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FOOD SCIENCE
GTECHNOLOGY

Nanotechnologies are opening up new horizons in almost all
scientific and technological fields. Among these, applications
of nanotechnologies are expected to bring large benefits and
add value to the food and food-related industries through the
whole food chain, from production to processing, safety, pack-
aging, transportation, storage and delivery. Nanotechnology
consists in the realization and manipulation of nano-sized
matter, the unique properties of which with respect to their
bulk counterparts are illustrated and discussed. Then, the
main tools and techniques routinely used in nanotechnology
for the nanoscale characterization of food matrices as well
as for the analytical determination of nanomaterials in food
samples are reviewed. Finally, safety and risk assessment is-
sues are discussed and an overview of applications of nano-
technology to the food sector is provided along with a
description of the current regulatory framework.

Introduction

Nanosciences and nanotechnologies connect diverse disci-
plines, among others physics, chemistry, life sciences,
medicine, cognitive sciences, engineering, information
and communication technologies, and therefore represent
a real convergence among up-to-now distant fields of
knowledge. Perhaps all the scientific and technological
fields have taken, are taking, and/or have the possibility
to take advantage of nanotechnology. Among these, the
impact of nanoscience in many fields connected to health
and well-being is nowadays very strong and the applica-
tions of nanotechnologies are expected to bring large
benefits to the food and nutrition sector. Nanotechnol-
ogies may provide new ways and tools for controlling
properties and structuring foods, introducing new features
and creating added value. The phenomena that take place
at the nanometer scale offer lots of opportunities for
innovation that have the potential to impact substantially
the food industry worldwide, as nanotechnologies can be
applied to the whole food chain, from production to pro-
cessing, safety, packaging, transportation, storage and de-
livery (Cushen, Kerry, Morris, Cruz-Romero, &
Cummins, 2012; Silvestre, Duraccio, & Cimmino, 2011;
Weiss, Takhistov, & McClements, 2006). The impacts
of and needs for nanotechnological applications in food
and related sectors are depicted in Fig. 1. The potential
applications of nanotechnologies to food-related fields
are nearly endless and the design and production of
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Abbreviations

AAS  Atomic absorption spectroscopy

AES  Atomic emission spectroscopy

AEM  Analytical electron microscopy (a combina-
tion of analytical tools, such as spectroscopy,
and electron microscopy for composition
analysis)

AFM  Atomic force microscopy

ANUC Analytical ultracentrifugation

ASEM Atmospheric scanning electron microscopy

BET  Brunauer Emmett Teller method

CE Capillary electrophoresis

CFM  Chemical force microscopy

CLSM Confocal laser scanning microscopy

CNT  Carbon nanotube

DLS  Dynamic light scattering

DMA Differential mobility analysis

ED Electron diffraction

EDX  Energy dispersive X-ray spectroscopy

EFLM epifluorescence light microscopy

EM electron microscopy

ENM  Engineered nanomaterial

ESEM Environmental scanning electron microscopy

FCM  Food contact material

FFF Field flow fractionation

FT-IR Fourier transform infrared spectroscopy

GC-MS Gas chromatography-mass spectrometry

HDC  Hydrodynamic chromatography

HPLC High performance liquid chromatography

ICP-MS Inductively coupled plasma mass
spectrometry

IMS Ton mobility spectrometry

LDE  Laser doppler electrophoresis

LM light microscopy

MALDI-ToF-MS Matrix-assisted laser desorption/
ionization-time of flight mass spectrometry

MALS Multi-angle light scattering

MS Mass spectrometry

NMR Nuclear magnetic resonance spectroscopy

NP Nanoparticle

NTA  Nanoparticle tracking analysis

PCS Photo correlation spectroscopy

QqQ  Triple quadrupole mass spectrometer

SAS Synthetic amorphous silica

SAXS Small-angle X-ray scattering

SEC Size exclusion chromatography

SEM  Scanning electron microscopy

SLS Static light scattering

SMPS  Scanning mobility particle sizing

SNOM Scanning near-field optical microscopy

sp-ICP-MS Single particle inductively coupled plasma
mass spectrometry

STEM Scanning transmission electron microscopy

SThM  Scanning thermal microscopy

STM  Scanning tunneling microscopy

STXM Scanning transmission X-ray microscopy
SWCNT Single walled carbon nanotube

TEM  Transmission electron microscopy
UNCD Ultrananocrystalline diamond

XPS X-ray photoelectron spectroscopy

XRD  X-ray diffraction

ENMs, nano-based structures, devices and systems pro-
vide new ways of producing and processing food as
well as protecting safety and authenticity of food prod-
ucts in the supply chain. The increasing interest in nano-
technology applied to the food sector is demonstrated by
the increasing number of scientific publications per year
retrieved using a database of peer-reviewed literature
(Scopus) and searching for ‘nanotechnology’ and ‘food’
in the title, abstract and keywords (Fig. 2). The output
likely underestimates the number of academic journal ar-
ticles dealing with applications of nanotechnologies to
food and related sectors.

Despite the projected benefits, this exciting technolog-
ical frontier is raising regulatory issues and public concern
regarding safety and environmental effects. For regulatory
purposes, various countries have adopted different and
sometimes diverging approaches (Cushen er al., 2012;
Tinkle er al., 2014). As to public perception, the critical
point is a widespread sentiment that nanoscale processes
and products, interfering with the physiology of living spe-
cies and with the environmental processes, could expose
the humankind and the environment to unforeseen risks.
This anxiety, rather common among the general public,
could represent the stumbling block able to stop the
advancement of nanotechnologies in a number of applica-
tion fields, including the food sector.

In order to fill the knowledge gaps on the environmental
fate of ENMs, the investigation of life cycle of ENMs, to
determine how long they survive, how they distribute and
if and how they finally degrade, has been the first task pur-
sued by environmental scientists. A series of researches
carried out in the frame of national and international initia-
tives are currently evaluating the risks connected to the use
of the various ENMs.

The other main issue is the consumer-safety implica-
tions from nanotechnology applications. Physicochemical
properties of ENMs are important for new applications,
but are also extremely relevant in terms of potential
risks for human health. A better understanding of the
properties, behavior and effects of ENMs is the subject
of many research efforts that encompass diverse disci-
plines, from imaging and analytical science to
nanotoxicology.
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Fig. 1. Impacts and needs of nanotechnological applications in foods and food processing.

As the comprehensive presentation of the world of nano-
technologies would far exceed the scope of the present re-
view, hereafter we illustrate the physical basis of the
different properties of the ENMs compared to the corre-
sponding bulk counterparts. The safety and risk assessment
issues and the challenges of the characterization and analyt-
ical determination of ENMs in complex matrices such as
food will be then dealt with and state of the art of imaging
and analytical techniques will be presented. Finally, an
overview is given of the applications on nanotechnologies
in food and related sectors and the current regulatory
framework.

Nanotechnology and nanomaterials
Properties of nanomaterials

The term nanotechnology refers to the conscious synthe-
sis, manipulation, assembly and use of nano-sized objects
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Fig. 2. Statistics of the number of publications per year retrieved using
a database of peer-reviewed literature (Scopus), searching for ‘nano-
technology’ and “food’ in the title, abstract and keywords.

to fabricate novel materials, structures and devices with
properties tailored to specific scientific and technological
purposes. Indeed, a great variety of ENMs can be synthe-
sized, manipulated, combined, to obtain a virtually endless
number of materials and structures with novel physical or
chemical properties (Fig. 3). A quick glance at the
constantly increasing number of ENMs, at the variety of
obtained properties and at the foreseen possible applica-
tions reported in literature is undoubtedly exciting for sci-
entists and seems to suggest that their only limit is
imagination (‘Theres plenty of room at the bottom’, quoting
R. P. Feynman).

Since ancient times different methodologies have been
developed and optimized empirically to produce handi-
crafts (e.g., blades, pottery, glasses) with amazing physical
(e.g., mechanical or optical) properties. After investigation
with modern characterization techniques, such properties
have been ascribed to the presence of nanomaterials pro-
duced by the manufacturing processes. For example, by
analyzing a genuine Damascus sabre dating back to the
seventeenth century, carbon nanotubes and cementite nano-
wires have been found in Damascus steel which is known to
possess extraordinary mechanical properties (Reibold ez al.,
2006). Colloidal gold NPs have been recognized as the
origin of the reddish color of dyes used as colorant to obtain
ruby glasses and ceramics (Daniel & Astruc, 2004; Sharma,
Park, & Srinivasarao, 2009), such as the ‘Purple of Cas-
sius’, the preparation of which using gold and tin dioxide
has been reported in the seventeenth century (Hunt,
1976). Also, the presence of gold NPs is responsible for
the color of some ancient glass handiworks, the most
famous being probably the Lycurgus cup (dating back to
the fifth century B.C.), which appears green or red in reflec-
tion or transmission, respectively (Barber & Freestone,
1990; Wagner et al., 2000).
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Fig. 3. Different forms and shapes of nano-objects (adapted from Bouwmeester et al., 2009).

