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Preface

Food nanoscience and nanotechnology are emergent disciplines that have grown
enormously in the last years due to the attractive properties that a number of food-
related materials have at the nanoscale. Understanding basic principles of such
properties constitutes the basis for building a robust knowledge base for developing
products with improved and novel characteristics.

Understanding fundamentals of food nanotechnology represents a huge chal-
lenge for universities, industries and the public sector. The complex mechanisms in-
volved in the research, development, production and legislation of food nanoprod-
ucts are studied under multi- and inter-disciplinary scopes. Bearing this in mind,
this book was conceived.

This book aims to contribute to basic and applied knowledge on these fields by
presenting recent advances in selected topics of food nanoscience and nanotechnol-
ogy, and is divided into a total of 17 chapters. The first chapter presents an overview
to the field; the following chapter discusses general techniques for studying food-
related nanomaterials, followed by six chapters on specific techniques for preparing
food nanomaterials while the next contribution on dispersed systems illustrates this
important and vast field. The book continues with three chapters on food nano-
composites, including those for packing purposes, and two chapters on advanced
aspects of food nanobiosensors. Finally, three selected case-studied subjects are
presented, including food safety aspects.

This book presents a significant and up-to-date review of selected aspects in
the field. Distinguished scholars, engineers and technologists from key institutions
have contributed chapters that provide a comprehensive analysis of their particular
subjects. The premise of this book is that a comprehensive approach to this field
requires a deep knowledge of the subject and an effective integration of other disci-
plines to appropriately convey fundamentals and applications of food nanoscience
and nanotechnology.

The book is mainly directed to scholars, industry-related scientists and engi-
neers, as well as to undergraduate and graduate students, who will find a selection
of interesting topics.

This work was produced through a National Polytechnic Institute of México
effort and the general subjects covered were carefully selected and edited for their

vii



viii Preface

inclusion in this book. It is hoped that it will constitute a valuable addition to the
existing literature on food nanoscience and nanotechnology, and that readers will
find in it useful and worthy information.

Humberto Hernandez-Sanchez
Gustavo F. Gutiérrez-Lopez
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Chapter 1
Introduction

Humberto Hernandez-Sanchez and Gustavo F. Gutiérrez-Lopez

Food nanotechnology is rapidly gaining attention in food science and industrial
applications. Aspects related to legislation, general acceptance by the consumers as
well as the development of fabrication methods to produce competitive nanofoods
represent a challenge that has to be framed within a multi- and interdisciplinary
scope. Foods are inherently nanostructured materials constituted by the self-assem-
bly of thousands of compounds in different compartments and states of aggregation
including amorphous, crystalline, vitreous, and rubbery which have the natural task
in the living organism of inducing multiscale functions that are often onset at the
nanolevel. FDA regulations (FDA 2014), state that nanofood materials must have
at least one dimension in the nanoscale range (1-100 nm), also establish that these
products must exhibit properties and phenomena, including physical or chemical
properties or biological effects that are attributable to its nanodimension(s). There-
fore, particulate systems exhibiting sizes larger than 100 nm but possessing cracks,
pores, cavities, etc., in the nanorange, which provide function to the food product
such as immobilization of water promoting its preservation as well as of substances
such as vitamins and minerals within these structures, are considered in the nano-
food field.

Foods are nanostructured materials composed of hundreds of thousands of nano-
sized particles and molecules assembled in characteristic forms of the living or-
ganism. However, these arrangements are not considered within the nanofield un-
less the isolated materials and particles perform independently as nanomaterials by
exhibiting characteristic properties that do not possess at the microscale. Current
legislation states that FDA-regulated nanoproducts should meet the requirement
to possess at least one dimension in the nanoscale range that allows the product
to exhibit properties or phenomena, including physical or chemical properties or
biological effects, attributable to its nanodimension(s). A comprehensive report on

H. Hernandez-Séanchez (><)) - G. F. Gutiérrez-Lopez

Departamento de Graduados e Investigacion en Alimentos, Escuela Nacional de Ciencias
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2 H. Hernandez-Sanchez and G. F. Gutiérrez-Lopez

this matter, including an extensive guide to industry can be found online (FDA
2014).

The number of innovative processes for manufacturing a vast number of nano-
products is steadily growing such as those related to food preservation by nano-
structured materials and by water mobility control as well as those involving novel
hardware, tools, and interpretation algorithms directed to the design and preparation
of commercially available nanoproducts and to those that are in the pipeline for pat-
enting, and close to the mass production stage such as the vast number of dispersed
systems that have been developed, additives, nanopackaging, food biosensors, and
biomarkers. In addition, complex and highly specialized pieces of equipment used
to produce and appraise these products have been developed in the last years and
principles of the standards and regulations in this field are being discussed, includ-
ing issues related to labeling and ambient-related constrictions and polluting haz-
ards and disposal tasks.

Internet searching indicates that at present there are over 1300 identified nano-
products that are produced by hundreds of different companies located in many
countries, with the USA having the greatest number, a number that has more than
quintupled over the past 10 years. Many of these products are available online from
noncredited companies and may implicate a risk for the potential consumer.

Recent developments on nanosized materials have been developed in various
food-related fields in different fields. In the food—agro sector (Bucheli 2014), it is
possible to mention, nanocapsules for the efficient delivery of pesticides, fertilizers,
and other agrichemicals; delivery of growth hormone doses in a controlled fashion;
nanoparticles for targeted genetic engineering and nanosensors for monitoring soil
conditions and crop growth; nanocapsules to improve of nutraceuticals in standard
ingredients; nanoencapsulated flavor enhancers; nanotubes and nanoparticles as ge-
lation and thickening agents, nanoparticles bioavailability to selectively bind and
remove chemicals or pathogens; nanoemulsions and nanoparticles improving ab-
sorption and distribution of nutrients; nanoencapsulation of nutraceuticals for better
stability, delivery, and absorption; cellulose nanocrystal composites as nutrient car-
riers; coiled nanoparticles to efficiently deliver nutrients to cells without affecting
color or taste and in food packaging developments including antibodies attached
to fluorescent nanoparticles for detecting chemicals or foodborne pathogens; bio-
degradable nanosensors for temperature and moisture monitoring; and nanoclays
and nanofilms as barrier materials to prevent spoilage, electrochemical nanosensors
to detect ethylene, surface coatings with nanoparticles of Ag, Mg, Zn, and heat-
resistant films with silicate nanoparticles.

Future developments include (Chaudhry and Castle 2011; Bucheli 2014) pro-
cessed nanostructured or textured food (less use of fat and emulsifiers, better taste);
nanocarrier systems for delivery of nutrients and supplements in the form of lipo-
somes or biopolymer-based nanoencapsulated substances; organic nanosized addi-
tives for food, supplements and animal feed; inorganic nanosized additives for food,
health food, and animal feed; and food packaging applications such as plastic poly-
mers containing or coated with nanomaterials for improved mechanical or func-
tional properties, nanocoatings on food contact surfaces for barrier or antimicrobial
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properties, surface-functionalized nanomaterials, nanosized agrochemicals, nano-
sensors for food labeling, water decontamination and animal feed applications such
as nanosized additives that can bind and remove toxins or pathogens.

Evaluating nanomaterials in foods include three main aspects: definition of the
type of nanomaterial, its relation to the process/product and appraisal of the end ap-
plication (Szakal et al. 2014). Potential exposures’ risks to nanomaterials include:
nanosized or nanoencapsulated ingredients released in food processing, migration
from food contact materials, residues from nanoformulated or nanoparticulate ag-
richemicals, contamination due to nanocompounds released to environment in such
a way that the risk assessment and characterization there implies, the hazard iden-
tification and characterization, exposure assessment (Aschberger et al. 2011), and
regarding physicochemical analysis decision scheme, it is heuristic in nature (Sza-
kal et al. 2014) and once a particular nanomaterial is analyzed for the first time, the
methods may change and be more appropriate for the particular nanomaterial in the
subsequent analyses until an established method is adopted.

