water is one of the most abundantly occurring chemical compounds on Earth 
(although very unevenly distributed). Because of its ubiquity, we are inclined to 
think of water as a trivial, common, and normal liquid. However, from a physico-
chemical point of view, water is a highly extraordinary substance. By virtue of its 
unique properties, water is the medium in which life has evolved and is sustained. 
Which properties make water so special, and how can these properties be explained 
and understood at the molecular level? 

 Water, H 2 O, has a  molar mass  of 18   g   mol  − 1 . Under ambient conditions, water 
boils at 100    ° C. Among other components of comparable molar mass, this is an 
exceptionally high temperature. For instance, the  boiling point s of methane 
(14   g   mol  − 1 ) and ethane (30   g   mol  − 1 ) are  − 162    ° C and  − 88    ° C, respectively. Also, the 
 heat of vaporization , which is essentially the energy required to separate the mol-
ecules when they go from the condensed liquid phase to the gas phase, is extremely 
high for water, 2255   J   g  − 1 , whereas for methane and ethane this is a little more than 
500   J   g  − 1 . Another interesting property is the  heat capacity , the amount of heat 
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needed to increase the temperature of a substance by one degree Celsius. For the 
sake of fairness, equal amounts of the substances should be compared and at the 
same temperature and pressure. While the heat capacity of water at 20    ° C and 1 
atm amounts to 4.18   J K  − 1    g  − 1 , the values for other liquids are much lower (cf. for 
chloroform it is 0.90   J   K  − 1    g  − 1  and for ethanol 2.49   J   K  − 1    g  − 1 ). These anomalously high 
values for the boiling point, heat of vaporization, and heat capacity (and, in this 
context, further extraordinary characteristics of water could be presented) originate 
from the phenomenon that water molecules attract each other. They attract each 
other so much that they strongly attach to one another. In scientifi c terms, water 
shows a strong internal coherence. Hence, to evaporate the liquid, favorable inter-
actions between the water molecules have to be disrupted (which explains the large 
heat of vaporization), and this does not occur before the molecules have attained 
strong thermal motion (explaining the high boiling point). The large heat capacity 
refl ects not only that heat is used for increasing thermal motion (corresponding 
to a one degree temperature rise)  per se , but also that loosening of the internal 
coherence is necessary to increase thermal motion, which is the major energetic 
cost. 

 To understand the strong internal coherence, we zoom in on the molecular 
structure of water. Figure  1.3 a shows a model of the molecular architecture of an 
H 2 O molecule. The hydrogen (H) atoms are very small relative to the oxygen (O) 
atom. Hence, the H 2 O molecule is nearly spherical, having a radius of about 
0.14   nm. Atoms consist of a positively charged nucleus around which negatively 
charged electrons are orbiting. Hydrogen atoms have the tendency to donate their 
electrons for sharing with oxygen, which eagerly accepts that donation. Hydrogen 
is an  electron donor  and oxygen is an  electron acceptor . Because of the positions 
of the H atoms relative to the O atom, the charge in the (overall electrically neutral) 
H 2 O molecule is not evenly distributed. Positive charges ( +  q ) are centered on each 

     Figure 1.3     Water. (a) Model of a water, H 2 O, 
molecule showing the positive charges  +  q  on 
the hydrogen atoms and the negative charges 
 –  q  on the oxygen atom. (b) Polar interaction 
occurs through so - called hydrogen bonds 

between water molecules. (c) The three -
 dimensional structure of a water lattice in 
which all potential hydrogen bonds are 
realized (i.e., ice).  

(a) (b) (c)
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H atom, and compensating negative charges ( –  q ) are on the opposite sides of the 
O atom.   

 Because of those positive and negative sides, H 2 O is said to be a  polar molecule . 
It is the polar character of the molecules that causes the strong internal coherence 
in water: the positive and negative poles attract each other (Figure  1.3 b), so that 
each H 2 O molecule tends to be connected to four other H 2 O molecules via so -
 called  hydrogen bond s. In its solid state, ice, the water molecules are in more or 
less fi xed positions, with all four hydrogen bonds realized. Owing to the positions 
of the poles on the H 2 O molecules this results in a relatively open structure (Figure 
 1.3 c) with an H 2 O volume density of 55%. When put under pressure some hydro-
gen bonds may become disrupted and the regular ice structure will be distorted: 
ice melts under pressure, and in the liquid state H 2 O has a somewhat less open 
structure or, in other words, a higher density than in the solid state. This is another 
peculiarity of water. In the liquid state the H 2 O molecules are still strongly associ-
ated in clusters and participate in about three out of the potential four bonds per 
molecule. Contrary to what one would expect for an associated liquid, the viscosity, 
that is, the fl uidity, of water is not strikingly different from that of other, non - polar, 
liquids. The mobility of the individual water molecules in the clusters, underlying 
the macroscopic fl uidity of the liquid, is retained, because the molecules readily 
rotate and hop about every 10  − 11  s from one partner to another, while having most, 
but not all (as in ice), hydrogen bonding potentialities satisfi ed. 

 Another property of water that deserves attention is the  dielectric constant . 
Without going into detail, the dielectric constant is a measure of the ability to 
screen the  electrostatic interaction  between two charges at a given separation 
distance. Water has a high dielectric constant: in water, electrostatic interaction is 
20 times weaker than in chloroform and about fi ve times weaker than in ethanol. 
It is for this reason that salts in water dissociate into their oppositely charged ions. 
For the same reason, (bio)polymers , such as proteins, DNA , and  polysaccharide s, 
as well as synthetic polymers that contain ionizable groups, acquire charge in an 
aqueous medium. And so do the surfaces of (solid) materials when they are 
exposed to water. 

 Now, having gained some insight into some relevant characteristics of water, 
we may be able to understand the crucial role of water in shaping bottom - up 
nanostructures.  

   1.3 
Hydrophobic and Hydrophilic Interactions 

 It has been illustrated and discussed in Section  1.2  that water is a strongly associ-
ated liquid because of favorable polar  intermolecular interaction s. Addition of 
another substance (referred to as  “ solute ” ) will disturb the coherence between the 
water molecules (Figure  1.4 ). If the solute molecules are also polar or have a net 
charge (ions), the polar water molecules interact favorably with the solute as well, 
just as they do with other water molecules. In that case the solute readily dissolves 
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in water. The polar substance is called hydrophilic . Salts, sugar, and alcohol are 
examples of hydrophilic substances. However, if the solute is uncharged and non -
 polar (i.e., does not have an uneven charge distribution over its molecule), the 
water molecules prefer to stay attached to each other rather than to the non - polar 
solute molecules. This results in the non - polar molecules being expelled from the 
water and driven together to form a separate phase. Oils and fats therefore do not 
mix with water. For the same reason, the surfaces of plastics, Tefl on, and so on, 
are poorly wetted by water. Such substances, disliked by water, are referred to as 
hydrophobic .   

 The description given above of water bordering other substances is highly sim-
plifi ed, especially in the case of non - polar, hydrophobic materials. There are still 
controversial issues to be solved. Nevertheless, theoretical and experimental 
studies indicate that, at hydrophobic surfaces, reorientation of water molecules 
imposes a higher degree of structural order in the adjacent water layer (the so -
 called  hydration layer ). Obviously, water molecules bordering non - polar surfaces 
tend to arrange themselves in a preferred orientation that allows them to form as 
many H bonds  as possible with water molecules in the nearest - neighboring layer, 
and so on. As nature strives for disorder (in scientifi c terms, for maximum 
 entropy ), hydration of non - polar material is unfavorable and, consequently, the 
contact area between water and non - polar substances tends to be as small as pos-
sible. As a result, non - polar substances spontaneously associate in water because 
this leads to reduction of the contact area between water and the non - polar sub-
stance. Such association between non - polar, hydrophobic substances in an aqueous 
environment is known as  hydrophobic interaction . Clearly, the hydrophobic interac-
tion scales with the water - accessible surface area of the non - polar moieties involved. 
Hydrophobic interaction is one of the major types  –  if not  the  major type  –  of 
interaction occurring in biological systems. If interference by any other type of 
interaction does not occur, hydrophobic interaction leads to a featureless two -
 phase system: an  “ oil ”  (popular indication of non - polar) phase separates out from 
an aqueous phase. However, a different and more interesting pattern presents 
itself when solute molecules possess a non - polar and a polar part. Such molecules 

     Figure 1.4     (a) Polar and (b) non - polar molecules immersed in water.  

(a) (b)



 1.3 Hydrophobic and Hydrophilic Interactions  11

are referred to as   amphiphilic  . They occur abundantly in nature, for instance in 
 lipid s and proteins. 

 A typical lipid molecule has a non - polar tail and a polar head - group, as depicted 
schematically in Figure  1.5 a. In water, such molecules show dual behavior. The 
hydrophobic tails, rejected by the water, assemble together, but the polar heads 
are preferably hydrated. The exposure of the heads to the aqueous medium pre-
vents phase separation on a macroscopic scale. Instead, microscopic or nanoscopic 
non - polar phases, surrounded by the polar, hydrated head - groups, are spontane-
ously formed. Depending on the dimensions of the tail and the head, relative to 
each other, the amphiphilic molecules aggregate in spherical, worm - like or bilayer 
structures that close to form spherical objects called vesicles or liposomes. Such 
structures that are spontaneously formed are named  self - assembled structures  (see 
Figure  1.5 b – d).   

 Self - assembly plays an important role in shaping the spatial structure of proteins 
as well. Proteins may be viewed as hundreds of units (the  amino acid s) linked 
together to form a long chain, illustrated in Figure  1.6 a. There are 22 different 
amino acids available and, therefore, an almost infi nite number of sequences of 
amino acids along the chain is possible. Some amino acids are polar, others are 
non - polar. This makes the protein amphiphilic. In an aqueous environment, the 
chain will try to fold such that the non - polar groups are shielded from contact with 
water and the polar ones are exposed to water. Of course, other types of interaction, 
such as electrostatic ones (to be discussed in Section  1.5 ) may interfere with these 
tendencies. Still, globular proteins possess a relatively non - polar interior and a 
polar exterior (see Figure  1.6 b). It may be clear that the exact folding pattern 
depends on the composition and, even more so, on the sequence of the various 
amino acids along the chain. Many different proteins are active in biological 
systems, each one having its own specifi c structure and function.   

 It should be emphasized that the lipid assemblies shown in Figure  1.5  and the 
folded protein structure in Figure  1.6  represent highly ordered structures. Their 
spontaneous formation demonstrates the constructive power of chaos: such 
ordered structures exist because of increased disorder in the water that is released 
from hydrophobic hydration. 

     Figure 1.5     (a) The typical structure of an amphiphilic ( =   “ lipid ” ) molecule consisting of a 
polar and a non - polar part. (b) – (d) In an aqueous environment, amphiphilic molecules 
aggregate to form supramolecular structures of various geometries.  

(a) (b) (c) (d) (e)
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 It is no surprise that (bio)nano - engineers are strongly inspired by the phenom-
enon of self - assembly. They design and synthesize tailor - made amphiphilic mol-
ecules to build their desired supramolecular assemblies and nano - objects.  

   1.4 
Dispersion Interaction 

 Dispersion interaction is the most generic one among the different types of physi-
cal interactions. Wherever there is matter, irrespective of its properties, there are 
 dispersion interaction s. 

 The origin of dispersion interaction between two atoms may be understood as 
follows. In any atom, negatively charged electrons orbit around a positively charged 
nucleus. Although the time - average position of the electrons with respect to the 
nucleus may be concentric, at any point in time their positions deviate from that 
average, which gives rise to a small dipole moment. This instantaneous dipole 
generates an electric fi eld, which, in turn, induces a dipole moment in a neighbor-
ing atom, and so on. Thus dispersion interactions are larger between atoms that 
have a larger  polarizability . When the interaction occurs across a medium, the 
excess polarizabilities (i.e., the polarizability of the atoms in vacuum minus that 
of the atoms of the medium in vacuum) should be taken into account. Dispersion 
interaction across a medium is therefore strongly reduced, as compared to vacuum. 
Dispersion interaction between two atoms diminishes very strongly with separa-
tion distance (say, within 0.5   nm), but between particles, containing a large ensem-

     Figure 1.6     Folding of (a) a poly(amino acid) 
chain, containing polar (black) and non - polar 
(gray) amino acids, into (b) a compactly 
structured globular protein molecule, where 
the non - polar amino acids prefer to reside in 

the protein ’ s interior, shielded from contact 
with water, and the polar amino acids prefer 
the periphery, exposed to the aqueous 
environment.  

(a)

(b)
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ble of atoms, they are more long - ranged and may be effective over (tens of) 
nanometers. 

 The strength and the range of dispersion interaction between particles depend 
not only on the polarizability of the constituent atoms but also on the density 
(number of atoms per unit volume) and the size of the particles. Dispersion inter-
actions may play signifi cant roles in aggregation of particles, in coating of surfaces 
with particles, and in folding polymeric molecules into condensed structures, such 
as, for example, globular proteins. Because dispersion interactions are non -
 directional, do not require special properties of the interacting species, and occur 
always and everywhere, they hardly provide a handle to direct bottom - up fabrica-
tion of nanostructures.  

   1.5 
Electrostatic Interactions 

 Electrostatic interactions occur between electric charges. We may distinguish 
between interactions involving (i) atoms and small molecules, and (ii) polymers, 
particles, and surfaces. 

   1.5.1 
Atoms and Small Molecules 

 Atoms and small molecules interact electrostatically when they have a net charge 
(i.e., when they are ions), and also when they are uncharged but polar. Obviously, 
interaction between positive and negative charges is attractive, whereas charges 
having the same charge sign repel each other. In Section  1.2  it was mentioned 
that interaction between charges across a medium is inversely proportional to the 
dielectric constant of that medium. It was further pointed out that the dielectric 
constant is directly related to the polarity of the molecules of the medium. 

 Charged groups are almost always surrounded by water, but sometimes they 
reside in a non - aqueous environment. This occurs, for instance, when ionic amino 
acids become trapped in the interior of a globular protein molecule. In such a 
low - dielectric environment, ions can only exist when they form a pair: two oppo-
sitely charged ions close together, as depicted in Figure  1.7 .   

 The question arises whether  ion pair ing would contribute to the folding of the 
protein molecule. An ion pair in the compact structure is electrostatically favored 
over a wider separation in the unfolded hydrated chain (where the dielectric con-
stant is almost that of water), but the pairing goes at the expense of favorable 
hydration of the ions in the unfolded structure. These two effects more or less 
balance each other. Hence, ion pairing as a factor promoting either a compact or 
unfolded structure in an aqueous medium is highly uncertain. Yet, if ionic groups 
are forced into a non - aqueous, low - dielectric environment  –  for instance, due to 
hydrophobic bonding of adjacent non - polar moieties  –  pairing between ions of 
opposite sign is strongly promoted. 
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 Similar reasoning applies to the weaker electrostatic interactions between an ion 
and a dipole, and to the even weaker dipole – dipole interaction. 

 Because of the relative strength of electrostatic interactions, inserting charged 
groups at selective locations in a polar and/or non - polar environment can help to 
direct construction of a desired nanostructure.  

   1.5.2 
Polymers, Particles, and Surfaces 

 Polymers, particles, and (macroscopic) surfaces in an aqueous environment are 
often charged, in most cases due to groups that dissociate or associate with hydro-
gen ions. The charge is balanced by an uneven, diffuse distribution of counter - ions 
in the adjoining solution in a so - called electrical  double layer  (Figure  1.8 ). Electro-
static interactions involving polymers, particles, and surfaces are therefore referred 
to as  electrical double layer interactions .   

 The diffuse distribution of ions in the electrical double layer gives rise to an 
electrostatic potential that drops off with increasing distance from the charged 
object. Without explaining the details here, it should be mentioned that the poten-
tial decays more steeply with increasing salt concentration in solution ( =  higher 
ionic strength) and the separation distance over which the two charged bodies 

     Figure 1.8     Electrostatic potential profi le 
across an electrical double layer.  

     Figure 1.7     Ion - pair disruption in an unfolding protein molecule.  
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interact decreases correspondingly. For example, in tap water that distance would 
be about 15   nm, in milk 1.3   nm, in blood 0.8   nm, and in sea water 0.3   nm. For 
nano - engineers electrical double layer interactions are convenient to work with 
because of the possibility to modulate their magnitude by just varying easily adjust-
able parameters such as pH and ionic strength. 

 In bottom - up nanotechnology, charged soluble polymers, named  polyelectro-
lyte s, are essential building blocks. Natural polymers, such as proteins,  deoxyribo-
nucleic acid  ( DNA ),  ribonucleic acid  ( RNA ), and polysaccharides, are well - known 
examples, but synthetic polyelectrolytes are regularly used in nanotechnological 
applications as well. When the polyelectrolytes have the same charge sign, they 
repel and try to avoid each other; but when they are oppositely charged, interesting 
phenomena occur. Oppositely charged polyelectrolytes form complexes mainly 
because of the release of counter - ions from the electrical double layers, which 
implies increasing disorder and therefore a higher entropy in the system. Here, 
too, as described for amphiphilic molecules in Section  1.3 , the formation of mac-
roscopic aggregates is prevented if at least one of the two polyelectrolytes is linked 
to an uncharged hydrophilic polymer in a so - called  block copolymer . During com-
plexation of the two polyelectrolytes, the uncharged polymer block tends to remain 
dissolved in the surrounding water, thereby preventing the complexes from 
growing to macroscopic dimensions. This results in the formation of polyelectro-
lyte micelles, as shown in Figure  1.9 , that are generally referred to as   polyion 

condensate   s  or   complex coacervate core micelle   s . Recently these structures have 
attracted a lot of attention as potential nano - containers for the encapsulation and 
controlled release of pharmaceuticals and nutriceuticals, as well as for their appli-
cation as nano - bioreactors.   

 Complexation between oppositely charged polyelectrolytes can also be used to 
regulate the consistency of certain foodstuffs. The texture of dairy products such 
as (drink) yogurts may be optimized by adding positively charged polysaccharides 
that associate with, for instance, negatively charged milk proteins. 

 Particles dispersed in water carry their charged groups exclusively at the aqueous 
periphery (except, perhaps, for a few ion pairs formed inside the non - aqueous 

     Figure 1.9     Formation of a polyelectrolyte micelle.  
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interior of the particle; see Section  1.3 ). When charged particles approach each 
other, the electrical double layers overlap, giving rise to repulsion between like -
 charged particles, and attraction if the particles are oppositely charged. A repulsive 
electrical double layer overlap helps to keep the particles apart and therefore con-
tributes to the stabilization of the dispersion. Even when the particle surface is 
predominantly hydrophobic, at not too high ionic strength, electric double layer 
repulsion operating over a larger distance than attractive dispersion and hydro-
phobic interaction (see Sections  1.3  and  1.4 ) prevents the particles from aggregat-
ing. In media of higher salt concentration, typically beyond, say, 1% sodium 
chloride, electrical double layer repulsion is too short - ranged, and attractive disper-
sion interaction takes over and the like - charged particles aggregate. It goes without 
saying that oppositely charged particles readily aggregate under all conditions of 
ionic strength (see Figure  1.10 ).   

 The stability of nanoparticles against aggregation is a requirement in various 
food products, and in pharmaceutical and cosmetic formulations. Destabilization 
of particulate dispersions may be required when clearing, for example, wine or 
fruit juices and in (waste)water purifi cation processes. 

 Electrostatic interactions between polymers and particles, between polymers and 
surfaces, and between particles and surfaces follow the same principles as 
described above for polymers and particles. Thus, attachment of polymers onto 
particles and planar surfaces, and of particles onto planar surfaces may be electro-
statically favored or disfavored. As in nature, in nanotechnology, polymer – particle 
interactions often determine whether or not particles connect to each other. This 
will be further discussed in Section  1.6 . 

 Surfaces can be covered by a layer of nanoparticles to provide the surface with 
special properties with respect to, for example, wetting or scratch resistance. 
Finally, polymers are applied at surfaces to render them resilient against (bio)
fouling  by suppressing the deposition of proteins, biological cells, and microbes. 
Non - fouling surfaces are a requirement for successful operation of equipment in 
food processing and water purifi cation equipment, such as separation membranes, 
heat exchangers, and so on.   

     Figure 1.10     Different packing patterns of aggregated particles.  

(a) (b) (c)
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   1.6 
Steric Interactions Involving Soluble Polymers 

 In both naturally occurring and man - made nanoscopic constructs, polymers are 
present in solution and/or attached ( =  adsorbed) onto (particle) surfaces. The poly-
mers could be uncharged or charged (polyelectrolytes), strongly hydrated or more 
compact. Polymers, either attached to a surface or not, infl uence the behavior of 
nanosystems through  steric interaction s. These interactions are intricate and deli-
cate, and may change from attractive to repulsive by subtle variations of environ-
mental conditions. 

   1.6.1 
Depletion Aggregation of Particles by Non - adsorbing Polymers 

 The center of a non - adsorbing polymer molecule cannot approach a particle 
surface closer than its own radius. Hence, around each particle there is a zone 
where polymer molecules cannot be accommodated. When particles, by diffusion 
or otherwise, come closer than twice the radius of the polymer, the polymer will 
be moved aside and the gap between the particles will be depleted of polymer and 
just be fi lled with solvent. This situation is schematically illustrated in Figure  1.11 . 
Because solvent and soluble polymers tend to mix homogeneously, solvent mol-
ecules fl ow from the gap into the solution, which drives the particles together. 
This type of  aggregation  induced by non - adsorbing polymers is referred to as 
 depletion aggregation . Depletion aggregation is enhanced by increasing the con-
centration and the size of the polymer molecules.    

   1.6.2 
Bridging Aggregation of Particles by Adsorbing Polymers 

 Most polymers tend to adsorb at surfaces. This may be due to binding of hydro-
phobic segments in the polymer chain (to escape from the hostile water), to 
hydrogen bonding with surface groups, or, in the case of polyelectrolytes and 

     Figure 1.11     Aggregation of particles driven by overlapping polymer depletion zones.  
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     Figure 1.13     Particle aggregation by polymer bridging.  

     Figure 1.12     Structure of a coiled polymer (a) in solution and (b) adsorbed onto a surface.  

(a) (b)

charged surfaces, to favorable electrostatic interactions. When a polymer adsorbs 
onto a surface, it usually does not lie fl at on that surface but adopts a  “ loopy ”  
structure with loose tails at the terminal ends, as shown in Figure  1.12 . If the 
particle surface is in excess of the polymer, the surface will only become partially 
covered by the polymer. This allows one and the same polymer molecule to bridge 
between different particles (see Figure  1.13 ). Similar  bridging aggregation  can 
occur if bare particles are added to particles that are covered with polymer mole-
cules, fully or not.   

 Bridging aggregation requires that the polymer adsorbed on one particle extends 
into the surrounding solution far enough to reach another particle. When both 
particles are charged and repel each other electrostatically (Section  1.5 ), polymer 
bridging can only take place if the extension of the polymer exceeds the range over 
which  electrostatic repulsion  operates. For this reason, bridging aggregation is 
more likely to happen with longer polymers and at higher salt concentrations in 
solution, where the range of electrostatic interaction is reduced. The aggregates 
formed are loosely structured, with the particles not in direct contact with each 
other. Closer approach of the particles is detrimental, as it would impose unfavo-
rable deformation of the polymer bridges between the particles.  
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   1.6.3 
Stabilization of Dispersed Particles by Adsorbing Polymers 

 When there is an excess of polymers, each particle is saturated with a layer of 
adsorbed polymer. Then, upon approach of the particles, the outermost fringes of 
the loops and tails anchored to the respective particles begin to interpenetrate. 
This leads to unfavorable confi nement of the polymer and, hence, to repulsion 
between the particles that is effective over roughly twice the thickness of the 
adsorbed polymer layer (Figure  1.14 ).   

 Such polymer coatings may be applied to stabilize dispersions under conditions 
where electrostatic repulsion is insuffi ciently strong to keep the particles apart, 
that is, in the case of oppositely charged and uncharged particles, but also of like -
 charged particles in media of high ionic strength (Section  1.5 ). To protect the 
particles from aggregation, the separation distance at which  steric repulsion  
becomes effective (to be regulated by the thickness of the polymer coatings) should 
be large enough to suppress attractive dispersion interaction (Section  1.4 ). 

 Thus, the impact of polymers on interparticle interaction strongly responds to 
environmental conditions and can therefore readily be manipulated. For instance, 
by varying the quality of the solvent (e.g., by changing pH, ionic strength, tem-
perature, additives, etc.), the polymer behavior may be adapted from adsorbing to 
non - adsorbing and vice versa. In this way, bridging may be eliminated,  steric 
stabilization  converted into depletion aggregation, and so on. When solvent quality 
is reduced to below the solubility of the polymer, steric repulsion between fully 
polymer - covered particles changes into  attraction .  

   1.6.4 
Polymer Brushes to Prevent Particle Aggregation and Particle Deposition 
at Surfaces 

 A very effective method of steric stabilization can be achieved by grafting polymers 
at one end onto a (particle) surface, leaving the rest of the molecule dangling in 
solution. This is best obtained by using  diblock copolymer s, of which one block 
has a strong affi nity for the surface and the other for the solvent. The profi le of 

     Figure 1.14     Steric stabilization of polymer - coated 
particles.  
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the polymer at the surface depends on the grafting density, as shown in Figure 
 1.15 . Obviously, steric stabilization against particle aggregation or deposition 
improves with increasing grafting density, and is extremely effective when the 
polymer molecules are stretched out from the surface in a so - called  polymer brush . 
The density of the brush prevents indwelling particles entering, and the strong 
hydration and high mobility of the polymer chains cause a strong resilience against 
compression. According to this principle, liposomes (see Section  1.3 ) used in  drug 
delivery system s may be protected against removal by the immune system, allow-
ing them a longer circulation time in the body. Similarly, the corona polymers of 
polyion micelles (see Figure  1.9 ) form a brush that stabilizes the micelles, possibly 
loaded with some functional ingredient, against external attack by, for example, 
 enzyme s or  immunoprotein s.   

 Polymer brushes may also be applied to planar surfaces to make them resistant 
to protein adsorption and microbial adhesion, which, in turn, suppress biofouling. 
An example is given in Figure  1.16 . Besides use in various biomedical applications, 

     Figure 1.15     End - grafted polymers in (a) a mushroom and (b) a brush conformation.  

(a) (b)

     Figure 1.16     Effect of applying a polymer brush (right - hand side of each image) on the 
adhesion of micro - organisms: (a)  Staphylococcus epidermidis  and (b)  Candida albicans .  

10 µm

(a) (b)

40 µm
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non - fouling surfaces are of the utmost importance in the food industry to avoid 
 –  or, at least, to retard  –  the formation of a  biofi lm  that will reduce heat and mass 
transfer and increase frictional resistance and, moreover, may be a source of 
microbial contamination .   

 Nature uses its own polymers, usually polysaccharides, to keep cell surfaces clear 
of unwanted particles or molecules. Nature even goes a step further. At the far 
end of some polymer chains, receptor molecules may be attached that bind specifi c 
target molecules with high affi nity. In this way, a bio - selective surface (Figure  1.17 ) 
is obtained that binds target molecules but prevents non - specifi c deposition of 
other species. Bio - nanoresearch is under way to mimic this principle for applica-
tion in highly specifi c and sensitive biosensors and solid - state diagnostics. Such 
devices have great potential to be used for quality  control in the agri - food sector.     

   1.7 
Epilog 

 For (bio)nanostructures to be functional, they have to respond to an external 
trigger or signal. Internal bonds in such structures should therefore not be per-
manent but be sensitive to changing environmental conditions. The physical 
interactions discussed in this chapter provide such fl exibility. For the sake of 
simplicity, the different types of interaction were presented separately. However, 
it should be realized that they rarely occur separately, but are usually interdepend-
ent. For instance, hydrophobic interaction may be accompanied by ion pairing in 
a non - polar environment. Conversely, like - charged ions may prevent hydrophobic 
interaction from occurring as in the case of stabilization of hydrophobic particles 
by electrical double layer interaction. Another example of interweaving interac-
tions is the combination of electrostatic and steric effects induced by 
polyelectrolytes. 

 Hydrophobic, electrostatic, and steric interactions depend on different proper-
ties, that is, polarity, charge, solubility, and polymer adsorption behavior, whereas 
dispersion forces are less specifi c. Knowledge of the origin, characteristics, and 

     Figure 1.17     Cartoon of a functionalized bio - selective surface.  
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mutual dependence of the various types of interaction provides the nano - engineer 
with clues to design the building blocks to be used in bottom - up nanostructuring. 
If tailor - made building blocks are brought together in a well - defi ned, usually 
aqueous, medium, they may self - assemble to yield the desired nano - object. Isn ’ t 
it miraculous? It is almost magic! It is like a car spontaneously emerging from the 
proper blend of its parts, screws, and bolts.  

  Further Reading 

  For more specifi c and detailed information the reader is referred to:  

    Norde ,  W.   ( 2011 )  Colloids and Interfaces in 

Life Sciences and Bionanotechnology ,  2nd 
edn ,  CRC Press ,  Boca Raton, FL  
(forthcoming   ).  

    Israelachvili ,  J.N.   ( 2004 )  Intermolecular and 

Surface Forces ,  3rd edn ,  Academic Press , 
 New York .   
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    2.1 
Introduction 

 Well before the current fascination with nanoscience and nanotechnology, scien-
tists were studying phenomena on the nanoscale. For example, colloid and surface 
scientists have been interested in  colloidal dispersion s,  micelle s,  vesicle s, and 
surface modifi cation by a layer of molecules for more than 150 years. Cell biolo-
gists have studied the organized structures existing in living cells since the nine-
teenth century. These structures are now known to have intricate geometry on the 
nanoscale, with very specialized molecular functions such as transport, synthesis, 
and energy generation. Plant cells have very complex internal structures similar 
to living cells. Most of our food is ultimately derived from plants, and studies of 
plant cells on the nanoscale are giving microbiologists, plant scientists, food sci-
entists, and engineers new information about how to modulate plant growth, plant 
diversifi cation, harvesting, food processing, and  food preservation . For food 
science, nanotechnology has a different meaning from that encountered in other 
disciplines, such as the fabrication of integrated circuits for high - speed computers. 
For food, nanotechnology can be defi ned as the understanding of food on the 
nanoscale and translating this knowledge into new processes for food modifi cation 
and enhancement of food value and preservation. This approach is one of the 
greatest challenges in food science and engineering. 

 The understanding of plant cells on the nanoscale is the fundamental basis for 
developing the nanoscience and nanotechnology to produce new and improved 
foods. By way of example,  pulsed electric fi eld  ( PEF ) processing may be men-
tioned. PEF processing has been used to increase the rate of dehydration of 
water from fruits to produce dried fruit. It is well known that for certain conditions 
PEF can irreversibly open nanopores in the plant  cell membrane s (electroporation) 
and water can then escape more rapidly from the plant cell. The cell membrane 
is made up of a  lipid bilayer , and lipids have self - assembly properties. The 
optimal conditions for PEF to increase dehydration for different fruits are not 
known. Likewise, the optimum nanopore size in the cell plant membrane and the 
number of openings per unit area of membrane are not known. Although there 

  2 
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is now some knowledge about the response of the lipid bilayer to PEF, in a cell 
membrane proteins are associated with the lipid bilayer and they change the 
properties of the cell membrane signifi cantly. Thus the study on PEF and its effect 
on plant cell membranes on the nanoscale can give important information that 
would be useful for making decisions on PEF processing of plant materials used 
for food. 

 In addition to the drying of fruits and vegetables, PEF is also useful in killing 
bacteria in process water streams by making the membranes of bacteria leaky. 
Another application of PEF that has been explored is enzyme deactivation. Further, 
reversible electroporation may provide an opportunity to introduce desirable com-
ponents (color, fl avor, nutrients, antioxidants) or remove valuable components 
while damage to the plant is reversible. 

 Another process that is receiving considerable interest is high - pressure process-
ing of foods . In this process, food is treated at elevated pressures of the order of 
6000 atm. The purpose of the treatment is to inactivate bacteria and to change the 
 food quality . The precise effects of high - pressure processing on plant cell struc-
tures and properties are not known but are currently under study by a number of 
groups. 

 The study of the properties and functions of nanostructures in plant cells and 
their changes due to processing is of utmost importance to develop the database 
for devising new food processes. The molecules in plant cells inherently can self -
 assemble into structures and this process of self - assembly will be treated in this 
chapter.  

   2.2 
Self - Assembly 

 Self - assembly is the process in which a disordered system of molecules spontane-
ously forms an organized structure or pattern that is at equilibrium or in a quasi -
 equilibrium state. A typical example is when surfactant molecules dissolved in 
water self - assemble to form micelles. A typical surfactant is  sodium dodecyl sulfate  
( SDS ), shown in Figure  2.1 , which is an anionic surfactant. A surfactant contains 
both an  “ oil - loving ”  hydrocarbon chain and a  “ water - loving ”  hydrophilic head -
 group. This gives the surfactant molecule amphipathic ( “ being of two kinds ” ) 
properties, in that the surfactant can be in either an aqueous or a hydrophobic 

     Figure 2.1     The chemical structure of 
sodium dodecyl sulfate.  
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environment. In an aqueous environment, SDS can self - assemble its hydrocarbon 
chains into a micellar aggregate.   

 In self - assembly, the organized structure or pattern formed has a reduced  free 
energy  compared to the initial state of the disorganized molecules. The specifi c 
molecular interactions existing between the molecules, before and after the spon-
taneous change, lead to the lowering of the overall free energy. Self - assembly 
processes in plant cells often take place at constant temperature and ambient 
pressure in an aqueous environment. For a spontaneous process to take place at 
constant temperature and pressure, the  second law of thermodynamics  states that 
the Gibbs free energy change between the initial state of a mixture of molecules, 
and the fi nal state of some organized molecules, must be equal to or less than 
zero:

   ∆G ≤ 0.     (2.1)   

 Since the Gibbs free energy is related to the change of enthalpy and entropy, Equa-
tion  2.1  can be changed to

   ∆ ∆ ∆G H T S= − ≤ 0,     (2.2)  

where  H  is the enthalpy,  S  is the entropy, and  T  is the absolute temperature. It 
can be inferred from Equation  2.2  that a decrease in enthalpy and an increase in 
entropy favor the occurrence of the process. However, if one of the terms, that is, 
 Δ  H  or  T  Δ  S , opposes the process, the other one must have an (over)compensating 
favorable contribution to allow for a spontaneous process. The process of self -
 assembly of molecules to form organized structures does lead to an overall increase 
of entropy if both the organizing molecules and the solvent molecules are consid-
ered. This phenomenon can be further understood by the fact that, for the initial 
state, the water molecules in contact with an individual organic molecule are 
organized around the organic molecule like a cage. The water cage is similar to a 
clathrate and has a crystal - like structure. Upon self - assembly of the organic mol-
ecules (with themselves), the initial state and order of the water molecules around 
the individual organic molecules is changed, and the water molecules now in their 
fi nal state are more random than before and are more like bulk water. Thus, even 
though the organic molecules have increased order and decreased entropy, the  net  
entropy of the system has increased due to the increase in disorder and greater 
increase in entropy of the water molecules. 

 The spontaneous and reversible organization of molecular units into ordered 
structures occurs by non - covalent molecular interactions. The molecular interac-
tions include van der Waals forces , hydrogen bonding,  π  –  π  bonds, and ionic 
interactions. These molecular interactions are often called weak interactions 
because their energies are considerably weaker (by a factor of 10 or more) than 
covalent or other bonds. Nevertheless, weak interactions play a very important role 
in nature. Weak interactions are responsible for the state of a pure component, 
such as the liquid or solid state versus the gaseous state. Obviously, weak interac-
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tions are of great importance in biological systems, such as the self - assembly of 
organized structures in plant cells. Examples of organized structures in biology 
are self - assembled monolayers, lipid bilayers, micelles, and vesicles. The folding 
of peptide chains into functional proteins and enzymes is another example of 
structures in biology and occurs in plant cells. The weak interactions are also 
responsible for the possibility that the organized structures can undergo changes 
due to a change in thermodynamic variables, and return to the original structure 
if the thermodynamic conditions return to the original values, that is, the struc-
tures can show a degree of reversibility. The weak forces allow the structure to 
change, effectively seeking a new minimum free energy, depending on the existing 
thermodynamic conditions. Thus the properties of organized structures can 
change depending on the thermodynamic conditions. In terms of applications, 
such as food processing using plant materials, it makes external control of induced 
changes by processing steps such as temperature, pressure, electric fi eld, and so 
on more diffi cult and troublesome because one needs to fully understand not 
only the structural changes that occur on the nanoscale but also the change in the 
properties on the nanoscale level and the change in the overall properties on 
the macroscopic level. On the other hand, it opens exciting new opportunities 
to change the properties of foods and the possibility to create new value - added 
foods. 

 It is possible for chemical reactions to cause molecules to self - assemble. An 
example is the chemisorption of molecules on a surface to form an organized 
monolayer. The driving force for self - assembly is the change in enthalpy due to 
the chemical transformation. This type of self - assembly is not reversible. 

 Before considering plant cells and self - assembled structures, one should under-
stand that the complexity of molecules that can self - assemble is of great impor-
tance. The chemical composition of molecules, their size and shape play important 
roles in what type of organized structures can be created. Because of this complex-
ity, a wide variety of nano -  and mesoscopic structures can be formed depending 
on the type of molecules involved. Further, it is not necessary that the molecules 
are all the same: mixtures of different molecules (composition, molecular weight, 
shape, size, and charge) can self - assemble into organized structures. Properties 
associated with the structures depend on the nature of the structure and the types 
of molecule that make up the structure. Nature has learned to exert fi ne control 
on the formation of cellular structures with specifi c functions and properties, by 
choosing the appropriate precursors to self - assemble into the desired structure. 
These structures can be called supramolecular assemblies. 

 From a historical point of view, researchers in the discipline of chemistry were 
the fi rst to explore the fi eld of supramolecular chemistry, the assembly of synthe-
sized molecules that can arrange into precise, well - organized structures. The 
synthesis of special molecules that can give rise to supramolecular assemblies is 
known as supramolecular chemistry. Supramolecular assemblies include molecu-
lar self - assembly, folding, molecular recognition, and  host – guest chemistry  
(enzyme – substrate). The principles of supramolecular chemistry and supramo-
lecular assembly are similar to what is done by nature in biological systems. In 
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both situations, molecules can interact because of weak molecular interactions. 
The folding of two single - stranded  deoxyribonucleic acid  ( DNA ) chains into a 
double helix is a supramolecular assembly and it is a consequence of weak interac-
tions. The base - pairing in the DNA double helix formation is an example of 
molecular recognition that is solely due to weak molecular interactions. The study 
of non - covalent interactions is important in many biological systems. Self - assembly 
is crucial to the function of cells. An example is the self - assembly of lipids to form 
membranes, the formation of double helical DNA, and the assembly of proteins.  

   2.3 
Plant Cells 

 Plant cells are eukaryotic cells that have distinctive, organized structures. A plant 
cell is shown in Figure  2.2 . Like all cells, plant cells have a cell membrane, which 
has as a fundamental building block the lipid bilayer. It is known as the  plasma 
membrane . However, plant cells contain a number of specialized structures. Plant 
cells have a cell wall, which provides the cell with structural support. A major 
function of the cell wall is to act as a pressure vessel to prevent over - expansion of 
the cell when water enters. Another role of the cell wall is to support the plant and 
to confer fl exibility and tensile strength. Lignocellulose is the primary building 
block of plant cell walls. The cell wall is mainly composed of cellulose, hemicel-
lulose, lignin, and smaller amounts of pectin, protein, and extractives (soluble 
non - structural materials such as non - structural sugars, nitrogenous material, chlo-
rophyll, and waxes). The composition of these constituents may vary from one 
plant species to another. In addition, the ratio of the various constituents within 
a single plant varies with its age, stage of growth, and other conditions. Cellulose 
is the main structural constituent in plant cell walls and is found in an organized 
fi brous structure. This linear polymer consists of  d  - glucose subunits linked to each 
other by  β  - (1    →    4) - glycosidic bonds. Cellobiose is the repeating unit established 
through this linkage and it constitutes cellulose chains. The long - chain cellulose 
polymers are linked together by hydrogen and van der Waals interactions and 

     Figure 2.2     Schematic diagram of a typical plant cell. The vacuole can occupy from 70% to 
90% of the interior of the cell.  
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cause the cellulose to be packed in microfi brils. Hemicelluloses and lignin cover 
the microfi brils. Cellulose in cell walls is present in both crystalline and amor-
phous forms. Crystalline cellulose forms the major proportion of cellulose, while 
there is a small percentage of non - organized cellulose chains, which form amor-
phous cellulose.   

 There are pores present in the cell wall, which are known as plasmodesmata. 
In the pores, the plasmalemma and endoplasmic reticulum of adjacent cells are 
continuous, which allows for cell - to - cell communication, which includes the trans-
port of species. 

 Another specialized structure in the plant cell is a large central vacuole, which 
is completely enclosed by the tonoplast membrane. Like all biological membranes, 
the lipid bilayer is the building block that forms the tonoplast, although the tono-
plast composition and properties are different from those of the cell membrane. 
The vacuole is fi lled with an aqueous mixture called the sap. The vacuole ’ s mem-
brane controls the movement of molecules between sap and the remaining fl uid 
in the plant cell, the cytoplasm, which is known as the cytosol. The vacuole stores 
nutrients and digests waste materials and controls the cell ’ s turgor. 

 Like many other cells, the plant cell contains mitochondria, Golgi vesicles, the 
Golgi body, small membrane vesicles, a nucleolus surrounded by a nuclear enve-
lope containing nuclear pores, smooth endoplasmic reticulum, rough endoplas-
mic reticulum, ribosomes, and so on. The plant cell further contains starch grains, 
which serve as a storage of nutrients for the cell. 

 In the plant cell are plastids, which are organelles that serve as the site of syn-
thesis and storage of important chemical compounds used by the cell. Plastids are 
responsible for photosynthesis, for the storage of products like starch, and for the 
synthesis of molecules, such as lipids, which are used as cellular building blocks 
and for the function of the plant cell. A structure of a typical lipid is shown in 
Figure  2.3 , while the chemical structure of a phosphatidylcholine (lecithin) is 
shown in Figure  2.4 . Lipids contain a hydrophilic head - group and two alkane 
chains. A double bond in a chain will cause a kink and has implications for the 
packing of the lipid in a lipid bilayer. Straight chains can pack tighter, leading to 
greater order of the bilayer, but less fl uidity. Lipids with a kink in the chain cannot 
pack tightly in lipid bilayers, leading to more fl uid - like behavior of the bilayer.    

   2.4 
Organized Self - Assembled Structures 

   2.4.1 
Langmuir Layers 

 The simplest organized structure is a monolayer of molecules organized at an 
interface. The study of monolayers at an interface can be done simply by using a 
Langmuir trough, also known as a Langmuir – Blodgett trough. Ultrapure water is 
placed in a Langmuir trough, and then a minute amount of a solution of a surface -
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     Figure 2.3     Structure of a typical lipid.  

     Figure 2.4     Chemical structure of phosphatidylcholine.  

 active species (e.g., surfactant, fatty acid or phospholipid) is administered to the 
air – water interface with a microsyringe. The solution is usually the surface - active 
species dissolved in a volatile, non - surface - active solvent such as hexane. By using 
the microsyringe, a known volume of the solution can be brought to the air – water 
interface by a series of small drops. The solution spreads rapidly (fl ashes) on the 



 30  2 Supramolecular Structures

interface, due to the positive spreading coeffi cient of the solvent, which causes the 
surface - active species to be distributed on the air – water interface. At the same 
time, the solvent evaporates due to its high vapor pressure, so that the surface -
 active species is the only one left on the air – water interface. 

 The Langmuir trough contains a movable barrier that divides the air – water 
interface. By moving the barrier, the surface area of the air – water interface and 
consequently the surface concentration of the surface - active species can be 
changed. The monolayer of surface - active species is known as the Langmuir layer 
and it lowers the surface tension (surface energy) of the air – water interface. An 
increase in the surface concentration, due to the barrier movement, can further 
lower the surface tension. The surface tension can be continuously measured by 
a Wilhelmy plate as shown in Figure  2.5 . On the molecular scale, when the barrier 
compresses the surface - active species at the air – water interface, the surface - active 
molecules will arrange in an ordered layer, with the head - groups associating with 
the water and the hydrophobic tails aligned and sticking out of the interface. The 
Langmuir layer can be transferred to a solid substrate by dipping the substrate 
through the air – water interface. Repeated transfer of the solid substrate through 
the air – water interface can transfer multiple organized layers of the surface - active 
species to the substrate. Transferred molecular layers on a solid substrate are 
known as Langmuir – Blodgett layers and these layers can be readily studied by 
surface analytical instrumentation such as  infrared  ( IR ) spectroscopy,  surface 
plasmon resonance  ( SPR ), and  atomic force microscopy  ( AFM ).    

   2.4.2 
Lipid Bilayers 

 The lipid bilayer is a membrane made up from lipid molecules. The lipid bilayer 
is a fundamental component of all biological membranes and is essential to life. 
Its structure was discovered in 1925 by Gorter and Grendel, who compared the 
surface area of human red blood cells with that of a known amount of lipids in a 
Langmuir trough. Gorter and Grendel found that the area of lipids from a known 

     Figure 2.5     Cartoon of a Langmuir trough 
containing a water subphase and a surfactant 
spread at the air – water interface. The 
Wilhelmy plate is connected to an electronic 

balance. The movable barrier can be used to 
increase the surface concentration of the 
surfactant at the interface.  
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number of red blood cells, when spread out on the water of the trough, was twice 
the calculated surface area of the red blood cells. To explain their results, they 
concluded that the membrane is two lipid molecules thick and that the membrane 
is made of a bilayer. 

 The bilayer is composed of two layers of lipids arranged so that their hydrocar-
bon tails face one another to form an oily core held together by the hydrophobic 
effect, while their charged heads face the aqueous solutions on either side of the 
membrane. A phospholipid is an amphiphilic molecule that consists of a polar 
head - group and two non - polar fatty acid tails. The lipid bilayer forms a membrane 
matrix where other biomolecules such as proteins can be embedded. 

 The properties of the bilayer are determined by a number of factors, including 
the lipid composition, the lipid size and shape, and the temperature. The nature 
of the lipid head - groups and the length and degree of saturation of the hydrocar-
bon chains play an important role. The presence of a  cis  double bond in the carbon 
tail of a lipid produces a kink, which makes it more diffi cult to pack the tail with 
straight neighbors. Kinks effectively introduce disorder and lead to a more fl uid 
behavior of the hydrocarbon region of the lipid bilayer. The more kinks there are, 
the greater the disorder and the more fl uid the bilayer becomes. 

 The lipid bilayer acts as a barrier. The hydrophilic interfacial regions associate 
with water, while the inner hydrophobic core region contains essentially no water. 
Because of the oily nature of the bilayer, it is only permeable to small hydrophobic 
solutes. Hydrophilic molecules and ionic compounds have a very low permeability 
for transport through the lipid bilayer. Thus the lipid bilayer is permselective, 
allowing some molecules to pass through, but retaining others, thus regulating 
transport in to and out of the cell. The transport of species across the cell mem-
brane can be by either passive diffusion, coupled diffusion, or active transport, 
which requires the expenditure of energy. 

 The cell membrane contains a wide variety of biological molecules, primarily 
proteins and lipids, which are involved in an array of cellular processes, such as 
transport, cell adhesion, and cell signaling. The plasma membrane also serves as 
the attachment point for both the intracellular cytoskeleton and the extracellular 
cell wall. The cell membrane surrounds the cytoplasm of the cell. In the plant cell, 
the cell wall forms the outermost boundary, but it plays mostly a mechanical 
support role rather than a role as a permselective boundary. The cell membrane 
anchors the cytoskeleton to provide shape to the cell, and in attaching to the extra-
cellular matrix to help group cells together in the formation of tissues.  

   2.4.3 
Solid - Supported Lipid Bilayers 

 Since a supported bilayer membrane was fi rst used to investigate cellular immune 
responses, solid - supported lipid bilayers have been a widely studied topic of practi-
cal and scientifi c interest in recent years. Being well - defi ned models of biological 
membranes, phospholipid bilayers supported on solid substrates are important 
for their roles in fundamental biophysical research as well as in applications such 



 32  2 Supramolecular Structures

as biosensors. Supported lipid bilayer membranes have been formed onto glass, 
quartz, and silicon surfaces, onto non - functionalized metal surfaces, or onto self -
 assembled alkanethiol monolayers. Methods for bilayer formation have included 
the Langmuir – Blodgett technique, vesicle fusion onto the substrate, spontaneous 
thinning of lipid – decane mixtures, and adsorption of charged lipids onto oppo-
sitely charged surfaces. A bilayer deposited directly on silica, glass or gold is a 
model membrane with a lack of functional integrity, as shown in Figure  2.6 . 
Similar to lipid bilayers, supported lipid bilayers can have domains that depend 
on the composition of the lipids in the bilayer.   

 To yield space for accommodating large integral trans - membrane proteins in 
the supported lipid bilayer and to give lateral mobility to membrane components, 
a fl exible polymer layer, preferably a hydrogel, can be inserted between the solid 
substrate and the bilayer, as shown in Figure  2.7 . In Figure  2.7 , the supported 
lipid bilayer is on top of a water - soluble polyion. The polyion itself is supported 
on a  self - assembled monolayer  ( SAM ) of an alkanethiol on a gold substrate. 
Hydrated polymer layers, self - assembled monolayers, and supported polyelectro-
lyte fi lms have served as soft cushions for lipid bilayers.   

 For insertion of large membrane proteins into the supported lipid bilayer, a 
thicker polymer cushion is needed to lift the lipid membrane away from the 
solid substrate, which can be achieved by employing the layer - by - layer 
polyion adsorption technique. Additional layers of positively charged 
 poly(diallyldimethylammonium chloride)  ( PDDA ) can be adsorbed by interleaving 
with a polyanion such as negatively charged  polystyrene sulfonate  ( PSS ). The 
technique is very suitable to prepare polymeric fi lms with well - defi ned thickness 
and homogeneity better than 1   nm. The dominant interaction, electrostatic attrac-
tion of opposite charges, can be used to deposit a bilayer on top of the multilayer 
polymeric fi lm. Figure  2.7  is an example of a supramolecular assembly that can 
be fabricated using different self - assembly techniques: chemisorption, physisorp-
tion, and vesicular deposition. Exposure of the system shown in Figures  2.6 and 
2.7 to a  solution of membrane proteins from (for example) a cellular source may 
cause the proteins to penetrate into the lipid bilayer. A variety of methods, such 

     Figure 2.6     A bilayer supported on a solid support such as glass. The supported lipid bilayer 
is shown with two different domains.  (Reproduced from Vidu  et al.   [1] .)   
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as surface plasmon resonance, atomic force microscopy, cyclic voltammetry, and 
fl uorescence, have been used to measure the uptake of proteins into supported 
lipid bilayers.  

   2.4.4 
Micelles 

 A micelle is a colloidal self - assembled aggregate of surfactant molecules dispersed 
in a liquid and can form spontaneously from the monomer surfactant molecules 
if the surfactant concentration is suffi ciently high. A micelle in an aqueous solu-
tion is a soft nanoparticle with the hydrophilic head - groups in contact with the 
surrounding water molecules and the hydrophobic tail regions sequestered inside 
the micelle center, as shown in Figure  2.8 . The hydrophobic tails of the surfactant 
molecules have less contact with water when they are part of a micelle, and this 

     Figure 2.7     Schematic representation of the 
model membrane system. The alkylthiol 
 11 - mercaptoundecanoic acid  ( MUA ) layer is 
self - assembled on a gold surface. The 
negatively charged head - groups of MUA 

adsorb a cationic polymer (PDDA) layer. A 
lipid bilayer with negative charges is then 
deposited on the PDDA/MUA layer pair. 
 (Reproduced from Zhang  et al.   [2] .)   
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     Figure 2.8     Schematic of a micelle in water.  
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formation leads to a lowering of the free energy compared to the surfactant mol-
ecules being dispersed in the aqueous medium and interacting with water 
molecules.   

 In a hydrophobic medium, inverse micelles can form with the head - groups at 
the micelle center and the tails extending outward. Micelles are approximately 
spherical in shape depending on the solution conditions, such as surfactant con-
centration, solvent, temperature, pH, and ionic strength. Other micelle shapes 
include ellipsoids, cylinders, and bilayers. The shape and size of a micelle also 
depend on the composition and shape of the surfactant molecules besides the 
solution conditions. Micelles can form when the concentration of the surfactant 
is greater than the  critical micelle concentration  ( CMC ), and when the temperature 
of the system is greater than the critical micelle temperature, also known as the 
Kraft temperature. 

 Micelles composed of anionic or cationic surfactants have an electrostatic attrac-
tion to the counter - ions that surround the micelles in solution. The micelle charge 
affects the structure of the surrounding solvent at appreciable distances from the 
micelle. The distance of charge infl uence is known as the Debye distance, and it 
depends on the concentration of the ions in solution, the valences of the ions (but 
mainly the valence of the counter - ions), the dielectric constant, and the tempera-
ture. Ionic micelles can infl uence the properties of the colloidal mixture, including 
the electrical conductivity and the turbidity. The addition of salts to a colloidal 
solution of micelles decreases the strength of electrostatic interactions and can 
lead to the formation of larger ionic micelles.  

     Figure 2.9     Diagram of a vesicle.  
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   2.4.5 
Vesicles 

 A vesicle is an envelope of a lipid bilayer that forms a sac that encloses fl uid 
and separates it from the continuous fl uid. Vesicles can form naturally because of 
the self - assembly properties of lipid bilayers. A diagram of a vesicle is given in 
Figure  2.9 .   

 Considerable research has been conducted on the use of lipid bilayers to under-
stand the behavior of vesicles. The reason for this popularity is that the procedure 
of vesicle preparation is straightforward. Essentially, a phospholipid is fi rst dis-
solved in a hydrophobic solvent with a high vapor pressure. The solution is then 
placed in a small fl ask or test tube and the container is rotated to allow the solution 
to wet the container walls. The solvent evaporates and the lipid deposits on the 
container wall. After all the solvent is evaporated, an aqueous medium is placed 
inside the container. At this point small vesicles can be produced by introducing 
an ultrasound tip and applying high - frequency mixing for a minute or so. Depend-
ing on the time and frequency of the ultrasound application, the vesicles will have 
a certain distribution of diameters. It is possible to produce vesicles with a diam-
eter less than 1    μ m. Alternatively, the container with the aqueous medium can be 
stored for several hours and over time the lipid on the walls becomes hydrated, 
separates from the container walls, and forms lipid bilayers that enclose to form 
vesicles. In the second process, very large vesicles (giant vesicles) are produced, 
with diameters in the order of from several to tens of micrometers. An image of 
a giant vesicle is shown in Figure  2.10 .   

 Vesicles are used by the cell for organizing cellular substances. Vesicles can 
transport, store, and/or digest metabolites and waste products. They are involved 
in metabolism and enzyme storage, and can act as reaction chambers. Vesicles 
can fuse with the plasma membrane to release their contents outside of the cell. 
They can also fuse with the membranes of other organelles in the cell. Owing to 
transport mechanisms in the vesicle bilayer, the inside of the vesicle may be dif-
ferent from the cell interior. 

 There are a number of specialized vesicles in the plant cell. Lysosomes are vesi-
cles that contain digestive enzymes used to break down substances in the cell. 
Food vacuoles are vesicles that contain mostly water and metabolic compounds. 
Food vacuoles fuse with lysosomes, which break down the components in the 

     Figure 2.10     Giant vesicle with a diameter of 
20    μ m held (by suction) to a 7    μ m micropi-
pette.  (Photo obtained courtesy of Dr. Henry 
Bouman.)   
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vacuole for further use in the cell. Lysosomes can also destroy defective or damaged 
organelles. The lysosomes fuse with the membrane of the defective organelle and 
then digest the organelle. Transport vesicles move molecules to different locations 
inside the cell. Secretory vesicles contain waste materials that need to be removed 
from the cell. The cellular control of the functions of the different types of vesicles 
is complex and not yet fully understood. The energy needed for these processes 
often comes from the metabolic reactions, which can also involve conversion of 
 adenosine diphosphate  ( ADP ) to  adenosine triphosphate  ( ATP ). ATP effectively 
stores chemical energy and can release it upon conversion to ADP. Study of cel-
lular processes on the nanoscale seeks to understand the formation and functions 
of macromolecular assemblies and to couple this to what is known about the cell 
behavior on the molecular level.   

   2.5 
Summary 

 Plant cell structures and functions are complex, and are determined on the nano-
scale. Many of the structures can form by self - assembly. The understanding of 
how food processing changes these structures and their functions on the nanos-
cale is important to formulate new food products and to improve current proc-
esses. Nanoscience studies on how the processing of foods can cause favorable 
changes on the nanoscale can be explored to determine the optimum processing 
conditions to create value - added foods.  
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    3.1 
Introduction 

 The global supply of food is affected by a number of developments: growing world 
population, increased affl uence of large groups, use of  bioresource s for fuel and 
chemicals production, intensifi cation of agriculture, and monopolization of global 
food supply chains. 

 Nanotechnology may offer a way to produce very high - quality foods  in a much 
more sustainable way, while offering better  bioavailability  of (micro)nutrients. An 
overview of current applications of nanotechnology in and around food products 
is given in this chapter. In addition, some examples are given on how the technol-
ogy could contribute to the indicated problems: the strong improvement of bioa-
vailability of  lycopene s from nanocrystals or nanosized emulsions; the application 
of lipid - based delivery systems that may deliver components through the  intestinal 
wall ; the production of nanostructured plant - protein - based products; and the 
development of much better isolation and structuring methods. 

 The chapter concludes with a brief discussion of resistance to the use of the 
technology for  food production . Even though rational arguments seem to favor the 
application of nanotechnology, human feelings are of prime importance in such 
an important subject as the supply of our food. They should not be ignored and 
may be suffi cient reason for not applying the technology. However, this would 
leave the ethical issue of perpetuating our methods of food preparation at the 
expense of people who do not have suffi cient supplies of food.  
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   3.2 
Food Production 

   3.2.1 
Food and New Ways of Food Production 

 Food is among the most complex materials that we know. Biological tissues are 
generally structured down to the (macro)molecular level. When we convert living 
tissue into food, preservation  ensures that our food will be safe, even if we do not 
consume it directly after harvesting, but can store it and prepare it later. The 
processing  (preservation, storage, and preparation) induces changes that we often 
appreciate, and which may also improve the bioavailability of the nutrients inside 
the product. 

 Food is close to us. The expression  “ we are what we eat ”  is true in a literal sense, 
and in a metaphoric sense: our choice in the type and preparations of food, and 
the way we consume food, is closely connected to our personal and social identity. 
This implies that we do not like to consider large changes in the way we process 
foods. Our intuition tells us that we should use the same method as our grand-
parents used: what was good enough for them, must be good for us, as is claimed 
by Michael Pollan  [1] . In this case, our intuition may not be reliable. Compared to 
50 – 100 years ago, our food is now much safer, and no consumer would accept the 
 risk s of food consumption that were normal in the past. However, the statement 
by Pollan shows the power of our feelings for our food.  

   3.2.2 
Why Do We Need New Processing and Preparation Methods? 

 If the introduction of new ways to prepare foods is so sensitive, why should we 
consider them? Why should we want to consider the use of new technology as 
nanotechnology for the processing  of foods? 

 The main reason is the fact that food is becoming scarcer, expressed in higher 
 market value . There are a variety of reasons for this. First, the world ’ s population 
is still growing, and will reach approximately nine billion in 2050. 

 Second, at the same time, the population of large parts of the globe (mainly 
Asian countries, but also others) are quickly gaining affl uence, which means that 
they are starting to consume more foods that have a high requirement for  agricul-
tural resource s. For example, the production of meat is extremely costly in terms 
of usage of agricultural land or crops, use of water, and production of  greenhouse 
gas es by cattle. Growing feed for cattle consumes roughly 50% of all water in the 
USA, and 80% of the agricultural land. Cattle raised in the USA for food consume 
90% of the soy, 80% of the corn, and 70% of the cereals. 

 With the increasing number of people in the world, and with increasing affl u-
ence in many regions, we will not be able to support meat production  for all. If 
all the grain currently fed to livestock in the USA were consumed directly by 
people, the number of people who could be fed would be nearly 800 million  [2] . 
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Thus, it would make sense to try to produce high - quality , tasty protein foods 
directly from plants. Unfortunately, the structure of meat is so intricate that con-
ventional structuring methods cannot nearly match nature; the quality of meat -
 replacing protein foods is considerably lower than the original. 

 A third factor is the increasing scarcity of fossil fuels. This makes the use of 
agricultural resources to produce  biofuel s (ethanol, biodiesel, and others) and 
biochemicals to replace chemicals from petrochemistry more attractive. However, 
this implies that the land used to produce these materials is not available for the 
production of food . 1)  

 A fourth factor is that the increasingly intensive use of land leads to slow degrada-
tion of the agricultural land, via for example erosion or salination. This will 
slowly make the pressure on the remaining land even larger. And a fi fth factor is 
the emergence of food as a political factor: the free, global market enables countries 
to swap their traditionally produced crops for high - value crops that yield more 
value.  

   3.2.3 
More Effi cient Fractionation of Crops 

 All these factors, and others, imply that it is important to consider processing  
technologies that can convert agricultural crops  into as many useful (and edible) 
products as possible. The current technology is mostly aimed at the isolation and 
purifi cation of a single product, or in some cases two products. Processing of  sugar 
beet  is optimized solely for the production of sugar, and the production process 
is only aimed at ensuring the quality  of that product. The rest of the beet is ther-
mally degraded, and is used as animal feed. In order to produce more than only 
sugar from such a crop, one needs to consider new ways of processing: for 
example, non - thermal methods, or methods that would enable very precise removal 
of components, while minimizing the change in the feedstock. Nanotechnologies 
may enable this, using for example molecular recognition techniques to isolate 
specifi c components.  

   3.2.4 
More Effi cient Product Structuring 

 A second issue requiring better and more sustainable processing  technologies is 
the preparation or structuring of foods. Most people like meat as an important 
part of their diet    –    not only because of the  nutritional value , but also because 
of the excellent taste of it. The fact that meat is a product that is fi brillar on a 

    1)     This is at least true for the fi rst - generation 
technology, which directly uses edible 
fractions such as starch and oil. The 
second - generation technology uses inedible 
fractions, such as cellulose and possibly 
lignin, which are now left on the land to 

fertilize and protect the soil. Using these for 
biofuels and biochemicals will reduce the 
nutrients left on the soil and may thus 
reduce productivity and promote land 
erosion in the long term.  
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nanometer scale is mainly responsible for this: the fl avor components are only 
gradually released upon chewing, giving a good taste experience during the com-
plete mastication. 

 One could envisage the preparation of a similarly nanostructured product, with 
the help of nanotechnology, but now based on  plant protein s. The preparation of 
such a product would require considerably less agricultural resources, since the 
plant proteins are used directly for food preparation, instead of fi rst being con-
verted into  animal protein  (saving a factor 4 – 10). In addition, this direct plant -
 based product preparation would reduce animal suffering due to poor conditions 
during their life, and before slaughtering. This development would be welcomed 
for an additional reason. Especially in the Western world, there is resistance to the 
meat industry on animal welfare grounds. Nanotechnologies could offer tech-
niques both to fractionate  the biofeedstock effi ciently into high - value fractions 
(such as plant protein) and also to nanostructure products that may replace meat 
in some of our meals. 

 The case below may serve to illustrate this. Apaiah  et al .  [3]  calculated the total 
 “ exergy ” , that is, the potential to perform work (resources) needed to produce one 
kilogram of pork meat, and the same for a product based on pea protein, which 
was fi rst purifi ed from peas, and then converted into a meat - replacing product 
using extrusion (Figure  3.1 ).   

     Figure 3.1     Exergy demand of producing 1 kg 
of pork meat and 1 kg of pea - protein - based 
meat replacer ( “ novel protein food ” , NPF) 
using conventional processing technology, 
and possible exergy demand when new and 

much better processing could be used 
(exergy demand for new processing 
estimated at 10% of the original processing). 
 Partly based on  [3] .   
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 The primary production of the pea - protein - based product is much more sustain-
able (i.e., requires less exergy), but the current technologies for purifi cation and 
structuring of the protein product are not effi cient. In addition, the product made 
with extrusion is clearly inferior in quality  compared to the original and will there-
fore not be chosen by consumers. Overall, the new product is only marginally 
better in terms of sustainability and inferior in quality. It is therefore clear that 
new and better production technologies are required. If one could reduce the 
exergy needed both to fractionate the peas into valuable fractions and to structure 
the protein fraction into a good product, the fi gure shows that big steps could be 
taken, especially when the new technologies could lead to a product that is com-
parable in quality to meat, and would therefore be chosen by consumers, not only 
on idealistic grounds, but also because of the taste.  

   3.2.5 
Optimizing Nutritional Value 

 A further driver would be to optimize products in terms of nutritional value. This 
is currently an important trend in the developed markets, usually referred to as 
 functional food s. Nanotechnologies could enhance the nutritional value by increas-
ing the rate of uptake of specifi c nutrients in the gastrointestinal tract. This can 
be done by using specifi c form of  encapsulation , or by shaping the nutrient into 
nano - sized droplets or crystals.  

   3.2.6 
Nanotechnology for Food Production? 

 Considering the above factors, it may be clear that, especially now, nanotechnology 
may play an important role in establishing a more sustainable supply of high -
 quality food products  for the global population. However, one should not forget 
that food and food preparation represent more than just the rational supply of 
adequate food. 

 Perhaps surprisingly to many people, new methods for fractionation and struc-
turing seem a logical match with biological (or sustainable) farming. A more 
sustainable primary production (e.g., in terms of soil use, and fertilizer and pes-
ticide usage) combined with a more sustainable processing  would yield much 
better sustainable food production. However, this would require a merger of the 
biological farming world, which currently is on a somewhat technophobic track, 
and the nanotechnology world, which is very much the reverse. 

 A last look at Figure  3.1  on the exergy demand for the preparation of protein 
products shows that, as soon as the fractionation and structuring steps have 
become much more sustainable, the main factor remaining is the preparation of 
the food at home. Using newly available technologies to make this process more 
sustainable would once more contribute to a more sustainable world. Whether 
this would be accepted by consumers is, however, unclear.   
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   3.3 
Nanotechnology and Food 

   3.3.1 
What Is Nanotechnology? 

 Before continuing toward the developments in nanotechnology relevant for food 
production, it is important fi rst to defi ne what we mean by the term  “ nanotechnol-
ogy ” , because there is a bewildering range of defi nitions available. While many 
say it is the technology that concerns itself with arranging molecules or clusters 
of molecules smaller than 100   nm, some argue that this could also be a description 
of colloid science for sizes between 1 and 100   nm or organic/inorganic chemistry 
for sizes between 0.1 and 1   nm. 

 Nanotechnology in general is characterized by a high degree of multidisciplinar-
ity: chemical concepts such as self - assembly and molecular recognition are used, 
in conjunction with physical methods, such as use of atomic force microscopy, 
but also principles from biology, such as bilayer formation. One of the challenges 
for nanotechnology is to translate the level of control that, for example, organic 
chemistry has over the composition and conformation of molecules, to larger size 
scales. Next to the molecular scale is supramolecular chemistry, which concerns 
the assembly of a moderate number of molecules in well - defi ned clusters. Perhaps 
the ultimate challenge is to translate the concept into all levels of size, from the 
supramolcular to the colloidal, the mesoscopic, and all the way up to the level that 
humans can directly perceive, by touch, taste, or smell. 

 This is especially important for foods: they are characterized to a high degree 
by their internal hierarchical structure, that is, highly defi ned and well structured 
from the (macro)molecular (nanometers) level all the way up to the macrolevel 
(centimeters). While we will discuss this in more detail later on, we would like 
here to defi ne nanotechnology for this chapter as the directed assembly of mole-
cules or clusters of molecules into well - defi ned structures from the level of the 
clusters up to the larger scales relevant to direct human perception. This means 
that we will not strictly adhere to the size limit of 100   nm, but rather explore 
the hierarchical construction of product structure on several scales of size: while 
the fundamental building blocks are in the range of 1 – 100   nm, the structures 
built with them should be much larger in at least one dimension. The control over 
the structure should be there over all dimensions, from 100   nm to centimeter 
scales.  

   3.3.2 
Nanotechnology in Food Production 

 Nanotechnology often makes use of the natural tendency of molecules to self -
 assemble into specifi cally shaped aggregates. Typical examples are the self -
 assembly of amphiphilic molecules (surfactants, some proteins) into micelles at 
lower concentrations, and into lamellar mesophases at higher concentrations. By 
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somewhat changing the properties of the molecules, one can change the shape 
and morphology of the aggregates that are formed. 

 Lipids, such as phospholipids, self - assemble into bilayers , consisting of two 
layers of the molecules, with the hydrophobic parts of the molecules in between 
the layers, and the hydrophilic groups to the outside world. Phospholipids have 
the tendency to form vesicles (in fact, they form the membranes of living cells as 
well in this way) that are more or less spherical, and that have water inside and 
outside. Addition of ceramides, which are a different type of lipid, induces the 
bilayer to become less curved, and this induces the bilayer to form not spherical 
vesicles, but tubular ones. There are numerous shapes and morphologies of vesi-
cles, but the shape is mostly governed by the molecular properties, plus the precise 
conditions in the suspending fl uid, which determine the intermolecular forces 
acting between the molecules. 

 Vesicles and other structured aggregates can be used to encapsulate bioactive 
food ingredients, such as fl avors, enzymes, prebiotics or even probiotics. They 
typically provide a barrier against the hostile environment in the stomach, and, 
due to their membrane - like structure, can deliver their contents to the cells of the 
intestinal wall. An example here is the use of cochleates, phospholipid – cation 
crystalline structures that form spiral lipid sheets with little or no internal aqueous 
space. They can encapsulate relatively hydrophobic components by taking them 
up in their bilayers. Cochleates that were loaded with a vaccine have been shown 
to give immune response after they were orally administered, which illustrates 
that they could deliver the active components into the cells; the vaccine in itself 
would have passed the intestinal wall  [4] . 

 There are many more examples of encapsulates for delivering ingredients to 
specifi c locations in the gastrointestinal walls. Since the techniques in the fi eld of 
nanotechnology offer the possibility to precisely assemble a structure from indi-
vidual molecules, it is clear that they can be applied for preparing these encapsu-
lates. These encapsulates themselves are usually in the size range of 1 – 10    μ m: 
smaller encapsulates would have an enormous interfacial area, complicating effec-
tive encapsulation, while for example probiotics consist of bacterial cells, which 
would make smaller encapsulates impossible. Encapsulates larger than 10    μ m 
would make them perceptible to the human organoleptic system. 

 Vesicles can serve as encapsulates for specifi c ingredients to be dispersed into 
a food, but they are not a  food matrix  itself. A food matrix is characterized by the 
presence of structure on different scales. An example is the structure of meat, 
which is made of individual protein fi laments only a nanometer thick, bundled 
into fi brils, which in turn are bundled into fi bers, which in turn are bundled into 
fasciculi. The structure of meat cannot at this moment be imitated with plant 
proteins by existing technologies. Even though the fl avors and the color of the 
meat can be easily matched, it is the complex structure that makes meat still 
unique. 

 Nanotechnology can contribute to this by providing ways to precisely position 
molecules into fi brils, bundling them together into fi bers, and bundling them 
together into fasciculi - like structures. From this, it is also clear that the new 
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technology should not stop at only arranging individual molecules into molecular 
strings; instead, it should enable us to arrange the clusters on several scales of 
magnitude at the same time. This challenge is present wherever we consider the 
preparation of food matrices, instead of food ingredients (e.g., encapsulates). 

 The use of nanotechnologies for food ingredients will be discussed, with the 
example of fi brils from protein that can serve as rheology enhancer even at very 
low concentrations, but which can also serve as building block of encapsulates. 
We will then continue with the discussion of the preparation of food matrices. 
This will be done with an example in which anisotropic structuring over a range 
of scales of magnitude was achieved. 

 There are many more examples possible in both categories; however, it is not 
the purpose to give a complete overview in this chapter; it rather attempts to sketch 
the challenges that future technology could and should aim at.   

   3.4 
Applications of Nanotechnology in Foods 

   3.4.1 
Sensing 

 Nanotechnology is associated with a range of applications in foods. One of the 
earliest was the development of sensors for detecting a specifi c molecule that is 
associated with the condition of a food product. One can think here of the detec-
tion of  food spoilage  by sensing metabolic products of  spoilage bacteria , or direct 
detection of spoilage bacteria. While this is very challenging indeed, given the low 
concentrations of bacteria and their metabolic products, an even more challenging 
target is the detection of  pathogenic bacteria , as their concentrations are even 
much lower. Not only would a sensor need to be sensitive to a single molecule, 
but even that might not be suffi cient. One might need to concentrate a large 
amount of the product (liters), and then detect a single bacterium in the concen-
trate. The levels of sensitivity indicate clearly why one looks at nanotechnology to 
deliver these sensitivities. The sensors should probably be made in a very inex-
pensive way, to incorporate them into packaging  of food products (see Chapter  5 ). 
This poses a further challenge to the technology, as expensive materials cannot be 
used, and the mode of production  should be suitable for mass production, yet 
remain absolutely reliable, as the health  of consumers may depend on it.  