Nanomaterials are characterized by having at least one
dimension ranging from about 1 nm to 100 nm, although
the upper limit of 100 nm is used by general consensus
without any scientific evidence to support a disappearance
of nano-properties above this value and some have sug-
gested to consider nanotechnology-derived products also
materials exhibiting properties or phenomena (including

biological effects) that are attributable to their dimensions,
even if the latter fall outside the nanoscale range, up to 1
micron (Tinkle et al., 2014). More specifically, they can
be classified as: (i) O-dimensional (OD) nanomaterials,
when all the three dimensions are below 100 nm (e.g.,
NPs, quantum dots); (ii) 1-dimensional (1D) ENMs, with
two dimensions below 100 nm (e.g., nanotubes, nanowires,
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nanorods); (iii) 2-dimensional (2D) ENMs, with only one
dimension below 100 nm (e.g., ultrathin films); (iv) 3-
dimensional (3D) ENMs, which are not nanometer sized
materials and are constituted by the assembly of nanometer
elementary structures (e.g., materials with nanocrystalline
grains, clusters of ENMs) or by ENMs filling a host matrix
(e.g., nanocomposites) (Rosler, Baker, & Harders, 2007).

ENMs exhibit physical and chemical properties which
may dramatically differ from those of the corresponding
bulk materials (Lue, 2007; Roduner, 2006). Indeed, the
properties of the latter are typically independent on their
actual shape and dimension. Conversely, when one or
more dimensions are in the nanometer range the properties
of the materials change, scaling with the dimensions,
mainly due to the superimposition of surface and quantum
effects (Roduner, 2006).

Surface effects are produced by the increase in the
surface-to-volume ratio, or equivalently in the fraction of
atoms on the surface with respect to the total number N
of atoms in the material that is proportional to N~ '3,
Even in the case of perfectly crystalline bulk materials, sur-
faces and interfaces represent discontinuities in the periodic
lattice and their atoms undergo reconstruction to saturate
the missing bonds (‘God made the bulk; the surface was in-
vented by the devil’, according to an aphorism attributed to
W. Pauli). Owing to a low number of direct neighbors, the
larger fraction of atoms on the surface, edges and corners of
ENMs results in the scaling of coordination number, cohe-
sive energy, melting point and temperature of other phase
transitions, which in addition are no longer sharp (Buffat
& Borel, 1976; Roduner, 2006). Finally, the larger
surface-to-volume ratio represents an advantage for the sur-
face functionalization of ENMs compared to their bulk
counterparts, which is of the utmost importance in several
technological applications, e.g., drug delivery.

Quantum effects are responsible for amazing properties
of ENMs constituted by metals and semiconductors. The
delocalization of electron states in bulk metals and semi-
conductors results in a band structure and density of states
that are not affected by the actual shape and dimension of
the materials. Conversely, when the dimensions of such ma-
terials are reduced to the nano-range, the electron states are
delocalized over the entire ENM and thus are dramatically
affected by its dimensions (Roduner, 2006). Examples of
size-dependent properties in metal and semiconductor
NMs due to quantum effects are represented by non-
metal to metal transitions, band gap energy, ionization po-
tentials, electron affinities, catalytic activity and selectivity
(Roduner, 2006). In particular, variable band gap energy,
which results in tunable absorption and fluorescence wave-
lengths, is the origin of the optical properties of the above
mentioned dyes based on colloidal gold NPs and, more in
general, of colloidal metal NMs (NPs, nanoshells, nanoc-
ages) with tunable size and shape dependent colors (T.
Huang & Xu, 2010; X. Huang & El-Sayed, 2010). Quantum
effects are responsible also for the magnetic moments

observed in small NPs of nonmagnetic materials
(Roduner, 2006). Finally, in NPs of ferromagnetic materials
several size-dependent phenomena occur such as the transi-
tion from ferromagnetism to superparamagnetism charac-
terized by the absence of hysteresis in the magnetization
curves (Jun, Seo, & Cheon, 2008). The magnetic coercivity
depends on the dimension; equal to zero in small single-
domain superparamagnetic NPs, it first increases and then
decreases reaching its bulk value as the diameter increases
(Jun et al., 2008). Finally, saturation magnetization is
dependent on the NP size due to spin canting effects (Jun
et al., 2008; Morales et al., 1999).

The par excellence example: carbon nanomaterials

The huge perspectives of nanotechnologies are, first of
all, the direct consequence of the circumstance that for
ENMSs, not only their chemical composition but also their
morphological and surface properties are crucial in deter-
mining their characteristics. Changes in the physicochem-
ical characteristics can induce changes in chemical and
physical properties, reactivity, catalytic activities and in
turn alter their toxicity, fate and behavior in environmental
media and toxicokinetics (Schwirn, Tietjen, & Beer, 2014).

Carbon has long been known to exist in the two different
allotropic forms of diamond and graphite, with different
structures, bonding characteristics and, as a consequence,
different chemical and physical properties. In 1985, the dis-
covery of buckyballs (or fullerenes) (Kroto, Heath,
O’Brien, Curl, & Smalley, 1985) has opened entirely new
perspectives about the carbon chemistry and physics, mak-
ing possible the subsequent discovery of CNTs in 1991
(Tlijima, 1991). The fullerenes (C60, C70, and others) are
polyhedral entities formed by a monolayer of carbon atoms
linked by a network of hexagons and pentagons. CNTs can
be regarded as rolled-up graphene sheets of cylindrical
shape with single or multiple layer walls, exhibiting
outstanding properties, very different from those of bulk
carbon or graphite. The dimensions of SWCNTSs are typi-
cally in the range 1—2 nm in diameter by 0.1—1.0 pm in
length. CNTs can be prepared by a large variety of chemi-
cal vapor deposition (CVD) methods (Terranova, Sessa, &
Rossi, 2006) and other techniques (Tao, Endo, & Kaneko,
2012). Some of the most relevant properties of SWCNTSs
compared to those of other technological materials present
on the market can be easily find elsewhere (see, for
instance, http://www.raymor.com/nanotech/carbon-
nanotubes/). These outstanding properties make SWCNTs
the ideal component for the development of new technolo-
gies, with possible use in a broad variety of applications,
e.g., reinforcement fibers in composite materials, additive
for conductive polymers, electromagnetic shielding, battery
electrodes, supercapacitors, catalyst supports, field emis-
sion devices, gas and biological sensors, filters and many
other applications involving also the food sector.

Overall, we have to get used to the fact that chemical
and physical properties of carbon are not related only to
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the existence of two allotropes and the same holds true for
all chemical elements. When the sample is downsized to
the nano-scale, the behavior of an element depends on
size, shape and dimensionality. In such a context, most
recently, a great attention has been reserved to graphene,
basically a single layer of carbon atoms with sp” hybridiza-
tion, i.e., one atomic layer of the classical graphite, which
can be considered the most amazing and versatile substance
available to mankind. Graphene has been first produced in a
surprising easy way in 2004 (This Month in Physics His-
tory: October 22, 2004: Discovery of Graphene, http://
www.aps.org/publications/apsnews/200910/physicshistory.
cfm), starting from graphite and simply using adhesive
tape. A few years later, A. Geim and K. Novoselov won
the Nobel Prize in Physics in 2010 ‘for groundbreaking ex-
periments regarding the two-dimensional material gra-
phene’ (The Nobel Prize in Physics 2010, http://www.
nobelprize.org/nobel_prizes/physics/laureates/2010/).

Another example of the peculiar nano-properties of car-
bon depending significantly on size, shape and dimension-
ality is represented by UNCD (Shenderova & Gruen, 2012).
UNCDs are a special form of diamond particles with sizes
in the range 3—5 nm, produced by detonation or by laser
ablation (Baidakova et al., 2013). This innovative material
is distinguished by unique characteristics — such as its lat-
tice structure, large surface/volume ratio — and presents
unique properties that give rise to a wide area of excep-
tional applications. The set of outstanding attributes
(Mochalin, S, Ho, & Gogotsi, 2012) include mechanical,
tribological (extremely low friction coefficient of about
0.01), transport (tunable electrical conductivity), electro-
chemical (wide working potential window), and electron
emission  properties (low, stable threshold field
(Guglielmotti er al., 2009)). The properties of UNCD
make them promising for the creation of novel materials
with extraordinary functions.

The outstanding properties of carbon nanomaterials can be
considered the most relevant and typical example of the po-
tential of the nanotechnologies, inducing some to claim that
the future will be an era of carbon after the current one based
on iron, steel and silicon. Fig. 4 shows a selection of signifi-
cant examples of the three most relevant allotropes of carbon
at the nanoscale (CNTs, nanodiamonds and graphene), inves-
tigated through the use of the most used diffraction and mi-
croscopy techniques in nanoscience and nanotechnology.

The properties of the C-based ENMs mentioned above
are extremely attractive for the realization of innovative
polymer nanocomposites (PNCs), in which the nonpoly-
meric element has at least one dimension on the nano-
scale (Tamburri et al., 2014; Zaman, Manshoor, Khalid,
& Araby, 2014). In the near future, PNCs with C-based
NMs are expected to find application in FCMs.