In this book, special interest is given to innovative processes and products such
as food preservation by nanostructured materials as well as to novel hardware,
tools, and interpretation algorithms involved in the design and preparation of these
products and to those that are in the pipeline for patenting, and mass production
such as dispersed systems and biosensors. In addition, some of the main complex
and highly specialized pieces of equipment used to appraise these products will be
mentioned to present and attempt at describing some of the main general trends in
this emerging field.
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Chapter 2
Tools for the Study of Nanostructures

M. Escamilla-Garcia, J.S. Alvarado-Gonzalez,
Georgina Calder6n-Dominguez, J.J. Chanona-Pérez,
Juan V. Méndez-Méndez, Maria de Jesus Perea-Flores
and R.R. Farrera-Rebollo

2.1 Introduction

The design of food materials with improved quality characteristics and beneficial
effects for humankind is one of the current trends of food industry (Aguilera et al.
2003 and Aguilera 2005) and is in this context that the scientific community have
started to design food items with specific properties, and where the structure at
micro- and nanoscopic levels has become very important as it plays a crucial role
in food functionality (Aguilera and Stanley 1999). Regarding this subject, many of
the currently carried out studies have been done using high-resolution microscopy,
and spectroscopy techniques, providing basic and fundamental knowledge about
structure, and their relation with processing and functionality.

In this chapter, some of the most used microscopy techniques for analyzing the
structure of biological materials at the micro- and nanoscale will be presented.
These techniques are usually applied looking for the changes that promote the arise
of new properties and phenomena that emerge at these scales, hence, the purpose
of this chapter is to provide the reader with examples of the application of different
types of microscopy techniques usually used to characterize food items.
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2.2 Structure

Food structure is defined as the organization of food constituents at multiple spatial
scales that result in the common food properties, mainly textural. Depending on
how the product is studied, it can be catalogued in different ways. At one extreme,
a food product can be considered at a macroscopic level, where the whole product
is evaluated, for example, to obtain some physical or morphometric characteristics,
while at the other extreme, when analyzing its molecular composition it will be
categorized at a micro- or nanoscale (Ubbink et al 2008). However, this evalua-
tion will depend on the products’ constituents and on the dominant length scales
that establish the food properties (Fig. 2.1) and it is in this context that microscopy
analysis becomes irreplaceable (Aguilera et al. 2003).

The selection of the microscopy techniques to be used, is based on the ele-
ments that composed the structure of the sample and that are wanted to be analyzed
(Fig. 2.2) and considering the relevant scale as the dimensional level at which the
effects of certain phenomena can be observed or explained. A first distinction is
required between macrostructure (bulk or macroscopic level) and microstructure
(Aguilera 2000). Nowadays structures can be resolved to the atomic level (nano-
structure) but the challenge is to identify the relevant scales responsible for the
desired functionality, which may vary from molecules at interfaces to visible par-
ticles (Aguilera 2000) and decide which microscopy tools can be used to fulfill this
purpose. Table 2.1 shows the main characteristics and the resolution range of the
different microscopy systems.

Characteristics length scale

Bottomup Topdown

i Supramolecular structuring ‘ Food structure by processing

1A Inm 10nm 100nm 1lum 10pm 100pm 1mm  lcm

d 1 .1 1 & ¢ Lal 1

Water
Emulsions
Food foams

Carbohydrates
Casein
micelles
Food powders

Proteins

Fig. 2.1 Characteristic length scales in food and examples of representative food ingredients and
food structures



2 Tools for the Study of Nanostructures 7

—
E
e Y N TN Sy
g o S
S Milk agglomerate
HE : _
=1k | —
il é e
S5 P e T e, TG
i *@ ,
i E E ﬁg . Protein sy i __.-»J“ -v---.‘.___::
g r £ - . bodies i
% £ 2
% A BE
" E o., ] "{:“n ,fo:on
P i N e
gE § 3 { ZOF
55 f S m""zr.' :.'::_‘. °
2
£
- _g -
E ] b e e pr D
3 Celulose chain

Fig. 2.2 Microscope scales and structural levels used in food science
2.3 Tools for the Study of Micro- and Nanomaterials

2.3.1 Light Microscopy

Optical or light microscopy applied to food items was initially used in order to
detect the presence of contaminants, whether accidental or deliberate. This kind of
microscopy involves the pass of visible light, either transmitted through or reflected
from the sample, through a group of lenses, resulting in the image magnification
of the observed samples (Abramowitz and Davidson 2007). Sometimes the speci-
mens under observation, due to their own natural structure, do not need any special
treatment to be observed (amplitude specimens), however, others show so little dif-
ference in intensity and/or color that their feature details are extremely difficult to
discern, requiring the samples a special treatment or a contrast method such as dark
field, fluorescence, or confocal microscopy, but even when applying these methods,
the resolution that is possible to reach by optical microscopy is low (0.2 um) giving
rise to some modifications.
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UVlamp

Fig. 2.3 Dark-field microscopy light path

2.3.1.1 Dark-Field Microscopy

Dark-field microscopy creates contrast in unstained transparent specimens such as
living cells. This depends on controlling the illumination of the specimen so that
the central light that normally passes through and around the specimen is blocked,
allowing only oblique rays to illuminate the observed sample (Fig. 2.3). This kind
of microscopy has been used to detect metal nanoparticles (Raschke et al 2003) for
biomolecular recognition. Kim et al. (2007) demonstrated the usage of dark-field
detection with a rather large bead (>2 pm) for stretching DNA or RNA detecting
enzymatic activity. The scattering from metal beads was so intense that it could
even be used for high speed measurements as was shown for studying the flagella
rotary motor at frequencies as high as 300 Hz.

2.3.1.2 Fluorescence Microscopy

Fluorescence microscopy is based on the same common principles applied to opti-
cal microscopy (Fig. 2.4), differing in the management related to the generation
and transmission of the wavelengths suitable to the fluorochromes to be visualized.
Excitation processes usually require short wavelengths in the near UV (quartz, halo-
gen, mercury, etc.).

The basis of the technique lies on the fluorescence properties of some elements
or compounds. Usually, fluorochromes are added knowing that they will be bound
to the antibodies by a stable chemical bond that cannot be broken during the course
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Fig. 2.4 Fluorescence
microscopy

Ocular
Collectorlens arrier filter
— Dichroicmirror
Excitation filter
Objetive

” n Sample

of the immunological reaction. Some compounds have natural fluorescence such
as some vitamins, steroids, porphyrins, etc. Other fluorescent compounds such as
rhodamine, auramine, fluorescein, and acridine orange are used in various staining
techniques.

Fluorescence microscopy methods have been developed with improved optical
interference filters, dichroic mirrors, epi-illuminators, sensitive films, and electron-
ic imaging devices. For the application of the fluorescence detection systems, four
elements must be compatible: an excitation source, a fluorophore, a filter of a par-
ticular wavelength that isolates photon excitation, and a detector that registers the
emitted photons and produces a recordable output, usually as an electrical signal or
a photographic image (Perucho-Lozano 2011).

Fluorescence microscopy has been used in various fields of microbiology, ge-
netic engineering and physiology, and for observing previously invisible process-
es, including the development of neurons, how cancer cells are disseminated, the
development of Alzheimer’s disease, the growth of pathogenic bacteria, and the
proliferation of the AIDS virus among others (Pérez-Millan and Becu-Villalobos
2009)

2.3.1.3 Confocal Laser Scanning Microscopy (CLSM)

The confocal laser scanning microscopy (CLSM) is a novel technique widely used
to characterize the microstructure of the materials related to medical, biological,
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and materials sciences. It can be applied to gather the microstructure by a dynamic
and nearly noninvasive observation (Diirrenberger et al. 2001; Jekle and Becker
2011).

The confocal laser scanning microscope was first conceived by Minsky in 1955,
in order to observe individual nerve cells within a packed central nervous system.
He designed a simple instrument in which a pinhole was placed in front of an objec-
tive and a condensing lens, promoting by this way effectively discriminated out-of-
focus light contributions from the specimen (Pygall et al. 2007).

The CLSM proved to be particularly valuable in improving fluorescence images.
The optics reject light from outside the focal plane (out-of-focus flare) resulting in
images superior in contrast and clarity and with an improvement in the lateral (x, y)
resolution over standard optical microscopes. The CLSM image is also a true opti-
cal section and this capability allows imaging at depth inside translucent specimens.
The slice thickness can be as thin as 0.5-1.5 um but is dependent upon the numeri-
cal aperture of the objective lens (Pygall et al. 2007).