   3.4.2 
Packaging 

 A second application is the development of  active packaging . A package with a 
build - in sensor showing the state of freshness of the product can be regarded as 
an active package, but there are other types. There has been a development in the 
incorporation of nano - sized particles into the packaging material itself. Incorpora-
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tion of crystalline nanoparticles, such as nanoclays, can make the packaging mate-
rial more impermeable to oxygen or modifi ed - atmosphere  gases such as nitrogen 
or carbon dioxide while improving its strength. 

 Another application is the incorporation of nano - sized silver  particles, which 
give the material antibacterial properties . While the application of silver for this 
purpose is not new, the use of silver nanoparticles is; and it is claimed that the 
silver is more antimicrobially active  in this form  [5] . 

 Another example is a packaging  material composed of potato starch and calcium 
carbonate. This foam has good thermal insulation properties, is lightweight and 
biodegradable, and has been developed to replace the polystyrene  “ clam - shell ”  
used for fast food  [6] .  

   3.4.3 
Encapsulation 

 A third application is the nano - engineering of food ingredients and encapsulation. 
This is a wide fi eld, which was initiated for medical purposes (delivery of active 
ingredients into the targeted area in the human body without spreading into other 
areas), but which may soon be a major application in the area of foods, especially 
for fortifi ed or functional foods. Probiotic bacteria are, for example, at least par-
tially inactivated by the adverse conditions in the stomach and other parts of the 
gastrointestinal tract. These bacteria may be protected until they have reached the 
large intestine, which is where they are supposed to be active. A similar argument 
holds for prebiotic ingredients (ingredients that cannot be directly digested by 
humans, but are nutrients to the probiotic micro - organisms in our gut): some of 
them will be digested partially even before reaching the large intestine. 

 An interesting development as a crossover between food and medicine is the 
development of oral vaccines. A major impediment in vaccination is the necessity 
for injection. In the developed world some groups do not want vaccination for 
religious reasons; in the developing world the costs involved and the assurance of 
hygiene with the injection is an important issue. Oral vaccination could alleviate 
some of these problems, but vaccines usually do not survive the conditions in the 
stomach, and when they do survive, they will not pass the intestinal wall, as this 
barrier evolved exactly to protect against the passage of pathogens. Encapsulation 
of the vaccine, such that it would be resistant to the stomach ’ s conditions, and 
also would be delivered into the cells of the body, would make oral vaccination 
possible. Encapsulates that are (nano - )engineered to this end would therefore be 
a good development; there are developments in this area that are encouraging  [4] . 

 Apart from encapsulation, another development is the nano - engineering of food 
ingredients such that they become more bioavailable. This is achieved, for example, 
by preparing nano - sized crystals (in fact, the crystal size is not in the nanometer 
but in the submillimeter range) or emulsions that contain a supersaturated solu-
tion of a nutrient. The effectiveness of these routes in actual products and in the 
gastrointestinal tract is still under discussion, but it indicates the potential for 
nano - engineering ingredients to infl uence their destination in the human body. 
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 Apart from nano - engineering food components, a new area of application could 
be the nano - engineering of food matrices . Food products in general are character-
ized by a very high degree of structure on a range of size scales (see also Section 
 3.3.1 ). Until now, nano - engineering has only been associated with engineering on 
the nanoscale. The successive arrangement of these structures on larger scales has 
not yet received much attention. Further, many of the nano - engineering proce-
dures have been developed for use in a diluted environment, not in a concentrated, 
semi - solid matrix. However, the development of nano - engineering instruments to 
do that would have great value in the realm of food production. 

 The subjects of sensing and packaging  are dealt with in different chapters and 
will therefore not be discussed further here. Therefore we will focus on some 
examples in the area of nano - engineering food ingredients. In addition, we will 
discuss an example of precisely structuring food matrices  by combining directed 
assembly with well - defi ned process conditions, which results in the formation of 
a hierarchically well - defi ned structure on many size levels.  

   3.4.4 
Nano - Engineering Food Ingredients to Improve Bioavailability 

   3.4.4.1    Nanocrystalline Food Ingredients 
 Many micronutrients and pharmaceutical components are poorly soluble in water, 
for example, lipids such as omega - 3  fatty acid s, fl avors, antimicrobial components , 
 antioxidant s such as  tocopherol s,  carotenoid s such as  β  -  carotene  and lycopene, 
and also components like  phytosterol s. However, most foods have an aqueous 
continuous phase, as have the intestinal contents. The kinetics of uptake can 
therefore be slow, and in many cases the fraction taken up by the body is quite 
small. One way to improve this is by preparing so - called  nanosuspension s or 
 nanocrystal s  [7] . An example is the production of  β  - carotene nanocrystals  [8] . 
Typical crystal aggregates with a size of 120   nm can be obtained, stabilized by 
 gelatin  for example, that contain crystallites around 30   nm (Figure  3.2 ). These 
particles can be created by forcefully mixing a solution of the carotene (in, e.g., an 
alcohol) into water usually containing a polymeric stabilizer. Tan and Nakajima 
 [9]  and Chu  et al .  [10]  developed a method based on emulsifi cation, where a  β  -
 carotene solution in hexane was emulsifi ed in water containing sodium caseinate 
as stabilizer. By subsequent evaporation of the hexane, nanoparticles of 17   nm 
were created.   

 Co - precipitation with a biopolymer such as poly(lactic acid) can result in very 
stable nanoparticles, obviously at the cost of having a lower concentration of caro-
tene, due to the presence of the biopolymer  [11] . A strongly enhanced solubiliza-
tion of the active components was noted, for example, by Trotta  et al.   [12]  for 
nanoparticles of poorly soluble active components. 

 There is some evidence that particles in the range of 10   nm show a different 
structure than larger particles: their properties become different from the bulk 
properties. This, and the fact that their very large surface area allows their contents 
to be much more bioavailable, shows the potential of designing and producing 
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particles of very small dimensions. Nanotechnology can help in the preparation 
of these particles, and in stabilizing them (e.g., by using microchannel emulsifi ca-
tion methods, as has been developed by  [13] ), such that they have good  shelf - life , 
and that they can be incorporated into complex food products.  

   3.4.4.2    Nano - Emulsions 
 Ribeiro  et al.   [14]  have developed an interesting route for making carotene more 
bioavailable. Most lycopenes are completely insoluble in water and only slightly in 
oil. Therefore, only a small fraction of the lycopenes in our food is digested; most 
of it is excreted unused. The lycopene is typically at 180    ° C in oil at a concentration 
of 15 – 30 wt%, which they then quickly emulsifi ed into water using high - pressure 
emulsifi cation. The resulting emulsion droplets are around 100 – 150   nm, which is 
so small that they do not contain suffi cient material to form a critical nucleus; 
thus, the lycopene stays in solution and will be more available for digestion. It is 
obvious that the smaller the emulsion droplets are, the higher the lycopene con-
centration can be. Thus, engineering  nano - emulsion s would give added value. A 
similar system has been patented (Figure  3.3 ).    

   3.4.4.3    Nano - Engineered Protein Fibrils as Ingredient Building Blocks 
  Protein - Based Nanofi brils    
 Many proteins have the tendency to form aggregates when subjected to conditions 
under which they are less soluble. This may stem from a change in either solvent 
quality or the protein molecule itself (in fact, the two are not independent of each 
other: a change in solvent quality induces a change in protein conformation). 

     Figure 3.2      Transmission electron microscope  ( TEM ) pictures of  β  - carotene nanoparticles: (a) 
stained with OsO 4 , showing the  β  - carotene particles; (b) stained with uranyl acetate, showing 
the stabilizing gelatin coating.  From  [8] .   
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     Figure 3.3     Procedure for making supersaturated emulsions of  β  - carotene.  According to 
Schweikert and Kolter  [15] .   

Homogenisation

Suspension of 
carotenoid
crystals in oil

Solution Aqueous 
phaseHeating

Owing to the conformational change, hydrophobic parts of the proteins become 
more available for interaction with other proteins. These interactions then lead to 
the formation of aggregates. 

 Aggregation due to protein unfolding (denaturation) is well known, and is one 
of the fundamental mechanisms underlying the preparation of food: boiling or 
frying an egg results in solidifi cation of the egg white, due to the aggregation of 
the protein into a fi ne, random network. Meat, when cooked, becomes fi rmer, due 
to the (partial) denaturation of the proteins. 

 By selecting the conditions, one can tune the properties of the resulting solution. 
For example, when making a sauce or ice cream, one often heats the (egg protein) 
solution to a specifi c temperature (around 70    ° C): at this temperature, the egg 
proteins do not denature completely, the interactions between the molecules 
remain mild, and the consistency of the solution becomes more viscous, without 
leading to large - scale aggregation and hence fl occulation (curdling). 

 By partially denaturing a protein solution at conditions of low ionic strength and 
pH, one can make the aggregation process highly specifi c. At low pH the protein 
molecules have a high charge, while the low ionic strength ensures that the mol-
ecules will repel each other, although the partial denaturation enables hydrophobic 
interaction. Once at very specifi c spots the molecules will have the chance to 
interact and form a bond. This gives rise to string formation in the form of fi brils. 
The precise method of formation of such fi brils is not yet completely understood, 
but it is generally agreed that  β  - sheet formation plays an important role. Recent 
fi ndings indicate that partial hydrolysis is necessary for some proteins to form 
fi brils  [16] . After some time, the bonds between the individual molecules, that were 
initially reversible, become irreversible. 

 A system known for its tendency to form fi brils is   β  - lactoglobulin , a protein from 
whey . One typically heats a diluted solution of it (1 – 5 wt%) for 6 – 24   h at 80    ° C and 
pH 2 and low ionic strength. This results in fi brils 1 – 8    μ m long with a diameter 
of 4   nm, representing a thickness of one or two individual protein molecules (or 
signifi cant fractions of them). The resulting fi brillar solution shows strongly 
increased viscosity (up to 10   000 times and more; see Figure  3.4 ) and shear thin-
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ning behavior, assumed to be caused by percolation of the fi brils, forming a 
network, which is successively destroyed when applying shear.   

 A recent fi nding was that the self - assembly kinetics of this process can be infl u-
enced by applying mild shear during the assembly process  [16] . Figure  3.4  shows 
that application of shear increases the viscosity by an order of magnitude. This is 
caused by a much higher yield. A higher shear rate does result in more fi brils, but 
this is not evident in the viscosities: at higher concentrations, the fi brils cannot 
assume a random orientation any more due to steric hindrance and they form 
nematic, liquid - crystalline domains , in which they align and hence have less infl u-
ence on the viscosity. This was supported by the observation of birefringence in 
the solutions, indicating fi bril alignment in the solution. 

 It is not clear how fl ow positively infl uences the self - assembly process. It may 
speed up the diffusion of proteins (or their fragments) toward the active tips of 
the fi brils. The Peclet number calculated with a shear rate of 168   s  − 1  is, however, 
only 3    ×    10  − 5  (using a diffusion coeffi cient for  β  - lactoglobulin of 9.7    ×    10  − 11    m 2    s  − 1  
and a molecular size of 4   nm), which indicates that direct infl uence of the fl ow on 
the mass transfer should not be expected. However, when the fi brils start to form 
more densely packed, liquid - crystalline domains , diffusion from the surrounding 
solutions into these domains may become limiting. It is clear indication, however, 
that even a macroscopic parameter such as shear fl ow may infl uence a molecular 
process such as self - assembly of a protein. The fact that the fi brils start to line up 
into liquid - crystalline domains  also indicates that larger - scale structure may be 
formed. Aligning these domains by applying shear fl ow (evident in the shear thin-
ning behavior) may further yield options for forming the fi brils into a matrix, when 
one could fi x the fi brils while aligned.  

  Using Nanofi brils for Microstructure Assembly     Apart from their use as an ingredi-
ent to modify the rheological   properties of a product, fi brils may have further use. 

     Figure 3.4     (a) TEM picture of fi brils from 
 β  - lactoglobulin, made by 2   h heating at 90    ° C 
while shearing at 200   s  − 1 . (b) Flow curves for 
solutions of 5.2 wt% whey protein prepared 

at different shear rates:  �  0   s  − 1 ,  �  168   s  − 1 ,  �  
337   s  − 1 ,  �  673   s  − 1 . The viscosity of the solvent 
without protein is 0.001 Pa s.  From 
Akkermans  et al .  [16] .   

(b)(a)
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     Figure 3.5     Shells made with alternating 
layers of high - methoxyl pectin and whey 
protein fi brils. Owing to the electrostatic 
interaction, the fi bers do not stand out but are 
attached to the surface over their whole 
length. The fi bres strengthen the encapsulates 

considerably. (a) These shells have only two 
layers (i.e., one pectin, one fi bril layer). (b) 
Here the shells have six (three pectin, three 
fi bril) layers. (c) A close - up of the wall of one 
of the six - layered shells, indicating a typical 
shell thickness of around 50   nm.  From  [17] .   

(a) (b) (c)

At low pH, the fi brils themselves are highly positively charged. This enables 
assembly of the fi brils into larger structures using electrostatic interactions. 
Recently, Sagis  et al .  [17]  used this for structural reinforcement of encapsulates 
(Figure  3.5 ). They used emulsion droplets stabilized by  β  - lactoglobulin at low pH, 
and exposed them alternately to high - methoxyl pectin and fi brillized whey protein 
isolate (consisting mainly of  β  - lactoglobulin). The pectin was negatively charged 
and therefore formed a nanometer - thin layer on top of the positively charged 
droplet surface. The positively charged whey protein isolate fi brils then formed a 
layer on this negative surface, and so forth. Shells with only a few layers do not 
have much mechanical strength; however, the application of six layers gave the 
encapsulates considerable strength.   

 While the fi brils were created by using the combination of specifi c hydrophobic 
interaction with general electrostatic repulsion (to reduce random aggregation), 
the larger aggregates could be assembled by using electrostatic attraction. 

 There are many examples of using self - assembled or directionally assembled 
aggregates for encapsulation.    

   3.4.5 
Preparation of Food Matrices 

 In Section  3.2.4  we discussed the relevance of being able to create food matrices   
with a well - defi ned hierarchical structure. Especially matrices with a fi brillar struc-
ture would be of relevance (e.g., to act as meat - replacing protein foods). 

 In principle, one could use the fi brillization procedures as discussed above for 
such a purpose. Recently, Akkermans  et al.   [16]  showed that fi brils could be formed 
not only from proteins of animal origin, but also from proteins of plant origin: 
both soy glycinin and soy protein (a mixture of mostly glycinin and conglycinin) 
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were shown to form fi brils. However, the fi brillization procedure is only effective 
with dilute systems: one cannot use concentrations higher than a few percent of 
protein: the system will form a dense gel already before fi brillization, while shear 
fl ow during fi brillization results in much shorter fi brils. 

 Formation of the fi brils at low concentrations, and subsequent concentration 
into a highly concentrated product, would not be sustainable: very large volumes 
would be necessary, and an excessive amount of (acidifi ed) water would be needed. 
The same is true for many other methods to form fi brils; for example, wet spin-
ning and electrospraying only yield low volumes of fi brils; thus one would need 
very large equipment to produce industrial volumes of protein product. 

 It is therefore important to start with systems having the same range of concen-
trations as would be required for the ultimate product. For a high - protein food 
such as meat, this would be in the range of 20 – 30 wt% of protein (raw meat). 

 Conventional technology in this range is the use of extrusion technology. The 
product ingredients are brought together, heated and compressed, and forced 
through a small die. Many protein - based systems will form a fi brillar structure 
under the infl uence of the extensional fl ow related with the focusing fl ow just 
before the die. The product is however not fi nely fi brillar, while the process con-
sumes ample amounts of energy due to the intense process conditions. Other 
methods like wet or dry spinning produce limited numbers of fi bers at the same 
time, and thus have limited scope for upscaling. An interesting process is the one 
used for the production of Valess, a product based on casein. By mixing the casein 
with a carbohydrate, and subsequently solidifying the carbohydrate phase, one can 
produce a product matrix that is fi brillar, down to a level of tens of micrometers. 
Even though this is a successful product, it cannot yet compete directly with meat, 
as its structure is still several orders of magnitude coarser. 

 A new process was proposed by Manski  et al .  [18, 19] . A 30 wt% calcium casein-
ate dispersion in water was subjected to plain shear fl ow in a special device. A 
cross - linking enzyme was added, solidifying the dispersion while it was being 
sheared. Under the right conditions, the caseinate was found to align into long 
fi brils with diameter of around 100 – 150   nm. The shear stresses applied were rela-
tively low, so the process can be considered mild. The solid fi brillar product closely 
resembled meat in terms of structure (Figure  3.6 ).   

 The fi brillization was ascribed to what one might call directed self - assembly. 
Calcium caseinate is present in the dispersion as micelles of size around 125   nm, 
which is big enough to be aligned by the shear force. It is well known that particles 
in (non - Newtonian) suspensions have the tendency to align under plain shear fl ow 
(e.g.,  [20 – 22] ). The calcium caseinate micelles have the tendency to cluster or  “ stick 
together ” , due to the divalency of the calcium ions, which can serve as a bridge 
between them. This is probably important in the alignment process. By concurrent 
cross - linking of the aligned micelles with the help of an enzyme, one can fi x the 
strings of micelles, effectively creating a (soft) solid fi brillar matrix, because of the 
high concentration in the system. 

 The proposed mechanism was supported by the rheology of the dispersions. 
Calcium caseinate dispersions showed evidence of structure formation under 
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     Figure 3.7     Rheology of calcium and sodium 
caseinate dispersions: closed symbols, 
up - sweep; open symbols, down - sweep; 
circles and squares, using pre - shearing 

directly before measuring; triangles, using 
pre - shearing, a rest period of 7 minutes, and 
then measuring.  From Manski  et al .  [23] .   
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     Figure 3.6     Hierarchically fi brillar protein 
structures made by shearing a 30 wt% 
dispersion of calcium caseinate that is slowly 
solidifi ed by crosslinking with transglutami-
nase  [18, 19] . The structure was shown to 

consist of fi brils of  ∼ 100   nm diameter, packed 
into bundles of  ∼ 100    μ m thick (b), which 
themselves are arranged into larger - scale 
bundles evident in (a).  

(a) (b)

shear fl ow, but sodium caseinate dispersions did not (Figure  3.7 ). Sodium casein-
ate micelles are smaller, therefore less easily aligned, and show no tendency to 
cluster or aggregate.   

 This example shows that a combination of self - assembly (well - defi ned protein 
clusters such as micelles) and positional assembly (alignment under shear fl ow) 
can yield better - structured food matrices. It seems probable that the range of 
examples can be extended when well - defi ned process conditions are used.   
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   3.5 
Concerns about Using Nanotechnology in Food Production 

   3.5.1 
Risks of Nanotechnology 

 Nanotechnology in foods is usually associated in the media with the use of nano-
particles in foods, especially nanoparticles from non - biological origin, such as 
buckyballs (C 60 ) or  carbon nanotube s. It is not yet clear how human physiology 
responds to these types of component, and one should therefore be very careful 
with application of this category of components. 

 Nanostructured components of biological nature such as fi brillized proteins 
(through  β  - sheet formation) may be safer, as these structures occur in nature, and 
thus our body has probably evolved in the presence of these components. The fact 
that some diseases seem to be correlated with the occurrence of amyloids may 
however warn us to be cautious. One should point out that there is no evidence 
that indicates that the consumption of, for example, fi brillized soy protein would 
in any way stimulate the formation of amyloids in the human body. 

 Another development is the use of nanoparticles of natural components that are 
smaller than those that occur in nature. It is unlikely that the use of nano - sized 
crystals or lycopenes would in any way be dangerous: these crystals have the ten-
dency to disappear by dissolution quicker than the natural crystals do. Similarly, 
nano - sized emulsions will be broken down or absorbed very quickly, as they are 
less stable than larger emulsions. Emulsions with droplet sizes much smaller than 
1    μ m have been used extensively without any indication of any risk related to the 
droplet size. 

 Lipid - based encapsulates such as cochleates seem to be able to deliver  deoxyri-
bonucleic acid  ( DNA ) or  ribonucleic acid  ( RNA ) through the intestinal wall, and 
therefore may be a bigger risk factor: any contamination by, for example, a virus 
or other harmful components might also be transported through the intestinal 
wall. These components may therefore have some risk involved. 

 The fi brillized food matrices as described will almost certainly be safe, as the 
structure is natural in size scales, and all the components are completely food -
 grade. The process merely infl uences the spatial arrangement of the elements that 
were present together. 

 So, the emergence of nanostructured food components shows no reason for 
caution any more than the development of any new component would merit, but 
of course every caution needed should be taken.  

   3.5.2 
Rational Argumentation Versus Human Feelings 

 Many of the more popular discussions on the use of nanotechnology evoke state-
ments such as the one of Pollan  [1]  (see above): we should use the same method 
for food preparation as our grandparents used    –    what was good enough for them, 
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must be good for us. This type of statement is not part of a rational discussion, 
but has an intuitive and emotional background. 

 Even though, on a rational basis, there seem to be ample reasons to consider 
the use of nanotechnology for food production (surrounded by reliable precau-
tions), the emotional side to it is just as relevant. Emotional repulsion from appli-
cation of new technologies for our food is suffi cient reason not to apply them, 
when there is no issue in obtaining suffi cient food of high quality . The global situ-
ation however is different. Not considering the use of better technology may 
ultimately imply the deprivation of adequate food supply for many humans on our 
planet. 

 The application of the new technologies will therefore depend on the severity of 
the problems surrounding food  and bioproduction. It seems important that engi-
neers and scientists at least work on sustainable methods to produce high - quality 
food, at least to enable the societal choice  between the different alternatives that 
will be apparent in the future.    
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    4.1 
Introduction 

 People are very selective about the food that they eat. Evolution has taught us that 
contamination  and spoilage  are serious threats to consumer health , as well as food 
quality. Food must therefore be fresh and clean. Packaging  is potentially an impor-
tant way to deliver these requirements. Packaging has been used for centuries to 
contain foods, and to keep foods free of undesired contaminants. Food needs to 
be digestible by a biological organism, and so is by its very nature a perishable 
product. This means that food quality deteriorates over time to a level that consum-
ers reject it. Again, packaging can help prevent or slow down deterioration of 
foods. 

 With the advent of nanotechnologies, innovative applications in the area of 
packaging are being developed, providing new opportunities to improve on the 
sometimes already very sophisticated packaging concepts that have been devel-
oped to fulfi ll the demands of the modern consumer. Improved packaging can 
deliver improved convenience and, at the same time, improve sustainability and 
reduce waste  [1] .  

   4.2 
Reasons to Package Food Products 

 Apart from the obvious need to contain certain food products, such as beverages 
or powdery materials, to avoid contamination  by dirt, and to keep foods free of 
rodents and other pests, the most important reason for packaging  foods is to 
maintain the quality of the product for as long as possible. Quality deterioration 
of food products can be caused by various processes. Physical processes like drying 
or wetting can potentially change the texture of the product to a level that consum-
ers reject it. Bread becomes hard because moisture evaporates; biscuits or potato 
chips become soft because they take up water from the atmosphere. Although the 

  4 
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nutritional quality is not necessarily affected, consumers tend to throw the product 
away or, at best, feed it to animals. 

 The infl uence of light  can cause color changes that often are interpreted as 
quality deterioration, also causing the consumer to discard products that are still 
perfectly suitable for human consumption. Chemical processes can occur between 
food components, or between one or more components of the product and external 
substances like water or oxygen. Sometimes these processes are desirable    –    like 
the aging of wine or the ripening of fruits    –    but mostly they result in negative 
changes in taste and/or texture. Although they usually do not affect the safety  of 
the product, these changes provide reasons for consumers to dispose of the 
product. 

 The most important processes for quality deterioration are of biological origin. 
Apart from the threats that rodents and insects constitute for the product, most 
food spoilage in industrialized countries originates at the microbial and fungal 
levels. For products that have been sterilized, the packaging  has to prevent recon-
tamination occurring, which necessitates the use of strong materials like metals 
for canned foods, thick plastics, and so on. Mildly processed or unprocessed foods  
still contain bacteria or fungi or the spores thereof. In those cases, it is important 
to prevent the rapid development of these organisms. Cooling/freezing or chemi-
cal additives like salt can be used in many cases, but for certain products  “ modifi ed -
 atmosphere packaging ”  is more appropriate. In modifi ed - atmosphere packaging 
the product is kept in an atmosphere in which a certain gas, necessary for the 
growth of the micro - organisms, usually oxygen, is absent. The concept relies on 
the packaging to maintain the modifi ed atmosphere for as long as possible to 
extend the shelf - life of the product.  

   4.3 
Physical Properties of Packaging Materials 

 In many food packaging applications, certain physical properties of the packaging 
materials are important. These physical properties enable the packaging concept 
to work and sometimes are the cause of the failure of the packaging to deliver. At 
this point, it is relevant to review the contributions that micro -  and nanotechnolo-
gies can make to improve the physical properties of packaging materials. 

   4.3.1 
Strength 

 In order that products are effectively contained, food packaging materials are 
required that have suffi cient strength to withstand the pressure or the forces that 
the product exerts on the containment, or forces from outside that can occur under 
circumstances arising from normal use. The material from which a bottle is made 
should be strong enough to prevent the bottle from tearing, even when the pres-
sure inside is raised under the infl uence of temperature or processes occurring 
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within the product. For example, champagne bottles need to be extra - strong to 
withstand the pressure of the carbon dioxide that is generated in the champagne. 
Even the closure needs to be strengthened with iron wire to prevent the cork 
popping prematurely. 

 The strength of a material usually needs to be traded off against other properties 
like weight and transparency. Consumer preferences for convenience have resulted 
in food packaging being  “ multifunctional ” , insomuch as increasingly strong mate-
rials also need to fulfi ll other requirements like transparency, light weight, and so 
on. The rapid introduction and acceptance of  polyethylene terephthalate  ( PET ) 
bottles is an example of this trend. The PET bottle combines strength with reduced 
weight and reduced vulnerability to breakage. On the one hand, the PET bottle 
offers a lot of advantages, although, on the other, there is a disadvantage to PET 
bottles that will be discussed later in this chapter. 

 The ability to modify materials at the nanolevel to provide new functionality has 
already delivered one material that is extremely strong: carbon nanotubes. The 
remarkable properties of carbon nanotubes were one of the drivers for the  “ hype ”  
associated with nanotechnology, when scientists, researchers, and developers 
started to realize that these remarkable properties were examples of what could 
be developed at the nanolevel. Carbon nanotubes per unit weight are much 
stronger than steel  [2] . Indeed, multiwalled carbon nanotubes are the strongest 
material currently known to humanity. For this reason, they are used in the manu-
facture of sports equipment to improve the strength - to - weight ratio, and to enhance 
stiffness  [3] .  

   4.3.2 
Barrier Properties 

 Packaging  forms a barrier against contamination  of the product from external 
elements. The properties of the packaging materials have to agree with the require-
ments of the packaging purpose under normal storage conditions. For example, 
if a product is sensitive to moisture, and usually stored in the open air, the packag-
ing material should be water - tight. There is very little that nanotechnologies can 
add regarding improved waterproofi ng. However, when packaging is required to 
be gas - tight, nanotechnologies can make important contributions. 

 If a fi zzy drink bottle is left open for some time, the  carbon dioxide  ( CO 2  ) that 
was dissolved in the product evaporates and the properties of the drink are changed 
to such an extent that most people do not want to consume it, although other 
aspects of quality  and taste are unaffected. Such products must therefore be pack-
aged  in containers that are impervious to CO 2  to prevent evaporation from occur-
ring during storage. Glass, metal, and polymer materials like PET are suitable for 
this purpose. 

 In other cases, products are vulnerable to gases or vapours permeating the 
package. Potato chips (crisps) represent an example of a product where water dif-
fusing through the polymer packaging material has, in the past, limited the shelf -
 life of these products. Prior to the advent of nanotechnology, the problem was 
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solved through application of a very thin metal layer on top of the polymer. The 
disadvantage of this solution is that the consumer cannot see through the packag-
ing in order to inspect the contents. Arguably this does not represent a very big 
problem for processed products like potato chips. However, when buying fresh 
produce, consumers prefer to see the product in order to be able to make a visual 
assessment of food quality. 

 In another example, certain products are vulnerable to oxidation. These products 
must be packaged  in such a way that  oxygen  ( O 2  ) is kept out of the package for as 
long as possible. Beer is an example of such a product. Unfortunately, because the 
O 2  molecule is smaller than the CO 2  molecule, it is much more diffi cult to keep 
oxygen from diffusing in through the packaging material than to keep CO 2  from 
diffusing out. Oxygen can diffuse through PET material and, before the use of 
nanotechnologies in packaging, it was not possible to package beer in a PET bottle 
and to maintain its quality for suffi ciently long. 

 In the application of  nanocomposite s, nanoparticles are used to enhance the 
barrier properties of these materials. The advantage of nanocomposites is that the 
particles used to achieve the required functionality are too small to scatter visible 
light , which enables the development of clear transparent food packaging materi-
als. The application of nanotechnologies is also a good way to improve the proper-
ties of more environmentally friendly biopolymers  [4] . However, these materials 
are less suitable for packaging purposes because usually they are not transparent 
and can degrade over time. 

 A nanocomposite typically is a polymer matrix in which nanoparticles have been 
embedded to improve existing barrier properties. These nanoparticles can be of 
natural origin. For instance, several manufacturers use a special kind of clay, 
 montmorillonite , or other silicates as an additive to different kinds of polymer 
materials. 1)  These clays are mined in Africa and typically are made up of larger 
particles of stacked  platelet s. In a special process, these particles are exfoliated, 
which results in individual clay platelets that are relatively large in two dimensions, 
but have a thickness in the order of nanometers (Figure  4.1 ). Gases cannot pen-
etrate the platelets. By adding them to the polymer, a material is formed that forces 
the gas molecules to diffuse around the platelets, substantially elongating the path 
of the molecules (see Figure  4.1 ) and therefore increasing the time needed for 
the molecule to pass through the wall of the container. The platelets also improve 
the mechanical properties of the material such as the  tensile strength  and the 
 elasticity .   

 In some cases  “  oxygen scavenger s ”  are added to the polymer matrix. These react 
with any oxygen molecules that do manage to diffuse into the material. 

 In the case of modifi ed - atmosphere packaging concepts, the normal atmosphere 
is replaced by one or more gases that are inert to the product. These prevent or 

 1)     Imperm and other products by Nanocor, 
 http://www.nanocor.com;  Aegis by 
Honeywell,  http://www51.honeywell.com/
sm/aegis/products.html;  Cloisite and 

Nanofi l from Southern Clay Products Inc., 
 http://www.nanoclay.com;  Durethan from 
Bayer,  http://www.research.bayer.com/
edition_15/15_polyamides.pdfx . 
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reduce quality deterioration processes. Such applications can also benefi t from the 
improved barrier properties of nanocomposite materials because they slow down 
the deterioration of the modifi ed atmosphere caused by diffusion of atmospheric 
gases. 

 Nanocomposites or nanostructured materials can also be used as a fi lm on top 
of other packaging  materials to form multilayered materials in which the proper-
ties of the different layers combine to achieve the required overall specifi cations 
of the packaging material. 

 For example, recently, a new method of structuring polymer material into 
stacked layers of 20   nm thickness has been reported  [5] .  Polyethylene oxide  is 
forced to crystallize in thin lamellae, or layers, which increase the gas permeability 
by two orders of magnitude, maintaining the modifi ed atmosphere even longer.  

   4.3.3 
Light Absorption 

 Certain food products are vulnerable to light irradiation . The products may change 
color, which potentially affects their appeal to the consumer. Chemical reactions, 
triggered by photons, can reduce the quality  of the product. This is one of the 
reasons why beer used to be packaged  in brown or green bottles. As is known 
from the use of certain nanoparticles in sunscreens, titanium oxide and zinc oxide 
nanoparticles are very effective in absorbing  ultraviolet  ( UV ) light. In sunscreen 
applications, the nano - sized particles are small enough not to scatter visible light, 
thus providing a clear fl uid or cream that does not leave a white fi lm on the skin, 
but still blocks the dangerous high - energy part of the solar spectrum. 

     Figure 4.1     Clay platelets (rectangles) force gas molecules to 
follow a tortuous path, thus improving the barrier properties 
of the material.  
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 These properties are also used in food packaging materials to provide a concept 
that is transparent, enabling consumer inspection of the contents, but which also 
locks out the UV radiation that can cause deterioration of certain quality aspects 
of the product. 2)  In this application, the nanoparticles, mostly metal oxides, are 
embedded in the polymer matrix of the packaging material. As a consequence of 
their small size, they do not interfere with visible light, resulting in a clear package.  

   4.3.4 
Structuring of Interior Surfaces 

 In specifi c cases, the product to be packaged is sticky and adheres to the inside of 
the package. For example, removing custard from packaging  can be a time -
 consuming undertaking. Micro -  and nanotechnology has been used to structure 
the surface of packaging materials in such a way that it mimics the water -  and 
dirt - repellent effect of the lotus leaf  [6, 7] , which facilitates removal of the product 
from the package. With the  lotus effect , 3)  a micro -  and a nanostructure are used 
to create a surface that is very hydrophobic  [8] , causing even very sticky substances 
to slide from the surface. The lotus effect can be implemented as a coating. 4)  At 
the present time, these coatings are mostly used in non - packaging applications. 5)  
However, the potential for packaging material application is obvious. 

 It is also possible to modify the structure of the food packaging material to give 
it  “  self - cleaning  properties ” . 6)  In other words, a reusable packaging can be reused 
without extensive cleaning, and chances of contamination  after reuse are reduced. 
At the moment, self - cleaning materials are in the development stage, but they will 
ultimately be applied in food storage containers.   

   4.4 
Antimicrobial Functionality 

 Micro - organisms are usually responsible for the spoilage  of food products. People 
have traditionally applied high - temperature processing  (pasteurization and steri-
lization) or chemical treatment (salt, sugar, alcohol, smoke, etc.) to kill the organ-
isms that are always present on or in foods to prevent or slow down the spoilage 
processes. Packaging  was frequently required to prevent recontamination of the 
product after heat or chemical treatment. There is, however, a trend toward con-
sumer preferences for the application of mild preservation  techniques and the 
wish for fresh or minimally processed and preservative - free products. In order to 

 2)     Light Stabilizer 210 by DuPont,  http://
www2.dupont.com/Titanium_Technologies/
en_US/products/dls_210/dls_210_
landing.html . 

 3)     See  http://www.lotus - effect.com . 
 4)     Lotusan,  http://www.stocorp.com/

allweb.nsf/lotusanpage . 

 5)     Mincor by BASF,  http://www.basf.
com/group/corporate/en/news - and - 
media - relations/science - around - us/
mincor/index . 

 6)     Lightmotif,  http://www.lightmotif.nl . 
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achieve this, the need to slow down the development of micro - organisms near the 
product has increased. There are several options to achieve this, and nanotechnol-
ogy can provide some of them  [9] . 

 It has long been known that silver has antimicrobial properties . Alexander the 
Great is reputed to have used large silver containers to ensure his personal supply 
of fresh water. Although the exact mechanism of these properties is not exactly 
known    –    experts dispute whether silver ions or metallic silver is the active species    –    it 
has been established that increased surface area of the silver enhances the anti-
microbial activity  [10] . Consequently, making silver particles smaller improves the 
antimicrobial properties, in the end resulting in silver nanoparticles  as effective 
agents to contain microbial growth. 

 The antimicrobial effect  of  nano - silver  is being exploited in several areas of appli-
cation, including bandages for dressing wounds, and in textiles to inactivate the 
odor - producing bacteria on feet and in armpits. Nano - silver can also be used in food 
packaging. Food containers with nano - silver can be obtained commercially. Manu-
facturers claim substantially improved quality  of food products even after extended 
storage. These containers are reusable, but the same effects can be achieved when 
nano - silver is incorporated into disposable food packaging materials. 

 Other antimicrobial concepts  rely on the interaction of the microbe with cations 
in a polymer layer on top of the food packaging material, or a nanostructured 
agent. Based on delivery technology, a system has been developed that releases an 
antimicrobial chemical when the presence of a bacterium is detected through the 
chemicals it distributes in its direct environment. 7)  Although applications in food 
packaging of this specifi c system are not foreseen in the near future, there is 
potential for comparable developments to be applied specifi cally for this purpose. 
An advantage of such a development is that they can be made more specifi c to the 
types of bacteria causing deterioration in certain high - cost food products such as 
meat and fi sh.  

   4.5 
Visual Indicators 

 One of the reasons that so much good food is thrown away in the industrialized 
world is consumer reliance on  “ sell - by dates ”  to safeguard the quality  of food 
products. Unfortunately, sell - by dates are based on unsophisticated models of 
quality deterioration. Manufacturers, afraid of image damage if too many products 
have below - standard quality when they reach the consumer, build in a large safety 
margin. The result is that perfectly good products cannot be sold because of sell - by 
date expiration. Similarly, consumers may reject these products and discard them 
unnecessarily. Even under these conservative conditions, in exceptional circum-
stances (e.g., elevated storage temperatures), a product may deteriorate to unac-

 7)     BioSwitch by TNO,  http://www.tno.nl/content.cfm?context = markten & content = product & laag1 = 
195 & laag2 = 327 & item_id = 1126 . 
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ceptable levels before the sell - by date has expired. It would therefore be preferable 
to have some means to directly determine the quality of a food product in the 
package . Nanotechnology can provide applications that meet this need. 

   4.5.1 
Quality Assessment 

 A concept that is based on the same principles as the sell - by date, but is more 
sophisticated, insomuch as environmental conditions are taken into account, indi-
cates the product of temperature and time. 8)  The indicator  changes color more 
quickly if storage temperatures are higher (see Figure  4.2 ). This represents an 
improvement over the sell - by date system, in particular for fresh products. 
Although it is probably possible to tailor the change in color of the indicator to the 
specifi c spoilage  behavior of the product under consideration    –    which would defi -
nitely increase the accuracy of the system    –    this could also reduce the economic 
viability of the concept for most food products.   

 However, an indicator  still only represents an indirect measure of the quality  of 
a food product. The main problem of these systems is that a certain storage period 
at a specifi c temperature might be perfectly all right for some products, while it 
may cause others to be totally spoiled. An accurate assessment of quality through 
the area below the storage temperature versus time graph requires intricate models 
of the product and models of the spoilage  behavior. This, of course, can be incor-
porated into the system by calibrating it to different food products or classes of 
food product, but again that would make the system more expensive as it would 
require tailoring the indicators to different products. A better way to detect spoilage 
is through food safety indication.  

     Figure 4.2     The OnVu system to check that a product has not been stored at elevated 
temperatures for too long.  
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 8)     OnVu,  http://www.onvu.com . 
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   4.5.2 
Food Safety Indication 

 The food industry is very conscience of quality , and also needs to ensure that optimal 
hygiene standards are applied in order to improve food safety. Even in industrialized 
countries, there is still substantial room for improvement. In developing countries, 
many deaths can be attributed to poor water and food quality. In the industrialized 
countries, the economic damage caused by hospitalization from food poisoning is 
substantial  [11] , as is the economic cost of a food recall or loss of consumer confi -
dence in a brand. A useful innovation in food packaging would be a method of 
 “ warning ”  consumers about food products that are not fi t for consumption . 

 If food safety is compromised, the cause is usually micro - organisms such as 
bacteria or fungi that develop in and on the food product. Certain types of micro -
 organisms, if present in suffi cient quantities, can cause health  problems by them-
selves, whereas others produce toxins. In fresh products like meat and vegetables, 
bacteria and/or spores of fungi will be present from the harvest stage onward. After 
harvest, they start to multiply. The traditional method to deal with this problem was 
to treat the product in such a way that these micro - organisms were killed. As men-
tioned before, heat, chemicals (salt/sugar) or smoke have all proven to be effective 
in killing organisms and preserving  the product. Modifi ed atmospheres, chilling, 
and freezing slow down or virtually stop the development of the organisms. Often, 
food packaging is required to maintain the sterile status of the product. 

 Modern consumers want their food to be not only fresh, but also convenient. 
This means that consumers prefer the application of mild conservation methods, 
if any    –    but then they buy precut and pre - prepared vegetables, fruits, and meats in 
order to maximize convenience. From the perspective of food quality and safety , 
these two types of consumer preferences represent a bad combination. Little to no 
conservation leaves micro - organisms alive, and the  “ wounds ”  infl icted on food by 
cutting provide them with a substrate on which to feast. 

 Food quality deterioration and spoilage  processes produce different characteris-
tic chemical by - products. If these molecules are small enough, they will be volatile, 
and can be detected in the atmosphere surrounding the product. With chemical 
detection, such as  “ Toxin Guard technology  ” , 9)  suitable molecules are deposited 
on the inside of the packaging . When they react with certain characteristic vola-
tiles, a color change signals the presence of these substances and warns the con-
sumer that certain organisms have developed on the food to such an extent that 
consumption of the product is no longer safe.  

   4.5.3 
Product Properties 

 The production of by - products from ripening processes may represent an impor-
tant signaling mechanism between plants and fruits. For example, ethene 

 9)     See  http://www.toxinalert.com . 
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(ethylene) is a plant hormone the production of which speeds up ripening in fruits. 
The amount of ethene in the package of a fruit is a measure of the state of ripe-
ness of the fruit. Of course, ripeness does not necessarily represent a deterioration 
in quality, but can be a highly desirable aspect of the food product. The principle 
of ethene detection is employed in the  “ Ripesense  ”  system 10)  in which a color 
change in a suitably prepared dot on the inside of the package indicates the ripe-
ness of the product in question.   

   4.6 
Information and Communication Technology 

 Although  visual indicator s can be helpful in providing information to the indi-
vidual consumer, they are less suitable for integration into logistical systems that 
can add value in the product chains. In our highly automated society, effective 
monitoring of safety , quality  or product characteristics could be delivered to com-
puter and  information and communication technology  ( ICT ) systems located 
remotely to enable automated electronic control of the logistic process. Storage 
systems could monitor certain product characteristics directly, and decisions 
could be made on how to optimize the value of the product. For example, products 
that approach quality or ripeness limits could be taken out of storage and sold in 
nearby markets; products that have suffi cient shelf - life remaining could be shipped 
to more distant markets, where they bring more money. Systems such as these 
are dependent on effective communication between the  sensor s and the outside 
world. 

   4.6.1 
Sensors 

 In packaged products , the amounts of by - products of deterioration can be substan-
tial, and can be detected with suitable electronic devices. These devices are cur-
rently in development and often mimic the operation of a human nose. Different 
receptors, much like the ones that also are situated in the nose, are placed on a 
semiconductor device in such a way that, when a molecule of interest gets close 
enough, it  “ docks ”  onto the receptor, causing charges to shift in the receptor mol-
ecule. These charge shifts can infl uence conductance in the semiconductor mate-
rial and, therefore, can result in an electronic signal that can be interpreted 
digitally. The presence of more molecules results in more docking events, and 
therefore increases the signal. These receptors usually are not very specifi c. By 
using more than one type of receptor, the device generates a pattern that will be 
able to specifi cally detect certain processes. This is also how the nose works: the 
human nose holds about 350 different receptors, and the brain has learned to 
interpret the signal pattern that results from food deterioration. Receptors can be 

 10)     See  http://www.ripesense.com . 



 4.6 Information and Communication Technology  69

developed that are more specifi c to the volatiles involved in the food quality dete-
rioration processes. This would make the detection simpler yet more accurate. 

 At the moment, these systems are still in the development stage, rely on silicon -
 based microelectronics to do the sensing, the data analysis, and communication, 
and are very expensive. They are unlikely to be used in food packaging applications 
in the near future. However, progress is being made in other areas of nanotechnol-
ogy that will result in  “ printable electronics ”  with which the electronic circuitry 
necessary to measure the parameters, analyze the signals, and communicate the 
outcome to external computer systems can be printed with conductive inks in 
combination with polymer components. This technology could be suffi ciently 
mature, advanced, and cheap within 15 – 20 years. If the electronic nose can be 
developed using printable electronics, the application will be very cheap, and will 
certainly be adopted in order to assure the quality  of food products. 

 Electronics require power to operate. The usual solution for this is batteries. 
Unfortunately, the combination of a food product and batteries is not very attrac-
tive. Moreover, batteries possibly run out of power before the product is out of 
storage. Alternatives are to scavenge power from external sources like the Sun, 
temperature differences, movement, etc. They all have their own drawbacks. 
However, radiofrequency identifi cation technology may not only solve the power 
problem, but also provide the necessary communication channel to transmit 
sensor data to the outside world.  

   4.6.2 
Radiofrequency Identifi cation Technology 

 Being able to extract an electronic signal from a packaged product in itself is not 
suffi cient. The signal still has to be communicated to computers in the outside 
world. To this end,  radiofrequency identifi cation  ( RFID ) technology has been 
developed, which can identify individual objects without requiring a line of sight. 
RFID technology can be applied as an electronic version of the barcode, with the 
difference that it can be read without opening the box. Furthermore, RFID can be 
used to identify animals  [12] , for electronic access systems, to identify tools for 
professional workshops, and so forth. 

 Radiofrequency identifi cation technology consists of two elements: the trans-
ponder attached to the object to be identifi ed, and a reader that transmits an 
electromagnetic fi eld to read the transponder. The transponder does not contain 
a power source of its own. It uses the electromagnetic fi eld from the reader to 
temporarily power its electronics, and to communicate the predefi ned code back 
to the reader. A drawback of the technology is that the reading distance is depend-
ent on the specifi cs of the electromagnetic fi eld, and the range is typically in the 
order of 1   m. Regulations in most countries do not allow higher fi elds and/or dif-
ferent frequency bands that would allow larger reading distances. 

 Although developed for identifi cation purposes, RFID technology is also used 
in combination with sensors. If measurements are also required when there is not 
a reader present, then there must be some sort of power source in the transponder. 
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For this purpose, limited storage of power to allow measurements in between 
reads has been demonstrated. 

 Radiofrequency identifi cation is a high - frequency technology, and, as such, at 
the moment can only be implemented by application of silicon technology, which 
makes it expensive and less suitable for incorporation in food packaging materials. 
However, recent advances in other areas of nanotechnology have resulted in the 
fi rst implementation of RFID transponders in polymer electronics. 11)  Although 
these can already be produced very cheaply, it is generally expected that these will 
be used in food products when the electronics can be printed directly on the 
package.   

   4.7 
Discussion 

 Although applications of nanotechnology in food packaging are less controversial 
than those where the nanotechnology is in the food product itself, and is thus 
consumed by the consumer, there are still some aspects that need careful consid-
eration before large - scale introduction of some applications is warranted. Since 
the benefi ts  of some of the systems are not equally distributed along the value 
chains, some stakeholders in the chain may be unenthusiastic about implement-
ing them. 

 On paper, food quality indicators, for instance, seem a very good idea from a 
consumer perspective. The retail sector, however, is not that enthusiastic. Although 
sell - by dates also have this problem, if more detailed information on freshness is 
provided, retailers fear customers scavenging the shelves for the freshest products 
and the supermarket being left with more products that cannot be sold any more. 
Thus quality labels may not reduce the amount of food wastage, but could easily 
increase it. In addition, in systems such as these, the costs and the benefi ts are 
usually not spread evenly along the food chain. Very often they will increase the 
costs for those stakeholders involved at the earlier stages of the food chain, but 
the benefi ts will be accrued by stakeholders at the end of the chain. 

   4.7.1 
Health Risks 

 Food is something that, following consumption, enters the body and cannot easily 
be removed if something is wrong with it. People are conscious about what they eat 
and prefer food to be natural and fresh (see also Chapters  12  and  14  in this volume). 
The food packaging materials that are used to maintain the quality  of the food are 
usually not consumed. However, consumer concerns about contact between nan-
otechnology applied to packaging and foods may be an important issue. The 

 11)     See  http://www.polyic.com . 
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general public believes that nanoparticles, one of the more commonly known forms 
of nanotechnology, cannot be seen, can easily migrate from one matrix to another, 
and can even cross barriers in the body that cannot be crossed by non - nanoscale 
particles. Nanoparticles in packaging materials could therefore migrate to the food, 
be ingested, get into the body, and end up in parts of the human body where they 
could result in health problems . In the case of nano - silver, this scenario could be 
realistic. Nano - silver particles can get out of the packaging materials matrix and get 
into the food product. If they have antimicrobial properties in the packaging mate-
rial, they will also be capable of damaging cells in the body. 

 Arguably, the health  risks of the applications discussed in this chapter are very 
small. The amount of nanostructured materials used in applications like sensors 
and indicators is very limited. Even if some of the nanostructures can transfer to 
foodstuffs, consumer exposure will be very small. There are more nanoparticles 
involved in improved barrier properties and antimicrobial layers, but these nano-
materials are embedded in the matrix of the packaging  material. The amount of 
nanoparticles released is also very low. However, this does need to be verifi ed for 
each of the applications to be developed and brought to market. It can therefore 
safely be concluded that the health  risks involved in applications of nanotechnolo-
gies in food packaging are less than those associated with the risks of contamina-
tion  by nanoparticles, from wear of the machines, in conventional processes that 
are used to prepare the products.  

   4.7.2 
Environmental Risks 

 One of the aspects of food packaging is that the materials used are usually dis-
carded after consumption of the food. This means that, at least in some part, they 
will end up in the environment. If they include nanostructured materials, these 
will also end up the environment. At the moment, it is largely unclear what the 
effects of nanoparticles in the environment  will be. Research into this problem 
lags behind research into health  effects. 

 Nanoclays, which are basically natural materials, are nanostructured materials 
used to improve the barrier properties of packaging . They are embedded in the 
matrix of the polymer. When they are freed, for instance when the packaging 
material is incinerated, they will be no more harmful than other clays that are 
deposited by rivers and the sea. This is not true of silver nanoparticles . If they exist 
in the environment as individual particles with a large surface - to - volume ratio, 
they will be as effective in killing micro - organisms in the environment  as they 
were in the initial application in food packaging. These particles could pose serious 
problems for wastewater treatment plants that rely on micro - organisms to break 
down certain chemical components in the wastewater. There could also be a nega-
tive impact on ecological systems and biodiversity. 

 If small amounts of nanoparticles were to get into the environment, it could 
also be argued that the amounts of free nanoparticles would be small, and 



 72  4 Packaging

exposure would therefore be limited, reducing the risk. However, persistent free 
nanoparticles    –    particles that do not dissolve and are not broken down by physical, 
chemical or biological processes    –    that entered the environment could accumulate 
in certain compartments and remain there for a long time. Moreover, it has been 
seen in the past that certain chemicals can accumulate in organisms that are high 
up in the food chain. This same effect can also play a role in the uptake of free 
nanoparticles. Before large - scale application of persistent nanoparticles in food 
packaging applications, more research is necessary to characterize these effects.  

   4.7.3 
Consumer and Societal Acceptance 

 There are benefi ts that are likely to be achieved from the application of nanotech-
nologies to food packaging. Whether or not these benefi ts will be realized largely 
depends on the acceptance of the technology and its applications by individual 
consumers and society  as a whole (see also Chapter  14  in this volume). The con-
sumer will consider each application in the context of benefi ts to be gained for 
themselves in relation to the perceived personal (or personally relevant) risks  that 
accompany the application. Societal concerns  will focus on risks for specifi c popu-
lation groups, future generations or environmental impacts . Perceived risks and 
negative effects may include ethical and psychological impacts. For instance, in 
the case of applications of radiofrequency identifi cation technology, privacy may 
be an important issue. In order for nano - packaging technology to be successfully 
introduced and commercialized, the benefi ts for individual consumers, the envi-
ronment, and society as a whole must be assessed. At the same time, research 
should be conducted to enable possible negative effects (e.g., risks to human and 
environmental health or negative socio - economic effects) to be assessed and com-
municated in an objective and honest way. Both the consumer and society need 
to feel that they are in control of these kinds of application before they will accept 
their large - scale implementation.                  
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    5.1 
Introduction 

 There is growing interest in the safety of agricultural  raw materials  and of food  
and feed products. During growth, the production process, and the storage of food, 
sophisticated, low - cost, and rapid tests are increasingly being used. Safety items 
include the presence of pathogenic micro - organisms  [1 – 4]  or the toxins they 
produce during storage of the raw ingredients  [5 – 14] . The presence of  pesticide s 
 [15 – 20] ,  anabolic steroid s  [21] ,  antibiotic s  [22 – 25] , or adulterating substances  [26 –
 28]  is also a matter of concern. New regulation on food labeling requires notifi ca-
tion with respect to the (possible) presence of  allergenic substance s to inform the 
allergic consumer of potential hazards  [29 – 31] . The presence of the phrase  “ may 
contain ”  on the label is no longer suffi cient. 

 Here we will present  biosensor s that use nanoparticles as detection labels. Some 
of these sensors can be applied on - site, needing a minimum amount of resources 
and training. Biosensor formats that will be discussed include  lateral fl ow 
(immuno)assay s,  nucleic acid lateral fl ow (immuno)assay s,  fl ow - through (immuno)
assay s,  antibody microarray s, and the  surface plasmon resonance  biosensor. The 
use of nanoparticles during sample pre - treatment will be mentioned and future 
prospects will be discussed.  

   5.2 
Biosensors 

 According to the  International Union of Pure and Applied Chemistry  ( IUPAC ), 
a biosensor is  “ a self - contained integrated device, which is capable of providing 
specifi c quantitative or semi - quantitative analytical information using a biological 
recognition element (biochemical receptor) which is retained in direct spatial 
contact with a transduction element ”   [32] . Biosensors are being developed that 
recognize the micro - organism or analyte with high specifi city, sensitivity, and 
effi ciency  [33] . 

  5 



 76  5 Using Nanoparticles in Agricultural and Food Diagnostics

 A special kind of biosensor is an  immunosensor  that uses the highly specifi c 
interaction of  antibody  and  antigen , often with high sensitivity and speed. Immu-
nosensors are among the most often used sensors for toxin and microbial detec-
tion in agriculture, food, and feed  [34] . The biosensor is constructed on a carrier 
material onto which the capturing element is immobilized, a transduction element 
is positioned, and often a connection is made to a device for reading the response 
and archiving purposes. A set - up for sample pre - treatment and automated delivery 
can be included. The workhorse of immunosensors is the antibody, which has to 
be highly specifi c, sensitive, and effi cient. Although very important, this aspect is 
not the focus of this chapter. We will only mention here that a specifi c, sensitive, 
and effi cient antibody has to be available. Especially when running rapid tests, the 
affi nity between analyte and capture agent should be high, with short interaction 
kinetics to allow a relevant number of complexes to be formed within the time -
 frame of the test.  

   5.3 
Transduction Principles 

 The transduction technology ultimately gives the result of the test. Although a 
wide variety of transduction principles are available, the most popular are of an 
electrochemical  [35]  or optical nature, although magnetic  [36]  and piezoelectric 
transduction  [37]  principles are gaining more attention. For rapid assays, it is 
preferable to develop a test where the results can be interpreted by visual examina-
tion. To this end, specifi c antibodies or secondary antibodies are labeled with 
colored nanoparticles. Today, the most used nanoparticles are based on colloidal 
gold with a diameter of 40   nm  [5, 7, 10 – 14, 17 – 19, 21, 25, 38 – 53] , giving a red color. 
Nanoparticles that are used less often include colloidal carbon  [2, 54 – 57]  (black), 
colored latex  [15]  (several colors), fl uorescent silica particles  [58] , or dye - encapsulated 
liposomes  [6, 31]  (several colors or fl uorescent). 

 Nanoparticles with magnetic properties  [12, 36, 59 – 62] , quantum dots having 
fl uorescent properties  [63]  (several colors), and nanoparticles with up - converting 
phosphors have been developed as well  [64 – 66] . However, no applications in 
the agricultural disciplines are known. Magnetic nanoparticles are, apart from 
signal - generating labels, also used in sample pre - treatment and washing  [36, 59] . 
Although with colored nanoparticles the result is visible, it may be necessary to 
digitize the results for later evaluation. To that end, specialized readers are avail-
able, but a fl atbed scanner and image analysis software are often suffi cient  [2, 4, 
54, 56, 57, 67] . For fl uorescent and magnetic particles, a dedicated reader is 
obligatory. 

 Coupling of the requested biological compound (for example, antibody or 
(strept)avidin to the nanoparticles) basically can be done using one of two strate-
gies: coupling by adsorption  [54]  or by covalent interaction by means of a chemical 
reaction  [61, 68] .  
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   5.4 
Examples of Biosensors in Which Nanoparticles Are Being Used 

   5.4.1 
Lateral Flow (Immuno)assay 

 One of the most popular immunochemical methods is the lateral fl ow (immuno)
assay, well known from the pregnancy test. The test does not require trained per-
sonnel or expensive equipment, and its result is often a visual  “ yes ”  or  “ no ”  with 
a certain cut - off value. Usually the results are obtained within 30 minutes. Depend-
ing on the analyte, several formats may be developed. For high - molecular - weight 
analytes, the sandwich format is applicable. On a nitrocellulose strip with dimen-
sions of, for example, 5 cm    ×    0.5   cm, a transverse stripe of a solution of the specifi c 
antibody at an appropriate concentration (100 – 1000    μ g   ml  − 1 ) in a, preferably, low -
 salt buffer is sprayed at an appropriate distance, for example, 1.5   cm, from the 
origin, called the test line. A second line can be included at some distance from 
the test line, called the control line. This line may contain an antibody against the 
species of the labeled antibody to provide a test control. 

 A sample application pad and a conjugate release pad are mounted on one end 
of the strip and an adsorbance pad is on the opposite end. The conjugate release 
pad contains the nanoparticles labeled with antibody and used for the evaluation 
(see Section 5.3). This antibody can be the same as or different from the sprayed 
antibody. Often, one antibody is a polyclonal and the other is a monoclonal, rec-
ognizing different epitopes of the analyte. The strip can be mounted in a device 
for easier handling. The strip is dried and can be stored in a sealed aluminum 
pouch with desiccant for later use. Such a strip can be stored for a prolonged time 
without refrigeration. Running the test is possible by simple addition of a fi xed 
volume, for example, 10 – 100    μ l of (an extract of) the food or feed sample on the 
sample pad. An appropriate running buffer, for example, 100   mM borate buffer 
(pH 8.8) with 1 – 2%  bovine serum albumin  ( BSA ) or any other blocking compound 
and 0.05% Tween 20 can be added to make the volume up to100    μ l to run the test 
when necessary. Using this format, a positive result is obtained when the analyte 
is present. The response at the control line has to be positive in all cases, to ensure 
a proper performance of the test. The test format is called  lateral fl ow (immuno)
assay  ( LFIA ) or  immunochromatography  ( ICG ) in sandwich format  [69] ; a scheme 
is presented in Figure  5.1 .   

 When the analyte is of low molecular weight, such as pesticides or antibiotics, 
the test has to be formatted in another way (inhibition format). A conjugate of an 
analog of the analyte to a carrier protein has to be sprayed at the test line. It is 
advisable to use a carrier protein other than the protein that has been used to 
produce the antibody. For example, if the antibody - inducing antigen used a con-
jugate to  keyhole limpet hemocyanin  ( KLH ), then the protein of the conjugate to 
be sprayed may be BSA instead. 

 Again, the conjugate release pad contains the label and a specifi c antibody that 
recognizes the analyte. The strips in this format can be stored and the test can be 
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     Figure 5.1     Scheme of a lateral fl ow immunoassay test strip and device in sandwich format: 
(a) parts of the test, (b) ready-made test strip (test line T; control line C), (c) test strip in 
device (not to scale).  
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processed in the same way as outlined above. However, the presence of a colored 
response at the test line now indicates the absence of the analyte, and the absence 
of a response indicates the presence of the analyte above a certain threshold. One 
can say that in this case the technician who performs the test needs more knowl-
edge. The test format is called LFIA or ICG in inhibition format  [69] . Several 
attempts are being made to reverse the response in this layout (presence of analyte 
yields a positive, colored response) using anti - idiotype antibodies (antibodies 
against antibodies)  [70] , or anti - complex antibody fragments produced in an 
expression system  [71] . A scheme of this principle and layout is presented in 
Figure  5.2 .    

   5.4.2 
Nucleic Acid Lateral Flow (Immuno)assay 

 Another quite different format has to be developed when a specifi c and sensitive 
antibody cannot be generated. This is especially true when the absence of  patho-
genic micro - organism s has to be proven. To design such a test, a species - specifi c 
 deoxyribonucleic acid  ( DNA ) or  ribonucleic acid  ( RNA ) sequence has to be ampli-
fi ed using one of the currently available amplifi cation procedures such as the 
 polymerase chain reaction  ( PCR )  [2, 38, 54, 72 – 77] ,  loop - mediated isothermal 
amplifi cation  ( LAMP )  [43, 78 – 81] , and the  nucleic acid sequence - based amplifi ca-
tion  ( NASBA )  [68, 82] . 
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 As an example, a strategy of PCR - amplifi ed species - specifi c templates is illus-
trated in Figure  5.3 . A set of two primers is used, of which the forward primer 
usually contains a discriminating tag and the reverse primer has a biotin. Such 
primers can be ordered from primer suppliers according to the sequence required. 
Antibody against the discriminating tag is sprayed at the test line and a conjugate 
of the nanoparticles to (strept)avidin is used for visualization of the signal. Dis-
criminating tags used include  Texas Red  ( TxR ),  fl uorescein isothiocyanate  ( FITC ), 
 cyanine 5  ( Cy5 ),  digoxigenin  ( DIG ), and  dinitrophenyl phosphate  ( DNP ). Antibod-
ies to these tags are commercially available and are sprayed at the test line. The 
control line contains biotin - labeled  immunoglobulin G  ( IgG ), also widely available. 
The response at the control line has to be positive in all cases, to ensure a proper 
performance of the test. This test format is called  nucleic acid lateral fl ow (immuno)
assay  ( NALFIA )  [2, 4, 57, 59] , and the response is positively correlated to the 
amount of amplicon.    

   5.4.3 
Flow - Through (Immuno)assays 

 Apart from the above - mentioned format where the sample fl ows laterally through 
the membrane, it is also possible to design a format with a vertical sample fl ow, 
that is, through the membrane. In this case, several spots may be applied onto the 
membrane, of which one spot is the test control and the other(s) contain(s) the 

     Figure 5.2     Scheme of a lateral fl ow immunoassay test strip and device in inhibition format: 
(a) parts of the test, (b) ready-made test strip, (c) test strip in device (not to scale).  
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capturing agent(s)  [18, 19] . A scheme of this format and test principle is shown in 
Figure  5.4 .    

   5.4.4 
Antibody Microarrays 

 Protein chips using antibodies as recognition elements are evolving very rapidly 
 [83] . They are not yet as popular as the above - mentioned techniques and formats; 
this is mainly due to the paucity of suitable antibodies, lack of affi nity, cross -
 reactivity, and loss of functionality upon binding. Antibody microarrays are used 
for multi - analyte testing  [84 – 86] . Briefl y, antibodies raised against the analytes of 
interest are spotted in an ordered way on a carrier chip, often in a microscope slide 
format  [87] . It is also possible to spot a microarray in the wells of a multi - well plate. 
Often gold nanoparticles are used for detection upon binding of analyte to anti-
body. However, we recently showed that carbon nanoparticles are well suited to 
this task; see Figure  5.5  for a typical layout and principle.    

     Figure 5.3     Scheme of a nucleic acid lateral fl ow test principle.  
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     Figure 5.4     Scheme of a fl ow-through immunoassay, in sandwich or inhibition format: 
(a) parts of the test, (b) ready-made test pad, (c) test pad in device (not to scale).  
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     Figure 5.5     Layout of an antibody microarray and a typical set-up of a test.  
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   5.4.5 
Surface Plasmon Resonance Spectroscopy 

 Surface plasmon resonance spectroscopy is a technique where antibody – antigen 
interaction is visualized using the change of the refractive index upon binding. 
The technology relies on the generation of plasmons, quasi - particles resulting 
from the quantization of plasma oscillations that can be compared to photons for 
light waves. Optical evanescent waves are commonly found during total internal 
refl ection. When a plasmon interacts with a molecule, characteristics depending 
on the molecular mass are changed and can be measured. Mainly the angle of 
refl ection changes due to the interaction with coated molecules. A biosensor based 
on surface plasmon resonance is advertised as a label - free technique. However, 
sometimes nanoparticles are used to increase its sensitivity  [88, 89] .   

   5.5 
Future Prospects 

 Preferably, the whole assay covers automated sample - taking until the read - out of 
the results without any additional handling by the user. To that end, an integrated, 
so - called  “  lab - on - a - chip  ”  layout may be used in which all necessary items, includ-
ing sample pre - treatment, are combined in one, often disposable, housing. 
However, no applications have been presented for food or feed components, but 
the principles of those presented in the medical profession  [90]  use nanoparticles 
doped with up - converting phosphors. This format will be transferable very well to 
food  and feed safety issues.  
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    6.1 
Introduction 

 Safe and effi cient food production relies on the detection and monitoring of food 
characteristics, environment, processing , and contaminants at all stages in the 
food production chain. Nanotechnology not only has the potential to optimize 
existing and create new monitoring techniques at early food production stages, 
but also may be employed in nano - functionalized  agricultural products  such as 
 fertilizer s, pesticides, and  herbicide s to maximize productivity. The integration of 
nanotechnological techniques in primary food production (i.e., preprocessing) is 
explored in this chapter. 

 Crop and animal diseases threaten productivity from the very beginning of the 
food chain. In countries with agriculture - driven economies,  food safety  and 
market protection are high on the list of priorities, especially in relation to the 
livestock industry. In the recent past,  bovine spongiform encephalopathy  ( BSE ) 
in the UK, dioxin contamination in Belgium and Ireland, and swine fl u in the 
USA have all damaged consumer confi dence in the safety  of the food we eat 
and resulted in signifi cant loss of global markets. Measures to improve food 
 traceability  and to monitor farm management practices, including administration 
of medicines, fertilizers, and pesticides, are becoming increasingly important 
issues, with more stringent regulation in industrialized countries including 
the USA and member states of the European Union  [1, 2] . Preventative application 
of these treatments or untargeted general application in response to detection 
is ineffi cient and may contribute to the evolution of resistant strains of 
viruses, pests, and pathogens  [3 – 5] . Nanotechnology may aid in tackling these 
issues on two levels: nano - based sensors and nano - functionalized  sample 
pre - treatment, extraction, and amplifi ed diagnostic techniques may aid in 
early detection of pathogens and spoilage organisms, and allow targeted 
responses; while nano - functionalized medicines, vaccines, and pesticides may 
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allow automatic responses to disease by triggered release in response to specifi c 
markers. 

 As well as adopting and implementing practices and technologies that optimize 
productivity along the food production chain, the food production industry must 
also consider practices and technologies that ensure safety  and transparency, as 
required in Europe by EU Directive 178/2002. Current tools employed in the food 
industry to enable traceability include alphanumeric codes, barcode labels, and 
 radiofrequency identifi cation  ( RFID ) tags, all of which may be optimized in terms 
of their scope of application, specifi city, and security through nanoscaling 
and nano - functionalization. RFID tags employed in the food industry 
typically monitor temperature, humidity, and light exposure, though nano - func-
tionalized  “ lab - on - a - chip ”  developments    –    for example, handheld  deoxyribonucleic 
acid  ( DNA ) sensors    –    may lead to tags that monitor pathogen and/or chemical 
exposure throughout the food production chain as part of an integrated monitor-
ing network. 

 The scope of integration of nanotechnology into an early - stage agri - food sensor 
network may be seen in Figure  6.1 . The nano - functionalized  sensing systems, data 
analysis and management, and subsequent nano - functionalized responses high-
lighted in this fi gure may be used in isolation to enhance current agricultural 
practices or in tandem as part of a fully nano - functionalized agricultural manage-
ment system. The information gathered from the sensing devices for use in 
optimizing agricultural practices may also be employed in parallel food traceability 

     Figure 6.1     Scope of agri - food nanosensor network.  
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and/or safety  systems. The devices and products highlighted in this fi gure are 
those with current application, or potential application in the near future (0 – 10 
years), though, as further nano - specifi c characteristics of materials are discovered, 
and new methods to control materials on the nanoscale are developed, further 
agricultural applications  are envisaged.   

 The  Woodrow Wilson International Center for Scholars , a non - partisan institu-
tion engaged in the study of national and world affairs, compiled a database of 
largely US government - funded, application - oriented, research and development 
projects with food and agriculture applications  [6] . Projects concerned with the 
agri - ecosystem, pre - harvest and post - harvest sectors include pathogen and con-
taminant detection, animal and crop identity preservation and tracking, smart 
treatment and delivery of veterinary medicines and pesticides, smart systems 
integration, nano - functionalized  devices for molecular and cell biology, and envi-
ronment and agriculture waste management. Some of these projects may have 
commercial application in the next fi ve years, while many others have potential 
application in the next 15 years. Table  6.1  highlights basic, applied, and develop-
mental projects concerned with the application of nanotechnology in primary food 
production from the Woodrow Wilson Agrifood database, EU research projects, 
and the literature. Research into the direct application of nanotechnology into 
agriculture  is set to increase in the future, with research funding in Europe, the 
USA, Asia, and other developing countries increasingly geared toward nanotech-
nology sectors such as portable measurement devices, food quality and food safety 
assurance,  nanosensor s for optimization of bioprocesses, water treatment tech-
nologies, and the development of sustainable products and markets through bio-
production of green chemicals and materials from agricultural waste  [16] .    

   6.2 
Sensors 

 Monitoring of agricultural environments and activities is an integral part of  con-
trolled - environment agriculture  ( CEA ) and precision farming. Much of the data 
on which agricultural management systems are built comes from relatively infre-
quent point - source measurements, a necessity considering labor and analytical 
costs. Continuous monitoring of agricultural systems may become a reality with 
nano - functionalized  sensor networks based on bioassays and wireless communi-
cation technology . 

 There has been much development into the application of  nanomaterial s into 
the design of enzymatic and DNA - based biosensors in the fi eld of environmental 
monitoring and protection, while nanotechnology has many applications in com-
munications technology, ranging from printed electronics to power supplies. Bio-
sensors may be applied in the monitoring of specifi c analytes, such as pesticides, 
herbicides, phenols, endocrine disruptors, and surfactants, or for monitoring 
whole biological effects, such as toxicity or estrogenicity  [17] . These sensors provide 
analytical information relating to the analyte or biological effect by converting a 
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biological event into a detectable signal by means of a transducer or processor. It 
is this transduction element/event that may be optimized or amplifi ed through 
nano - functionalization, resulting in more effi cient diagnostic tools for agricultural 
management and veterinary applications. 

 A future application of these nano - functionalized sensing and diagnostic 
methods is their integration into  “  lab - on - a - chip  ”  ( LOC ) technologies. The ambition 
of these sensing systems is the development of a rapid (real - time) and partly reus-
able LOC biosensor for bacterial, pest, and viral detection in agricultural samples. 
In order to achieve the desired attributes of a LOC biosensor, such as near real -
 time parallel detection of multiple analytes, high sensitivity and specifi city, rea-
gentless operation, and minimal cost, nano - functionalization of sensing methods 
will be essential.  

   6.3 
Enzyme Biosensors and Diagnostics 

 Enzymes are biomolecules that increase the rate of chemical reactions. Enzymes 
are very specifi c, catalyzing only one specifi c chemical reaction or, at most, a few 
related reactions. It is on this principle that enzyme - based biosensors operate, 
measuring the inhibition of a specifi c enzyme resulting from the presence of a 
target analyte or the catalytic transformation of a target analyte by a specifi c 
enzyme. The majority of transduction elements associated with enzyme - based 
biosensors have an electrochemical basis  [17] . Electrochemical transduction ele-
ments convert the interactions between electro - active species produced or con-
sumed by the actions of biological elements (e.g., enzymes) into a primary signal. 
The relatively large surface area of nanomaterials has led to enhanced catalytic 
properties  in many materials, especially metals. Combining this catalytic action 
with the potential for control over the size and structure of these materials has led 
to the incorporation of metal nanoparticles such as gold , copper , and platinum 
into electrodes for the improved detection of analytes  [18, 19] . 

 A challenge in the development of enzyme - based biosensors is establishing an 
electronic communication between the active site of the enzyme and the electrode. 
In many sensor systems, a co - substrate or mediator is required to allow transduc-
tion of the biological event, owing to the presence of an electrically insulating 
protein shell surrounding most relevant enzymes. The need for co - substrates or 
mediators may be removed through the incorporation of  “  molecular wire s ”  in the 
form of  carbon nanotube s ( CNT s). These nanotubes may allow electrical com-
munication between the electrode and redox proteins  [20] . Reducing the need for 
sample preparation and mediators in sensors, and the amplifi cation and optimiza-
tion of electrochemical detection signals (resulting in lower limits of detection), 
through nano - functionalization, may result in the development of autonomous 
nano - based sensors for use in detecting chemical contamination, pest infestation, 
or the development of disease in crops. Gold  and magnetic nanoparticles func-
tionalized with the appropriate chemistry for enzyme immobilization have been 



 6.4 DNA-Based Biosensors and Diagnostics  97

investigated for use in biosensor technologies for the detection and characteriza-
tion of micro - organisms such as  E. coli ,  Salmonella , and  Staphylococcus   [6] . 