Safety issues and risk assessment
Although making materials smaller can generate novel
and useful properties, nanotechnology has provoked

concern and debate from the perspective of safety both in
the scientific community and in the public. A major issue
is that there is insufficient knowledge on how altered phys-
icochemical properties and potentially increased systemic
bioavailability of ENMs may influence their toxicological
properties. NPs have much larger surface areas and may
exhibit substantially different physicochemical and biolog-
ical properties compared to conventional substances with
the same chemical composition. The promise of nanotech-
nology contributing to significant advances in fields as
diverse as medicine, electronics, consumer products, food
and nutrition must be weighed against the realization that
we currently know relatively little about the potential
adverse effects of ENMs on human health and the
environment.

Another issue is how to approach the safety assessment
of products of nanotechnology. Current toxicity-testing ap-
proaches used for conventional substances are suitable
starting points for risk assessment of ENMs but they may
need methodological modifications since they appear to
be inadequate to detect all aspects of potential toxicity of
nanosized materials. Additional endpoints presently not
routinely addressed may need to be considered in addition
to traditional endpoints whereas for hazard characterization
the relationship of any toxicity to the various dose metrics
that may be used, such as size and other physicochemical
parameters of ENMs, has to be explored since mass con-
centration alone (as used for conventional substances) is
clearly insufficient. In particular, decrease of particle size
in the nanoscale has been identified as a main parameter
for the increased toxicity of different materials
(Bouwmeester et al., 2009).

Applications of nanotechnology to the food sector pose
the issue of consumer exposure to NPs through consump-
tion of food and beverages (Fig. 5). If particles are absorbed
in the gut, there is a potential for internal systemic expo-
sure. Once in the body, NPs with large reactive surfaces
may cross biological barriers to reach those parts of the
body which are otherwise protected from entry of (larger)
particulate materials. The issue of potential toxicity arises
especially for some insoluble and possibly biopersistent
inorganic ENMs (also termed as ‘hard’ NMs), which may
bioaccumulate in tissues.

A healthy digestive system only allows absorption of nu-
trients from the gastrointestinal tract after digestion of
foods. The gastrointestinal wall is designed to ensure the
passage of dietary nutrients and prevent the passage of
larger or foreign material. In relation to nanosized food in-
gredients, it is known that certain food substances exist
naturally, or are metabolized in the body, at a nano-scale
(Chaudhry et al., 2008). Many food proteins are globular
structures between tens and hundreds of nanometers in
size, and most polysaccharides and lipids are linear poly-
mers less than 2 nm in thickness. Processing of food ingre-
dients and additives to make them nanosized, as some
natural food components are, is likely to enhance their
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Fig. 4. Selection of significant examples of the three most relevant allotropes of carbon at the nanoscale (carbon nanotubes, nanodiamonds and
graphene), investigated through the use of different Electron Diffraction (ED), Transmission Electron Microscopy (TEM), Scanning Electron Micro-
scopy, and Scanning Probe Microscopy (SPM) techniques. (1) (a) ED pattern performed onto an isolated bundle of SWCNTs; (b) experimental equa-
torial line profile (solid line) of the diffraction intensity and the corresponding simulation (dotted line), for the determination of the radius (i.e.,
chirality) of the SWCNTs (Serra et al., 2008). (Il) Low-voltage aberration-corrected High Resolution TEM is able to resolve carbon lattice structure
and to determine the chirality of individual nanotubes: (a) SWCNT with chirality (18,8); (b) zig-zag SWCNT with chirality (28,0) suspended in free
space with a bend; (c) at higher magnification showing the full atomic structure (Warner, Young, Kirkland, & Briggs, 2011). (lll) SEM images of an
SWCNT fibre: (a) general view of the fibre fixed on the SEM circular holder; (b) and (c) top section view of the fibre with details (Guglielmotti et al.,
2013). (IV) Atomically resolved STM image of an individual CNT. The image vertical size is 3 nm. The dashed arrow indicates the direction of the
tube axis and the solid arrow denotes the direction of the nearest neighbor hexagon rows. The angle between these two arrows is the chiral angle ¢
(Venema, Wildoer, Dekker, Rinzler, & Smalley, 1998). (V) (a) Selected Area Electron Diffraction (SAED) pattern from the shaped morphology imaged
in the TEM image reported in the following panel VI. The indexing of the diffraction spots demonstrates the presence of the crystalline phase cor-
responding to n-diamond (sg F43m). (b) Electron diffraction pattern taken from the disaggregated material after the interaction with the TEM e-beam
(for about 60 s) (Terranova et al., 2009). (VI) TEM image of a rectangular assembly (with sizes of about 150 x 200 nm) obtained by a colloidal stable
dispersion of nanodiamond particles. The inset shows at higher magnification the close-packed arrangement of the diamond nanocrystals (Terranova
etal., 2009). (VIl) 3D networks of closely packed diamond nanograins. (VIII) a: Atomic Force Microscopy phase image of 5 nm nano-diamond par-
ticles dispersed on a silicon wafer (area 200 x 200 nm). The dashed line indicates the path of the line scan (b), the data being obtained from a
corresponding height image (Williams et al., 2007). (IX) Diffraction patterns of (a) single layer and (b) double layer graphene. Intensity profile plots
taken between the red arrows are shown in the inset. The diffraction patterns were acquired with a Tecnai F30 (Zan, Ramasse, Jalil, & Bangert, 2013).
(X) HRTEM image of single and bilayer graphene with atomic resolution (Urban, 2011). (XI) (a) and (b) Low and high magnification images of original
graphene sheets. (c) Low and high (insert) magnification images of graphene sheets dispersed by ultrasonication only. (d) Low and high (insert)
magnification images of graphene sheets dispersed by the coupled hydrogen passivation and ultrasonication (Y. Yang, Rigdon, Huang, & Li,
2013). (XI) STM image of a graphene nanoplatelet on high oriented highly oriented pyrolytic graphite (HOPG) acquired in constant current
mode in air and atomically resolved image obtained in constant height mode in air.
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Fig. 5. Consumer exposure to NPs through consumption of nano-food. Additional dietary exposure may result from NPs released in the environment
that enter the food chain.

ability to cross the gut wall and the higher absorption and
bioavailability will give rise to higher internal exposure.
As a consequence, a number of possible consumer health
implications are envisaged to emerge from the consumption
of food products containing nanosized ingredients and addi-
tives. These range from changes of nutrient profile in the
body, to introduction of toxic substances or viruses ad-
sorbed on nano-surfaces, to a variety of toxic effects at
the cellular level such as increased production of oxyradi-
cals and, consequently, oxidative damage. Some engineered
NPs, such as nanosilver, are known to have strong antimi-
crobial activity, but at present little is known on their poten-
tial effects on the gut natural microflora.

A critical aspect influencing the biological effects on
ENMs is the behavior, interactions and fate of NPs in the
gastrointestinal tract. If, for instance, particles have a
high dissolution rate they may completely dissolve/degrade
in the gastrointestinal tract and be transformed to the non-
nanoform substance, i.e., to the respective soluble (ionic or

molecular) form. This, however, does not exclude possible
effects of localized exposure in the gastrointestinal tract
that need to be considered in safety assessment. On the
other hand, NPs may undergo a variety of transformations
in the gut, e.g., agglomeration, aggregation, adsorption or
binding with other food components, and reactions with
acid and digestive enzymes. Nanosized particles may
indeed be released from the food matrix. A recent in vitro
study addressing the fate of SAS in food during human
digestion showed that in the intestinal digestion stage silica
NPs exist even in higher amounts than in the saliva (mouth)
digestion stage and that, upon consumption of foods con-
taining SAS in the form of the food additive E551, the
gut epithelium is most likely exposed to nanosized silica
(R. Peters et al., 2012).

Translocation of particles through the intestinal wall is a
multi-step process, involving diffusion through the mucus
lining the gut wall, which is the first barrier they have to
pass before entering the body, followed by contact with
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enterocytes or M-Cells of the gastrointestinal epithelium
(the second barrier), by cellular or paracellular transport,
and finally by post-translocation events. Particles may
pass through the epithelial cells through transcytosis by en-
terocytes (as in normal digestion), transcytosis by M-Cells
in Peyer’s patches (PP), or by passive diffusion (Frohlich &
Roblegg, 2012). Smaller particles are generally absorbed
more readily and faster than larger ones so that the uptake
of NPs of a given type is greater compared to respective mi-
croparticles and increases with decreasing size. Surface
properties and the existence of any surface coating criti-
cally affect uptake.

When NPs pass the gastrointestinal epithelium and end
up in the systemic blood circulation, they can interact
with various blood-components. An important property of
ENMs is interaction with proteins. In biological matrices
such as food or body fluids, ENMs develop a coating of
proteins or lipids (described as a ‘corona’). The protein
corona is not a stable association and can be altered and re-
placed throughout the life cycle of the ENM, dynamically
changing in relation to the macromolecules and environ-
mental conditions encountered.