CLSM is one of a suite of fluorescence imaging instruments, which include:
scanning confocal, spinning disc, multiphoton, and wide-field microscope. This
equipment has a light source with a scanning unit and an aperture or pinhole (the
information from the focal plane), which improves the depth of focus limit (Pygall
et al. 2007). The confocal system operates by obtaining information from optical
sections focus only on one focal plane, where the sample is excited by the impegi-
ment of a specific wavelength laser beam (transmitted or reflected), and where the
sample will tend to fluoresce (naturally or induced) (Aguilera and Stanley 1999;
Aguilera 2000). This optical section will contain information from one focal plane
only, therefore, by moving the focal plane of the instrument by steps of defined
distance (range in um) through the depth of the specimen, a stack of optical sections
will be recorded. This property of CLSM is important for solving three-dimensional
(3D) microstructures (Fig. 2.5), where the information from regions distant from the
plane of focus can blur the image of such object (Diirrenberger et al. 2001; Pygall
et al. 2007; Perea et al. 2010, Aguilera and Stanley 1999; Amos and White 2003;
Achir et al. 2010; Chassagne-Berces et al. 2009).

The CLSM incorporates two operation modes; the first is by illuminating the
sample point-by-point and rejecting the out-of-focus light. The principle is shown
in Fig. 2.6, where the excitation laser beam (intense blue excitation light) reflects
off the light in a dichroic mirror, directing it to an assembly of vertically (x) and
horizontally (y) scanning mirrors; these motor-driven mirrors scan the laser across

Fig. 2.5 Optical sections
of vegetable cell from focal
planes (x, y) at different
depths (z) through a cell,
which provides a three-
dimensional image
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Fig. 2.6 The confocal principle

the specimen through the microscope objective. The fluorescence light emitted by
the dye molecules (induced or autofluorescence) passes back through the objective
and is descanned by the same mirror through a pinhole placed in the conjugated fo-
cal (called confocal) plane of the same; the pinhole thus rejects all out-of-focus light
arriving from the sample and the light only from the focal point (plane) can pass the
pinhole and be measured. Finally, the emitted light is measured by a detector such
as a photomultiplier tube. Then, a computer reconstructs the two-dimensional im-
age plane one pixel at a time (single optical sections), and a 3D reconstruction of the
sample can be performed by combining a series of such slices at different depths.
This kind of microscopy has been widely used in real time biological experiments
applied to living cells and tissue sequences (Prasad et al. 2007; Amos and White
2003; Cox 2002; Semwogerere and Weeks 2005; Diirrenberger et al. 2001; Paddock
2000).

The advantages of the CLSM is the capability to obtain optical sections of differ-
ent focal planes, providing a larger resolution in a section plane (x, y), and a good
resolution between the section plane (>0.25 um in z-direction).
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CLSM Applications

The application of CLSM to study the microstructural characterization of food ma-
terials has been particularly fruitful in the area of lipid components because optical
sectioning overcomes the tendency of fats to smear and migrate. Lipids are also
well suited to fluorescent staining. The possibility of combining CLSM with rheo-
logical measurements, light scattering, and other physical analytical techniques in
the same experiments with specially designed stages offers the opportunity to ob-
tain detailed structural information of complex food systems. Different examples of
CLSM application are shown in Table 2.2.

2.3.1.4 High-Resolution Optical Microscopy Methods

During the last 5 years, super-resolution optical microscopy techniques have
emerged marked by the invention of the stimulated emission depletion microscopy
(STED) and the stochastic optical reconstruction (STORM/fluorescence) photo-
activated localization microscopy (PALM). Both tools have in common the pos-
sibility to add to the diffraction limit resolution, at least in theory, a dominator,
eliminating the impossibility of resolving images smaller in size than the half of
the wavelength of light. This booming resulted in the rapid development of many
other high resolution improved microscopy methods, as well as the arise of many
new acronyms.

High or super-resolution microscopy techniques have been classified into two
groups: one based on spatially patterning the excitation light and the other based on
single-molecule localization (Huang 2010). From the first group, STED microsco-
py is the most successful one. This technique is based on the sharpening of the laser
focus with a second laser (STED laser), which suppresses spontaneous fluorescence
emission by stimulated emission, as the exited fluorophore is brought to the ground
state by emitting light in the same color as the STED laser. The resolution is im-
proved when increasing STED laser intensity. Biological samples resolution has
been reported to be in the range from 20 to 30 nm.

Regarding single molecule localization, this methodology is based on the detec-
tion of fluorescence of photo-switchable fluorescent probes and STORM/PALM
microscopy has become one of the most known methods. This method applies sev-
eral imaging cycles, where a small, optically resolvable fraction of fluorophores
is activated and imaged, repeating the cycles while scanning the sample. The fun-
damental principle is based on the consecutive emission of sufficient photons to
enable precise localization before it becomes deactivated by photo-bleaching. By
this way, the resolution of the final image is not limited by diffraction, but by the
precision of each localization, being possible to achieve up to approximately 20-nm
resolution and with the advantage of only requiring a standard fluorescence micro-
scope, low power continuous wave lasers, and a sensitive CCD camera (Bates et al.
2008), however their use in food materials has not been documented.
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2.3.2 Electron Microscopy

Electron microscopes were developed due to the limitations of light microscopes
which are limited by the physics of light to 500x or 1000x magnification and a
resolution of 0.2 um. In the early 1930s, this theoretical limit had been reached and
there was a scientific desire to see the fine details of the interior structures of or-
ganic cells (nucleus, mitochondria, etc.). This required 10,000x plus magnification
which was just not possible using light microscopes. The transmission electron mi-
croscope (TEM) was the first type of electron microscope to be developed while the
first scanning electron microscope (SEM) debuted in 1942 but the first commercial
instruments arouse in 1965 (Voutou and Eleni-Chrysanthi 2013).

Atomic-scale techniques, such as conventional transmission electron microsco-
py, although powerful, are limited by the extremely small amounts of material that
are examined. However, recent advances in electron microscopy provide a number
of new analytical techniques that expand its application in environmental studies,
particularly those concerning heavy metals on airborne particulates or water-borne
colloids. High angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM), STEM-energy-dispersive X-ray spectrometry (EDX), and en-
ergy-filtered TEM (EFTEM) can be effectively used to identify and characterize
nanoparticles. The image contrast in HAADF-STEM is strongly correlated to the
atomic mass: heavier elements contribute to brighter contrast. Gold nanocrystals in
pyrite and uranium nanocrystals in atmospheric aerosols have been identified by
HAADF-STEM and STEM-EDX mapping and subsequently characterized by high-
resolution TEM (HRTEM). (Utsunomiya and Ewing 2003).

The electronic microscopy (EM) is recurrently used in food science (SEM and
TEM systems) and the most important technological advances in microscopy have
been the developments in these equipments. The general principle is the electrons
bombardment to the sample, differing essentially in the way the compartment cam-
era is sealed, treated with different pressure-voltage properties, detectors attached,
and modes of the equipments. In the SEM systems, the amount of vacuum discerns
these techniques: vacuum SEM, extended pressure SEM, and low vacuum SEM.
Furthermore, an extended branch using the cryogenics is the Cryo-SEM devices
which is well developed in foodstuffs; in this type, the specimen is frozen with
temperatures between — 100 and — 175 °C maintaining the life-like appearance and
allowing the fracture of the sample for long-cross and transversal section study.

2.3.2.1 Scanning Electronic Microscopy (SEM)

The SEM is a microscope that uses electrons to form an image. In this type of
microscopy, the specimen is covered with a thin metal layer, usually gold, and it
is swept with electrons. A detector measures the signal, displaying 3D figures, re-
producing sample’s topography and even composition. Electrons are emitted by a
cathode of tungsten and passed throughout a column that has a vacuum of about
1077 Torr. Here, the initial beam is focused by electromagnetic lenses decreasing the
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beam diameter until it becomes almost punctual. The main parts of an SEM are: the
electron source (gun), electron lenses, sample stage, and detectors.

The electron source emits electrons which strike the specimen by creating a mag-
nified image, while magnetic lenses create fields that guide and focus the electron
beam as conventional lenses do in optical microscopes. Traditionally, electron micro-
scopes have an electron gun fixed with a tungsten filament cathode or an LaB6 sim-
ple crystal in comparison with field emission gun (FEG) which is a pointed tungsten
tip (Miiller emitter) that could be coated with a layer of zirconium oxide (Schottky
emitter); the sharper tip of the FEG provides a small, optically bright, and stable
electron source capable of reaching smaller scales, for this reason they are called high
resolution (120—3 nm in SEM mode and around 1 nm in TEM mode) (Orloff 2009).
In contrast, ultrahigh resolution uses spherical and/or chromatic aberration correctors
instead of different tips, reaching Armstrong scales (1 —0.4 nm) (Haider et al. 2008).