 Future applications envisioned for enzyme -  or antibody - immobilized nanopar-
ticles developed as part of this project included real - time biosensor platforms for 
the detection and diagnosis of diseases for human  and animal health. Further 
applications of nanoscale materials include the use of electron - beam lithography 
of polymeric materials to produce features on the nanoscale for virus diagnostics 
 [6] . Nanostructured gold fi lms with topography matched to that of the size of 
smaller viruses, such as  foot - and - mouth disease virus  ( FMDV ), may be functional-
ized with a single chain antibody specifi c for FMDV in such a way that  liquid 
crystal s will uniformly anchor on these surfaces. This technology may aid in early 
intervention in animal disease monitoring, allowing preventative and containment 
measures to be taken.  

   6.4 
 DNA  - Based Biosensors and Diagnostics 

  Deoxyribonucleic acid  ( DNA ) is the largest biomolecule and stores biological 
information on living organisms. The structure of DNA is very sensitive to the 
infl uence of environmental pollutants , such as heavy metals,  polychlorinated 
biphenyl s ( PCB s), and  polyaromatic hydrocarbon s ( PAH s)  [17] . Based on this 
known carcinogenesis and mutagenesis, DNA - based biosensors have been devel-
oped for rapid testing of potential pollutants for mutagenic and carcinogenic 
activity.  DNA sequencing  is the determination of the precise sequence of nucle-
otide bases, adenine, guanine, cytosine, and thymine, in a molecule of DNA. DNA 
chips, consisting of DNA immobilized on a substrate, are designed to explore a 
biological sample for genetic information  [21] . This information may be read from 
the chip through optical, optoelectronic, electrochemical, and magnetic methods. 
Many of these detection methods require sample processing, consisting of radioac-
tive or fl uorescent tagging, which limits the application of this technology in 
remote sensor operations of LOC technologies. 

 The large relative surface area and biocompatibility of many nanomaterials has 
led to their incorporation into biosensors for the immobilization of biomolecules, 
which lends itself to labeling, sensor substrate, and electrode enhancement appli-
cations. Nano - functionalization of substrates, tracers, and electrodes has improved 
the sensitivity of bioelectronic assays by several orders of magnitude. DNA  detec-
tion platforms incorporating nanoparticle labeling (e.g., gold nanoparticles  
enhanced with silver), and photodiode and optical illumination to detect and 
examine DNA sequences, with the potential for integration into circuit technolo-
gies, have been developed  [10, 22, 23] . Silica, dye - doped nanoparticles have been 
demonstrated to produce 10   000 -  to 100   000 - fold increases in detectable signal 
when sequencing a DNA sample when compared to commonly used fl uorescent 
tagging  [6] . The combination of integrated circuit technology and electrochemical 
DNA immobilization techniques may allow the development of portable DNA 
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nanoarray systems with electronic read - out. This is expected to result in rapid (10 
minutes), low - cost ($5 – 10 per test) detection and/or diagnosis of environmental 
pathogens in water, animals, and crops and feed  [6] . 

 The potential for nanoscale pores to be used as biosensors has been investigated, 
as they are an established tool for analyzing the structure and composition of 
DNA   [24] . The nanopores are used to measure the binding of enzymes to their 
DNA substrates. In this technique, a DNA molecule bound to an enzyme is 
drawn into the nanopore (consisting of a protein pore inserted into a thin mem-
brane) by an applied voltage, and the force applied to the DNA molecule by this 
voltage allows the measurement of the  enzyme – DNA interaction s. From these 
enzyme – DNA interactions, DNA templates may be identifi ed by this  nanopore 
device . These nanopore devices combined with digital logic hardware may allow 
real - time discrimination and control of single molecules and detection of enzymes 
that bind or modify DNA. These nanopore - based sensors may have eventual appli-
cation in rapid DNA fi ngerprinting of crops or disease and pathogen 
diagnostics. 

 DNA - based molecular electronics or  “ nanoelectronics ”  has been of interest to 
researchers for over a decade. The ability for DNA  to be coated with metals    –    for 
example, gold nanoparticles     –    allows the possibility of conductive wires with the 
self - assembly characteristics of DNA  [21] . From these DNA wires, a three -
 dimensional structure may be constructed for use in biosensors, biotransistors, 
diodes, and, potentially, nano - engines. As discussed in the section on enzyme 
biosensors (Section 6.3),  carbon nanotube s ( CNT s) have ideal electronic properties 
and dimensions for use in nanoelectronics. The unique electronic properties of 
these molecular electronics, incorporating DNA scaffolding and nanomaterials, 
have resulted in the proposal for a  DNA – single - electron transistor  ( DNA - SET ) for 
single - molecule DNA sequence analysis. A single - electron transistor consists of 
two tunnel junctions sharing one common electrode with a low self - capacitance, 
the fl oating island, the electrical potential of which can be tuned by a third elec-
trode, the gate. In a DNA - SET, the space between the fl oating island and the gate 
is known as a  “ nano - eye ”  and the passage of any analyte molecule through the 
nano - eye alters the potential of the fl oating island by virtue of the charge and 
permittivity of the analyte molecule. This change in the potential of the fl oating 
island produces a change in the SET current. A silicon nanowire fi eld - effect tran-
sistor has been demonstrated to achieve specifi c and ultra - sensitive detection of 
high pathogenic strain virus DNA of avian infl uenza  [11] . The nano - functionalized  
sensor device developed in this study was capable of high uniformity and repro-
ducibility, high yield, and excellent scalability and manufacturability using com-
mercially available procedures, leading to its potential commercial application in 
the near future (within fi ve years). 

 The future of DNA - based biosensors lies with reagentless technology, technol-
ogy that relies on minimal processing or labeling of samples. The incorporation 
of transduction technologies into integrated circuits, such as electrical and elec-
trochemical approaches, may lead to diagnostic tools for use in veterinary medi-
cine, such as handheld DNA  chips with electronic read - out and direct 
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approach - based, generic DNA sensors  [11, 21] . Advances in the speed, cost, and 
ease of obtaining genetic information on animals and crops due to nano - function-
alization of DNA - based sensors and diagnostic tools will have application in 
marker - assisted breeding of livestock and selection of crops with improved yield, 
nutrient profi les, and uptake. The quick and cost - effi cient detection and selection 
of feedstuffs with preferable nutrient profi les through DNA - based sensor technol-
ogy will have application in livestock production and food processing.  

   6.5 
Radiofrequency Identifi cation ( RFID ) 

 The future of agricultural management  lies in the allying of enzyme and DNA -
 based nanosensor technologies with RFID  data storage and tracking systems, 
especially in the area of livestock systems. The nano - functionalized  sensing 
methods described earlier have the potential to become part of a remote manage-
ment system, once integrated with appropriate data management systems. Infor-
mation on the early detection of viruses in livestock, through implants, and on the 
bacterial, contaminant, and pest exposure in crops and feed, through localized 
sensors, may be relayed and pre - emptive, targeted action taken. 

 Passive RFID  tags have been available for application in livestock for many years. 
These implanted tags log the location of an animal every time it passes an RFID 
transceiver, normally located at drinking and feeding areas, and at various points 
in the transportation chain. Active RFID tags are fi nding more application, where 
the animal ’ s location is automatically logged whether it passes a transceiver or not, 
over a range of 100 – 200 m. These tags may also log each individual animal ’ s 
temperature, which is stored in a database along with manually logged informa-
tion on inoculations and antibiotic treatments. Raised temperature in animals may 
be a symptom of an infectious disease, and the logged data on location and tem-
perature allow determination of contact between potentially infected animals  [25] . 
The advent of nano - functionalized  sensor technology, such as enzyme and DNA  
sensors, and its integration into RFID systems may allow the automatic logging 
of inoculation and antibiotic information through tracers associated with their 
absorption or ingestion. Other than that of animal temperature, the active monitor-
ing of further disease tracers may also be possible through nano - functionalized 
sensor technologies. 

 The carbon nanotube resonator is a potential wireless remote - sensing technol-
ogy not incorporating enzyme -  or DNA - based sensing  [6] . The proposed sensor 
consists of an electromagnetic resonator integrated with vertically aligned carbon 
nanotubes used as a chemical transducer. The carbon nanotube resonator sensor 
is a passive sensing device and requires no power consumption. The microwave 
carbon nanotube resonator sensor exhibits changes in resonant frequency when 
exposed to gases, with these frequencies read by a remote transceiver. The passive 
nature and zero power consumption of this proposed device are elements that may 
lead to its potential application in crop/feed monitoring and animal welfare.  
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   6.6 
Integrated Nanosensor Networks: Detection and Response 

 Containing and controlling potential hazards in the food chain requires data on a 
vast range of environmental and product characteristics to be collected and stored 
at all points. In the area of food production, systems are in place to monitor chemi-
cal and pathogenic contaminants on a point - source basis, while environmental 
factors  are being monitored through the use of RFID  tagging. The integration of 
nano - functionalized  sensors and traceability systems for early - stage agricultural 
activities, that is, livestock and crop cultivation, into agri - food management and 
early - warning hazard systems must be considered. Through DNA  libraries and 
datasets on the enzymatic actions of pathogens, chemical contaminants, and pests, 
enzyme -  and DNA - based sensor technologies may be combined with communica-
tion systems  to develop targeted response actions on the farm, state, or country-
wide scale. Secondary benefi ts, not related directly to the product but affecting 
overall productivity, may be gleaned from autonomous nano - functionalized sensor 
systems, such as improved water and fuel economy. 

 Responses to a detected hazard may also be nano - functionalized  in order to 
optimize their effectiveness, timeliness, and effi ciency. Fertilizers such as phos-
phates, nitrates, and urea are often added to agricultural  land to optimize condi-
tions for growing certain crops, though their usage is often strictly regulated and 
monitored due to adverse environmental effects that may arise through leaching 
to water sources. This leaching of applied fertilizer also leads to a lower fraction 
of applied fertilizer being available to the target crop, resulting in reduced produc-
tivity, as the fertilizer application limits are strictly controlled. The answer to this 
problem of fertilizer availability may be in the form of nanoparticle coated fertiliz-
ers. Because of the high surface area associated with nanoparticles, this high 
surface tension will hold nanoparticle coated fertilizers more strongly to the plant 
than conventional fertilizers  [26] . This nano - coating may be a sulfur - based coating, 
where the rate of dissolution, and so availability to the plant, may be determined 
through its thickness, porosity, surface area, and chemical phase. It has also been 
suggested that, with genetic engineering, fertilizers consisting of nutrient solu-
tions with precise dissolution behaviors may be tailored to specifi c crops  [26] . 

 The advent of biofuels and the unstable global oil situation has led to competi-
tion for agricultural land. In this age of food security, sustainable agriculture, 
increasing populations, and shifting diets, land previously unsuitable for agricul-
tural practices  may need to be re - examined. Land may be unsuitable for agricul-
tural practices for a number of reasons: naturally occurring high concentrations 
of elements such as arsenic, heavy metals, and so on, or contamination through 
industrial practices, for example, Superfund sites in the USA. The remediation or 
optimization of these environments for agricultural practices has traditionally 
been an expensive operation, though with the advent of nanoscale catalysts this 
may become a more viable option. The remediation of contaminated land may be 
performed  in situ , where contaminants are treated in place through the injection 
of catalytic material to sequester or degrade contaminants, or  ex situ , where the 



 6.6 Integrated Nanosensor Networks: Detection and Response  101

contaminants are removed from the soil and treated in above - ground reactors, 
known as  “ pump and treat ”  technologies. 

 Nanomaterials may be employed in more effi cient catalysts for  ex situ  treatment 
of contaminants, but it is the application of nanoparticles for treatment technolo-
gies  in situ  that is of more interest, as this has the potential to be more cost effec-
tive. The high relative surface area and tunability of surface properties of 
nanoparticles result in unique catalytic properties  and mobility behaviors in soils 
and aquatic systems. These mobility characteristics aid in the delivery of the cata-
lytic material to the contaminants, and so reduce the concentrations of catalytic 
material traditionally used in technologies  in situ  to ensure distribution in soil 
systems. Other advantages noted for nanoscale catalysts are the more rapid deg-
radation of contaminants compared to the traditional micrometer - scale catalysts 
used for soil and groundwater remediation, the degradation of contaminants that 
do not react with micrometer - scale particles of similar material at any detectable 
rate, and the production of more favorable by - products as a result of contaminant 
degradation  [27] . While the mobility characteristics of nanomaterials are the 
driving force behind their application in remediation technologies, they also lie at 
the center of some concern over their environmental fate  and impact. While the 
usage of nanoscale catalysts for soil and groundwater remediation is becoming 
more widespread in the USA, there has been a voluntary precautionary suspension 
on the usage of nanoscale catalysts by industry in UK until the environmental fate 
of these materials has been satisfactorily considered  [28] . 

 The application of pesticides and herbicides to crops and of veterinary medicines 
to livestock may be pre - emptive actions or cover - all responses to the detection of 
contamination or disease. The application of pesticides or herbicides to crops is 
associated with many of the same problems as those faced for the application of 
fertilizers. For example, leaching or drift to water sources may have adverse envi-
ronmental effects and reduces the dose available to tackle the problem. Increasing 
the applied concentrations of pesticides and herbicides may fall foul of regulatory 
limits , trends for more organically grown foodstuffs, and result in the evolution 
of resistant strains of bacterial contaminants. In the area of livestock health and 
productivity, viruses and parasitic infections are often immunized against through 
pre - emptive dosing, though in other cases, once a certain hazard is detected, whole 
stocks are treated. 

 The use of nano - functionalized  sensors for the early detection of the onset of 
an infection or contamination and the subsequent targeted response or isolation 
has been considered in this chapter. These sensor technologies may work in 
tandem with nano - functionalized responses in the form of nanoparticle coated 
pesticides, herbicides, and veterinary medicines, triggered to release upon the 
detection of tracers associated with certain viruses, pathogens or bacterial infec-
tions. Studies with porous hollow silica nanoparticles as the controlled delivery 
system for water - soluble pesticides found that the resulting quick initial release 
burst of pesticide after application may satisfy the immediate treatment need, 
while the sustained release at the later stages will achieve a continuous long - time 
treatment  [29] . Nanostructured medicines will improve the rate of adsorption upon 
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ingestion by animals, reducing the quantities required and the subsequent envi-
ronmental contamination . 

 The potential integration of nano - functionalized  sensor technology with that of 
RFID  technology has been discussed in this chapter. The vast quantities of data 
that may be obtained from such integrated technology may have application in 
agri - food early - warning hazard systems. Countrywide and global - scale early - 
warning systems for emerging food - borne hazards may be reactive or predictive 
systems  [30] . Reactive surveillance systems track and forecast emerging food - borne 
safety risks through the collection, integration, analysis, and interpretation of data, 
disseminating this information through reports, advisories, and warnings. End-
point - based systems record the occurrence of diseases or intoxication as caused 
by pathogens and toxicants present in foods, from which a report detailing this 
outbreak is fi led. 

 Nano - enhanced diagnostic tools will allow sensitive, rapid, and low - cost analysis 
of human and/or food samples. Data gained from nanosensor - enhanced RFID 
tagging of livestock or crop/feed loads may aid in tracing this disease or intoxica-
tion back through the early - stage agricultural chain. Hazard - oriented systems 
measure the presence of a pathogen, toxicant, or other hazardous agent present 
in food and feed. This also includes the occurrence of diseases in livestock that 
may be potentially transmitted to humans through consumption of derived edible 
products or through animal – human contacts. Nanosensors and nano - enhanced 
diagnostic tools will also allow the improved and active detection of pathogens, 
toxicants, or other hazardous agents at the early stages of the food chain, prevent-
ing the development of animal diseases and food - borne hazards. 

 While endpoint -  and hazard - based early warning systems for threats to public 
health  are reasonably well developed and in operation, predictive early - warning 
systems for food - borne hazards require more development. Endpoint -  and hazard -
 based early - warning systems command greater resources than predictive mode-
ling, as health agencies are expected to deal with current food - borne hazards rather 
than those which may (or may not) emerge in the future. Predictive models employ 
data on environmental and animal/crop characteristics to predict possible disease 
and pathogen outbreaks. Investment in predictive modeling systems has the 
potential to reduce human fatalities, suffering, and economic loss. A great deal of 
data is required for this modeling, however, which may be provided by the autono-
mous nano - functionalized  agriculture sensor networks described in this chapter. 
Automatic data collection is an attractive option compared to the current costly 
and labor - intensive sample collection and analysis systems. The full potential of 
food - borne hazard warning systems, whether reactive or predictive in nature, may 
be realized through nano - functionalization of sensing and diagnostic methods.  

   6.7 
Conclusions 

 The commercial application of nanotechnology into early - stage food - chain activi-
ties in the short term, that is, within fi ve years, is likely to be dominated by the 
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enhancement of current sensor and diagnostic technologies in terms of sample 
pre - treatment and detection limit amplifi cation and specifi city. The characteristics 
of nanomaterials, such as large relative surface area and surface reactivity, will 
allow their application in biosensor labeling, sensor substrate, and electrode 
enhancement. This nano - functionalization will lead to signal enhancement and 
improved sensor sensitivity. Nanoparticle - enhanced transduction elements in bio-
sensors will result in reagentless sensors, paving the way for autonomous, reus-
able operation. Improved sensitivity and reagentless operation will also improve 
diagnostic speed and reduce analytical costs. 

 In the medium term, that is, 5 – 10 years, this nano - functionalized sensor tech-
nology may be incorporated into  “ lab - on - a - chip ”  technologies, where several target 
analytes are detected in parallel in real time with minimal processing, and the 
production of handheld DNA - based  sensors with electronic read - out. The integra-
tion of  “ lab - on - a - chip ”  sensor technologies with RFID  tagging and data commu-
nication  will allow the development of nanosensor networks, where agricultural 
practices  are managed on a previously unimaginable scale, that is, single animal 
or fi eld. The management of agricultural practices as a result of the improved data 
collection and communication may also be on the nanoscale, through the use of 
nano - functionalized fertilizers, pesticides, and herbicides with slow release char-
acteristics or triggered release in response to a specifi c hazard. Nano - functional-
ized  medicines and inoculations will allow better absorption and triggered release 
in animals. Traceability in food systems and  human health  hazard warning 
schemes may also be improved as a result of nano - functionalized sensor, tagging, 
and diagnostic technologies. Improved speed and reduced cost in sample process-
ing will allow potential hazards to be detected more effi ciently, resulting in more 
timely public warning and disease prevention schemes to be put in place. Nano -
 enhanced RFID tagging will allow the improved tracing of potential hazards 
through the early stages of the food chain. 

 In order for industrialized and developing countries to fulfi ll the aim of self -
 sustainability and to improve food productivity, the application of nanotechnology 
at many levels, ranging from nano - structured fertilizers to autonomous nanosen-
sor networks, will be essential over the next 20 years.  
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    7.1 
Introduction 

 Nanotechnologies promise to enable improvements in many sectors. One key 
promising area is in the diagnostics and sensing area, where a variety of nanote-
chnology platforms are being developed for application to land management, 
process diagnostics, quality control, and authenticity. 

 This chapter gives an overview of some of the key areas of activity in nanotech-
nologies for improving food quality, safety , and security  as identifi ed through the 
research activities of the European Commission - funded ObservatoryNANO 
project. It provides an indication of the variety of developments in this area, and 
is broken down into three application subdomains: 

  a)      agricultural production ;  
  b)      food processing ;  
  c)     packaging  and distribution .    

 Owing to its breadth, this chapter provides a glimpse of the various activities, and 
provides references for more detailed information.  

   7.2 
Improving Quality, Safety, and Security of Agricultural Production 

 Global agriculture today faces several issues: maximizing land use in different 
environments, sustainable use of resources (in particular, fresh water), and ensur-
ing that practices do not have an adverse impact on the environment  (e.g., accu-
mulation of pesticides and fertilizers). At the same time, there are opportunities 
for agriculture to expand into new areas, for example, the utility of what would 
previously have been regarded as agricultural waste, which can now be used for 
industrial processes. An area to which nanotechnology promises to contribute is 
that of  “  precision farming  ” . This is the use of the  Global Positioning System  

  7 
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( GPS ),  geographic information system s ( GIS s), and networks of sensors and actua-
tors throughout an agricultural area that measure and report on (and in some 
cases respond to) a number of different environmental, crop, and pest variables. 
These effectively support the farmer by providing data that allow the farmer to 
make informed choices for irrigation, fertilization, pest control, and even harvest. 
Although costly, this is becoming largely offset by the rising cost of food, the need 
for higher quality, and increasing legislation. 

 In agricultural production, sensors and  diagnostic device s allow farmers to 
closely monitor environmental conditions, plant and animal health, and growth. 
As part of precision farming, they can facilitate targeted and early intervention, 
thus increasing productivity and decreasing the use of  agrochemical s (e.g., antibi-
otics, pesticides, and nutrients). 

 Sensors and diagnostic devices can be used to measure a number of important 
variables for agriculture: 

   •      physiological status of crops (such as growth rates, nutritional levels, crop 
maturity, disease status);  

   •      physiological status of livestock (such as body temperature, respiration rate, 
blood biochemistry, disease status);  

   •      presence and identifi cation of pests or pathogens;  
   •      environmental variables (ambient temperature, levels of water and nutrients 

in soil).    

 They are also an essential element in the measuring of the environmental impact  
of the agricultural process itself, in particular the levels of pesticides and fertilizers 
in soil and run - off. 

 A variety of different sensor and diagnostic systems based on nanotechnologies 
have potential application in the agricultural industry  –  these are described in the 
following sections and are summarized in Table  7.1 .   

 Biosensors utilize biomolecules to detect targets. However, the format of 
biosensors varies from free molecules to those bound to a substrate such as nano-
particles, nanowires, nanotubes , and thin fi lms. The interaction of the target 
with the biosensor can be measured either directly or indirectly via changes in 
color, fl uorescence, and electrical potential. When placed in arrays, multiple bio-
molecules are fi xed to a substrate, allowing many things to be measured 
simultaneously. 

 A variety of sensors incorporating single biomolecular species are being 
researched, including  acetylcholinesterase  ( AChE )  [1 – 3] , glucose oxidase  [4, 5] , 
glucose dehydrogenase  [6] , and tyrosinase  [7, 8] . For the agricultural and environ-
mental industries, it is the development of technologies based on AChE and 
tyrosinase that have drawn greatest interest. AChE is an enzyme involved in nerve 
signaling in many different species, and is inhibited by organophosphate and 
carbamate pesticides, as well as heavy metals. This inhibition can be measured by 
the failure of AChE to catalyze the conversion of substrate, or an analog, that would 
normally result in a pH decrease. This pH decrease can be measured electrochemi-
cally, or by using a dye molecule that is sensitive to pH changes and exhibits a 
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change in color or fl uorescence. Tyrosinase can catalyze the oxidation of phenolic 
compounds, which are present in many industrial wastewaters and are also used 
as pesticides. 

 Unimolecular species can be either attached to an electrode or encapsulated 
in some form of matrix or other capsule. The nanostructured materials include 
liposomes  [9] , self - assembled monolayers  [10] , carbon nanotubes  [11, 12] , and 
nanoparticles  [5, 7, 8] . Each provides increased sensitivity through the greater 
surface area of the nanoparticle, allowing either more of the biomolecule to be 
present, or greater access to the analyte. 

 In the case of electronic detection, the nanostructured material coated with 
biomolecule can either form the electrode itself or be used to coat the electrode 

  Table 7.1    Different sensor systems that could be used in agricultural production. 

   Technology     Description     Principal agents 
detected  

   Maturity  

  Unimolecular 
sensors  

  Biomolecules enclosed 
by or attached to 
nanostructured 
materials such as 
liposomes, 
nanoparticles or carbon 
nanotubes. Detection 
is measured by 
electrochemical or 
optical read - out  

  Pesticides, gases    Basic and applied 
research  

  Bioarrays    Biomolecules 
conjugated to 
substrates. Read - out by 
chemical or electronic 
means  

  Different chemical 
species and 
microbes  

  Some mature, but 
application in the 
fi eld still at the 
applied stage  

  Solid - state 
sensors  

  Thin fi lm or nanowire 
sensors. Read - out by 
electronic means  

  Gases    Early stage  

  Optical and 
spectrographic 
sensors  

  CCD, lasers and 
spectrometers  

  Plant growth, 
presence of various 
chemical species  

  Some mature, but 
application in the 
fi eld still at the 
applied stage  

  Sensor networks    Individual sensor 
nodes that can be 
dispersed throughout 
an area, measure local 
variables, and report to 
a central processing 
unit  

  Potentially all 
desired variables  

  Microsystems 
technology is mature. 
Nanotechnology 
developments still at 
basic and applied 
research level  
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(e.g., nanoparticles and self - assembled monolayers). While electrode - based 
systems offer the convenience of an electrical read - out, encapsulation affords 
greater stability (e.g., AChE is stable for at least 50 days at 4    ° C when enclosed 
within liposomes)  [13] . Whichever approach is used, sensitivity is better than that 
required to detect the minimum legal safe limits. While AChE sensors do not 
show specifi city toward individual pesticides, they are cheap to manufacture and 
useful for an overall measurement, and therefore could be a tool for rapid assess-
ment in the fi eld, with follow - up as required in an analytical lab. However, to date, 
there have been no fi eld trials using such sensors with non - purifi ed samples, a 
point that will need to be addressed. 

 Bioarrays link several different biomolecules to a substrate in such a way that 
each is individually addressable. Arrays have been made using a number of differ-
ent biomolecules, but have tended to concentrate on proteins (or parts of proteins), 
such as antibodies and enzymes, or  deoxyribonucleic acid  ( DNA ) and  ribonucleic 
acid  ( RNA ). These are quite mature technologies, having been developed and mar-
keted by a number of companies for use in basic research and diagnostic sciences 
(including forensics and medicine). To date, they have largely been based on 
microsystem technologies and been used in laboratory settings, for measuring 
analyte concentrations in semi - purifi ed (e.g., fi ltered and buffered) samples. Bioar-
rays have the capability to measure and quantify simultaneously many different 
analytes (in some cases thousands). Such arrays are a mature technology manufac-
tured by a number of different companies and used in fi elds as diverse as clinical 
diagnostics, environmental monitoring, and bioscience research. 

 Nanotechnology is beginning to have an impact on  bioarray s. The advantages 
that it brings to such systems are: further miniaturization, allowing more variables 
to be measured; greater sensitivity, thus requiring less sample material; faster 
detection rates, allowing read - out in real time; and novel detection methodologies 
(e.g., electronic, colorimetric, fl uorometric, and mass changes). 

 There are a number of different formats for bioarrays, including: planar forms, 
with biomolecules directly attached to the fl at array surface; cantilevers, with bio-
molecules attached to a number of individual micro - sized levers (which resemble 
diving boards); and biomolecules attached to nanowires or nanotubes , which in 
turn are attached to a planar surface, with each attachment point being a unique 
electronic address. 

 Array technologies can be used at different stages of the food chain, such as: 
detecting the presence of pathogens in livestock or crops; measuring the levels of 
toxins or nutrients in soils; and monitoring the quality  of processed food. 

 Cantilever arrays are perhaps one of the most interesting, as they detect the 
presence of specifi c target molecules in a mixed environment based on mass 
displacement of the cantilever when the target binds a reporter molecule attached 
to the cantilever  [14] . In addition, they can operate in gas or liquid phases, giving 
rise to the  electronic nose  and tongue . These topics will be discussed in greater 
detail in the section on food processing (Section  7.3 ). 

 One interesting example comes from the European  Automated Water Analyzer 
Computer Supported System  ( AWACCS ) project, which produced and fi eld - tested 
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a device that was capable of providing information (by means of an integrated 
optical biochip) on up to 32 different analytes from water from a variety of differ-
ent sources with only a pre - fi ltration step required. The detection limits obtained 
were at levels below the EU recommended safe limits, and the chip could be reused 
up to 500 times  [15, 16] . 

 Solid - state sensors have at their core a conducting or semiconducting material, 
which can bind target molecules and record this as a change in an electronic 
property (conductance, capacitance, or resistance). Materials that have been used 
include oxides of tin, indium, aluminum, zinc, and many others, as well as com-
posites of these materials  [17] . 

 Solid - state sensors are primarily used to detect gases, for example, nitrogen 
oxides, oxygen, carbon monoxide, and carbon dioxide. Although largely used for the 
monitoring of combustion processes (e.g., automotive) and environmental pollu-
tion , they have potential applications in agriculture, where the levels of the above 
gases give good indication of the growth status of the plant being monitored. 

 Optical and spectrographic sensor microsystems already exist that can monitor 
and analyze plant growth using cameras and sophisticated software. However, 
these are expensive and can only provide trend analysis, with little real - time data. 
A useful system would monitor overall plant health and inform the farmer if 
growth is retarded, if physiological changes are evident, but not yet manifest on a 
visual level, and the best time to harvest. 

 Hyperspectral sensing (imaging spectrometry) was originally developed for 
mining and geology. It measures refl ected radiance as hundreds to thousands of 
contiguous spectral bands. From this, it is possible to distinguish between differ-
ent mineral types. However, it has more recently been applied to vegetation and 
can be used to determine plant coverage and growth rates. Largely this technology 
depends on aerial or satellite imaging, but portable ground - based sensors can also 
be used  [18] . 

 Sensor networks for crops combine the different sensor technologies described 
above with a means to communicate this to a central processing unit. Ideally, they 
would be distributed over the area to be monitored (e.g., a fi eld) and provide suf-
fi cient real - time data for the farmer to be able to monitor any localized changes 
in the environment , crop or livestock. Such systems exist and are already in use 
for high - value crops, for example, in vineyards; however, they are expensive and 
relatively bulky (being based on microsystems). Nanotechnology advances promise 
a real impact through decreased size, cost, durability, and longevity due to advances 
not just in sensor technologies, but in energy supply and durability of materials. 

 By monitoring variables such as body temperature, heart and respiration rate, 
and eating and drinking frequency, farmers can evaluate livestock, compare with 
previous statistics, and make informed decisions in case of deviation. Of all of 
these parameters, respiration rate has been shown to be a good indicator of animal 
stress  [19] . However, conventional systems are ill - suited to the task of automated 
recording of such physiological data. Where monitoring livestock is not possible, 
measuring local weather conditions can be used to infer impacts on respiration 
rate. 
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 Sensor systems for agricultural production based on nanotechnologies are still 
largely at the fundamental research level. Progressing to application status will 
require demonstration of an ability to operate in the fi eld, as well as to scale up to 
manufacturing levels. It is most likely that such systems will be based on solid -
 state materials, as these are most mature and have demonstrated application in 
other sectors. In this area, solid - state sensors and bioarrays are the most developed. 
These are, however, largely used in other application fi elds, such as bioscience 
research and development, environmental monitoring, and internal combustion 
engine management systems.  

   7.3 
Improving Quality, Safety, and Security in Food Processing 

 The food processing industry transforms raw materials from agricultural and 
fi shery industries, and manufactures foodstuffs for consumers. In the main, food 
processing is driven by a number of factors, such as increasing output and decreas-
ing waste. 1)  Quality control is also an important aspect, from the delivery and 
storage of raw materials, through the various processing stages, to the packaged 
foodstuffs that leave the factory for the retailer. 

 Quality control  in the food processing industry ideally requires in - line monitor-
ing so that contamination  can be identifi ed as quickly as possible, and production 
halted. This is a highly repetitive process, with sampling points at various stages 
of production. While nanotechnology - enabled sensors have the potential to deliver 
on this in terms of sensitivity and real - time response, these are not suffi ciently 
mature. 

 One of the major considerations for the detection of chemical and biological 
contaminants that will need to be addressed, before such systems become com-
monplace, is the pre - treatment of samples to remove interfering components. In 
this regard, a pre - fi ltration or lysis step, followed by an enriching system (such as 
functionalized magnetic nanoparticles 2) ), could be used to remove other materials 
from the food sample prior to assaying for a specifi c contaminant. These steps are 
actively researched in the area of integrated microfl uidics, although, for applica-
tions, it still remains a promise to be delivered. 

 Novel coatings for food processing equipment, and fi lters for handling of waste 
and purifi cation of low - concentration bioactive components, are expected to bring 
effi ciency savings and improved products. However, coatings have to demonstrate 
longevity, lower biofi lm production, and compatibility with different foodstuffs 
before they are adopted by the processing industry. 

 1)     This is true of Western industrialized agri - 
food production, but is not the case for other 
areas around the globe and for the, currently, 
niche area of organic food production, which 
are driven by other values, such a minimum 
artifi cial pesticide use. 

 2)     A label - free, microfl uidics, and interdigitated 
array microelectrode - based impedance 
biosensor in combination with nanoparticles 
immunoseparation for detection of 
 Escherichia coli  O157:H7 in food samples. 
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 Ultrafi ltration is an established technology for the separation of different food 
products and waste;  nanofi ltration , in contrast, has largely been employed within 
laboratory settings. Nanofi ltration offers the opportunity to discriminate between 
lower - molecular - weight components, through engineering of the different mem-
brane layers. However, much fundamental research still needs to be undertaken 
before the fl uid mechanics of these systems are fully understood and therefore 
controlled. 

 From the moment food enters the food processing chain it is monitored for a 
number of different aspects to ensure that it meets specifi c standards (and con-
tinues to do so). The terminology for this process is  hazard analysis and critical 
control point  ( HACCP ), which emphasizes rapid and thorough analysis of raw 
foodstuffs before entering the processing chain and in - line assessment, to ensure 
the quality of the fi nal product. Key aspects are the detection and quantifi cation 
of: agrochemicals (such as pesticides, fertilizers, antibiotics); other chemical 
contaminants (e.g., heavy metals); pathogens (in particular, bacteria and fungi); 
and overall food quality (measured by variables such as visual appearance, 
freshness). 

 Detection of chemical contaminants , such as pesticides, heavy metals, and anti-
biotics, within food products is performed by gas or liquid chromatography fol-
lowed by mass spectrometry, after extraction of a sample by suitable means. This 
is the industry standard, used by analytical agencies and departments worldwide, 
and developments as far as these systems are concerned focus mainly on decreas-
ing the turnaround time while retaining sensitivity  [20] . 

 Nanotechnology applications in this area have the potential for greater sensitivity 
and real - time detection, with a lower sampling level; however, they are very 
much at the level of basic research. Platforms include unimolecular sensors, 
sensor arrays, and solid - state systems (outlined earlier in this chapter). In 
contrast to other application areas (such as fi eld monitoring), such systems do not 
need to be portable and can operate on standardized samples. However, they must 
detect accurately and quantify multiple analytes, if they are to compete with 
(and replace) the industry standard. Promising candidates includes electro-
chemical detection of various important chemical species (hydrazine, sulfi te, 
nitrite) using composite electrodes containing gold nanoparticles   [21]  and immu-
nodetection using cantilever arrays conjugated to antibodies against specifi c pes-
ticides  [22] . 

 According to the  European Food Safety Authority  ( EFSA ), in the 23 Member 
States during 2005 there were a total of 5311 food - borne outbreaks, involving 
47   251 people and resulting in 5330 hospitalizations and 24 deaths, the majority 
caused by  Salmonella  and  Campylobacter   [23] . Many of these illnesses are caused 
by bacterial enterotoxins, which are not easily removed from food, as they are often 
stable at the temperatures used in normal cooking. To combat this, it is critical to 
be able to detect food spoilage through bacterial, fungal or viral contamination at 
each stage in the food processing industry. 

 This is a major market, with an estimated 558 million tests performed each year, 
worth 1.45 billion euros. More than 90% are performed by service laboratories; 
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however, the use of rapid test kits is increasing. Some 70% of all tests are for 
 Salmonella  and  Listeria   [20] . 

 Currently, such methods are largely based on classical immunoassays  –  for 
example,  enzyme - linked immunosorbent assay  ( ELISA )  –  or DNA assays  –  for 
example,  polymerase chain reaction  ( PCR )  –  which require some sample prepara-
tion and have a turnaround of a day or two. Although this is much quicker than 
other techniques (such as isolation and cultivation of microbes), there is still scope 
for greater sensitivity and faster detection times. The key drivers are lower detec-
tion limits, real - time detection, higher throughput, and discrimination between 
different species. 

 Most systems detect microbial components, rather than intact cells. Protein 
detection systems are favored, as this increases the probability that the intact 
microbe is present and also screens for the presence of important bacterial entero-
toxins and fungal mycotoxins (which can be present in the absence of viable 
microbes, and are responsible for signifi cant illnesses). 

 In general, such systems must be able to detect the presence of 10 – 100 infec-
tious particles per milliliter. There are various biosensor platforms in development 
that are based on nanostructured materials. While there are large amounts of 
research on the development of electronic platforms (principally amperometric, 
but also voltametric and impedance), there are also efforts in the area of optical 
and mass - change detection. In each case the nanostructured material is decorated 
with biomolecules capable of interacting specifi cally with the target analyte. This 
interaction is transduced by the nanomaterial into a quantifi able signal. 

  1)     Electronic biosensors     These are based on protein - conjugated nanowires  [24, 
25]  and  carbon nanotube s ( CNT s)  [26] . They directly quantify the presence of 
specifi c analytes (e.g., proteins, nucleic acids, metabolites) that directly or 
indirectly indicate the presence of the microbe. Because the output is an 
electrical signal, such platforms have the potential to be linked to other devices, 
allowing data to be transmitted, shared and analyzed further. By virtue of the 
nanoscale dimensions, these demonstrate much faster electron transfer rates 
than microelectrodes, which manifests as higher sensitivity. CNTs have been 
combined with nanoparticles (e.g., gold  or platinum nanoparticles or quantum 
dots) and polymer matrices to form composite materials with improved 
robustness and high porosity (facilitating entry of target biomolecules)  [26] . 
Such composite electrodes exhibit even greater sensitivity.  

  2)     Optical biosensors     These have read - out by a number of different techniques, 
including  surface plasmon resonance  ( SPR ), fl uorescence, and colorimetric 
changes, and are based on a number of biomolecule - conjugated platforms, 
including CNTs  [27] , silica  [28] , gold  [29, 30] , and latex  [31]  nanoparticles.  

  3)     Mass - change biosensors     These are based on cantilever arrays and piezoelec-
tric devices  [32, 33] . Binding of analyte to the conjugated biomolecule results 
in changes in the resonant frequency of the nanomaterial, which is directly 
proportional to the amount of target bound, and can be read by, for example, 
the defl ection of a laser beam.    
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 Most of these technologies are still at the level of basic research. However, 
Biophage Pharma Inc., 3)  in collaboration with NRC - Biotechnology Research 
Institute, has developed electronic biosensors capable of discriminating 
between different bacteria (in a process termed Electric Cell – Substrate Impedance 
Sensing, or ECIS). This is now at the pre - commercialization stage and is expected 
to have applications for the detection of bacteria in water, food, and biological 
fl uids. 

 While it is important to detect and identify contaminants, it is equally as impor-
tant to manufacturers (particularly of high - value foods) to measure the quality  of 
their produce: primarily color, smell, taste, and mouth - feel. Traditionally such 
quality control would have been performed by experienced individuals; however, 
this is not always appropriate, especially for high - volume foodstuffs. Develop-
ments over the last two decades based on semiconductor and polymer materials 
are going some way to automate the quality control procedures as far as taste and 
smell are concerned. These are commonly known as electronic tongues and noses  
 [34] . The presence of specifi c chemicals within a sample (gas or liquid) can be 
quantifi ed through changes in the electronic properties of the detector material as 
a result of binding that chemical species. By using different materials, or by doping 
the detection material, variable sensitivities to different chemicals can be engi-
neered. These different detector materials are then arranged within the electronic 
nose or tongue , each constituting a separate electronic address. The detection 
profi le (or fi ngerprint) from a sample can be used to determine the chemical 
composition and distinguish between different but related products. 

 Microtechnology - based systems have been developed. For example, commercially 
available electronic noses have been used to detect the presence of microbial contami-
nation (indirectly, through the measurement of volatile metabolites)  [35] . However, 
nanotechnology advances are expected to increase sensitivity and breadth of chemi-
cals that can be measured, thereby giving greater discrimination between different 
chemical species over a wider range of concentrations. Recent work has demon-
strated the potential for greater sensitivity, with electronic noses based on doped tin 
oxide thin fi lms discriminating between two different red wines  [36] , and doped zinc 
oxide nanoparticulates discriminating between different vinegars  [37, 38] . 

 There are six events in food processing that together account for the greatest 
losses in productivity: breakdowns; set - up and adjustments resulting in downtime; 
small stops; reduced speeds; start - up rejects; and production rejects. In - line quality 
control monitoring as discussed above can help to resolve some of these issues, 
while advances in equipment coatings and new materials for waste management 
can help to keep production in full fl ow. 

 Coatings for food processing equipment must be non - hazardous to human 
health, should minimize biofi lm formation (which can lead to food spoilage and 
contamination), and should be durable. Traditionally, such equipment was manu-
factured from stainless steel, as this is both durable and non - hazardous to human 
health. However, stainless steel is susceptible to pitting and scoring, which serve 

 3)     See  http://www.biophagepharma.net/index.php?option=com_content&task=view&id=54&
Itemid=36&lang=en . 
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as focal points for microbial growth. As a result, such equipment requires regular 
cleaning and disinfection, which at the very least means some production down-
time, and can often require partial dismantling to allow access to internal spaces. 
The areas that are most prone to biofouling are heat exchangers. 

 It has been known for a number of years that biofi lms will grow in any nutrient -
 rich medium and will strongly adhere to a variety of different surfaces  [39] . More 
recently, it has been shown that the nanoscale structure of a surface can control 
the adhesion of biomolecules and, by extension, microbes  [40 – 42] . Biofi lms are a 
major concern for the food processing industry, as bacteria within the biofi lm are 
resistant to antibiotics and normal cleaning practices, but have the potential to 
 “ break off ”  and contaminate foodstuffs. 

 Nanotechnology - enabled processes can help to resolve the issues of durability 
and biofi lm prevention. This can be achieved through application of a coating or 
through the direct nanostructuring of the surface layers of the material. Both act 
to decrease the material ’ s surface free energy, thus decreasing the strength of 
microbial adherence. This can either help to prevent adherence in the fi rst instance 
or increase cleaning effi ciency  [43] . An established material that is widely used is 
 polytetrafl uoroethene  ( PTFE , Tefl on), which has a low surface free energy, but 
poor abrasion resistance. 

 For certain equipment parts, high durability is required. Coatings of  diamond -
 like carbon  ( DLC ), which are deposited by gas - phase processes, show high durabil-
ity and minimal biofouling. They are used in many different industries: for 
example, personal care (e.g., razor blades), car engine parts, and the medical device 
industry (e.g., implants such as stents and catheters). In food processing, their 
applications are more likely in non - food - contact areas, as there is experimental 
evidence that DLC coatings do not withstand the repeated cleaning cycles neces-
sary in the food processing industry  [44] . 

 Other promising research in this area includes electrodeless plating with nickel 
and PTFE to produce a nanostructured surface on stainless steel  [45] , and the use 
of polymer coatings with and without antimicrobial nanoparticulates on a variety 
of surfaces, but which do not require high wear resistance  [46, 47] . 

 There are some applications of nanostructured coatings within the food process-
ing industry. SPX Process Equipment are applying DLC coatings in their Wauke-
sha Cherry - Burrell pump range. 4)  SuSoS AG manufacture nanostructured 
antimicrobial coatings using PTFE or  polyethylene glycol  ( PEG ) by a sol – gel 
process that have a lifespan of up to two years (personal communication to 
Kshitij Singh, 2008). Few Chemicals GmbH have developed a sol – gel 
coating using hybrid polymers, which provides easy - to - clean and anticorrosion 
properties on metals, and scratch resistance on glass, that has a lifespan up to fi ve 
years (personal communication to Kshitij Singh, 2008). Sarastro GmbH produce 
antimicrobial, hygiene, and anti - fi ngerprinting coatings based on sol – gel technolo-
gies with lifespans up to several years (personal communication to Kshitij Singh, 
2008). 

 4)     See  http://www.gowcb.com/products/pumps/PDF/ff - 1104_compdiacoat_wcb.pdf . 
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 Filtration is an important process for several different foodstuffs, including 
milk, oils, wine, and beer, as well as for purifying bioactive components that are 
present at low concentration. In addition, it is estimated that the food industry 
uses more water per unit mass of product than any other industry  [48] ; for 
example, the dairy industry produces between 0.2 and 10 liters of effl uent per liter 
of processed milk  [49] . 

 As a result, fi ltration technologies are becoming increasingly important in the 
drive to minimize and recycle as much of this wastewater as possible. In the dairy 
industry, in particular, much of this waste also contains useful proteins (such as 
whey) but has a high mineral content. Nanofi ltration technologies are seen as one 
solution to these issues. Nanofi ltration systems employ multiple membrane layers 
where molecules and ions can be separated based on charge, size, and water solu-
bility. Most employ ceramic and polymer layers. They have demonstrated ability 
to separate and concentrate useful components from waste  [50 – 52] . However, one 
issue that still needs to be addressed is biofouling, which is estimated to be the 
biggest contributor to decreased fi ltration effi ciency  [53]  and to the loss of desirable 
proteins and peptides (through retention in the membrane)  [54] . 

 Alongside the technical and manufacturing challenges, the other major issue is 
to ensure that all food contact materials (coatings, fi lters) and ingredients are safe 
for human health. Although there is no specifi c EU legislation governing the use 
of nanomaterials in food, it is likely, at present, that current legislation can be 
applied. For example, Article 14 Reg. (EC) 178 of 2002 states that  “ unsafe food ”  
cannot be placed on the market. The Novel Food Regulation (EC) No. 258/97 
includes all foodstuffs or ingredients that have not been consumed to a signifi cant 
degree before 1997. This could potentially be adapted to encompass nanotechnol-
ogy, and has in fact already been cited by the Finnish government to prevent the 
importation of a liposomal nutriceutical. 5)   

   7.4 
Improving Quality, Safety, and Security in Packaging and Distribution 

 Food packaging acts to enclose processed food in a stable environment and protect 
it from environmental changes (such as moisture, light, oxidation, and tempera-
ture), physical damage, and contamination by micro -  and macro - organisms. In 
addition, it provides information to the consumer. Food packaging innovations 
have been covered elsewhere in this volume (cf. Chapter  4 ), but below we highlight 
some of the recent developments in antimicrobial and antimycotic packaging as 
particularly interesting for improving quality and safety. By doing so, it improves 
quality, extends the shelf - life of processed food, and allows the consumer to assess 
whether the product is suitable. Food packaging also provides important ancillary 

 5)     Lypo - spheric ™  Vitamin C claims to increase bioavailability of vitamin C through liposomal 
encapsulation, and was refused an import license in 2008 by Finland under the Novel Food 
Regulation. 
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functions: authentication of the foodstuff and product, and evidence of tampering 
or breach of package integrity, thus improving food security. 

 Active packaging is an area where nanotechnology is expected to have a large 
impact.  Radiofrequency identifi cation  ( RFID ) tags, temperature, and gas sensors 
based on nanomaterials are in development, and in some cases these have already 
been commercialized. 

 In conjunction with an effective packaging system, improvements in identifi ca-
tion of items and stock control ensure that delivery is effi cient and that foodstuffs 
are maintained in the appropriate conditions throughout the supply chain. This 
includes RFID tags for logging the movement of stock at all stages of the supply 
chain, and other tags to provide covert or overt identifi cation and authentication. 

 In addition to acting as a passive barrier, packaging can contribute to the control 
of microbial growth in foodstuffs that leads to spoiling . Most activities to combat 
this have centered around nanoparticulates of silver  and zinc oxide, but there is 
also research into the antimicrobial effects of natural biological compounds  [55] . 

 Silver nanoparticles  have been incorporated in a wide variety of consumer goods, 
including clothing, electrical goods, kitchenware, and wound dressings  [56] . Nano-
particulate silver releases ions more effi ciently than bulk metal, and it is the silver 
ions that have a bactericidal effect due to the inhibition of a wide variety of biologi-
cal processes within bacteria  [57] . As the levels of silver ions liberated are too low 
to have toxic effects in humans, it is likely that nanoparticulate silver  will be 
included in further composite materials. However, there is some concern over the 
effects of large amounts of silver ions being discharged into the environment  and 
accumulating in ecosystems, as silver ions are known to be toxic to aquatic life. 

 Zinc oxide exhibits antibacterial activity that increases with decreasing particle 
size  [58] . This activity does not require the presence of  ultraviolet  ( UV ) light (unlike 
titanium dioxide) but is stimulated by visible light  [59] . The exact mechanism(s) 
of action is (are) still unknown. Zinc oxide nanoparticles have been incorporated 
in a number of different polymers, including polypropylene  [60] . In addition, zinc 
oxide effectively absorbs UV light, without re - emitting as heat, and therefore 
improves the stability of polymer composites. 

 Chitosan is a biopolymer derived from chitin (a polysaccharide constituent of 
crustacean shells). It has seen much interest in recent years as a material for the 
encapsulation of nutriceuticals. In addition to its utility as a packaging material, 
it also exhibits antimicrobial properties  [61] . This has led a number of groups to 
investigate its incorporation into different composite materials, which could have 
applications in healthcare and food packaging, including using it as a  “ green ”  
reagent to reduce and stabilize silver ions  [62] , in combination with clays such as 
rectorite, which could then be used in polymer composites  [63, 64] . Companies 
such as Nanograde GmbH market polymer composites containing nanoparticles 
of silver  and calcium phosphate that demonstrate microbicidal activity. 

 Smart packaging responds to its environment either to regulate an external 
effect or to produce a visual read - out of a change. It includes materials that can 
regulate the internal environment of packaged foodstuffs to maintain food quality 
(e.g., through the release or absorption of substances), sensors that provide an 
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indication of the storage history of the product and whether it is still fresh, and 
materials that can repair minor damage (self - heal)  [65, 66] . 

 Regulating the internal environment of the packaging, at its simplest, is the 
control of the temperature of the foodstuff. Manufacturers of chilled or fresh foods 
want to ensure that their produce reaches the consumer in good condition. 
However, there are inevitable breaks in the cold chain, for example, due to transfer 
between different transport systems. If these occur in high ambient temperatures, 
food quality can quickly deteriorate. 

 Ideally, it would be useful to have a protective material that is cheap, recyclable 
or reusable, and does not add signifi cantly to package weight or volume. Tradi-
tional insulating materials (such as polystyrene) are bulky and inappropriate for 
this use, as they would add signifi cantly to transport costs. In contrast, nanostruc-
tured foams, which are considerably thinner than conventional materials for the 
same thermal properties, could be an alternative, if available at low enough cost 
(at present, these are used more for building insulation). An alternative system 
based on low - cost materials has been developed by researchers in New Zealand. 
This system, based on nanoporous calcium silicate, is loaded with a phase - change 
material (such as paraffi n wax) that can mitigate the effects of an increase in 
external temperature over a short period of time (fi ve hours), while having similar 
dimensions to bubble wrap  [67] . 

 Self - heating or self - cooling systems are an attractive option for consumers. 
Essentially the chemistry is simple. Exothermic reactions are used for self - heating 
(e.g., mixing water and calcium oxide), while evaporation of a refrigerant (e.g., 
water or carbon dioxide) is used for self - cooling. There are several examples of 
self - heating systems on the market, and at least one for self - cooling. It is unclear 
whether nanomaterials would offer signifi cant improvements to self - heating effi -
ciencies. However, they may provide increased effi ciencies for self - cooling, and 
there is at least one patent, based on fullerenes, for this purpose  [68] . 

 In the longer term, completely different platforms such as combination thin -
 fi lm photovoltaic and thermoelectric systems could be used (to harness solar 
power to drive the cooling effect of thermoelectric materials, in much the same 
way as solid - state coolers). 

 Gas scavenging or absorbing systems are also of interest for food packaging. 
There are several on the market using conventional technologies, such as the 
 “ Ageless ”  system from Mitsubishi Gas Chemical Co., which contains iron salts and 
vitamin C, and absorbs oxygen within a sealed package. 6)  Multisorb Technologies 
Inc. has patented technology using oxidizable submicrometer particles for use as 
oxygen scavengers in packaging  [69] . Research using nanostructured materials may 
offer enhancements by increasing the surface area of the active component (through 
nanoparticles, or loading of a nanoporous material such as silica, with active mate-
rial). For example, preliminary work with polymer nanocomposites containing 
titanium dioxide shows that these exhibit similar oxygen scavenging properties, in 
the presence of UV, as conventional iron -  and polymer - based materials  [70] . 

 6)     See  http://www.mgc.co.jp/eng/products/abc/ageless/index.html . 
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 Other research themes have looked at the active release of compounds to help 
maintain food quality. Mostly these are based on conventional technologies to 
release preserving compounds such as carbon dioxide or ethanol. However, the 
last few years has seen the development of systems based on nanomaterials. 
Research patented from SouthWestern Research Institute provides a means for 
the release of antimicrobial agents (such as chlorine dioxide) inside packaging to 
inhibit microbial growth. This uses nanoscale capsules that release chlorine 
dioxide upon exposure to moisture  [71]  or nanoparticles of materials such as tita-
nium dioxide to photocatalyze the production of such gases from inert reactants 
 [72] . This research is now being developed by the Microactive Corporation. 

 Sensor technologies for packaging should provide a visible indicator to the sup-
plier or consumer that foodstuffs are still fresh, or whether the packaging has been 
breached, kept at the appropriate temperatures throughout the supply chain, or 
spoiled. Key factors in their use are cost, robustness, and compatibility with dif-
ferent packaging materials. 

 The ability to detect the presence of oxygen within packages of, for example, 
fresh meat, at the earliest stage, would alert the consumer that the packaging has 
been compromised, even if there are no visual indications to suggest this. Such 
systems, for the purpose of food packaging, rely on changes in the color of dyes 
in the presence or absence of oxygen. One commercialized microtechnology 
product is  “ Ageless Eye ” , 7)  which is pink in the absence of oxygen and blue in its 
presence. Advances using nanoparticles are expected to produce more sensitive 
systems that respond faster and produce stronger color changes. For example, 
researchers at the University of Strathclyde have produced a hydroxyethyl cellulose 
polymer fi lm oxygen sensor, containing titanium dioxide nanoparticles and the 
blue dye, indigo - tetrasulfonate. Following incorporation in the packaging, the 
sensor is exposed to UV light, the dye is photo - bleached (a reaction catalyzed by 
the titanium dioxide) and remains so until exposed to atmospheric oxygen levels, 
when it rapidly (within three minutes) returns to a deep blue color (even in the 
dark)  [73] . 

  Time – temperature indicator s ( TTI s) allow suppliers to confi rm that processed 
foods requiring refrigeration have been kept at the appropriate temperatures 
throughout the supply chain. They fall into two categories: one relies on the migra-
tion of a dye through a porous material, which is temperature -  and time - dependent; 
the other makes use of a chemical reaction (initiated when the label is applied to 
the packaging), which results in a color change, the rate of which is temperature -
 dependent. These have limitations in that they require multiple components (dyes, 
reactants, porous layers), which can affect accuracy under some circumstances, 
and so a single - component system would be an improvement. Timestrip plc has 
developed a colloidal gold - based system (Timestrip)  [74] , which is red in color at 
temperatures above freezing. Freezing leads to the irreversible agglomeration of 
the gold nanoparticles , resulting in a clear solution, a useful indicator to detect the 
accidental freezing of chilled goods. 

 7)     See  http://www.mgc.co.jp/eng/products/abc/ageless/eye.html . 
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  Radiofrequency identifi cation  ( RFID ) tags have been in use for a number of 
years, but only for high - value items such as clothing and electronics. They consist 
of two modules, one to process and store information, the second (an antenna) to 
transmit and receive information. A second device, the reader, is used to obtain 
information from the tag, and, depending on the radio frequency used, this can 
be at distance of several tens of meters. 

 RFID tags for the packaging industry are passive, that is, they have no associated 
power source, and gain energy to transmit information from the incoming radio 
waves from the reader. Their utility is that multiple items can be monitored at 
every stage in the supply chain without the need for line of sight, therefore increas-
ing the speed and effi ciency of distribution. This is a critical factor in modern 
supply chains, where large amounts of raw materials may be coming from differ-
ent global regions to be processed at one site, then distributed to consumers (in 
many different global regions). Eventually RFID tags are expected to replace bar-
codes  [75] . 

 RFID tags at present are largely based on silicon semiconductor technologies. 
However, recent research could change this, allowing cheaper and easier produc-
tion on a number of different materials. 

 Printable electronics (using conducting polymers, such as pentacene and oli-
gothiophene, and metallic inks, including copper , silver , and gold nanoparticles ) 
are being developed by a number of institutes and companies around the globe 
 [75, 76] . While at present most are based on desktop inkjet printing, other forms 
more suited to high production levels (as already used in the printing industry) 
could be developed. 

 With regards to printable electronics and RFID tags, there are several companies 
developing and marketing these technologies. Companies such as Cima Nan-
oTech and Novacentrix manufacture copper  and silver  nanoparticle - based inks. 
These can be formulated in aqueous or organic suspensions and printed onto a 
variety of substrates. Other active players include Du Pont, HP, Samsung, and 
Hitachi. 

 In addition to printed systems, some research groups are exploring the use of 
carbon nanotubes as antenna  [77, 78] . However, this technology is not as highly 
developed as conductive inks based on metal nanoparticles. 

 Interestingly, there is some research into combining RFID tags with chemical 
sensing functions. One group has produced a prototype for ethylene (ethene) 
sensing (for fruit ripeness)  [79] , while another has demonstrated the potential of 
this technology by constructing a moisture sensor  [80] . While these are both 
microelectronic systems, the potential for nanotechnology to enhance such 
systems is clear. 

 For ensuring authenticity of a product, a number of different systems are 
being developed, including nanoscale barcodes, quantum dots, and magnetic 
nanoparticles. Whether these are likely to be used widely within food packaging 
is unclear, and will be dependent on cost per unit and ease of use. It is more 
likely that RFID tags will serve a dual purpose of tracking and authenticating 
items. For a full description of anti - counterfeit and authentication technologies, 
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please see the security section of the ObservatoryNANO online resource for Anti -
 counterfeiting 8)  and Authentication 9) .  

   7.5 
Wrapping Up 

 This chapter has given a broad overview of some of the areas of nanotechnology 
that are actively being developed for improving food quality, safety , and security . 
It is a quickly growing fi eld, and there are indications, especially from industry 
associations and consortia, that food quality, safety and security are becoming key 
focus areas in technology development for the agrifood sector. What role nanote-
chnology will play is not yet clear  –  mostly nanotechnology remains in the research 
laboratory. However, in the form of sensors, advanced coatings, and active packag-
ing, there are unique advantages that nanostructured innovations can provide, and 
we anticipate a considerable growth of activity in these areas.               
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    8.1 
Introduction: How Are Foods and Bionanotechnology Related? 

 Foods can be defi ned as materials that are edible and that provide  nutritional value . 
Naturally, foods are also supposed to be attractive from a sensory point of view, 
that is, they should trigger one or more of our senses (touch, sight, smell, taste, 
sound) in such a manner that we can actually eat the material and like it during 
consumption and afterwards, and also preferably wish to consume it on subse-
quent occasions. 

 In relating foods with  bionanotechnology , the fi rst part is to relate the term 
 “ foods ”  with the term  “ technology ” . Before phrasing a defi nition of food technology, 
it is important to note that foods can be either fresh or prepared, and that they are 
made available throughout the world in different manners, like, for example, in local 
markets, supermarkets, elderly homes, hospitals, schools, restaurants, and in the 
kitchen at home. This leads us to a defi nition of food technology as:
  the area of application of knowledge that allows one to decide 

   •      in the case of prepared foods, which ingredient has to be put in where, when 
and how, during the preparation of the food, in relation to ensuring desired 
functionalities during processing, storage, transport, consumption and 
digestion;  

   •      in the case of fresh food (fruits, vegetables,  … ), what treatments have to be 
utilized in relation to ensuring desired functionalities during processing, 
storage, transport, consumption and digestion.      

  Food technology  is one of the areas that plays an important role in addressing 
future challenges in providing food around the world. The challenges 
encompass: 

   •      affordable and suffi cient availability for a growing world population;  
   •      need for sustainable production taking into account optimization of energy and 

water supplies,  … );  

  8 
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   •      specifi c requirements on combined health - , taste - , fl avor - , and texture - related 
functionalities for different regions and different population groups.    

 These challenges relate to different disciplines at the same time, and therefore can 
only be met by an integrative effort. The systematic approach to such an effort is 
however not clear cut. This is due fi rst to the fact that it concerns different disci-
plines each with their own  “ language ”  and phenomena (sociology, nutrition, 
chemistry, physics,  … ), and second to the fact that not all physical laws that 
describe phenomena emerging on one scale necessarily follow in a direct manner 
from laws that describe phenomena on the adjacent smaller scale  [1] . 

 The second issue of scale is an important issue for food technology, since all 
food material properties should also be related to the physical and chemical prop-
erties of the ingredients on a molecular scale in order to comply with the defi nition 
of food technology. 

 Examples of consumer - relevant food material properties are fi rmness, pourabil-
ity, spreadability, color, thickness, crunchiness, crispiness, and so on. These prop-
erties refer to one or more of the fi ve senses (smell, taste, sight, sound, touch). 
Examples of molecular - scale physical and physicochemical properties of ingredi-
ents deal with the shape and size of the molecule, chemical fi ne structure, and so 
on. The main types of molecules one deals with are proteins, carbohydrates,  fat/
oil  molecules, water, and several molecules in gas form (e.g., air in foams), as 
these form the nutritional and material functional components of foods. 

 There exist two important aspects in formulating physical and physicochemical 
relationships between properties of molecules and food (material) properties. 

  a)     There is a factor of a billion difference in length scale between the molecular 
scale and the macroscopic scale (nanometers to meters).  

  b)     Foods are usually not homogeneous on a length scale of micrometers. Exam-
ples are mayonnaise, bread, beer foam, and margarine    

 For instance, consider mayonnaise in more detail. Observed under the micro-
scope, it consists of droplets (of oil) embedded in an aqueous phase. By way of 
another example, margarine is seen to consist of water droplets embedded in a 
continuous oil phase, which is partially crystallized. The properties of mayonnaise, 
such as spreadability, depend on the deformability of the droplets, which is in part 
determined by the droplet – droplet interaction and in part by the deformability of 
the interface of the droplets. The properties of the various constituents of the 
microstructure, in this case the oil in the droplets, of course in turn depend on 
the molecular properties of the oil molecules, their interactions, pressure, and 
temperature. Also, the properties of the aqueous phase depend on the properties 
of the water in it, which in turn depend on the molecular properties of the water 
molecules, their molecular interactions, temperature, and pressure. It is the 
domain of droplet size that makes the description easier, since the product proper-
ties are a function of the properties of the droplets, in this case of mayonnaise. 

 In order to formulate the desired relationships for any technological question 
in a useful way, one needs to know about this intermediate, inhomogeneous 
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domain (in the case of mayonnaise, the droplet regime). Of particular relevance 
are domain sizes between several nanometers (macromolecular and supramolecu-
lar assembly size) and a few hundred nanometers. Here the nanodomain enters 
into our problem. Using the defi nition of nanotechnology as the control of matter 
at dimensions between approximately 1 and 100 nm, one realizes that the physics 
and physical chemistry regarding this nanodomain act as a bridge and therefore 
facilitator for formulating physical and chemical relationships between properties 
on a molecular scale and a macroscopic scale. Ingredients can form a multitude 
of different structures on the nanoscale. One can, for example, have platelets   [2] , 
spheres  like casein micelles in milk, long thin threads   [3] , and threads that forming 
a coil - like structure, such as those of many polysaccharides. But also, for example, 
more complicated topologies exist, such as the bicontinuous structures of 
surfactant - based cubic phases  [4] . The macroscopic properties are dependent on 
how the structures exhibit interaction, and on the properties of the nanostructures 
themselves, which in turn depend on the interactions between the molecular 
constituents. 

 By considering the nanodomain as an important intermediate scale, one simpli-
fi es the formulation of the relationships between molecular properties and mac-
roscopic food properties, a requirement for reaching the aim of food technology. 
Both the sensory and the nutritional and health functionalities are related to 
the behavior in the nanodomain, and in the end to the molecular properties of 
the constituents. The main questions are: What are the rules that describe 
how the nanostructures are being formed (relevant to making the food)? And what 
are the rules that describe how they are broken down (relevant to the sensory and 
nutritional aspects of the food)? One should realize that, because foods are inho-
mogeneous, on the one hand this complicates their description, while on the other 
it provides the wealth of different food sensory properties in conjunction with 
optimized nutritional and health functionalities that are so much appreciated and 
desired by the consumer. 

 One can conclude that food technology is facilitated by knowledge and associated 
technology in the nanodomain, that is, by the area of nanotechnology. Furthermore, 
since food constituents are mainly biomolecules (proteins, carbohydrates, fat/oil 
molecules, water molecules), it is clear from the above how food and bionanotech-
nology are related and how food bionanotechnology can be used to address part of 
the major challenges in food. In other words, the nanodomain provides opportuni-
ties for co - tailoring the sensory and nutritional and health functionalities of foods.  

   8.2 
Physics and Structures in Food Bionanotechnology 

 For the rest of this chapter, we will focus on the physical aspects of food bionan-
otechnology, which belongs to the area of food physics. We will neglect the many 
ways that can change the chemical fi ne structure of the constituents, and the 
concomitant changes in physical, sensory, and nutritional properties. 
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 In order to come up with a systematic approach regarding foods, one may put 
forward categorizations of foods. Many of such categorizations boil down to more 
or less the same idea, as, for example, formulated by McGee  [5] . He considers 
dairy products, egg - based products, meat, fruits, vegetables and herbs, grains and 
nuts, bread and dough, sauces, confectionaries (chocolate, sweets, sugar), alcoholic 
beverages, drinks, and juices. 

 Though this categorization may be helpful from a food point of view, it does not 
help much to reach the technological goal formulated above. Instead, we should 
consider the nanodomain as the bridge between food properties and the ingredi-
ents, and consider the principal parameters by which one can change the proper-
ties of matter. 

 These principal parameters, relevant to the physics of foods, are temperature 
(denoting effectively interaction strength), concentration of ingredients, and pres-
sure as related to, for example, fl ow fi elds, as suggested by Liu and Nagel in their 
jamming diagram  [6] . Pressure may also originate by any other externally applied 
fi eld for that matter, or simply hydrostatic pressure. An additional very important 
parameter in the many non - equilibrium occasions is time. 

 From the above, it is clear that the physics - based functionalities in sensory and 
nutritional aspects are all coupled to nanostructures within the food. So, the 
physics of these nanostructures also provides a bridge between the sensory and 
nutrition -  and health - related functions of food. Therefore, we have chosen to 
organize by means of examples of different existing nanostructures, and to 
mention some of their functionalities in both sensory as well as nutritional space, 
where known. Examples are distinguished in terms of the morphology of the 
structures, that is,  fi brillar structure s,  plate - like structure s, and  spherical struc-
ture s, either in water or oil phase, and  bicontinuous structure s. There exist many 
more types of topologies but we decided to limit ourselves to only a few examples 
to make the point of how the physics of nanostructures is relevant to foods. The 
examples do not cover the entirety    –    nor even a large portion    –    of what is published 
in the literature, and are by no means meant as a review of any kind. Instead, the 
examples are only aimed at forming a small  “ sample platter ”  to  “ get a fl avor ”  for 
what is possible in foods using nanotechnology with (edible) biomolecules. In this 
respect, we also devote one section (Section  8.7 ) to developments within the res-
taurant setting that make use of knowledge and technologies from nanoscale 
science. The examples in addition are also intended to experience a  “ nano - view ”  
toward connecting the molecular world with foods, which is key to addressing the 
challenges ahead for food in the future.  

   8.3 
Fibrillar Structures 

 In water, various ingredients are found to give rise to fi brillar structures. This 
accounts for both proteins (milk proteins, egg proteins,  … ) and polysaccharides 
( xanthan ,  carrageenan s). One of their sensory functionalities is that they form 
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weight - effi cient viscosifi ers, and weight - effi cient water gelators or structurants. 
This facilitates the formulation of products that are high in water content, but at 
the same time have a solid - like behavior, allowing increased formulation fl exibility 
for producing satiation products with low amounts of fat. 

   8.3.1 
Protein - Based Fibrils 

 Formation of protein - based fi brils has lately received considerable attention. The 
diameters of protein - based fi brils are in the range of one to a few nanometers and 
their length can reach in the order of 10 – 100    μ m. On the one hand, the fi brils give 
rise to interesting functionality , yet on the other the structures inside these fi brils 
show similarities with beta  amyloid  fi brils, which are associated with amyloid 
fi bers and disease states. Examples of fi brillar protein assemblies have been 
reported by several authors, as early as several decades ago by Joly ’ s group  [7 – 9] . 
It took until about two decades ago before the topic of assemblies of food proteins 
again received much wider attention. A more detailed overview of food - relevant 
fi bril aggregation has recently appeared in an extensive review on protein  gelation  
 [10] , and in short reviews addressing issues on fi brillar protein assembly  [11, 12] . 

 Parameters that infl uence fi bril formation, including the level of branching, are 
pH and salt concentration, as for example   β  - lactoglobulin  fi brillization within a 
region of experimental conditions  [13] . Properties like the persistence length of 
these fi brils were discussed later  [14] . For  ovalbumin  gels, experimental conditions 
that lead to fi bril formation were, for example, examined by Weijers  et al.   [15] . 

 Regarding fi bril formation, most food proteins had been thought until recently 
to be intact in forming the fi brils. However, recently it was reported that, for the 
assembly of proteins like  lysozyme   [16] ,  β  - lactoglobulin  [17] , and   α  - lactoglobulin  
 [18] , chemical changes were observed in the proteins  before  fi brillization took place, 
and it was found for these cases that only certain peptide types are built into the 
fi bril, and the existence of pre - aggregates of these peptides were hypothesized  [16] . 
Hydrolysis is one of the reactions that take place during the fi brillization process. 
Interestingly, hydrolysis was utilized to induce gelation by Doucet and Foegeding, 
where the hydrolysis was induced by an enzyme  [19] . In that case both gelation 
and hydrolysis took place at pH   8. Enzymatic hydrolysis was also induced in the 
case of  β  - lactoglobulin, but at pH   7, and electron microscopy reveals fi bril forma-
tion only after the pH was changed to 2  [20] . Thus, the pH is important in the 
aggregation and thought to affect the interaction between the according peptides 
before fi brillization. These results show the possibility of an enzymatic route for 
fi brillization, with fi rst enzymatically induced peptide formation, and fi bril forma-
tion by pH adjustment. 

 Recently, fi bril formation for the case of  β  - lactoglobulin was reported to exhibit 
a  critical aggregation concentration   [21]  and to follow the rules of thermodynamic 
self - assembly, completely analogous to micellar assembly. 

 Early stages of fi brillization were recently addressed by Meersman and Dobson 
 [22]  and the results suggest that the initial assembly is caused by hydrophobicity 
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versus electrostatic interactions, while the secondary state is characterized by 
reorientation and intra -   β  - sheet formation   [22] . In line with this are results for dif-
ferent proteins forming fi brils as a function of solvent. For instance, ethanol, 
methanol, propan - 2 - ol, and 2,2,2 - trifl uoroethanol  [23]  as well as urea  [24]  have been 
used for fi brillization. 

 We conclude that the formation of fi brils based on proteins, with nano - sized 
thickness while having micrometer length, shows several intermediate stages, 
follows self - assembly characteristics, and is dependent on the specifi c peptides 
that are built into the fi brils. These peptides can be formed by enzymatic reactions 
or chemically induced hydrolysis.  

   8.3.2 
Extremely Low - Weight Gels Using Fibrils 

 Extremely low - weight - fraction gels have been realized down to 0.07%. Long linear 
fi brils are formed for  β  - lactoglobulin at pH   2 and low ionic strength. These fi brils 
exhibit stability even when, after their formation, the pH is changed toward 7 or 
8  [3, 25, 26] . If subsequently one adds CaCl 2 , one obtains calcium bridges, which 
lead to gelation at much lower concentration than for the case without CaCl 2 . 
According to this new multi - step cold gelation method, one can make gels down 
to 0.07% protein matter. This is an order of magnitude lower than using the con-
ventional cold gelation method, or heat - induced gelation. The new technology 
makes use of ionic bridging between nano - thick fi brils, and in this way provides 
an effi cient route for gelation  [26] .  

   8.3.3 
Helix - Based Fibrils in Gelatin Gels 

 Gelatin gels form the basis of different foods, in particular gelled deserts. Recently, 
their elasticity in the low - concentration in combination with the higher -
 concentration regime was elucidated  [27] . It turns out that the persistence length 
of the helices is responsible for the  critical gel concentration , and for the strength 
of the gelatin gels in the low - concentration regime. In fact, it is entropy that 
accounts for the fact that a gel is formed and for its strength. In the higher -
 concentration regime, the nanoscale fl uctuations of the helices start to infl uence 
one another more and more, leading to an additional important nano - range length 
scale, that is, the defl ection length  [28, 29] . The elasticity of the gels in this higher -
 concentration regime then depends on the number of contacts between chains 
per unit volume, which is determined by the defl ection length  [27] . The overall 
description allows the elasticity to be predicted as a function of concentration over 
the entire food - applicable regime. 