Once in the systemic circulation, the ENM is rapidly
distributed throughout the body, gaining access to internal
body compartments with further internalization and reten-
tion in cells and organelles. Potential consequences of
cellular interactions include cytotoxicity, inflammation,
oxidative stress, and genotoxic effects. Of crucial impor-
tance is the potential passage of natural barriers, i.e., apart
from cellular barriers, the blood—brain barrier or the
placental barrier. Importantly, ENMs are taken up by the
mononuclear phagocyte system (MPS) especially in spleen
and liver and in order to address this from the standpoint of
safety there may be a need for extended toxicokinetic
studies depending on the biopersistence of the ENM. The
toxicokinetic studies will provide information on the timing
and extent of ENM accumulation in organs and tissues and
clearance from these tissues. Availability of toxicokinetic
data may for instance enable to base risk assessment of
ENMs on internal concentrations, i.e., by comparing esti-
mated organ concentration in humans exposed to the
ENM via the diet with those in animal toxicity studies,
which has major advantages in cases of tissue accumulation
over time and dose-dependent absorption (van Kesteren
et al., 2014). Some studies on the toxicology of inorganic
ENMs in rodents after oral exposure are summarized in
Table 1.

The European Food Safety Authority (EFSA), in the
2009 scientific opinion on the potential risks arising
from nanoscience and nanotechnologies on food and
feed safety, affirmed that the risk assessment paradigm
(hazard identification, hazard characterization, exposure
assessment and risk characterization) is applicable for
ENMs (EFSA, 2009). However, since different types of
ENMs — even with the same chemical composition —
may vary as to their toxicological properties, the risk

assessment of ENMs has to be performed on a case-by-
case basis. The EFSA stated that appropriate data for
risk assessment of an ENM in the food and feed area
include comprehensive characterization of the ENM, in-
formation on whether it is likely to be ingested in nano-
form, and, if absorbed, whether it remains in nanoform
at absorption. The latter is a critical point and in the sub-
sequent guidance on how to assess the risks of ENMs in
food and feed the EFSA stated that unless complete
degradation/dissolution in the GI tract is demonstrated
with no absorption of particles as such, hazard identifica-
tion and hazard characterization should include informa-
tion from in vitro genotoxicity (gene mutations in
mammalian cells test, micronucleus test), ADME (absorp-
tion, distribution, metabolism and excretion) and repeated
dose 90-day oral toxicity studies in rodents as well as
in vivo genotoxicity (if positive in vitro or not testable
in vitro) (EFSA, 2011). Overall, the risk of an ENM is
determined by its chemical composition, physicochemical
properties, its interactions with tissues, and potential
exposure levels. Indicators of (i) a potential for high expo-
sure, (ii) prospective toxicity or, on the contrary, (iii) the
likelihood for loss of nanoproperties are summarized in
Table 2. As far as exposure patterns are concerned, it is
important to note that with increasing nano-applications
to a variety of medicinal and consumer products, NPs in
food may not be the only source of oral exposure to
ENMs since ingestion of diverse nanosized particles
may concurrently result from use of drugs and,
accidentally, of sunscreens, lipsticks, skin creams, and
toothpastes.

Detection and characterization of nanomaterials

Besides the size and the chemical composition, the
unique properties of nanostructured materials depend on
a number of other physicochemical parameters, such as
shape, surface properties, crystalline phase, density,
porosity, solubility or (photo)catalytic activity (if any).
Adequate characterization of an ENM is essential for
relating its behavior and functional properties to an
unequivocally established identity and help designing
new materials with definite features for specific purposes.
At the same time, a comprehensive characterization is
essential to understand the biological properties of
ENMs and assess their safety. In the latter case, it is
important that at least the most important physicochem-
ical parameters are determined not only for the ENM
per se, but also in the product (e.g., the food matrix)
and under testing conditions. The information is needed
to assess whether the material tested is representative
and relevant for the exposure from the intended use, for
comparing materials tested in different products and be-
tween different manufacturers.

In comparing the properties of a pristine ENM with
those of the same material in food products, an issue that
has to be considered is the lifetime of the ENM, from
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Table 1. Oral exposure of rodents to metal and oxide particles and related effects.

Particle (primary size) Duration Dose (species)® Results Reference
Ag (60 nm) 28 days 30, 300, Changes in ALP and Kim et al., 2008
1000 mg/kg bw/day (1) cholesterol indicating mild
liver damage
Ag (56 nm) 90 days 30, 125, Changes in ALP and Kim et al., 2010
500 mg/kg bw/day (r) cholesterol indicating mild
liver damage, bile-duct
hyperplasia
Ag (22-42-71-323 nm) 14 days 1 mg/kg bw/day (m) Inflammatory responses, Park et al., 2010

Ag (14 nm)

Ag (14 nm)

Ag (<20 nm, <15 nm
PVP-coated)

SiO, (7, 15—20 nm)

SiO, (~20 nm)

TiO, (5—6 nm)

TiO, (5—6 nm)

TiO, (5—6 nm)

TiO, (5—6 nm)

TiO, (<25 nm)

(28 days for 42 nm-NPs)
28 days

28 days

28 days

28 days
(84 days highest dose)

5 days

90 days

90 days

90 days

90 days

5 days

9 mg/kg bw/day (r)

2.25, 4.5, 9 mg/kg bw/day (r)

9 mg/kg bw/day (r)

100, 500, 1000,
2500 mg/kg bw/day (r)

20 mg/kg bw/day (r)

2, 5, 10 mg/kg bw/day (m)

10 mg/kg bw/day (m)

2, 5, 10 mg/kg bw/day (m)

2, 5, 10 mg/kg bw/day (m)

1, 2 mg/kg bw/day (r)

liver and kidney toxicity

Similar organ distribution of
ionic Ag and Ag NPs.
Besides the intestinal
system, largest
concentrations in liver and
kidneys. Ag also found in
lungs and brain

Toxicity of ionic Ag but not
of an equimolar Ag-NP dose

In vivo formation of Ag NPs
also for treatment with ionic
Ag, long retention of Ag in
brain and testis

Liver fibrosis, differences
between the two pyrogenic
SAS types studied

Distribution in liver and
spleen, differences between
the precipitated and
pyrogenic SAS studied

Chronic spleen injury and
reduction of immune
capacity

Ovarian damage,
imbalance of mineral
elements and sex
hormones, decreased
fertility/pregnancy rate and
oxidative stress

Testicular lesions,
spermatogenesis
suppression, sperm
malformations, and
alterations in serum sex
hormone levels

Deposition in ovary, fertility
reduction and ovary injury
associated with alteration of
inflammation-related or
follicular atresia-related
cytokines

Sex-related effects in
endocrine-active tissues,
particle deposition in spleen

Loeschner et al., 2011

Hadrup et al., 2012

van der Zande et al., 2012

van der Zande et al., 2014

Cubadda et al.,
in preparation

Sang et al., 2012

Gao et al., 2012

Gao et al., 2013

Zhao et al., 2013

Tassinari et al., 2014

2 Animal species: mice (m) or rats (r).
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related applications. After EFSA, 2011.

Table 2. Indicators of a potential for high exposure, of prospective toxicity or of reduced likelihood of adverse effects for an ENM used in food-

Indicators of a potential for
high exposure

Bioaccumulation

Indicators of potential
toxicity

Indicators of reduced
likelihood of adverse
effects and/or loss of nano-
properties

High production volume for the field of application

High mobility of the nanoform in organisms (probability of internal exposure) (e.g., transport via
macrophages; transport through cell membranes, blood—brain barrier and/or placenta; drug delivery
systems) and mobilization potential (e.g., infiltration, sorption, complex formation)

Targeted or controlled release

Persistence/stability (e.g., in water, fat, and body fluids, lack of solubility/degradation)

High level of reactivity (e.g., catalytic, chemical, biological)

Complex morphology (e.g., rigid, long tubes or fibres, high aspect ratio nanomaterials, fullerenes, crystal
structure, porosity). ENM with cores and shells of different biopersistence (e.g., multifunctional ENM)
Interactions with biomolecules such as enzymes, DNA, receptors, ‘Trojan horse’ effect

Complex transformations (e.g., aging, changes of surface properties, porosity) or metabolites (e.g., changes
to or loss of coating, ‘dynamic corona’)

ENM intended to be used as antimicrobials (e.g., unintended consequences on the gut flora)

Increased rate of dissolution (e.g., in water, food/feed matrix or body fluids)

Increased rate of degradability (e.g., biological or photocatalytic) to non-nanoform degradation products
Presence of strongly bound aggregates (e.g., determined by conditions of production), fixed, permanent
bonding in matrices (e.g. stability of matrix, type of bond, end-of-life behavior)

manufacturing to addition into the food to subsequent pro-
cessing and storage. When the ENM is incorporated into
the food matrix, changes in pH, ionic strength, ionic
composition, processing (e.g., cooling, heating, mechanical
stress) can lead to a substantial alteration of the properties
of the ENM. Food constituents interacting with the particles
present also play a role in this respect.