The vacuum system is a very important part of the electron microscope as elec-
trons can be deflected by air molecules. Also, if oxygen or other molecules are pres-
ent, the life of the filament will be shortened dramatically, since these molecules in
the column will act as specimens, scattering the electron beam. The vacuum of the
SEM needs to be below 107 Torr to operate, although most microscopes operate at
107 Torr or greater vacuum (Dunlap and Adaskaveg 1997).

SEMs employ one to three condenser lenses to de-magnify the electron-beam
diameter to a smaller size. The first and second condenser lenses control the amount
of demagnification, while the final lens in the column sometimes inappropriately
called “objective” focuses the probe on the sample (Fig. 2.7).

' €1 SOURCEOF

ELECTRONS
|
" couumsm LENS
SCREEN
PROJECTION
' L ELECTRON DETECTOR

DETECTOR

Fig. 2.7 Scanning electronic microscopy
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Fig. 2.8 Schematic diagram for electronic microscopy (EM) systems

Signal detection begins when the electron beam, known as the primary electron
enters through the specimen. When the primary electron enters it probably travels
some distance into the specimen before hitting another particle. After hitting an
electron or a nucleus, the primary electron will continue into a new trajectory (scat-
tering). The result of the primary beam interaction with the specimen is the forma-
tion of a teardrop-shaped reaction vessel. This reaction vessel by definition is where
all the scattering events are taking place (Dunlap and Adaskaveg 1997), and the
signals can be collected with several kinds of detectors attached to the equipment
and specially design to detect a specific particle and transduce the information into
an image or a spectrum (Fig. 2.8).

2.3.2.2 Transmission Electronic Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby a
beam of electrons is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the elec-
trons transmitted through the specimen; the image is magnified and focused onto an
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Fig. 2.9 Transmission electronic microscopy (EM)

imaging device, such as a fluorescent screen, on a layer of photographic film, or to
be detected by a sensor such as a CCD camera.
The main parts of a TEM are shown in Fig. 2.9:

* Electron gun, which emits electrons that collide or pass through the specimen
(depending on type of electron microscope), creating an enlarged image.

* Magnetic lenses to create fields that guide and focus the electron beam as con-
ventional lenses used in optical microscopes do.

* Vacuum system is a very important part of the electron microscope. Because
the electrons can be deflected by air molecules, they must make a near-vacuum
inside a microscope of this kind.

» Photographic plate or fluorescent screen placed behind the object to be displayed
to record the enlarged image.

» System log showing the image that produce electrons, which is usually a com-
puter.

Electron Column of the TEM

The electron column consists of an electron gun and a set of five or more electro-
magnetic lenses operating in vacuum. It is convenient to divide up the TEM into
three components: the illumination system, the objective lens/stage, and the imag-
ing system.
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The illumination system comprises the gun and the condenser lenses and its role
is to take the electrons from the source and transfer them to the specimen. The
electron beam is accelerated to energy in the range 20—-1000 keV in the electron gun
then the electron beam passes through a set of condenser lenses in order to produce
a beam of electrons with a desired diameter. The illumination system can be oper-
ated in two principal modes: parallel beam and convergent beam. The first mode
is used primarily for TEM imaging and selected area diffraction (SAD), while the
second is used mainly for STEM imaging, analysis via X-ray and electron spec-
trometry, and convergent beam electron diffraction (CBED).

The objective lens and the specimen holder/stage system is the heart of the TEM.
Here is where all of the beam—specimen interactions take place and the two funda-
mental TEM operations occur, namely, the creation of the various images and dif-
fraction patterns (DP) that are subsequently magnified for viewing and recording.
The imaging system uses several lenses to magnify the image or the DP produced
by the objective lens and to focus these on the viewing screen or computer display
via a detector, CCD, or TV camera. Images are recorded on a conventional film
positioned either below or above the fluorescent screen or digital capture can be
utilized using CCD or TV cameras. (William and Carter 2009).

The illumination system is situated in the top part of microscope and consists of
the electron source and then condenser lenses. The illumination system takes the
electrons from the source and transfers them to the sample in the form of parallel
or convergent beam. Usually the following electron sources are used: thermionic
sources like LaB6 or tungsten sources and FEG. All of them have some advantages
and disadvantages. However nowadays modern microscopes are normally equipped
with FEG, because this source produces very bright electron beam by operating at
low temperature and having very long lifetime.

The condenser lenses are used to form the electron beam which illuminates the
sample. By changing the focal distance of condenser lenses, parallel or convergent
illumination is created. The parallel beam is usually used in traditional TEM, while
the convergent beam is typical for STEM mode (scanning TEM). Objective lenses
are used for image formation. After propagating through objective lens all electron
beams from the sample are focused at the image plane. Here, one uses the objective
aperture in order to exclude electrons at high scattering angles. In HRTEM mode,
usually no objective apertures are used (Tyutyunnikov 2010).

High-resolution TEM (HRTEM) is one of the most powerful tools used for char-
acterizing nanomaterials, and it is indispensable for nanotechnology. In fact, de-
cades before the national nanotechnology initiative, scientist had started examining
small particles by HRTEM. Traditionally, HRTEM has been mainly applied for im-
aging, diffraction, and chemical analysis of solid materials. Analysis of such tubular
structures required extensive development of electron microscopy (Wang 2003).

Modern TEM has three basic operation modes: imaging, diffraction, and spec-
troscopy analyses. In a transmission electron microscope, the objective lens takes
the electrons emerging from the exit surface of the specimen, disperses them to
create a DP in the back focal plane, and recombines them to form an image in the
image plane (Bai et al. 2013)
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The spectroscopy analyses in a modern analytical TEM include energy-disper-
sive x-ray spectroscopy (EDX) and electron energy-loss spectroscopy (EELS) that
allow quick analysis of material chemistry on the nanoscale. With the newly devel-
oped EFTEM, quick elemental mapping not relying on the scanning technique is
possible (Bai et al. 2013).

TEM has the advantage over SEM that cellular structures of the specimen can be
viewed at very high magnifications. However, TEM sample preparation is longer
and more difficult than that for SEM and includes additional steps such as postfix-
ation, embedding in a resin, the sectioning of samples, and the staining of semithin
and ultrathin sections. Specimen preparation for TEM includes eight major steps:
cleaning, primary fixation, rinsing, secondary fixation, dehydration, and infiltration
with a transitional solvent, infiltration with resin and embedding, and sectioning
with staining. (Stadtlander 2007).

Table 2.3 shows some examples of common electron microscopy applications
in food materials.

2.3.3 Atomic Force Microscope

Atomic force microscopy (AFM) is part of a scanning probe microscopy family that
is based on the scanning tunneling microscopes (STM) which measure topography
of surface using the tunneling current which is dependent on the separation between
the probe tip and a highly conductive sample surface. The AFM was invented by
Gerd Binnig and Christoph Gerber (1986), and it is able to provides 3D images
of the topographic surface of conducting and nonconducting materials (Tortonese
et al. 1993) to molecular and in some cases atomic resolution, sensing the forces
created due to the interaction of the tip and the surface sample at very short distance
of 0.2-10 nm (probe sample separation); this instrument also is able to measure
forces at the picoNewton scale at the level of a single atom (Binning et al. 1986).
For some materials, few or no preparation is needed and some of the common ma-
terials tested are: composites, glasses, metals, polymers, electronics, membranes,
films, synthetic ceramics, composites, and biological organisms, in numerous fields
such as, automotive, aerospace, chemical, material science, and biology.

The images are acquired by means of a very sharp tip supported on the free end
of a flexible cantilever. The AFM tip located above the sample “gently” touches
the surface and records the small force between the probe and the surface. The
AFM can be used in air and aqueous environments (Florin et al. 1995), with live
microorganism such as bacteria and cells, and to perform studies of phenomena
such as electrode position (Lu and Zangari 2006), wear resistance (Li et al. 2006),
surface roughness (Sudam and Nichols 1994; Ryan 2000), lubrication (Koinkar and
Bhushan 1996), corrosion, nanotribology (Tambe and Bhushan 2005), and adhe-
sion. Specifically in biology, it has been used to study nucleic acids, receptor—ligand
complex, the molecular interactions determining the stability of single proteins and
to understand the elastic and viscous properties of membrane proteins using dy-
namic modes (Janovjak et al. 2005), and has been extended to probe the dynamics
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of single molecules, including polysaccharides. Also it has been used to determine
properties such as adhesion and electrostaticity (Lin et al. 2005).