 An important point to realize with the gels of the previous sections is that these 
gels are in fact one - phase systems, that is, there are no parts that are phase -
 separated from any other, as is the case in, for example, carrageenan gels. Their 
strength cannot be simply described as in this section on gelatin.  
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   8.3.4 
Fibrils in Oil 

 Recently, mixtures of specifi c  plant sterol s and plant sterol esters have been shown 
to form nanotubes  in edible oil  [30] . This structuring allows one to solidify oils 
that do not show gelation at regular temperatures due to the fact that they contain 
many  polyunsaturated fatty acid s ( PUFA s). The latter are known to have a health  
benefi t, as opposed to  saturated fatty acid s ( SAFA s)  [31] . 

 Self - assembling plant sterol (ester) systems have been investigated in the context 
of low - SAFA alternative hard - stocks of edible oils  [32, 33] . Such systems would 
allow the formulation of fi rm emulsion gels, like margarine, without having to 
resort to fats containing relatively unhealthy saturated fatty acids  [31] . 

 The self - assembly rules of the various compounds as a function of temperature 
and oil composition are the subject of current investigations. Notably, also polysac-
charides, specifi cally cellulose derivatives, are reported to give rise to structuring 
of oils, by a still unknown mechanism  [34] .  

   8.3.5 
Fibril - Enforced Composite Structures 

 Apart from the fi brils in bulk solution leading to gelation, one may also use the 
fi brils, with their relatively long persistence length and long fi brillar length, for 
making fi bril - enforced composite capsule materials  [35] . Depending on the desired 
size of the capsule, one may have to adjust the fi bril length accordingly in order 
to accommodate the surface load of the fi brils. Long (larger than the size of the 
capsule) rod - like fi brils will tend to stick out of the surface, forming a thicker and 
more penetrable layer, while short rod - like ones will be able to cover the entire 
surface, and form a thinner layer. Therefore, it is important to be able to adjust 
the size of the fi brils, for example, by shear treatment  [36] .   

   8.4 
Plate - Like Structures 

 Heertje  et al.   [2]  have reported on the use of liquid - crystalline phases in the struc-
turing of food systems. They mention as a practical example a fat - free margarine 
that contains 30   mg monoglyceride per gram of product in a so - called coagel state. 
This coagel state is formed from the liquid - crystalline lamellar phase, via the so -
 called  α  - gel state. Thus, for this particular monoglyceride system, the  α  - gel state 
is not the fi nal state. However, for other compounds, like the lactic acid ester of 
monoglyceride  [2] , the  α  - gel state is the fi nal state. 

 Schematically, the structure of the  α  - gel state is given in Figure  8.1 , which can 
be deduced from the photographs (fi gures 7 and 8) in reference  [2] . The structure 
consists of a continuous phase of bilayers (platelets), which are stacked parallel to 
one another in regions with a specifi c domain size, and of droplets embedded in 
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this continuous phase. The platelets are relatively large and a nanometer thick, 
and therefore provide a weight - effi cient way for the structures to interact and form 
a gel. The droplets consist of concentrically stacked bilayers, like the layers in an 
onion, where the bilayers are separated from one another by water. For obvious 
reasons, these droplets are sometimes denoted by the term  “ onions ” .   

 The rheological (i.e., functional) properties of a product consisting of such an 
 α  - gel state depend on parameters such as the number of droplets, their size, the 
concentration of bilayers, and whether bilayers have folded themselves around 
several droplets, thus forming entanglements. Optimal control of the structure 
would be when the bilayers are still in the liquid state, making them most deform-
able. This phase is also the phase encountered during processing of products. The 
fi rst issue then is to investigate what type of structural transitions are possible in 
a liquid - crystalline phase, how to induce them, and whether there would be a key 
parameter identifi able. The parameter in the liquid - crystalline state in relation to 
shear effects turns out to be an effective surface tension of the onion phase. The 
relation between size, effective surface tension, and shear has been outlined before 
 [37] . The subsequent relation between the effective surface tension and the rigidity 
of the platelets, and their interactions, was also laid down, and connected with the 
molecular structure and properties of the compounds building up the platelets 
 [38] . 

 The number of droplets versus bilayers also has a topology effect to it, as 
described in detail for a liquid - crystalline  AOT (the surfactant sodium bis(2 -
 ethylhexyl) sulfosuccinate) phase by van der Linden and Buytenhek  [39] . In the 
end, the effects of fl ow (i.e., pressure) as well as type of molecules have been 

     Figure 8.1     A schematic structure of a lamellar phase system.  (Adapted from E. van der 
Linden  [40] .)   
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combined with the resulting structure by means of an effective surface tension of 
the lamellar phase. As such, this is again an example of how the understanding 
of the nanodomain leads to control of product properties. In this case how the 
nanodomain parameter  “ effective surface tension ”  connects to the structure and 
rheology of platelet - containing samples. The subject has also been reviewed in 
much more detail elsewhere  [40] .  

   8.5 
Spherically Symmetric Structures 

   8.5.1 
Protein Fractal Structures in Water 

 At suitable pH ranges, food proteins can form particulates, which are so - called 
 fractal  clusters. Their presence can lead to gelation once the cluster concentration 
is high enough. (For an extensive recent review on protein gelation and the 
role of fractality, see reference  [10] .) So, the structures that build up the gel are 
fractal clusters. The formation of particulates instead of fi brils, within a certain 
pH range (close to the protein ’ s isoelectric point) has recently been proposed 
to be another generic feature of proteins, in addition to the feature of 
fi brillization  [41] . Both features are suggested to be dependent not only on the 
specifi c amino acid sequence but also on how all molecular details together give 
rise to specifi c physicochemical properties on a molecular scale, such as hydro-
phobic spots, charge distribution, and dipole moments, for example. This has also 
been put forward recently  [11] , where a fi rst attempt was made to explain the 
morphology of protein aggregates, ranging from fi brillar to particulate, on the 
basis of a balance between electrostatic and hydrophobic interactions. That analy-
sis gives an explanation for why fi brils are expected at high charges, while particu-
lates are expected at low charge and large hydrophobic interactions. The latter 
general feature of protein assembly was also put forward qualitatively in Krebs 
 et al.   [41] .  

   8.5.2 
Micelles 

 The so - called casein micelles present in milk are in fact an effi cient way of agglom-
erating four different kinds of protein together. The exact structural features are 
not yet completely known. In sodium caseinate solutions the individual casein 
molecules interact with each other to form associate structures with a radius of 
approximately 10   nm. By slow acidifi cation these structures can aggregate to even-
tually form a gel. This aggregation process has been studied by static light scatter-
ing and rheometry, and it was found that the adhesive hard - sphere model is a 
suitable model to describe the system  [42] . In the case of sodium caseinate emul-
sions, it was found that diffusing wave spectroscopy is a very useful technique to 
measure the different structural transitions that take place within the system. It 
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was found that two transitions took place in a system with an excess of stabilizer 
 [43] .  

   8.5.3 
Spherically Symmetric Fractal Structures in Oil 

 So - called organogels have been reported by structuring liquid oil with mixtures of 
stearic acid and stearyl alcohol  [44] . The observed macroscopic behavior of the 
organogels was related to the microscopic fractal spherically symmetric stacking 
of the crystals, and subsequently to the molecular ordering within the crystals.   

   8.6 
Bicontinuous Structures in Protein – Polysaccharide Systems 

 Many foods contain both proteins as well as polysaccharides. Aqueous protein –
 polysaccharide mixtures often exhibit phase separation, even at low concentrations 
of one or both of the components. These mixtures, thermodynamically, lead to 
separation into usually two phases in equilibrium with one another, one phase 
being highly concentrated in protein and low in concentration of polysaccharide, 
and the other phase being the reverse  [45, 46] . If the mixture is such that the 
volume of one of the two fi nal phases is low (order of 10 – 30%), one may disperse 
this phase back into the other (it then automatically becoming the continuous) 
phase and obtain a water - in - water emulsion with corresponding very low interfa-
cial tension between the two phases  [47] . This ultra - low interfacial tension is 
caused by the fact that both sides of the interface contain mostly water and are not 
really very much distinguishable. This interface is inherently unstable. If one starts 
within a part of the phase diagram where one still has a one - phase system, one 
may destabilize that system by, for instance, changing the temperature and thereby 
inducing phase separation. This may occur starting from nucleation (dispersed 
phase) or from binodal decomposition (bicontinuous  phase). If one jellifi es one 
or both of the continuous phases during the spinodal decomposition phase, one 
ends up with bicontinuous gels  [10] . 

 The kinetics by which this separation takes place is determined by various 
parameters, and recent insights into the kinetics, depending on interfacial char-
acteristics, among other things, allow control of the structure of such aqueous 
protein – polysaccharide mixtures. In turn, the interfacial characteristics are deter-
mined by the molecular properties of the constituents and the concentrations in 
both phases  [47, 48] . Reversely, the distribution of molecular weights over the two 
phases turns out to follow a Boltzmann distribution as determined by the low 
interfacial tension between the two phases and the molecular weights of the com-
pounds  [45] . 

 Several bicontinuous  gels have recently been described in relation to their 
sensory attributes  [49 – 54] . More specifi cally, the breakdown properties, as well as 
the excretion of liquid as a function of pressure, were reported, something signifi -
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cant when trying to mimic various types of foods during their mastication (think 
of artifi cial meat based on plant proteins, for example). Sensory attributes like 
crunchiness, crispiness, and juiciness were investigated in terms of the micro-
structure  [49, 53] . 

 Fibrils may be used as effi cient fl occulants in emulsions, leading to fl occulated 
systems  [55] , but at lower concentrations they may also act like, for example, 
xanthan does in gelating salad dressings  [56]  leading to a weak gel. 

 Thus, knowledge on how to manipulate the nanoscale structure of mixed (bicon-
tinuous ) gels and emulsions helps to create desired textures of such gel - based 
foods.  

   8.7 
Gastronomy and the Nanodomain: Molecular Gastronomy  1)   

   8.7.1 
Introduction 

 Let us start out with some defi nitions. The word  “ gastronomy ”  stems from two 
Greek words:  gastros , meaning  “ stomach ” , and  nomos , meaning  “ knowledge ” . Food 
and its exploration has actually been important for all times. For example, one may 
mention Parmentier (1737 – 1813), who introduced the potato into France; and Mail-
lard, who investigated the reactions of glycerol and sugars with amino acids (1912). 
One famous person in gastronomy, who wrote a very interesting book,  Physiology 

of Taste , is Brillat Savarin (1755 – 1826). In his book, he proposed to translate gas-
tronomy literally as  “ the laws of the stomach ” . He defi ned gastronomy in broader 
terms as  “ the knowledge of all that is related to man as he nourishes himself ” . He 
also gave gastronomy an application purpose by stating:  “ Its purpose is to keep 
humankind alive with the best possible food  …  ” . His book describes many different 
elements that are relevant to the sensory perception and physiological effects of 
food. As such, gastronomy is related to food science as we know it today. 

 A more modern defi nition of gastronomy often used today would be:  “ the art of 
enjoyably eating and drinking ” . This mainly refers to the pleasures of eating and 
drinking. Traditionally, though, the fi eld of gastronomy encompasses more than 
pleasure of the food itself. It also involves the pleasures regarding the way the food 
is served (compare a fast - food restaurant to a three - star restaurant), as well as the 
environment in which the food is consumed (make the same comparison). Apart 
from that, if one talks about knowledge, many disciplines are in fact involved, as 
already noticed by Brillat Savarin. For instance, the understanding involves physics, 
chemistry, mathematics, economy, agriculture, psychology, physiology, cultural 
aspects, nutrition, and so on. Traditionally, according to Brillat Savarin and others, 
gastronomy is a very broad subject! 

 1)     This section is adapted with permission from: E. van der Linden, Physical aspects of molecular 
gastronomy ” , Reader for the Wageningen University course on Molecular Gastronomy 1, 
2009 – 2010. 



 138  8 Food Functionality and the Physics of Bionanotechnology: Some Examples and Challenges

 Knowledge has been applied to scale up processes in order to provide food for 
many people. As a consequence, a food industry fl ourished and is developing still 
today. This same food industry has also invented and applied technologies. For 
example, for preparing novel food products, milk was spray - dried into a powder, 
in order to preserve the  “ milk ”  at high temperature in a simple way. By way of 
another example, we can mention freeze - dried instant coffee. Developments 
within an industrial context have thus resulted in novel foods and novel techniques 
becoming available. Interestingly enough, the home and restaurant kitchen have 
not experienced such a development to the same extent and with such broad 
acceptance as has been shown in industry. Some even note that the contemporary 
status is still not too far from what it was in the Middle Ages! 

 One of the turning points in stimulating the development of the home and 
restaurant kitchen occurred a few decades ago, when Nicholas Kurti, a low -
 temperature physicist, made a movie in 1969 together with the BBC, entitled 
 “ The physicist in the kitchen ” . To quote him:  “ It is a sad refl ection that we 
know more about the temperature inside stars than inside a souffl  é . ”  Scientifi c 
issues in the kitchen were also picked up a little later by Herv é  This, a French 
scientist, who sought collaboration with Kurti, when working on his PhD 
study. Alongside them, Harold McGee had also picked up the science of the 
kitchen in his famous book,  On Food and Cooking: The Science and Lore of the 

Kitchen , which appeared for the fi rst time in 1974, a new edition of which has 
appeared recently (2004)  [5] . Other sources are currently the World Wide 
Web (about 255   000 hits), and blogs (see, e.g.,  http://www.khymos.org ). Here, 
numerous examples are given for recipes that can only be successfully made 
following precise preparation methods, with accurate weighing procedures, accu-
rate heating, and so on, just like what one is used to in a physical and chemical 
laboratory. The recipe and its procedures rely on nanoscale knowledge of the 
molecules and their interactions, in connection with transitions like gel transi-
tions, heat sensitivity, mechanical stress sensitivity, irreversibility, concentration 
effects, and mixture effects    –    exactly the type of examples we treated in the previous 
sections. 

 As a result of their interest in the area of science in the kitchen, Herv é  This and 
Nicholas Kurti  [57]  fi rst coined the phrase  “ physical and  molecular gastronomy  ” , 
which can be summarized as  “ the science of enjoying food ” . More offi cially for-
mulated a bit later  [58]  it was  “ the scientifi c exploration of culinary, and more 
generally, gastronomical transformations and phenomena, as described by cooks 
or by culinary books ” . Later still, the word  “ physical ”  was left out for the sake of 
brevity, as it was felt that  “ molecular ”  would also imply physical aspects. The word 
 “ molecular ”  implied that ultimately relations were sought between the molecular 
properties and the macroscopic properties of the food. Hence,  molecular gas-
tronomy  ( MG ) focuses on home and restaurant aspects of culinary transforma-
tions and phenomena (formulated in relation to molecular properties) as well as 
home and restaurant aspects of eating phenomena, that is, aspects on gastronomy 
(also formulated in relation to molecular properties). In short, MG is the study of 
recipes and their details, and what they do to perception, all in terms of molecular 
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properties. In this sense, within the fi eld of molecular gastronomy, one tries to 
connect the nanoscale phenomena to gastronomy. The applications of molecular 
gastronomy provide a great illustration of how nanotechnology is ultimately 
applied to foods in a restaurant setting. One often assumes that gastronomy in 
the defi nition of molecular gastronomy actually refers only to  “ the aspects of 
pleasures while eating ” , but in principle the broader defi nition of Brillat Savarin 
still applies, thus obtaining in principle a very wide area of research. 

 In the defi nition of Kurti and This, several aspects and goals of molecular gas-
tronomy are mentioned, which have been categorized and extensively described 
later on. Two relevant and illuminating papers on this categorization are by This 
 [58, 59] . We summarize a few issues. The two most important aims of MG (free, 
after  [60] ) are: 

  a)     to scientifi cally explore the recipes as they exist and try to describe the essence 
of the recipe;  

  b)     to scientifi cally describe the necessary details that give the recipe its charac-
teristic perception.    

 These two goals are both meant to be formulated in terms of molecular properties. 
The  “ essence of the recipe ”  is referred to as the  “ model ” , and the  “ details ”  are 
referred to as  “ precisions ”  (i.e., goal 2). 

 As one example  [58] , we mention the crackling skin of small roasted pigs. The 
story was that the skin would be more crackling right after preparation if one were 
to make a cut in the skin around the neck of the pig. Indeed, this turned out to 
be true, and can be explained by the fact that, in the case of making such a cut, 
the vapor within can disappear before it can condense and penetrate into the skin, 
making it soft. 

 As another example  [58] , it has been claimed that, in trying to get the egg yolk 
exactly in the middle of an egg after being cooked, one should use water that 
already has been boiling for a while before putting the eggs in. This may turn out 
to be true, but in general it is not a good proposition since an egg yolk has a lower 
density than the egg white, as is seen by its fl oating in the egg white when both 
are put together in a cylinder. One may argue that there is a certain binding 
between the yolk and the white while in the egg, therefore preventing fl oating in 
the egg, but a simple experiment of cooking eggs while holding them in place 
shows that the yolk always gets to the top of the egg. This is all due to gravity. The 
fact that boiling water may to a certain extent prevent fl oating of the yolk in the 
egg is that the boiling water moves the egg around to a large enough extent, 
thereby yielding no preferred direction any more for the yolk to move. 

 Apart from the two goals one has three applications in mind for molecular 
gastronomy: 

  a)     introduction of new tools, methods and novel ingredients in the home or 
restaurant kitchen;  

  b)     invention of new dishes based on investigations of classical recipes;  
  c)     presentation to the general public.    
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 Regarding the applications and technology, one has to keep in mind that part of 
making good food lies in craftsmanship, which is continuously connected to artis-
tic issues of presentation of the food. A funny example of using creativity and an 
artistic approach is in making waffl es that are partially open to one another, includ-
ing a piece of ice cream, being entitled  “ mini - conversations ” , created by the three -
 star chef Pierre Gagnaire in 2003. 

 Regarding the application part of presenting to the public, it is clear that there 
are many activities worldwide already: workshops for scientists (Erice, others), 
primary and secondary school activities, cooking workshops for professionals and 
amateurs, and even sessions in food science symposia (Euro Food Chemistry XIV 
symposium in Paris, in 2007; and Delivery of Functionality symposium in Amherst, 
USA, in 2007)    –    see, for example,  [61] . 

 One issue we should mention is the relation to something referred to as  “ molec-
ular cooking ” . Molecular gastronomy is not a synonym for molecular cooking. The 
term  “ molecular gastronomy ” , for example, also entails wine – cheese combina-
tions and issues about how to avoid an astringent taste during the drinking of tea, 
while molecular cooking would refer only to cooking  per se . Furthermore, the term 
 “ molecular cooking ”  is strange, since cooking automatically refers to a transforma-
tion on a molecular scale, in the end. Adding the adjective  “ molecular ”  to cooking 
is trivial and unnecessary. 

 The physical and chemical issues of food science and technology mainly refer 
to understanding and applying relations between the molecular properties of the 
food ingredients and the macroscopic properties and functionalities of the 
food, during making, storage, consumption. Molecular gastronomy, according to 
the defi nition of This and Kurti, then focuses on part of this larger area 
within food science and technology, which is the area described by chefs and 
in cookbooks. So, MG in that sense forms part of food science and technology, 
with focus on chefs and cookbooks, instead of, for example, industrial food 
preparation. 

 We note that recently issues regarding digestion and delivery of ingredients have 
also started to be included into food science and technology. This nutritional direc-
tion connects to the most general defi nition of gastronomy as given by Brillat 
Savarin: the knowledge of all that is related to man as he nourishes himself. 
Regarding the defi nition of This and Kurti, molecular gastronomy focuses on 
issues as described by chefs and in cookbooks. We refer to the introduction in the 
book of Herv é  This  [62]  for more details on terms and usage as well as a historic 
overview of several aspects.  

   8.7.2 
Recent Developments 

 One major resource for recent developments regarding molecular gastronomy is 
certainly the World Wide Web, where one is able to search for recipes, restaurants, 
books, activities, symposia, courses, and science - related activities. The number of 
chefs practicing components of molecular gastronomy, that is, using and applying 
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the science in order to provide good and novel foods and dishes, is increasing. 
This activity is one of the application parts of molecular gastronomy. 

 One chef who deserves particular mention in applying science for novel recipes, 
dishes, and menus is Ferran Adri à , the chef of probably the world ’ s currently most 
famous restaurant,  El Bulli , in Roses, Catalonia, Spain. He has been the initiator, 
and is still one of the most successful chefs, and he collaborates with scientists 
and artists, among others. He maintains these collaborations in order to develop 
new dishes and concepts for the kitchen. He has inspired many to incorporate 
technological novelties and practices in the restaurant kitchen, and even to some 
extent into the home kitchen. 

 In order to get a fl avor of what can come out of combining science, technology, 
and gastronomy, we will review shortly the history of his restaurant, the develop-
ments that it brought, and the philosophy. This short survey has been based 
mainly on an excellent new book,  A day at El Bulli   [63] . 

 One of the cornerstones of his restaurant is creativity. The best defi nition yet 
according to Adri à  has been given by the French chef, Jacques Maximin. He 
defi ned the term in 1987 in the following manner:  “ Creativity means you do not 
copy ” . When Adri à  heard this during a conference in Nice, he decided to leave 
behind the cookbooks and seek his own identity. The restaurant closed in winter 
for six months, and together with his decision to seek his own identity, the journey 
for seeking creativity had begun. 

 When Ferran Adri à  became chef of  El Bulli , the kitchen was infl uenced greatly 
by the nouvelle cuisine. This was a movement as a reaction to the classical French 
cuisine, and it entailed a light cuisine and shorter cooking times. In addition, this 
nouveau cuisine was inspired by the traditional and regional dishes, ingredients, 
and techniques. Olive oil, for example, was fi rst considered primitive, but this 
became popular in expensive restaurants. 

   8.7.2.1    Signatures of Creative Methods at   E  l   B ulli  
 A fi rst signature of a creative method is the application of traditional cooking 
techniques to extraordinary and prestigious ingredients. 

 A second signature is in the infl uence of other regions. For example, after luxury 
Italian restaurants, pasta also appeared in French and Spanish restaurants. This 
aspect is broadened even further because of the global availability of many ingre-
dients. In an extended version, one combines ingredients, classic recipes, and 
cooking techniques from all over the world on one plate. This is referred to as 
 “ fusion cooking ” . Whether such a recipe is really attractive depends on the crafts-
manship of the chef and his/her ability to judge properly the quality . 

 A third signature is the establishment of new techniques and new concepts. 
This is the highest form of creativity found at  El Bulli . A technique is a process, 
or a combination of processes, that makes a product edible or that induces another 
type of transition of the product. A concept is the basic idea behind a dish or recipe. 
One can work out a concept in many different ways, resulting in many different 
dishes. In fact, a concept is a way to represent an ingredient in a familiar way. For 
example, a concept can be carpaccio (thin slices of meat), a salad (greens with 
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some dressing), or an omelet (egg loosely scrambled and heated, together with 
ingredients of choice). 

 At  El Bulli , examples of new concepts were the creation of the frozen savory 
world (1994), ravioli of ingredients other than pasta (1994), and the liquid cro-
quants (1994). Examples of new techniques are spherifi cation (making very small 
and intensely tasting fruit and vegetable balls). Examples of combinations of con-
cepts and techniques fi nd themselves in the famous foams, warm gels, and the 
aires (very high fraction of air in foams). It was found that the taste of shellfi sh 
was not optimal during the longer traditional cooking times. Thus it was decided 
to cook them for very short times, maintaining the taste, and then serving them 
with a thin gel layer of their own cooking fl uid. This fi nding resulted in a total 
new way of preparing shellfi sh. 

 The techniques applied are not important for the guest    –    the taste experience is 
the only thing that matters. However, knowledge of the techniques may add to the 
experience of the guest. At  El Bulli  there is a systematic way of working to reach 
the results with the high creativity feel for which that restaurant is known. For 
more details, see  A Day at El Bulli   [63] . 

 In addition to these examples of dishes from  El Bulli , we name a few other 
examples of other chefs. One is  “ Salada de L ’ Abb é  Nolet ” , by Pierre Gagnaire, 
which is a vinaigrette salad that is completely dry, that is, without the vinaigrette 
in fl uid form. The vinaigrette is jellifi ed. Another is  “ Ravioli bras crois é s ” , by 
Thierry Max, which involves ravioli with crossed arms, so to speak. It is based on 
smoked herring, Granny Smith apples, and pasta dough. Yet another example is 
called  “ Initiation karmique ” , which is based on the only available edible orchid (of 
about 30   000 species), which is covered by sugar crystals (by bathing the orchid in 
a concentrated sugar solution), and which holds a drop of milk as the symbol of 
the beginning of life. The milk is jellifi ed by putting the drop of milk in a bath of 
alginate, due to which an elastic shell of calcium alginate develops around the milk 
droplet, since the calcium of the milk jellifi es with the alginate solution. Another 
example of funny phenomena is the appearance of  “ smoke ”  out of somebody ’ s 
nose as he eats something that has been cooled (in fact, it is the cooled air that 
runs out of the nose). This trick has been used, for example, by Heston Blumenthal 
in his restaurant  The Fat Duck , Bray, Berkshire, UK, to get the people relaxed at 
the beginning of a meal to focus their minds on food and the dinner and forget 
about their daily worries as much as possible. 

 It is clear that chefs actually start to use more and more the nanoscale phenom-
ena that are widely understood in the scientifi c world and within the world of 
industrially prepared food. Nonetheless, it is a  “ tasteful ”  and attractive way to talk 
about nanotechnology in relation to foods.   

   8.7.3 
A Structured and Scientifi c Approach to Molecular Gastronomy: Back to Nano 

 We know that cooks and culinary books describe recipes, the resulting products, 
and their gastronomical value. The basic physics and chemistry behind the recipes 
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and the phenomena occurring during preparation, storage, and consumption 
(relevant to the gastronomical value) forms the scientifi c part of molecular 
gastronomy. 

 The recipes contain ingredients and cooking techniques. In the evolution of 
molecular gastronomy, one can observe classical recipes, their improvements, and 
fi nally new recipes (containing either new combinations of ingredients, new ingre-
dients, or new procedures). In all cases one has consider the basic physics and 
chemistry dealing with ingredients, recipes (be it classic, improved or novel), and 
the  gastronomic value  of the resulting products. 

 The fi rst part of the recipe is the ingredient. Ingredients can be divided into 
roughly six classes. These classes are proteins, lipids, oils, water, air, and 
polysaccharides. 

 The second part of the recipe is the procedures and corresponding techniques. 
There are numerous different  “ cooking ”  techniques. They are, for example:

  barding, larding, dry and wet marinating, infusing, au bain marie, blanching, 
poaching, steaming, frying, roasting, grilling, stewing, stir - frying, deep - frying, 
drying, glazing (e.g., with honey), caramelizing, confi ting, smoking, gravy 
making, salt crust cooking, artichoke cooking and fruit (pear) poaching.   

 In addition, one describes various cutting techniques, for example:

  brunoise, julienne, chiffonade, pocket creating, peeling  “ a vif ” , bouquet 
garni.   

 The procedures have the basic following physics behind them. They all have in 
common that they are a function of the principal parameters of temperature, 
density, time, and externally applied  “ fi elds ”  like a fl ow fi eld (e.g., mixing). The 
cutting techniques deal with the way in which a material is fractured and to what 
extent a material is cohesive, versus the forces exerted on the material. 

 The gastronomic value of the product can be divided into the fi ve senses: seeing, 
hearing, touching, tasting, and smelling. The physics of these deal, respectively, 
with color and transparency, sound -  and fracture - related phenomena, thickness, 
elasticity, and so on, release and transport of taste molecules, and release and 
transport of volatiles. Digestive aspects refer to breakdown of structures and/or 
subsequent release and transport of nutrients. 

 The seeing also has strong chemical aspects, of course, in the sense that colors 
can change due to chemical reactions. The smell and taste likewise have strong 
chemical aspects to the chemical reactions that occur. 

 One of the tools to systemize knowledge on how ingredients and procedures 
lead to products with specifi c gastronomic properties is by considering the product 
already during its making, and also afterwards, in more detail. This can be done 
by considering a smaller scale, that is, the nanoscale. Most products exhibit a 
structure on this smaller scale. The knowledge relevant to recipes is how the 
properties of the ingredients determine the properties of the small structures, and 
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how the properties of these structures in turn determine the product properties. 
The knowledge relevant to product properties versus gastronomic value is how the 
properties on the various scales of the product in the end relate to the response 
of one or more of the fi ve senses. We should know how these aspects change as 
a function of the changing principal parameters temperature, fl ow and pressure, 
concentration and time. The link between molecular properties and gastronomy 
is facilitated by nanoscale descriptions. The systematic approach sketched above 
for describing how molecular properties and physical phenomena are relevant to 
gastronomy is summarized in Figure  8.2 .   

 A directed approach on improvement of recipes, which often is desired in gas-
tronomy, can take place when one has knowledge on how ingredients and proce-
dures lead to specifi c products with specifi c gastronomic values. New recipes are 
found by newly combining known ingredients and/or known techniques. In 
addition, new recipes may be found by using novel ingredients (novel at least 
from the restaurant and home kitchen perspective) such as hydrocolloids. Also, in 
the case of new recipes, knowledge on how ingredients and procedures lead to 
specifi c products with desired gastronomic values is essential. Also there, the 
above structural breakdown of products and their respective properties is a helpful 
approach.   

     Figure 8.2     Relating molecular properties to physical product properties related to 
gastronomy.  
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   8.8 
Conclusions 

 Physics - based functionalities in sensory and nutritional aspects of foods are all 
coupled to the physics that is related to nanostructures within the food. Food 
technology is therefore facilitated by knowledge and technology in the nanodo-
main, that is, the area of nanotechnology. Reversely, the physics (and chemistry) 
of the nanodomain provides opportunities for co - tailoring the sensory and nutri-
tional and health functionalities of foods. The physics (of nanostructures) connects 
food, in all its identities at the same time, with its molecules. 

 A  “ fl avor ”  of how nanotechnology can act as the connector between molecular 
and macroscopic phenomena related to foods is given. This accounts for large -
 scale production of foods taking into account sustainability, affordability, and 
availability issues, as well as regarding the food as produced and enjoyed in a 
restaurant setting. 

 Examples are given of possible structural morphologies within foods, that is, 
fi brillar structures, plate - like structures, and spherical structures, in either water 
or oil phase, and bicontinuous structures. These examples are a small  “ sample 
platter ”  to  “ get a fl avor ”  for what is possible in foods using nanotechnology with 
(edible) biomolecules, from both a structuring point of view and a functional point 
of view. We also treated developments within the restaurant setting that make use 
of knowledge and technologies from nanoscale science. The combination of exam-
ples also aimed to give an experience of the  “ nano - view ”  toward connecting the 
molecular world with foods, which is key to addressing the challenges ahead for 
food in the future. In fact, it is argued that nanotechnology provides tools for 
addressing the challenges ahead regarding food in the future.       
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    9.1 
Introduction 

 Nanotechnology has been touted as the next Industrial Revolution, with potential 
to impact various sectors of the economy, including food and agriculture, medi-
cine, energy, environment , and defense. The resulting nanosciences and nanote-
chnologies are expected to infl uence all aspects of science and technology, industry, 
environment, and human life in general. The economic and societal promise  has 
led to substantial and sustained investments worldwide. Nanotechnology has 
shown the exceptional ability to attract great interest from governments, indus-
tries, and non - governmental entities all at once. Billions of dollars have been 
invested into research to advance the fi eld in all sectors. The level of investment 
varies among different countries. Currently, the USA is considered as the leading 
investor, although competition for global leadership is intensifying as countries 
and industries around the world increase their investments. The level of invest-
ment also varies among different economic sectors, currently led by energy and 
defense. 

 Besides governmental efforts, private industry is believed to be conducting 
research in nanotechnology. However, the private industry information is not 
publicly available, in part because of the uncertainty in consumer and public 
acceptance and within the regulatory arena . Current regulation of nanomaterials 
in food worldwide is on a  “ case - by - case basis ”   [1] . Industry is looking to regulatory 
bodies to provide guidance on requirements for approval of nanomaterial usage 
in food, while the regulators need data to establish science - based safe use recom-
mendations. There is a general lack of knowledge on the safety of nano - derived 
materials and potential effects on human health and the environment . 

 This chapter presents information on the current use of nanoscience and nan-
otechnology in foods, particularly as it pertains to the state of research , develop-
ment, and  commercialization  of new food products, processes, packages, and 
related applications. Our scope is to discuss the growing public and private invest-
ment in nanotechnology in general and in particular in food and agriculture, to 
review recent innovative research with potential applications, to evaluate the state 
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of product commercialization and its challenges, and fi nally to briefl y examine 
current  and  emerging market s and market strategies  for new products and tech-
nologies. Public acceptance of nanotechnology in foods is important for its success, 
and will also be discussed.  

   9.2 
Investment in Nanotechnology Research 

 In many countries around the world, governments are supporting programs 
for  nanotechnology research  and development. In 2005, the total world funding 
for nanotechnology research reached $10 billion  [2] . Major national efforts in 
nanotechnology need to be directed toward improvement of effi ciency in 
manufacturing and use of energy resources, reduction of industry and transporta-
tion environmental impact, enhancement of healthcare, production of better 
pharmaceuticals, improvement of agriculture and food production, and expansion 
of information technologies ’  capabilities  [3] . One of the most benefi cial applica-
tions is anticipated to be in the medical fi eld  [4, 5] , which is perceived by the public 
with great interest  [5, 6] . Jackson and others  [7]  considered nanotechnology not 
as a single market, but as a collection of technologies that can change the func-
tionality of the product and solve high - value problems in every industry by apply-
ing nanoscale materials, or processes at the nanoscale level, in product 
innovation. 

 The US government funding is coordinated through the  National Nanotechnol-
ogy Initiative  ( NNI ), established in 2001 as a unifi ed Federal funding mechanism 
for nanotechnology research and development  [8] . The NNI has enjoyed yearly 
budget increases since its inception, from approximately $464 million in 2001 to 
an estimated $1.5 billion for 2009, and projected $1.6 billion for 2010  [9] . It is 
believed that private industry is investing at least as much as government. The 
majority of US government funding is allocated to advancing research in areas of 
defense and energy technologies. Allocations for food  and  agriculture research  are 
minimal, an estimated total funding of about $8 million for the year 2009. The 
US Department of Agriculture oversees funding for food and agriculture research 
projects. 

 Canada has heavily invested in nanotechnology research through the  Networks 
of Centres of Excellence  ( NCE ) programs, whose purpose is to mobilize Canada ’ s 
research talent in the academic, public, and private sectors for economic develop-
ment and improvement of quality of life. The  Advanced Foods and Materials 
Network  ( AFMNet ) is responsible for the food nanotechnology research and other 
food - related research  topics. The purpose of the network is to develop knowledge 
and technology that result in foods and food processes that are commercially 
viable, socially acceptable, and value - added  [10] . They work in partnership with 
industry, government, not - for - profi t organizations, and national and international 
research institutions. AFMNet has been awarded a total budget of about Canadian 
$39 million for the years 2003 to 2010  [11] . 
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 The  European Union  ( EU ) has been supporting nanotechnology research for 
many years. Between 1994 and 1998, the EU invested approximately  & 30 million 
per year in nanotechnology projects, and between 1998 and 2002, this amount 
increased to  & 45 million per year. As of 2005, public funding in Europe for nan-
otechnology was estimated at  & 400 million per year. It is estimated that the total 
funding may be as much as  & 1.2 billion if regional and private funding is consid-
ered. In addition to the EU efforts, several individual countries have invested 
heavily in nanotechnology, with Germany leading the way  [12] . In Germany in 
2005, the annual government and industry funding was about  & 144 million and 
 & 44 million, respectively. In 1998, the German Federal Ministry of Education and 
Research established six competence centers to support nanotechnology research, 
to communicate with the public, to connect industry and universities, to stimulate 
technology transfer, and to enable the commercialization of nanotechnology by 
domestic manufacturers. As of 2005, Switzerland was considered as the European 
country with the highest  per capita  funds in nanotechnology, with more than SFr40 
million per year for nanotechnology research. Switzerland had the TopNano21 
program from 2000 to 2003 to support entrepreneurs. The National Competence 
Network  “ Nanoscale Science ”  is coordinated by the University of Basel and involves 
public and private partners  [12] . 

 Nanotechnology research and development in the Netherlands is organized 
around a national nanotechnology initiative known as NanoNed, 1)  which is made 
up of nine partners consisting of the main nanotechnology institutes in the 
country. The NanoNed program is expected to run until 2010 with a total budget 
of  & 235 million. The Nano4Vitality program for food and health systems was also 
launched in 2007 with a total budget of  & 12million for four years. The goal of the 
program is to create demand - driven nanotechnologies for these markets  [13] . The 
program has four major themes, food safety and quality, active packaging, process 
technology, and encapsulation and delivery systems. Each theme has an underly-
ing business case with an aim to apply the results within three years. Most recently, 
the Netherlands government invested  & 12 million in the national facility for 
research and innovation in nanotechnology, NanoLab NL  [14] . The goal of the 
facility is to bring together public and privately funded research infrastructure and 
be available to outside users. 

 France has likewise established various programs to support nanotechnology. 
For example, in 1999, the French Ministry of Education and Research funded the 
web service  “ R é seau de Recherche en Micro et Nano Technologies ”  to encourage 
collaboration between the public and private sectors. In 2000, the  “ Action Con-
cert é e Incitative ”  in nanostructures was installed by the Ministry for Research. In 
2003, the National Center for Scientifi c Research created a funding program for 
nanotechnology and materials development  [12] . In the UK, two interdisciplinary 
research collaborations in nanotechnology led by the Universities of Oxford and 
Cambridge were awarded in 2001 with more than  £ 18 million for six years. These 
funds were available through government research councils and the Ministry of 

 1)     See  http://www.nanoned.nl/ . 
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Defence. Similarly, other European countries, such as Denmark, Finland, Italy, 
and Ireland, have established nanotechnology programs  [12] . 

 Asian countries have also established comprehensive investment strategies in 
nanotechnology. In Japan, the  Ministry of Education, Culture, Sports, Science, and 
Technology  ( MEXT ) is responsible for research and development and for building 
government – industry – academia cooperative platforms that promote nanotechnol-
ogy. The  Ministry of Economics, Trade, and Industries  ( METI ) and the  Ministry 
of Health, Labor, and Welfare  ( MHLW ) are responsible for developing standards 
and regulations  [15] . Investment in food nanotechnology research was conducted 
in part through the  Ministry of Agriculture, Forestry, and Fisheries  ( MAFF ). The 
Ministry has carried out a fi ve - year project  “ Development of Nanotechnology and 
Materials for Innovative Utilizations of Biological Functions ”  since 2002. 

 The Chinese Academy of Sciences and the Ministry of Education in China have 
co - founded the  National Center for Nanoscience and Technology  ( NCNST ), which 
consists of several divisions engaged in basic and applied research in nanoscience. 
The divisions include: Laboratory of Nanoprocessing and Nanodevices, Laboratory 
of Nanomaterials and Nanostructures, Laboratory of Nanomedicine and Nanobio-
technology, Laboratory of Nanostructure Characterization and Testing, and Coor-
dination Laboratory. 2)  In 2005, the Commission on Nanotechnology Standardization, 
affi liated with the NCNST, was established and was given the responsibility to 
develop national standards, including terminology, protocol, and safety require-
ments for nanomaterials and nanodevices. The Commission governs and guides 
the assessment and authorization of nanoproducts, enabling nanotechnology 
industries to improve product quality, and reduce health  risks associated with new 
product development. 2)  

 There are several other government efforts around the world. In 2008 – 2009, the 
Australian government supported various nanotechnology - related agencies and 
programs with over Australian $100 million  [16] . 

 With all these investments in place, the market shared returns for application 
of nanotechnologies is estimated at $1.5 trillion by the year 2015  [17] . Although 
the largest portion of the investment is in non - food research such as chemicals, 
energy, defense, electronics, and health , the food and agriculture research and 
development area is experiencing increasing growth. Major food companies are 
beginning to embrace nanotechnology. For example, in 2000 Kraft established a 
Nanotek Consortium, which is a collaboration of 15 universities and national 
research laboratories  [18] .  

   9.3 
Innovations in Food and Agriculture Nanotechnology 

 The interest in nanotechnology from a scientifi c standpoint is increasing in all 
areas. According to Youtie and colleagues  [19] , there is evidence of increased 

 2)     See  http://english.nanoctr.cas.cn/ . 



 9.3 Innovations in Food and Agriculture Nanotechnology  153

research activity as seen in the growing trends in the number of new publications, 
led by the USA and followed by China, Japan, and Germany. Similarly, new 
patents in the last decade have increased at the rate of about 20% per year  [17] , 
with the USA in the lead, followed by Japan, Germany, Republic of Korea, China, 
France, UK, and Taiwan  [19] . 

 Research shows great potential for application of nanosciences and nanotech-
nologies in food and agriculture. In the fi eld of agriculture, there is potential for 
various applications such as pesticide reduction, release systems for pesticides and 
fertilizers, animal tracking and identifi cation, and so on. Nanotechnology could 
be used in all areas of the food supply chain to improve food quality, safety  and 
shelf - life, to improve food processing and packaging, and to improve nutrition. 

 The area of food packaging is most advanced, with applications spanning across 
four categories as described by Chaudhry and colleagues  [20] : (i) packaging materi-
als containing nanoparticles with improved properties, such as barrier properties, 
temperature and/or moisture stability, and mechanical properties, which in turn 
may also reduce the amount of plastics used in food packaging  [21] ; (ii)  “ active ”  
food packages incorporating nanoparticles with antimicrobial or oxygen - scavenging  
properties; (iii)  “ intelligent ”  food packages incorporating nanosensors to monitor 
and report the condition of the food; and (iv) biodegradable polymer nanomaterial 
composites. 

 Among the fi rst nanocomposite materials in the market for food packaging 
applications are polymer composites incorporating  clay nanoparticle s. Incorpora-
tion of these particles in the packaging materials results in improved gas barrier 
properties because the layered structure of the nanoclay creates a more tortuous 
path and retards the permeation of gases through the nanocomposites  [20] . Simi-
larly, when the clay layers are completely separated and dispersed in the polymer 
matrix, water molecules will follow a tortuous path to migrate through the polymer 
matrix, resulting in reduced water permeability. In addition, the dispersed clay 
layers improve the overall mechanical properties of the packaging material  [22] . 

 Other polymer nanocomposite materials have been developed by incorporating 
metal or metal oxide nanoparticles, including silver , gold , zinc oxide, silica, tita-
nium dioxide, alumina, and iron oxides that provide  ultraviolet  ( UV ) light absorp-
tion,  abrasion resistance , or antimicrobial properties . For example, nano - silver has 
been used in various applications (e.g., food packaging material, inner surface of 
domestic refrigerators, antibacterial kitchenware and tableware) because of its 
antimicrobial properties. Other metal oxide nanoparticles that have shown anti-
microbial properties are nano - zinc oxide and magnesium oxide  [23] . 

 Carbon nanotubes have been used mainly for non - food applications  [22] , but 
can also be used in food packaging applications to improve the mechanical proper-
ties of packaging materials  [24] . Carbon nanotubes have also shown strong anti-
microbial properties  possibly due to severe damage to the cell membrane  [25] . 
Carbon nanotubes have also been used to develop nanosensors, for example, nano -
 sized carbon tubes coated with  deoxyribonucleic acid  ( DNA ) strands for detection 
of odors and tastes  [24]  and carbon nanotube - based sensors for measurement of 
capsaicinoid levels in chili peppers  [21] . Other types of nanosensors have been 
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developed for detection of chemicals, pathogens, and toxins present in food  [24] . 
Some examples include: array biosensors for detection of food - borne contami-
nants  [21] , microfl uidic devices for detection of pathogens  [26] , nanoporous silicon - 
based biosensor for detection of  Salmonella  and  Escherichia coli , DNA biochips for 
detection of pathogens, and DNA barcodes that fl uoresce under UV light in a 
combination of colors for simultaneous detection of different pathogens  [27] . 

 Association colloids, such as micelles and liposomes, can be used for encapsula-
tion and delivery of polar, non - polar, and amphiphilic ingredients  [22, 28] . The 
encapsulated compound can be located either in the core or as part of the mem-
brane of these structures. Micelles can range in size between 5 and 100   nm, and 
have the advantage of being thermodynamically favored, formed by self - assembly, 
and produce a typically transparent solution  [22] . Molecules that are not soluble 
or are scarcely soluble in water can be encapsulated in micelles, making possible 
their use in aqueous systems  [28] . However, because micelle formation depends 
on surfactant concentration, spontaneous dissociation can occur if the solution is 
diluted. Another disadvantage of these structures is that the large amount of sur-
factant necessary for their formation may raise issues related to fl avor, cost, and 
regulations  [22] . Liposomes can range between 20   nm and a few micrometers and 
can be used for encapsulation of water -  and lipid - soluble compounds  [28] . 

 Nano - emulsions can also be used as delivery systems. Nano - emulsions with 
droplet sizes of less than 100 – 500   nm can be produced using high - pressure valve 
homogenizers or microfl uidizers  [22] . The small droplets do not scatter light in 
the visible region, resulting in a clear appearance of the emulsion. Another advan-
tage of the small droplet size is that creaming    –    the formation of a concentrated 
oil - droplet layer on the top of the emulsion    –    is prevented  [28] . 

 Functional components can be encapsulated in biopolymeric nanoparticles. 
Self - association or aggregation of single biopolymers, or phase separation of mixed 
biopolymer systems, can be used to form these nanoparticles. The release of the 
encapsulated component can be triggered as a response to specifi c environmental 
conditions to induce complete dissolution or changes in porosity of the particles 
 [22] . For example, amylose has been studied to encapsulate  conjugated linoleic 
acid  ( CLA ), which is known to have various physiological properties, including 
anti - adipogenic, anticarcinogenic, and antidiabetogenic properties  [29, 30] . The 
use of amylose for molecular entrapment of certain guest molecules is based on 
the ability of amylose chains to form a single helix with a central cavity that is large 
enough to include certain lipids and small molecules. These amylose – CLA inclu-
sion complexes protected CLA from oxidation and only released it upon enzymatic 
hydrolysis of amylose. It was suggested that this type of encapsulation may protect 
polyunsaturated fatty acids during processing and storage, and only release them 
in the intestine during digestion by enzymatic hydrolysis  [29, 30] . 

 Product development and ingredient functionality hold the greatest potential for 
growth and success  [31] . The drivers for the food industry are currently considered 
to be food quality and stability, health  and nutrition, sustainability and environ-
mental issues , and food safety  [31] . Nanotechnology has a great potential to 
enhance fl avor and help to extend the shelf - life of products, to improve nutrient 
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delivery, and to reduce the amount of plastic in food packages. The most promis-
ing technologies for commercialization in the near future are in the area of active  
and  smart packaging , for example, nanosensors that monitor functional indicators 
such as pH, quality changes in food products, and contamination by micro -
 organisms and other contaminants.  

   9.4 
Nanotechnology Commercialization 

 Nanotechnology has increased innovation in many fi elds. Research in nanoscience 
and nanotechnology has increased in the past few years, but the transition from 
the laboratory to commercial products with enhanced and unique properties and 
functionality is diffi cult and takes a long time. The development of manufacturing 
technology that allows such transition is the key to the growth of the market of 
 “  nano - enabled product s ” . Before these products can be commercialized, govern-
ments and companies need to meet regulatory requirements , and satisfy societal 
needs and concerns . Thus, scale - up to commercial quantities, together with evi-
dence of environmental  and human safety during manufacture, use, and disposal 
of nano - enabled products, are required for successful commercialization  [32] . 
Various factors such as creativity of individual research, training of students in 
nanoscale science and engineering, connections between organizations, patent 
regulations, physical infrastructure, legal aspects, State and Federal policies, and 
the international context will determine the success of nanotechnology commer-
cialization  [33] . 

 Emerging technologies  can be classifi ed in two categories: evolutionary and 
disruptive technologies  [34] . Evolutionary technologies arise as a stream of con-
tinuous innovation originated from existing core technical competencies and cus-
tomers ’  suggestions or requests, resulting in replacements or improved products 
to satisfy existing needs  [34] . 

 Disruptive technologies are usually derived from  “ new science ” . The commer-
cialization of products manufactured with this type of technology is frequently 
called  “ radical or discontinuous innovations ”   [34] , where breakthroughs and sig-
nifi cant modifi cations among a wide array of technologies occur during the inno-
vation process  [2] . A change in the behavior or thinking of consumers is necessary 
for the commercialization of products made with this type of technology. To over-
come consumer resistance, companies must show the advantages provided by 
such technology, for example, cost reduction or improved performance  [34] . In 
many cases,  nanotechnology innovation s will likely be associated with disruption 
 [32] . 

 To reach the commercial marketplace, research results from universities and 
research centers need to be transferred into the commercial sector. Industry –
 university collaboration, patenting, creation of start - ups, and industry - sponsored 
research are some ways to transfer university research to commercialization 
for public benefi t  [35] . Any commercialization strategy will require a suitable 
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infrastructure that supports research, product development, and manufacturing 
of an end - product  [2] . The strengths of the USA and some European infrastructure 
are related to the development of close groups of companies and institutions in a 
particular fi eld associated by common technologies and skills  [2] . In order to 
transform ideas into inventions, these groups need  [2]  to: 

   •      generate knowledge, for example in research centers or universities;  
   •      transform knowledge into products or new services through companies;  
   •      provide critical components or equipment through suppliers;  
   •      deliver the product to customers through marketing and distribution fi rms.    

 The commercial success of nanotechnology will be achieved when compelling 
applications are developed  [4] . In 2006, Kuzma and VerHage  [36]  reported that 
55% of research projects in agri - food nanotechnology were in applied research, 
28% in basic research, and 17% in development. The same authors estimated the 
time to commercialization of those projects: around 20% were estimated to be 
commercialized in 0 – 5 years, around 30% in 5 – 10 years, another 30% approxi-
mately in the next 10 – 15 years, and the remaining 20% in more than 15 years. 
Development of new products can either be created to satisfy a market need 
( “ pulled by the market ” ) or to create a new market need ( “ push the market ” )  [37] . 

   9.4.1 
The Path to Commercialization 

   9.4.1.1    Ideas and Concepts 
 An idea or concept is the starting point for every new product or system, innova-
tion or invention. Sometimes, ideas or concepts are driven by need, by inspiration, 
by fi nancial motivation, or simply by chance. However, most ideas do not cross 
the gap to become a proven concept, and research is needed to make an idea 
conceptually viable  [2] .  

   9.4.1.2    Research and Product Development: Design, Modeling, and Simulation 
 Many nanotechnology applications are still at an early stage of research  and devel-
opment, and, before a viable product can be developed, more basic research is 
necessary  [4] . Knowledge of material properties and behavior at a nanoscale, where 
large surface - to - volume ratio dominates, is necessary for the accuracy of simula-
tion and modeling. Design, modeling, and simulation software packages are 
helpful tools that can decrease the time for product development, reduce cost, and 
improve performance of fi nal products. However, even though packages for 
molecular modeling exist, very few useful packages are available for practical 
purposes of manufacturing at the nano - level. Thus new modeling software and 
design methodologies are required for atomic -  and molecular - scale processes  [2] . 

 Universities and research centers are usually the places where most new tech-
nologies are developed. Fundamental  intellectual property  develops also at this 
stage  [2] . Earlier in the research and development process, the formation of part-
nerships between venture capitalists, industry, academia, national laboratories, 
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and funding agencies can increase synergy in nanotechnology development . In 
order to achieve success in the market, major projects should include early par-
ticipation of social scientists, economists, and public proponents. This will improve 
the potential for successful applications and ensure that the contribution and 
benefi ts are equitably distributed  [3, 35] .  

   9.4.1.3    Standardization 
 Standardization plays an essential role in the commercialization of emerging 
technologies   [38] . New manufacturing methodologies cannot progress without a 
consensus of standards  [2, 39] . However, the nanotechnology community has not 
yet come to an agreement on the need for standards  [38] , and therefore the devel-
opment of internationally acceptable standards will be a challenge  [2, 39] . Com-
mercialization of previous emerging technologies, such as information and 
communication technology, has been favored by the development of anticipatory 
standards. The creation of standards before a new technology is released can 
increase the confi dence in a new technology, promoting a more rapid adoption 
 [38] .  

   9.4.1.4    Safety Assessment and Regulatory Issues 
 Nanotechnology is currently being used in many industries without many con-
straints from regulatory bodies   [40] . For example, in the textile industry, fabrics 
with nanostructured textile coatings that make the fabric wrinkle - proof or stain -
 repellent are currently on the market  [41] . However, in other products, such as 
food and medical applications, approval processes and regulations need to be 
adhered to, and should be addressed  [40] , which can be lengthy and laborious  [21] . 

 Research on potential applications of nanotechnology is increasing around the 
world. At the same time, the number of studies suggesting  toxic effect s of certain 
engineered nanomaterials on animals and cell cultures are growing  [42] . One of 
the main concerns is that the current information on the effect of very small nano-
particles on toxicity is limited  [43] . Therefore, funding available to understand the 
consequences of nanomaterials on human health and the environment  should 
increase  [3, 35, 44] . 

 In addition to studies on the toxicity of nanomaterials, risk management strate-
gies to prevent worker exposures and to avoid broader public health  problems 
should be developed by research institutions, industries, and government agencies 
 [42] . Legal or policy issues need to be addressed on a global scale  [3] . Given the 
dependence of material properties on size, governments should review whether 
the current regulatory environment  for nanomaterials is adequate  [3, 35] . As nan-
otechnology applications reach the marketplace, the public should be confi dent 
that governments are taking the necessary steps to protect the environment  and 
human health, while allowing the development of new products and technologies 
 [3, 35] . 

 Research on the safety of nanotechnology and the development of regulations 
for nanotechnology is focusing primarily on non - food applications  [15] . However, 
as more nano - enabled food - related products  reach the market, concerns about 
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potential health  risks related to nanotechnology applications in food are increasing 
 [45] . Unfortunately, the lack of published scientifi c studies addressing the safety 
of nanomaterials in food applications remains  [46] . 

 In the mean time, the  Institute of Food Science and Technology  ( IFST )  [43] , a 
professional organization with base in London, has declared in an information 
statement that size matters, and the nanoparticles used for food applications 
should be treated as new, potentially harmful, materials. Therefore, testing to 
determine whether they are safe or harmful is necessary. The concern arises partly 
because nanoparticles might be able to reach regions within cells or tissue that 
their macroscopic counterparts cannot reach, leading to an increase in toxicity. 
Hence, according to IFST, pre - market safety evaluation of these nanoparticles is 
necessary, even if they are made from a compound already approved for use in 
food applications. 

 In the USA, the  Food and Drug Administration  ( FDA ) is the entity responsible 
for overseeing the safety of foods, food additives, and dietary supplements. Cur-
rently, in regard to FDA regulation of nanotechnology products, the FDA states 
that the Agency  “ regulates on a product - by - product basis ”  through pre - market 
and/or post - market regulations. The FDA also states that the Agency  “ regulates 
products and no technologies ”  and that  “ particle size is not the issue ”  because 
FDA has traditionally regulated products containing particles at the nanoscale. 
However, new tests will be required as new toxicological risks arise from new 
materials  [47] . In a report released in July 2007, an FDA Task Force concluded 
that FDA regulations are generally comprehensive for products requiring  “ pre -
 market ”  approval, such as food and color additives. However, FDA ’ s oversight 
capacity is less thorough for products that do not require pre - market authorization, 
such as food ingredients generally recognized as safe and dietary supplements 
 [48] . However, the Task Force recognizes that, as size changes within the nanos-
cale, the safety and effectiveness of products may vary, increasing the complexity 
of product review  [49] . 

 Currently, there are no regulations to specify on the label that food products and 
food packaging contain nanoparticles. Potential benefi ts  of the application of 
nanotechnology in the food industry may be jeopardized if nano - foods are allowed 
to come to the market without a clear defi nition, proper regulations, a compre-
hensive understanding of the risks associated with nanoparticles, and an evalua-
tion of food safety  [15, 43] . Therefore,  regulatory standard s for nanotechnology - based 
food applications should be developed, and research on the safety of nanotechnol-
ogy applications in the food sector should increase  [15] .  

   9.4.1.5    Manufacturing    –    Scale - Up 
 Before nano - enabled products can reach the market, the challenge of achieving a 
robust production and manufacture at a large scale must be overcome  [4] . The cost 
and scale of the manufacturing ramp can dramatically affect the path to commer-
cialization. Partnership can accelerate market entry  [35] . For example, in  nanom-
edicine , large pharmaceutical corporations can help start - up companies with the 
high costs of drug development and manufacture, and bring products to the 
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market  [50] . Currently, in the food sector, the formation of partnerships or licens-
ing agreements between start - up companies and larger fi rms has been used as a 
strategy to accelerate the path to commercialization (see Section  9.5 ). 

 Nanomaterials can be produced with a  “ top - down ”  or  “ bottom - up ”  approach  [39, 
51] . Top - down manufacturing involves processes such as etching, milling, diamond 
cutting, electrical discharge, and lithography to produce materials at the 
nanometer scale  [39, 51] . Bottom - up manufacturing involves manipulation at the 
molecular or atomic level, by chemical synthesis, self - assembly, and positional 
assembly  [39] . Currently, most commercially important nanoparticles, such as 
titanium dioxide, zinc oxide, silicon dioxide, aluminum oxide, zirconia, and 
iron oxide, are produced with a bottom - up approach by chemical synthesis  [39] . 
The formation of some nanostructures in foods, such as the organization of 
casein micelles, protein – polysaccharides coacervates, and liposomes, is by self -
 assembly  [51] .  

   9.4.1.6    Final Product Realization and Marketing 
 For a variety of products, such as electrical or mechanical systems, normal market-
ing practices can be used because buyers are mainly interested in product perform-
ance and cost, but not on the technology to produce it  [2] . However, when it comes 
to consumer products such as pharmaceuticals, cosmetics, or food, consumers are 
more concerned with product ingredients and how the products were manufac-
tured. Companies are cautious about advertising the technology used to manufac-
ture their products to avoid any adverse publicity caused by problems that occurred 
with other products that used the same technology  [2] . For example, there are 
many new sunscreens currently in the market containing nanoparticles, but 
only their advantages are advertised, often without making any reference to the 
technology used to produce them  [2] . A common example associated with nanote-
chnology is the case of biotechnology and genetically modifi ed organisms . The 
problems experienced by the negative publicity of genetically modifi ed products 
discouraged the use of that term in many food and healthcare products. Some of 
the marketing strategies used to commercialize new technologies will be described 
in Section  9.5.1 .  

   9.4.1.7    Intellectual Property 
 Patenting is a mechanism to protect individuals ’  and companies ’  intellectual 
property  [2] . The invention of a novel process or method, or a useful piece of 
equipment, can be protected by utility patents. However, patents may also make 
the rest of the world aware of the idea. In the USA, a patent is protected for 20 
years, so others cannot make or sell the patented invention. As of 2006, more than 
15   000 patents containing the word  “ nano ”  had been issued by the US Patent 
Offi ce  [7] . Patents are of particular importance for start - up and small companies. 
Patents are a way of validating a company ’ s foundational technology  [52] , which 
may attract investors, and protect against larger corporations  [52, 53] . 

 The use of trademarks is another method to protect intellectual property. Unless 
trade secrets are publicly disclosed, they can be maintained in secret indefi nitely, 
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unless they are revealed by using reverse engineering, which may be diffi cult to 
do with a nanotechnology product. As of 2005, the number of registered and 
pending trademarks containing the word  “ nano ”  was approximately 1800  [7] . Even 
though trade secrets may have many advantages, venture capitalists are less likely 
to invest in a start - up company that relies on trade secrets instead of patents. 
Investments from venture capitalists will be more likely to happen if a start - up 
company has been able to construct adequate defenses around its intellectual 
property  [52] .   

   9.4.2 
Challenges to Commercialization 

 The use of nanotechnology in the food sector is in its early stages. Currently, some 
commercial products are already in the market, and the market for nano - food is 
expected to reach US $20.4 billion in 2010  [54] . However, the introduction of new 
food products associated with nanotechnology will face serious challenges. Many 
factors will determine the commercialization of nano - related food products. 
Similar to the commercialization path of other nano - related products such as in 
nanomedicine, early stages of commercialization will face challenges such as avail-
ability of people with knowledge in nanotechnology  [2] , large - scale production, 
high production costs, intellectual property licensing, public concern and hesita-
tion, absence of early regulatory guidelines   [55] , and potential environmental , 
health, and safety risks. 

 One of the fi rst challenges to commercialization of nanotechnology is related to 
human resources. Because the underlying physics and engineering that regulate 
the behavior of nano - products differ from their counterparts at the macro - level  [2] , 
the availability of personnel with an understanding of material properties and the 
nanoscale is necessary. 

 Another challenge is the transition from scientifi c innovation  to a productive 
cost - effi cient technology  [53]  and a robust large - scale production process  [4] . Part-
nerships can alleviate the hurdle of high cost for small and start - up companies 
and accelerate the path of nano - products to the marketplace. 

 Because nanotechnology is in its early stages, most original patents are still in 
effect and manufacturing companies need to negotiate numerous licenses in order 
to produce a product  [2] . In some cases, intellectual property has to be licensed 
from various sources to implement an invention  [52] , which creates a signifi cant 
burden  [2] . In other cases, companies may not be able to develop new products 
because of another company having a patent that dominates a technology  [32] . 

 Generation of knowledge and databases about environmental  and health risks 
of nanomaterials is critical  [56] . Currently, there is little information on the proper-
ties of nanoparticles and their potential toxic effects  [43] . Previous concerns about 
transgenic organisms and the unpredicted environmental impact of materials 
such as asbestos and plastics support the request for an exhaustive analysis of the 
environmental impact of this technology  [4] . Unfortunately, the lack of informa-
tion on the potential risks of nanomaterials has resulted in requests by some 
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organizations to temporarily prohibit the use of nanomaterials in foods and cos-
metics  [46] . 

   9.4.2.1    Public Acceptance and Societal Implications 
 One of the major challenges that commercialization of nanotechnology will face 
is public fear , mostly because of misinformation  [56] . The survival of a new tech-
nology requires the acceptance  [4] , confi dence, and trust of the public  [20] . Public 
perceptions and attitudes have shaped the direction and pace of scientifi c activity 
in a number of fi elds, including nuclear power and genetically modifi ed organisms  
 [57] . Similarly, development of nano - products could be inhibited by lack of societal 
acceptance or rejection of nanotechnologies  [58] . 

 The International Risk Governance Council summarized several studies on the 
public perception of nanotechnology, in which respondents were cautious, but 
generally in favor of the development of nanotechnology  [46] . Distrust of industry 
and governments to act in the public interest in terms of risk management or 
regulation was also common among participants, while more credibility was attrib-
uted to scientifi c and consumer organizations. The positive perception toward 
nanotechnology is not stable, and if negative information is received and believed, 
this attitude may change  [46] . As with genetic engineering , consumers could per-
ceive that the technology is imposed without an adequate need, understanding of 
risks and benefi ts , and regulatory control  [43] . Oversimplifi cation of the risks and 
magnifi cation of concerns through fear and uncertainty of a technology can delay 
its commercialization, similar to what happened with the public rejection of 
genetically modifi ed foods   [4] . 

 Public mistrust and suspicion arise from the lack of credible information about 
nanotechnology products, their potential health  and environmental implications , 
and the oversight risk management processes  [58] . In the food industry, lack of 
communication about what companies do and know can result in growing con-
cerns and distrust. However, the industry ’ s credibility can be increased or regained 
by an active participation of companies in the nanotechnology debate  [46] . 

 A balanced approach between societal  benefi ts and unexpected risks and ben-
efi ts  should be used when judging the societal implications of nanotechnology 
 [33] . For example, drug synthesis and delivery, medical visualization, and tissue 
regeneration and replacement can be signifi cantly advanced by using nanotechnol-
ogy. However, the possible risk of unwanted nanoparticles entering cells or bio -
 incompatibility of nanostructured tissues need to be investigated  [33] . Public 
education on the potential benefi ts and risks should be addressed together, so the 
public can have an informed outlook of nanotechnology without a polarized per-
ception, avoiding potential overreactions  [57] . 

 Persuasion of public opinion is more diffi cult once a certain point of view 
has been established. Risks are generally less acceptable if perceived to be: 
involuntary, emerged from an unfamiliar source, originated from man - made 
rather than natural origins, causing hidden or irreversible damage, poorly under-
stood by science, and/or subject to contradictory statements from trustworthy 
sources  [58] . 



 162  9 Products and Their Commercialization

 Research on public opinion about nanotechnology may reveal what different 
groups in society want to know about nanotechnology and its implications in their 
daily lives, what their concerns are, and to whom they are looking for answers  [59] . 
This information will help to achieve an effective communication. Societal impli-
cations  have been considered as an integral part of research efforts in nanotechnol-
ogy. In 2003, the US National Nanotechnology Initiative annual investment in 
research with educational and societal implications was estimated at about $30 
million, and research with environmental implications  at about $50 million  [33] . 

 In a study on the public acceptance of nanotechnology in foods and food packag-
ing  [60] , it was reported that it is more acceptable to the consumer if the nanote-
chnology application is in the packaging rather than in the food itself. However, 
regardless of where nanotechnology was used (i.e., food or packaging), participants 
were hesitant to purchase the product. Even though assessment of food nanote-
chnology is affected by the perceived benefi ts , benefi ts alone cannot determine the 
willingness of consumers to purchase nano - foods  [60] , or their likelihood of using 
nanotechnology for health or environmental applications  [57] . Participants seem 
to be uncertain or unwilling to use or to purchase nanotechnology - based consumer 
products even with low perceived risk levels  [57, 60] . 

 More research is needed to understand the public perception of nanotechnology. 
To communicate issues like nanotechnology successfully to consumers and the 
general public, scientists and social scientists should work together to determine 
what and how to communicate  [59] , and to understand and address public con-
cerns  [33] .    

   9.5 
Current and Emerging Markets 

 Nanotechnology is moving rapidly towards the marketplace, with more than $50 
billion in nano - enabled product sales worldwide in 2006  [61] . Early in 2008, new 
consumer products involving nanotechnology were coming to the market at a rate 
of three or four per week  [62] . There are several applications of nanotechnology in 
the market, although most are from the non - food sector. Some of these products 
include sunscreens, cosmetics, stain - resistant fabrics, composite materials for 
vehicles and sports equipment, medical devices and diagnostics, drug delivery 
systems, fi re -  and water - resistant coatings  [39] , dietary supplements, food prod-
ucts, and food packaging. Most major applications are however still a few years 
out and food contact materials represent the largest share of the current  and pre-
dicted market shares in the sector  [63] . Overall, the USA seems to be the market 
leader, having at least three times more nano - based products on the market than 
other countries. The most promising areas in the food sector include active  and 
smart packaging, health foods, and functional foods. 

 Even though large food corporations and more than 200 companies worldwide 
are involved in nanotechnology research and development  [54] , and the nano - food 
market is expected to reach $20.4 billion in 2010  [54] , very little scientifi c data on 
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material characterization is provided by most companies. Therefore, an actual 
assessment of the  current market  of nanotechnology applications in the food 
industry is challenging. Worldwide, the sales of nanotechnology products to the 
beverage and packaging sector jumped from $150 million in 2002 to $860 million 
in 2004  [15] . The value of the nano - food market doubled between 2003 and 2005, 
from $2.6 billion to $5.3 billion  [31] . China and other Asian markets with more 
than 50% of the world ’ s population are expected to have the largest growth 
potential. 

 The Project on Emerging Nanotechnologies of the  Woodrow Wilson Interna-
tional Center for Scholars  ( WWICS ) and the Pew Charitable Organization main-
tain an inventory of products in the marketplace claiming to contain nanomaterials 
 [64] . The number of nanotechnology products introduced each year is growing 
tremendously. The inventory increased 279% from March 2006 to August 2008. 
As of 2008, the inventory had a total of 803 products spread over several categories. 
However, only 10% of the products fall into the category of  “ food and beverage ” . 
In a report in March 2008  [65] , Friends of the Earth identifi ed only 101 food - related 
products produced using nanotechnology, including food packaging, kitchen and 
cooking equipment, foods and beverages, food additives, and food and health sup-
plements. These reports are based only on nanotechnology - related products that 
have been identifi ed as such by the manufacturers. Therefore, these reports cannot 
provide an accurate estimate of food nanotechnology applications currently in the 
market  [46] . 

 Based on products currently in the market, some of the biggest areas of nanote-
chnology applications in food are dietary supplements  [5]  and food packaging  [20] . 
Development of nanotechnology applications for the food sector focuses on: opti-
mization or modifi cation of sensory properties (e.g., color, fl avor, texture or con-
sistency), control of fl avor and nutrient release, enhancement of nutrient or 
nutriceutical absorption, extension of shelf - life, nanofi ltration, development of 
functional foods, development of foods that can be modifi ed by the consumers 
depending on nutritional needs or fl avor preferences, improvement of traceability 
and safety , and development of improved packaging materials by incorporating 
nanoparticles or nanosensors  [20] . 

 Because nanotechnology is considered a high - risk business, buying developed 
products (e.g., ingredients, packaging material) from other companies will likely 
be the strategy of many food companies  [66] . For example, Miller Brewing is cur-
rently using plastic beer bottles produced by nanocomposite barrier technology. 
However, the development of this technology was a joint effort of Nanocor Inc., 3)  
one of the leading nanoclay suppliers for nanocomposite plastics, and Eastman 
Chemical Co., 4)  one of the world leaders in polyester and copolyester, and a center 
of many food and beverage container innovations. Other nanoclay composites in 
the marketplace are Durethan  ®   (silicate nanoparticles in polyamide), produced by 
Bayer for use in multilayer bottles and fi lms, beer bottles, and so on, and Imperm  ®  , 

 3)     See  http://www.nanocor.com/ . 
 4)     See  http://www.eastman.com/Markets/Food_Beverage/Packaging.htm . 
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produced by Nanocor Inc. Some of Nanocor ’ s materials are approved by the FDA 
and the EU. 

 In other cases, start - up and smaller companies are the ones providing and 
licensing innovations to the food industry. For example, OilFresh, a company 
founded in 2005 in California, uses nanoceramic catalytic pellets to make an oil 
conditioning device that doubles the shelf - life of the oil used in deep fryers  [66] . 

 Some start - up companies are forming partnerships or signing agreements with 
established fi rms to bring their technology to the market. For example, EcoSolu-
tions Intl., a start - up company that uses a natural nanocapsule technology to 
reduce the amount of plastic material used in shopping bags, signed an agreement 
in early 2009 with Hymopack Ltd, the largest plastic bag manufacturer in Canada, 
that supplies leading retailers such as Wal - Mart and McDonalds  [67] . 

 Another example of a start - up company is NutraLease, which was created by 
scientists from the Hebrew University of Jerusalem  [66] . NutraLease uses micelles 
of about 30   nm in size to encapsulate various nutriceuticals such as coenzyme 
Q10, lutein, lycopene, phytosterol, and vitamins D and E in order to improve their 
solubility and bioavailability, for use in foods and beverages. Based on the 
company ’ s website, other stakeholders of NutraLease are: Yissum, the Hebrew 
University business arm; Ashkelon Technological Industry, one of the largest life -
 science investment groups in Israel; Peerless Ltd, an Australian manufacturer of 
premium - quality edible oils, fats and margarines; and Adumim Food Ingredients, 
a specialty ingredient company responsible for scaling up the process and manu-
facturing the products. NutraLease 5)  is also working in cooperation with Shemen 
Industries Ltd, the largest oil manufacturer and supplier in Israel, to develop a 
canola oil containing free phytosterols, which are known to reduce cholesterol in 
the blood. 

 In the area of encapsulation and delivery technology, another commercially 
available product is NovaSOL  ®  , developed by the German company Aquanova. 6)  
NovaSOL is an amphiphilic liquid product containing micelles of less than 30   nm 
that can carry a variety of ingredients and bioactive compounds, such as vitamins, 
omega - 3 fatty acids, phyto extracts, preservatives, colors, fl avonoids, carotenoids, 
and so on. Because of the small size of the micelles (smaller than the wavelength 
of light), NovaSOL can produce clear solutions (in fact, it uses  “ Crystal Clear Solu-
tions ”  in its product information). In addition, Aquanova claims that bioactive 
compounds delivered with NovaSOL have higher bioavailability than with other 
commercial formulations, and therefore it offers potential opportunities for func-
tional foods and drinks. 