The specifications of an ENM are important as they may
critically influence the outcome of toxicity tests and overall
risk assessment (e.g., different sizes and shapes of ENMs
with the same chemical composition may lead to different ef-
fects) and are needed to interpret the outcome of toxicolog-
ical studies carried out by different laboratories. Moreover,
such information contributes to the knowledge base which
in the future can be used for extrapolation or read-across pro-
cedures (EFSA, 2011). Important parameters for the charac-
terization of ENMs and related analytical techniques are
summarized in Table 3. Besides those listed, other parameters
may be relevant for specific ENMs and applications. An
ENM introduced into a liquid medium forms a dispersion,
where the liquid and the ENM coexist (the ENM is suspended
in the medium). Not all the ENMs, however, are totally insol-
uble and for particles that slowly dissolve (e.g., Ag) deter-
mining the solubility and dissolution rate constants is key.
Other parameters that may be important are viscosity, dusti-
ness, porosity, chemical reactivity, catalytic and photocata-
lytic activity. Overall, the selection of physicochemical
parameters will depend on the nature, functionalities, and in-
tended uses of the ENM. For example, if a particular shape of
an ENM is technologically important or raises a toxicological
concern (e.g., a rigid needle shape), then the determination of
shape will become a mandatory parameter for measurement.

The selection of the optimal method for measurement of
a property will be dependent on the type of ENM (the
chemical characterization of an inorganic ENM will need

a different analytical technique compared to an organic
one) as well as the measurement environment (e.g., raw
material, in a liquid, in solid food, in food packaging).
Thus the choice of parameters and analytical methods
will need to be made on a case-by-case basis.

The techniques listed in Table 3 have advantages and lim-
itations. EM methods (SEM, TEM) are useful in visualizing
NPs as well as determining their size, aggregation state, struc-
ture and shape. Indeed, microscopy analysis is an indispens-
able tool for the characterization of nanoscale objects and
plays a major role in a variety of nanoscience- and
nanotechnology-related disciplines, from materials science,
to biology and food technology. TEM requires very thin spec-
imens for the electrons to pass through. TEM also requires
vacuum conditions and, therefore, can not handle liquid sam-
ples. To overcome this, cryo-TEM has been used that can
handle frozen samples. The use of Wet-SEM has also been re-
ported (Tiede et al., 2008), which can handle liquid samples in
a specially designed capsule that allows characterization of
NPs in liquid samples. SPM tools, such as AFM, can also
be used to examine liquid samples. The availability of a vari-
ety of different microscopies offers many possibilities for the
identification and characterization of specific ENMs in
different sample types. However, high throughput use of
SPM tools and EM methods is currently limited due to the
length of time required for sample processing. The use, effec-
tiveness and reliability of SPM based techniques are discussed
in greater detail in the following section.

Moreover, light scattering methods are commonly used
to measure size and size distribution of particles as well
as agglomerates and aggregates in suspensions. However,
accuracy of light scattering measurements is dependent
on factors such as sample preparation and monodispersity
and these techniques are applied to raw materials rather
than ENMs in final products.
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Table 3. Parameters for the characterization of ENMs and examples of relevant analytical techniques.

Parameter

Requirements

Description

Analytical techniques

Chemical composition

Morphology, structure
and physical properties

Particle size
(primary/secondary)

Particle concentration

Mass concentration

Density

Specific surface area

Surface chemistry

Surface charge

Redox potential

Essential

Essential

Essential

Essential

Essential

Essential for
granular materials

Essential for
dry powders

Essential
(for ENM with surface
modifications)

Essential

Essential for
inorganic ENMs

Information on chemical composition of
the ENM.

This may include purity, nature of
impurities, coatings or surface moieties,
encapsulating materials, processing
chemicals, dispersing agents and/or other
formulants, e.g., stabilizers.

Information on the morphology, physical
properties, and structural characteristics

Information on primary particle size, size
of agglomerates/aggregates, size range
and number size distribution

Information on concentration in terms of
particle number

Information on concentration in terms
particle mass per volume when in
dispersion and per mass when as dry
powder

Information on density/porosity of
unformulated ENMs

Information on specific surface area of the
ENM

Information on ENM surface - including
any chemical/biochemical modifications
that could modify the surface reactivity, or
add a new functionality

Information on zeta potential of the ENM.

Information on redox potential.
Conditions under which redox potential is
measured need to be documented

Elemental analysis: ICP-MS, AES, AAS,
XPS, EDX, NMR

Molecular composition: MS (ToF, QqQ)
with suited ionization techniques (e.g.,
MALDI, ESI), coupled with separation
techniques (e.g., HPLC, GC, CE), NMR,
FT-IR.

Shell/core composition (e.g.,
encapsulates, micelles): a suitable
technique above, after disintegration of
the particles and separation of the
components by, e.g., HPLC, SEC, CE,
HDC.

Electron Microscopy (TEM, SEM, STEM)
and Diffraction (ED) with related
techniques

Scanning Probe Microscopies (AFM and
STM based techniques)

X-ray Diffraction (XRD) and Microscopy
(STXM)

Electron Microscopy (TEM, SEM, STEM)
and Diffraction (ED) with related
techniques

Scanning Probe Microscopies (AFM and
STM based techniques)

X-ray Diffraction (XRD)

Separation techniques (e.g. FFF, HDC,
SEC, HPLC) with suitable detectors, DMA-
IMS

Centrifugation tecniques (e.g. ANUC)
Spectroscopy - e.g. XRD, SAXS (for crystal
size, crystallite size)

Light (laser) scattering- e.g., DLS, MALS,
SLS; PCS, NTA

Light scattering methods (for dispersions)
sp-ICP-MS (inorganic ENMs)

Particle concentration in pure dry powders
may be calculated from particle size, mass
concentration and density of the material

Suited techniques from those listed under
chemical composition, e.g., MS (ICP-MS)

AEM, CFM, gravimetry, centrifugal
sedimentation (for suspensions)

BET, SAXS

Any of the suitable chemical
characterization techniques listed above

Electrophoresis, e.g., CE, LDE (zeta
potential)

Potentiometry
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Table 3 (continued)

Parameter Requirements Description

Analytical techniques

Solubility Essential

Information on dissolution of the ENM in
relevant solvents and partitioning between
aqueous and organic phase

sp-ICP-MS (inorganic ENMs)
Centrifugation and filtration techniques
(dialysis, CFUF)

Other techniques (voltammetry, diffusive
gradients in thin films)

Overall, despite the availability of an impressive number
of microscopies and related techniques, there are many
metrological issues that have to be yet better defined at
the nanoscale. Nanometrology is a key enabling technology
for quality control at the nanoscale and, in the last years,
many governments worldwide have promoted nanotech-
nology policies and have taken the preliminary steps to-
wards nanometrology strategies, for example in support
of pre-normative R&D and standardization work (Leach
et al., 2011).

In such a context, the measurement of size at the nano-
scale is only a facet of the problem, and, probably, not the
most complex. Besides shape and particle size, the func-
tional properties of ENMs (and most likely, also biological
ones) also depend on the crystal structure. Therefore, phase
identification and unit cell determination are important in
the characterization and quality control of ENMs. For this
purpose, diffraction techniques operating in the reciprocal
space are used. Diffraction analyses may be carried out us-
ing either light of very short wavelength, such as X-rays, or
matter waves like electrons (and neutrons) with wave-
lengths in the order of the atomic spacing or much smaller
(Cowley, 1975). X-ray powder diffraction is the most used
technique in crystal structure analysis for bulk materials,
but is less used in the characterization of ENMs for intrinsic
limits, as X-rays are only scattered by the electrons of scat-
tering atoms meaning that relatively large volume of mate-
rial and long data acquisition times are required, resulting
in the incapability to perform structural analyses at the
nanoscale. These limits are not present in the case of elec-
tron diffraction, being electron cross sections 10°—10°
times larger than that of X-ray due to the strong interactions
between electrons and nuclei of the scattering centers. As a
result, it is possible to obtain electron diffraction patterns
from very tiny diffracted volume even with short exposure
times (e.g., a few seconds) and it is possible to perform so-
phisticated and reliable structural analysis at the nanoscale
(Terranova et al., 2009), making also possible the character-
ization of single crystallites (Honglong, Guling, Bin,
Minting, & Wenzhong, 2013). The capabilities and perfor-
mances of the large variety of ED techniques today avail-
able (Rossi, Manno, Orlanducci, Serra, & Terranova,
2011) represent a powerful, and sometimes unique, tool
for the structural analysis and complete identification of
ENMs.

The analytical determination of ENMs in complex
matrices such as food presents several metrological and

conceptual challenges (Linsinger et al., 2013). Size infor-
mation is of course the most critical, since it is size that
makes a particle an NP. It is often advised that the size
parameter is measured by at least two independent tech-
niques, one being electron microscopy. However, it should
be kept in mind that (i) non-spherical particle are character-
ized by multiple ‘sizes’, (ii) these sizes may differ between
the dried or dispersed state of a particle, and (iii) different
particle size analysis methods measure fundamentally
different parameters, which are nevertheless all called
‘size’. For instance classical TEM typically measures the
lateral dimensions of a 2D projection of the particle
whereas DLS measures the hydrodynamic diameter of par-
ticles and expresses it as the diameter of a spherical particle
that has the same Brownian motion behavior in suspension.
Since measured sizes are method-defined, the term ‘size’ of
a particle is meaningless without specification of the type of
size (e.g., hydrodynamic diameter) and the method used to
obtain this information, and unless particles are perfect
spheres (which rarely is the case) measurements from
different methods are by definition not comparable.
Another challenge associated with the determination of
the size of a particle is the fact that the sizes of ENMs in
complex matrices often follow rather broad distributions
and there are currently no reliable methods available for
the determination of accurate number-based size distribu-
tions in the size range 1—100 nm. This is a critical point
especially when it comes to the nano-definitions proposed
for regulatory purposes. In 2011, the European Commission
made a recommendation for an overarching definition of
nanomaterial (Commission Recommendation 2011/696/
EU), which should be used in EU legislation and adapted
to the different regulatory areas, including food and
FCMs, to derive sector specific definitions. The key concept
in this definition is actually the percent threshold of parti-
cles in the number size distribution with one or more
external dimensions in the size range 1—100 nm. If
>50% of particles are in such size range the material is a
nanomaterial. The number size distribution threshold of
50% may be replaced by one between 1 and 50% in specific
cases, where warranted by concerns for the environment,
health, safety or competitiveness.