The AFM is limited to surface image but it is possible to prepare the sample em-
bedding it and cutting section to expose the desired internal structure.

2.3.3.1 Principles of the AFM

The AFM has some unique features because it can be used in air or aqueous en-
vironments; the only condition is that the environment in which the experiment is
carried out allows the laser pass. The AFM differs from other types of microscopes
because it can image samples under natural conditions; this is an advantage because
the samples are kept in nonstress conditions, such as drying, coating with metal,
vacuum, or freezing that can alter the normal characteristics of the sample. This
characteristic is especially useful for biological applications. The resolution of the
AFM is in the rate of tens of nanometer and the resolution in force rate is in the or-
der of picoNewtons. The AFM is a very versatile instrument because not only it can
be used to obtain topography images but also it has been used to study magnetic,
electric, Piezo, conductive, and capacitance properties.

AFM topography images can be obtained by scan-raster, where a very sharp tip,
mounted on the free end of a cantilever, is perpendicularly in touch with the surface
sample. This is controlled by a photo sensor; in Fig. 2.10 the bacterial growth on a
flat surface, scanned by a cantilever tip is shown.

Different types of atomic force microscopes are offered by different companies,
presenting most of them with slight differences in the design, but in general, the
sample is fixed on the scanner (magnetically, clamped, or double-sided tape, etc.),
then the scanner moves the sample in X and Y directions, while this happens the

Fig. 2.10 Bacteria scanning
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movement of Z is controlled by the scanner which uses the optical signal to sense
the interaction between the tip and the sample, keeping it constant, and raising or
lowering the sample according to the optical signal. The scan area is defined by the
user taking into account the limitations of the scanner. The position of the scanner
is recorded constantly to reconstruct 3D images. The AFM is not only used to con-
struct models, but also to study interaction forces and in food process it has found
special interest.

2.3.3.2 Components of an AFM

In order to have a more clear idea of the AFM, here we will discuss some of the
main components of the MultiMode™ (SPM, Bruker). The multimode is formed by
two components, the controller (NanoScope™) and the Microscope. The controller
allows the instrument to operate in different modes. This unit is capable of scanning
areas according to the scanner used, in the Fig. 2.11, the AFM microscope and the
parts that integrated it can be seen.

Some of the main components of the microscope are listed below:

i LR [ _
Photodiode adjustment ' Laser od justment knobs
knobs > .
Head X,Y-axis adjusfmen‘fff f0 BTl Tipholder

g _Scanner support ring

Motor control switch

Vertical and
horizontal signal

Signal sum display

lower screen part)

X.Y-axis ad justment
support

Fig. 2.11 Multimode scanning probe microscopy (SPM)
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3) Cantilever
4) Tilt mirror

5) Photodetector

Head X-axis stage adjust  Head Yiﬁxis stage adjust

Fig. 2.12 Details of the optical head of the atomic force microscopy (AFM)

The Optical Head

The optical head is a block place on the scanner with the help of tree metallic beads
and fixed with two springs. In Fig. 2.12 a picture of the head and the internal and
external elements marked with numbers are presented: the laser (1), the mirror (2),
cantilever (3), tilt mirror (4), and photosensor. The knobs are used to move the opti-
cal head to the desired location (head X, Y-axis stage adjust). Both )X, Y-axis adjust
knobs are used to move the laser to obtain the maximum signal and finally, in the
upper and back part of the optical head a pair of knobs (photodiode adjust) used to
center the laser on the photodetector and to obtain vertical and horizontal signal
near cero are located.

Tip

The tip Fig. 2.13 was traditionally made of diamond on a gold film, but nowadays
most are made of Si,N, or Si with a radius of approximately 10 nm; however, it is
possible to find in the market cantilever with tip radius of approximately 2 nm. The
tip is the heart of the AFM, and it is very important for the success of the technique,
as it must accurately reflect the surface features of the specimens under investiga-
tion. The image is constructed by scanning the sample with the tip, therefore the
selection of tip plays an important role in the obtaining of an accurate surface to-

Fig. 2.13 Tip mounted on a
side of the cantilever
Cantilever

Tip
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Fig. 2.14 Atomic force microscopy (AFM) cantilever probes, (1) Standard pointprobe®. (2) High
aspect ratio tip. (3) Arrow™. (4) Pyrex-Nitride™. Electron micrographs by Jean-Paul Revel,
Caltech. Tips from Park Scientific Instruments; super tip made by Jean-Paul Revel. Figure taken
from http://www.nanoworld.com

pography. The tip is attached to a cantilever Fig. 2.13, giving the tip freedom of
movement. Depending on the topography of the sample; the displacements of the
cantilever can be vertical and/or torsional; different cantilever tips can be seen in
Fig. 2.14.

The commercial tips available are made using different techniques and materials,
including micromachining, lithographic photo-masking, etching and vapor deposi-
tion, etc. In addition, the tip can also be one of a number of different shapes, for
instance, a parabola, pyramid, truncated pyramid, tilted pyramid, and cylinder, and
with a specifically characteristic chemical or biological coating.

Effects of the Tip Diameter
There are still a number of long-standing problems in obtaining consistent high-res-

olution images using AFM. The radius and shape of the end of the AFM tip can vary
resulting in a loss of sharpness (Li et al. 2007; Bykov et al. 2003). Since, in order to
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| cylinder

Fig. 2.15 Effect of the tip diameter

obtain high resolution it is important to have a very sharp tip. However, it has some
implications; if the diameter of the tip is very small it will be damaged easily, and
also it is more complicated to fabricate such tips, on the other hand, if the tip used
is not sharp enough the image obtained will not reflect the real sample topography.

In Fig. 2.15 (a) can be observed a cylinder bounded to a flat surface, in (b) the
direction of the scan and the tip form are described, while (¢) shows the convolution
image obtained by the AFM. It is clear from this figure that the cantilever cannot
enter to the lower part of the cylinder, this is a phenomenon that has to be taken into
account when the images are obtained.

Photosensor

The optical lever is the most common mode of detecting deflection. The laser beam
is reflected off the cantilever, striking a photosensitive sensor, which measures
the changes in the intensity of the light produced by the deflection and the lateral
movements of the cantilever, magnified thousands of times due to the distances
between the cantilever and the photodetector. The photosensors used in the AFM
are two (double) and four-segmented photosensors made of semiconductor diodes
(Fig. 2.16 and 2.17 in that order). The photosensor senses the variations of the opti-
cal signal and transforms them into an electrical signal. The double-segmented pho-
tosensor is used to sense vertical deflection of the cantilever and the four-segment
photodiode performs the same task as the two segments but it has the capability of
also measuring the displacement (torsion); normally this photodiode is used in the
frictional mode (Kasas et al. 1997).

Scanner

Scanners are made of piezoelectric ceramic materials that are radially polarized.
These materials have the characteristic that contract or expand according to the
current applied. Electrodes are attached to the piezo-material, and movements are
achieved by applying a high voltage over the electrodes located around the material.
Three-dimensional positioning is possible by applying the precise voltage to the
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Fig. 2.17 Four segment photosensor
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Fig. 2.18 Tube scanner
configuration

Cantilever

Piezomaterial  Tip Mobile platform sample

Piezo scanner tube

main axis, X, ¥, and Z. The movement is controlled by the electronic feedback
(Fig. 2.18).

2.3.3.3 AFM Operation Modes

Figure 2.19 shows the deflection behavior of the cantilever when it approaches to
the surface. Initially, the cantilever is above and moves towards the surface (the
cantilever is undeflected), as soon it approaches the surface at a very small distance
(about 10 nm) it experiments an attraction force; if the cantilever continues with
the movement towards the sample, it experiments at some point a repulsion force
switching direction of the deflection; this repulsion force continues until it contacts
the surface sample, therefore it can be said that the force experimented by the tip is
dependent on the distance between the cantilever and the sample.