 Nanocomposite materials are considered to be at the forefront for food packaging 
developments, with a predicted market of one billion pounds in 2010  [68] . These 
materials are already in use in other industries, such as the automobile industry, 
for their high thermal and mechanical properties   [69] . Various packaging compa-

 5)     See  http://www.nutralease.com/index.asp . 
 6)     See  http://www.aquanova.de/media/public/pdf_produkte%20unkosher/NovaSOL_

OVERVIEW.pdf . 
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nies have developed these materials and are ready to venture into the market. The 
FresherLonger ™   “ miracle ”  storage container by Sharper Image (USA) retailers is 
an example of a food contact product in the WWICS 2009 inventory. The product 
is claimed to have silver nanoparticles  infused into the polypropylene base material 
for inhibition of microbial growth such as molds and fungi  [70] . FresherLonger 
plastic storage bags by Sharper Image are also claimed to help delay food spoilage 
by decreasing the growth of micro - organisms. Other food containers developed 
using nano - silver that claim to have antibacterial properties  are  “ Food Container 
Nano - Silver ”  by A - DO Global Co. Ltd (Korea),  “ Nano Silver Baby Mug Cup ”  and 
 “ Nano Silver Baby Milk Bottle ”  from Baby Dream Co. Ltd (Korea),  “ Nano - Silver 
Storage Box Baoxianhe ”  from Quan Zhou Hu Zheng Nano Technology Co. Ltd 
(China), and  “ BlueMoonGoods Fresh Box Silver Nanoparticle Food Storage Con-
tainers ”  from BlueMoonGoods, LLC (USA)  [64]  . 

   9.5.1 
Market Strategies for New Technology Products 

 As described in Section  9.4 , emerging technologies  can be either evolutionary or 
disruptive, and the market strategy of products derived from each technology will 
be different. 

   9.5.1.1    Market Strategies for Evolutionary Technologies 
 The continuous fl ow of innovations derived from evolutionary technologies can 
be either  “ pulled by the market ”  or  “ pushed by the technology ” . Innovations pulled 
by the market usually originate from consumer feedback requesting a new product 
or improvement of an existing product. Thus, the potential buyer and their needs 
are known. On the other hand, innovations pushed by the technology arise from 
research and development of an existing technology. In these cases, the needs of 
the customers are identifi ed by the manufacturer, but may not be apparent to the 
buyers. The invention must then be advertised as a major improvement or a new 
product with major advantages such as improved quality or signifi cantly lower cost 
 [34] , or more nutritious.  

   9.5.1.2    Market Strategies for Disruptive Technologies 
 Disruptive technologies may face substantial public resistance because they 
emerge from  “ new science ” . Hence, considerable time, effort, and money are 
necessary before the disruptive technology product can succeed. 

 As with evolutionary technologies, market strategies for disruptive technologies 
can be  “ market pulled ”  or  “ technology pushed ” . Market strategies for radical 
innovations are more complex and time consuming than continuous innovations, 
because there is no existing relationship with the potential consumers. However, 
potential buyers of disruptive technology products may be customers of other 
suppliers, who may be interested in forming an agreement with a start - up company 
pursuing an interesting disruptive technology  [34] . An example is the agreement 
of EcoSolutions Intl. with Hymopack Ltd, a major supplier of plastic bags, described 
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above. Sharing of technologies between new companies and established fi rms has 
become a common practice in the pharmaceutical industry, allowing the com-
mercialization of disruptive technology with some fi nancial support  [34] . The same 
strategy appears to be applied by some start - up companies in the food industry. 

 On the other hand, if a relationship with potential buyers already exists, com-
panies need to identify the needs of consumers for substitute or replacement 
products and demonstrate the signifi cant improved benefi ts. In this case, a  “ buyer 
pulled ”  strategy can be used  [34] . 

 In the food industry, it appears that some food companies may not be develop-
ing nanotechnology within the company. Rather, they purchase ingredients or 
packaging materials made using nanotechnology, and use them in their products 
 [66] . This way the innovation  may be treated as a continuous innovation, where 
there is an existing relationship with potential buyers, and more simple marketing 
strategies for evolutionary technologies can be used.    

   9.6 
Conclusions 

 The use of nanoscience and nanotechnology in food and agriculture is in its early 
stages. Worldwide, research in a wide range of potential applications can be found 
in food processing, encapsulation and delivery of ingredients, sensing of patho-
gens, chemicals or other substances, smart , active  or otherwise improved packag-
ing, traceability, and ingredient technology. However, the transition from the 
laboratory to the marketplace is a long and tortuous path. Collaboration between 
universities, research centers, industry, funding agencies, and venture capitalists 
can accelerate this transition. Partnership with venture capitalists or established 
fi rms is a market strategy that start - up companies are using to bring their technol-
ogy to the marketplace. Most products currently in the market or at near -
 commercialization stage are in the areas of food packaging, and encapsulation and 
delivery systems. Before products can be manufactured and commercialized, 
many challenges must be overcome, including: availability of personnel with a 
deep understanding of nanotechnology, licensing of patents, scaling - up the manu-
facturing process, absence of regulatory guidelines , potential environmental  and 
health  risks, and public acceptance. Public perception can shape the direction of 
nanotechnology commercialization, particularly in food and agriculture. Open 
communication between industry, government, academia, and consumer groups, 
development of proper regulatory standards, and more research on environmental 
and health risks, are some of the factors that can increase public trust and accept-
ance of nanotechnology applications in food and agriculture.            
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    10.1 
Introduction 

 Research on the potential applications of nanotechnology and  engineered nano-
material s in the areas of food - borne  pathogen  detection, antimicrobial activity, 
food packaging, food processing, food ingredient development, and nutritional 
studies have demonstrated the potential for nanotechnology to provide signifi cant 
benefi ts for the consumer. These benefi ts may include improved  food safety  
through enhanced detection and control of the pathogens responsible for  food 
poisoning , enhanced shelf - life and quality of food  products, and superior health -
 promoting or nutritional properties of foods. However, as is the case with the 
development of any new food processing technology, food ingredient or food 
packaging material, there must also be adequate studies to demonstrate that these 
potential benefi ts of nanotechnology and engineered nanomaterials designed for 
use in foods are not accompanied by any undesirable adverse health effects. Thus 
evaluation of the potential hazards related to exposure to nanomaterials and 
nanotechnology - based products has emerged as an important area in  toxicology  
and  risk assessment .  

   10.2 
What Makes Nanomaterials Special? 

 An  engineered nanomaterial  ( ENM ) is any material that is deliberately created 
such that it is composed of discrete functional and structural parts, either inter-
nally or at the surface, many of which will have one or more dimensions of the 
order of 100   nm or less  [1, 2] . Compared to bulk - scale materials, nanomaterials 
have a very large relative surface area (i.e., surface area per unit mass) and high 
particle number per unit mass, and the ratio of surface area to total number of 
atoms or molecules increases exponentially with decreasing particle size. The 
physicochemical properties of ENMs make them different from micro -  and mac-
roscale material and from dissolved chemical of the same material. So, besides 
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offering a wide range of novel applications, this may also give rise to altered kinet-
ics and toxicity profi les. This will be discussed in subsequent paragraphs. 

 The decreased size of nanomaterials results in increased  specifi c surface area , 
until the properties of the surface molecules dominate. This very high surface area 
has several consequences and renders them, for example, more reactive, thus 
generating more effective catalysts in a variety of applications  [3, 4] . However, 
when considering potential health  implications, reactive groups on the surface of 
nanomaterials are likely to infl uence their biological and/or toxicological  effects. 
As the surface of a nanoparticle provides the initial interaction between the particle 
and a biological system, and therefore is a crucial determinant of particle response, 
these unique properties need to be investigated and understood from a physico-
chemical and toxicological standpoint.  

   10.3 
Characterization of Engineered Nanomaterials 

 An understanding of the physicochemical properties of ENMs  that impact upon 
their interaction with biological systems can only be gained with suffi cient meas-
urement and reporting of these properties in studies that subsequently assess 
biological activity. Lack of adequate nanomaterial characterization limits the value 
and signifi cance of a given study and renders it impossible to compare studies 
and to recognize parameters that might infl uence biological activity (i.e., desirable 
effects) or toxicity (i.e., undesirable effects)  [5, 6] . Thus, there has been consider-
able effort by the scientifi c community to defi ne a minimal set of characteristics 
of ENMs recommended for research studies. As the outcome of the European FP7 
project NanoimpactNet, a set of minimal characteristics and metrics is recom-
mended for every fi eld of research investigating the health  impact of nanomateri-
als  [7] : 

   •      size distribution (of primary particles);  
   •      chemical composition;  
   •      nanomaterial surface (i.e., surface area, surface charge, and surface 

chemistry);  
   •      structure (agglomeration state);  
   •      shape;  
   •      persistence.    

 This list is very similar to the lists of parameters that have been recommended by 
other authors and scientifi c organizations  [3, 8 – 13] . In addition, it is generally 
recommended to fully characterize the nanomaterials in order to understand the 
potential toxicity of the nanomaterials and relate toxicity to the physicochemical 
properties  [3, 8, 14, 15] . 

 It is also imperative to document these parameters in the experimental exposure 
media (cell culture media, oral dosing solution, etc.) to the greatest extent possible, 
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as many physicochemical parameters differ depending on whether determined in 
experimental media or in the bulk dry (i.e.,  “ as - received ” ) state. 

 Analytical methods are available to determine most if not all characteristics of 
nanomaterials  [16 – 18] . The issue, however, is that these methods are normally 
only able to determine one single characteristic, making the process of full char-
acterization very labor intensive. In addition, these methods cannot be employed 
to determine the characteristics directly in the food matrix. This leads to the con-
clusion that currently not all ENM  characteristics can be readily determined. 
Furthermore, different techniques that are available to measure the same nano-
material characteristic can produce contrasting results (e.g., reported sizes of 
ENMs)    –    the variations typically emerge as a result of intrinsic biases and modeling 
assumptions of the techniques. Agreement on standard testing methods is lacking 
and the comparability between various methods to assess a specifi c metric is still 
being evaluated. The challenge is initially to prioritize some metrics based on 
biological  dose – response  relations and then to develop less labor - intensive analyti-
cal methods for characterizing ENMs in biological matrices. Additionally, harmo-
nized sample preparation procedures need to be developed. 

   10.3.1 
Unique Issues for Characterization of Engineered Nanomaterials for 
Food Applications 

 Current and foreseen nanotechnology applications in the agri - food production 
chain are focused on the development of nano - sized food ingredients and addi-
tives, delivery systems for bioactive compounds , and innovative food packaging 
 [19] . Nanomaterials in food may appear in suspension (mostly solid in liquids) or 
emulsion (two liquid phases). Within the agri - food chain, metal or metal oxide 
nanomaterials (e.g., nano - Ag, nano - ZnO, nano - Cu, nano - TiO 2 ) are applied in, for 
example, food packaging materials. Each of these different types of nanomaterial 
requires a different characterization approach. 

 The focus for safety evaluation  will be on persistent nanomaterials, that is, non -
 soluble or non - biodegradable particles, since potential risks are predominantly 
associated with these types of particle. But another category of nanotechnology 
application in the food sector is represented by nano - encapsulates . It is particularly 
challenging to detect these types of nanomaterial within the food matrix and to 
differentiate between naturally occurring micelles and liposomes (e.g., in milk) 
and the deliberately created nano - encapsulates. Some analytical methods are avail-
able for this  [17] . 

 Engineered nanomaterials in food may encompass many forms. It is likely that 
nanomaterials are used in foods in an agglomerated form, but it cannot be excluded 
that these agglomerates may break down, and that the consumer may ultimately 
be exposed to free nanomaterials. Owing to their specifi c physicochemical proper-
ties, it is to be expected that nanomaterials could interact with proteins, lipids, 
carbohydrates, nucleic acids, ions, minerals, and water in food, feed, and biological 
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tissues. For nanomaterials present in food, their interactions with proteins are 
important  [20, 21] . Therefore, it is important that the nanomaterials are character-
ized in the relevant food matrix  [22, 23] .   

   10.4 
Safety Assessment of Oral - Exposure Engineered Nanomaterials for Food 
Application 

 There are several approaches to assessing the safety of ENMs . These include: (i) 
investigating the  toxicokinetics  of nanomaterials to determine if they are absorbed 
into the body, and how they are handled within the body after absorption; (ii) 
investigating the  toxicodynamics  of nanomaterials to determine how they interact 
with tissues, cells, and cellular components; and (iii) conducting classic oral toxic-
ity studies. A brief review of studies conducted in each of these areas will be 
presented below. However, to put these studies into context, it is important for 
the reader fi rst to be presented with several important considerations for toxicology 
studies on nanomaterials. 

   10.4.1 
Experimental Design Considerations for Toxicology Studies 

 The basic tenet of the study of toxicology is from Paracelsus, who wrote:  “ All 
substances are poisons; there is none that is not a poison. The right dose differ-
entiates a poison from a remedy. The dose makes the poison. ”  In other words, at 
some level of exposure, all compounds will illicit an adverse effect. Thus, to dem-
onstrate clearly the reported toxicological properties, evidence of a dose – response 
is required. This means that multiple doses of the materials must be given, to see 
that, with increasing dose, the magnitude or incidence of an adverse effect also 
increases. Ultimately this leads to the derivation of a concentration at which no 
signifi cant effect is observed. Traditionally, this point is called the  “ no observed 
adverse effect level ”  (i.e., the dose at which no adverse effects are observed), though 
nowadays the more effi cient  “ benchmark dose ”  is often derived  [24] . These refer-
ence points are used further in the risk assessment and the establishment of toxi-
cological safety values. 

 Unfortunately, many of the reported toxicology studies of nanomaterials either 
do not provide suffi cient information on the doses used, do not use more than 
one dose, or conclude that, because adverse effects are observed at one dose, the 
nanomaterial is  “ toxic ” . This is unfortunate and provides limited useful data for 
risk assessment purposes. In order to put the results of toxicology experiments 
into perspective for human health implications, more doses need to be investi-
gated, and a rationale for the doses chosen, or a comparison with likely human 
exposures, should be provided when possible. 

 Up to now it has not been possible to establish a single dose - describing param-
eter that best describes the possible toxicity. It is likely that mass alone is not a 
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good metric  [25] . As discussed earlier, the characterization of the exposure is 
crucial. As long as it is not known which metrics should be used to describe the 
dose (e.g., particle size distribution, number of particles, particle charge, total 
surface)  [26, 27] , the used doses should be expressed using different dose - describing 
parameters. A proper defi nition and dose metrics will help researchers to compare 
study results and will help regulators to formulate health - based limit values. It will 
also enable risk assessors to compare and combine exposure and hazard informa-
tion and to conclude on the likelihood of health  risks. 

 The importance of good experimental design for toxicological studies of nano-
materials cannot be over - emphasized. The following factors must be considered 
to assess the quality of the experimental design and data resulting from 
experiments. 

   •      As discussed above, adequate nanomaterial characterization in general and 
specifi cally within the surrounding matrix is clearly needed to establish metrics 
other than mass alone that are relevant to the toxicity of nanomaterials.  

   •      Inclusion of positive and negative controls, as in every scientifi c experiment, 
is obviously required. Importantly, in nanotoxicology the administration of 
nanomaterials to the testing system needs to be accompanied by larger - sized 
materials and conventional forms of the materials (i.e., ions). Without these 
experimental groups, the studies have very much less added value to the sci-
entifi c literature and are not useful for risk assessment purposes.  

   •      Nanomaterials are known to interfere with optical and other detection meas-
urements and to adsorb essential growth factors and nutrients from the growth 
medium, leading to non - specifi c indirect growth inhibition and apparent cyto-
toxicity. Therefore, adequate controls need to be used to eliminate potential 
interference with colorimetric and fl uorometric dyes as used in cell cytotoxicity 
assays, interference with assays for measurement of reactive oxygen species, 
and alteration of the nutritional properties of the growth medium. Several 
authors have discussed the limitations and high likelihood of false positives of 
these assays  [28 – 32] , indicating that improvements in sensitivity, reliability, 
and sophistication, and a clear correlation with  in vivo  activity is needed in 
order for  in vitro  assays to yield informative data.  

   •      One of the most important questions for the  safety assessment  is the sensitivity 
and validity of currently used test assays  [25] . The question of appropriate test 
methods for evaluating nanomaterials has been addressed by the  Organisation 
for Economic Co - operation and Development  ( OECD ) in a recently published 
document  [33] . This provides a starting point from which researchers across 
the globe can design testing strategies that would standardize the testing of 
nanomaterials. Currently, there are 118 published OECD testing guidelines 
covering physicochemical characterization, effects on biotic systems, degrada-
tion and/or accumulation, health  effects, and other endpoints. In general, the 
OECD guidelines were judged to be applicable for investigating the health 
effects of nanomaterials  [33] . An important caveat was that additional consid-
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eration needs to be given to the physicochemical characteristics of the material 
tested (17 physicochemical properties have been suggested as the necessary 
prerequisite for toxicological testing), including such characteristics in the 
actual dosing solution. Additional pathology following certain tests was also 
suggested.  

   •      Assessment for  endotoxin  contamination, which is exceedingly common due 
to the ubiquitous nature of endotoxins, is a critical step in this cascade. As 
endotoxin contamination generates a cellular infl ammatory response, it is 
necessary to establish whether any infl ammatory response observed in biologi-
cal systems exposed to nanomaterials is due to endotoxin contamination or the 
nanomaterial or both  [28, 29, 34] .  

   •      High variability and the cost of manufacturing a suffi cient amount of nanoma-
terials for animal studies with uniform characteristics represents a sig nifi cant 
hurdle for toxicity testing of some nanomaterials. The stability of nanomaterials 
during storage and dosing formulation must also be considered.     

   10.4.2 
Toxicokinetics 

 The ability of micro -  and nanomaterials to cross over the intact healthy  gastroin-
testinal tract  in humans has been recognized for over 100 years, as citations of 
absorption date back to the early 1900s (see review by Florence  [35] ). Absorption 
of nanomaterials through the gastrointestinal tract has also been reported in the 
mouse, rat, sheep, pig, and cow (see review by Florence  [36] ). Thus the study of 
the pharmacokinetics and toxicokinetics of orally administered particles is not 
new, and, owing to improved methods for developing nanomaterials with very 
specifi c characteristics, there is greater need for understanding the specifi c param-
eters of nanomaterials that affect their  pharmacokinetics  and toxicokinetics. 

 The  absorption, distribution, metabolism, and excretion  ( ADME ) of orally 
administered nanomaterials is infl uenced by their characteristics, such as shape, 
size, hydrophobicity, surface charge, and functionalized groups  [26, 36 – 39] . 
However, it is unclear to what extent the different physicochemical characteristics 
of nanomaterials contribute to their kinetics. In this section, current knowledge 
on the ADME characteristics of nanomaterials that may be relevant to oral expo-
sures is discussed. 

   10.4.2.1    Absorption 
 The  gastrointestinal  ( GI ) tract represents a port of entry for nanomaterials, not 
only through the ingestion of food, dietary supplements, drugs, and water that 
may contain nanomaterials, but also by way of ingestion of the inhaled nanoma-
terials that are cleared by the respiratory tract  [40] . 

 Nanomaterials may gain entry into the body by crossing the  intestinal wall  
through the M - cells, through normal enterocytes, and/or through paracellular 
spaces . Uptake in M - cells, which are specialized phagocytic enterocytes found in 
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 Peyer ’ s patch es, occurs through adsorptive endocytosis involving clathrin - coated 
pits and vesicles, endocytosis, and phagocytosis  [36] . Uptake of particles can also 
occur through normal enterocytes at the apical side of the intestinal  epithelial cell s 
(by endocytosis), transport through cells, and subsequent release at the basolateral 
side of the epithelial cells into the lymphatic system  [36, 38, 40] . 

 Another possible uptake route for nanomaterials is via the paracellular pathway  
or passage between the cells  [41 – 43] . In this pathway, also known as persorption, 
nanomaterials rely on the gaps and the tight junctions between the endothelial 
cells to pass through the epithelial cell layer. Studies have shown that the perme-
ability of the tight junctions between the endothelium to nanomaterials can be 
modulated by synthetic peptides such as E - cadherin - derived peptides, which can 
act on the aqueous - fi lled pores of the paracellular pathways  and expand the tight 
junctions  [44, 45] . 

 Uptake of nanomaterials in the GI tract  depends on a variety of factors, includ-
ing the diffusion of particles through mucous, initial contact with the GI epithe-
lium, cellular traffi cking, and various uptake and translocation processes, which 
are governed at least in part by the characteristics of the nanomaterials. Specifi c 
characteristics of nanomaterials    –    including particle size, surface charge, attach-
ment of ligands or coating with surfactants, shape and elasticity, and physical and 
chemical stability    –    have been shown to infl uence the  transcellular uptake  of par-
ticles in the GI tract  [43, 46 – 50] . Protein adsorption to engineered nanomaterials 
may enhance membrane crossing and cellular penetration  [51 – 53] . 

 Studies have demonstrated that diffusion of nanomaterials across the mucus 
layer depends on the size of the particles: the smaller the particle diameter, the 
faster they may diffuse through GI secretion to reach the colonic enterocytes  [37, 
54 – 56] . For example, when  polystyrene  microspheres ranging from 50   nm to 3    μ m 
were fed by gavage to female rats at a dose of 1.25   mg per kilogram body weight, 
the absorption rates were highest for 50   nm particles, lower for 100   nm particles, 
and particles larger than 300   nm were not detectable in the blood, indicating no 
absorption  [37] . However, increased absorption with decreased size is not always 
observed. For example, no signifi cant differences in absorption or accumulation 
was observed in guinea pigs administered customary (10   000 – 90   000   nm) or nano -
 sized (200 – 300   nm) sitosterol in the diet for two weeks  [57] . Concentrations were 
measured in plasma, blood cells, bile, liver, kidney, jejunal mucosa/serosa, cecum, 
colon, and feces. 

 Diffusion across the mucous layer also depends on the surface charge of the 
nanomaterial. Anionic or repulsive nanomaterials have been shown to reach the 
epithelial surface  [46] , while cationic particles became entrapped in the negatively 
charged mucus  [55] . For example, polystyrene latex nanomaterials (14   nm) rapidly 
adhered to the mucosal layer of the rat intestine but did not enter the epithelial 
cells, and were observed to move further away from epithelial cell surfaces over 
time  [55] . A comparative study of the uptake of nanomaterials in a human intes-
tinal cell culture model (Caco - 2 cells), in a mucus - secreting cell line (NTX - E12), 
and  in vivo  using intra - duodenal delivery in the rat, clearly illustrated that 
the mucous layer of the intestine has a profound effect on uptake of certain 
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nanomaterials  [58] . Thus, the GI tract  can also act as a signifi cant barrier to sys-
temic exposure for many nanomaterials  [5] .  

   10.4.2.2    Distribution 
 Following absorption from the GI tract , nanomaterials can reach the systemic 
circulation, distribute to various tissues and organs, or potentially interact with 
various blood components, such as plasma proteins, red or white blood cells, 
coagulation factors, and platelets  [34, 59 – 62] . Variables that can affect distribution 
and tissue localization of nanomaterials include fl ow in the lymph vessels, entrap-
ment in lymph nodes, rate of transport between lymph and blood, blood fl ow, 
adhesion to capillary walls, extravasation and movement into tissues, and cellular 
components within tissues  [36, 39] . 

 A number of studies report a size - dependent distribution of nanomaterials to 
various tissues and organs, following their uptake from the GI tract   [43, 63, 64] . For 
example, for gold nanomaterials , clear differences in biodistribution have been 
observed for 10   nm compared to 50 and 250   nm nanoparticles. While the 10   nm 
nanoparticles were present in the liver, spleen, kidney, testis, thymus, heart, lung, 
and brain following an intravenous administration to rats, the 50   and 250   nm nano-
particles were present only in the liver and spleen  [63]  . Others have found similar 
trends, where smaller gold nanomaterials (15   nm) showed greater biodistribution 
compared to larger gold nanomaterials (50, 100, and 200   nm)  [64] . Hillyer and 
Albrecht  [43]  demonstrated that, following oral administration of metallic colloidal 
gold nanomaterials  of different sizes (58, 28, 10, and 4   nm) to mice, the smallest 
particles (4   nm) were identifi ed in the kidney, liver, spleen, lungs, and brain, while 
the largest particles (58   nm) were detected almost solely inside the GI tract . 

 Although direct comparisons between the above - mentioned studies may not be 
possible, as there were several differences in the experimental conditions, ports 
of entry, or study designs, it appears that there is a trend for greater biodistribution 
for smaller - sized nanomaterials as compared to larger - sized nanomaterials. The 
extent to which nanomaterials can cross the  blood – brain barrier  ( BBB ) is not well 
known. Although the permeability of the BBB is highly restricted to lipophilic 
molecules and actively transported or small soluble molecules, evidence exists that 
this distribution might be relevant for some nanomaterials, as low concentrations 
of gold were found in the brain after oral administration of gold nanomaterials  
 [43] . In addition, widespread distribution was observed in females administered 
60   nm silver nanomaterials  in a 28 - day subchronic studies  [65] . 

 Binding of proteins to the surface of nanomaterials has been shown to have a 
signifi cant effect on the distribution and excretion of nanomaterials, and, there-
fore, to infl uence their potential toxic effects  [66] . For example, binding of nano-
materials to  serum protein s resulted in a reduction in cytotoxicity of silica  [59]  and 
 quantum dot s  [60] .  

   10.4.2.3    Metabolism 
 There is little known on the metabolism of nanomaterials. It is unlikely that inert 
nanomaterials, such as gold  and silver  particles,  fullerene s, and carbon nanotubes, 
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can be metabolized effectively upon absorption. However, there are some indica-
tions that functional groups added to inert nanomaterials may be susceptible to 
metabolism. For instance, the protein cap of a functionalized quantum dot could 
be cleaved by proteases  [67] .  

   10.4.2.4    Excretion 
 Similarly, there is limited information on the excretion of orally administered 
nanomaterials. Clearly, nanomaterials that are not absorbed are eliminated from 
the body in the feces. Renal clearance was reported for fullerenes and single - walled 
carbon nanotubes  [68, 69] . Ogawara  et al.   [70]  reported that, following intravenous 
administration in rats, 4% of the dose of polystyrene nanomaterials (50   nm) was 
excreted into bile; however, larger polystyrene microparticles (500   nm) were not 
transported to the bile. Similarly, liposomal - based nanomaterials have been 
reported to be primarily eliminated through the hepatobiliary system  [71, 72] . 

 In conclusion, assessing the toxicokinetic properties  of nanomaterials as com-
pared to larger macro -  or bulk - state materials can be useful in predicting the likeli-
hood that the nano - form of the materials will have altered biological effects. For 
example, an increase in absorption or a change in the distribution pattern may 
result in increased dose of the nanomaterial at the target site for toxicity and/or 
may change the target site. Currently, there is an insuffi cient number of well -
 conducted studies on oral exposure to various nanomaterials to develop accurate 
predictive models. Studies have demonstrated that the qualitatively different physi-
cochemical characteristics of nanoparticles, such as their relatively large and active 
surface area, can result in altered absorption and body distribution compared with 
that of bulk materials, although this depends also on surface chemistry, charge, 
and the specifi c nanomaterial under investigation.   

   10.4.3 
Toxicodynamics 

 Knowledge on the potential toxicity of nanomaterials is limited but rapidly growing. 
There is a body of review papers available  [3, 73 – 75]  that suggest that nanomateri-
als may have different toxicity profi les from their bulk equivalents. The most 
important question for risk assessment is the sensitivity and validity of currently 
existing test systems. It is generally thought that the standard battery will suffi ce, 
but special attention is needed for specifi c endpoints  [76] . Stern and McNeil  [5]  
point out that current data support the need for a material - specifi c risk approach, 
as a generalized risk paradigm for nanomaterials is not emerging from studies 
evaluating biological properties in which careful and adequate characterization of 
materials has been reported. 

 Most of the work that has been done so far addresses primarily the occupational 
hazards associated with the manufacture and handling of nanostructured materi-
als. Some nanomaterials may initiate catalytic reactions and increase their fi re 
and explosion potential and could potentially present a higher risk than similar 
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quantities of a coarser material with the same chemical composition  [77, 78] . 
Experimental studies in rodents and cell cultures have shown that the toxicity of 
nanomaterials may be greater than that of the same mass of larger particles of 
similar chemical composition, although it is often not clear if this is truly due to 
the interaction of the nanomaterials with the cell or due to the interference of the 
nanomaterial with the assay or measurement. In addition to particle surface area, 
other particle characteristics may infl uence the toxicity, including solubility, shape, 
and surface chemistry  [3, 78, 79] . 

   10.4.3.1     In Vivo  Toxicity 
 There are only a limited number of published  oral  toxicity studies using ENMs , 
mostly using insoluble metals and metal oxides. Acute, subacute, and subchronic 
toxicity following oral exposure have been investigated in rodents for several dif-
ferent nanoparticles (e.g., silver , copper , selenium , zinc  and  zinc oxide , and  tita-
nium dioxide  nanoparticles). There is a great demand for studies using chronic 
oral exposure to nanomaterials combined with a broad screen for potential effects 
 [80] . The results of the available oral toxicity studies indicate that, depending on 
the particle size, coating, and chemical composition of the nanoparticles, acute 
toxicity at high doses may occur  [81 – 86] . In a subchronic 28 - day study of 60   nm 
silver nanomaterial  given by oral gavage at dose levels of 0, 30, 300, or 1000   mg 
per kilogram body weight per day, modest effects on body and organ weights, and 
on some blood parameters were observed in the mid -  and high - dose groups. His-
tological studies revealed dose - dependent hyperplasia of the ventral vein in the 
liver  [65] . The  in vivo  micronucleus test revealed no effects upon exposure. In a 
follow - up study, the same group  [87]  reported data on gender - specifi c silver accu-
mulation in the kidneys of rats; however, interpretation of the fi ndings of the study 
is diffi cult, as the treatment groups received different doses of carboxymethylcel-
lulose and the dose of nano - silver was not reported. 

 It is not only the ENM  itself that might trigger biological effects. Since ENMs 
can absorb or bind different compounds on their surfaces  [88] , including proteins 
 [21] , it has been speculated that a so - called  “ Trojan horse ”  effect is possible, where 
ENMs can act as carriers of potentially harmful chemicals and foreign substances 
into the organism  [1] . The use of nano - encapsulates to increase the bioavailability 
of bioactive compounds raises similar concerns. These carrier systems might 
introduce unintended macromolecules, for example, undigested or unmetabolized 
compounds across the GI tract , leading to unknown distribution and accumulation 
and ultimate toxicological effects. However, clear demonstration of such an effect 
has yet to be reported for nanomaterials designed for food - related applications.  

   10.4.3.2     In Vitro  Toxicity 
 Numerous  in vitro  studies using various nanomaterials are available in the scien-
tifi c literature. It is beyond the scope of the current chapter to discuss all these 
studies. Recent reviews suggest that nanomaterials  in vitro  can trigger the release 
of reactive oxygen species and cause oxidative stress and subsequent infl ammation 
by means of interaction with the reticulo - endothelial system  [74, 75, 89 – 91] . While 
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these results are useful for hazard identifi cation of nanomaterials, caution has to 
be exercised when extrapolating results or mechanisms for the hazard characteri-
zation and subsequent human risk assessment  [74] . Especially for the  in vitro  
studies, a solid description and understanding of the interactions of nanomaterials 
with the cell culture medium is required. In addition, colorimetric techniques are 
frequently used as read - out systems. This might be problematic because of the 
interaction of the nanomaterials with the dyes used in these assays  [92, 93] . Thus, 
while  in vitro  studies might be useful in a tiered screening approach, development 
of validated assays and assessment of sublethal changes, for example by means of 
profi ling studies, are recommended  [76, 94] .  

   10.4.3.3    Study Reliability 
 Only a very limited number of repeated - dose oral - exposure studies are available. 
The quality of many studies, however, is disputable, severely limiting the use of 
this information for risk assessment purposes  [1, 95] . For example, in most studies, 
only a single - sized, poorly characterized nanoparticle is used, or nanomaterials are 
administered at unrealistically high doses, or a narrow range of effects are gener-
ally studied  [74] . Evaluation of the quality of a study and thus the reliability of the 
data reported is critical for risk assessment of a nanomaterial. A two - step method 
to objectively evaluate the reliability of safety studies of nanomaterials has recently 
been developed  [95] . The fi rst step utilizes a publicly available tool to rank the 
reliability of the study based on adequacy of design and documentation of methods, 
materials, and results, providing a  “ study score ” . The second step determines the 
completeness of physicochemical characterization of the nanomaterial(s) assessed 
within the study, providing a  “ nanomaterial score ” . This approach is encouraged 
to promote the notion that, for studies conducted with nanomaterials, the combi-
nation of a reliable study and suffi cient nanomaterial characterization is of signifi -
cantly greater value than either of these alone. 

 In addition, when evaluating the plethora of  in vitro  studies with nanomaterials, 
caution has to be exercised when extrapolating their results or mechanisms for 
hazard characterization to subsequent human risk assessment  [74] . The  in vitro  
studies might be suitable in searching for mechanistic explanations of toxic effects, 
or as screening methods in combination with profi ling studies in a tiered hazard 
assessment approach  [76, 94] .    

   10.5 
Conclusions 

 It is the added functionality of nanomaterials    –    due to a combination of their small 
size, physiochemical properties, chemical composition, and surface structure    –    that 
makes these materials different not only from natural small - sized particles, but also 
from their conventional counterparts  [8, 75, 89, 96] . Because of this, unexpected 
toxicological effects might occur. The introduction of nanomaterial - based con-
sumer products into the marketplace in various industrial sectors increases the 
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urgency for a better understanding of the potential negative impacts  that nanoma-
terials may have on biological systems. The main concerns stem from the lack of 
knowledge about the potential effects and impacts of nano - sized materials on 
human health and the environment   [3, 80] . In addition to scientifi c risk assessment -
 related concerns, consumer concerns regarding a new technology such as nanote-
chnology application in food products are mainly related to safety issues  [97] . 

 On the other hand, potential benefi cial effects of nanotechnologies are generally 
well described. Nanotechnologies used to improve certain properties of food prod-
ucts can range from the use of so - called soft nanomaterials like micelles and vesi-
cles to encapsulate nutrients and deliver them to specifi c locations in the 
gastrointestinal tract, to the use of nano - formulated substances to improve the 
fl ow behavior of powdered foodstuffs. It is generally agreed among toxicologists 
that the supramolecular structures that are designed to break down within the 
gastrointestinal tract constitute relatively low risks, assuming that the molecules 
used to make these structures are safe. Also, nanomaterials that easily dissolve in 
water or are biodegradable will most likely not be very hazardous. 

 Most of the concerns of applications of nanotechnologies in food are focused 
on insoluble, free, and persistent nanomaterials that potentially can pass certain 
barriers and enter the body, and subsequently enter certain tissues or even indi-
vidual cells. Because of their persistent nature, they can stay there for prolonged 
periods and induce harmful effects. A special, food - related case of concern is 
represented by nano - formulations designed to increase the bioavailability of the 
bulk equivalent. This might impact on the toxic profi le of these compounds, and 
needs to be assessed. Importantly, future studies on the safety  of nanomaterials 
must address the considerations discussed earlier in this chapter, including ade-
quate characterization of the nanomaterial, dose metrics, method validation, and 
study design, to facilitate interpretation of the data and comparison of results from 
study to study. Only when suffi cient studies of high quality are available will we 
achieve a greater understanding of the biological effects of nanomaterials. 

 Techniques in biotechnology, X - omics, and next - generation sequencing might 
offer valuable instruments to generate an understanding of the mechanism of 
biological action of nanomaterials, offering a battery of responses from biological 
systems (e.g., a fi ngerprint of the ENM  in a biological matrix). In addition, com-
bining physiochemical properties integrated with dose – response information 
from biokinetic and biodynamic studies should be combined in cross reading 
approaches, like  quantitative structure – activity relationship s ( QSAR s), to allow the 
prediction of the toxicity of a substance using a computer model. These  in silico  
approaches are still under development for conventional chemicals and are driven 
by the European  REACH  ( Registration, Evaluation, Authorization, and Restriction 
of Chemicals ) initiative. 

 Globally, the scientifi c and industrial communities need to come together to 
resolve the key issues of safety  of the use of nanomaterials in food. At this stage 
of lack of knowledge of nanotoxicology, it is unavoidable that risk assessors need 
as much information as possible about nanoparticles and their appearance and 
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behavior in biological matrices and organisms. This is a prerequisite to fully exploit 
the benefi ts of nanomaterials without exposing the public to harm.  
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    11.1 
Background 

 Recent advances in nanosciences and nanotechnologies have led to great interest 
in the study and potential manipulation of the properties of materials and sub-
stances at the nanoscale. Like other sectors, the new technological developments 
are promising to revolutionize the food sector    –    from production to processing, 
packaging, distribution, storage and consumption. The main focus of research and 
development in the food processing area relates to the development of processed 
nanostructures in food, and nano - sized food additives. The use of  engineered 
nanomaterial s to improve properties of plastic polymers has opened up another 
major application area for the development of innovative food packaging materials. 
Similar developments in the agricultural sector, although mainly at research and 
development stage at present, could offer many more potentially large - scale appli-
cations of nanotechnologies for food production. Despite the promise of enormous 
benefi ts , such developments have also raised a number of safety , ethical, policy, 
and regulatory questions . In particular, the likelihood of consumer exposure to 
potentially harmful engineered nanomaterials through consumption of nano -
 enabled  foods and drinks has led to calls for a moratorium, or an outright ban, on 
the use of nanotechnologies until they are proven to be safe to consumers and the 
environment   [1 – 3] . 

 As for conventional substances, any risk to consumers from the use of engi-
neered nanomaterials will be dependent on the toxicological properties of the 
materials, as well as the likelihood, extent, and frequency of any exposure. This 
will inevitably depend on the properties of the engineered nanomaterials used, 
and the nature of each application. In some applications, for example in food 
packaging, engineered nanomaterials may be incorporated in a fi xed, bound or 
embedded form, and thus may not pose a signifi cant risk of exposure to the con-
sumer. Other applications may, on the other hand, contain free nanoparticles and 
therefore pose a relatively greater risk to the consumer. 

  11 
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 This chapter discusses the potential implications of nanotechnology applications 
for  consumer safety  in the light of the different existing and anticipated applica-
tions in the food and related sectors. The chapter also discusses the relevance of 
existing regulatory frameworks  in relation to controlling the potential risks of 
nanotechnology applications to the consumer.  

   11.2 
Nanomaterials Likely to be Used in Food and Related Applications 

 Based on the available information, the engineered nanomaterials likely to be used 
in nano - enabled food products  fall into three main categories: inorganic, surface 
functionalized , and organic engineered nanomaterials  [4] . In addition to the delib-
erately manufactured engineered nanomaterials, there is also a possibility that 
some micronized materials may also contain a nanoscale fraction due to a natural 
variation in the size range of manufactured materials  [5] . Some engineered nano-
materials may also end up in food products as a result of environmental contami-
nation , migration from packaging, contact with active surfaces, or from the use of 
nano - sized agrochemicals (e.g., pesticides or  veterinary medicine s). 

   11.2.1 
Inorganic Nanomaterials 

 A number of inorganic engineered nanomaterials are known to be used in food 
and health food products and food packaging applications. These include engi-
neered nanomaterials of transition metals (such as silver , titanium dioxide and 
iron), alkaline earth metals (such as calcium and magnesium), and non - metals 
(such as selenium  and silicates)  [4, 6] . Food packaging is currently the major area 
of application of inorganic metal and metal oxide engineered nanomaterials. 
Example applications include plastic polymers with nanoclay as a gas barrier, 
nano - silver and nano - zinc oxide for antimicrobial action, nano - titanium dioxide 
for  ultraviolet  ( UV ) protection, nano - titanium nitride as a processing aid, and 
nano - silica for surface coating. 

 Nano - silver is increasingly used as an antimicrobial , antiodorant, and (pro-
claimed) health supplement. Although the current use of nano - silver relates 
mainly to health food and packaging applications, its use as an additive in anti-
bacterial wheat fl our is the subject of a recent patent application  [7] . 

 Amorphous silica has been used for many years in food applications, such as 
in clearing of beers and wines, and as a free - fl owing agent in powdered soups. 
The conventional bulk form of silica is a permitted food additive (SiO 2  INS 551). 
Porous silica is used in nano - fi ltration to remove undesired components in food 
and beverages    –    such as undesirable tastes in some plant extracts. Amorphous 
nano - silica is also known to be used in food contact surfaces  and food packaging 
applications. 

 The conventional bulk form of titanium dioxide is already approved as an addi-
tive for food use (TiO 2  INS 171). Nano - titanium dioxide is currently used in a 
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number of consumer products (e.g., paints, coatings, cosmetics, water treatment) 
but its use may extend to foodstuffs. For example, a US Patent (US 5741505) 
describes the potential application of nanoscale inorganic coatings directly on food 
surfaces to provide a barrier to moisture and oxygen to improve shelf - life, and/or 
the fl avor impact of foods. The materials described for the nano - coatings, which 
are intended to be applied in a continuous process as a thin amorphous fi lm of 
50   nm or less, include titanium dioxide, along with silicon dioxide and magnesium 
oxide. The main intended applications described in the patent include confection-
ary products. However, to our knowledge, this technology has not so far been used 
in any commercial application. 

 Nano - iron is available commercially as a health supplement. Zero - valent  nano -
 iron  is also used in the treatment of contaminated water, where it is claimed to 
decontaminate water by breaking down organic pollutants and killing microbial 
pathogens. Nano - selenium is being marketed as an additive to a green tea product 
in China, with a number of (proclaimed) health  benefi ts resulting from the 
enhanced uptake of selenium.  Nano - calcium  salts are subject to patent applica-
tions for intended uses in chewing gums (WO/2004/028262, and US Patent 
20060034975    –    Coated Chewing Gum    –    Sustech GmbH  &  Co. KG, Darmstadt, 
Germany). Nano - calcium and  nano - magnesium  salts are also available commer-
cially as health supplements.  

   11.2.2 
Surface - Functionalized Nanomaterials 

 Surface - functionalized nanomaterials are the second - generation engineered nano-
materials that can add certain functionality to the matrix, such as antimicrobial 
activity or a preservative action, for example, through absorption of oxygen. For 
food packaging materials, functionalized engineered nanomaterials are used to 
bind with the polymer matrix to offer mechanical strength or a barrier against 
movement of gases, volatile components (such as fl avors) or moisture. One such 
example is the use of functionalized  nanoclay s to develop food packaging materials 
with enhanced gas barrier properties. The nanoclay mineral is mainly montmo-
rillonite (also termed bentonite), which is a natural clay obtained from volcanic 
ash/rocks. Nanoclay has a natural nanoscale layer structure and is organically 
modifi ed to bind to polymer matrices. Compared to unmodifi ed engineered nano-
materials, the surface - functionalized engineered nanomaterials are more likely to 
react with different food components, and therefore become bound to food 
matrices. They are thus less likely to be available in free particulate forms in food, 
and also unlikely to migrate from packaging materials.  

   11.2.3 
Organic Nanomaterials 

 A number of organic nano - sized materials, many of them naturally occurring, have 
been developed for use in food and feed products. These include vitamins, 
antioxidants, colorants, fl avoring agents, and preservatives, which may be 
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encapsulated in nano - delivery systems. The main proclaimed benefi ts of using a 
nano - sized organic additive over conventional forms are better dispersion of insol-
uble substances in foodstuffs without the need for additional fat, increased uptake 
and absorption, and improved bioavailability in the body. There are a wide range 
of available food additives (e.g., benzoic acid, citric acid, ascorbic acid) and sup-
plements (e.g., vitamins A and E, isofl avones,  β  - carotene, lutein, omega - 3 fatty 
acids, coenzyme - Q10). A synthetic nano - sized water - dispersible form of lycopene, 
a naturally occurring carotenoid in tomatoes, is also available commercially with 
a reported particle size in the range of 100   nm. Lycopene has been notifi ed as of 
 GRAS  ( generally regarded as safe ) status to the  Food and Drug Administration  
( FDA ) in the USA (GRAS Notice GRN000119/2002), and a recent  European Food 
Safety Authority  ( EFSA ) opinion has also considered its use in food and beverages 
as safe  [8] . However, the evaluations by both EFSA and the  Joint FAO/WHO Expert 
Committee on Food Additives  ( JECFA ) do not include the use of nano - sized forms. 
It is not known if the nano - form of the material is currently used in any food or 
beverage product.   

   11.3 
Potential Consumer Safety Implications 

 It is known that materials manufactured at a nanometer scale can behave differ-
ently from their conventional equivalents, in terms of physicochemical properties, 
behavior, and interactions with other substances. For example, properties of engi-
neered nanomaterials in the lower range of the nanometer scale are likely to be 
infl uenced by quantum effects compared to larger - sized equivalents. It is also 
possible that such changes in properties can lead to a signifi cant deviation in the 
anticipated effects and impacts of engineered nanomaterials on biological systems. 
Studies have already suggested a change in the toxicity profi le for some engineered 
nanomaterials compared to conventional equivalents  [9, 10] . For example, expo-
sure to some engineered nanomaterials has been shown to cause induction of 
oxyradical generation in both  in vitro  and  in vivo  studies, which may lead to oxida-
tive stress and infl ammatory reactions  [11 – 13] . 

 Another important aspect in relation to the potential harmful effects  of engi-
neered nanomaterials is their ability (especially of free nanoparticles) to penetrate 
biological membranes that act as barriers to the entry of particulate substances 
into cells and tissues  [14, 15] . This adds a new dimension to the toxicology of 
particulate materials, as certain insoluble and potentially reactive or biopersistent  
nanoparticles may reach new targets in the body, where the entry of larger equiva-
lents would be restricted  [16 – 22] . 

 Owing to their enormous surface free energies , engineered nanoparticles can 
adsorb or bind different compounds and moieties on their surfaces  [23] . This, 
combined with their ability to cross cellular barriers, poses a potential risk of such 
particles acting as a carrier of harmful substances into the circulatory system, and 
to other unintended organs in the body. Depending on the surface chemistry, it 
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is also known that systemically introduced engineered nanomaterials can interact 
with various biological entities, such as plasma proteins, platelets, and cells  [23, 
24] . In biological environments, nanoparticles may become coated with different 
biomolecules, especially proteins  [25] . Such coatings may also direct them to spe-
cifi c parts of the body. For example, coating of nanoparticles with apolipoprotein 
E has been associated with their transport to the brain  [26] . This suggests that 
engineered nanomaterials can undergo various interactions and transformations 
in both food and biological systems, which can infl uence their  absorption, distribu-
tion, metabolism, and excretion  ( ADME ) properties  [27] , and may lead to a 
deviation in their biological effects. 

 While there is a growing literature on the inhalation toxicity of engineered 
nanomaterials, only a limited number of studies have been carried out so far on 
the translocation and distribution of nanoparticles to various organs and tissues, 
and their effects following oral administration. The diffusion rate of particulate 
materials through the  gastrointestinal  ( GI ) mucus is reported to be dependent on 
a number of factors, such as size, charge  [28] , and surface coating  [29] . The trans-
location from the gastrointestinal tract has been found to be greater for nano - sized 
particles than for larger ones  [20, 30] . Engineered nanomaterials in the smaller 
nanometer range have also been found to cross the mucus layer faster than the 
larger ones  [17, 18] . Within the gastrointestinal tract, the rate of uptake of nano-
particles has been reported to be between 2 and 200 times greater in the Peyer ’ s 
patches compared to that in the enterocytes  [20] , despite the fact that Peyer ’ s 
patches only represent around 1% of the total intestinal surface area. 

 Jani  et al.   [22]  demonstrated that titanium dioxide nanoparticles (rutile, 500   nm) 
translocated to systemic organs, such as the liver and spleen, following oral gavage 
(forced feeding) for 10 days to female Sprague – Dawley rats. The nanoparticles 
were also detected in the lungs and peritoneal tissues, but not in the heart and 
kidney. Oral administration of colloidal gold nanoparticles  (58, 28, 10, and 4   nm) 
to mice has been shown to result in an increasing distribution of smaller nano-
particles to different organs  [17] . Following repeated oral administration of nano -
 silver (60   nm) at different dose levels, accumulation of the nanoparticles has been 
observed in the GI tract  of Sprague – Dawley rats, followed by the kidney and liver, 
lungs, testes, brain and blood  [31] . 

 The insoluble, biopersistent  engineered nanomaterials are typically taken up by 
the M - cells of Peyer ’ s patches and passed to underlying macrophages, where they 
accumulate and appear as pigmentation in cells at the base of human intestinal 
lymphoid aggregates  [32] . The few studies carried out so far have not found a clear 
association between dietary particulates (micro -  or ultra - fi ne) with the initiation or 
exacerbation of gut diseases, such as Crohn ’ s disease or irritable bowel syndrome 
 [33, 34] . In an  in vitro  study on human epithelial cell cultures, Chen and von 
Mikecz  [35]  have shown that fl uorescently labeled silica nanoparticles smaller than 
70   nm could enter cell nuclei. The study also found protein accumulation in the 
nuclei and indication for impairment of  deoxyribonucleic acid  ( DNA ) replication 
and transcription. However, the relevance of the fi ndings to potential  in vivo  effects 
of orally ingested  nano - silica  is not certain. Some engineered nanomaterials, such 
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as nano - silver, are also known to have strong antimicrobial activity. The ingestion 
of such engineered nanomaterials via food may have a deleterious effect on the 
gut natural microfl ora. However, there is no published research at present on the 
potential effects of nano - silver or other antimicrobial engineered nanomaterials 
on the gut microfl ora. 

 A healthy digestive system allows the absorption of nutrients from the gastroin-
testinal tract after digestion of the food components. The gut wall is designed to 
let the digested dietary nutrients through, but to prevent translocation of larger -
 sized materials or foreign substances into the circulatory system. Our food is 
composed of complex natural polymers, such as proteins, carbohydrates, and fats. 
Many of these food components either exist, or are metabolized, at a nanoscale. 
In that sense, it seems that our bodies are used to dealing with nanostructures all 
the time. However, most of these materials are those that are either digested in 
the gastrointestinal tract, or are excreted from the body, and hence are not biop-
ersistent . Many engineered nanomaterials falling in such  “ soft ”  categories would 
be expected to be dealt with in the body in a similar way as the conventional 
equivalents, and therefore should not pose any different risk to the consumer. 
The exception may be those engineered nanomaterials that are composed of a 
harmful substance, but such materials are highly unlikely to be used for food 
applications. 

 The consumer safety concerns relate mainly to the potential exposure to those 
engineered nanomaterials that are insoluble, indigestible, and biopersistent . If 
such  “ hard ”  nanomaterials are used for food applications, consumption of the food 
products will provide a direct route of entry of the engineered nanomaterials into 
the body. Although the potential use of  “ hard ”  engineered nanomaterials has 
raised a number of consumer safety concerns, there are major knowledge gaps in 
this area at present to allow an adequate assessment of any risk . For example, the 
behavior, interactions, fate, and effects of most engineered nanomaterials inside 
and outside the gastrointestinal tract are currently not known. It is possible that 
many  “ hard ”  engineered nanomaterials, when added to food products, will not 
remain in a free particulate form due to agglomeration, aggregation, binding with 
other food components, transformations due to reaction with stomach acid or 
digestive enzymes, and so on, and hence will not be available for translocation 
from the gastrointestinal tract. The lack of validated methodologies for detection 
and characterization of engineered nanomaterials in food matrices  is also cur-
rently a major barrier in regard to further developments in this area.  

   11.4 
Current and Projected Applications for Food 

 A number of recent reports and reviews have highlighted the current and projected 
uses of engineered nanomaterials for food and food packaging applications 
 [4, 5, 36 – 40] . A review by Chaudhry  et al.   [4]  has identifi ed the following main 
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categories of known and projected applications of nanotechnologies for the food 
and related areas: 

   •      processed nanostructures in foodstuffs;  
   •      nano - sized food additives;  
   •      incorporation of engineered nanomaterials into coatings, packaging materials, 

and (bio)nanosensors;  
   •      nano - enabled pesticides, veterinary medicines and other agrochemicals.    

   11.4.1 
Processed Nanostructures in Foodstuffs 

 The advent of new probe microscopy tools in the early 1980s, such as atomic 
force microscopy, enabled the study and better understanding of the structures 
of food components close to the molecular level. This further enabled the 
development of new food textures through rational design of natural nanostruc-
tures, rather than by empirical guesswork  [41] . This knowledge is driving the 
development of innovative food products based on nanostructures (also termed 
nanotextures), in the form of stable nano - micelles and liposomes. The methods 
commonly used for this purpose involve development of nano - emulsions, sur-
factant micelles, emulsion bilayers, double or multiple emulsions or reverse 
micelles  [42] . 

 The nanostructured food products are expected to offer novel or improved food 
tastes, textures, and mouth sensations. A typical example of this technology can 
be envisaged in the form of a low - fat food, which because of nanostructuring has 
a creamy texture and taste that is similar to its full - fat equivalent. At present there 
is no known example of a commercially available nanostructured food, although 
a number of products are understood to be in the research and development 
pipeline    –    some of which may be near market. An example of a product currently 
under research and development is a mayonnaise that is composed of an emulsion 
that contains nano - sized droplets of water inside. The mayonnaise would offer 
taste and texture attributes similar to the full - fat equivalent, but with a signifi cant 
reduction in the fat content  [43] . It can be envisaged from the nature of these 
applications that developments in this area will be aimed at those food products 
that are traditionally high in fat content, such as spreads, mayonnaises, creams, 
ice creams, sauces, dressings, and so on. Depending on their safety , scale of 
market penetration, and acceptance by the consumers, the nanostructured food 
products could provide a useful means to the consumer to reduce their dietary 
intake of fat, while still enjoying tasty foodstuffs. 

 This area of application is expected to involve mainly the use of  “ soft ”  nanoma-
terials that are likely to be digested in the gastrointestinal tract. As discussed 
in Section  11.1 , this application area should not raise any special consumer 
safety concerns, and as such need not be branded  “ nanotechnology ” . The 
safety evaluations  for such applications should, however, consider whether 
nanoscale processing of some food ingredients could lead to a drastic change in 
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the digestibility, uptake, and bioavailability of the resulting nanostructures in the 
body.  

   11.4.2 
Nano - sized Food Additives 

 The development of nano - sized food additives and supplements represents an 
emerging area of nanotechnology applications, which could potentially exploit a 
much wider range of food and health food products. The applications involve the 
use of nano - sized or nano - encapsulated food additives, such as colors, preserva-
tives, fl avoring agents, and supplements. A number of nano - sized additives are 
already available in some countries. Examples include minerals, antimicrobials, 
vitamins, and antioxidants. Virtually all such additives and supplements claim 
improved absorption and bioavailability in the body compared with their larger -
 sized equivalents  [4] . The technology employed for this purpose involves the 
development of nano - sized substances, or nano - encapsulating them in the form 
of micelles, liposomes or biopolymer - based carrier systems. These methods have 
also been used to develop delivery systems for additives and supplements for use 
in food and beverage products. 

 Nano - encapsulation offers benefi ts similar to micro - encapsulation, that is, in 
terms of preserving the ingredients and additives during processing and storage, 
masking unpleasant tastes and fl avors, controlling the release of additives, improv-
ing the dispersion of water - insoluble food ingredients and additives, and improving 
the uptake of encapsulated nutrients and supplements. The concept of nano -
 delivery systems seems to have originated from medical research into targeted 
delivery of drugs and therapeutics. While the use of nano - carrier technology in food 
and related applications can offer a number of benefi ts, such as increased absorp-
tion and uptake, and improved bioavailability of nutrients and supplements, it also 
has the potential to alter the ADME characteristics of the substances in the body. 

 For example, using this approach, a water - soluble food additive can be rendered 
fat dispersible, or vice versa. Such transformations may not have an adverse health 
implication, provided that the nano - carrier breaks down and releases its contents 
in the gastrointestinal tract. In such a case, the risk of the encapsulated substance 
will not be any different from that of its conventional equivalent. However, if a 
nano - carrier is capable of delivering a substance to the circulatory system and other 
parts of the body, the altered ADME characteristics of some additives may pose 
an increased risk to the consumer ’ s health . The safety considerations  for this 
technology should also need to ensure that a nano - carrier does not act as a  “ Trojan 
horse ” , in terms of facilitating the translocation of potentially harmful or foreign 
materials from the GI tract  to other unintended parts of the body. 

 As discussed in Section  10.1 , the main risk to consumers from nano - additives 
in food is, however, expected to arise from the use of insoluble and biopersistent  
 “ hard ”  engineered nanomaterials.  
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   11.4.3 
Applications for Food Packaging 

 Nanotechnology applications for  food contact material s ( FCM s) and especially food 
packaging materials constitute the largest market share of the current and short -
 term predicted applications for the food sector  [4, 44] . While most nanotechnology 
applications in the food and agriculture sectors are currently at research and 
development or near - market stages, the applications for food packaging seem to 
have become a commercial reality in some countries. The likely benefi ts of the 
technology include nano - enabled packaging materials that are lightweight but 
strong, and/or that can prolong shelf - life of the packaged foodstuffs. Considering 
the fi xed or embedded nature of engineered nanomaterials in plastic polymers, 
this area of application is not expected to pose any signifi cant risk to the consumer 
due to lack of migration into the packaged foodstuffs. A variety of nano - enabled 
packaging materials are currently available worldwide. The main applications in 
this area fall into the following broad categories  [4, 45] : 

   •      engineered nanomaterial – polymer composites (including biodegradable com-
posites) with improved packaging properties in terms of fl exibility, gas barrier 
properties, and temperature and moisture stability;  

   •      active  food contact materials incorporating engineered nanomaterials with 
antimicrobial or oxygen scavenging  properties;  

   •      intelligent or smart packaging concepts, incorporating nanosensors that can 
monitor and report food quality during transportation and storage.    

 Nanoclays have been incorporated into a variety of polymer composites for 
improved gas barrier properties. These include polyamides, polyolefi ns, polysty-
rene, ethylene – vinyl acetate copolymer, epoxy resins, polyurethane, polyimides, 
and polyethylene terephthalate. Known applications of the nanoclay – polymer com-
posites include multilayer fi lm packaging, bottles for beer and carbonated drinks, 
and thermoformed containers. 

 Metal and metal oxide engineered nanomaterial – polymer composites have been 
developed for a range of purposes, such as antimicrobial surfaces , abrasion resist-
ance, ultraviolet absorption, or mechanical strength. The main engineered nanoma-
terials used in this area include nano - silver and nano - zinc oxide for antimicrobial 
action, nano - titanium dioxide for ultraviolet protection, nano - titanium nitride as a 
processing aid, and nano - silica for surface coating. For example, a number of 
 “ active ”  food contact materials incorporating nano - silver are available commercially 
that are claimed to preserve the food materials by inhibiting the growth of micro -
 organisms on the food contact material surface. These include plastic food storage 
containers and bags. Nano - silver is also reported to have been incorporated into the 
plastic linings of many domestic refrigerators to prevent microbial growth, to main-
tain a clean environment, and to aid cleaning. In this regard, the discovery of anti-
microbial properties  of nano - zinc oxide and nano - magnesium oxide provides more 
affordable materials for applications in food packaging  [46] . A plastic wrap contain-
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ing nano - zinc oxide is currently available in Taiwan, which is claimed to sterilize 
under indoor lighting conditions. Any signifi cant extension in the shelf - life of pack-
aged food products should contribute toward reducing the waste of foodstuffs. 

 A range of coatings containing engineered nanomaterials is available for anti-
microbial , scratch - resistant, anti - refl ective, or corrosion - resistant surfaces. Exam-
ples of these include silver nano - coating  on kitchenware, cutting boards, teapots, 
and other kitchen objects. Antibacterial  nano - coatings on food preparation sur-
faces, such as meat cutting machinery in abattoirs, and food preparation and 
processing surfaces and conveyer belts, could also help to maintain hygiene during 
food processing. This may have special benefi ts for complex or hard - to - reach parts 
that are diffi cult to clean in place. 

 Nanotechnology has also enabled the development of nanosensors that can be 
applied as labels or coatings to add an intelligent function to food packaging in 
terms of ensuring the integrity of the package through detection of leaks (e.g., for 
foodstuffs packed under vacuum or inert atmosphere), indications of time –
 temperature  variations (e.g., freeze – thaw – refreezing), or microbial safety (deterio-
ration of foodstuffs). Food safety also requires confi rmation of the authenticity of 
products. This is where application of nano - barcodes incorporated into printing 
inks or coatings has shown the potential for use in tracing the authenticity of the 
packaged product  [47] . 

 Any consumer safety concerns from nano - enabled food packaging and labels 
will only arise if engineered nanomaterials migrate into the packaged foodstuffs. 
Currently, there are only a few published studies on the migration of engineered 
nanomaterials from packaging materials. Avella  et al.   [48]  determined the migra-
tion of Fe, Mg, and Si from a biodegradable starch – nanoclay nanocomposite fi lm 
into packaged vegetables (lettuce and spinach). The results showed an insignifi -
cant increase in the levels of Fe and Mg in the packaged vegetables, while a con-
sistent increase in Si (the main component of nanoclay) was noted. 

 A recent study by  Š imon  et al.   [49]  modeled the potential migration of engi-
neered nanomaterials from different food contact materials on the basis of physi-
cochemical parameters. The modeling predicted that any detectable migration of 
engineered nanoparticles from packaging polymers to packaged foodstuffs will 
take place only: (i) in the case of very small nanoparticles with a radius in the lower 
nanometer range; (ii) for polymers with a low dynamic viscosity such as polyole-
fi ns; and (iii) with no nanoparticle – polymer binding. 

 Another recent (unpublished) study by Bradley  et al.  (FERA, York) determined 
the migration of nanoclay components from commercial beer bottles that had a 
nanoclay composite embedded between  polyethylene terephthalate  ( PET ) layers. 
The study also determined the migration of nano - silver from commercial food 
containers made of polypropylene – nano - silver composite. The study found no 
detectable migration of nanoclay from PET bottles, and noted only a very low 
migration of silver (less than the limit of quantifi cation) from food containers 
made of polypropylene – nano - silver composite. In either case, the presence of the 
engineered nanomaterials did not affect migration of other non - nano - components 
from the packaging materials. While these few studies provide some reassurance 
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in the safety  of nano - enabled food packaging materials, more tests will be needed 
to establish migration patterns for other engineered nanomaterial – polymer 
composites.  

   11.4.4 
Applications in Food Production 

 The likely benefi ts of substituting active ingredients or carriers with nano - sized 
equivalents has opened up new avenues for research into potential applications of 
engineered nanomaterials to develop novel formulations of pesticides, veterinary 
medicines, and other agrochemicals, such as fertilizers and plant growth regula-
tors  [50, 51] . The anticipated benefi ts include a potential reduction in the use of 
certain agrochemicals, better dispersions, and control of dosage and applications 
of the nano - formulations in the fi eld. 

 Theoretically, any nano - sized mineral, vitamin, or other additive or supplement 
developed for a food application can equally be used for animal feed. There are a 
few examples of available products where a nano - sized additive has been specifi -
cally developed (or is under development) for animal feed. For example, 
certain nano - grade vitamin mixes are available commercially for use in poultry 
and livestock feed. Examples of research and development in this area include a 
feed additive comprising a natural biopolymer from yeast cell walls that 
can bind mycotoxins to protect animals against mycotoxicosis, and an 
afl atoxin - binding nano - additive for animal feed, which is derived from modifi ed 
nanoclay  [52] . A polystyrene nanoparticle, with  polyethylene glycol  ( PEG ) linker 
and mannose targeting biomolecule, has also been developed that adheres to 
 Escherichia coli . Administration of the nanoparticle through feed is likely to be 
helpful in removing food - borne pathogens in the gastrointestinal tract of the 
animals  [53] . 

 Research is also being carried out into the development of various nano - sized 
agrochemicals, such as fertilizers, pesticides, and veterinary medicines. The use 
of nano - sized active ingredients has been suggested to offer improved delivery of 
the agrochemicals in the fi eld, better effi cacy of pesticides, and better control over 
dosing of veterinary products. For example, nano - encapsulated and solid lipid 
nanoparticles have been explored for the delivery of agrochemicals  [54] , such as 
slow -  or controlled - release fertilizers and pesticides. One example is a combined 
fertilizer and pesticide formulation encapsulated in nanoclay for the slow release 
of growth stimulants and bio - control agents  [2] . Fertilizer compositions, claimed 
to contain nano - sized micronutrients, and micronized (volcanic) rock dust, are 
available commercially for remineralization of soil. 

 Despite a great deal of industrial interest in the use of nanotechnologies in the 
food production area, examples of the available products at present are very few 
and far between. Most of the developments seem to be currently at the research 
and development stage. However, such applications have the potential for large -
 scale use in the future, which is also likely to increase the potential exposure to 
agrochemicals used in food production.   
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   11.5 
Implications for Regulatory Frameworks 

 In many countries, regulatory frameworks  exist for pre - market evaluation for food 
products. Despite some regulatory uncertainties  [55, 56] , the new developments 
in nanotechnology are taking place in a regulatory vacuum, as the potential risks 
will be controlled under the existing frameworks  [57] . These relate to a plethora 
of regulatory frameworks on general food safety, food additives, novel foods, spe-
cifi c health claims, chemical safety, food contact materials, water quality, and other 
specifi c regulations on the use of certain chemicals in food production and protec-
tion, such as biocides, pesticides, veterinary medicines, and so on. Environmental 
regulations are also likely to capture the use of engineered nanomaterials in food 
packaging, and agri - food production applications. 

 Examples of general food laws include the Federal Food, Drug, and Cosmetic 
Act (the FDC Act) in the USA, which is administered by the Food and Drug 
Administration, 1)  the European Commission ’ s Food Law Regulation  178/2002, 
which sets down the general principles and requirements of food law within the 
European Union and provides for the establishment of the  European Food Safety 
Authority  ( EFSA ), and the Australia New Zealand Food Standards Code (the Food 
Standards Code). 2)  

 Most countries also have legislation relating to food contact materials, setting out 
(approved) materials and additives that can be used for food packaging, and accept-
able levels of migration of substances from packaging into foodstuffs. The legisla-
tion takes different forms in different countries, but the principles    –    to help ensure 
consumer protection and avoid contamination of foodstuffs    –    are universal. The 
relevant regulations  require that food contact materials should be made and used 
in such ways that they do not transfer constituents to food in quantities that could: 

  a)     endanger human health;  
  b)     bring about an unacceptable change in composition; or  
  c)     bring about deterioration in organoleptic characteristics thereof.    

 There are also certain cross - cutting horizontal regulations  that are relevant to 
nanotechnology applications for food and food packaging. An example of this in 
Europe is the Directive 2001/95/EC of 3 December 2001 on General Product Safety 
(in force since 14 January 2004, replacing Directive 92/59/EC). This legislation 
embodies the main principle that only safe products can be placed on the market. 
Briefl y, a safe product is one that, under normal and reasonably foreseeable condi-
tions of use, does not present any risk (or only the minimum acceptable risk), 
taking into account the characteristics, effects, presentation of the products, and 
the categories of persons at risks. Owing to its broad and horizontal scope, the 
Directive applies to risks that are not covered by other specifi c European Union 

 1)     For the purposes of this chapter, other 
relevant legislative instruments include the 
Dietary Supplement Health and Education 
Act of 1994, the Food Additive Amendment 

 2)     Available at:  http://www.foodstandards.
gov.au/foodstandards/foodstandardscode/ . 

Act of 1958, and the Code of Federal 
Regulations. 
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provisions on products. Thus it applies to products containing engineered nano-
materials, with the onus of ensuring the safety of such products resting with the 
person who places them on the market. Another notable regulation relevant to 
nanotechnology applications for food packaging is the EU ’ s chemicals regulation  
(EC 1907/2006, in effect from 1 June 2007)  REACH  ( Registration, Evaluation, 
Authorization, and Restriction of Chemicals ), which requires registration of all 
substances that are produced and/or marketed in the European Union above 
1   t   yr  − 1     –    as such, in preparations, or in articles. 

 A number of studies have assessed the relevance and adequacy of existing regu-
latory frameworks  in relation to the increasing applications of nanotechnologies 
for the food sector  [55, 58 – 61] . Findings of these reviews suggest that the current 
regulatory frameworks for food and food contact materials in different jurisdic-
tions, such as the European Union, the USA, and Australia, are broad enough to 
 “ catch ”  nano - enabled food and food contact materials. A few uncertainties in regu-
latory frameworks, however, appear to arise from the current lack of understand-
ing in relation to, for example, a clear defi nition that encompasses the distinctive 
properties of nano - ingredients and additives, a clearly defi ned responsibility and 
liability for relevant products and applications, appropriate permissible limits that 
relate to the (potential) effects of nano - substances in food, and an exclusive pre -
 market approval system for nano - enabled food products. Nevertheless, a case - by -
 case assessment of the safety of intended applications by the manufacturers (as 
recommended in the recent EFSA opinion [5]) should ensure that only safe appli-
cations of the new technology are placed on the market. 

 In this regard, there are also some recent developments in the regulatory area . 
These include recasting of key European regulatory instruments , such as Regula-
tion 258/97 (the Novel Foods Regulation), which requires safety assessment of any 
food product that does not have a signifi cant history of use in the European Union, 
or that is produced using a new production process, or that gives rise to signifi cant 
changes in the nutritional value, metabolism or level of undesirable substances of 
the foods or food ingredients. The legislation is currently being reviewed in 
Europe, and is expected to include a specifi c reference to foods modifi ed by new 
production processes  “ such as nanotechnology and nanoscience, which may have 
an impact on food ” . 

 The use of food additives in the European Union is currently controlled by the 
Food Additives Framework Directive) and the subordinate legislation. Subject to 
adoption by the European Community, the Food Additives Framework Directive 
will be replaced by a common authorization system in 2010, which will provide 
for a common basis of controls on food additives (EC Regulation No. 1333/2008), 
food enzymes (EC Regulation No. 1332/2008), and food fl avorings (EC Regulation 
No. 1334/2008). The adoption of the common authorization procedure will also 
bring together all of the existing food additive regulations, and will introduce 
comitology 3)  for the approval of the three categories of substances. The most 
relevant aspect in relation to the use of nano - sized food additives in the new 

 3)     Comitology in the European Union refers to the committee system that oversees the delegated 
acts implemented by the European Commission. 



 204  11 Nanomaterials in Food and Food Contact Materials

Regulation is the re - evaluation of safety assessment, which will ensure that food 
additives, once permitted, are kept under continuous observation and re - evaluation. 
Therefore, under the new Regulation, producers or users of food additives that are 
 “ signifi cantly different from those included in the risk assessment of the Authority 
or different from those covered by the specifi cations laid down ”  will be obliged to 
inform the Commission of any new information that may affect their safety assess-
ment. Also, under the new Regulation, the EFSA will be invested with the power 
to re - evaluate a food additive on the basis of  “ new scientifi c information ” . 

 The commercial exploitation of nanotechnology is almost concurrent to that of 
the start of online marketing of consumer products via the Internet. Virtually all 
of the currently available nanotechnology - derived consumer products in the areas 
of food and health food can be bought via the Internet anywhere in the world. The 
global boundaries of online marketing have also raised questions over the appli-
cability and effectiveness of national food laws to control risks from products that 
may be produced abroad but are bought by a consumer through the Internet for 
personal consumption. This results in the regulation of nanotechnology products 
to be applied at the global scale, together with establishing liabilities, which poses 
a challenge in that food laws in many countries may not conform to each other. 
As research clears some of the main scientifi c uncertainties in the coming years, 
issues like these will need resolving at the international level through the develop-
ment of frameworks that relate to global trade agreements.  

   11.6 
Conclusions 

 The overview of nanotechnology applications presented in this chapter shows a 
variety of benefi ts for the whole of the food chain    –    from new or improved tastes, 
textures, and mouth sensations, through potential reduction in the dietary intake 
of fat and various food additives, to enhanced absorption of nutrients, preservation 
of quality and freshness, better traceability, and security of food products. It is also 
clear that currently there are major knowledge gaps in our understanding of the 
properties, behavior, and effects of the engineered nanomaterials that may be used 
in food applications. While these knowledge gaps make it diffi cult to assess the 
risk of such applications to a consumer, a careful consideration of the materials 
and applications can provide a basis for a conceptual risk assessment. 

 For example, the use of  “ soft ”  nanomaterials may not require as detailed evalu-
ations as the  “ hard ”  nanomaterials. As more research uncovers the basic rules that 
drive the properties, behavior, and effects of engineered nanomaterials, even some 
 “ hard ”  nanomaterials may not prove to be as harmful as feared. This does not, 
however, mean that an unexpected hazard or risk of some engineered nanomateri-
als will not come to surface in the future, but this applies equally to other (con-
ventional) materials, processes, and products. The existence of stringent regulatory 
controls provides some reassurance that only safe products and applications of 
nanotechnologies will be permitted on the market. However, the industry needs 
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to adopt a pragmatic approach    –    especially where intended applications relate to 
the use of  “ hard ”  engineered nanomaterials and carry a likelihood of consumer 
exposure    –    and perform a case - by - case safety evaluation of the intended products 
(as recommended in the recent EFSA opinion    [5] ) before placing them on the 
market.         
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    12.1 
Introduction 

 Food products and food packaging containing engineered nanoparticles  are already 
commercially available  [1] . Industry and governments invest considerable amounts 
of money in employing this technology for new applications in such areas as 
food packaging, food processing, food safety, and agricultural production  [2] . It is 
therefore expected that nanotechnology will be even more important in the near 
future  [3] . 