Also the metrological definition of the ‘quantity’ of an
ENMs is not obvious. Unless the particles are near-
spherical and of uniform and known density, directly con-
verting quantities based on mass (mass fractions) to
numbers (number concentrations) is unlikely to produce
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accurate results and thus mass based, number based, and in-
tensity based results, which are by definition not compara-
ble, may also be virtually non-convertible.

Notwithstanding these difficulties, a generic approach
for the validation of methods for detection and quantifica-
tion of NPs in food samples has been put forward
(Linsinger et al., 2013) and many efforts have been recently
made to advance the analytical determination of ENMs
either directly added to food or released into food from
its packaging. A critical aspect, of course, is sample prep-
aration, which may consist in either extracting the NPs
from the embedding matrix (e.g., by enzymatic or chemical
methods) or removing, or at least simplifying, the matrix it-
self. Dilution with water and sonication may be sufficient
for liquid food, whereas in some case defatting could be
necessary. It is necessary to check that the treatment
method does not modify the original particle size distribu-
tion and this calls for a carefully executed and documented
sample preparation, allowing to track possible artifacts
(Calzolai, Gilliland, & Rossi, 2012). In general, the most
critical issues in this area are extraction challenges, the
presence of analytical artifacts caused by sample prepara-
tion, problems of distinction between natural and engi-
neered NPs and lack of standard and reference materials
(Roebben et al., 2013).

As previously discussed, when measuring NPs in com-
plex media it is not only necessary to generate data on
average size and mass concentration, since the size distribu-
tion and possibly other properties of the particles have to be
characterized. No single technique can provide all this in-
formation, so a range of analytical techniques is required.
As far as size and size distribution is concerned, electron
microscopy remains a reference method, with TEM
providing accurate measurement of particles down to the
low nanorange besides giving morphological information.
Electron microscopy-based methods that have been, or
have the potential to be, applied to ENM imaging in food-
stuffs have been reviewed and an overview of approaches to
sample preparation (drying, chemical treatment, fixation,
and cryogenic methods) along with a strategy for selecting
the most appropriate method for a particular foodstuff have
been given (Dudkiewicz et al., 2011).

For inorganic ENMs, ICP-MS-based techniques are
attractive being able not only to measure size and size dis-
tributions, but to also determine the chemical identity of the
particles. Hyphenated ICP-MS-based methods have been
increasingly used in this respect, for instance HDC-ICP-
MS for the determination of SAS (Dekkers ef al., 2011)
or asymmetric flow FFF-ICP-MS for the determination of
nanoclays (Schmidt er al., 2009) or SAS (Heroult,
Nischwitz, Bartczak, & Goenaga-Infante, 2014) in various
food matrices. A different approach consists in sp-ICP-
MS, which has been used either alone (R. J. Peters et al.,
2014), or in combination with asymmetric flow FFF
(Loeschner et al., 2013), for the determination of silver
NPs in chicken meat. Due to the positive features

mentioned above, along with speed allowing for a reason-
able sample throughput, ICP-MS-based techniques appear
as the most promising for the routine determination of inor-
ganic ENMs in food. So far, three interlaboratory studies
have been carried out on the determination of Ag particles
in food simulants/matrices, two of them by sp-ICP-MS and
one by FFF-ICP-MS (Cubadda, Aureli, D’ Amato, Raggi, &
Mantovani, 2013; Linsinger, Peters, & Weigel, 2014). A
limitation of ICP-MS-based techniques is represented by
the determination on certain oxide ENMs (SiO,, TiO,),
mainly due to polyatomic interferences affecting Si and
Ti masses, but solutions to overcome these challenges are
foreseen (Aureli et al., 2012; Tassinari et al., 2014).

Organic ENMs suitable for application in food are lipid-,
protein- or polysaccharide-based particles. The identifica-
tion and characterization of organic NPs in food sample
preparation may range from very simple to a separation
step using chromatography, FFF or ion-mobility separation.
Subsequently, PC and especially MS techniques such as
MALDI-ToF-MS seem suitable techniques for character-
izing a wide variety of organic NPs (R. Peters et al., 2011).

The discrimination between natural/accidental nanoma-
terials and ENMs with the same chemical composition in
food can be important for the selective determination of
the latter, e.g., for regulatory purposes. It is anticipated,
however, that such an analysis is extremely complex and
certainly requires the use of a suite of imaging and analyt-
ical techniques.

Overall, the analytical determination of ENMs in food
poses a number of technical challenges, especially when
real unknown samples — i.e. food products for which no in-
formation about the presence of ENMs and their nature is
available — are to be analyzed. Despite the fact that label-
ing of ENMs used as ingredients will become mandatory in
the European Union as of December 2014, at present only
few methods for the analytical determination of nanomate-
rials in specific food matrices have been developed and
validated.

Scanning probe microscopy based techniques for
nanoscale characterization of food

The well-established tools and techniques for the charac-
terization of materials at the nanoscale, widely applied in
nanotechnology, are being increasingly used to study ‘nat-
ural’ food products from microscale to nanoscale. Almost
all the available microscopy techniques have been used to
study foods and food derived materials at different size
scales. Indeed, a more comprehensive understanding of
food structures from micro down to nano (i.e., macromolec-
ular) scale has been attained by the complementary use of
different types of microscopies. In addition to more conven-
tional ones, i.e., LMs — bright field and polarized LM, fluo-
rescence microscopy, CLSM (Dufour, 2011; El-Bakry &
Sheehan, 2014; Sheen, Bao, & Cooke, 2008; van de Velde,
van Riel, & Tromp, 2002), EFLM (Peighambardoust,
Dadpour, & Dokouhaki, 2010) — and EMs — SEM and
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TEM (El-Bakry & Sheehan, 2014), cryo-SEM and cryo-
TEM, STEM, ESEM and ASEM, EDX spectroscopy and
microanalysis (Gatti, Tossini, Gambarelli, Montanari, &
Capitani, 2009; B. James, 2009), also SPM techniques -
AFM, SNOM, STM (Liu & Cheng, 2011; H. Yang et al.,
2007) — have been put forward and are being increasingly
applied for nanocharacterization of food.

SPM techniques have been proposed as tools for visual-
ization of ultrastructures and to characterize physical prop-
erties of foods and food-derived samples at the nanoscale.
Due to its relatively wide diffusion and straightforward
sample preparation, AFM is the most widely used SPM
technique in food-related studies (Liu & Cheng, 2011; H.
Yang et al., 2007). In particular, AFM has been used to
analyze morphological and structural features of samples,
e.g., different polysaccharides (Funami, 2010), starch gran-
ules, nanocrystals and molecules (An, Yang, Liu, & Zhang,
2008; Baker, Miles, & Helbert, 2001; Neethirajan,
Tsukamoto, Kanahara, & Sugiyama, 2012; Ridout,
Gunning, Parker, Wilson, & Morris, 2002; Ridout, Parker,
Hedley, Bogracheva, & Morris, 2003; Ridout, Parker,
Hedley, Bogracheva, & Morris, 2006), proteins (Fyfe
et al., 2011) and food biopolymers. The analysis of AFM

images may enable the quantitative evaluation of structural
parameters of food derived samples. As an example, back-
bone and branch lengths of alkali-soluble pectin which has
undergone a process of mild acid hydrolysis have been
recently deduced from AFM images and correlated to the
reduction of predominant sugars (Zhang, Cui, Xiao, &
Wang, 2014). By probing the surface of samples with a
nanometrical tip, AFM has been used to probe molecular
interactions via force spectroscopy (Morris, Woodward, &
Gunning, 2011). Moreover, AFM has been demonstrated
as an ideal platform to develop advanced techniques for
nanomechanical characterization of samples (Passeri,
Rossi, Tamburri, & Terranova, 2013), the potential of
which for the analysis of Young’s modulus, complex elastic
modulus, hardness, tip-sample adhesion force has been only
marginally explored in food derived samples (Goode,
Bowen, Akhtar, Robbins, & Fryer, 2013; Morton et al.,
2003; Scramin et al., 2011; Zdunek & Kurenda, 2013).
As an example, Fig. 6 (Berquand, Gaillard, & Bouchet,
2009) shows the characterization of an ultrathin section
of a resin-embedded wheat aleurone tissue in liquid envi-
ronment using epifluorescence combined with torsional
harmonics AFM (HarmoniX™, Bruker Inc.), an AFM-

Fig. 6. Nanoscale mechanical characterization of an ultrathin section of a resin-embedded wheat aleurone tissue using epifluorescence combined

with torsional harmonics AFM (HarmoniX™, Bruker Inc.) imaging in liquid environment. The yellow frame represents the AFM scan location where

nano-mechanical measurement was performed. Simultaneously to topography, phase (scale = 30 deg), adhesion, peak force, dissipation, and elastic
modulus (scale = 5 GPa) were recorded (Berquand et al., 2009). Figure courtesy of Bruker Corporation.
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based technique which allows one to perform the quantita-
tive characterization of mechanical parameters of soft sam-
ples (mainly, elastic modulus, tip-sample adhesion force
and tip-sample dissipation) with nanometrical lateral reso-
lution (Sahin & Erina, 2008; Sahin, Magonov, Su, Quate,
& Solgaard, 2007). Also, thermal characterization at the
nanoscale has been performed on caramel using SThM
(Morton et al., 2003). Finally, even if only marginally, other
SPM techniques have been used to study food derived sam-
ples, i.e., SNOM for the characterization of protein-
surfactant interactions by acquiring fluorescence images
at sub-micrometer scale (Morris, 2004) and STM for the
investigation of high molecular subunits of wheat glutenin
(Tatham et al., 1999).