Contact Mode

In this mode, the tip “touch” the sample surface, and as presented in Fig. 2.20, when
the tip is in contact with the sample it experiments a repulsive force, therefore it can
be said that contact mode works in repulsive forces and the force applied to scan

Displacement of
the tip

Attraction l

......... Y

"1\
i
i’
v
"

Distance

Repulsion
a(‘\
SRR

' 3

Sample f b —
ﬁ Potential f_/\\

Fig. 2.19 Tip-sample forces in atomic force microscope (AFM)
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Fig. 2.20 Tip in contact with a surface

anteveri

Sample

Fig. 2.22 Atomic force microscopy (AFM; noncontact mode

Fig. 2.21 Atomic force
microdscopy (AFM); tapping
mode
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a surface has to be bigger than the repulsion experimented by the tip. Figure 2.18
shows the tip in contact with the surface of a sample.

Tapping Mode

In tapping mode, the cantilever oscillated at or below its resonant frequency and
intermittently touch the sample; this technique is used when it is necessary to over-
come frictional forces or adhesion, that make the image acquisition difficult. Ac-
cording to Fig. 2.21, tapping mode works in attraction and contact mode.

Noncontact

The cantilever oscillates near to its resonant frequency (almost constant) near the
surface of the sample but does not contact it. The interaction of the tip and the
sample (Fig. 2.22) induces variations in the amplitude, as a result of different forces
such as Van der Waals, electrostatic, chemical magnetic, and drag forces (viscous
fluids); these forces decrease the oscillation amplitude, and the controller senses
this change to keep a constant distance between the tip and the sample, approxi-
mately of the order of 1-10 nm, by the loop control. In order to work with this
mode, it is very important to control the environment conditions.

2.3.3.4 Food Applications

In order to prepare food, several industrial process are used such as drying, mixing,
evaporation, frying, milling, etc., which promoted changes in the food structure.
The AFM has become a useful tool to study nanostructural changes and nanome-
chanical properties such as stiffness and adhesion in food; also it has been used as
sensor to detect microorganism on the food. The AFM has been useful to understand
the relation of the structure of food and its relation with function, because the food
properties rely upon nano- and microscale, also the nutritional impact is related to
its structure (Gunning et al. 2010), In Table 2.4, some examples of AFM applica-
tions in the food field are listed.
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Chapter 3
Development of Food Nanostructures
by Electrospinning

Matteo Scampicchio, Saverio Mannino and Maria Stella Cosio

3.1 Introduction

Among the techniques used to prepare nanostructures, electrospinning is considered
one of the most simple, straightforward, cheap, and fast. Most of the advantages and
specific features, that are the base of such success, were already described by Ray-
leigh in 1897 (Burger et al. 2006), studied in more detail by Zeleny in 1914 (Zeleny
1914), and patented for the first time by Formhals in 1934 (Formhals 1934).

In the 1960s, fundamental studies on the jet forming process were initiated by
Taylor (Taylor 1969), laying the groundwork of electrospinning. Then, Baumgarten
in 1971 and Larrondo and Manley in 1981 revived the technique by electrostatic
spinning of respective polyacrylonitrile (PAN) solutions (Baumgarten 1971) and
polymer melts (Larrondo and Manley 1981b, Larrondo and Manley 1981c, Larron-
do and Manley 1981a). There was a little interest in electrospinning until mid-1990s
but, with the growing interest in the field of nano-science and nanotechnology re-
searchers started to realize the huge potential of the process in nano-fiber produc-
tion (Teo and Ramakrishna 2006). Since then, electrospinning found an increasing
use as in different areas, such as high efficiency filter media, protective clothing,
catalyst substrates, and adsorbent materials.
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3.2 Spun-Fiber Preparation

A spun-fiber is produced via ejection of a jet from a positively charged viscous
polymeric solution through a capillary tip to an electrically grounded target. Thus,
electrospinning can produce long fiber strands at a comparative low cost and high
production rate. Moreover, the simplicity and inexpensiveness of its setup and the
ability to produce nano-fibers with a controlled morphology and surface topology
from different materials in various fibrous assemblies make it highly attractive to
both academia and industry (Ramakrishna et al. 2006).

Many different synthetic polymers, polymer composites, and natural polymers
such as collagen and chitin have been electrospun as well as more recently met-
als, metal oxides, ceramics, and glasses. A multitude of functions such as salts,
nanoparticles, biological systems may also be added to the polymer solution and
electrospun. Moreover, the nano-fibers can be incorporated into larger units, even
into devices. Due to the possibility of electrospinning a wide variety and combina-
tion of materials, electrospun nano-fibers are adaptable and usable in diverse appli-
cations from bioengineering, human healthcare, and filtration systems to sensing.
This versatility has been enhanced by the technological advancement which leaded
to develop new and different arrangements of the basic electrospinning setup (Ra-
makrishna et al. 2006; Sun et al. 2003).

Respect to conventional fiber spinning methods from polymer solutions or melts,
electrospinning is not easily scalable. Lab-scale electrospinning systems have gen-
erally low productivity due to the low feed rate of the polymeric solution (low flow
rates are essential for obtaining ultrafine fibers). To overcome this limitation, Chu
and coworkers proposed an array of multiple needles in an electrospinning process
(Fang et al. 2006; Srivastava et al. 2007; Theron et al. 2005) This is called multi-jet
electrospinning and it is considered a promising way to achieve high productivity
and easy scale-up (Zheng et al. 2013; Valipouri et al. 2013; Jiang et al. 2013).

3.2.1 Principle of the Electrospinning Technique

Electrospinning is a technique that allows to obtain, by means of a cold process,
polymeric fibers by applying an appropriate electrical field to a concentrated poly-
meric fluid held in a syringe. The polymer surface at the end of the syringe tip forms
a drop if pressure or gravitational force is applied. In the absence of an electric field,
the drop surface and shape is maintained by a balance of forces that includes gravi-
tational forces and interfacial forces (surface tension). In electrospinning, the ap-
plication of an electrical field by means of a high voltage power supply introduces
additional forces into the fluid droplet originating different phenomena. First, the
surface of the fluid droplet held by its own surface tension at the spinneret tip gets
electrostatically charged.

Mutual charge repulsion of polymer and solvent molecules causes a force di-
rectly opposite to the surface tension and a contraction of the surface charges to the
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grounded collector (Doshi and Reneker 1995). As a consequence, the hemispheri-
cal surface of the fluid at the tip of the capillary tube elongates to form a conical
shape known as the Taylor cone. The fluid droplet is unstable due to the competition
between the electrostatic repulsion and the surface tension. Once the electric field
reaches a critical value, repulsive electrostatic force overcomes the surface tension
and a fluid jet is formed from the tip of the Taylor cone (Han et al. 2008; Reneker
and Yarin 2008; Yarin et al. 2001b). Subsequently, the surface tension causes the
droplet shape to relax again, but the liquid stream continues to be ejected in a steady
fashion toward the grounded collector. As the jet travels through the electric field,
charges accumulate on its surface as a result of the electrostatic repulsion of the
different part of the stream. Thus, after traveling linearly for a certain fraction of
its path, the fluid jet experiences instabilities in its propagation spiraling or loop-
ing. These instabilities are known as bending or whipping instabilities (Yarin et al.
2001b; Reneker et al. 2000; Shin et al. 2001; Yarin et al. 2001a). As a result, while
solvent evaporates along the pathway, the fluid jet stream will continuously stretch,
extend, and shrink to very small diameter values until dried fibers are deposited
onto the collector. The instabilities also cause a strong orientation of the chain mole-
cules in the final fibers. Such orientations cause a significant increase in the strength
of the fibers and of the stiffness with values well up to 50 GPa and above (Zuo et al.
2005; Yarin et al. 2001a; Shin et al. 2001; Reneker et al. 2000).

It should be noted that depending on the solution conditions (viscosity, surface
tension, polymer concentration) and the process conditions (applied voltage, tip-to-
collector distance), instabilities may cause the jet to break up into little droplets and
not fibers but particles are deposited on the collector plate. This effect is known as
Rayleigh instability and explains what happens in electrospraying or in electrospin-
ning low-viscosity and short-chain molecules (low molecular weight) containing
polymer solutions where there are no polymer chains for entanglement (Reneker
et al. 2000). During the electrospinning, as the polymer solution is drawn from the
capillary, it is the entanglement of polymer chains which prevents the break-up of
the electrically driven jet (Ramakrishna et al. 20006). If the conditions of the sample
are such that a Rayleigh instability occurs for long-chain molecules that cannot
be easily broken up into discrete droplets, e.g., when the polymer concentration is
above the overlap concentration, a “pearls-on-a-string” morphology, also known as
“beading,” can be formed (Fong et al. 1999).