 Nanotechnology has great potential to generate new products in various domains. 
Because nanotechnology may affect so many aspects of human life, risk assess-
ment errors may result in irreversible damage  [4] . Although many studies examin-
ing possible applications of nanotechnology or nanoparticles have emphasized 
that the new technology may have adverse effects on health and environment , no 
conclusions could be reached due to lack of data. The  life cycle  assessment of 
nanotechnology applications is currently in its very infancy  [5] . It is diffi cult, there-
fore, to assess the environmental and human health impacts of nano - based prod-
ucts and services. Overall, we currently know much more about the possible 
benefi ts of this technology than about the possible risks . This makes regulation  
very diffi cult, since there are few hard facts on which such regulations could be 
built  [6 – 7] . 

 Nanotechnology allows the creation of materials with new, desired properties. 
The very same properties that lead to potentially great benefi ts may also result in 
unwanted risks , however  [8] . The novel properties of nanomaterials and the poten-
tially broad introduction of nanomaterial - based products have raised many con-
cerns over their consequences for human  and environmental health   [9] . Results 
of  risk assessment  studies suggest that some nanomaterials may have damage 
potential if they are exposed to humans or the environment  [10] . It has been con-
cluded that there is a lack of knowledge regarding the toxic effects of free nano-
particles, and that not enough is known about dosage and exposure for traditional 
risk analysis models  [4] . The situation is similar to that for other new technologies. 

  12 
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Lack of data and understanding make it very diffi cult to reliably assess the potential 
and the risks of nanotechnology. 

 There are various pathways through which humans may be confronted with 
nanoparticles in foods. Figure  12.1  shows the ways humans could theoretically be 
exposed to food containing nanomaterials: 

   •      consumption of foods or health supplements for which nanoparticles were 
used in the manufacturing process;    

   •      consumption of nanoparticles that have migrated into foods from food packag-
ing coated with nanomaterials;  

   •      consumption of foods exposed to nanomaterials during farming practice.    

 In addition, there are indirect pathways by which nanoparticles can end up in food: 

   •      nanoparticles in discarded packaging eventually get into the environment  –  
ingested nanoparticles can be excreted again, removed from wastewater, and 
added to soil by sludge, or nanoparticles are not removed during wastewater 
treatment;  

   •      nanoparticles can also enter the environment from non - food products and 
applications, either through wastewater, solid waste or direct input;  

   •      once in the environment, nanoparticles can be taken up by foods and thus 
return back into the food cycle.     

   12.2 
Life Cycle of Nanotechnology Food Products 

 The release of nanoparticles can occur throughout the whole life cycle of products 
 [11] , and it is thus important to take into account the possible exposures to 

     Figure 12.1     Nanoparticle fl ows between 
food, humans, and the environment.  
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nanoparticles in different phases of the life cycle of a product  [12] . Critical points 
are during (i) production and shipping, where release into the air is most likely, 
(ii) production of the fi nal product, (iii) use, and fi nally (iv) disposal or recycling. 
The amount of nanoparticles released by the different processes depends on 
several factors: the nanoparticle stock in the product, the product ’ s lifetime, the 
way nanoparticles are incorporated into the material, and the actual use/usage of 
the product  [11] . Products with a long lifetime, a loose incorporation of the nano-
particle and/or an intense use (e.g., through frequent cleaning) will most likely 
not contain any nanoparticles at the time of disposal. On the other hand, factors 
such as short lifetime, low usage, and strong fi xation of nanoparticles increase the 
likelihood that particles will not be released until disposal. In the following subsec-
tion, a few examples from the food, food packaging, and agriculture sectors are 
presented. Benefi ts and possible risks  for humans and for the environment are 
discussed. 

   12.2.1 
Food 

 Acids present in soft drinks may have erosion effects on teeth. Through the use 
of nanotechnology, new functional soft drinks may be created, which have less 
erosion effects on teeth than conventional soft drinks  [13] . Encapsulation and 
delivery systems are another example of the use of nanotechnology as a tool for 
new products in the food industry  [14] . Vitamins or other supplements are packed 
in nanoparticles and infused into the foodstuffs. Encapsulation increases stability, 
and it allows for controlled release of the ingredients to specifi c places in the 
human body. Personalized beverages and foods could also be of some interest to 
consumers and producers  [1] . After purchase of the food product, it is customized 
according to the preferences of the consumer. Ultrasonic frequency, heat or other 
triggers are used to release varying fl avors, colors or nutrients from nano - emulsions 
in drinks or food products. 

 In all these applications, the life cycle of the products is clear because they are 
intended for complete human consumption. The entry point of the nanoparticle 
into the body or the environment after passage through the gut is therefore well 
defi ned and easily quantifi able.  

   12.2.2 
Packaging 

 Nanotechnology promises new food packaging with great benefi ts. Nowadays, 
most packaging materials are produced from fossil fuels, and disposal therefore 
is often problematic. Nanocomposites may be used to create edible and biodegrad-
able fi lms that help to reduce packaging waste  [15] . Antimicrobials  and antioxi-
dants incorporated in fi lms should increase the shelf - life and quality of coated food 
 [14] . In the future, nanosensors embedded in the packaging will inform the con-
sumer as to whether the food is still good or already bad  [15] . 



 212  12 Environmental Considerations of and Societal Reactions to Nanotechnology in the Food Sector

 In these applications, release of nanoparticles can occur during the storage 
phase, and transfer to the food is possible. The nanoparticles that stay within the 
packing are then disposed of or recycled (e.g., with compostable plastics).  

   12.2.3 
Agriculture 

 Almost no applications of nanomaterials in agriculture are on the market yet, but 
a lot of research activity is in progress. In Switzerland, for example, only one plant 
protection product containing nanoparticles was found  [16] , a nano - silver - contain-
ing spray for indoor and outdoor use on plant leaves, with low sales volume  [17] . 
There is some evidence that research is ongoing for new formulations of plant 
protection products with quantitatively high application potential. Without men-
tioning specifi c products, a Nanoforum Report states that many companies have 
products with nanoparticulate ingredients within a size range of 100 – 250   nm and 
that other companies suspend herbicidal or pesticidal nanoparticles of 200 – 400   nm 
size in oil or water  [18] . The current research focus is on encapsulation, use of 
organo - clays, and improved storage. 

 Nanotechnology in fertilizers can be used in this fi eld for slow - release mecha-
nisms such as entrapping, encapsulating or dispersing the active agents in a 
matrix of biodegradable or inert material. To date, no indications of real applica-
tions have been found in the scientifi c literature, on the Web, and in feedback 
from experts or associations  [16] . The main research focus for the application of 
nanoparticles in fertilizers is placed on slow and controlled release of fertilizers. 
In that group, various polymers and clays are mentioned repeatedly. For clays, the 
benefi t of nanoparticulate size is not clear, as in most cases the interlayer distance 
matters, and in fact several patents were found using clay particles or platelets of 
larger size. Plants take up nutrients mainly by roots or via leaves, and slow and 
controlled release is advantageous for nutrient supply on both routes. Foliar ferti-
lizers are often used to satisfy short - term nutrient supply, where a nanoparticulate 
nutrient may be better for effi cient nutrient uptake.  

   12.2.4 
Non - Food Sector 

 All nanoparticles that are used in any imaginable application may end up in the 
environment  at some stage of their life cycle, and thus may be fed back into the 
food cycle. However, current information on the release of nanoparticles from 
products into the environment is scarce. The release of nano - titanium dioxide 
(TiO 2 ) from coatings on wood, polymer, and tile were the highest from coated tile, 
and ultraviolet light increased the release of particles  [19] . 

 Release of nanoparticles into the environment  can also occur at the end of the 
life of nano - products, when they are dumped into landfi lls or burned in waste 
incineration plants. Although the particle fi lters of water incineration plants are 
very effective, low concentrations of nanoparticles can leave the stack and be 
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distributed by air. However, the largest input of nanoparticles into the environ-
ment is most likely by products that are used up during use, for example, sun-
screens. All nanoparticles contained in sunscreen will be present in water, either 
directly washed off the skin into open waters or removed during showering. This 
pathway is very important not only for nano - TiO 2  but also for nano - silver  [20] . 

 There are socks on the market with nano - silver as an antimicrobial  agent. 
During the washing process, some of these nano - silver particles may end up in 
the sewage water. A model by Benn and Westerhoff  [21]  suggests that a typical 
wastewater treatment facility could treat a high concentration of silver stemming 
from socks or other textiles. The authors concluded, however, that increased con-
sumption of textiles with nano - silver may restrict the use of bio - solids as a fertilizer 
for agricultural lands. However, silver is also released in ionic form from nano-
particles, and this was considered to be the major process of silver release from 
plastics and textiles  [22] . Silver from nanoparticles was found to contribute only 
0.5 – 15% to the total silver fl ow into the environment.   

   12.3 
Occurrence of Engineered Nanoparticles in the Environment 

 There is a lack of information not only about the economic impact of nanotechnol-
ogy, but also about the type and quantity of industrially used, manufactured nano-
particles  [23] . As a result, it is nearly impossible to quantify the level of exposure 
for consumers and the environment . Results of an initial survey in Swiss industry 
suggests that the largest quantities of nanoparticles are used in the production of 
cosmetics, food, paints, and powders  [24] . More information is needed about the 
number of people exposed to engineered nanoparticles  and what amount of mate-
rial these people are exposed to. It is clear that, with an increased use of engineered 
nanoparticles, the potential for unintended environmental consequences will also 
increase  [25] . 

 Because analytical measurements of engineered nanoparticles  in the environ-
ment are lacking, the expected concentrations have to be modeled with the help 
of extrapolations and analogies. A recent study modeled the silver emissions from 
nano - silver containing biocidal products and compared the expected concentra-
tions in the environment  with a reference emission  [22] . In this study, nano - silver 
served only as a silver ion (Ag  +  ) source, and no particulate silver emissions were 
considered; therefore, no concentrations of nano - silver in the environment were 
modeled. 

 Another study used a life cycle perspective to model the quantities of engineered 
nanoparticles  released into the environment  [20] . Three types of nanoparticle were 
studied: nano - silver (nano - Ag), nano - TiO 2  and carbon nanotubes. The quantifi ca-
tion was based on a substance fl ow analysis from products to air, soil, and water 
in Switzerland. The following parameters were used as model inputs: estimated 
worldwide production volume, allocation of the production volume to product 
categories, particle release from products, and fl ow coeffi cients within the 



 214  12 Environmental Considerations of and Societal Reactions to Nanotechnology in the Food Sector

environmental compartments. To estimate a possible risk, the predicted environ-
mental  concentrations were then compared to the predicted no - effect concentra-
tions derived from the literature. 

 The expected concentrations of the three nanoparticles in the different environ-
mental compartments vary widely, caused by the different life cycles of the 
nanoparticle - containing products. The predicted environmental concentration 
values for nano - TiO 2  in water are 0.7 – 16    μ g l  − 1 . The results of this study make it 
possible for the fi rst time to carry out a quantitative risk assessment of nanopar-
ticles in the environment and suggest further detailed studies of nano - TiO 2 . The 
modeling suggests that currently nano - silver poses little or no risk to soil organ-
isms. The risk quotient (predicted no - effect concentrations divided by predicted 
environmental concentrations) for water is less than one - thousandth. Also, in the 
high - exposure scenario, the modeling suggests that currently little or no risk is to 
be expected from nano - Ag in the soil compartment and the water in general. The 
modeling suggests that nano - TiO 2  may pose a risk to aquatic organisms, with a 
risk quotient between about 0.73 and 16 or more. By contrast, the risk quotient 
for air is smaller than 0.001. 

 A similar study has been done for the UK  [26] , although with a different 
approach. Based on assumed market penetrations of nano - products and the 
known usage of these products, concentrations in water, air, and soil were modeled. 
For the 10% market penetration model, which probably overestimates current 
exposure levels, concentrations of silver, aluminum, and fullerene concentrations 
were predicted to be in the range of nanograms per liter, whereas nano - TiO 2 , zinc 
oxide, and hydroxyapatite are predicted to be in the micrograms per liter range. 

   12.3.1 
Environmental Behavior of Nanoparticles 

 The main processes that are acting on nanoparticles in the environment  and that 
are determining their environmental fate are aggregation – disaggregation and 
adsorption – desorption  [27] . Nanoparticles interact among themselves and with 
other natural nanoparticles or larger particles. The formation of aggregates in 
natural systems can be understood by considering physical processes, that is, 
Brownian diffusion, fl uid motion, and gravity. Aggregation is dependent on par-
ticle size and results in effi cient removal of small particles in environmental 
systems  [28] . To quantify the stability of nanoparticles in the environment, we have 
to predict the stability of their suspension and their tendency to aggregate or 
interact with other particles  [29] . The nature of the nanoparticle is modifi ed by 
adsorption processes  [30] , and especially the surface charge plays a dominant role 
 [31, 32] . 

 The movement of nanoparticle in porous media is impeded by two processes: 
straining or physical fi ltration, where the particle is larger than the pore and is 
trapped; and true fi ltration, where the particle is removed from solution by 
interception, diffusion, and sedimentation. However, particles removed from solu-
tion by such processes can readily become resuspended upon changes in the 
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chemical or physical conditions (e.g., changes in pH, ionic strength, and fl ow rate 
 [33, 34] . 

 Several studies have investigated the transport of a wide range of engineered 
nanoparticles  through porous media  [35 – 37] . Particles smaller than 100   nm are 
predicted to have very high effi ciencies of transport to collector surfaces due to 
Brownian diffusion. If all particle – collector contacts were to result in particle 
attachment to the collector, these small particles would be retained to a large extent 
by the porous medium. However, nano - sized silica particles were not appreciably 
removed, and also anatase nanoparticles were only removed between 55% and 
70%, depending on the fl ow velocity  [37] . The most effi cient removal was observed 
for an iron oxide nanoparticle  [36] . These studies show that the collector effi ciency 
for nanoparticles can be very different and that especially the surface - modifi ed 
nanoparticles displayed high mobilities. Also the environmental conditions  are 
important, most important being the pH. 

 Owing to their high surface area, nanoparticles have a high sorption capacity 
not only for metal ions and anions  [38, 39]  but also for organic compounds  [40 – 42] . 
Contaminant sequestration is accomplished mainly by surface complexation, but 
aggregation of particles may encapsulate sorbed surface species. This strong inter-
action of metal ions and oxide nanoparticles is very important for the behavior and 
cycling of metals in the environment   [43] . The interaction of nanoparticles with 
toxic compounds can both amplify as well as alleviate the toxicity of the com-
pounds. Nanoparticles can have an advantageous infl uence on toxicants in the 
environment by reducing the free toxicant concentration by adsorption onto their 
surfaces and hence reducing the toxicity of the pollutant.  

   12.3.2 
Toxicology of Nanoparticles 

 The most important routes for nanoparticles entering the human body are through 
the gastrointestinal tract, the skin or the lungs  [44] . It is obvious that, for food 
products, the most likely route is through the gastrointestinal tract. The distribu-
tion of the nanoparticles in the body is strongly determined by the nanoparticle ’ s 
surface characteristics  [45] . Engineered nanoparticles  differ in respect to material, 
size, surface, and shape. It is not possible, therefore, to make general claims about 
the health risks of nanoparticles. As a consequence, it has been suggested that 
engineered nanoparticles need to be assessed on a case - by - case basis  [46] . 

 Concern has been raised over the safety of nanoparticles because they have 
properties that are clearly associated with pathogenicity in particles  [47] . Several 
recent papers have highlighted this area of toxicology, the gaps in research, and 
possible testing strategies for nanoparticles  [10, 12, 48] . The consistent body of 
evidence shows that nano - sized particles are taken up by a wide variety of mam-
malian cell types, and are able to cross the cell membrane and become internalized 
 [49 – 51] . The uptake of nanoparticles is size dependent  [52, 53] . In general, cells 
can survive low concentrations of nanoparticles ( < 10   mg l  − 1 ); however, at high 
doses, cytotoxic effects emerge in a dose -  and time - dependent manner for many 
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nanoparticles  [48] . While the causes of the increase in cell death observed at higher 
concentrations and longer exposure times are material specifi c, the generation of 
reactive oxygen species is a common fi nding. The small particle size, a large 
surface area, and the ability to generate reactive oxygen species play major roles 
in the toxicity of nanoparticles  [9] . Infl ammation and fi brosis are effects observed 
on an organism level, whereas oxidative stress, antioxidant activity, and cytotoxicity 
are effects observed on a cellular level  [10] . 

 The potential effects of nanoparticles in the gastrointestinal tract are largely 
unknown  [54] . A healthy digestive system only allows absorption of nutrients from 
the gut after digestion of foods. The gut wall is designed to ensure the passage of 
nutrients and to prevent the passage of larger or foreign material. Transport of 
particles across the epithelium can occur by the paracellular route  (between cells) 
and the transcellular route   [55] . The paracellular route is limited because of the 
very small surface area of the intercellular space and the tightness of the junctions 
between cells (pore diameter just 0.3 – 1   nm). Transcellular uptake of nanoparticles 
occurs by transcytosis, a process by which nanoparticles are taken up by cells. This 
transport depends on several factors  [55] : (i) the physicochemical properties of the 
particles, (ii) the physiology of the gastrointestinal tract, and (iii) the animal model 
used to study the uptake. In general, the nanoparticle uptake increases as the 
particle diameter decreases.   

   12.4 
How Should Society Deal with Uncertainty? 

 The use of nanotechnology may result in applications with numerous benefi ts. 
However, as outlined above, the very same properties that make nanotechnology 
or engineered nanoparticles  so promising are also the properties that could be 
responsible for unwanted effects in humans  and in the environment . Owing to 
the lack of available data related to toxicity, exposure, and life cycle of nanotechnol-
ogy applications, regulatory decisions  are in a state of ambiguity or high level of 
uncertainty. Too much regulation may result in forgoing the benefi ts of nanote-
chnology, and too relaxed regulation may result in damages  [56] . Some have 
expressed fear  that governmental agencies may not regulate engineered nanopar-
ticles quickly enough, and that therefore the development and implementation of 
voluntary standards of care are important  [57] . Others have called for a moratorium  
on the use of nanomaterials, especially on the further commercial release of food 
products, food packaging, food contact materials, and agrochemicals, until 
nanotechnology - specifi c safety laws are established and the public is involved in 
decision - making. 

 Studies have shown that perceptions on regulatory policy  issues in the fi eld of 
nanoparticulate materials differ among the involved stakeholders  [46] . Industry, 
scientists, governmental bodies, and environmental advocacy groups fi nd regula-
tory interventions useful, but they are of different opinions as to whether regula-
tions should be evidence - oriented or precaution - oriented, voluntary or top - down 
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controlled. Whereas regulatory bodies and industry do not see the need to regulate 
this area until more scientifi c evidence indicates that nanomaterials may be 
harmful, non - governmental organizations are asking for more proactive risk man-
agement strategies. However, companies are legally obliged to guarantee that their 
products are safe and that they do not cause any harm to human health and the 
environment . 

 In recent years, different integrative risk management frameworks  for nanoma-
terials have been developed to overcome the apparent weaknesses of previous 
approaches  [58 – 60] . Each of the frameworks shares common elements, including 
integration of hazard assessment, exposure assessment, risk management, and 
risk communication. However, it should be noted that the risk and safety research 
and management approaches of nanoparticulate materials are still mainly focus-
ing on non - food nanomaterials and aspects. Appropriate risk governance strate-
gies for nanoscaled materials in food products and food packaging are still in their 
infancy  [7] . 

   12.4.1 
Public Perception of Nanotechnology 

 Several surveys have examined public perception of nanotechnology. Even results 
of recent studies suggest that public awareness  of nanotechnology is low, and that 
knowledge about nanotechnology is limited at best  [61 – 63] . These studies exam-
ined attitudes toward nanotechnology in the abstract, as opposed to attitudes 
toward realistic products. Based on these studies, it is diffi cult to predict how the 
public will react toward real products. It seems likely that perceived benefi ts  largely 
determine willingness to buy nanotechnology applications. 

 Owing to the fact that most people do not have much knowledge about nanote-
chnology, and that they do not have clear ideas about the promises of this technol-
ogy, study participants should be given some information about nanotechnology, 
and the applications should be briefl y described to enable participants to create 
attitudes  toward nanotechnology applications. Results of a Swiss study examining 
a broad set of nanotechnology applications, ranging from water sterilization to 
ammunition, suggest that lay people perceive the various nanotechnology applica-
tions differently  [64] . More specifi cally, results showed that lay people perceived 
applications such as food packaging or water sterilization as more dreaded risks 
than applications that are not related to food products. On the surface, there seem 
to be some parallels to gene technology. Consumers are less likely to accept  geneti-
cally modifi ed  ( GM ) food products compared with medical applications  [65] . The 
research in the domain of nanotechnology further emphasizes that the public is 
especially concerned when new food technologies are introduced. 

 In two studies, we examined lay people ’ s perceptions  of different nanotechnol-
ogy foods and nanotechnology food packaging applications  [66 – 67] . Results 
suggest that lay people perceive nanotechnology packaging as being more benefi -
cial and less risky than nanotechnology foods. Thus, consumers may be less likely 
to accept nanotechnology foods than innovations related to packaging. 
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 In the study by Siegrist  et al.   [67] , 19 different applications were examined. Lay 
people perceived individually modifi able foods as the most risky applications. 
Customization of the product, in which nanoparticles release varying fl avors, 
colors or nutrients when warmed in the microwave, depending on the wavelength 
chosen, was not an accepted innovation for most participants. The second highest 
risk ratings  were received by health - promoting feed and forage. In such an applica-
tion, livestock feed and forage is infused with proteins encapsulated in nanopar-
ticles. Based on lay people ’ s risk ratings, nanoparticles used for removing toxins 
in the soil had the seventh highest risk rating of the 19 applications. Overall, 
results suggest that lay people based their risk assessments, not on the possible 
environmental impact  of the applications, but rather on whether or not the nano-
particles are consumed. Participants may not have taken into consideration the 
possible migration of nanoparticles from the food packaging to the food. As a 
result, additional and new information may have changed lay people ’ s perception 
of nanotechnology food and food packaging applications. 

 In several countries, public participation  and focus group studies have been 
conducted, in which participants received information about nanotechnology in 
order to form attitudes toward this new technology  [68, 69] . In Switzerland, focus 
groups were organized to facilitate public discussion and to help decision - makers 
in assessing nanotechnology  [68] . Participants read a brochure about nanotechnol-
ogy prior to the meetings, and they therefore had some basic knowledge about 
this enabling technology. Results of this study showed that Swiss citizens had a 
neutral attitude toward nanotechnology    –    they were neither enthusiastic about the 
technology, nor were they rejecting it. 

 Lay people differ in their acceptance of nanotechnology, and trust seems to 
be a factor that infl uences how lay people assess nanotechnology applications  [64, 
66, 67] . Participants having trust in the industry and in regulatory agencies 
assessed the nanotechnology application more positively than participants not 
having trust. The importance of naturalness seems also to be a factor that can 
affect the perceived risk  and the perceived benefi t of nanotechnology foods and 
nanotechnology food packaging  [67] . It is likely that general perception  of techno-
logical progress and attitudes toward technology shape attitudes toward nanotech-
nology. People often use such convictions in assessing new technologies, about 
which they have little knowledge  [70] . 

 Lay people may have diffi culties in understanding the size scale and symbolism 
of nanotechnology  [71] . It should be noted, however, that there may be no need 
for lay people to understand the principles of nanotechnology in order to accept 
or to reap the benefi ts of nanotechnology. The importance of lay people ’ s scientifi c 
knowledge must not be overstated. Most people could not explain how a car works. 
Nevertheless, they drive a car and are willing to accept this technology. 

 The problems associated with the introduction of genetically modifi ed products 
in some countries raise the question whether nanotechnology food products may 
be faced with the same diffi culties. It has been argued that GM and nanotechnol-
ogy are quite different food technologies, and therefore no premature generaliza-
tions should be made  [72] . Genetic modifi cation that involves the insertion of 
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genes from another species produced a large drop in perceived naturalness  [73] . 
The idea of tampering with nature  [74]  seems to be an important reason why some 
people are hesitant to accept GM technology. Since for most people nanotechnol-
ogy foods will not be perceived as tampering with nature, few people will be 
opposed to nanotechnology on moral grounds  [72] .  

   12.4.2 
Scientists and Industrial Perspective 

 Scientists in the fi eld of nanotechnology are in general more optimistic about the 
potential benefi ts  and less concerned about the risks of this technology than the 
public  [64, 75] . The study by Scheufele and colleagues  [75]  suggests that most 
experts expect that nanotechnology may lead to a better treatment of human dis-
eases and improved ways to clean up the environment. Scientists were more 
concerned than the public that nanotechnology may lead to more pollution and 
environmental  contamination and new health  problems. 

 Lay people and experts assess the risk associated with nanotechnology differ-
ently  [64] . Lay people tend to perceive higher risks associated with nanotechnology 
applications than experts. Another study also found that, for most risks associated 
with nanotechnology, lay people perceive more risks than experts  [75] . However, 
regarding the risk of more pollution, experts expressed more concern than lay 
people. This result fi ts well with the outcomes of the studies discussed in the previ-
ous section. It seems that lay people are not especially concerned about a possible 
impact of nanotechnology on the environment . 

 Results of an industry survey in Switzerland and in Germany raises some doubts 
whether all companies properly address possible risks associated with nanotech-
nology  [23] . The way lay people perceive  nanotechnology food applications, in 
conjunction with an industry that may not address the risks associated with a 
technology as expected by the public, may lead to a social amplifi cation process 
 [76] . Applications in the food or health domains are associated with a high level 
of dread and distrust  [64] . As a result, such nanotechnology applications are most 
likely to become controversial topics.   

   12.5 
Conclusions 

 The release of nanoparticles can occur at every stage of the life cycle of a product. 
Analysis of the life cycles and research about possible effects of nanoparticle prod-
ucts on the environment are still in their infancy. Therefore, it is still unknown 
in which stages of the life cycle of a product it is most likely that nanoparticles 
enter the environment. Humans may be confronted with nanoparticles in food 
through various pathways. Based on the results of available studies, it is still 
unclear if nanoparticles are problematic for human health and the environment  
and if nano - food should be treated separately. 
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 Most lay people know very little about nanotechnology, and most people do not 
have strong attitudes  toward this new technology. This poses a problem for studies 
dealing with lay people ’ s risk perception. People may not be able to answer ques-
tions without receiving further information. However, providing additional infor-
mation may infl uence people ’ s attitudes in a certain direction. It is diffi cult to 
forecast how the public will react to nanotechnology in the future. Based on avail-
able risk perception research, it seems that lay people are less concerned about 
environmental problems  associated with nanotechnology, but mainly with nano-
particles that are consumed with foodstuff. 

 Nanotechnology is an enabling technology, and it is used for a heterogeneous 
set of applications like ammunition, car paint or foodstuffs. Incidents in one 
domain may have spill - over effects on other domains. A problem in one fi eld of 
applications may be extrapolated to other applications because the same label 
 “ nanotechnology ”  is used. This is similar to what has been labeled as  “ guilt by 
association ”   [77] . The industry may be well advised, therefore, not to emphasize 
nanotechnology in marketing their products.  
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    13.1 
Introduction 

 Food allergies  are one of several different types of reproducible adverse reactions  
to foods that have been described, which also include enzyme defi ciencies, such 
as lactose intolerance, and pharmacological reactions to foods rich in compounds 
such as  histamine . Food allergies share a common characteristic, namely an 
immunological basis, and so far two different forms have been recognized  [1] . One 
of them involves the humoral arm of the  immune system  with the development 
of food - specifi c  immunoglobulin E  ( IgE ) responses that can trigger a host of reac-
tions usually classifi ed as type I hypersensitivity reactions. The other type involves 
activation of immune cells in the gut, and is manifested as the gluten intolerance 
syndrome known as  celiac disease . 

 With regard to IgE - mediated food allergies , during normal healthy functioning, 
the immune system produces a type of immunoglobulin known as IgE , the role 
of which is to defend the body from parasitic infections, such as malaria. For 
reasons not fully understood, some individuals begin to make IgE in response to 
various environmental agents, including dust, pollens, and foods, which can lead 
to the development of  allergic reaction s. Such IgE - mediated allergies develop in 
two phases: (i) sensitization when IgE production is stimulated, and (ii) elicitation 
when an individual experiences an adverse reaction, mediated by IgE, upon re -
 exposure to an allergen. Both stages are triggered by allergens, which are almost 
always proteins. In an allergic reaction, allergen is recognized by IgE bound to the 
surface of histamine containing mast cells, cross - linking the IgE in the process 
and triggering the release of infl ammatory mediators such as histamine. These 
mediators cause the acute infl ammatory reactions that become manifested as 
respiratory (asthma, rhinitis), cutaneous (eczema, urticaria) or gastrointestinal 
(vomiting, diarrhea) symptoms, which may occur alone or in combination in an 
allergic reaction. A rare but very severe reaction is anaphylactic shock characterized 
by respiratory symptoms, fainting, itching, urticaria, swelling of the throat or other 
mucous membranes, and a dramatic loss of blood pressure. 

  13 
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 In contrast to the rapid onset characteristic of type I hypersensitivity reactions, 
the gluten intolerance syndrome, celiac disease, can take between hours and days 
to manifest itself after consumption of gluten - containing food. It is thought that 
around 1% of the population suffers from this gluten intolerance syndrome, and 
it seems to affect women more than men. It is caused by the recognition of gluten 
peptides that result from digestion, which have fi rst been deamidated by the action 
of gut mucosal transglutaminase. These deamidated peptides can bind to recep-
tors, known as class II human histocompatibility leukocyte antigen receptors, of 
certain types, namely DQ2 and DQ8. This then triggers an abnormal cell - mediated 
 immune response , which results in an infl ammatory reaction in the gastrointes-
tinal mucosa, which causes the loss of the normal villous architecture that is 
characteristic of celiac disease  [2] . 

 There is no proactive treatment available for either IgE - mediated  food allergies  
or celiac disease. Consequently, individuals who suffer from these conditions have 
to practice food avoidance and, in the case of IgE - mediated allergies, are provided 
with medication (such as adrenalin pens) to be used in case of accidental consump-
tion of a problem food. In practice, it can be diffi cult to avoid some problem foods, 
especially widely used ingredients such as wheat, cows ’  milk or hens ’  egg. It is 
generally held that the vast majority of food allergies are caused by a limited 
number of foods  [3] , although a large number of foods have been documented as 
causing food allergies, refl ecting the diversity of food species that humans 
consume. In order to help allergic consumers avoid problem foods, legislation has 
been brought in around the world that makes it mandatory to label certain aller-
genic foods and derived ingredients, irrespective of the level to which they are 
added to a foodstuff  [4] .  

   13.2 
Molecules in Foods Involved in Triggering Allergies 

 The molecules that trigger both types of immunological reactions to foods are 
known as allergens and to date those responsible for almost all food allergies  are 
proteins. Those involved in triggering celiac disease are confi ned to the prolamin 
seed storage proteins of cereals (wheat, rye, and barley). In contrast, the proteins 
involved in triggering IgE - mediated  food allergies are still being identifi ed and 
characterized, but they originate from a diverse range of foods of both plant and 
animal origin. Food allergens triggering IgE - mediated reactions appear to be 
restricted to certain structural types or protein families  [4] , and this has led to a 
classifi cation based on protein family membership  [5] . Thus, an analysis of  plant 
food allergen  families has shown that they belong to only 27 protein families  [6] , 
with four protein families (prolamin, cupin, Bet v 1, and profi lin families) account-
ing for more than 65% of all plant food allergens. The distribution of  animal food 
allergen s was similar  [7] , with three protein families (tropomyosin, parvalbumin, 
and casein families) dominating. These observations suggest that conserved struc-
tures and biological activities play a role in determining or promoting allergenic 
properties of proteins, and are in part explained by the conservation of surface 
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structures in certain families, such as the Bet v 1 and parvalbumin superfamilies, 
which promote IgE cross - reactivity  [6, 7] . 

 The characteristics of major allergen families are summarized below. More 
detailed reviews of food allergen structure and properties, including both major 
and minor allergen families, can be found in references  [8]  and  [9] . 

   13.2.1 
Plant Food Allergens 

   13.2.1.1    Prolamin Superfamily 
 The prolamin superfamily comprises the seed storage prolamins of cereals, 2S 
albumins, non - specifi c lipid transfer proteins, and  α  - amylase/trypsin inhibitors of 
cereals  [4, 5] . Apart from the seed storage prolamins, these are all low - molecular -
 weight cysteine - rich proteins that share the same three - dimensional fold, are rich 
in  α  - helices, and are generally stable to thermal processing and proteolysis. The 
2S albumins are a major group of storage proteins present in many dicotyledonous 
plants. They include major allergens from tree nuts and seeds such as Brazil nut, 
walnut, sesame, and mustard. The non - specifi c lipid transfer proteins play an 
important role in plant defense against fungi and bacteria. They are found in a 
diverse range of plant foods, including fruits, nuts, seeds, and vegetables, and are 
an important group of allergens in the Mediterranean area  [10] . The family of 
cereal  α  - amylase and protease inhibitors mediates a certain degree of resistance 
to insect pests that feed on plant tissues, allergenic members having been identi-
fi ed in wheat, barley, rice, and corn. Like the 2S albumins and the non - specifi c 
lipid transfer proteins, these allergens are able to sensitize susceptible individuals 
through either ingestion or inhalation. 

 The prolamin seed storage proteins appear to have evolved through insertion of 
a highly repetitive domain within the cysteine skeleton. They are involved in trig-
gering some IgE - mediated  allergies and, more importantly, trigger the gluten 
intolerance syndrome, celiac disease, involving the homologous proteins from 
wheat, rye, and barley. Many celiacs can tolerate oats, which contain much lower 
levels of prolamin storage proteins (known as avenins). But while they have a 
slightly different structure compared to the prolamins from the Triticeae, there 
are still some concerns about the safety of oats for celiacs in general. 

 It appears that, while all prolamin fractions appear to trigger the condition, the 
most potent appears to be  α  - gliadin, which can trigger more severe reactions  [11] . 
The key feature appears to involve recognition of prolamin - derived peptides by 
receptors such as histocompatibility leukocyte antigen DQ2 (and some to DQ8), 
which results in stimulation of T - cell responses that initiate infl ammatory reac-
tions. One particular peptide that appears to stimulate the majority of T - cells in 
untreated celiacs corresponds to a 33 - amino - acid peptide derived from  α  - gliadin. 
This peptide is not completely digested by enzymes in the gastrointestinal 
tract lumen or the brush border enzymes of the mucosa and includes epitopes 
corresponding to amino acid sequences such as Pro - Phe - Pro - Gln - Pro - Gln - Leu -
 Pro - Tyr, Pro - Gln - Pro - Gln - Leu - Pro - Tyr - Pro - Gln, and Pro - Tyr - Pro - Gln - Pro - Gln - Leu -
 Pro - Tyr  [12] .  
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   13.2.1.2    Cupin Superfamily 
 The cupins are a functionally diverse superfamily of proteins that share a  β  - barrel 
structural core domain to which the term  “ cupin ”  (Latin  cupa , meaning  “ barrel ” ) 
was given. The cupin superfamily comprises the major globulin storage proteins 
mainly from legumes and nuts. The globulins are divided into the 7S vicilin - like 
globulins and the 11S legumin - like globulins. Globulins have been found to be 
highly relevant allergens in plant foods including peanuts, soybean, lentils, walnut, 
hazelnut, and sesame  [4, 5] . Despite having very low levels of sequence identity, 
members of the cupin superfamily have highly conserved structures. In contrast 
to the Bet v 1 family of plant food allergens, there is little evidence of IgE  cross -
 reactivity between cupin allergens, with an overall sequence identity of less than 
40%. This results in very limited cross - reactivity between cupins from even closely 
related species such as peanut and pea  [13] .  

   13.2.1.3    Bet v 1 Family 
 Individuals with pollen allergy frequently suffer from allergic symptoms after 
eating certain plant foods. The majority of these reactions are caused by allergens 
of Rosaceae fruits like apple, peach, cherry, and apricot, and certain vegetables 
such as celery root (celeriac) and carrot, which cross - react with allergens that are 
present in birch pollen, particularly the major birch pollen allergen Bet v 1  [5] . Bet 
v 1 was the fi rst of many allergens published that showed homology to family 10 
of the pathogenesis - related proteins. Bet v 1 - type allergens are rather unstable to 
heating and digestion. Consequently, symptoms are mostly restricted to the oral 
cavity. In general, Bet v 1 from birch pollen is thought to act as the primary sen-
sitizing agent, with allergies to foods developing subsequently  [14] . The overall 
high levels of conserved surface residues between the members of the Bet v 1 
family plays an important role in conservation of IgE  binding sites and underlies 
the fruit – vegetable – pollen cross - reactive syndromes  [6] .  

   13.2.1.4    Profi lins 
 Being cytosolic proteins, profi lins are ubiquitous proteins found in all eukaryotic 
cells, which are thought to play a role in regulating the polymerization and depo-
lymerization of actin during a variety of cellular processes including cell move-
ment  [15] . Like members of the Bet v 1 family, profi lins are involved in cross - reactive 
allergies, where sensitization to pollens results in IgE  responses toward homologs 
found in fresh fruits and vegetables  [16] . However, the clinical relevance of plant 
food profi lin - specifi c IgE is still under debate  [17] .   

   13.2.2 
Animal Food Allergens 

   13.2.2.1    Tropomyosins 
 Tropomyosins are cytoskeletal proteins and, together with other contractile pro-
teins, such as actin and myosin, play a key role in regulation of muscle contraction 
 [18] . Together with actin and myosin, tropomyosins play a key regulatory role in 
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muscle contraction. Being two - stranded  α  - helical coiled proteins, tropomyosins 
form head - to - tail polymers along the actin fi laments. Tropomyosins have been 
described as allergens in Crustacea (such as shrimps, crab, and lobster) and Mol-
luscs (such as abalone) and are recognized as invertebrate pan - allergens  [19] . 
The proteins are heat - stable and, because of the extensive homologies between 
invertebrates, tend to show IgE  cross - reactivity between crustacean and molluscs 
 [20, 21] .  

   13.2.2.2    Parvalbumins 
 The second largest animal food allergen family are the fi sh  β  - parvalbumins, a 
calcium - binding protein found in the white muscle with a characteristic EF - hand 
structure  [22] . They have been characterized as allergens in many different fi sh 
species and are considered as pan - allergens in fi sh  [23] , their conservations of 
surface structures explaining the IgE  cross - reactivity that is frequently observed 
between fi sh species  [7] . The proteins show considerable thermal stability when 
calcium is bound  [24] , but changes in conformation when calcium is lost is associ-
ated with a loss of IgE reactivity  [25, 26] .  

   13.2.2.3    Caseins 
 The major proteins found in milk, caseins are structurally mobile proteins that 
bind calcium through clusters of phosphoserine and/or phosphothreonine resi-
dues. The casein fraction of cows ’  milk comprises  α  s1  - ,  α  s2  -  and  β  - caseins, 
which assemble into micelles stabilized by  κ  - casein  [27] . They are the major 
food allergens in cows ’  milk allergy, which is primarily an allergy of infancy. 
There is considerable sequence similarity between caseins from different 
species, with sequence identities of over 90% between cows ’  milk and goats ’  
milk caseins, explaining the cross - reactive allergies between cows ’  milk and goats ’  
milk  [28] .    

   13.3 
Food Structure, Processing, and Food Allergy 

 While we are gaining an extensive knowledge of the molecules in foods that trigger 
food allergies , they are not consumed as individual purifi ed molecules, but rather 
as part of foods. Indeed, many allergens are abundant in foods and make an 
important contribution to forming the food structure itself. During  food process-
ing  procedures, allergens may undergo complex physical and chemical changes, 
altering their three - dimensional structure, and promoting interactions (both cova-
lent and non - covalent) with other food constituents, including proteins, lipids, and 
sugars. These changes, coupled with the effects of the food matrix itself, may affect 
the release and stability of allergens, and all have the potential to either reduce or 
enhance the allergenic potential of food allergens by modifying the way in which 
they are presented to the immune system. Such effects may be mediated at both 
a molecular and a macroscopic level. 
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   13.3.1 
Molecular Effects of Food Processing on Allergenicity 

 The impact of processing on allergenic potential, especially in terms of eliciting 
an allergic reaction, can be considered in terms of the effect that processing -
 induced changes in allergen structures have on IgE  binding, particularly in rela-
tion to IgE epitopes. One type of epitope comprises linear stretches of contiguous 
amino acids and is generally known as a linear or continuous epitope. IgE binding 
to such epitopes is usually unaffected by the folded state of the protein. A second 
type of epitope (often known as a conformational epitope) is formed from different 
segments of a polypeptide chain that are brought together in space as a conse-
quence of the way in which a protein is folded. Such epitopes can be disrupted as 
a consequence of protein denaturation, reducing or even abolishing antibody 
recognition  [29] . It has been suggested that an antibody developed toward a highly 
disordered state (such as a denatured protein) is able to recognize the more highly 
ordered states found in native, folded proteins possibly because it recognizes linear 
epitopes  [30] . This is especially so if an epitope is located on the surface of the 
folded form of the protein. However, antibodies directed toward a folded protein 
(conformational epitopes) tend to be directed to conformational epitopes and 
hence often recognize denatured forms poorly, if at all. 

 Lastly, small molecules (such as sugars) attached to proteins can form part of 
an epitope. Such molecules are unable to elicit an immune response alone but 
can stimulate humoral immune responses when linked to a carrier molecule, such 
as a protein. Known as haptens, such small molecular substituents on proteins 
have been shown to stimulate IgE  responses, particularly in relation to cross -
 reactive carbohydrate determinants. However, for cross - reactive carbohydrate 
determinants at least, such haptens are often unable to stimulate a biological 
response, possibly because their sparse distribution on a protein limits their ability 
to cross - link IgE on mast cells and hence stimulate histamine release  [31, 32] . 

 Thus, food processing has the ability to destroy IgE  epitopes, but may also 
introduce novel (neo)epitopes into a protein, either by changing protein conforma-
tion, by linking proteins together in aggregated states, or as a consequence of 
introducing novel haptens, through Maillard modifi cation, by conjugation with 
lipid oxidation products, or via a host of other chemical changes that may result 
from the thermal treatments frequently used in food production. The effect of 
thermal processing on allergen structure depends on many factors such as time –
 temperature combinations, protein concentration, water activity, and whether a 
protein is heated alone or in combination with other proteins or food ingredients 
such as sugars. These types of interaction can be illustrated by processing - induced 
changes that have been described for the major whey proteins (see Figure  13.1 ), 
  β  - lactoglobulin  (  β  - Lg ) and   α  - lactalbumin  (  α  - La ), which have been structurally well 
defi ned using techniques such as nuclear magnetic resonance spectroscopy and 
X - ray diffraction, and are both important cows ’  milk allergens  [33] . Other food 
allergens that have been shown to undergo similar types of interactions, unfolding 
and forming aggregates, are the allergenic 7S and 11S seed storage globulins from 
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foods such as peanut and soybean  [34]  and the allergenic potato tuber protein 
patatin  [35] .   

 A 18   400 dalton retinol binding protein,  β  - Lg  is a  β  - barrel protein belonging to 
the lipocalin superfamily and is stabilized by two intramolecular disulfi de bonds 
(Cys 106  – Cys 119  and Cys 66  – Cys 160 ), together with a single free cysteine residue (Cys 121 ) 
 [36] . It is present as a mixture of monomers and dimers at neutral pH, dissociating 
on heating to 70    ° C  [37]  and appears to adopt a partially folded state following 
thermal denaturation  [38] , before forming thread - like aggregates around 50   nm in 
diameter  [39] . Heat - induced unfolding of  β  - Lg reveals the buried Cys 121 , which is 

     Figure 13.1     Structures of the important whey 
proteins in cows ’  milk:  α  - lactalbumin 
(Protein Data Bank number 1HFX) and 
 β  - lactoglobulin (Protein Data Bank number 
1BSY) at pH 7.1. The  α  - helices are shown as 

cylinders. The  β  - pleated sheet and loops are 
shown as broad fl at arrows and as strings/
wires, respectively. (The pictures were 
generated using the open - source molecular 
visualization system PyMOL.)  
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then able to catalyze disulfi de interchange with other disulfi des in  β  - Lg to form a 
non - native monomer in which Cys 119  is exposed  [40] . 

 Also being a low - molecular - weight 14   200 dalton disulfi de - bond - stabilized 
calcium binding protein,  α  - La  has a role in regulating lactose synthase  [41] . Pri-
marily an  α  - helical protein, it exists at low pH or moderately elevated temperatures 
in a partially folded or  “ molten globule ”  state  [42] . Thus  α  - La expands on formation 
of the low - pH - induced molten globule from 19.4    to 21.6   nm, while after heating 
it is further expanded to 23.8   nm. The heat - induced partially folded form is kineti-
cally trapped as a consequence of intermolecular disulfi de interchange and retains 
much of the secondary structure of the native protein. 

 While thermally induced changes in the structure of these important whey 
allergens are well defi ned, little is known about their impact on IgE  reactivity. 
Some limited studies have shown that the IgE binding capacity of  β  - Lg (variants 
A and B) is reduced following thermal treatments able to denature the protein, 
some trace of IgE binding remaining  [43] . Such studies are also consistent with 
clinical observations that the  allergenicity  of extensively baked milk products 
(muffi ns, heated to 180    ° C for 30   min) is substantially reduced, especially in chil-
dren whose cows ’  milk allergy is beginning to resolve  [44] . Investigations into the 
effect of processing on sensitization potential are more diffi cult to undertake and 
rely on the use of animal models. Nevertheless there are indications that heat -
 induced aggregation of whey proteins affected the path of uptake across the 
mucosal barrier and that soluble proteins were endocytosed by epithelial cells. But 
after pasteurization the resulting aggregates were preferentially taken up by the 
Peyer ’ s patches and this was associated with a shift toward a Th2 - associated 
antibody and cytokine pattern. However, the soluble proteins were much more 
effective in triggering an anaphylactic reaction  [45] .  

   13.3.2 
Macroscopic Effects of Food Processing on Allergenicity 

 Both naturally occurring food structures, and those formed in fabricated foods, 
may act to trap allergens, preventing their becoming solubilized in fl uids such as 
saliva, gastric or duodenal secretions, and possibly protecting them from degrada-
tion by intestinal proteases. This can affect their allergenic potential, in terms of 
both sensitization and elicitation. 

   13.3.2.1    Natural Cellular Structures 
 Allergens are contained within the natural cellular and tissue structures of fruits, 
vegetables, and seeds, and in the cellular and fi brous structures of meats. For 
example, the non - specifi c lipid transfer protein allergens of fruits are largely con-
fi ned to the skins of fruits such as apple and peach, refl ecting the greater aller-
genicity of peel with respect to fl esh for patients suffering from fruit allergies 
involving non - specifi c lipid transfer proteins  [46] . In contrast, Bet v 1 allergens are 
largely confi ned to the fl esh  [47] . It may be that differences in the structure and 
components in different fruits and vegetables account for the different allergenic 
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properties of homologous allergens. For example, the allergenic Bet v 1 homolog 
of celery root (celeriac) has been shown to be stable to processing, retaining its 
ability to elicit an allergic reaction after cooking  [48] , but the Mal d 1 homolog 
found in apple is lost after processing  [49] . 

 Natural structures, in particular the plant cell walls found in a particular plant 
tissue, may affect the stability, release, and presentation of allergenic molecules 
to the immune system. For example, the mechanical break - up of plant tissues, 
either during food processing (such as cooking, or preparation of fruit pur é e) or 
during chewing, is determined by the plant cell wall properties and will both affect 
release of allergens into solution and generate a range of particulate structures 
made up of fragments of the original plant tissue structure. The cell wall structure 
and composition will also determine how intact cells, clusters of cells or larger 
fragments of plant tissue structures respond to the environment of the upper 
gastrointestinal tract, and hence may alter the ingress of degradative enzymes and 
biosurfactants, as well as the release of allergens into the gut lumen. Similarly, it 
may be that the cellular and fi brous structures found in the fl esh of animals, such 
as fi sh, crustacean, and molluscs, may affect the way in which fi sh and shellfi sh 
allergens are released from cooked fl esh.  

   13.3.2.2    Processed Food Structures 
 Structures formed in complex processed foodstuffs may also affect the stability 
and release of allergenic molecules. Many foods are in the form of dispersions, 
with one phase (such as oil, starch granules or other particulates) dispersed in a 
second immiscible phase in the form of droplets (like oil droplets in water found 
in sauces such as mayonnaise), air bubbles (like the air bubbles found in bread 
dough) or particulates (like starch granules in a sauce made using corn starch). 
These dispersions include the following. 

   •      Gels     These can be like either the low - pH - set gels of milk - based yogurts or 
the heat - set gels formed when boiling an egg.  

   •      Foams     In this group fall the whipped egg whites in meringues and mousse -
 style desserts. In some cases the foams become set by cooking, with either the 
protein or starch forming a solid network, which usually needs to rupture fol-
lowing baking to form a sponge network such as is found in cakes.  

   •      Emulsions     Either oil - in - water (salad dressings or cream) or water - in - oil 
(spreads and margarines) emulsions, these are unstable unless a surface - active 
agent is added, such as a protein or a low - molecular - weight surfactant such as 
lecithin.    

 In many cases, food structures are formed from the allergenic proteins    –    gels may 
be formed from milk or egg proteins, or set foams formed by gluten proteins in 
bread and cakes. Additionally, other allergens such as whey proteins may be used 
as emulsifi ers. However, there is an almost complete lack of knowledge on how 
such classical food structures may affect the allergenic potential of foods. This is 
partly because many clinical investigations have utilized soluble extracts of foods 
and processed food systems rather than investigating the allergenic activity of the 
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insoluble matrix because of the technical diffi culties in studying such insoluble 
systems. One of the few clinical studies undertaken in this diffi cult area of research 
showed that enhancing the fat content of a chocolate matrix containing peanuts 
affected the kinetics of allergen release and potentiated severe allergic reactions 
 [50] . Such studies that have been published have often been restricted to investiga-
tions on the ability of processed foods to elicit reactions in individuals already 
suffering from a food allergy. We currently lack effective animal models for inves-
tigating the potential for allergens or foods to sensitize, and hence our knowledge 
base in this topic is almost non - existent.   

   13.3.3 
Molecular and Macroscopic Effects of Processing on Allergenicity of Foods 

 The complex interplay between molecular and macroscopic effects of food process-
ing in relation to allergenicity of foods can be illustrated by a couple of well -
 characterized allergen families, the Bet v 1 and prolamin superfamilies. One type 
of food allergy where the IgE  binding is dominated by conformational epitopes is 
the pollen – fruit allergy syndrome involving the birch pollen allergen Bet v 1. In 
this condition, individuals become sensitized to native Bet v 1 through inhalation 
of birch pollen, and consequently the main IgE binding sites are primarily directed 
toward conformational epitopes on the native protein  [51, 52] . Thus, it might be 
expected that processing could disrupt these conformational IgE epitopes, reduc-
ing the allergenicity of a cooked, compared with a fresh, food. However, the extent 
to which this happens will be determined by the inherent thermostability of the 
protein. Bet v 1 itself is relatively thermostable, the protein irreversibly unfolding 
only at temperatures above 68    ° C  [53] , and in some foods, such as celeriac, this is 
expressed in the stability of the allergenic Bet v 1 homologue, Api g 1, to process-
ing  [10] . Similarly the Bet v 1 homolog from soybean, Gly m 4, retains its aller-
genicity even in a processed soya - based food supplement  [54, 55] . 

 However, this is not so for all foods involved in the birch pollen – fruit allergy 
syndrome, and especially for fruits such as apple  [49] , while roasting hazelnuts 
reduced but did not abolish their allergenic properties in a group of patients with 
birch - pollen - associated allergy to hazelnuts  [56] , as has been shown more recently 
by others  [57] . Therefore, it appears that other factors, such as the food matrix 
itself, as well as the inherent thermostability of a protein and the type of processing 
procedures employed, may be responsible for the apparent lability of Bet v 1 
homologs in foods such as apple compared with celery root. 

 Another family of allergens that are inherently thermostable are the various 
members of the prolamin superfamily. With the exception of the prolamin seed 
storage proteins of cereals, the large number of intramolecular disulfi de bonds 
present in these proteins play an important role in determining their thermostabil-
ity. Both the 2S albumin allergens, such as Ber e 1 from Brazil nut and Ses i 1 
from sesame seeds, have secondary structures that are almost unaltered by heating 
 [58, 59] , as well as the allergenic non - specifi c lipid transfer proteins from a variety 
of fruits such as apple  [60] . However, despite such inherent thermostability, in 
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some instances the allergenicity of specifi c lipid transfer proteins is retained even 
after the extensive thermal treatments and fermentation involved in brewing and 
wine - making  [61] , as is the IgE  binding capacity of wheat  α  - amylase inhibitors 
when a model cooking procedure involving preparation of a fl our gel comparable 
to a porridge was used in a study of wheat allergy  [62] . However, in the same study 
of wheat allergy, some patients lost their IgE binding capacity toward wheat -
 specifi c lipid transfer protein  [62] , while in a study of specifi c lipid transfer protein -
 mediated rice allergy, boiling abolished IgE binding  [63] . 

 In such complex food systems, there is an interplay between the stability of 
individual allergens, coupled with interactions with other components in the food 
matrix that could render proteins insoluble and hence no longer accessible and 
able to trigger a reaction. The ability of wheat prolamins to form disulfi de bonds 
could alter the allergenic properties of other ingredients in baked goods, and it 
has been shown that the egg white allergen ovomucoid becomes disulfi de - linked 
to the gluten proteins during baking, rendering it insoluble and hence reducing 
the allergenic activity of soluble extracts made from such baked goods  [64] . Alter-
natively, this loss of IgE reactivity might be due to leaching of the allergen into 
the cooking water, as has been observed for another prolamin superfamily 
member, the peanut allergen Ara h 2  [65] . 

 As well as physical changes induced in protein structure through denaturation 
and aggregation, processing may introduce the formation of complexes with other 
food components that may also alter protein stability and bioaccessibility. Thus, 
the plant polyphenol epigallocatechin has been shown to cause compaction of 
cows ’  milk caseins, with the casein molecules wrapping around the polyphenol, 
forming a complex held together by hydrophobic interactions  [66] . Modifi cation 
of peanut allergens Ara h 1 and Ara h 2 with phytic acid showed that this com-
pound reduced both their solubility and their IgE  reactivity, an effect mirrored by 
treatment of peanut butter with phytic acid  [67] .   

   13.4 
Impact of Nanoscale Structures on Allergenic Potential of Foods 

 Our lack of knowledge about the impact that food processing and structure have 
on the allergenicity of foods makes it diffi cult to assess the potential impact that 
novel processes, including the use of nanoscale structures in foods, will have on 
allergenicity. However, as described above, the formation of protein aggregates 
and networks, complexes with lipids, and other food components, results in the 
formation of nanoscale structures, which we have been consuming probably ever 
since mankind began using heat to preserve and cook foods. There are no pub-
lished data on the impact of nanotechnology in relation to food allergy, and studies 
in relation to the impact of fabricated nanoscale structures on allergy in general 
are in their infancy, particularly regarding their use in drug delivery. Thus, delivery 
of a  deoxyribonucleic acid  ( DNA ) vector expressing  transforming growth factor 
beta  ( TGF β  ) in chitosan nanoparticles via the gastrointestinal tract was able to 
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ameliorate the symptoms of food allergy in an animal model, using the egg aller-
gen, ovalbumin, as a model food allergen  [68] . Similar benefi cial effects have been 
observed in using chitosan particles to deliver mite allergens for immunotherapy 
in the treatment of mite allergy  [69]  and with biodegradable poly( d , l  - lactic -  co  -
 glycolic acid) nanospheres used to deliver Bet v 1 in immunotherapy  [70] . 

 Other studies have focused on adverse effects of inorganic nanoparticles, such 
as titanium dioxide, on allergic reactions to personal products such as cosmetics, 
using conditions such as atopic dermatitis, a symptom often associated with food 
allergies , especially in infants, as a model system. Using a dust mite model system 
in mice, titanium dioxide nanoparticles irrespective of size (15, 50 or 100   nm in 
size) were found to aggravate immunological markers of the atopic dermatitis - like 
skin lesions in this model system, including serum IgE   [71] . In contrast, nanoc-
rystalline silver  had benefi cial effects in reducing infl ammation in a guinea pig 
model of contact dermatitis to a similar extent as topical steroids  [72] . 

 The impact of nanoparticles, especially those resulting from atmospheric pollu-
tion and found in for example, diesel exhaust, has also been studied in relation to 
allergic disease, and relates to their ability to have a pro - infl ammatory effect on 
the respiratory epithelium. The concerns are that they might have adjuvant effects 
on allergic sensitization, and this is refl ected in reports of studies undertaken in 
animal models using ultra - fi ne carbon particles, which increased infl ammation by 
increasing oxidative stress  [73 – 76] . In contrast to such adverse effects, there are 
indications that novel carbon structures, such as fullerenes, may have benefi cial 
effects, reducing mediator release involved in elicitation of allergic reactions, 
including a model of anaphylaxis  [77] . 

 The effi cacy of such nanoscale structures for delivery of therapeutics is explained 
in part by the observations that biodegradable nanoparticles, such as poly( d , l  -
 lactic -  co  - glycolic acid), can be taken up by cellular models of the respiratory and 
gut epithelium  [78] , although the cell models do not include the mucus layer, an 
important biophysical barrier that particulates must traverse before contacting the 
underlying epithelium. However, there is evidence that combinations of dextran 
and chitosan nanoparticles 500   nm in size were muco - adhesive, and were effective 
at rendering insulin bioavailable through the oral route  [79] . Such effectiveness at 
overcoming the gut barrier has clear benefi ts in terms of delivery of bioactive 
molecules via the oral route. However, there is almost nothing known about the 
potential impact on allergenicity, especially of nanoparticles that may be included 
in foods to enhance delivery of important health - promoting micronutrients 
 [80 – 82] .  

   13.5 
Conclusions 

 Food allergy is an emerging problem, and while our documentation of the mol-
ecules responsible for triggering allergic reactions is extensive, the way in which 
these molecules are altered by food processing conditions and how food structures 
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may alter their presentation to the immune system is very incomplete. Of particu-
lar relevance to considering the potential impact of nanotechnology, undoubtedly 
one of the most important aspects is the use of nanoparticles to deliver therapeutic 
agents, such as those involved in immunotherapy. Utilization of nanoparticles for 
oral delivery of other important therapeutics, such as insulin, is showing promise, 
and it is likely, as therapies are developed for food allergy, that such technology 
may play an important role in providing the effective cure for food allergy that is 
currently lacking. Such a therapy would undoubtedly improve the quality of life 
for food - allergic consumers, which can be acute  [83, 84] . 

 The broader utilization of nanoparticles in foods will, as for other types of novel 
technology, need to undergo an allergenicity risk assessment  [85] , although there 
can be diffi culties in undertaking such assessments for other types of novel process 
or novel foods, including genetically modifi ed organisms, partly because of our 
lack of effective animal models for food allergy. Biologically derived nanoparticles 
are probably produced during the digestion of foods, and nanoscale structures 
have been described in conventionally processed foods for many years. Any 
nanoparticle - containing ingredients derived from allergenic food that it is manda-
tory to label will need to be declared, and in this way allergic consumers will be 
able to avoid their consumption. However, novel types of bionanoparticles and 
inorganic nanoparticles based on carbon or silver for example, may have unin-
tended effects, but there are no clear agreed experimental approaches or frame-
works to develop data on which to base an effective risk assessment. Further 
research is required to address these gaps in our knowledge and hence ensure that 
the considerable benefi ts  that may arise from this new technology are realized 
while minimizing the risks of potentiating existing allergic conditions or introduc-
ing new ones.  
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    14.1 
Introduction 

 The successful development, implementation, and commercialization of novel 
technologies is contingent on societal acceptance  of these same technologies and 
their specifi c applications. New technologies associated with risks, and risks 
perceived by the public, have not been successfully commercialized in the past. 
Thus the introduction of a new technology will be contingent on being perceived 
to be of acceptable risk (for example, in terms of its potential impact on 
human health and the environment), as well as fi lling a need, or providing a puta-
tive benefi t  to the end - user, even if the benefi t has not yet been recognized as 
important by society. Failure to deliver desirable and tangible consumer benefi ts 
would, at best, lead to public indifference to the new technology and its 
applications. 

 An individual ’ s motivation to adopt the applications and products of the new 
technology would also be low under circumstances where risks are perceived to 
be high and benefi ts low . If the new technology does not align with the values and 
preferences of the public, public indifference might easily turn into societal rejec-
tion of the technology. Therefore public response toward the risks and benefi ts of 
new technologies should be understood, as public response may determine success 
or failure of the new technology. Some technologies have been described as trans-
formative , inasmuch as their impact extends to other areas of society beyond that 
originally intended during their development. 

 Transformative technologies  can be broadly defi ned as technologies with appli-
cations or impacts on society and the economy, which also have the potential for 
long - term effects on values, power structures, and ideas within society as a whole 
 [1] . Nanotechnology, including its application to  food production , and across the 
agri - food sector more generally, may represent such a transformative technology, 
inasmuch as it will result in changes to the way society organizes and regulates 
itself. 

 Technological innovations in food production have been singled out as a special 
case, notable because food - related issues and innovations co - evolved with human 
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civilization. Human  “ hunter - gatherers ”  mastered the art of agriculture, introduc-
ing new varieties of edible crops and ways to grow and process these into safer 
and longer - lasting foodstuffs, thus improving food security and food quality. The 
rise of agricultural technology shifted the dominant societal structure from a 
nomadic hunter - gatherer society to one focused on stationary communities, with 
time available to develop more complex technologies, artistic expression, and 
cultural structures. As part of this, food consumption was not only integral 
to community survival, but also had culturally symbolic associations, and 
implications for employment and societal organization. Agriculture rapidly 
became a dominant occupation for many human beings, which further led to 
the evolution of agriculturally based economies. Thus the invention of agriculture 
can be described as transformative  inasmuch as it showed the capacity to trans-
form society by introducing completely new ways of living. What once started as 
simple means to control the growth of natural food sources to facilitate food secu-
rity now involves application of state - of - the - art technology, involving highly mech-
anized tools and technological innovations for food production and food 
processing. 

 A more recent example, the  “ green revolution ” , resulted in a signifi cant increase 
in agricultural productivity resulting from the introduction of high - yield varieties 
of grains, the use of pesticides, and improved management techniques. This 
enabled an increase in agricultural yields, in line with the needs of the increasing 
global population. An additional effect was the change in farming practices from 
small agrarian units to industrial - scale farming, with associated changes in the 
structure of rural communities and increased migration from the countryside to 
urban environments. The growth of cities was in turn supported by the reduced 
labor - intensive food production methods and the much lower risk of failed har-
vests, facilitated by the same  “ green revolution ”   [2] . 

 In the context of the global market and international trade, food is treated as a 
commodity, and its import and export enables transactions within the global  “ food 
market ” . Surplus food or food scarcity determines, to a certain extent, the overall 
well - being of the global community. Applications of new technologies to food 
production may therefore be regarded as a decisive element of product and process 
innovation  [3] , and a key driver of the globalization of food production, trade, and 
associated food preference and culture. 

 Transformative technologies  are not limited to the agri - food sector. In another 
example, developments in  information and communication technology  ( ICT ) have 
revolutionized not only how people communicate and deal with information, but 
also how they structure their working and leisure activities. At the same time, the 
transmission and storage of electronic information raises new issues regarding 
governance and privacy  [4] . It is of interest to note that one aspect of ICT, the 
application of  radiofrequency identifi cation  ( RFID ) technology, has now also been 
applied in the agri - food sector to facilitate tracking and tracing of foods and ingre-
dients, and thus food safety and food quality. RFID technology represents an 
example of a technology associated with some societal concerns  (for example, 
regarding privacy) but which has been widely accepted in the agri - food sector by 
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various food - chain actors. At the same time, public awareness appears to be rather 
low, or at least refl ects low levels of concern on the part of broader society. 

 It is likely that nanotechnology will represent an example of such a transforma-
tive technology, not only in the area of food production, food processing, and food 
storage, but also in other societal domains (paints, clothing, medicine, reinforced 
plastics for use in tennis rackets, neural enhancement, etc.). There is already 
discussion of the need to revise existing legislative frameworks  regarding the 
protection of human health and the environment . In addition, the potential impact 
of the technology as a whole on society may be regarded as being greater than the 
benefi ts  resulting from specifi c applications by both the scientifi c community and 
key stakeholders in industry and the policy arena. 

 Societal responses to emerging technological developments , particularly those 
which have potential to be transformative , may be ambiguous. Some technologies 
are accepted by society, with low levels of  societal debate  and controversy. Even 
within technologies, some applications are more readily accepted than other appli-
cations of the same technology. Most medical applications of technology are per-
ceived by citizens to be very high in benefi t , and tend to be more acceptable 
compared to many other applications of new technologies, even when they are 
simultaneously associated with risks. Exceptions seem to occur when the perceived 
benefi ts of a specifi c medical innovation appear to be very low for the individual 
receiving it, or when an individual is exposed to the medical innovation on what 
is perceived to be an involuntary basis  –  as was the case with, for example, the 
 measles – mumps – rubella  ( MMR ) vaccine or fl uoridation of the water supply. 

 In the agri - food sector, public acceptance of food technologies has included, for 
example, the application of high - pressure processing to improve food safety and 
food quality, or the fortifi cation of foods with micronutrients. In other examples 
of food - related technology, public negativity and consumer rejection have resulted 
in the failure of these technologies to deliver societal benefi ts, as consumers  would 
not accept their application to foods and ingredients. Other examples of food 
technologies associated with public negativity can easily be identifi ed. Food irradia-
tion is the process of exposing food to ionizing radiation to destroy micro -
 organisms, bacteria, viruses, or insects that might be present in the food, or to 
delay ripening or improve rehydration. In the 1980s, when food irradiation tech-
nology was ready for application, the technology was regarded by scientifi c experts 
as a major advance in the area of food safety and quality. However, the negative 
response on the part of consumers toward  “ irradiated ”  foods has resulted in low 
levels of uptake of food, although medical applications (for example, related to the 
sterilization of dressings) are widely accepted. Within the food domain, the excep-
tion appears to be irradiation of herbs and spices, possibly because public aware-
ness of this food irradiation application is low, or perhaps because the alternative 
process, exposure to nitrous oxide, is viewed more negatively by consumers. 

 The application of technologies to food production may be particularly sensitive 
inasmuch as their acceptance by consumers  is concerned  [5, 6] . Foods (and their 
preparation) are associated with many traditional socio - cultural preferences and 
practices. In addition, global changes in food supply may be ubiquitous, and affect 
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many consumers, particularly in a globalizing world economy where food chains 
(and food webs) are internationalizing. One reason why food is particularly sensi-
tive is because food is ingested and  “ taken in ”  to the body, with the potential to 
infl uence health , and indeed one ’ s conception of  “ self ” , negatively. It is perhaps 
not surprising that public negativity associated with the introduction of novel 
technologies has focused on applications in the agri - food sector, as opposed to the 
medical or materials sectors, as has been the case with genetically modifi ed foods 
and ingredients  [7]  

 Predicting public response  regarding the application of nanotechnology to food 
will require timely introduction of information about end - user requirements, 
demands, and values into the development of new agri - food technologies. In the 
past, it has often been assumed that the public essentially consisted of uneducated 
people, who would react positively to technological innovation if they could be 
educated to accept the underpinning science. It is now widely recognized that 
 public opinion , whether derived from perceptions or other non - technical concerns, 
is valuable, albeit representing a different perspective from that expressed by 
experts. The perception and opinion of different sectors of the public need to be 
considered as part of the policy process  [8] . 

 It is thus important to address societal  and consumer preferences and demands 
as part of the process of technology development and implementation. In the 
present context, this may be particularly relevant in terms of the application of 
nanotechnology to food production.  

   14.2 
Science and Society: Lessons for Nanotechnology Applied to Food Production 

 Food is vital for human survival, and concern about its production and preparation 
is widespread  [9] . In this context, new technologies are increasingly being applied 
to ensure food security, as well as to provide additional consumer benefi ts related 
to human health and food quality. For example, limiting the health burden caused 
by vitamin A defi ciency, particularly in developing countries, resulted in the devel-
opment of  “ golden rice ” , which has been genetically modifi ed to increase the  β  -
 carotene content of the diet for those consumers who are defi cient in this particular 
micronutrient. However, the problems associated with delivering the health ben-
efi ts of golden rice to the populations who needed them go beyond the technologi-
cal ability to develop the product. 

 First, there is a problem of distributing the product to consumer populations 
who would benefi t from consuming it (the  “ end - of - pipe ”  problem). If the distribu-
tion problem could be overcome, then it is arguable that the same distribution 
process should be able to supply vitamin supplements, or facilitate the distribution 
of existing foods rich in  β  - carotene, as another relevant way to solve to the public 
health problem under consideration. 

 Second, consumers may be reluctant to consume the rice, which may appear 
discolored (yellow) compared to traditionally used variants of the same food, 
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because of the increased  β  - carotene content. This increased health benefi t was 
achieved at the cost of reduced  “ quality ”  perception . 

 In addition, it cannot be assumed that all consumers will accept the underpin-
ning food technology, in this case genetic modifi cation, even if there is a benefi t 
associated with the end - product. Perceived benefi ts must outweigh perceived risks  
for consumer acceptance to occur. Developing an informed understanding of 
consumer responses to emerging technologies  and their applications is key to 
optimizing the strategic development of science and technology in the future, as 
well as developing and refi ning commercialization strategies associated with 
specifi c products  [10] . 

 To date, societal responses  to the application of different technologies in the 
agri - food sector has been a focus of greater societal concern compared to, for 
example, medical applications of the same technologies  [11] . This is, in part, 
because many of the technologies in the agri - food sector have been developed 
without reference to potential consumer acceptance of different applications in 
the agri - food sector  per se   [3] , and the situation is contextualized by an increasingly 
internationalized market. Although many new agri - food technologies promise to 
deliver profound benefi ts to society, they may also be associated with substantial 
risks  in terms of both environmental and human health impacts and consumer 
perceptions of risk. As is the case for other transformative technologies , the impact 
of nanotechnology on society can be very broad and potentially unintended by the 
developers of the technology. 

 Historically, research into the determinants of public responses associated with 
emerging technologies  (in general, and those specifi cally in the agri - food sector) 
has tended to occur subsequent to public rejection of the application of technolo-
gies. Research needs to be directed toward exploring how such products will be 
received before they have been developed, allowing consumer and public demands  
and preferences to be integrated into the design of products and technology imple-
mentation from the start. 

 Producers, processors, and wholesalers of food, as well as retailers, may usefully 
negotiate the development of new products with relevant stakeholders across 
regional and even cross - continental borders. Successful development of new prod-
ucts is ultimately dependent on society - wide consumer acceptance and purchasing 
of produced foods. 

 In parallel with developments in risk perception  and communication, some 
authors have noted a decline in public confi dence in risk analysis practices  [12] . 
While this decline in public confi dence in science underpinning technology com-
mercialization has been evident in many technology sectors, the recent example 
of European negativity toward genetically modifi ed organisms, particularly as 
applied to agri - food, is the example frequently cited as being of greatest relevance 
to societal adoption of nanotechnology, particularly in the context of its commer-
cialization (for example, see references  [13, 14] ). 

 Despite this observation, the direct comparisons between potential societal 
responses  to nanotechnology and other technologies may be limited. For 
example, nanotechnology is not as  “ contained ”  in terms of the range of potential 
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applications as is genetic modifi cation. The term  “ nanotechnology ”  essentially 
covers a broader range of sub - technologies with different applications. In addition, 
various combinations and convergences of emerging technologies  (for example, 
nanotechnology, biotechnology, information and communication technology, cog-
nitive science, and engineering in the case of human enhancement) may also raise 
ethical issues that include, but go beyond, those associated with genetic modifi ca-
tion. These larger issues may infl uence the societal response to nanotechnology 
as a whole, even when specifi c applications in themselves do not raise such nega-
tive response. 

 For example, the use of nano - sieves (or nanofi lters) in food processing may be 
acceptable in itself, but may become unacceptable in the context of widespread 
rejection of nanotechnology as a whole. At the same time, there is societal demand 
to  “ revisit ”  current  risk assessment  approaches, as they may not adequately address 
safety issues associated with nanoparticles, which may be fueled by heightened 
consumer risk perceptions and distrust in industry and regulatory institutions . In 
the absence of a clear trajectory regarding the development of public responses , it 
seems that companies are currently downplaying the use of nanotechnology in 
their products for fear of a negative consumer response and triggering distrust in 
nanotechnology. At this stage, it is relevant to consider how such consumer risk 
(and benefi t) perceptions  are formed, and what their consequences are in terms 
of consumer and citizen behaviors.  