The use of SPM is admittedly only partially common in
food analysis (as a reference, about 700 papers can be
found through Web of Science™ searching AFM and
‘food’ in the topics). Conversely, a much wider literature
exists dealing with the investigation of food samples by
EMs (about 11,800 articles can be found through Web of
Science™ by searching for EM and ‘food’ in the topics).
Among these, SEM and AFM have been used complemen-
tary to study wheat starch granules (Barrera e al., 2013),
buckwheat starch (Neethirajan ef al., 2012) and milk pro-
tein concentrate (Fyfe er al., 2011). EMs and CLSM have
been employed in the analysis of dextran-rice starch mix-
tures (Achayuthakan, Suphantharika, & BeMiller, 2012),
milk gel and cheese curd (Ong, Dagastine, Kentish, &
Gras, 2011), and cheese samples (El-Bakry & Sheehan,
2014). LM, EMs and AFM have been applied to the study
of structural alterations induced in grape berry fruits by
hydrogen peroxide, UVC irradiation and ultrasound treat-
ments (Fava ez al., 2011). Other well-established techniques
that have been employed in food analysis are Raman spec-
troscopy (Celedon & Aguilera, 2002; Herrero, 2008; D.
Yang & Ying, 2011) or XPS, the latter used for instance
in combination with cryo-SEM and ESEM on chocolate
samples (B.J. James & Smith, 2009).

Applications of nanotechnologies in the food sector
and EU regulatory framework

Nanotechnologies are enabling technologies that have
opened up new avenues of R&D in a number of fields. In
the agri-food sector, they are being used as means to under-
stand how physicochemical characteristics of nano-sized
substances can change the structure, texture and quality
of foodstuffs or can be employed for obtaining new food
packaging materials with improved mechanical, barrier
and antimicrobial properties (Chaudhry er al., 2008).
Convergence of nanotechnology with other technologies
is also leading to further innovations that are predicted to
have a major impact on food production, processing, stor-
age, transportation, traceability and safety. For example,
integration of biotechnology, nanotechnology and IT has
opened up new opportunities for the development of

nano-biosensors for the detection of pathogens and contam-
inants in food.

Even if the applications of nanotechnology in the agri-
food sector are only new emergent, they are predicted to
grow rapidly in the coming years and many of the world’s
largest food companies are reported to have been actively
exploring the potential of nanotechnology for use in food
production or food packaging. Three main categories of
products/applications can be identified (Table 4). The first
is represented by the applications for agricultural produc-
tion, which include nano formulated agrochemicals (e.g.,
fertilizers, pesticides, biocides, veterinary medicines) for
improved efficacy, durability, controlled delivery, and
reduction in the amounts of active ingredients that need
to be used, animal feeds (e.g., fortified with nano-
supplements, antimicrobial additives, detoxifying materials
e.g. mycotoxin-binding ENMs), and nano-biosensors for
animal disease diagnostics. The second consists in the ap-
plications for food processing and involves manufacture
of ENMs intended for direct consumption, such as nano-
sized ingredients, additives, nutritional supplements, and
functional foods. The third category are the ENMs that
are incorporated into products which come into contact
with food (e.g., packaging materials).

During primary production nano-formulated agro-chem-
icals are employed primarily to increase the efficacy of the
agro-chemicals compared to conventional formulations. For
instance, in the last two years, research into nanopesticide
development has considerably increased and a number of
formulation types have been proposed including nanoemul-
sions, nanocapsules (e.g., polymer-based formulations), and
products containing pristine engineered NPs, such as
metals, metal oxides, and nanoclays (Kah & Hofmann,
2014; Kookana et al., 2014).

A major focus of current nanotechnology applications in
food is the development of nanostructured (or nanotextured)
food ingredients and delivery systems for nutrients and sup-
plements. A variety of processes are being utilized for these
purposes, including nano-emulsions, surfactant micelles,
emulsion bilayers and reverse micelles (Morris, 2011). For
instance nano-micelle based carriers for nutraceuticals and
nutritional supplements are currently available. Another ma-
jor area of current nanotechnology applications is nanoen-
capsulation of food ingredients and additives to provide
protective barriers, flavor and taste masking, controlled
release, and better dispersability for water-insoluble food in-
gredients and additives (Cushen et /., 2012). A number of
nutraceuticals and nutritional supplements containing
nano-ingredients and additives (e.g., vitamins, antimicro-
bials, antioxidants) are currently available. These products
typically claim enhanced absorption and bioavailability of
nano-sized ingredients in the body.

Nanotechnology derived food packaging materials are
the largest category of current nanotechnology applications
for the food sector (Bradley, Castle, & Chaudhry, 2011).
Relatively low levels of NPs are sufficient to change the
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Table 4. Summary of current and projected applications of nanotechnology in the food production chain.

Nano-sized additives

Nanopesticides

Other nanosized agrochemicals

Food processing

Processed nano-structured or
nano-textured food products

Nano-sized additives

Nanoencapsulates

Nutritional supplements and
nutraceuticals

Nanofilters

Nanocomposites

Nano-coatings

‘Active’ FCMs

‘Intelligent’ packaging materials

Surface biocides

FCMs, food storage and handling

Hand-held devices

Organic or inorganic nano-sized additives for feed
applications, including removal of toxins in feed

Nano-emulsions, encapsulates
Triggered release nano-encapsulates

Nano-sized fertilisers, biocides, veterinary medicines

Nanoemulsions, micelles

Organic or inorganic nano-sized additives for food
and health-food applications

Nano-carrier systems in the form of liposomes or
biopolymer-based nano-encapsulated substances

Nano-ingredients and additives

Nano-carrier systems for delivery of nutrients

Nanofiltration (e.g., porous silica, regenerated
cellulose membranes)

Incorporating nanoparticles into a polymer to form a
composite

Incorporating nanomaterials onto the packaging
surface

Incorporating active nanoparticles with intentional
release into- and consequent effect on the packaged
food

Incorporating nanosensors for food labelling

Incorporating nanoparticles (Ag, ZnO, MgO) on
surfaces

Nanotechnology Application Function
Agricultural production
Nanosensors Nanosprays Binding and coloring micro-organisms;

Detection of contaminants, mycotoxins and
microorganism

Various (including nutritional additives) with lesser
amounts needed for a specific function

Increased efficacy and water solubility
Triggered (local) release

Improved delivery of agrochemicals in the field,
better efficacy, better control of application/dose,
less use of solvents in agricultural spraying.

Use of less fat and emulsifiers, stable emulsions,
better tasting food products

Various, but lesser amounts would be needed for a
function or a taste attribute, better dispersability may
also occur

Providing protective barriers, flavor and taste
masking, controlled release, and better dispersability
for water-insoluble food ingredients and additives

Enhanced absorption and bioavailability of nano-
sized ingredients in the body

Filtration of water and removal of some undesired
components in food, such as bitter taste in some
plant extracts

Improving strength of materials, durability, barrier
properties, biodegradation

Improving barrier properties

Oxygen scavenging, prevention of growth of
pathogens

Detection of food deterioration, monitoring storage
conditions

Antimicrobial coating for refrigerators, storage
containers, equipment for food processing, handling
and preparation

properties

of packaging materials
changes in density, transparency and processing characteris-

without significant

for food packaging. The nanoclay mineral used in these
nanocomposites  is

montmorillonite (also known as

tics. The addition of certain NPs into shaped objects and
films has been shown to render them light, fire-resistant
and stronger in terms of mechanical and thermal perfor-
mance, as well as make them less permeable to gases.
This has led to the development of a variety of NP rein-
forced polymers, also termed as ‘nanocomposites’, which
typically contain up to 5% w/w NPs (Llorens, Lloret,
Picouet, Trbojevich, & Fernandez, 2012). The polymer com-
posites incorporating clay NPs were among the first nano-
composites to emerge on the market as improved materials

bentonite), which is a relatively cheap and widely available
natural clay with a natural nano-layer structure that limits
the permeation of gases, and provides substantial improve-
ments in gas barrier properties of nanocomposites. The poly-
mers used for clay-polymer nanocomposites are polyamides
(PA), nylons, polyolefins, polystyrene (PS), ethylene-
vinylacetate (EVA) copolymer, epoxy resins, polyurethane,
polyimides and polyethylene terephthalate (PET). Polymer
nanocomposites incorporating metal or oxide NPs have
been developed for antimicrobial ‘active’ packaging,

Science & Technology (2014), http://dx.doi.org/10.1016/j.tifs.2014.09.004
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increased strength or UV absorption (an UV absorber such as
TiO, is used to prevent UV-degradation of certain plastics).
The metal and oxide ENMs used include silver (Ag), gold
(Au), zinc oxide (ZnO), silica (SiO,), titanium dioxide
(TiO,), alumina (Al,O3) and iron oxides (Fez0,4, Fe,0s).
Based on the antimicrobial action of nanosilver, a number
of FCMs have been developed that are claimed to preserve
the food materials within longer by inhibiting the growth of
microorganisms. The same principle is used to develop re-
frigerators and food preparation equipment (e.g., cutting
boards) with antimicrobial coatings. Other applications in
the FCM area exists or are expected especially regarding
food production machinery.