3.2.2 Setup of the Electrospinning Unit

There are basically three components to fulfill the electrospinning process: a sy-
ringe, a high voltage power supply, and a collector. A schematic setup of a typical
electrospinning unit is shown in Fig. 3.1.

In this setup, a polymer dispersion is placed in the syringe equipped with a blunt
ended stainless steel capillary. The syringe is placed in a syringe pump which per-
mits adjustment and precise control of the solution flow rates. The alignment of
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d

(a) syringe filled with polymeric solution/emulsion
pumped by a syringe-pump

(b) Taylor's cone

(c) High voltage power supply (10 to 50 kV)

(d) Collector of the fibers

(e) Electrospun nanofibrous mat

Fig. 3.1 Schematic setup of an electrospinning apparatus

the syringe is usually horizontal although vertical setups have also been described.
If the capillary is arranged in a vertical position, the solution may exit the capil-
lary solely due to gravitational forces and a syringe pump may then not be needed
(Sahay et al. 2011).

However, this setup allows for much less control than the use of a syringe pump,
and consequently the horizontal setup or an arrangement including a syringe pump
is preferred. The metallic capillary needle through which the polymeric solution is
fed works as a positive electrode and is connected to a high voltage power supply
operated in positive DC mode. It represents the high potential difference source
capable of producing voltages between 1 and 50 kV. The setup also contains a
grounded target collector on which the produced fibers are deposited and which
works as the counter electrode. It completes the circuit and allows an electric field
to be established between the capillary tip and the target. The involved amperages
are typically very low and usually do not exceed a few pAmperes.

Sometimes, it is possible to modify or improve the basic setup of an electrospin-
ning unit, as the aforedescribed one, to further control the electrospinning process
and thus to tailor the structures of the resultant fibers (Park et al. 2007; Thorvalds-
son et al. 2010). In particular, the majority of modifications reported in literature
regards the collectors and the spinneret (Li et al. 2004b; Li and Xia 2004; Li et al.
2004a).
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Through the modification of the design or layout of the collector, it is possible to
obtain different fiber assemblies or to control the alignment and the orientation of
the electrospun fibers. Collectors can be stationary, such as metal plates or parallel
electrodes, or rotating-type disks or mandrels (Huang et al. 2003). As the fibers are
produced, they are usually spun and collected in a random mat lacking structural
orientation. However, collector geometry can influence mat morphology, such as
fiber alignment and pattern. For instance, parallel alignment of nano-fibers can be
produced by using copper wires spaced evenly in the form of a circular drum as a
collector of the electrospun nano-fibers (Katta et al. 2004). Li et al. used a pattern
of four electrodes to generate a cross-bar array of aligned nano-fibers (Li and Xia
2004). Using geometric configurations consisting of multiple paired electrodes and
their sequentially activating pairs to guide the nano-fiber alignment, one can gener-
ate quadratic alignments or more complicated geometries.

Concerning the injection system, instead, a relevant example is the use of a spin-
neret constituted of two coaxial capillaries. This setup can be used to fabricate poly-
mer nano-fibers with unique core-sheath or hollow structures (Zhang et al. 2006).
In addition to the inherent parent polymer properties, nanoparticles, metal salts, and
other materials could be added to the polymer matrix to achieve integrated multi-
functions (Qu et al. 2013).

Changing also the material of the tip, it is possible to improve the electrospinning
process, reducing the applicable voltage and the electrode-to-collector distance. The
process is called near-field electrospinning (NFES) and it uses a tungsten electrode
as a spinneret by which the polymer solution is supplied in a manner analogous to
that of a dip pen (Sun et al. 2006).

In other cases, an electrospinning unit may be enriched by including other com-
ponents in its arrangement. For instance, an air-blowing module (constituted of an
air-blowing assembly and a heating assembly) has been added to an electrospinning
setup. It is able to produce a hot air stream around injection system allowing to
successfully electrospin polymer solution with an extremely high viscosity. This
technique, also known as blowing-assisted electrospinning or electroblowing, has
been used to prepare more uniform fibers, as a consequence of the more stable jet
achievable compared with that of electrospinning (Burger et al. 2006; Kong et al.
2009; Peng et al. 2008).

3.2.3 Parameters to Consider

To achieve a successful formation of nano-fibers via electrospinning of a polymer
solution, the optimal conditions of their spinnability have to be investigated. Poly-
mer spinnability means more precisely the capability of providing fibers with the
following features: consistent and controllable diameter; defect-free or defect-con-
trollable surface (controllable morphology).

The key factors influencing the successful outcome of electrospinning are, first,
the solution properties, including the viscosity, concentration and molecular weight
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of the polymer, elasticity, conductivity, surface tension, electrical conductibility of
the solvent, solvent volatility, solubility, glass-transition temperature, melting point,
crystallization velocity, and pH value. Second, the processing parameters such as
operating voltage, flow rate of the solution, needle-to-collector distance, inner di-
ameter of the needle, hydrostatic pressure in the capillary tube, solution temperature
and relative humidity (RH) and temperature, atmospheric pressure, type of atmo-
sphere, and air velocity in the electrospinning chamber (Theron et al. 2004).

3.2.3.1 Solution Properties

One of the principal parameters that impacts the electrospinning process is the vis-
cosity of the polymer solution influencing the resulting fiber morphology and diam-
eter size. Viscosity depends on polymer concentration and molecular weight and the
solvent type. Thus, it is possible to say that each parameter under solution properties
is connected to each other.

Viscosity is related to the extent of the polymer molecule chain entanglement
within the solution. The entanglement of polymers is critical to the formation of
fibers. If polymers are not entangled, beads or droplets instead of fibers are typically
deposited on the collector plate. Because of this, polymers with higher molecular
weight (larger chains) and increasing polymer concentrations favor the formation of
fibers. But note that in some cases also a larger fiber diameter (Deitzel et al. 2001;
Doshi and Reneker 1995; Fong et al. 1999). For the formation of uniform fibers
without beads and/or beaded fibers, the concentration of spinning solution had to be
higher than the critical chain entanglement concentration. The critical chain over-
lap concentration, which is the crossover concentration between the dilute and the
semi-dilute concentration regimes, is thus a critical parameter for electrospinning
(Tian et al. 2011). In general, higher solution concentration favors the formation of
uniform fibers without beads and with higher diameter. Also, an increase in molecu-
lar weight of the polymer increases the density of chain entanglements (in solution).

However, increasing the polymer concentration and thus the viscosity of a solu-
tion to the point where the flow through the capillary is obstructed may again pre-
vent the formation of fibers (Reneker and Yarin 2008). Moreover, in the case of high
polymer concentrations, the drying of the polymer solution at the needle tip may
occur leading to the formation of a localized gel, thereby preventing the formation
of a proper Taylor cone.

Conversely, at lower viscosities the degree of the polymer chain entanglements
is usually lower. Thus, the polymer jets are more likely to break-up and form drop-
lets due to the low viscoelastic force which does not counter-balance the higher
Coulombic stretching force. As the electric forces are the main factor responsible
for the characteristic jet path, jet instability and stretching of the fibers is one of the
main factors responsible for the electrospinning failures of low viscous polymers
(Bhattarai and Zhang 2007; Theron et al. 2005).

But low polymer concentrations are often desired as they allow to achieve finer
fibers. Unfortunately, this also increases the risk to develop undesirable beaded
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structures. This can sometimes be counteracted by increasing the electrical conduc-
tivity or decreasing the surface tension (Li and Xia 2004; Li et al. 2004b). About
the presence of any defects, such as beads and pores, it is possible to assert that at
higher polymer concentration, as at higher viscosity, less is the probability of en-
counter beads in the final fiber (Fong et al. 1999). The shape of the beads changed
from spherical to spindle-like when the polymer concentration varied from low to
high levels.

High surface tension of solutions may favor the formation of beads instead of
fibers, whereas electrostatic forces (electrical conductivity of the polymer solution)
due to charges within the jet have the tendency to elongate and maintain the jet and
favor fiber formation (Fong et al. 1999; Doshi and Reneker 1995; Ramakrishna
et al. 2006). Thus, solvent with higher dielectric constant and lower surface tension
originated fibers with small diameter (Veleirinho et al. 2008).