   14.3 
A Short Introduction to the Psychology of Risk – Benefi t Perception 

 Much public negativity associated with the way in which risks are managed and 
regulated has been the result of risk managers, assessors, and other key actors in 
the process of risk analysis failing to take account of the actual concerns of the 
public when assessing, managing, and communicating information about risks. 
Risk assessment and management were traditionally performed without involving 
the public. This has (subsequently) had a negative impact on public perceptions  
regarding the motives of regulators, science, and industry in taking decisions or 
actions in relation to risk assessment priorities, resource allocation, and risk miti-
gation activities  [15] . This may be partly the result of risk communication being 
implemented as a one - way transmission of the outcomes of scientifi c risk assess-
ments, and the failure of responsible institutions to incorporate public concerns, 
values, and fears into the broader societal debate. (The interested reader should 
see reference  [16] , for example, but also Marvin  et al . in Chapter  17  in this volume 
for a recently developed alternative to integrate public consultation into risk man-
agement.) Communication that is based on technical risk assessment, but does 
not explicitly address public concerns, is likely to have a limited role in reassuring 
the public. Hence it is necessary to know the actual public concerns to decide 
which risks should be assessed. Understanding the rationale behind public 
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concerns thus becomes of great importance for anyone involved with new 
technologies. 

 Research into the various processes by which risk analysis practices interface 
with society has been evolving since the 1970s. The research of Paul Slovic and 
colleagues, which indicated that lay people incorporate psychological factors into 
their personal assessment  of the acceptability of different hazards, was initially 
assumed to be evidence of public irrationality by different actors in the regulatory 
and industrial communities, and appeared to explain why risk management deci-
sions acceptable to expert communities (for example, regulators and scientists) 
were not acceptable to some members of the public. The decision by some regula-
tory and industry stakeholders to continue to implement technologies despite 
negative consumer perceptions not only resulted in high levels of consumer 
distrust in the motives of regulators and industry, but prevented the successful 
commercialization of some technologies, notably in the area of genetically 
modifi ed foods. 

 Consequently, risk communication activities at this time focused on changing 
public views on risk to become aligned with expert views, with emphasis on com-
munication directed toward risk acceptance, in particular in the area of emerging 
technologies . The process has been described as the  “ defi cit model ”   [17] , whereby 
expert and elite organizations and institutions assumed that the various sectors of 
the public are in some way defi cient in their understanding of risk. As a conse-
quence, it was reasoned that the acceptance of emerging technologies and other 
hazards was contingent on public trust in institutions with responsibility for regu-
lating the associated risks, rather than on the public understanding the technical 
assessment of the risk. 

 The literature suggests that public distrust resulted from the failure of these 
institutions to take public concerns into account. The underpinning rationale 
appeared to promote the notion that increased public trust in regulatory bodies 
with responsibility for consumer protection, industry, and science would increase 
technology acceptance. It was assumed that an increase in trust could be achieved 
by a greater emphasis on increased transparency in the process of risk analysis, 
in particularly risk assessment and risk management. While there is some limited 
evidence to suggest that increased transparency is a precondition for trust in 
institutional activities to develop, increased transparency in itself is not a trust -
 increasing event  [18] . Lack of transparency may result in decreased trust, but trust 
 per se  is a result of citizen perceptions of institutional honesty, concern for public 
welfare, and competence. 

 A second approach to developing trust focused on greater public inclusion in 
the process of policy development, specifi cally focusing on the argument that more 
extensive public consultation and participation in risk management and other 
science and technology issues would restore public confi dence in institutions with 
responsibility for public and consumer protection (see, for example, reference 
 [19] ). At the time of writing, increased public consultation appears to play a limited 
role in increasing public confi dence, because there is little evidence that the output 
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of the consultation exercise infl uences the policy process (see Chapter  15  in this 
volume, and references  [20, 21] ), and because there is scant evidence that institu-
tional responses to broader consultations are able to tolerate lack of consensus in 
public opinion . 

 While there seems to be institutional and governmental motivation to conduct 
public consultations regarding the future of nanotechnology, it is not clear what 
will be done with the outputs, how lack of consensus will be handled, nor what 
will be the concrete ambition of the consultation. There is also some evidence that, 
for example, in countries with a long history of consultation, the public are suf-
fering from  “ consultation overload ” , and the original ambition, increasing public 
confi dence in science and technology, is more recently construed by the public as 
a route to technology acceptance  –  in other words, as a way to implement the 
technology regardless of public concern or demand for the technology. 

 More recent approaches to nanotechnology development focus on combining 
social science and policy research with natural science and engineering processes 
into  “ real - time technology assessment ” , which proposes an ongoing interaction 
between technology and society, permitting an iterative embedding of societal 
values in the emerging framework containing technology. It is argued that such 
an approach does not run the same risks of creating public negativity as traditional 
public participation exercises, which may destroy societal trust if public rejection 
of specifi c activities is not internalized into the regulatory framework  [22] , or block 
specifi c innovations that would be appreciated by consumers because of a societal 
rejection of a type of technological application at an early point in time. The effec-
tiveness of such approaches are contingent on developing an understanding of the 
formation of public perceptions of nanotechnology.  

   14.4 
How do People Form Perceptions of New Technologies 

 At present, there is little research regarding public perceptions of, and attitudes 
toward, nanotechnology. In part, this refl ects low levels of public exposure to dif-
ferent applications under development (perhaps because of economic interests 
refl ecting concerns about a public backlash toward different developments). 
Although there is a literature demanding that research into societal issues  be 
conducted (for example, see reference  [23] ), in practice contemporary empirical 
analysis into the science and society issues of nanotechnology remains somewhat 
scarce. 

 This has parallels to research on public attitudes to biotechnology in the 1990s, 
where the need to understand public attitudes, and how these were forming, was 
identifi ed, but research into the process was not being conducted  [24] . On the one 
hand, there is frequent reference in the literature to the potential impact of science 
fi ction and fi lm/literary references to nanotechnology as being infl uential in terms 
of crystallizing public views. For example, reference is made to understand the 
impact of Michael Crichton ’ s novel  “ Prey ”  as an irresponsible piece of fi ction 
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portraying nanotechnology as  “ out of control ”  and uncertain  [13] . A similar discus-
sion precluded the release of the fi lm  “ Jurassic Park ”  (also based on a novel by 
Michael Crichton) and its impact on perceptions of genetic engineering. On the 
other hand, however, there is no evidence to suggest that public attitudes were 
infl uenced by what are clearly works of fi ction (and perceived to be such). Of 
greater concern is the negative backlash following  “ overselling ”  of a particular 
technology by those scientists developing it (for example, as has been the case for 
human metabolomics). 

 At this point, it is of interest to review the existing literature on consumer atti-
tudes  to nanotechnology, with the caveat that public awareness regarding nanote-
chnology is not, at present, extensive  [16, 25] . There is some evidence to suggest 
that food - related applications of nanotechnology may also result in a more negative 
consumer response compared to other nanotechnology applications  [26] . Never-
theless, some examples of nanotechnology in foods or in food contact materials 
are already on the market (for example, nano - silica has long been added to non -
 dairy coffee creamer). Nanomaterials in food packaging are beginning to enter the 
market.  “ Smart packaging ” , where active components in the package control the 
atmosphere surrounding fresh food products, where labels respond to molecules 
in the atmosphere to indicate the condition of the packaged product, or where 
ultraviolet blockers on plastic wine bottles preserve product quality, are already 
possible. 

 Although these products may enter the market, the extent to which consumers 
are actually aware that nanotechnology is being applied within the agri - food sector 
is debatable. It is reasonable to assume that attitudes toward nanotechnology are 
likely to start developing in the near future, and will be formed by direct experience 
with the technology and its applications  [27] , or be driven by an affective or emo-
tional response to the issue or application  [28 – 30] . In the case of nanotechnology, 
consumers have, to date, little (conscious) experience with nanotechnology prod-
ucts  [31] , implying that information provided by external sources will probably play 
a dominant role in the current, early stage of public opinion formation  [32] . 

 Fischer  et al.   [33]  have demonstrated that simultaneous exposure to risk and 
benefi t  information does not necessarily result in positive or negative public atti-
tudes toward nanotechnology. After receiving balanced risk and benefi t informa-
tion, some individuals develop positive or negative attitudes toward nanotechnology 
following the provision of combined risk and benefi t information. Other individu-
als remain neutral and do not develop strong attitudes toward nanotechnology. 
These results suggest that individuals develop different attitudes despite receiving 
the same information about nanotechnology. 

 Similarly, Kahan  et al.   [34]  report that members of the public readily form opin-
ions  on whether the potential risks of nanotechnology outweigh its potential 
benefi ts. These are largely driven by affective or emotional responses, as well as 
other attitudes held by the individuals receiving the information. For example, 
attitudes toward environmental risks generally explain more of the differences in 
individuals ’  perceptions of nanotechnology ’ s risks and benefi ts  than do the 
other attitudes held by these individuals. The authors report that these views 



 252  14 Communication of Risks and Benefi ts of Nanotechnology

are amenable to infl uence by the provision of additional information, but 
that individuals exposed to balanced information polarize along cultural and politi-
cal lines.  

   14.5 
Nanotechnology Communication in the Business Context 

 Commercialization, aimed at the generation of willingness to buy and, potentially, 
willingness to pay, would require the communication of nanotechnology applica-
tions in terms of a unique benefi t proposition to the consumer, primarily in terms 
of usefulness and ease of use  [35] . In other words, what specifi c consumer needs 
are addressed by the nanotechnology application that would put it at a competitive 
advantage? 

 Cost – benefi t  considerations on the part of the consumer have traditionally been 
operationalized in terms of functional benefi ts of improved product performance 
(e.g., better taste, higher convenience, safety, etc.). However, increasingly, con-
sumers consider not only  “ what the product delivers ”  in terms of personal benefi ts, 
but also  “ how the product is brought about ”  in terms of social and environmental 
impact. This is why perceived risk and uncertainty with the new technology is an 
essential part of the positioning challenge, as already discussed in the previous 
sections. Consumer behavior research  [36, 37]  reveals an important asymmetry, 
with negative societal perceptions outweighing positive contributions  as a deter-
minant of consumer acceptance. This is why consideration of public attitudes 
toward nanotechnology needs to be an integral part of commercial communica-
tion, particularly so, as commercial stakeholders are likely to be judged with a 
considerable level of skepticism and distrust. 

 Nanotechnology applications may occur at almost all stages of the agricultural 
value chain, with different potential benefi ts for various chain actors, all the way 
through from primary producers to end consumers. For effective communication 
of nanotechnology, it is important to identify  a priori  the business model underly-
ing the nanotechnology application. Such a business model would include identi-
fi cation of  “ where value is being added ” ,  “ to whose benefi t ” , and  “ with what 
positioning ” . Following on this, the strategic management literature  [38]  suggests 
three dominant bases for realizing competitive advantage from nanotechnology 
applications: cost leadership, differentiation, and focus strategy. Increasingly, cor-
porate social responsibility has come to the forefront in the business environment 
as a strategic orientation for competitive advantage to which nanotechnology can 
add considerably. 

 Cost leadership ( “ doing the same thing at lower cost ” ) would imply that food 
with nanotechnology applications performs at parity with competing products (i.e., 
delivering existing benefi t and benefi t performance) in the marketplace, but that 
the nanotech applications add value by reducing costs anywhere along the total 
supply chain. This may occur, for example, through more effi cient processing, and 
logistics with fewer losses, or more effective sourcing from increased productivity 
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in primary production. Cost leadership approaches would not be actively com-
municated in terms of consumer benefi t (as it delivers an established benefi t), 
but (some of) the cost reduction may be delivered to the consumer in terms of 
lower price. 

 Nanotechnology applications also have the potential to deliver improved (e.g., 
step changes in taste, texture, and/or health quality of the product) or even com-
pletely new benefi ts to chain partners, in particular the end consumer (e.g., pack-
aging from which freshness can be inferred). Such added consumer benefi ts from 
nanotechnology may contribute to differentiation strategies whereby the rationale 
for applying nanotechnology is described, together with justifi cation for increased 
pricing where appropriate. Specifi c nanotechnology applications also have the 
potential for being associated with a focus strategy ( “ benefi cial for a specifi c sub-
group ” ) in which the benefi ts brought forward by the technology would be targeted 
at one or two specifi c groups of consumers. A possible application would be the 
use of nanotechnology to produce a non - allergenic product, thereby opening much 
broader access to products for this specifi c segment. 

 Corporate social responsibility strategies, based on nanotechnology applications, 
would communicate the added value for society at large (e.g., in reducing environ-
mental and social benefi ts) rather than the end benefi ts to the consumers more 
specifi cally. A key example here would be nanotechnology applications to increase 
the effectiveness of pesticides (and thereby reducing their use) or the development 
of new plant varieties that are resistant to unfavorable production conditions (such 
as drought and saline areas). As discussed in previous chapters, the potential for 
the introduction of new risks may entail the development of novel risk assessment 
paradigms. These also need to address consumer concerns and priorities. 

 Nanotechnology applications can occur at the level of process innovation and 
product innovation, and effective communication depends on the successful inte-
gration between the two. This is particularly important, as, in their perception and 
valuation of technology - based food innovations  [35] , consumers reply on their 
personal cost – benefi t  considerations ( “ what is in it for me in terms of improved 
product performance? ” ) as well as risk and uncertainty, which is also largely 
related to process innovation ( “ how has this product been developed and with what 
consequences to whom ” ). For effective communication strategy, in terms of com-
munication objectives, target audience, and message content, it is important to 
distinguish between different combinations of process and product innovation. 
This is illustrated in  Table    14.1  . The table distinguishes between communication 
strategies depending on whether the benefi ts arise for the chain actors (process 
innovation) and/or to tangible consumer benefi ts (product innovation).   

 For the net benefi ts delivered by the product innovation to the consumer, the 
end consumer is the target audience, and the marketing objective (contained in 
the message content) will focus on communication of those benefi ts to consumers 
and justifying the potential price premium being charged. For the benefi ts related 
to the chain actors and society at large, communication is more complicated, as, 
due to the complexity of the issue, the value and benefi t  distribution across the 
chain cannot easily be verifi ed by the consumer. Consumer perception of chain 
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and societal benefi ts are much more based on  indirect  communication through 
stakeholders of the value chain, most notably commercial stakeholders, non -
 governmental organizations, consumer organizations, media, scientists, and gov-
ernments. As commercial stakeholders are not necessarily seen as an independent 
and trustworthy source of information, communication on chain benefi ts will to 
a large degree be delivered indirectly via these stakeholder groups. Table  14.1  
highlights the importance of the aligning chain actors and social benefi ts of nan-
otechnology with actual product benefi ts to the consumer, as a win – win proposi-
tion between public and consumer – private interest.  

   14.6 
Conclusion 

 To date, societal acceptance  of new technologies has often been studied after these 
technologies, and their applications, have been introduced. Nanotechnology pro-
vides a unique opportunity to examine theoretical models of public opinion forma-
tion under circumstances in which consumers are only just beginning to make 
sense of the potential perceived risks, costs, and benefi ts  associated with techno-
logical innovation. Consumer perceptions of risk, benefi t, and cost are unlikely to 
be stable over time, but may have some predictable properties, which should be 
considered and implemented in an early stage of technology development, applica-
tion, and commercialization. The success or failure of new technologies depends 
both on societal responses, which may create legal and governmental obstacles, 
and on end - user uptake, which may create or prevent the cash fl ow needed for 
further development. Careful positioning of the technology and adopting the rel-
evant associated communication is an essential precondition to prevent adverse 
reactions from society.  

  Table 14.1    A topology of societal (profi t, corporate social responsibility) and consumer 
benefi t and risk associated with different market introductions of a new technology. 

  Process innovation     Products from technological innovation  

  Net benefi t to chain actors     Net benefi ts to end consumer  

        Negative     Neutral     Positive  

  Negative            Consumer benefi t at 
 “ societal cost ”   

  Neutral            Consumer benefi t at no 
societal cost  

  Positive        Societal benefi ts at no 
 “ consumer cost ”   

  Synergetic quality 
delivery  
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    15.1 
Introduction 

 Internationally, there is increasing investment in both the private and public 
sectors in  technologically driven  innovations, such as foods developed with novel 
technologies, improved food safety and food quality initiatives, and improved 
sustainability in terms of food production, processing , delivery and consumption. 
As has been discussed in other chapters in this volume, however, societal responses 
to agri - food nanotechnology  may not necessarily be positive. Successful imple-
mentation and commercialization of emerging technologies  is contingent on soci-
etal acceptance of the technology overall, as well as on consumer acceptance of 
specifi c applications, particularly at a time when public confi dence  in technological 
innovation is generally low    –    this is particularly true within the agri - food sector, 
which has been beset by past societal controversies. As a consequence, it is impor-
tant to identify societal concerns  regarding new developments in the area of 
emerging technologies , possibly to allow the timely opportunity to pre - empt or 
ameliorate these  [1] , or to change the trajectory of technology development in line 
with societal preferences. 

 In the case of agri - food nanotechnologies , there is potential for profound societal 
and consumer  benefi t  to be associated with its application. Indeed, signs of con-
sumer negativity and distrust in the motives of both industry and regulatory 
institutions    –    regarding this and other technologies    –    are already appearing. At the 
present time, societal attitudes toward nanotechnology have not yet fully crystal-
lized  [2, 3] , but this may change as  societal debate  about the risks and benefi ts  of 
nanotechnology intensifi es and products begin to be made available to consumers. 
Developing effective  public engagement  is therefore key to understanding 
consumer – citizen priorities and preferences for future food production systems 
and their products. The aim of this chapter is to review different mechanisms for 
public engagement, to consider their application to the nanotechnologies issues, 
and to comment on their likely limitations and effectiveness    –    particularly with 
regard to the appropriate criteria for their subsequent acceptance by those involved 
in the process and society more generally. 

  15 
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 It is argued that it is important for event sponsors (in particular) to recognize 
the different aims of consultation and engagement mechanisms, and choose a 
mechanism according to their specifi c consultative aims  [4] . Furthermore, given 
that an appropriately selected mechanism (for a given situation) may still be inap-
propriately applied, it is important that the exercise itself should be independently 
 evaluated . That is, the purpose and aims of such exercises should be made explicit 
by the sponsors, and any exercise conducted should be of appropriate rigor regard-
ing independent evaluation of both process and policy impact (or at least the use 
of the outcomes) to enable scrutiny by the interested end - user communities, and 
to facilitate comparisons in time and across different geographic regions and 
population groups. Public engagement associated with technology development 
or other technological or societal initiatives (including agri - food nanotechnologies) 
should recognize that such initiatives affect society over and above product devel-
opment and commercialization.  

   15.2 
What Is  “ Public Engagement ” ? 

 Perceptions of risk and benefi t  associated with different applications of  food tech-
nology ,  “ sustainable ”  production, or other future foods issues, may have a direct 
infl uence on consumer acceptance of specifi c products. Societal acceptance of 
emerging technologies  is also likely to be contingent on  “ societal trust ”  in regula-
tors, regulatory institutions , industry, and other actors in the technology sector 
under consideration  [5] . Citizens ’  trust in industrial and regulatory actors with 
responsibility for consumer protection and optimization of the economic success 
of the applications of emerging food technologies  may infl uence perceptions of 
risk and benefi t . The occurrence of various food safety incidents associated with 
existing and emerging technologies , many of which have had international and 
national consequences for quality of life and economic functioning, has high-
lighted the need to develop and maintain public confi dence in the management 
of the food supply  [6] . A case in point is the negative public reactions  to genetic 
modifi cation in the agri - food sectors, which have had important consequences for 
commercialization of the technology as well as for international food risk govern-
ance   [7, 8] . 

 A key element in developing societal trust in the motives of actors involved with 
developing the products of novel technologies is to ensure that these actors take 
account of the concerns of interested  stakeholder s (including the general public), 
and address these concerns in the process of research and policy formulation, as 
well as in considering potential commercialization strategies  [9] . Activities geared 
toward involving the public have, in the agri - food sector, ranged from traditional 
consultations  (e.g., quantitative surveys of nationally representative populations) 
and focus groups conducted in order to evaluate citizen views, through to exercises 
specifi cally focusing on citizen involvement in the decision - making process. In 
other words, there has been a growing trend within many societies to involve a 
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wider range of  stakeholder s in policy decisions than has traditionally been the case 
in the past. Such stakeholders may include the public, or, at least, representatives 
of the public, as well as consumer, environmental, and industry interest groups, 
and other interested end - users and stakeholders. 

 Historically, public policy regarding science and technology has been deter-
mined by politicians and policy - makers, often with the aid of expert advice. Deci-
sions resulting from this process have then generally been communicated to the 
public, under the assumption that the communication recipients will understand 
and believe the information, and think and behave appropriately in response    –    that 
is, as the policy - makers have predicted and think appropriate  [10, 11] . In contem-
porary societies, this model has, to some degree, failed: a loss of trust in decision -
 makers and their advisors has led to public and stakeholder skepticism  in the 
motives of actors in the policy, regulatory, and industry communities  [12] , includ-
ing the potential for societal mobilization against policy directives and associated 
activities (e.g., the introduction of innovative but controversial food technologies  
and their specifi c applications    [13 – 16] ). 

 As a consequence, many actors in the policy community and beyond have 
shifted to a position where it is assumed that public trust and confi dence may be 
gained and maintained if decision - makers are perceived by society more generally 
to be actively obtaining broader views associated with policy development and 
regulatory activities . This activity has been referred to as public (or citizen or 
stakeholder) engagement , involvement, or participation  [17, 18] . Various reasons 
have been put forward to explain the recent increased popularity of stakeholder 
involvement  [19 – 21] . Among the assumed benefi ts of engagement are: 

   •      regaining of societal trust in policy - makers and policy decisions;  
   •      public acquisition of political effi cacy;  
   •      enhancement of democracy;  
   •      societal acceptance of decisions associated with policy development and 

implementation;  
   •      improvement of policy decisions.    

 It is of interest to note that, despite the assumed existence of these benefi ts, 
empirical tests of the societal impact of public engagement are scarce  [22] . 

 In order to achieve the goal of  “ greater participation ” , various methodologies 
have been developed to facilitate public and stakeholder involvement in the policy 
process. Three broad categories of approach can be identifi ed, as shown in Table 
 15.1  (adapted from  [18] ). The fi rst can be described as  “ public communication ” , 
entailing a unidirectional fl ow of information from the expert community to the 
public. Hence public opinion on the matter under consideration cannot infl uence 
the policy process. Specifi c activities included in the communication category are 
beyond the scope of the present chapter, and are not considered further. The 
second approach can be described as  “ public consultation ” . This group of 
approaches utilizes more traditional opinion elicitation methods, where the 
opinion of the public  is gathered and used in policy development or implementa-
tion with little or no interaction with sponsors, policy - makers or expert communi-
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ties. Information about public opinion is provided to the expert community, after 
which there is no further public involvement. The information fl ow is  “ from the 
public to the experts ”  and is often, but not always, confi ned to a single period of 
data sampling. A third group of methodologies consists of more innovative 
methods that actively aim to engage participants in an ongoing dialog with spon-
sors    –     “ public engagement ”  or  “ public participation ” . These methods aim to be 
truly interactive.   

 Both the consultation and participation methods may potentially involve one, or 
a combination, of  “ citizens ” ,  “ the public ” ,  “ consumers ” ,  “ stakeholders ”  or  “ experts ” . 
Descriptions of each of the terms included in the table are provided in the glossary 
given in the Appendix at the end of this chapter. 

 The issue then arises as to which class of approaches is most useful for engaging 
with the public under specifi c circumstances    –    with recent arguments (as previ-
ously discussed) suggesting that more participatory approaches are more appropri-
ate in many current social – political – technological contexts. This is particularly the 
case with nanotechnology, where increased participation (particularly early in the 
process, or  “ upstream ” ) has been prescribed by a major inquiry into nanotechnolo-
gies in the UK conducted by the Royal Society and Royal Academy of Engineering 
(see reference  [23]  for a description), and has been encapsulated in the major 
 National Nanotechnology Initiative  ( NNI ) in the USA  [9] .  

   15.3 
Evaluating the Effectiveness of Public and Stakeholder Engagement 

 Rowe and Frewer  [22]  reviewed the literature on public engagement and found 
little empirical evidence for the existence of the generally assumed benefi ts    –    with 
only a few studies having critically examined engagement exercises (in any context, 
over and above agri - food nanotechnologies) to see what they have achieved and 

  Table 15.1    An overview of methodologies applied to facilitate public and stakeholder 
involvement   (adapted from  [18] )  . 

   Consultation     Participation     Communication  

  Citizens ’  panel 
 Consultation document 
 Electronic consultation 
 Focus group 
 Opinion poll 
 Referendum 
 Survey 
 Telepolling 
 Delphi 
 Public hearing 
 Expert group  

  Action planning workshop 
 Citizens ’  jury 
 Consensus conference 
 Deliberative opinion poll 
 Negotiated rule - making 
 Planning cell 
 Technology assessment  

  Cable TV 
 Drop - in centers 
 Hotline 
 Information broadcasts 
 Internet information  
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whether they have delivered the benefi ts proposed. Of course, this does not  neces-

sarily  mean that such benefi ts have not been obtained, but this does indicate that 
this issue has not been the focus of empirical investigation. 

 A major problem in collating evidence to support the assumed benefi ts associ-
ated with public and stakeholder engagement is a lack of theoretical perspectives 
about  how  to evaluate engagement exercises. In addition, it should be recognized 
that there are practical diffi culties in attempting to conduct such evaluations, 
whether these are of expert consultations or public engagement types  [18, 21, 24] . 
A key element in doing this effectively concerns defi ning what is meant by an 
 “ effective ”  exercise    –    a complex issue that is open to debate and dispute. In spite 
of this, some consensus regarding best practice in evaluation is beginning to 
emerge in the literature. For example, two recent evaluation frameworks  [25, 26]  
essentially agree upon a dichotomy of effectiveness requirements. These are that 
an engagement exercise should be perceived as being  fair  by those participating 
(as well as outside observers), and that the process itself should be competently 
enacted in a manner allowing appropriate interactions and exchanges of knowl-
edge and/or information between those involved. 

 In addition to identifying and using appropriate evaluation criteria, it is generally 
recognized that evaluation of public  and stakeholder engagement should be done 
independently, particularly as the underpinning assumptions of the associated 
benefi ts of applying such exercises may be erroneous, and those conducting 
engagement often have a positive expectation of the process they have promoted 
and run. Indeed, it has been argued that, under some circumstances, engagement 
may not result in the assumed benefi ts for the policy process or society in general 
 [27 – 30] . Caution may particularly be called for where engagement involves the 
public, and under circumstances where the policy topic is highly complex  [31] , as 
is the case with emerging technologies  applied in the agri - food sector. 

 Less - than - rigorous application of method and (in the case of public engagement) 
lack of independent evaluation may act as a barrier to the uptake of public consul-
tation conclusions in policy measures and subsequent debates     –    possibly correctly 
so, if the outputs are somehow fl awed (e.g., have been derived through a faulty 
process). Rigorous evaluation of participation exercises is thus important to enable 
other researchers and end - users to have access to credible research fi ndings, to 
enable scrutiny by interested end - user communities, to facilitate comparisons in 
time and space as well as across different cultural and geographical regions  [32] , 
and to avoid repetition and redundancy in research activities. 

 Initiatives must be deployed to collect the data on public acceptance and knowl-
edge following more classical methods to facilitate opinion sampling over multiple 
countries and participant groups, to be able to make any claims of the generaliz-
ability of results from small group involvement (participation being characterized 
by limited participant numbers) to the larger public in affected regions. An impor-
tant issue in the global or international context (the level at which innovations in 
food technology may apply) is the acquisition of data that can distinguish between 
those attitudinal factors which are invariant over cultures and people, and those 
which are prone to be infl uenced by cultural factors and historical contexts. Policy, 
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regulation, and strategic development of technology innovation can then be har-
monized internationally, or  “ fi ne - tuned ”  to the needs of specifi c countries or 
regions. At the present time, stakeholder and public participation in the govern-
ance and strategic development of agri - food (nano)technology is fragmented. It is 
essential that ongoing activities are reviewed and harmonized in order to avoid 
duplication of effort and inappropriate allocation of resources. The peer - review 
process is important in this regard    –    while also being useful in increasing transpar-
ency of policy impacts, as well as in identifying gaps in ongoing activities and 
developing best practice in stakeholder and societal dialog regarding existing and 
emerging societal concerns. 

 The one - way stream of information  from  the public  to  the expert community is 
still a more frequently utilized method compared to  “ genuine ”  public engagement, 
despite frequent references to the  need  to engage the public in the development 
of, for example, agri - food nanotechnology  or other emerging food technologies . 
While the notion of public engagement has become salient in the minds of 
researchers, policy - makers, and decision - makers in industry, there is little con-
certed or considered use of the various available methodologies. It may be that 
conducting and publishing evaluations of engagement exercises may aid in con-
vincing those using these traditional approaches to try novel methods. 

 Finally, the value of public engagement in terms of its assumed advantages also 
needs to be assessed. Key questions include the following. 

   •      Does public engagement increase trust in policy - makers and industry, and in 
political and regulatory processes more generally?  

   •      Is public engagement justifi able in its own right, as a means of enhancing the 
democratic process?  

   •      Are the public more likely to accept decisions associated with policy develop-
ment and implementation following public engagement or public consulta-
tion, and how does lack of consensus across different groups of those consulted 
infl uence this process?  

   •      How and in what way are policy decisions improved following public consulta-
tion or engagement .  

   •      Is there already adequate information available regarding public opinion, con-
cerns, and values associated with either nanotechnology or sustainable 
chemistry?     

   15.4 
Public Engagement Examples 

 As noted, nanotechnology has been viewed through a similar lens to genetic 
modifi cation  [1] , with one of the lessons emerging from prior debate  being that 
of the diffi culty of  communicating  technology benefi ts to a cautious (and indeed 
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skeptical) public. Furthermore, it has been noted that using  consultative  approaches, 
such as surveys, are of little use in revealing the ways in which people will interpret 
and understand novel and complex technologies when the issue of interest is one 
about which people know little  [33]     –    as has been shown to be the case with nan-
otechnologies. Proponents of nanotechnology, as well as interested social scien-
tists, have thus sought more interactive public engagements using  participative  
approaches. 

 There have, consequently, been a growing number of participative exercises 
used on nanotechnology issues, though relatively few have made it into the aca-
demic press. One of these was  “ Nanojury UK ” , the fi rst citizens ’  jury on nanote-
chnology in the UK (see the Appendix at the end of this chapter for a description 
of this general method). This has been described by Pidgeon and Rogers - Hayden 
 [3] . Burri  [34]  reports on a similar approach (a  “ citizens ’  panel ” ) held in Switzer-
land, while Evers and D ’ Silva  [35]  discuss another citizens ’  panel held as part of a 
Flemish technology assessment project (albeit on nano - applications in the medical, 
not agri - food, domain). 

 Meanwhile, Pidgeon  et   al.   [33]  have described the fi rst comparative US – UK 
public participation experiment, which comprised four concurrent half - day public 
 workshops  debating energy and health nanotechnologies. One interesting 
result from this study was that participants focused on benefi ts rather than risks  
and, in general, had a high regard for science and technology. Rather than the 
country in which the exercise was run, it was application  context  that was the most 
signifi cant source of attitudinal differences, with energy applications viewed in a 
substantially more positive light than applications in human health and enhance-
ment in both countries (where agri - food application would fi t in this analysis is 
an empirical question). The authors also reported that more subtle differences 
were present in views about the equitable distribution of benefi ts, corporate and 
governmental trustworthiness, the risks to realizing benefi ts , and in consumerist 
attitudes. It is arguable that more profound cross - cultural differences may be 
observed under circumstances where cultural or economic differences are more 
profound, but this has not been subject to empirical test as far as can be 
ascertained. 

 What is notable is the general lack of rigorous evaluation of these and other 
initiatives. However, some research has attempted to consider the qualities of such 
participative processes and what they achieve. Powell and Kleinman  [36] , for 
example, drew on in - depth interviews with participants of a  consensus conference  
(see the Appendix at the end of this chapter) in the USA on nanotechnology to 
consider how citizen participants felt the consensus conference experience had 
affected their  knowledge and effi cacy  related to participation in nanotechnology 
issues; which aspects of the conference they thought shaped their knowledge and 
effi cacy; and whether they felt motivated to engage in future participatory mecha-
nisms related to nanotechnology issues. They concluded that, even if consensus 
conferences have little or no  infl uence  on policy or policy - makers, they may 
empower citizens by improving their perceived abilities to participate meaning-
fully in technoscientifi c issues. 
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 Similarly, Besley  et al.   [37]  explored interpersonal discussion following participa-
tion in a novel program of citizen engagement about nanotechnology (using a 
process they called  “ citizen schools ”     –    a program of lessons and engagement 
between scientists and public lasting several weeks, and therefore considerably 
more prolonged than the majority of participative approaches). Participants 
answered closed -  and open - ended questions about their discursive behavior in a 
post - engagement survey. Respondents reported moderate levels of post - engagement 
discussion and appeared to say positive things about both nanotechnology and the 
experts who contributed to the engagement program. Respondents also reported 
primarily talking about nanotechnology in terms of scientifi c progress while using 
a range of fairness and competence frames to discuss experts and the program. 

 On the negative side, Hamlett and Cobb  [38]  collected data from a small set of 
public deliberations on nanotechnology to test the concern that group delibera-
tions may bias toward the original majority preferences because of cognitive and 
affective errors in decision - making, such as deference to the numerical majority 
opinion held within a group, and they found some evidence for this polarization 
hypothesis. Indeed, Rogers - Hayden and Pidgeon  [39]  have also emphasized that 
the kinds of conversations that emerge from public engagement and other 
approaches to understanding public attitudes may not lead to harmonious develop-
ment of nanotechnologies (as perhaps hoped by proponents), but may open up 
differences in visions    –    although they point out that this is necessary if public 
participation is to move  “ upstream ” , beyond mere consultation to encompass a 
 “ co - creation of nanotechnology for sustainability ”  ( [39]  p.   1010).  

   15.5 
Recommendations for Conducting Public Engagement and 
Public Consultation Exercises 

 In this chapter different ways have been discussed in which the public may be 
engaged in the current debate  about agri - food nanotechnologies . The multitude 
of methods available have been briefl y reviewed, and the different intentions and 
characteristics of these noted (see the Appendix at the end of this chapter). The 
trend toward more  “ public participation ”  has been described, and some examples 
drawn from different areas of application of nanotechnology. In particular, the 
issue of  “ evaluation ”  has been raised, highlighting the need for researchers to 
seriously consider the processes and consequences of their engagement  methods. 
From this, a number of recommendations for conducting such approaches can be 
identifi ed. 

  1)     The goals of the exercise must be clearly defi ned at the outset. Often, partici-
pative processes are framed in such a way that encourages participants to 
believe that their views will have real impact upon an issue, when this is not 
truly the sponsors ’  intent, and once participants realize this, they can feel 
aggrieved    –    as can external observers and stakeholders. If an exercise is simply 



 15.5 Recommendations for Conducting Public Engagement and Public Consultation Exercises   265

being conducted to collect views, then a simple consultative approach    –    such 
as a survey or focus groups    –    would be better. If the intent of an exercise is 
more than this    –    to give other stakeholders (which may include the public) 
some real say and ownership of the problem issue, then participative 
approaches seem suitable. (Evers and D ’ Silva  [35]  note that it is often unclear 
how regulatory actors can actually proceed from the output of such exercises, 
and perhaps this needs to be clearly specifi ed at the outset.) Being clear on 
the aims of a process can also help to inform the appropriate criteria for evalu-
ating that process (see point 3).  

  2)     There are many different methodologies available to facilitate consultative and 
participatory processes, which are of direct utility in understanding science 
and society issues. From the available literature (both refereed and non -
 refereed), the approach favored by academics working in this area tends to be 
the  survey  and  focus group  for consultation, and the  consensus conference ,  citi-

zens ’  jury  and (in the area of ethical impact)  technology assessment  in the context 
of deliberative processes and public engagement. This may, to some extent, 
refl ect the fact that these methods are established and accepted within the 
academic and policy communities, rather than because they are inherently 
better or more suited to the purposes to which they are put.  

  3)     It is important to consider the timing of a public engagement event. There 
has been a view developing that engagement with the public (in particular, 
public  participation ) should occur early in the process of developing novel 
technologies    –    so - called  “ upstream engagement ” . Rogers - Hayden and Pidgeon 
 [23]  discussed some of the promise and perils of moving public debate  
upstream, however, concluding that there is a risk of merely replacing the 
perceived defi cit in public understanding of science with a perceived defi cit 
in public engagement with science    –    so caution is needed.  

  4)     It is essential that public engagement exercises are systematically evaluated 
against appropriate criteria by independent evaluators (i.e., evaluators who are 
not in any way involved in the development of the exercise or the sponsoring 
organization). An example of such evaluation criteria has been provided by 
Rowe and Frewer  [26] .  

  5)     In order to ensure that the results of a public consultation or public engage-
ment exercise meet the rigorous standards required by peer review, publica-
tion in a peer - reviewed journals is desirable. This also ensures that the results 
of the research are available to other researchers, and helps to prevent duplica-
tion of effort and allocation of resources to similar activities.    

 It is important to note that, while a public engagement activity may provide indica-
tors of emerging public concerns and preferences, it will not provide data that will 
facilitate systematic comparison of emerging concerns and preferences across 
different segments of the population (e.g., demographic groups, regional groups, 
or groups of individuals with specifi c preferences or attitudes to technology or food 
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production). The results of the public consultation need to be taken together with 
existing knowledge about determinants of individuals ’  perceptions of risk – benefi t  
already available in the published literature, to validate and explain identifi ed pat-
terns. Ultimately, such qualitative processes can be useful in informing the devel-
opment of a survey instrument for collecting quantitative data regarding attitudes 
toward (for example) nanotechnology.  

  Appendix 

  Glossary  (from  [18] )  

    Action planning workshop       An action planning workshop is an intensive work-
shop of one or two full days in which representatives of the involved parties join 
together to review the current status of the issues, set the future goals and write 
a detailed action plan for the next steps to be taken.  

  Citizens ’  jury       A citizens ’  jury is a mechanism of participatory action research 
that draws on the symbolism, and some of the practices, of a legal trial by jury. 
The  “ jury ”  is made up of people who are usually selected  “ at random ”  from a local 
or national population. The jurors cross question experts they have called to 
provide different perspectives on the topic. The jury then collectively produces a 
summary of their conclusions, typically in a short report.  

  Citizens ’  panel       Citizens ’  panels involve a broadly representative sample of the 
local population, who have agreed to take part in consultation activity. They can 
involve between 500 and 3000 people. Panel members are then asked to complete 
surveys on a regular basis. This can involve the whole panel, or particular target 
groups within the total panel.  

  Consensus conference         A consensus conference is a chaired public hearing with 
an audience drawn from the public and with active participation of 10 – 15 lay 
people and a corresponding number of different experts. The experts may be from 
different disciplines and/or from different schools within a discipline. The confer-
ence may last several days, plus the time for preparation. The purpose is to produce 
an informed debate  on a limited subject presented in the form of six or seven 
main questions.  

  Consultation document         This is a document that identifi es an issue and proposes 
one or several ways to deal with the issue. These proposals are then offered as 
concrete ideas to the view from the public and are open for comments and adjust-
ments. If multiple proposals are offered, the preference of the public for one of 
the proposals can be asked for.  

  Deliberative opinion poll       Deliberative polling combines small - group discussions 
involving a small numbers of participants with random sampling of public opinion. 
Citizens are invited to take part at random, so that a large enough participant group 
will provide a relatively accurate, scientifi c representation of public opinion.  
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  Delphi       The Delphi method is a systematic interactive forecasting method for 
obtaining forecasts from a panel of independent experts. The carefully selected 
experts answer questionnaires in two or more rounds. After each round, a facilita-
tor provides an anonymous summary of the experts ’  forecasts and reasoning from 
the previous round. In subsequent rounds, participants are encouraged to revise 
their earlier answers in light of the replies of other members of the group, which 
is assumed to facilitate consensus - building. The process is stopped after a prede-
fi ned stop criterion (e.g., number of rounds, achievement of consensus, stability 
of results).  

  Drop - in centers          Drop - in centers are places in the community to which the 
interested public can go without prior appointment. The public receive informa-
tion on the status and future directions of different issues (e.g., town planning), 
but may also comment and provide feedback on plans in such a center.  

  Electronic consultation       This refers to an exchange between government and citi-
zens using the Internet. Electronic consultation represents a specifi c form of 
online deliberation. Online consultation consists in using the Internet to ask a 
group of people their opinion on one or more specifi c topics, allowing for trade -
 offs and dialog between participants. Generally, electronic consultation is used to 
identify or access options, or to evaluate ongoing activities. This enables govern-
ments to draft more citizen - centered policy.  

  Focus group       A focus group is a form of qualitative research in which a group of 
people are asked about their attitude toward a product, service, concept, advertise-
ment, idea, or packaging. Questions are asked in an interactive group setting, 
where participants are free to talk with other group members. Focus groups can 
be used for gaining access to various cultural and social groups, selecting sites to 
study, sampling of such sites, and raising unexpected issues for exploration.  

  Hotline       This is a direct telephone number that people can ring to ask questions 
and give comments, or to put forward views on a specifi c issue.  

  Negotiated rule - making       Negotiated rule - making is a process in which an advi-
sory committee made up of disparate interest groups negotiates the terms of a 
rule or issue between each other.  

  Opinion poll       An opinion poll is a survey of opinion from a particular sample. 
Opinion polls are usually designed to represent the opinions of a population by 
asking a small number of people a series of questions and then extrapolating the 
answers to the larger group within confi dence intervals.  

  Planning cell       Planning cells might be defi ned as a non - partisan,  ad hoc , 
randomly selected, single - issue, short - term micro - parliament. The planning cell is 
presented with an issue, discusses it, and drafts recommendations and the 
assessments.  

  Public hearings/inquiry       A public hearing or inquiry is an offi cial review of 
issues ordered by the government. A public inquiry differs from more general 
inquiries or reviews in that evidence submitted to the inquiry is heard in a public 
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environment. Interested members of the public and organizations may not only 
make (written) evidential submissions, as is the case with most inquiries, but also 
listen to oral evidence given by other parties.  

  Referendum       A referendum is a direct vote in which an entire electorate is asked 
to either accept or reject a particular proposal.  

  Survey       Surveys are used to collect quantitative information about items in a 
population on a certain issue. A survey may focus on opinions or factual informa-
tion depending on its purpose. Most surveys involve administering questions to 
individuals. When the questions are administered by a researcher, the survey is 
called a structured interview or a researcher - administered survey. When the ques-
tions are administered by the respondent, the survey is referred to as a question-
naire or a self - administered survey.  

  Technology assessment       Technology assessment is the study and evaluation of 
new technologies. It is based on the conviction that new developments within, and 
discoveries by, the scientifi c community are relevant for the world at large rather 
than just for the scientifi c experts themselves, and that technological progress can 
never be free of ethical implications. Technology assessment explicitly recognizes 
the fact that scientists normally are not trained ethicists themselves and accord-
ingly ought to be very careful when passing ethical judgment on new fi ndings, 
projects, or work in progress.  

  Telepolling       Telepolling is a way of administering an opinion poll (see defi nition 
of opinion poll) by means of telephone interviews.      
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    16.1 
Introduction: Historical Background 

 Some readers might wonder if the title of this chapter is a joke. What is  “  nano -
 ethics  ” ? Does it exist? The answer is yes.  “ Nano - ethics ” , the study of the ethical 
impacts, issues, and aspects of nanoscience and nanotechnology , emerged with 
the new (twenty - fi rst) century and is currently consolidating as a research fi eld, a 
fi eld of expertise, and a set of practices in the regulation  and governance of nano-
science and nanotechnology. For instance, in 2007 the academic publisher Springer 
launched a new journal called  Nano - ethics . Several research anthologies  [1, 2]  and 
governmental and non - governmental reports on the ethics of nanotechnology have 
been published  [3 – 6] . Often,   for the ethical aspects/impacts of nanoscience and 
nanotechnology, the broader terms  ethical, legal, and societal/social aspects  ( ELSA ) 
and  ethical, legal, and societal/social impacts  ( ELSI ) are used; others prefer the 
term  social and ethical interactions with nano  ( SEIN )    [7] . We will return to some 
of the underlying reasons for such differences. For the sake of simplicity, I will 
use the term  “ nano - ethics ”  throughout this chapter, because it makes little sense 
to distinguish sharply between an  “ ethical ”  and a  “ societal ”  issue. 

 One may easily identify debates  on the ethics of science and technology in other 
technological fi elds and at earlier times. Notably, many physicists participated in 
what we would now call ethics debates in the decades following World War II, 
when the full implications of nuclear technology, including the hydrogen 
bomb, became evident. It was only with the advent of biotechnology, however, 
that the ethics of science and technology became a focus of attention in its 
own right, with dedicated research projects, university programs, academic 
journals, ethics committees, and even specifi c regulations  and laws being 
implemented in many countries. Of particular importance was molecular biologist 
and Nobel laureate James Watson ’ s initiative in the 1980s to set aside a certain 
percentage (3%) of the total budget of the Human Genome Project for ELSI 
research. This decision implied a vast increase in the funding for bioethics research  
and was copied in many European countries and what is now known as the Euro-
pean Union. This policy has largely been continued as public nanotechnology 
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funding programs have been set up. For instance, it has been claimed that more 
than 40 million US dollars are spent each year on nano - ethics/ELSA in the USA 
alone 1) . 

 What do nano - ethicists discuss, then? The question is simple, but the answer 
is complicated, and most of this chapter will be devoted to providing an introduc-
tory guide to nano - ethics. A fi rst observation to be made is the contrast between 
the ethics of nuclear technology and that of biotechnology. With respect to nuclear 
technology, one might somewhat disrespectfully say that the bomb arrived fi rst 
and the ethical qualms arrived a few years later. In the case of biotechnology, much 
of the ethical debate  occurred simultaneously with the development of the technol-
ogy itself, and often the ethical problems appeared to be quite self - evident and 
pressing. For instance, it was seen as obvious that the handling of, and experi-
mentation with, human embryos demanded careful ethical evaluation, at least in 
the Judeo - Christian cultural sphere.  “ Simultaneous ethics ”  means, however, ethics 
that ameliorates the effects of undesirable technologies, products or possibilities, 
rather than preventing the problems from emerging. 

 With the advent of nanotechnology, it was therefore argued by many ethicists 
that society should  “ seize the day ”  and take the  “ historic opportunity ”  to install 
ethics  in advance of  the technological development  itself. Nano - ethics should not 
only deal with existing technologies, but also prepare for future technology, and 
foresee and prevent ethical problems. Furthermore, even many strong proponents 
of nanotechnology have called for ethics to be included at an early stage. Often, 
reference has been made to the political controversies over genetically modifi ed 
food in Europe as an example of an unwanted situation. Ethics has been conceived 
both by nano - optimists and nano - skeptics as a way to avoid massive expenditure 
on the development of products that, at the end of the day, are found to be 
unwanted by citizens and consumers. 

 The diversity of nanotechnology ranges from well - established production 
methods for nanostructured materials to, say, basic research on hypothesized 
functional couplings between computers and animal (or human) brains. From 
this, one may appreciate how diverse nano - ethics debates  may be. The nano - ethics 
literature discusses a myriad of existing and non - existing technologies; with 
observed or suspected or postulated impacts; and the impacts may be controver-
sial, trivial, and diffi cult to identify. As might be expected by academics under such 
uncertain conditions, there is also a lot of discussion about what are the appropri-
ate topics and methods for nano - ethics, and how this fi eld should develop  [8, 9] . 
We may concur with Kj ø lberg  &  Wickson  [7]  that the nano - ethics fi eld in a certain 
sense is  immature . 

 Immaturity does not imply fault or uselessness, though. On the contrary, in 
what follows, I will draw upon the current diversity of opinions of what nano - ethics 
is and ought to be in order to explain how one may ask ethical questions about a 

 1)     In the absence of an authoritative reference, the blog of the  “ Editors of The American Journal 
of Bioethics ”  has been consulted:  http://blog.bioethics.net/2006/01/nanoethics - the - elsi - of - 21st -
 century - bioethics/  (accessed 16 November 2010). 
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certain technology in different ways and at different levels; they will be called three 
different ethical  “ gazes ” , or ways of looking at the system of research, develop-
ment, and production of technology. This  “ system ”  is diffi cult to defi ne in the 
general case, as it may or may not include this or that form of directed or applied 
research, various activities associated with technology transfer, and so forth, in the 
concrete case. However, I believe a general and rather undifferentiated concept of 
the  “ system ”  to be useful. From now on, I shall use the words  “ gaze ”  and  “ system ”  
in this sense. This may all sound abstract, but we shall see that the implications 
are highly practical and policy - relevant.  

   16.2 
Identifying and Avoiding Unethical Nanotechnological Products 

 Which nanotechnological products and processes are, or could be, unethical, and 
in what respect? In my subjective experience, this is the intuitive nano - ethics ques-
tion for many journalists, policy - makers, and scientists. Many ethicists, perhaps 
striving to be useful in the eyes of those who pay their salaries, apply this kind of 
ethical gaze at the system, looking for potential harm, injustice, inequity, threats 
to human self - determination and dignity, and so on. 

 The fi rst question to be asked is, of course, if the nano - product is or may be 
harmful, a question that belongs as much to risk – hazard assessment  and manage-
ment as to ethics. For instance, it is an open question as to whether free nanopar-
ticles may travel through the body or the ecosystem and give rise to novel human 
health risks or environmental effects. The desirable properties of nanoparticles are 
due to their small size, which gives them a higher surface - to - volume ratio and 
different chemical properties. It is by no means unthinkable that these same 
characteristics may cause unforeseen effects that could be harmful. Such ques-
tions must be studied by the appropriate scientifi c disciplines, such as toxicology 
and ecotoxicology, and can of course not be decided upon by ethicists. No conclu-
sion about harm can be made in the general case; it will depend upon the stability, 
mobility, and reactivity of the type of particles, their use, the adequacy and reliabil-
ity of safety measures, and so on. Ethics may still be useful by debating the right 
thing to do given the certainty or uncertainty about positive and negative effects. 
Typically, a designed and certain benefi t has to be weighed against uncertain or 
even unidentifi ed harm. 

 One important discussion that follows is whether ordinary risk assessment and 
management procedures should be used, whether some version of the  precaution-
ary principle  should be invoked, or if even more cautious measures are required. 
The ETC Group  [10]  has called for a moratorium to be applied to the environmen-
tal release of free nanoparticles on these grounds. Another non - governmental 
organization, Friends of the Earth, has argued that defi nitions of nanoparticles 
should be reworked to be more precautionary (including particle size up to 300   nm) 
 [11, 12] . As nanotechnology  gradually enters human medicine and food industries, 
one should expect ever more focus on the aspect of potential harm. 
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 It is also important to bear in mind that the question of harm is not only one 
of undesired secondary effects. One may easily imagine nano - terrorism and other 
malevolent uses of nanotechnology, for instance by designing highly reactive 
particles that may penetrate the body or foodstuffs. Furthermore, it has been 
pointed out that nanotechnologies, because of their small size, might more easily 
evade detection, especially if one does not know what to look for. Again, this would 
be relevant for industries that could be the victim of sabotage. As for military 
research on nanotechnology, this is not within the expertise of the present author; 
and, indeed, sources of reliable public information do not abound. 

 Along the same lines, questions of autonomy and dignity of humans have been 
discussed. In the case of nanotechnology , one could imagine a further miniaturiza-
tion of tracer technologies, for instance to improve logistics or knowledge of origin 
of products, which might also be used in surveillance of unaware subjects (see 
also Chapter  4  in this volume). Even with subjects aware of their use, 
nanotechnology - based medical technologies might constitute a complexity of 
 “ inner surveillance ”  and precision control over physiological parameters through 
directed medication within the body, to the extent that the subject is hardly 
informed and in control any more. It has been argued that such benevolent and 
medically benefi cial technologies may also be a threat to perceived personal auton-
omy and integrity. Taking it to the extreme, the envisaged coupling of biotechnol-
ogy,  information and communication technology  ( ICT ), and cognitive science at 
the nano level    –    so - called  nano - bio - info - cogno  ( NBIC )    –    has raised discussions over 
potential technologies for human enhancement, that is, technologies that improve 
human senses and capacities, either for the individual or even for (part of) the 
human species. On this issue, the North Atlantic Ocean appears to be a sharp line 
of division: while arguments in favor of human enhancement and  transhumanism  
are utterly politically incorrect in Europe, transhumanist visions have actually been 
put forth by central nanotechnology proponents in the USA  [13, 14] . If one con-
sults the web page of the MIT Institute of Soldier Nanotechnologies, 2)  one may 
furthermore be convinced that the issue is not purely one of science fi ction. I shall 
return below to the European response to US  transhumanism . 

 Finally, the ethics debate  has discussed the so - called  nano - divide , or how the 
organization of research and development of nanotechnology  might increase 
global injustice. It is true that nanoscience and nanotechnology are dominated by 
wealthy and developed countries: North America, Western Europe, Japan, and 
then South Korea and China. The nano - divide is not just focused on the question 
of who develops and owns nanotechnologies, but also whether these technologies 
get built into more production systems so that the lagging behind of poorer econo-
mies will become an increasingly large disadvantage in the global market. 

 Summing up, the ethical gaze I have described is one that screens and scruti-
nizes the properties of a given nanotechnological product, process or activity, and 
that investigates its actual or potential effects. Normally, this ethical focus is  nega-

tive  in the sense that there is no need for ethics if there is no harm or threat to 

 2)     See  http://web.mit.edu/isn/  (accessed 16 November 2010). 
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anyone. The ethics consists in identifying problems and then fi guring out what to 
do with them: if something should be discouraged or prohibited, or if special 
antagonistic measures should be taken. Exactly for this reason, this ethical gaze 
is closely related to legal and regulatory institutions and procedures . What I have 
described here is the kind of ethics that is a central part of what goes on in ethics 
reviews and ethics committees, as well as governmental reports.  

   16.3 
Ensuring Ethical Nanotechnological Research, Innovation, and Production 

 A distinctly different, but equally important, ethical gaze is that which looks at the 
 actions  that lead to nanotechnological products. The question is then no longer if 
the product is unethical, but if the researchers, developers, and producers have 
behaved in ethically justifi able ways , and if their institutions and companies are 
organized in an accountable and responsible manner that allows, encourages, and 
ensures ethical behavior. This is important for all fi elds of science and technology, 
and not less important for nanoscience and nanotechnology, for two reasons. First, 
there is big money involved, with high expectations of profi t. Second, as already 
mentioned, nanotechnologies may involve particular challenges with respect to 
detection, controllability, and unknown harmful effects . In other words, in particu-
lar in terms of sins of omission, there is what a television series crime investigator 
might call both  motive  and  opportunity . 

 At the same time, the practices and institutions of research have changed vastly. 
Until World War II, science was a lifestyle choice and involved a small elite. Since 
1945, the  gentlemen  have become vastly outnumbered by the  players , and research 
is now ordinary work, not even particularly well paid or highly esteemed, at least 
not for the majority of the research workforce. In the natural sciences, many 
researchers do not enjoy the freedom to develop their own research questions, but 
rather work as  “ super - technicians ”  within large research teams. Many senior 
researchers have vested interests in the products of their own research. Without 
exaggerating the sense of vocation and ethical virtues of the scientists in the past, 
it is not diffi cult to understand that ideas of new public management and quality 
assurance found their ways into a research world with big expenditures, big work-
force, and big safety challenges. Hence, to avoid fraud and corruption, researchers 
nowadays are required to store data in prescribed ways and to disclose their per-
sonal economic interests. Universities and research institutions produce ethical 
guidelines  and demand that their employees and students comply with them; 
ethics courses are offered or even required; and there are ever more national and 
international research guidelines. The author ’ s home country, Norway, passed its 
Research Ethics Act in 2006, actually making breaches of research ethics illegal. 

 To a large extent, this has been a matter of codifying and enforcing ideals and 
norms of research ethics that already existed. More than 60 years ago, Robert K. 
Merton  [15]  formulated his  “ ethos of science ” , arguing that effi cient knowledge 
production depended upon open access to others ’  work, a disinterested attitude 
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(i.e., only interested in truth), and a methodically critical attitude ( “ organized 
skepticism ” ), and so on. Seen with this ethical gaze, good ethics is a prerequisite 
of good science; indeed, they are almost the same thing. Likewise, one may argue 
that there can be no functional economic market in a society where everybody is 
prone to lie, cheat or steal. 

 Nonetheless, the development of the institutional ethical gaze goes beyond the 
classical norms of the ethos of science, business ethics, and common morality. 
The clearest example of this is the high - level expert report to the European Com-
mission called   Converging Technologies for the European Knowledge Society   ( CTEKS  
for short)  [16] . The CTEKS report acknowledges that ordinary honesty combined 
with the ethical gaze at products is not enough to avoid ethical problems with 
nanotechnologies. It is fair to see the report as a response to the US NBIC report  
 [14]  that to a large extent advocated human enhancement and only envisaged a 
 post hoc , corrective role for ethics. The CTEKS question was accordingly: How can 
we ensure that nanotechnology development  does not take a harmful, unethical, 
and dangerous direction? Formulated in the usual self - content European jargon: 
How do we ensure that the technology development is in accordance with Euro-
pean values? 

 One should appreciate how radical the refl ection provided by the CTEKS report 
actually is. So far in this chapter, I have only discussed ethical gazes that look for 
anomalies    –    faults or sins    –    within a system that is never questioned  per se . The 
CTEKS report, however, acknowledges the fact that researchers and developers 
with good intentions, complying with every ethics guideline there is, may still 
produce something dangerous or unethical. Of course, it may then be identifi ed 
as such by an ethics committee    –    but then it may be too late. The world may already 
have changed, because something is introduced and dispersed into our ecosystem, 
or our bodies, or our space of possible ill - intended actions. Again, at the heart of 
the issue we fi nd the power and the smallness of nanotechnology, potentially 
eluding detection and retraction. 

 The CTEKS report tries to solve this challenge by demanding that research shall 
be planned in accordance with European values. The convergence of sciences and 
technologies at the nanoscale does not happen arbitrarily and by itself, they argue, 
it requires that technical goals are set. The answer is therefore to organize broad 
political processes to defi ne the social purposes to which these goals are to cor-
respond. For instance, they mention reduction of obesity as a health problem, as 
a purpose that is in accordance with European values, while human enhancement 
is not. This value choice must then be translated into ethically responsible research  
policies.  

   16.4 
Nano - Ethics as the Question of the Good Nanotechnology Society 

 The CTEKS report is a suitable departure for explaining a third ethical gaze, 
namely that which asks about the good nanotechnology society  [17] . First, it is clear 
that CTEKS aspired to provide a road to that society. It is even possible that it could 
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do so in certain domains of nanotechnology development , perhaps also in the 
agri - food sector. The more applied and the less  “ fundamental ”  character of the 
research and technology involved, the more relevant CTEKS appears to be. It 
would be exciting to see attempts at democratic involvement of citizens in the 
design of novel foods, rather than treating the same people only as consumers 
whose behavior is predicted through focus group methodologies. A number of 
so - called upstream engagement  exercises have been devised over the latter years, 
in particular with respect to nanotechnology (see also Chapter  15  in this volume). 
It remains to see whether such exercises have had signifi cant impact and that this 
impact has resulted in a better nanotechnology society (see e.g.  [18] ). Moreover, 
when the research and development activities take on a more  “ basic ” , fundamental 
character, it is hard to see that a solution such as CTEKS could work at all. There 
is no one - to - one correspondence between the preset goal of a basic research project 
and its results; on the contrary, open - endedness is a defi ning character of science 
 [19, 20] . 

 What CTEKS clearly showed, however, is how close a relationship there is 
between the ethical and the political. This was explained in full by another Euro-
pean expert group in their report  Taking the European Knowledge Society Seriously  
 [21] , which talked about  the unpolitics of ethics . Ethics    –    in particular, in the shape of 
expert ethicist committees and reports    –    effectively serves to remove attention from 
and to depoliticize politically controversial issues:  “ Don ’ t worry, we have a group of 
ethics experts working on it! ”  The original, broadly defi ned political issue, perhaps 
vaguely or just implicitly expressed as  “ But do we really need this novel food? Do 
we, as a society, really  want  it? ” , is transformed by the above - described myopic 
ethical gazes into questions of health risk, religious qualms about tampering with 
nature, or new  “ ethical accounting ”  practices in research  and development. Accord-
ingly, the political issue is reduced to a set of so - called ethical issues that are of a 
technical nature and have a technical solution, and the public can be reassured as 
everything is under the control of the ethical experts. The big question is, of course, 
whether the people  really  are reassured, and for how long, by such procedures. 

 In the introduction, I posed the question of what nano - ethicists discuss, and 
replied that the answer is complicated. By now the reader will know why. The 
choice of ethical gaze is in itself an ethical and political choice, and this is as true 
for the technologist and producer as it is for the ethicist. In my view, there is still 
a lot to learn from careful refl ection upon the controversies surrounding geneti-
cally modifi ed food. According to the European expert group cited above, ethics 
contributes to depoliticize controversial issues, in particular if the ethics is nar-
rowly construed as expert deliberation upon limited questions of a more ethical –
 technical nature. This may be true, though the genetic modifi cation controversies 
also show that the involvement of ethics and ethicists does not eliminate or pre -
 empt the political potential. In other words: Ethics projects, ethics groups, and 
ethicist advice do not make the real problems go away in cases where the public 
really has an opinion. A narrow approach to ethics accordingly runs the risk of 
failing to predict, prevent or prepare for a big controversy at a later stage. 

 In this respect, it is interesting to note the development of  “ codes of conduct ”  for 
nanotechnology . In February 2008, the European Commission published their 
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 Code of Conduct for Responsible Nanosciences and Nanotechnologies Research   [22] . 3)  
The concept of ethics does not in itself play a prominent role in the document, 
although it is of course said that research should be in accordance with ethical  
principles and comply with ethics guidelines and ethical review. There is no doubt, 
however, that the entire code is consistent with    –    and perhaps informed by    –    the 
broader view on ethics and politics that I have described as the third ethical gaze. 
Indeed, the fi rst principle of the code is called  “ meaning ” , and reads as follows  [22] :

   Meaning    N & N [nanoscience and nanotechnology] research activities 
should be comprehensible to the public. They should respect fundamental 
rights and be conducted in the interest of the well - being of individuals and 
society in their design, implementation, dissemination and use.   

 Furthermore, the code recommends an inclusive approach to governance  [22] :

  Good governance of N & N research should take into account the need and 
desire of all stakeholders to be aware of the specifi c challenges and oppor-
tunities raised by N & N. A general culture of responsibility should be created 
in view of challenges and opportunities that may be raised in the future 
and that we cannot at present foresee.   

  “ All stakeholders ”  is understood as  “ Member States, employers, research funders, 
researchers and more generally all individuals and civil society organizations 
engaged, involved or interested in N & N research ”   [22] . One may of course discuss 
how realistic such aspirations are, and to what extent soft regulation  such as this 
recommendation by the European Commission will have any implications. Enter-
ing into the general discussion on soft regulation will go beyond the scope of this 
chapter; however, it should be recalled that the communication on the precaution-
ary principle  [23]  and the White Paper on governance, two defi nitely infl uential 
texts from the European Commission  [24] , were both  “ mere ”  recommendations. 
The effect of such recommendations, guidelines, and codes depends on the crea-
tive work of facilitating (or averting) their implementation and use.  

   16.5 
Conclusion: The Ethical Challenge Ahead for the Nano - Agri - Food Sector 

 In this chapter, I have described three nano - ethical gazes that ask the following 
type of questions: 

  1)     What ethical problems (harm, injustice, inequity, threats to human self -
 determination and dignity, etc.) are raised by the nanotechnological  product  
or process under scrutiny?  

 3)     A UK non - governmental initiative along the same lines can be found at:  http://
www.responsiblenanocode.org  (accessed 16 November 2010). 
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  2)     Are the  actions  of researchers, developers, and producers organized in an 
ethically responsible (benevolent, honest, accountable) way?  

  3)     What would constitute a  good  society with nanotechnology, and what path 
leads to this society?    

 The multiplicity of these gazes corresponds to the eternal diversity of ethics, being 
concerned with  the morally right and wrong  as well as  the good life . All three ques-
tions are important and, I would claim, necessary, and they are related to each 
other. I have argued that academic and applied ethics have directed too much 
attention to the two fi rst - mentioned questions, while the third type of question 
appears to be on the rise, not always under the label of ethics, but also as the 
(political) issue of  governance of nanotechnology . 

 Just as little as any other argument, the argument of this chapter cannot be 
politically neutral. Indeed, to insist on the relevance of the third gaze and third 
type of question, is to say that the objective of current innovation  policies is not 
self - evidently good in the moral sense. There is a long and strong tradition, in 
particular in the industrialized world, to see scientifi c and technological progress 
as something inherently and unquestionably good. This is why ethics has been 
relegated to the minor role of avoiding what we could call moral adverse effects. 
The lesson from the advent of the nuclear bomb is that progress is inherently 
two - sided. The lesson from the genetic modifi cation controversies, if not before, 
is that people  know about the ambiguity of progress, and may actually say  “ no 
thanks ”  to new and technically speaking better products. Accordingly, developers 
and producers are left with two options. 

 The fi rst option is to accept that judging the quality of new products    –    quality in 
the broadest sense, technical, ethical, political    –    is, and should be, a collective, 
societal task. If so, all three ethical gazes are necessary, and the industry needs 
slow and sincere dialog with the public. 

 The other option is not to accept this claim, and instead to develop more sophis-
ticated knowledge of consumer behavior together with more effective means of 
persuasion, so that the public will not resist the introduction of what scientists, 
technologists, and industrialists believe to be rational technologies and better 
products. This option violates most of ethics ’  general principles, such as the 
respect for the self - determination and dignity of others. In other words, the ethical 
challenge for the sector is in one sense simple: to be ethical or not to be ethical, 
that is the question.  

  Acknowledgments 

 This chapter builds upon the countless discussions within the Nanoethics 
Group at the Centre for the Study of the Sciences and the Humanities, University 
of Bergen, in particular with Fern Wickson and Kamilla Lein Kj ø lberg, as well 
as the fruitful collaboration with Rune Nydal, Program for Applied Ethics, the 
Norwegian University of Science and Technology. The fi nancial support from 



 280  16 Nano-Ethics

the Research Council of Norway to the Nanoethics Group is gratefully 
acknowledged.         

  References 

     1       Hunt ,  G.  , and   Metha ,  M.   (eds) ( 2006 ) 
 Nanotechnology, Risk, Ethics and Law , 
 Earthscan ,  London .  

     2       Allhof ,  F.  ,   Lin ,  P.  ,   Moor ,  J.  , and   Weckert , 
 J.   (eds) ( 2007 )  NanoEthics. The Ethical and 

Social Implication of Nanotechnology ,  John 
Wiley & Sons, Inc. ,  Hoboken, NJ .  

     3      Royal Society and Royal Academy of 
Engineering  ( 2004 )  Nanoscience and 
Nanotechnologies: Opportunities and 
Uncertainties . The Royal Society, London, 
UK. Available at:  http://
www.nanotec.org.uk/fi nalReport.htm  
(accessed 9 November 2010).  

     4       Tegart ,  G.   ( 2006 )  Environmental, social, 
legal and ethical aspects of the 
development of nanotechnologies in 
Australia. A report from the National 
Academies Forum for the National 
Nanotechnology Strategy Taskforce, 
Department of Industry, Tourism and 
Resources , National Academies Forum, 
Parkville, Victoria, Australia.  

     5      National Science Foundation  ( 2001 ) 
 Societal implications of nanoscience and 
nanotechnology , Report from the 
 Workshop held at the National Science 

Foundation, 28 – 29 September 2000  (eds 
  M.C.   Roco   and   W.   Bainbridge  ).  

     6      UNESCO  ( 2006 )  The Ethics and Politics of 

Nanotechnology ,  United Nations 
Educational, Scientifi c and Cultural 
Organization (UNESCO) ,  Paris .  

     7       Kj ø lberg ,  K.  , and   Wickson ,  F.   ( 2007 ) 
 Social and ethical interactions with nano: 
mapping the early literature .  NanoEthics , 
 1 ,  89  –  104 .  

     8       Strand ,  R.   ( 2001 )  ELSA studies of 
nanoscience and nanotechnology , Memo 
to the COST Nanoscience and 
 - Technology Advisory Group 
(NanoSTAG). Available at:  http://
www.stage - research.net/STAGE/
nanotechnology/nanostag - elsa.pdf  
(accessed 16 November 2010).  

     9       Van de Poel ,  I.   ( 2008 )  How should we do 
nanoethics? A network approach for 

discerning ethical issues in 
nanotechnology .  NanoEthics ,  2 , 
 35  –  38 .  

  10      ETC Group (Action Group on Erosion, 
Technology and Concentration)  ( 2003 )  No 
small matter II: The case for a global 
moratorium. Size matters!  Available at: 
 http://www.etcgroup.org/upload/
publication/165/01/occ.paper_
nanosafety.pdf  (accessed 16 November 
2010).  

  11      Friends of the Earth  ( 2006 ) 
 Nanomaterials, sunscreens and 
cosmetics: small ingredients, big 
risks . Available at:  http://nano.foe.org.au/
node/100  (accessed 16 November 2010).  

  12      Friends of the Earth  ( 2008 )  Out of the 
laboratory and onto our plates: 
nanotechnology in food and agriculture . 
Available at:  http://nano.foe.org.au/
node/227  (accessed 16 November 
2010).  

  13       Roco ,  M.C.  , and   Bainbridge ,  W.S.   ( 2002 ) 
 Converging technologies for improving 
human performance: integrating from 
the nanoscale .  J. Nanopart. Res. ,  4 , 
 281  –  295 .  

  14       Roco ,  M.C.  , and   Bainbridge ,  W.S.   (eds) 
( 2002 )  Converging technologies for 
improving human performance , 
NSF - DOC Report, Arlington, VA.  

  15       Merton ,  R.K.   ( 1942 )  The normative 
structure of science , in  The Sociology of 

Science: Theoretical and Empirical 

Investigations  (ed.   N.W.   Storer  ), 
 University of Chicago Press ,  Chicago, IL , 
1973, pp.  267  –  278 .  

  16       Nordmann ,  A.   ( 2004 )  Converging 
technologies    –    Shaping the future of 
European societies , Report for the 
European Commission via an Expert 
Group on Foresighting the New 
Technology Wave, European 
Commission, Brussels.     Nydal and Strand 
2008 probably to go in here  

  17       Nydal ,  R.  , and   Strand   R.   ( 2008 )  God 
nanoetikk  –  god nanoteknologiutvikling . 



 References  281

 Etikk i praksis (Nordic Journal of Applied 

Ethics) ,  1 ,  33  –  51 .  
  18       Gavelin ,  K.  ,   Wilson ,  R.  , and   Doubleday ,  R.   

( 2007 )  Democratic Technologies? The Final 

Report of the Nanotechnology Engagement 

Group (NEG) ,  Involve ,  London .  
  19       Pickering ,  A.   ( 1995 )  The Mangle of 

Practice ,  University of Chicago Press , 
 Chicago, IL .  

  20       Kj ø lberg ,  K.  ,   Delgado - Ramos ,  G.C.  , 
  Wickson ,  F.  , and   Strand ,  R.   ( 2008 ) 
 Models of governance for converging 
technologies .  Technol. Anal. Strateg. 

Manage. ,  20 ,  83  –  97 .  
  21      European Commission  ( 2007 )  Taking 

European knowledge society seriously , 
Report of the Expert Group on Science 
and Governance to the Science, Economy 
and Society Directorate, Directorate -

 General for Research, European 
Commission.  

  22      European Commission  ( 2008 ) 
 Commission recommendation of 
07/02/2008 on a Code of Conduct for 
Responsible Nanosciences and 
Nanotechnologies Research , C (2008) 
424, Commission of the European 
Communities, Brussels. Available at: 
 http://ec.europa.eu/nanotechnology/pdf/
nanocode - rec_pe0894c_en.pdf  (accessed 
16 November 2010).  

  23      European Commission  ( 2000 ) 
Communication from the Commission 
on the Precautionary Principle, COM 
(2000) 1, Brussels.  

  24      European Commission  ( 2001 ) White 
Paper on European Governance, COM 
(2001) 428, Brussels.       

 



   283

Evolving Best Practice in Governance Policy    –    Developing 
Consumer Confi dence in Risk Analysis Applied to 
Emerging Technologies  
  Hans J.P.     Marvin   ,    Hans     Bouwmeester   ,    Gijs A.     Kleter   ,    Lynn J.     Frewer   , and 
   Meike T.A.     Wentholt     
   

Nanotechnology in the Agri-Food Sector: Implications for the Future, First Edition. Edited by Lynn J. Frewer, 
Willem Norde, Arnout Fischer, Frans Kampers.
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2011 by Wiley-VCH Verlag GmbH & Co. KGaA.

    17.1 
Introduction 

 Risk governance is an important element that needs to be addressed following the 
development and identifi cation of any new technology, including agri - food nan-
otechnology . Following a general introduction to the principles and components 
of the internationally acknowledged approach to food  risk analysis , this chapter 
further discusses the  “ risk cycle ”  approach proposed by the European Union ’ s 
Scientifi c Steering Committee. Risk analysis is supposed to bring together three 
interrelated risk - focused activities, comprising  risk assessment ,  risk management , 
and  risk communication . The European  SAFE FOODS project  has further devised 
amendments to these models for risk analysis, which have culminated in a newly 
developed integrated  risk analysis framework . This framework considers risk 
analysis as an iterative, cyclic process that passes through four stages: framing, 
 risk – benefi t assessment , evaluation, and risk management. New elements con-
tained by the integrated SAFE FOODS risk analysis framework include the 
increased emphasis on    –    and individuation of    –    the stages of framing and evalua-
tion, at which the risk assessors and risk managers interact with each other and 
where also stakeholders can provide useful inputs and feedback. In addition, it is 
proposed that the risk assessment stage focuses not only on risks but also on other 
impacts, including human health benefi ts, as well as social, economic, environ-
mental , and ethical impacts. 