The wvarious applications discussed above present
different safety issues for consumers, workers and the envi-
ronment. ENMs that are designed to be deliberately intro-
duced into the food and feed chain and have the potential
to be ingested with food ranging from ingredients and addi-
tives, to nano-sized components employed in FCMs (if
migration into food occurs), to agrochemicals such us nano-
pesticides (if residues are found in the food as consumed).
In the case of FCMs it is essential to assess if the ENMs are
released in the food matrix and if this is the case, e.g., for
nanosilver, assess if the particles or the ionic form is pre-
sent using suitable analytical techniques (Echegoyen &
Nerin, 2013; von Goetz et al., 2013). It is inevitable that
ENMs with a potential for consumer exposure will have
to be assessed for their safety and require separate approval
for use in food. A particular case is represented by some ad-
ditives that have been on the market for a long period of
time, with authorizations based on dossiers not (fully) suit-
able to assess nano-related risks. This is for example the
case of E551 (SiO, or SAS) or E171 (TiO,), ENMs with
a history-of-use that will have to be re-evaluated addressing
the presence of a nanoform fraction on the basis of up-to-
date information.

The assessment of potential risks to human health com-
prises also occupational exposure. Workers engaged in
manufacture, packaging, transport, use and elimination of
NM and nanotechnology products may be significantly
exposed to ENMs. In workplace exposure, the inhalation
route is of major importance in addition to (inadvertent)
ingestion and will be the basis for risk assessment. Finally
the use of nano-agrochemicals raises a number of issues
regarding animal and plant health, and the environment,
even though all ENMs included in food and consumer prod-
ucts have to be evaluated for their potential environmental
impact as a part of their life cycle assessment. Apart from
effects on the environment itself, the potential for reintro-
duction of ENMs into the food chain has to be assessed.

Currently, there is neither an international regulatory
framework for nanotechnologies nor a harmonized or at
least uniform approach in national legislations. In most
cases, the regulation of nanotechnologies falls within the
scope of the so-called horizontal legislation, which is broad
and happens to encompass attributes of nanotechnologies

even though it does not specifically aim to do so (Cushen
et al., 2012). Generally a clear definition to discriminate
nanomaterials from other materials is not included in exist-
ing horizontal legislation and such a definition is prerequi-
site to include provisions for nanomaterials in legislation.
In a few cases, vertical legislation specifically aimed at
regulating nanotechnologies and areas of industries likely
to utilize nanotechnologies has been issued, mostly in
recent years. In these cases, the vocabulary used makes
the legislation more applicable to issues faced by users of
nanotechnologies and makes it possible to address the
need for safety assessment of ENMs. Globally, it can be
said that current differences in world legislation on nano-
technologies regarding safety tests to which products are
subjected mean that not all products qualify to the same
safety standard. Some nanotechnology-related products
may be available on the global market and accessed
through the internet and have not had their safety tested
before they are marketed.

In the EU, specific regulations establish that if a food
ingredient or an FCM results from the application of nano-
technologies it has to undergo a safety assessment before
being authorized for use (Cubadda et al., 2013). New
nano-food or food ingredients are covered by the Novel
Food regulation - implicitly in the current Regulation
(EC) 258/97, explicitly in the upcoming regulation that is
presently under discussion - whereas additives are dealt
with in their respective regulations. For instance Regulation
(EC) 1333/2008 states that a new risk assessment by the
EFSA is needed for already approved additives when there
is a change in particles size due to a new production pro-
cesses. Furthermore, food additives authorized before
2009 are subject to a re-evaluation programme by the
EFSA that includes items containing a nanosized fraction
such as E171 (scheduled to be evaluated by 2015) and
E551 (scheduled to be evaluated by 2016) (Commission
Regulation (EU) No 257/2010). As far as food packaging
is concerned, at present there are three authorized nano-
structured materials for use in plastic FCMs (Regulation
(EU) No 10/2011). Titanium nitride NPs (primary size of
approximately 20 nm) can be used in polyethylene tere-
phthalate (PET) up to 20 mg/kg under the condition of
absence of migration. Carbon black, composed of primary
particles of 10—300 nm forming agglomerates and aggre-
gates, and SAS, which is composed of primary particles
of 1—100 nm that also tend to agglomerate and aggregate,
are the other authorized materials. Regulation (EC) No 450/
2009 also sets forth that NMs used in active and intelligent
FCMs need to be explicitly authorized. In addition, if an
NM is released into food, it needs to be authorized as
food additive under Regulation (EC) No 1333/2008.

The only piece of EU food legislation that includes a
specific definition of the term ‘engineered nanomaterial’
is Regulation (EU) No 1169/2011 on the provision of
food information to consumers (or ‘labeling regulation’),
which establishes that as of December 2014 all ingredients
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present in the form of engineered NMs have to be indicated
in food labels. The definition as it appears in the regulation
itself is not consistent with the overarching definition of
NM set forth in the Commission Recommendation 2011/
696/EU and thus an adaptation is underway. A first pro-
posal for this adaptation has been criticized, inter alia for
including an exemption for nanostructured food additives
that are already on the market, and has been dismissed so
that a new one is currently in preparation.

Conclusions

The use of nanotechnologies is not limited to the struc-
turing of food constituents at the nanoscale. Nanotech-
nology applications are expected to bring a range of
benefits to the whole food chain, from development of
new tastes and textures to reduced use of fats, enhanced ab-
sorption of nutrients, innovative and more efficient pack-
aging. Nanotechnology-derived food products are set to
grow worldwide and a variety of food ingredients, addi-
tives, carriers for nutrients/supplements and FCMs is
already available in some countries. Moreover, nanotech-
nologies are offering potential benefits in fabricating food
quality detection tools and several other types of measure-
ment and analytical systems for the traceability of food
products.

Although the exciting possibilities offered by the nano-
technologies in the food sector have been in principle
demonstrated, the acceptance by consumers remains rather
low. This reaction is based on the risk perception related in
general to nanotech applications, but as expected, notably
surrounding the food field. Studies carried out to assess
the social implications of nanotechnologies indicate that a
good regulation is critical for achieving trust and ensuring
acceptance of the technology by the consumers. The
consumer-safety implications from nanotechnology appli-
cations in food are intrinsically linked to the physicochem-
ical nature of the NPs and to the likelihood and extent of
exposure through consumption of nanofoods. The nature
of hazard and potential consumer’s risk from
nanotechnology-derived food and food packaging have
increasingly been explored in latest years, but there are still
wide knowledge gaps that need to be filled before the po-
tential of nanotechnological agri-food applications can be
realized.

Presently, all sorts of different structures of interest for
nanoscience and nanotechnologies are being designed and
prepared in laboratories by assembling a variety of building
blocks and varying functionalities. As well known from
studies carried out on various nanomaterials, primarily on
the wide family of nanocarbons, the functional properties
of materials at the nanoscale are driven by shape, size
and assembling of moieties in organized structures. There-
fore the control of surfaces and of the architectures result-
ing from induced aggregation or spontaneous self-
assembling of the nanocomponents, is the critical step for
production of nanofood with pre-defined properties.

A main challenge in the application of nanocomponents
in food and food-related fields as well as in their safety
assessment is the adequate characterization of the structures
in terms of size, shape, uniformity, agglomeration, chemical
purity, and stability per se, in the food product and under
testing conditions. For the toxicity testing of materials, the
use of standards and of validated methods is strongly needed.

Overall, in such a context, it is evident that the applica-
tions of nanotechnologies in food, as well as in all the other
fields, cannot progress independently of progress in nano-
metrology, the science of measurement able to define
size, mass, force, and functional properties at the nanoscale.
The biological impact of ENMs is strictly related to all
these properties. Physicochemical properties (as size, coat-
ings and charge, particles clustering and modifications of
surface) may influence their cell surface binding and inter-
nalization properties, and toxic outcomes.

The lack of an adequate appreciation of the synergistic
relation between nanotechnology and nanometrology could
hamper the progress of the nanotechnology and/or could
significantly increase the time to market for many applica-
tions, including particularly those related to the food sector.
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