 Risk management includes decision - making, implementation, and monitoring, 
after which review of the effectiveness of risk management can take place, possibly 
providing outcomes that feed back into the framing phase so that the cycle can 
start again. In general terms, increased stakeholder involvement, communication, 
and transparency are advocated throughout the risk analysis process. 

 An area in which the new integrated SAFE FOODS  risk analysis framework 
could be relevant is that of nanotechnologies applied to food production and 
handling. This new technology holds great potential but can, at the same time, 
also pose new risks previously not encountered. The term  “ nanotechnology ”  actu-
ally covers a wide range of technological applications, which share the character-

  17 
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istics of nanometer - scale size structures as functional units. The properties of 
nanomaterials can differ greatly from the generic properties of the same materials 
(i.e., those which are larger than nano - size). As a consequence, potential toxic 
effects cannot be predicted because of lack of extrapolation. In line with the new 
integrated risk analysis framework, proposals are made regarding the identifi ca-
tion and prioritization of areas for future research in the area of nanotechnology 
applied to agriculture and food production.  

   17.2 
Introduction to Food Safety Governance 

   17.2.1 
General Principles of Risk Analysis 

 Governance of  food safety  is conducted by most governments through 
application of the  risk analysis framework , which is the dominant model applied 
in the area of regulation associated with food safety. International harmonization 
of food safety regulations is being conducted through the Codex Alimentarius,
 an organization co - founded by two United Nations organizations: the  Food 
and Agriculture Organization  ( FAO ) and the  World Health Organization  
( WHO ). 

 According to the general principles developed within Codex Alimentarius, the 
risk analysis framework can be separated into three distinct interrelated activi-
ties    –    risk assessment, risk management, and risk communication.   

   17.2.1.1    Risk Assessment 
 Risk assessment is performed by technical risk assessors. In some institutional 
contexts    –    for example, the  European Food Safety Authority  ( EFSA )    –    there is a 
structural separation between risk management and risk assessment, although 
such institutional compartmentalization does not always apply    –    for example, the 
British  Food Standards Agency  ( FSA ) has responsibility for assessment, manage-
ment, and communication within its terms of reference. Indeed, some stakehold-
ers have criticized the structural and functional separation of risk assessment and 
risk management as non - pragmatic  [2] . 

 The process of risk assessment in the context of food safety was largely defi ned 
in a joint expert meeting convened by FAO/WHO  [3] , and four components were 
distinguished, namely (i) hazard identifi cation, (ii) hazard characterization, (iii) 
exposure assessment, and (iv) risk characterization (see Figure  17.1 ). Hazard 
identifi cation is the identifi cation of a substance or attribute of food that may 
potentially cause adverse effects on human health. Whether such adverse health 
effects will occur depends on the exposure to the hazard. Within risk assessment, 
this is determined by studies on dose – response relationships between the hazard 
and the harmful effects in the target organs (the hazard characterization step), the 
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actual exposure of humans to this hazard (exposure assessment), and the risk of 
becoming exposed to levels of concern (risk characterization). The risk is deter-
mined as the product of the likelihood of the occurrence of the harm and the 
magnitude or severity of the effect.  

   17.2.1.2    Risk Management 
 Risk management is the decision - making process performed by risk managers in 
which the outcome of the risk assessment is weighed against other relevant data, 
and, if judged appropriate, prevention or mitigation measures are selected and 
implemented. Risk management generally initiates and ends the risk analysis 
process, and is composed of a number of elements: (i) risk evaluation (i.e., iden-
tifi cation of food safety problem, establishing of a risk profi le, ranking the hazard 
for risk assessment and risk management prioritization, establishing risk assess-
ment policy, commissioning of risk assessment, and consideration of risk assess-
ment results); (ii) risk management option assessment (i.e., identifi cation of 
available management options, selection of preferred management options, and 
fi nal management decision); (iii) implementation of management decisions; and 
(iv) monitoring and review (i.e., assessment of effectiveness of measures taken, 
and review of management and/or assessment as necessary)  [4] . 

     Figure 17.1     Risk analysis framework  [1] .  

RISK ASSESSMENT
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 To initiate a risk assessment, the risk manager will prepare a  “ risk profi le ”  by 
consulting all parties interested that are likely to be affected by the risk manager ’ s 
decision. Once it has been decided to perform a risk assessment, this activity may 
be outsourced to independent risk assessors. In addition to safety, the risk manager 
may consider other factors as part of the risk assessment, such as the potential 
social, ethical, and economic impacts of the hazard or, indeed, hazard prevention 
or mitigation.  

   17.2.1.3    Risk Communication 
 Risk communication has been defi ned as the interactive exchange of information 
and opinions concerning risk and risk management activities among risk 
assessors, risk managers, consumers, and other interested parties  [1] . It is assumed 
that interactive communication among all interested stakeholders, such as risk 
assessors, risk managers, industry, non - governmental organizations, primary 
producers, and consumers,  inter alia , will assure transparency, facilitate the 
development of consistent decision - making, and improve the quality of decisions 
made.     

   17.2.2 
Risk Analysis in  E urope    –    the  E uropean  C ommission ’ s  S cientifi c  S teering 
 C ommittee  M odel 

 The advice to the European Commission regarding consumer health and food 
safety has previously been provided via its Directorate - General for Health and 
Consumers by a  Scientifi c Steering Committee  ( SSC ) and additional Scientifi c 
Expert Committees. This role is currently fulfi lled by the  European Food Safety 
Authority  ( EFSA ). The mandate of these advisory bodies is to provide the European 
Commission with scientifi c advice or opinions about scientifi c and technical issues 
in their respective fi eld of expertise and is based on the principles of  “ excellence ” , 
 “ independence ” , and  “ transparency ” . In 2000, a dedicated Working Group of the 
SSC published recommendations to harmonize risk assessment procedures 
between the various Scientifi c Advisory Committees  [5] . The primary goal of 
this activity was to harmonize defi nitions and procedures among the various Sci-
entifi c Advisory Committees, as well as to describe the underlying principles and 
to stimulate consistency, transparency, and quantitative approaches of the 
assessments. 

 The report also considers the  “ risk cycle ”  (see Figure  17.2 ), showing the various 
stages in the risk analysis framework, and builds further on the framework pro-
posed by the experts consulted by FAO/WHO  [1] . In a second report  [6] , further 
improvements to risk assessment were proposed, addressing,  inter alia , issues 
such as the use of probabilistic modeling, the impact of emerging technologies  on 
the risk assessment process, and the assessment of the impact on quality of life, 
including individual experience of quality - of - life parameters. The ultimate goal is 
maximizing health and well - being (considering potential impacts on human, 
animal, and environmental targets) as well as the quality of life experienced. This 
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is, of course, a remit reaching beyond the minimization of human health risks, 
requiring additional methodologies for collection of data on which decisions can 
be based.   

 The framing of appropriate questions by the Commission services is often the 
trigger for a new risk assessment. It is emphasized that a dialog between risk 
managers and risk assessors is important to achieve clear and achievable questions 
and should include the development of risk profi les of the putative hazard. It is 
also recognized that involvement of stakeholders in profi ling the risk (e.g., iden-
tifi cation of the criteria to be used, the specifi c issues to be addressed, and major 
concerns) will contribute to a more transparent and consistent risk assessment. 

     Figure 17.2     The  “ risk cycle ”  with components of risk analysis according to the EU Scientifi c 
Steering Committee  [5] .  
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To facilitate improved transparency and acceptability of management decisions, 
all sources of data that have been used should be provided, including any limita-
tions regarding the accessibility of potential data, the weighting of different data-
sets, and whether or not stakeholders have the opportunity to submit additional 
data. Additional improvement of the risk analysis framework will be achieved if 
risk assessors and relevant stakeholders are involved in the analysis.   

   17.3 
Potential Innovations to the Risk Analysis Framework as Proposed by  SAFE   FOODS  

   17.3.1 
The  SAFE   FOODS  Project 

 Funded through the  European Union  ’ s ( EU ) Sixth Framework Program, the four -
 year project  “ Promoting Food Safety Through a New Integrated Risk Analysis 
Approach for Foods ”  (known as SAFE FOODS ) commenced its activities in 2004. 
The research has attempted to integrate natural and social science research activi-
ties, and involves 37 institutions from 21 countries (including non - European 
institutions in China, South Africa, and Russia). As an overarching objective, this 
project aimed to contribute to strengthening consumer trust in the food safety 
governance in Europe and beyond. 

 The research performed within SAFE FOODS  attempted to improve current risk 
analysis practices  for foods produced by different breeding approaches and pro-
duction practices deploying high -  and low - input systems. As one of the main 
outputs of this project, an  “ improved risk analysis framework ”  has been developed, 
which is underpinned by new scientifi c assessment methods, and embedded in a 
broad impact analysis of social, fi nancial, and economic consequences, and with 
high levels of transparency, active public engagement, and improved risk com-
munication. In addition, practitioners working in the fi eld of food safety govern-
ance  and other relevant stakeholders were consulted to maximize the applicability 
and acceptability of the framework. 

 The research was conducted in a number of interdependent projects, which 
delivered the elements for the construction of the improved risk analysis frame-
work. The project ’ s strategic objectives were the following. 

   •      To design a European working procedure for early identifi cation of emerging  
chemical or microbial risks in food production chains in an expanding Euro-
pean market.  

   •      To develop comparative safety assessment methods for foods produced by dif-
ferent breeding approaches and production practices , using modern profi ling 
techniques, and new qualitative and quantitative risk assessment models.  

   •      To investigate consumers ’  confi dence and/or preferences in risk analysis prac-
tices for foods.  
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   •      To understand differences in food risk perceptions of consumers, experts, and 
decision - makers, and to design informative risk communication strategies that 
directly address societal concerns .  

   •      To investigate the role of institutions across Europe involved in risk assessment 
and management given the greater interest of the consumer in taking a broader 
impact of food production on environment, animal welfare, sustainability, and 
socio - economic consequences into account.  

   •      To design a new risk analysis approach for foods, integrating scientifi c princi-
ples, societal aspects, and effective public participation.     

   17.3.2 
The  SAFE FOODS  Risk Analysis Framework 

 The integrated framework describes an iterative decision process consisting of 
four stages: framing, risk – benefi t assessment, evaluation, and risk management 
(for a schematic overview, see Figure  17.3   [7 – 8]).    

 At the  framing  stage, interested parties, stakeholders, experts, and offi cials work 
together to gain an initial shared understanding of the issue, objectives, and broad 

     Figure 17.3     Risk analysis framework suggested by SAFE FOODS  (adapted from  [8] ).   



 290  17 Evolving Best Practice in Governance Policy

courses of regulatory action . Areas of consensus and dissent are documented in 
order to provide the basis for planning future decisions. Framing also includes 
defi ning the scope of the assessment, together with the terms of reference for 
those involved in the assessment process, proposing criteria for ranking regulatory 
options, together with monitoring indicators. 

 The  risk – benefi t assessment  includes not only single pre - identifi ed risks, but also 
human health impacts in general (including health benefi ts), as well as environ-
mental , economic, social and ethical impacts, and their distribution. This refl ects 
recent debate  that has focused on extending the risk assessment paradigms applied 
in the process of risk analysis to include a broader assessment of the social, eco-
nomic, and ethical impacts of hazards, whether this results from active risk pre-
vention and mitigation or its omission. Social impact assessment, and its 
subcategory, health impact assessment, is a rapidly evolving area from the perspec-
tive of potential policy impact  [9]  and evolving assessment methodologies (see e.g. 
 [10, 11] . However, inclusion of socio - economic and ethical impact aligns with the 
more general trend in policy to address the broader societal context in which risks 
are embedded. 

 The  evaluation  stage is proposed as an intermediate stage between risk assess-
ment and management. Evaluation is a participatory process in which interested 
parties, stakeholders, experts, and offi cials use the assessment outcome to compare 
the risks, costs, and benefi ts and their distribution in the absence of any risk 
management measures. The outcomes of the evaluation are recommendations 
regarding which consequences are deemed acceptable, and whether risk manage-
ment measures may be required. 

 In this context,  risk management  includes decision - making, implementation, 
monitoring, and review. Risk management involves the defi nition, ranking of 
alternative measures, and fi nal selection of appropriate regulatory options  in the 
context of the assessment outcomes and regulatory options available. Monitoring 
indicators are the result of proposals made at the framing stage. At the review 
stage, the impacts of the decision, together with the process by which the decision 
has been made, and the legislation under which the issue is regulated, are revisited 
and the effectiveness of what has been done assessed. 

 The three main differences from the other models described above (e.g.,  [1, 5] , 
see sections  17.2.1 . and  17.2.2 , respectively) can be described as: (i) expansion of 
the scope of the formal risk assessment to include assessment of benefi ts and 
costs; (ii) more formal (and institutionalized) stakeholder participation; and (iii) 
improved risk communication and publicly accessible reports at each stage of the 
process.  

   17.3.3 
Stakeholders ’  Views on the New Risk Analysis Framework 

 To assess the expert opinions on the new risk analysis framework, a Delphi survey 
 [12]  was used to solicit stakeholder and end - user views regarding the potential 



 17.4 Risk Analysis and Nanotechnology  291

utility of the new framework. Details of this survey are reported elsewhere  [7] . The 
Delphi approach involves a degree of interactivity and dialog, similar to the kind 
of interactive dialog found in group meetings, but which enables access to wider 
expertise than might otherwise be attainable. In addition, the approach uses ques-
tionnaires to elicit the opinions, which provides a structured dialog. The methodol-
ogy essentially involves the repeated surveying of experts, the opinions from whom 
are used as feedback on subsequent  “ rounds ” . 

 Within this Delphi study, the participants were fi rst sent a questionnaire about 
the new framework, and then presented with a second survey containing similar 
questions, which they were asked to complete. In the second round, the experts 
were provided as well with anonymized feedback regarding the opinions of the 
whole group on the fi rst round, either in the form of averaged results, or quota-
tions derived from individual expert views, which may have resulted in them 
reconsidering their views. The views of two groups of experts in risk assessment, 
risk management, and risk communication were addressed, the fi rst group with 
experts from within EU Member States, and the second with experts from outside 
of the EU. 

 The results suggested that most of the novel concepts in the model were accept-
able to many of the experts, though those experts from within the EU seemed to 
be more positive than their counterparts from the international community. 
There was substantial support for the idea of broadening assessment to include 
socio - economic and ethical impacts. Furthermore, there was general support 
for increasing the role of other stakeholders in the overall risk analysis process. 
While there was broad stakeholder support for the use of these innovations, there 
was consensus that they should be applied on a case - by - case basis, rather 
than applied routinely, perhaps a decision to be made at the framing stage. 
Varying views existed, however, as to how stakeholders should be involved, what 
were the appropriate methodological approaches required to measure risks 
and benefi ts associated with the different impact factors, including health , 
and how these different factors should be weighted in the risk analysis process. 
Finally, the applicability of the new model to emerging risks, including those 
associated with new technologies , such as nanotechnology, required further 
discussion.   

   17.4 
Risk Analysis and Nanotechnology 

 The case of nanotechnologies applied to food and agricultural production is pre-
sented here, as it provides an example of a new technology associated with poten-
tial new risks and benefi ts. The authors suggest that the integrated risk analysis 
framework discussed above can provide a balanced approach toward safe and 
prudent policies for development and integration of nanotechnology into the 
domain of food production and handling. 
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   17.4.1 
Background of Nanotechnology 

 Working at the atomic level only became within reach when key analytical 
tools such as the scanning tunneling microscope were developed in the 1980s. 
Advances like these and other analytical tools quickly spread to be utilized in many 
other fi elds of science. This has led to the development of materials showing 
unique properties that are dependent on their nanostructure, for example, nano-
scale size. Current research is leading to the development of sophisticated and 
heterogeneous materials and devices, based on an increasing ability to engineer 
their functionality at the nanoscale  [13] . In this context, it has been emphasized 
that the benefi ts that have the potential to change and improve our lives will 
inevitably bring with them new risks that need to be identifi ed and managed  [14] , 
which of course emphasizes the need for the application of effective technology 
governance . 

 Nanotechnology itself and its applications are now rapidly growing, as hundreds 
of (claimed) nanotechnology products, including enhanced materials, electronic 
products and devices, and pharmaceutical products, are already on the market  [15] . 
Nanotechnology applications are beginning to impact on the food - associated 
industries and are predicted to grow rapidly in the coming years. Applications in 
this area are already many and wide - ranging: the development of improved taste, 
color, fl avor, texture, and consistency of foodstuffs; increased absorption and bio-
availability of nutrients and health supplements; new food packaging materials 
with improved mechanical, barrier, and antimicrobial properties; and nanosensors 
for traceability and monitoring the condition of food during transport and storage 
 [16 – 19] . 

 It is this broadness of application of nanotechnologies that makes it particularly 
diffi cult to discuss potential risks in general terms. Moreover, this broadness also 
makes the technology  very sensitive to any emerging consumer concerns about 
its application, because (negative) discussions about applications of nanotechnol-
ogy in one sector are likely to have an effect on applications in another sector. This 
is also one of the reasons why the newly developed integrated SAFE FOODS  risk 
analysis framework involving stakeholders in the framing and evaluation stages 
of the risk analysis process appears particularly suited for the topic of the safety 
of nanomaterials in food. 

 Nanotechnology is a collection of enabling and converging technologies, which 
mean that it is not a single type of technology used in a single fi eld of science, but 
a great variety of techniques that have only one thing in common: the nanometer -
 size scale. Given that premise, it is useful to provide the defi nitions that have been 
applied to the fi eld of nanotechnology and nanoparticles and which are used 
throughout this chapter:

   Nanotechnologies    The design, characterization, production, and applica-
tion of structures, devices, and systems by controlling shape and size at the 
nanometer scale  [20] . 
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  Nanoparticle    A discrete entity that has three dimensions of the order of 
100   nm or less. 
  Nanoparticulate matter    A substance comprising of particles, the substan-
tial majority of which have three dimensions of the order of 100   nm or less 
 [21] .   

 Nanoparticles as such are not new to biology. Nano - sized particles can have a 
natural origin, such as sand dust, and ash resulting from volcanic eruption, or can 
be the unintended result of human activities, such as ultra - fi ne particles in diesel 
exhaust (combustion). In the remaining part of this chapter, the discussion will 
be solely dedicated to engineered nanoparticles:

   Engineered nanoparticle    Any material that is deliberately created such that 
it is composed of discrete functional parts, either internally or at the surface, 
many of which will have one or more dimensions of the order of 100   nm 
or less  [21] .    

   17.4.2 
Historic Picture of Nanoparticle Safety in Relation to Risk Analysis and 
Good Governance 

 Recently, Oberd ö rster  et al.   [22]  described the roots of nanotechnology from 
strands of knowledge gained during the development of modern particle toxicol-
ogy (fi ne dust, pollution particles), virology, and other sciences. 

 It was not before 1990 that the size of (fi ne dust) particles was recognized as an 
important factor in its translocation over the lung epithelium. Before this period, 
possible contributions of fi ne or ultra - fi ne particles were not considered or imag-
ined. But in the early 1990s, it was observed that a signifi cantly greater pulmonary 
infl ammation and interstitial translocation occurred from a given mass of ultra -
 fi ne particles than from the same mass of fi ne particles  [23, 24] . The same scien-
tists, two years later, concluded that  “ toxic responses to new technology metal 
compounds may not be extrapolated from known metal toxicology ”   [25] . Mecha-
nistic research on effects caused by asbestos had also been initiated, which, in the 
mid - 1990s, led to the  “ oxidative stress hypothesis ”  explaining the toxicity of ultra -
 fi ne particles including metal nanoparticles following inhalatory exposure  [26 – 28] . 

 It was in this same period that results from dose (metric) and pulmonary effect 
studies led to the conclusion that parameters such as particle surface area, size, 
and surface chemistry as key dose metric parameters explained the observed 
effects  [29] . This list of parameters was subsequently extended by Oberd ö rster 
 et al.   [30]  and Warheit  et al.   [31] , who concluded that  “ knowledge about only one 
or two characteristics of nanoparticles is not suffi cient to interpret their biological 
and toxicological effects ” . 

 In the last decade, an ever - increasing number of studies with engineered nano-
particles have been published. Both positive and negative aspects were high-
lighted, and these results, in turn, have been compiled in numerous reviews. It 
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was during this period that, for the fi rst time, general concerns were raised about 
the unknown potential of some nanomaterials to pose a hazard to both human 
health and the environment . This also highlights the need for risk managers to 
be able to consider the benefi ts besides the risks of the new technology, of which 
the assessment is one of the new features recommended by the newly developed 
integrated SAFE FOODS  risk analysis framework for food safety. The framework 
also provides for a mechanism of involving stakeholders during the framing stage 
of the risk analysis process, when issues to be addressed during the scientifi c stage 
of risk and benefi t assessment are identifi ed. 

 The challenges of  nanotoxicology , that is, the branch of science focusing on the 
potential toxicity of nanomaterials, for science, industry, and regulators have been 
discussed in many conferences, workshops, and scientifi c committees. The need 
for toxicological testing of nanomaterials is clearly identifi ed in the reports of these 
meetings  [20, 32 – 35] , which have also contributed to the growing awareness that 
an improved understanding of the hazards of nanomaterials is essential to enable 
a sustainable maturation of nanotechnologies. This is also refl ected in the Euro-
pean Union ’ s approach to the introduction of nanotechnology as being required 
to be  “ safe, integrated and responsible ”   [36] . In practical terms, the risk is likely 
to differ from one nanomaterial to another, ranging from safe and innocuous for 
most nanomaterials to highly toxic for some others  [22] . 

   17.4.2.1    Risk Assessment 
 Current safety and risk assessment requirements are based on knowledge gath-
ered for conventional chemicals. In these assessments, knowledge gaps for less 
well - characterized chemicals may occasionally be encountered. Such uncertainties 
are approached on the basis of general knowledge, for example through extrapola-
tion from a well - characterized compound to a similar, less well - characterized one. 
For nanoparticles, however, such a knowledge base is lacking, and, at the same 
time, the uncertainties in the safety assessments are also expected to be greater 
 [37] . 

 At this stage, the (lack of) knowledge about nanotoxicology may result in risk 
assessors basing their risk assessments on available, yet incomplete, information 
about nanoparticles and their appearance in products. Over time, it will be possible 
to obtain more comprehensive data and to extract the most relevant information 
for the risk assessment. 

 From a regulatory  point of view, the question has been raised as to what infor-
mation is additionally required for effective regulation of nanotechnology. In 
addition, the question has arisen as to whether the current regulatory system 
within the EU is suited to cope with the regulatory demands placed upon it in this 
context. To evaluate this, the EU has commissioned its Scientifi c Committees and 
Commission services, as well as EFSA in 2008, to perform a scientifi c and legisla-
tive review on the suitability of the existing regulation for nanotechnologies. 
The  Scientifi c Committee on Emerging and Newly - Identifi ed Health Risks  
( SCENIHR ) concluded that the EU regulatory framework covers, in principle, also 
nanotechnologies  [38] . In line with this, the Health Council of The Netherlands 
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considered that  “ the best course of action would be to modify existing laws 
and rules as and when developments within the fi elds of nanoscience and 
nanotechnologies render such measures necessary ”   [39] . SCENIHR and others 
deemed adjustments of legislation, guidelines, and guidance documents concern-
ing the testing of nanoparticles of the substance to be necessary  [38] . However, 
such adaptations can currently not be made due to the lack of knowledge on this 
topic. 

 It is clear that, in the existing regulatory framework , the responsibility for the 
safety of the product is assigned to the producers. There is currently a need for 
guidance on how to approach the safety assessment of nanoparticles, and to defi ne 
what information should be presented by producers to the regulatory agencies. To 
further elaborate such guidance, a close collaboration among all stakeholders is 
required, for which the newly developed integrated SAFE FOODS  risk analysis 
framework approach can serve as a useful model. In fact, such (early) stakeholder 
involvement is now being arranged at EU and national level, addressing not only 
the risks and benefi ts of the technology but also ethical issues. A typical example 
is the broad national debate initiated in 2008 in the Netherlands ( http://
www.nanopodium.nl/ ). In addition, large research programs are funded at EU and 
national level aimed to provide answers for the risk managers to improve the 
decision - making process.    

   17.5 
Recommendations 

 Discussions on the improvement of the reliability of risk assessment of nanoma-
terials, data requirements, and expected performance of current assays have dem-
onstrated that it is important to focus the question on what information is 
additionally required to dossier requirements for conventional chemicals. Some 
research agendas or roadmaps try to circumvent the uncertainties that are accepted 
in the risk assessment of conventional chemicals. In other words, in an area where 
such additional research questions can be or are being raised, it is essential to 
defi ne those questions that represent the  “ need to know ”  issues. This approach 
should be leading all roadmaps or research agendas that are developed to be 
applicable to the fi eld of potential risks of nanotechnology. 

 To improve the existing risk assessment methodology, good governance, and 
regulatory framework  associated with the application of nanotechnology to food 
and agriculture, the following issues should be addressed in line with the proposed 
integrated SAFE FOODS  risk analysis framework described above. 

   •      Developing analytical tools for the detection and characterization of nanopar-
ticles in food matrices  to estimate exposure, kinetics, and toxicological dose –
 response relationships.  

   •      Establishing dose metrics to facilitate the interpretation of scientifi c studies as 
well as regulatory frameworks .  
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   •      Investigating kinetics (especially oral bioavailability) and (oral) toxicity of the 
different types of nanoparticles, with special attention to those parts of the body 
that are normally protected by barriers like the blood – brain barrier and 
placenta.  

   •      Assess the validity of currently used toxicological assays for detecting the effects 
caused by nanoparticles.  

   •      Identifying products containing nanoparticles that are currently on the market 
(or being developed), including the type of nanoparticles that are (or will be) 
used and the estimated consumption of these products.  

   •      Investigating the potential health benefi ts linked to the introduction of nano-
materials (e.g., packaging with antibacterial properties or nanosensors, higher 
bioavailability), as well as the economic, social, ethical, and environmental 
impacts of the application of the various forms of nanotechnology to food 
production and handling.  

   •      Involving representatives of the relevant stakeholders ’  parties involved with the 
application of nanotechnology in food (e.g., consumers, producers) as well as 
the risk assessors and risk managers at the framing stage so as to ascertain 
that all relevant aspects and viewpoints are covered in the assessments of risks 
and benefi ts. Furthermore, these stakeholders should also be involved in the 
evaluation of the outcomes of the assessments in order to incorporate stake-
holder views and priorities into decision options.    

 The request for extra information is not to be considered solely as a request for 
additional studies using new methodologies. It can also imply that conventional 
approaches and methodologies need to be redesigned. The use of novel technolo-
gies (e.g., profi ling approaches) and the more frequent use of  in vitro  approaches 
for risk assessment need to be studied and used in parallel with conventional 
techniques. 

 In conclusion, the issue of governance of nanotechnology applied to food produc-
tion represents an example of technological innovation requiring broader and more 
inclusive governance structures to be developed and applied, in order to meet the 
requirements and preferences of all key stakeholders, including the general public.  

  Acknowledgments 

 The authors gratefully acknowledge funding received from the European Union ’ s 
Sixth Framework Program and from the Dutch Ministry of Economic Affairs, 
Agriculture and Innovation.  



 References  297

  References 

     1      FAO/WHO  ( 1997 )  Risk management and 
food safety. Report of a Joint FAO/WHO 
Consultation, Rome, Italy, 27 to 31 
January 1997 . FAO Food and Nutrition 
Paper 65, Food and Agriculture 
Organization, Rome. Available at:  http://
www.fao.org/docrep/w4982e/
w4982e00.htm  (accessed 16 November 
2010).  

     2       Wentholt ,  M.T.A.  ,   Fischer ,  A.R.H.  ,   Rowe , 
 G.  ,   Marvin ,  H.J.P.  , and   Frewer ,  L.J.   
( 2010 )  Effective identifi cation and 
management of emerging food risks: 
results of an international Delphi survey . 
 Food Control ,  21  ( 12 ) S1,  1731  -  1738 .   

     3        FAO/WHO  ( 1995 )  Application of risk 
analysis to food standards issues, Report 
of the Joint FAO/WHO Expert 
Consultation, Geneva, Switzerland, 13 – 17 
March, 1995 . Food and Agriculture 
Organization, Rome. Available at:  http://
www.who.int/foodsafety/publications/
micro/en/march1995.pdf  (accessed 16 
November 2010).  

     4        Codex Alimentarius Commission  ( 2005 ) 
 Procedural Manual . Codex Alimentarius 
Commission, Joint FAO/WHO Food 
Standards Program, Food and Agriculture 
Organization, Rome. Available at:  http://
www.codexalimentarius.net/web/
procedural_manual.jsp  (accessed 16 
November 2010).  

     5        SSC  ( 2000 )  Opinion of the Scientifi c 
Steering Committee on Harmonisation 
of Risk Assessment Procedures . Scientifi c 
Steering Committee, Directorate - General 
Health and Consumers, European 
Commission, Brussels. Available at: 
 http://ec.europa.eu/food/fs/sc/ssc/
out82_en.html  (accessed 16 November 
2010).  

     6        SSC  ( 2003 )  Opinion of the Scientifi c 
Steering Committee on Setting the 
Scientifi c Frame for the Inclusion of New 
Quality of Life Concerns in the Risk 
Assessment Process . Scientifi c Steering 
Committee, Directorate - General Health 
and Consumers, European Commission, 
Brussels. Available at:  http://
ec.europa.eu/food/fs/sc/ssc/out357_
en.pdf  (accessed 16 November 2010).  

     7         Wentholt ,  M.T.A.  ,   Rowe ,  G.  ,   Koenig ,  A.  , 
  Marvin ,  H.J.P.  , and   Frewer ,  L.J.   ( 2009 ) 
 The views of key stakeholders on an 
evolving food risk governance framework: 
results from a Delphi study .  Food Policy , 
 34  ( 6 ),  539  –  548 .  

     8         Koenig ,  A.  ,   Kuiper ,  H.A.  ,   Marvin ,  H.J.P.  , 
  Boon ,  P.E.  ,   Busk ,  L.  ,   Cnudde ,  F.  , 
  Cope ,  S.  ,   Davies ,  H.V.  ,   Dreyer ,  M.  , 
  Frewer ,  L.J.  ,   Kaiser ,  M.  ,   Kleter ,  G.A.  , 
  Knudsen ,  I.  ,   Pascal ,  G.  ,   Prandini ,  A.  , 
  Renn ,  O.  ,   Smith ,  M.R.  ,   Traill ,  B.W.  ,   van 
der   Voet ,  H.  ,   van   Trijp ,  H.  ,   Vos ,  E.  , and 
  Wentholt  ,   M.T.A.   ( 2010 )  The SAFE 
FOODS framework for improved risk 
analysis of foods .  Food Control ,  21  ( 12 ), 
 1566  –  1587 .  

     9         Dreyer ,  M.  ,   Renn ,  O.  ,   Cope ,  S.  , and 
  Frewer ,  L.J.   ( 2010 )  Including social 
impact assessment in food safety 
governance .  Food Control ,  21  ( 12 ), 
 1620  –  1628 .  

  10         Owen ,  R.  , and   Handy ,  R.   ( 2007 ) 
 Formulating the problems for 
environmental risk assessment of 
nanomaterials .  Environ. Sci. Technol. ,  41  
( 16 ),  5582  –  5588 .  

  11       Cope ,  S.  ,   Frewer ,  L.J.  ,   Renn ,  O.  , and 
  Dreyer ,  M.   ( 2010 )  Potential methods and 
approaches to assess social impacts 
associated with food safety issues .  Food 

Control ,  21  ( 12 ),  1629  –  1637 .  
  12       Linstone ,  H.A.  , and   Turoff ,  M.   ( 1975 )  The 

Delphi Method ,  Addison - Wesley ,  Reading, 
MA .  

  13       Roco ,  M.C.   ( 2004 )  Nanoscale science and 
engineering: unifying and transforming 
tools .  AIChE J. ,  50  ( 5 ),  890  –  897 .  

  14       Maynard ,  A.D.  ,   Aitken ,  R.J.  ,   Butz ,  T.  , 
  Colvin ,  V.  ,   Donaldson ,  K.  ,   Oberd ö rster , 
 G.  ,   Philbert ,  M.A.  ,   Ryan ,  J.  ,   Seaton ,  A.  , 
  Stone ,  V.  ,   Tinkle ,  S.S.  ,   Tran ,  L.  ,   Walker , 
 N.J.  , and   Warheit ,  D.B.   ( 2006 )  Safe 
handling of nanotechnology .  Nature ,  444  
( 7117 ),  267  –  269 .  

  15      Woodrow Wilson International Center 
for Scholars  ( 2009 )  Consumer products: 
an inventory of nanotechnology - based 
consumer products currently on the 
market . Project on Emerging 
Nanotechnologies. Available at: 



 298  17 Evolving Best Practice in Governance Policy

 http://www.nanotechproject.org/
inventories/consumer/  (accessed 8 
November 2010).  

  16       Chen ,  H.D.  ,   Weiss ,  J.C.  , and   Shahidi ,  F.   
( 2006 )  Nanotechnology in nutraceuticals 
and functional foods .  Food Technol. ,  60  
( 3 ),  30  –  36 .  

  17       Weiss ,  J.  ,   Takhistov ,  P.  , and   McClements , 
 J.   ( 2006 )  Functional materials in food 
nanotechnology .  J. Food Sci. ,  71  ( 9 ), 
 R107  –  R116 .  

  18       Bouwmeester ,  H.  ,   Dekkers ,  S.  ,   Noordam , 
 M.  ,   Hagens ,  W.  ,   Bulder ,  A.  ,   De Heer ,  C.  , 
  Ten Voorde ,  S.  ,   Wijnhoven ,  S.  , and 
  Marvin H. Sips ,  A.   ( 2009 )  Review of 
health safety aspects of nanotechnologies 
in food production .  Regul. Toxicol. 

Pharmacol. ,  53 ,  52  –  62 .  
  19       Chaudhry ,  Q.  ,   Scotter ,  M.  ,   Blackburn ,  J.  , 

  Ross ,  B.  ,   Boxall ,  A.  ,   Castle ,  L.  ,   Aitken ,  R.  , 
and   Watkins ,  R.   ( 2008 )  Applications and 
implications of nanotechnologies for the 
food sector .  Food Addit. Contam. ,  25  ( 3 ), 
 241  –  258 .  

  20      Royal Society and the Royal Academy of 
Engineering  ( 2004 )  Nanoscience and 
Nanotechnologies: Opportunities and 
Uncertainties , Royal Society, London. 
Available at:  http://www.nanotec.org.uk/
fi nalReport.htm  (accessed 16 November 
2010).  

  21      SCENIHR  ( 2007 )  Opinion on the 
scientifi c aspects of the existing and 
proposed defi nitions relating to products 
of nanoscience and nanotechnologies . 
Scientifi c Committee on Emerging and 
Newly Identifi ed Health Risks, European 
Commission, Brussels. Available at: 
 http://ec.europa.eu/health/ph_risk/
committees/04_scenihr/docs/
scenihr_o_012.pdf  (accessed 16 
November 2010).  

  22       Oberd ö rster ,  G.  ,   Stone ,  V.  , 
and   Donaldson ,  K.   ( 2007 ) 
 Toxicology of nanoparticles: a 
historical perspective .  Nanotoxicology ,  1  
( 1 ),  2  –  25 .  

  23       Ferin ,  J.  ,   Oberd ö rster ,  G.  ,   Penney ,  D.P.  , 
  Soderholm ,  S.C.  ,   Gelein ,  R.  , and   Piper , 
 H.C.   ( 1990 )  Increased pulmonary toxicity 
of ultrafi ne particles? I. Particle clearance, 
translocation, morphology .  J. Aerosol Sci. , 
 21  ( 3 ),  381  –  384 .  

  24       Oberd ö rster ,  G.  , and   Yu ,  C.P.   ( 1990 )  The 
carcinogenic potential of inhaled diesel 
exhaust: a particle effect?   J. Aerosol Sci. , 
 21  ( Suppl. 1 ),  S397  –  S401 .  

  25       Ferin ,  J.  , and   Oberd ö rster ,  G.   ( 1992 ) 
 Translocation of particles from 
pulmonary alveoli into the interstitium .  J. 

Aerosol Med. ,  5  ( 3 ),  179  –  187 .  
  26       Gilmour ,  P.S.  ,   Brown ,  D.M.  ,   Lindsay , 

 G.T.  ,   Beswick ,  P.H.  ,   MacNee ,  W.  , and 
  Donaldson ,  K.   ( 1996 )  Adverse health 
effects of PM10 particles: involvement 
of iron in generation of hydroxyl 
radicals .  Occup. Environ. Med. ,  53 , 
 817  –  822 .  

  27       Donaldson ,  K.  ,   Beswick ,  P.H.  , and 
  Gilmour ,  P.S.   ( 1996 )  Free radical activity 
associated with the surface of particles: 
a unifying factor in determining 
biological activity?   Toxicol. Lett. ,  88  ( 1 – 3 ), 
 293  –  298 .  

  28       Zhang ,  Q.  ,   Kusaka ,  Y.  ,   Sato ,  K.  , 
  Nakakuki ,  K.  ,   Kohyama ,  N.  , and 
  Donaldson ,  K.   ( 1998 )  Differences in the 
extent of infl ammation caused by 
intratracheal exposure to three ultrafi ne 
metals: role of free radicals .  J. Toxicol. 

Environ. Health A ,  53  ( 6 ),  423  –  438 .  
  29       Donaldson ,  K.  ,   Li ,  X.Y.  , and   MacNee ,  W.   

( 1998 )  Ultrafi ne (nanometre) particle 
mediated lung injury .  J. Aerosol Sci. ,  29  
( 5 – 6 ),  553  –  560 .  

  30       Oberd ö rster ,  G.  ,   Oberd ö rster ,  E.  , and 
  Oberd ö rster ,  J.   ( 2005 )  Nanotoxicology: an 
emerging discipline evolving from 
studies of ultrafi ne particles .  Environ. 

Health Perspect ,  113  ( 7 ),  823  –  839 .  
  31       Warheit ,  D.B.  ,   Webb ,  T.R.  ,   Sayes ,  C.M.  , 

  Colvin ,  V.L.  , and   Reed ,  K.L.   ( 2006 ) 
 Pulmonary instillation studies with 
nanoscale TiO 2  rods and dots in rats: 
toxicity is not dependent upon particle 
size and surface area .  Toxicol. Sci ,  91  ( 1 ), 
 227  –  236 .  

  32      ILSI  ( 2006 )  Meeting of the HESI 
Nanomaterial Environmental, Health, 
and Safety Project Committee, September 
15, 2006 , Health and Environmental 
Sciences Institute, International Life 
Sciences Institute, Washington, DC.  

  33      SCENIHR  ( 2005 )  Opinion on the 
appropriateness of existing 
methodologies to assess the potential 



 References  299

risks associated with engineered and 
adventitious products of 
nanotechnologies . Scientifi c Committee 
on Emerging and Newly Identifi ed 
Health Risks, European Commission, 
Brussels. Available at:  http://
ec.europa.eu/health/ph_risk/
committees/04_scenihr/docs/
scenihr_o_003.pdf  (accessed 16 
November 2010).  

  34      EFSA  ( 2010 )  Nanotechnology . European 
Food Safety Authority, Parma. Available 
at:  http://www.efsa.europa.eu/en/
sctopics/topic/nanotechnology.htm  
(accessed 16 November 2010).  

  35      OECD/Allianz  ( 2005 )  Small Sizes That 
Matter: Opportunities and Risks of 
Nanotechnologies , Organization for 
Economic Cooperation and Development, 
Paris. Available at:  http://www.oecd.org/
dataoecd/37/19/
37770473.pdf  (accessed 16 November 
2010).  

  36      European Commission  ( 2004 )  Towards 
a European strategy for nanotechnology . 
European Commission, Brussels. 
Available at:  http://ec.europa.eu/
nanotechnology/pdf/nano_com_en_

new.pdf  (accessed 16 November 
2010).  

  37       Morgan ,  K.   ( 2005 )  Development of a 
preliminary framework for informing the 
risk analysis and risk management of 
nanoparticles .  Risk Anal. ,  25  ( 6 ), 
 1621  –  1635 .  

  38      SCENIHR  ( 2007 )  Opinion on the 
appropriateness of the risk assessment 
methodology in accordance with the 
technical guidance documents for new 
and existing substances for assessing the 
risks of nanomaterials . Scientifi c 
Committee on Emerging and Newly 
Identifi ed Health Risks, European 
Commission, Brussels. Available at: 
 http://ec.europa.eu/health/ph_risk/
committees/04_scenihr/docs/
scenihr_o_010.pdf  (accessed 16 
November 2010).  

  39      Health Council of The Netherlands  
( 2006 )  Health Signifi cance of 
Nanotechnologies . Report  2006/06E . 
Health Council of The Netherlands, The 
Hague. Available at:  http://
www.gezondheidsraad.nl/sites/default/
fi les/Nanotechnologies%20eng_0.pdf  
(accessed 16 November 2010).   

  
 
  

 



   301

Nanotechnology in the Agri-Food Sector: Implications for the Future, First Edition. Edited by Lynn J. Frewer, 
Willem Norde, Arnout Fischer, Frans Kampers.
© 2011 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2011 by Wiley-VCH Verlag GmbH & Co. KGaA.

a
absorption
– engineered nanomaterials 178–180
– light 63–64
acceptable risk 243
acceptance
– consumer 72
– societal 161–162
acetate, uranyl 49
acidifi ed water 53
acids
– amino 12
– conjugated linoleic 154
– DNA 27
– mercaptoundecanoic 33
– nucleic 78–79
– phytic 235
– saturated fatty 133
action planning workshop 266
“active” food packages 153
additives, food 198
adenosine triphosphate (ATP) 36
adhesion, micro-organisms 20
adsorbing polymers, bridging 

aggregation 17–19
Advanced Foods and Materials Network 

(AFMNet) 150
advanced polymeric surfaces 95
AFM (atomic force microscopy) 5–6
AFMNet (Advanced Foods and Materials 

Network) 150
“Ageless Eye” 120
aggregation
– bridging 17–18
– polymer brushes 19–21
– random 52
agriculture
– controlled environment 92–93
– diagnostics 75–87

Index

– FAO 284
– food quality, safety and security 

107–112
– materials from waste 93
– nanotechnology innovations 152–155
– product life cycle 212
– sensors 109
albumin, bovine serum 77
allergenicity 230–235
allergy
– food 225–242
– food processing 229–235
– nanoscale structures 235–236
amino acids, poly(amino acid) chain 12
amorphous silica 192
amphiphilic molecules 11
analysis
– hazard 113
– risk, see risk analysis
– substance fl ow 213
analytical membrane, nitrocellulose 

80
animal food allergens 228–229
anonymized feedback 291
antibacterial nano-coatings 200
antibody microarrays 80–81
antimicrobial functionality 64–65
applications
– basic 37–88
– engineered nanomaterials 175–176
– food 89–170
– food packaging 199–201
– food production 46–54, 201
– less-than-rigorous 261
– packaging 59–73
arrays
– bio- 109
– micro- 80–81
“as-received” state 175



 302  Index

assay
– bioelectronic 97
– (immuno)- 77–80
– sensitivity/validity 177
assembly
– microstructure 51–52
– self-, see self-assembly
assessment, risk 284–285, 294–295
atomic force microscopy (AFM) 5–6
atoms, electrostatic interactions 13–14
ATP (adenosine triphosphate) 36

b
backlash, public 250
barrier properties, packaging 

materials 61–63
basic applications 37–88
BBB (blood–brain barrier) 180, 296
benchmark dose 176
best practice in governance policy 

283–300
Bet v 1 228, 234
bicontinuous structures 136–137
bilayers, lipid 30–33
bio-active components, 

low-concentration 112
bio-control agents 201
bio-inspired polysaccharides 95
bio-selective surfaces, functionalized 21
bioarrays 109
bioavailability improvement 48–52
biochemical receptor 75
biodegradable foam 47
biodegradable nanoparticles 236
bioelectronic assays 97
biofuels 40, 100
bionanotechnology
– physics of 127–148
– systematic approach 128
biopolymer-based carrier systems 198
biosensors 75–76
– DNA-based 97–99
– enzymes 96–97
– food processing 114
birch pollen 228, 234
Blodgett technique, Langmuir– 32
blood–brain barrier (BBB) 180, 296
bottles, multilayer 163
bottom-up approach 5, 159
bovine serum albumin (BSA) 77
bovine spongiform encephalopathy 

(BSE) 91
brain, blood–brain barrier 296
bridging aggregation 17–18

Brownian diffusion 214
brushes, polymer 19–21
buckyballs (C60) 55
building blocks, protein fi brils 49–52
business, high-risk 163
business context, nanotechnology 

communication 252–254

c
calcium binding protein 232
calcium caseinate 53–54
calcium silicate, nanoporous 119
Campylobacter jejuni 95
Candida albicans 20
canola oil 164
carbon, diamondlike 116
carbon nanotubes (CNTs) 55, 96
β-carotene nanocrystals 48–49
carrageenans 130
carrier systems, biopolymer-based 198
caseinate, calcium 53–54
caseins 229
catalysts, micrometer-scale 101
cationic polymers 33
CEA (controlled environment 

agriculture) 92–93
celiac disease 226
cells, plant 27–28
cellular structures, natural 232–233
cellulose 27–28
– hydroxyethyl 120
chain actors 254
chains, poly(amino acid) 12
chemicals, REACH initiative 184, 203
chili peppers 153
China, NCNST 152
chitosan 118
cholesterol 164
circulatory system 196
citizen schools 264
citizens’ jury 260, 265–266
CLA (conjugated linoleic acid) 154
clays, nano- 63, 71
CNTs (carbon nanotubes) 55, 96
co-precipitation 48
coatings
– antibacterial nano- 200
– DLC 116
– gelatin 49
cochleates 45
code of conduct, nanotechnology 

277–278
Codex Alimentarius 284
coiled polymers 18



 Index  303

colorimetric detection 110
commercialization
– nanotechnology 155–162
– products 149–170
– regulatory issues 157–158
communication
– business context 252–254
– risks 286–288
– risks and benefi ts of 

nanotechnology 243–256
communication technology 244
– packaging 68
composite structures, fi bril-enforced 

133
compostable plastics 212
conformational epitopes 230
conjugated linoleic acid (CLA) 154
consensus conference 260, 265–266
consultation
– document 266
– overload 250
– public 264–266
consumer acceptance 72
consumer behavior research 252–254
consumer confi dence 283–300
consumer safety, food contact 

materials 191–208
consumption, nanoparticles 210
contaminated soils, remediation 94, 

101
control point, critical 113
controlled environment agriculture 

(CEA) 92–93
controls, positive and negative 177
Converging Technologies for the European 

Knowledge Society (CTEKS) 276–277
cooking 137–144
cooling 60
corporate social responsibility 254
cost–benefi t considerations 252–253
Crichton, Michael 250–251
critical control point 113
crops
– fractionation 41
– nano-functionalized techniques 91–105
– physiological status 108
croquants, liquid 142
cross-cultural differences 263
crosslinking 54
CTEKS (Converging Technologies for 

the European Knowledge 
Society) 276–277

cupins 228
cyanine 5 (Cy5) 79

cysteine-rich proteins 227
cytosolic proteins 228

d
defi cit model 249
deliberative opinion poll 260, 266
delivery systems 154
Delphi method 260, 267
deoxyribonucleic acid (DNA) 27
– biosensors and diagnostics 97–99
depletion aggregation 17
design, research 156–157
detection and response 100–102
diagnostics
– agricultural and food 75–87
– DNA-based 97–99
– enzymes 96–97
diamondlike carbon (DLC) 116
diffusion, Brownian 214
digoxigenin (DIG) 79
dinitrophenyl phosphate (DNP) 79
dioxin 91
discontinuous innovations 155
dispersed particles 19
dispersion interaction 12–13
dispersions, caseinate 54
disruptive technologies 164–165
distribution
– engineered nanomaterials 180
– quality, safety and security 112–117
disulfi de-bond-stabilized protein 232
DLC (diamondlike carbon) 116
DNA-based biosensors and 

diagnostics 97–99
DNA (deoxyribonucleic acid) 27
DNP (dinitrophenyl phosphate) 79
dodecyl sulfate, sodium 24
dose metrics 295
drop-in centers 260, 267
droplet–droplet interaction 128
droplets, “onions” 134

e
ecotoxicology, nano-ethics 273
effectiveness of public and stakeholder 

engagement 260–262
effi ciency, food production 41–43
EFSA (European Food Safety 

Authority) 113, 284, 286, 294
egg yolk 139
“El Bulli” 141–144
electric fi eld, pulsed 23–24
electronic biosensors 114
electronic consultation 260, 267



 304  Index

electronic detection 110
electronics
– nano- 98
– printable 69
electrostatic interactions 13–16
emerging issues 257–270
emerging markets 162
emerging technologies, risk 

analysis 283–300
emulsions
– food allergy 233
– nano- 49–52, 154
– supersaturated 50
enabling technology 220
encapsulates, triggered release 94
encapsulation 47–48
encephalopathy, bovine spongiform 91
end consumer 254
“end-of-pipe” problem 246
endothelial system, reticulo- 182
endotoxin contamination 178
energy, Gibbs free 25
engagement, public 257–270, 288
engineered nanomaterials (ENMs) 

174–176
engineered nanoparticles 293
– environmental occurrence 213–216
enthalpy 25
entropy 25
environmental behavior, 

nanoparticles 214–215
environmental risks 71–72, 209–223
environmental variables 108
enzymes, biosensors and diagnostics 

96–97
epithelium, lung 293
epitopes, conformational 230
ethics
– ethos of science 275
– nano- 271–281
– research, innovation, and 

production 275–276
European Commission, Scientifi c Steering 

Committee model 286–288
European Food Safety Authority 

(EFSA) 113, 284, 286, 294
evaluation
– effectiveness 260–262
– independent 261
– stage 289
event sponsors 258
evolutionary technologies 164–165
excretion, engineered nanomaterials 

181

expert communities 249, 259
exposure assessment 284
extremely low-weight gels 132

f
FAO (Food and Agriculture 

Organization) 284
farming, precision 92, 107–108
fatty acids, saturated 133
FDA (Food and Drug Administration) 

158
Fe, see iron
feedback, anonymized 291
fertilizers, leaching 100
fi bril-enforced composite structures 

133
fi brillar structures 130–133
fi brils
– extremely low-weight gels 132
– helix-based 132
– in oil 133
– protein-based 49–52, 131–132
fi eld-effect transistor, poly-silicon 

nanowire 94
fi ltration
– pre- 111
– ultra- 113
fi nal realization 159
FITC (fl uorescein isothiocyanate) 79
fl ow, nanoparticles 210
fl ow analysis 213
fl ow-through (immuno)assay 79–80
fl u, swine 91
fl uid motion 214
fl uorescein isothiocyanate (FITC) 79
fl uorescent properties 76
fl uorometric detection 110
foams
– biodegradable 47
– food allergy 233
focus groups 218, 258–260, 267
focus strategy 253
folded proteins 230
folding, poly(amino acid) chains 12
food
– allergy triggering molecules 226–229
– diagnostics 75–87
– high-value 115
– “irradiated” 245
– nano-sized additives 198
– nanomaterial toxicology 173–190
– nanoscale structures 235–236
– nanotechnology, see nanotechnology
– NPF 42



 Index  305

– packaging and distribution 112–117
– production applications 201
– productivity 91–105
– quality 66, 107–126
– SAFE FOODS project 283, 288–291
– safety 67, 91–105, 107–126
– security 107–126
– traceability 91–105
– “unsafe” 117
food allergy 225–242
Food and Agriculture Organization 

(FAO) 284
Food and Drug Administration (FDA) 

158
food applications 89–170
– engineered nanomaterials 175–176
food-borne pathogens 201
food chain 204
food contact materials 191–208
food functionality 127–148
food ingredients
– nano-engineering 48–52
– nanocrystalline 48–49
food matrices 52–54
food nanotechnology, innovations 

152–155
food packaging
– applications 199–201
– see also packaging
food processing
– allergies 229–235
– biosensors 114
– macroscopic effects 232–235
– molecular effects 230–232, 234–235
– quality, safety and security 112–117
– structures 233
food production
– applications 46–54
– nano-functionalized techniques 91–105
– nanotechnology 39–57
– processing and preparation 

methods 40–41
– science and society 246–248
food products
– GM 217
– life cycle 210–213
food safety governance 284–288
foodstuffs, processed 

nanostructures 197–198
foot-and-mouth disease virus 95, 97
fractal structures in water 135
fractionation of crops 41
framing stage 289
free energy, Gibbs 25

free phytosterols 164
freezing 60
functionality
– antimicrobial 64–65
– bio-selective surfaces 21
– food 127–148

g
gastrointestinal tract 178–181, 195, 201, 

215–216
gastronomy, molecular 137–144
gelatin coating 49
gelators 131
gels
– extremely low-weight 132
– food allergy 233
– gelatin 132
gene analyzer, handheld 95
genetically modifi ed (GM) food 

products 217
gentlemen and players 275
Gibbs free energy 25
glass, bilayer support 32
global trade agreements 204
gluten intolerance syndrome 226
golden rice 246
good governance 278–279
– risk analysis 293–295
good life 279
good nanotechnology society 276–278
governance 283–300
– food safety 284–288
greater participation 259–260
green revolution 244
growth stimulants 201

h
handheld gene analyzer 95
“hard” nanomaterials 196
hazard analysis and critical control point 

(HACCP) 113
hazards
– hazard-oriented systems 102
– identifi cation/characterization 284
– see also risks
health risks 70–71, 202
– SCENHIR 294–295
helix-based fi brils 132
hemocyanin, keyhole limpet 77
hierarchical structure, internal 44
high-methoxyl pectin 52
high-risk business 163
high-temperature processing 64
high-value foods 115



 306  Index

historical background
– nano-ethics 271–273
– nanoparticle safety 293–295
hunter-gatherers 244
hydrocolloids 144
hydrogen bonds 8
hydrophobic/hydrophilic interactions 

9–12
hydroxyapatite 214
hydroxyethyl cellulose fi lm 120
hypersensitivity reactions 226
hyperspectral sensing 111

i
identifi cation technology, RFID 69–70, 

99–102, 118, 121
immaturity 272
(immuno)assay 77–80
– lateral fl ow 77–79
immunoglobulin E (IgE) 225–226, 234–235
in-line monitoring 112
in vitro toxicity 181–183
in vivo micronucleus test 182
independent evaluation 261
indicators, visual 65
industrial perspective of 

nanotechnology 219
infl ammatory reactions 194
information and communication 

technology 244
– packaging 68
ingredient building blocks 49–52
inner surveillance 274
innovations
– ethical 275–276
– food and agriculture 

nanotechnology 152–155
– potential 288–291
– radical/discontinuous 155
– technologically-driven 257
inorganic nanomaterials 192–193
institutional honesty 249
integrated nanosensor networks 100–102
intellectual property 159–160
“intelligent” food packages 153
interactions
– dispersion 12–13
– droplet–droplet 128–129
– electrostatic 13–16
– hydrophobic/hydrophilic 9–12
– intermolecular 5–22
– polar 8
– steric 17–21
interior surfaces, structuring 64

intermolecular interactions 5–22
internal hierarchical structure 44
International Risk Governance Council 

161
intra-β-sheet formation 132
ion-pair disruption 14
iron, nano- 193
“irradiated” foods 245
isoelectric point 135
isothiocyanate, fl uorescein 79

j
jamming diagram 130

k
keyhole limpet hemocyanin (KLH) 77
kinetics
– nanoparticles 296
– toxico- 178–181, 296
“lab-on-a-chip” layout 82, 92
α-lactalbumin 230–231

l
lactoglobulin 131
β-lactoglobulin 51, 230–231
lamellar phase system 134
Langmuir–Blodgett technique 32
Langmuir layers 28–30
lateral fl ow (immuno)assay 77–79
lay people 218–219
layers
– bi-, see bilayers
– Langmuir 28–30
– mucous 179
– multilayer bottles 163
leaching, fertilizers 100
less-than-rigorous application 261
life cycle, food products 210–213
light absorption, packaging 

materials 63–64
lignocellulose 27
limpet hemocyanin 77
linoleic acid, conjugated 154
lipid bilayers 30–31
– solid-supported 31–33
liposomes 198
liquid croquants 142
livestock, physiological status 108
livestock production, nano-functionalized 

techniques 91–105
losses in productivity 115
lotus effect 64
low-concentration bioactive 

components 112



 Index  307

low-weight gels 132
lung epithelium 293
lycopenes 39
lymphatic system 179
lysosomes 35–36
lysozyme 131

m
M-cells 178–179, 195
macromolecular assembly 129
macroscopic effects of food 

processing 232–235
magnetic properties, nanoparticles 76
management, risks 285–286
manufacturing, scale-up 158–159
market pulled technologies 165
marketing
– objective 253
– products 159
mass-change biosensors 114
materials
– from agricultural waste 93
– packaging 60
– physical properties 60
matrices, food 52–54
mayonnaise 128–129
measles–mumps–rubella (MMR) 

vaccine 245
meat replacer, pea-protein-based 42
membrane, nitrocellulose analytical 80
mercaptoundecanoic acid (MUA) 33
metabolism, engineered 

nanomaterials 180–181
MG (molecular gastronomy) 137–144
micelles 33–34, 198
– polyelectrolyte 15
– structure 135–136
microarrays, antibody 80–81
microfl uidics 94
micrometer-scale catalysts 101
micronucleus test, in vivo 182
micronutrients 236
microorganisms, adhesion 20
microstructure assembly 51–52
model food allergen 236
modeling, research 156–157
modifi ed-atmosphere packaging 60
molecular effects of food processing 230–

232, 234–235
molecular gastronomy (MG) 137–144
– structured approach 142–144
molecules
– allergy triggering 226–229
– amphiphilic 11

– electrostatic interactions 13–14
– polar/non-polar 10
monitoring, in-line 112
morally right and wrong 279
moratorium, nanotechnology 191
MUA (mercaptoundecanoic acid) 33
mucous layer 179
multilayer bottles 163
mumps, vaccine 245
myosins, tropo- 228–229

n
Na, see sodium
nano-bio-info-cogno (NBIC) 274
nano-clays 63, 71
nano-coatings, antibacterial 200
nano-divide 274
nano-emulsions 49–52, 154
nano-enabled packaging materials 199
nano-enabled pesticides 197
nano-encapsulates, triggered release 94
nano-engineering, food ingredients 48–52
nano-ethics 271–281
– risk–hazard assessment 273
“nano-eye” 98
nano-functionalized techniques 91–105
nano-iron, zero-valent 193
nano-optimists/nano-skeptics 272
nano-shells 52
nano-sieves 248
nano-silver 65
– health risks 71
– polypropylene–nano-silver composite 

200
nano-sized additives 198
nano-sized food additives 198
nano-sized subcellular structures 6
nano-titanium dioxide 192
nano-zinc oxide 153
nanocomposite 62
nanocrystals, β-carotene 48–49
nanoelectronics 98
nanofi brils, protein-based 49–52
Nanojury UK 263
nanomaterial–polymer composites 199
“nanomaterial score” 183
nanomaterials
– engineered 174–176
– food contact materials 191–208
– “hard” 196
– inorganic 192–193
– nanoparticulate matter 293
– organic 193–194
– persistence 174



 308  Index

– size distribution 174
– “soft” 197
– surface-functionalized 193
– toxicology in food 173–190
NanoNed program 151
nanoparticles
– agricultural and food diagnostics 75–87
– biodegradable 236
– consumption 210
– engineered 293
– environmental behavior 214–215
– environmental occurrence 213–216
– fl ows 210
– historical background 293–295
– magnetic properties 76
– silicate 163
– toxicology 215–216
nanoporous calcium silicate 119
nanoscale structures, food allergy 

235–236
nanosensor networks 100–102
nanostructures, processed 197–198
nanotechnology
– and society 171–300
– basic applications 37–88
– business context 252–254
– code of conduct 277–278
– commercialization 155–162
– communication of risks and 

benefi ts 243–256
– defi nition 44
– environmental risks 209–223
– food allergy 225–242
– food production 39–57
– food quality, safety and security 

107–126
– fundamentals 3–36
– good nanotechnology society 276–278
– industrial perspective 219
– innovations 152–155
– moratorium 191
– NNI 150, 162
– physics of 127–148
– product life cycle 210–213
– public engagement 257–270
– public perception 217–219
– research 150–152
– risks 55, 291–296
– scientists 219
– societal acceptance 209–223
– sustainability 264
– unethical products 273–275
nanotubes, carbon 55, 96
nanowires, poly-silicon 94

National Center for Nanoscience and 
Technology (NCNST) 152

National Nanotechnology Initiative 
(NNI) 150, 162

natural cellular structures 232–233
NBIC (nano-bio-info-cogno) 274
negative controls 177
negotiated rule-making 260, 267
neoepitopes 230
networks, integrated nanosensor 100–102
nitrocellulose analytical membrane 80
non-adsorbing polymers 17
non-food sector, product life cycle 

212–213
non-polar molecules 10
“novel protein food” (NPF) 42
nucleic acid lateral fl ow (immuno)

assay 78–79
nutriceuticals 118, 164
nutritional value, optimization 43

o
oils
– canola 164
– fi brils in 133
– spherically symmetric structures 136
“onions” 134
OnVu system 66
opinion poll, deliberative 260, 266
optical biosensors 114
optimization, nutritional value 43
oral-exposure 176, 181
organic nanomaterials 193–194
organized self-assembled structures 28
organoleptic characteristics 202
organoleptic system 45
ovalbumin 236
“overselling” 251
oxidative stress 194, 293
oxygen “scavengers” 62

p
packaging 46–47, 59–73
– applications 199–201
– information and communication 

technology 68
– “intelligent”/”active” 153
– materials 60
– modifi ed-atmosphere 60
– nano-enabled materials 199
– product life cycle 211–212
– quality, safety and security 112–117
– smart 251
packing, patterns 16



 Index  309

particles
– bridging aggregation 17–18
– depletion aggregation 17
– deposition 19–21
– dispersed 19
– electrostatic interactions 14–16
– nano-, see nanoparticles
parvalbumins 229
passive sensors 95
pasteurization 64
patents 159–160
pathogens
– food-borne 201
– identifi cation 108
PCB-contaminated soils 94, 101
pea-protein-based meat replacer 42
pectin, high-methoxyl 52
PEF (pulsed electric fi eld) 

processing 23–24
perception
– public 217–219
– risk–benefi t 248–252
persistence, nanomaterials 174
pesticides 94
– nano-enabled 197
pests, identifi cation 108
PET (polyethylene terephthalate) 61–62, 

200
Peyer’s patches 178–179, 195
phosphate, dinitrophenyl 79
phosphatidylcholine, chemical structure 

29
phospholipid bilayers 31–32
phosphors, up-converting 76
photovoltaic systems, thin-fi lm 119
physical properties, packaging materials 

60
physics of bionanotechnology 127–148
physiological status of crops and 

livestock 108
“Physiology of Taste” 137
phytic acid 235
phytosterols, free 164
placenta 296
planning cell 260
plant cells 27–28
plant food allergens 227–228
plasmon resonance, surface, see SPR 

spectroscopy
plastics, compostable 212
plate, Wilhelmy 30
plate-like structures 133–135
– clay platelets 63
players, gentlemen and 275

polar interaction 8
polar molecules 10
policy formulation 258
poll, deliberative opinion 260, 266
pollen, birch 228, 234
poly-silicon nanowires 94
polyamide, silicate nanoparticles 163
poly(amino acid) chain 12
polyelectrolyte micelles 15
polyethylene terephthalate (PET) 61–62, 

200
polymer brushes 19–21
polymeric surfaces, advanced 95
polymers
– adsorbing 17–19
– biopolymer-based carrier systems 198
– cationic 33
– coiled 18
– electrostatic interactions 14–16
– hydroxyethyl cellulose fi lm 120
– nanomaterial–polymer composites 199
– non-adsorbing 17
– soluble 17–21
– zwitterionic 33
polypropylene–nano-silver composite 

200
polysaccharides
– bio-inspired 95
– protein–polysaccharide systems 

136–137
polytetrafl uoroethene (PTFE, Tefl on) 116
porous media 215
positive controls 177
potential innovations 288–291
pre-fi ltration 111
precision farming 92–93, 107–108
preparation methods, food 

production 40–41
preparation of food matrices 52–54
preservative-free products 64–65
printable electronics 69
processed food structures 233
processed nanostructures, 

foodstuffs 197–198
processing
– food 112–117
– food allergy 229–235
– high-temperature 64
– methods 40–41
– pulsed electric fi eld 23–24
production
– agricultural 107–112
– ethical 275–276
– sustainable 258



 310  Index

productivity
– food 91–105
– losses 115
products
– commercialization 149–170
– fi nal realization 159
– marketing 159
– preservative-free 64–65
– properties 67–68
– structuring 41–43
– unethical nanotechnological 273–275
profi lins 228
prolamins 227, 234
protein-based fi brils 49–52, 131–132
Protein Data Bank 231
proteins 12
– calcium binding 232
– cysteine-rich 227
– cytosolic 228
– folded 230
– fractal structures in water 135
– protein–polysaccharide systems 136–137
– unfolding 14
psychology of risk–benefi t 

perception 248–250
PTFE (polytetrafl uoroethene, Tefl on) 116
public acceptance 161–162
public backlash 250
public consultation exercises 264–266
public engagement 257–270, 288
public perception, nanotechnology 217–219
pulsed electric fi eld (PEF) 

processing 23–24

q
quality
– assessment 66
– food 107–126
– packaging and distribution 112–117
– synergetic delivery 254
quantitative surveys 258
quantum dots 76

r
radical innovations 155
radiofrequency identifi cation (RFID) 

technology 69–70, 118, 121
– nano-functionalized techniques 99–102
random aggregation 52
rats, Sprague–Dawley 195
REACH (Registration, Evaluation, 

Authorization, and Restriction of 
Chemicals) initiative 184, 203

receptor, biochemical 75
recognition element 75

referendum 260, 268
regulatory controls 191–208
regulatory issues, 

commercialization 157–158
release, triggered 94
remediation of PCB-contaminated soils 94, 

101
remote transceiver 99
research
– consumer behavior 252–254
– design, modeling, and 

simulation 156–157
– ethical 275–276
– nanotechnology 150–152
resonance, surface plasmon, see SPR 

spectroscopy
response, detection and 100–102
reticulo-endothelial system 182
revolution, green 244
RFID (radiofrequency identifi cation) 

technology 69–70, 118, 121
– nano-functionalized techniques 99–102
rheology, caseinate dispersions 54
rice, golden 246
ripening 60
“Ripesense” system 68
risk analysis 247
– emerging technologies 283–300
– framework 288–291
– general principles 284–286
– nanotechnology 291–295
risks 55
– acceptable 243
– assessment 284–285, 294–295
– communication 243–256, 286
– environmental 71–72
– health 70–71
– International Risk Governance 

Council 161
– management 285–286
– profi le 286
– risk–benefi t perception 248–252
– risk cycle 286–288
– risk–hazard assessment 273
– see also hazards
rubella, vaccine 245

s
SAFE FOODS project 283, 288–291
safety
– assessment 157–158
– food 67, 91–105, 107–126
– governance 284–288
– oral-exposure 176
– packaging and distribution 112–117



 Index  311

Salmonella 113–114
saturated fatty acids 133
Savarin, Brillat 137–139
scale-up, manufacturing 158–159
“scavengers”, oxygen 62
SCENIHR (Scientifi c Committee on 

Emerging and Newly-Identifi ed Health 
Risks) 294–295

science and society 246–248
Scientifi c Committee on Emerging and 

Newly-Identifi ed Health Risks 
(SCENIHR) 294–295

Scientifi c Steering Committee 
model 286–288

scientists 219
SDS (sodium dodecyl sulfate) 24
security
– food 107–126
– packaging and distribution 112–117
seed storage prolamins 227
SEIN (social and ethical interactions with 

nano) 271
self-assembly 24–27
– organized structures 28
self-heal 119
sell-by date system 65–66
sensitivity, test assays 177
sensors 46–54
– agricultural production 109
– bio-, see biosensors
– integrated nanosensor networks 

100–102
– nano-functionalized 93–96
– packaging 68–69
– passive 95
– unimolecular 109
serum albumin, bovine 77
β-sheet formation 55
– intra- 132
shells, nano- 52
sieves, nano- 248
silica, amorphous 192
silicate
– calcium 119
– nanoparticles 163
silver, nano- 65, 71, 200
simulation, research 156–157
size distribution, nanomaterials 174
small molecules, electrostatic 

interactions 13–14
smart packaging 251
social and ethical interactions with nano 

(SEIN) 271
social responsibility, corporate 254
societal acceptance 72, 161–162, 209–223

– emerging technologies 243–256
– uncertainty 216–219
societal trust 258–259
society and nanotechnology 171–300
sodium dodecyl sulfate (SDS) 24
“soft” nanomaterials 197
soils, PCB-contaminated 94, 101
solid-state sensors 109
solid-supported lipid bilayers 31–33
soluble polymers 17–21
spherically symmetric structures 135–136
spherifi cation 142
spongiform encephalopathy, bovine 91
SPR (surface plasmon resonance) 

spectroscopy 82
Sprague–Dawley rats 195
stabilization of dispersed particles 19
stabilizing gelatin coating 49
stakeholder engagement 260–262, 290
standardization 157
Staphylococcus epidermidis 20
steric interactions, soluble polymers 17–21
sterilization 64
steroids, topical 236
strength, packaging materials 60–61
stress, oxidative 194, 293
structurants 131
structures
– bicontinuous 136–137
– fi bril-enforced composite 133
– fi brillar 130–133
– food allergy 229–235
– food bionanotechnology 129–130
– fractal 135
– internal hierarchical 44
– nano-sized subcellular 6
– nanomaterials 174
– nanoscale 235–236
– natural cellular 232–233
– organized self-assembled 28
– plate-like 133–135
– processed food 233
– spherically symmetric 135–136
– subcellular 6
– supramolecular 11, 23–36
structuring
– interior surfaces 64
– product 41–43
substance fl ow analysis 213
sulfate, sodium dodecyl 24
super-technicians 275
supersaturated emulsions 50
supramolecular assembly 129
supramolecular structures 11, 23–36
surface-functionalized nanomaterials 193



 312  Index

surface plasmon resonance (SPR) 
spectroscopy 82

surfaces
– advanced polymeric 95
– bio-selective 21
– electrostatic interactions 14–16
– interior 64
– polymer brushes 19–21
surveillance, inner 274
sustainability
– nanotechnology 264
– production 258
swine fl u 91
symmetric structures, spherically 135–136
synergetic quality delivery 254

t
target audience 253
taste, “Physiology of Taste” 137
technologically-driven innovations 257
technology
– assessment 265, 268
– CTEKS 276–277
– evolutionary/disruptive 164–165
– nano-, see nanotechnology
Tefl on 116
terephthalate, polyethylene 61–62, 200
Texas Red (TxR) 79
thermoelectric systems, thin-fi lm 119
thin-fi lm photovoltaic and thermoelectric 

systems 119
time–temperature indicators (TTIs) 120
titanium dioxide, nano- 192
top-down approach 5, 159
topical steroids 236
tortuosity 63
toxicodynamics 181–183
toxicokinetics 178–181, 296
toxicology
– in vitro 181–183
– nano-ethics 273
– nanomaterials in food 173–190
– nanoparticles 215–216
– study design 176–178
“Toxin Guard” technology 67
traceability, food 91–105
trade, global trade agreements 204
transceiver, remote 99
transcellular uptake 216
transduction principles 76
transglutaminase 54
transhumanism 274
transparency 288

triggered release, nano-encapsulates 94
triphosphate, adenosine 36
tropomyosins 229
trust, societal 258–259
TTIs (time–temperature indicators) 120

u
ultrafi ltration 113
uncertainty, societal reaction 216–219
unethical nanotechnological 

products 273–275
unfolding protein 14
unimolecular sensors 109
“unsafe food” 117
up-converting phosphors 76
upstream engagement 265
uranyl acetate 49

v
vaccine, MMR 245
vacuole 27
validity, test assays 177
venture capitalists 166
vesicles 35–36, 45
virus, foot-and-mouth disease 95, 97
viscosifi ers 131
viscosity 51
visual indicators 65

w
waste, agricultural 93
water
– acidifi ed 53
– fractal structures in 135
– intermolecular interactions 7–9
Watson, James 271
Wilhelmy plate 30
win–win proposition 254
wood protection 94
workshop, action planning 266
World Health Organization (WHO) 284

x
X-omics 184
xanthan 130

y
yolk, egg 139

z
zero-valent nano-iron 193
zinc oxide, nano- 153
zwitterionic polymers 33