Factors altering surface tension and/or electrical conductivity may thus influence
the electrospinning process. For example, an increase in charges can be obtained by
using a solvent with a high dielectric constant or by adding ionic salts or polyelec-
trolytes. The higher the dielectric constant of solvent, the thinner fiber can be gener-
ally obtained, due to the increased charge density in solutions (Son et al. 2004). In
this case, more charges are carried along the jet resulting in strong elongation forces
due to mutual charge repulsion within the jet. As a consequence the jet is stretched
even further, reducing the fiber diameter and the amount of bead formation.

Also the boiling point of the solvent should be low enough such that the evapo-
ration of the solvent occurs under conventional atmospheric conditions. Fiber di-
ameters were found to decrease with increasing density and boiling point of the
solvents (Wannatong et al. 2004).

Finally, the formation of chain entanglements is a parameter which affects the
stability and formation of fibers during polymer electrospinning. Shenoy has formu-
lated a semi-empirical model to explain the transition from electrospraying to elec-
trospinning. Utilizing entanglement and weight average molecular weights (Me,
Mw), the requisite polymer concentration for fiber formation may be determined a
priori, eliminating the laborious trial-and-error methodology typically employed to
produce electrospun fibers. Complete, stable fiber formation occurs a number of 2.5
entanglements per chain (Shenoy et al. 2005).

In conclusion, polymer solutions must have: a surface tension that is low enough
to be overcome by the electrical field; a charge density that is high enough so that
the surface tension can be overcome; and a viscosity that is high enough to ensure
sufficient chain entanglement to prevent the jet from collapsing into droplets before
the solvent has evaporated. Low boiling point clearly speed-up the evaporation.
In addition, solvents should enhance the polymer chain interactions by inducing
a higher resistance toward disentanglement or orientation by stretching forces ap-
plied during the acceleration toward the grounded target thereby increasing the fiber
diameter.
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3.2.3.2 Processing Parameters

Processing parameters for electrospinning are basically three: a high-voltage sup-
plier, a capillary tube with a pipette or needle of small diameter, and a metal col-
lecting screen (Greiner and Wendorff 2007; Huang et al. 2003). Among the process
parameters influencing electrospinning, the applied voltage is the most important
one since it determines the degree of electrostatic interaction forces that induce the
expulsion of a polymer jet and affects remarkably the fiber diameter (Deitzel et al.
2001). The fibers transport charge across the gap between the charged needle and
the electrically grounded target, closing the circuit. At relatively low voltage, elec-
trospray is achieved with the resulting drop formation of the polymer (Jaworek and
Sobczyk 2008). As the electrospray voltage is increased smoothly, the measured
current undergoes stepwise increments. The charge transport during the passage
from electrospray to electrospinning is higher as it reflects the increase in the mass
flow rate from the capillary tip to the grounded target (Deitzel et al. 2001).

Usually, operating voltages between 6 and 20 kV are necessary for the forma-
tion of the so-called Taylor cone from which the polymer jet is ejected. In certain
cases, an increase in the applied voltage will increase the charge density causing the
jet to accelerate faster and to stretch more due to greater Coulombic forces in the
jet. Lower applied voltages may sometimes cause a decrease in the fiber diameter
since a decreased flight speed may allow the jet to split (Zhao et al. 2004). Further,
an increase in voltage can cause a broadening of the fiber diameter distribution (Ki
et al. 2005).

An increase in the flow rate or a decrease in the syringe tip to the collector dis-
tance usually leads to the formation of fibers with larger diameters (Han et al. 2008).
In the case of bead formation, increasing flow rates or decreasing the syringe tip
to the collector plate distances also increases the size of the beads. High feed rates
that exceed a critical value or low tip-to-collector distances can result in the forma-
tion of junction zones between the deposited polymer strands or flat ribbon-shaped
fibers. This is because there is insufficient time available to allow for all the solvent
to evaporate causing the fibers to fuse together. Conversely, at lower feed rates the
solvent may have sufficient time to evaporate.

Finally, environmental conditions such as the temperature, the pressure, and the
humidity may affect both the solution properties and the rate of the solvent evapo-
ration. For example, increasing the temperature reduces the viscosity allowing for
more polymer to be added to the solution. In addition, the solvent may evaporate
more rapidly at high temperatures. Conversely at higher humidity, the driving force
for solvent evaporation is reduced, resulting again in the formation of junction zones
between the deposited fibers or porous surface morphologies. In general, increas-
ing humidity causes an increase in the number, diameter, shape, and distribution of
pores located along the surface of electrospun fibers (Casper et al. 2004).
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3.2.4 Materials: Electrospun Polymers

Since the discovery of electrospinning, more than 100 different polymers, both
synthetic and natural, have been successfully electrospun into nano-fibers, using
organic solvents and water or aqueous solutions or from their molten state (Burger
et al. 2006).

Among them, the synthetic ones are the most numerous and are considered the
most suitable for the fabrication of nano-fibers by electrospinning (Huang et al.
2003, Greiner and Wendorff 2007). They are preferred due to their low cost, high
availability, and the wide variety of well-defined molecular and functional charac-
teristics available. Synthetic polymers can be spun in different kinds of solvents
more easily than biopolymers. In addition, synthetic polymers may have more well-
defined chemical properties (molecular weight, distribution of functional groups
along the polymer backbone) that allow for a more uniform behavior during the
electrospinning process (Greiner and Wendorff 2007).

Some examples of synthetic polymers successfully electrospun into nano-fibers
include PAN, poly(ethylene oxide) (PEO), poly(ethylene terephthalate) (PET),
polystyrene (PS), poly(vinyl chloride) (PVC), Nylon-6, poly(vinyl alcohol) (PVA),
poly(e-caprolactone) (PCL), polyurethanes (PUs), polycarbonates, polysulfones,
poly(vinyl phenol) (PVP), and many others (Burger et al. 2006).

By the way, biopolymer-made fibers are of great interest especially for food
industry, because they are nontoxic, edible and digestible, biocompatible or biode-
gradable, renewable, and sustainable. Unfortunately, electrospinning biopolymers
offer many technical challenges: they often require lengthy, complicated, and ex-
pensive purification steps prior to electrospinning; they are less soluble in most or-
ganic solvents; they have a tendency to form strong hydrogen bonds leading to high
solution viscosity or gel formation, which opposes electrospinning; they have poor
mechanical properties and processability. A very detailed survey about the recent
discoveries of electrospinning of biopolymers is reported in the review of Kriegel
et al. (Kriegel et al. 2008).

In addition to the polymer, often more interest is placed on its functionalization.
Often, the functionalization step determines in many cases the suitability of use
that structures for one or the other application. For instance, one of the most effec-
tive strategies to improve the spinnability of polymers with poor features, like low
molecular weight, for electrospinning process is to blend them with other spinnable
polymers in solution. This is the case for instance of conjugated polymers, which
have limited solubility, or most of biopolymers. In fact, the majority of blends elec-
trospun are constituted of biopolymers, difficult to spin, and synthetic ones. For
instance, electrospinning of collagen has been possible blending it with PEO (But-
tafoco et al. 2006; Huang et al. 2001), PCL (Venugopal and Ramakrishna 2005;
Venugopal et al. 2005), or PLA-co-PCL (Lu et al. 2012).
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3.3 Applications of Electrospinning in the Food Sector

Food science research has increasingly focused on using polymer nano-fibers in
areas such as active packaging and additive encapsulation and process (Perez-Masia
et al. 2013). The high surface-to-volume ratio due to the small nano-fiber sizes
favors the increased nano-effects, which include increased surface reactivity, high
strength-to-weight ratio, and higher thermal conductivity (Yarin et al. 2007).

We previously described how the electrospinning process could yield these nano-
fibers through a simple and flexible method. The electrospinning parameters (i.e.,
applied electric field, solution flow rate, and distance from syringe tip to collector)
can be tuned in order to modify fiber properties such as morphology, porosity, and
sizes to tailor the fiber mats according to the desired function and application. In
the subsequent paragraphs, some applications of electrospun nano-fibers in the food
sector and in particular in the encapsulation of bioactive compounds and the filtra-
tion process will be described.

3.3.1 Nano-Fibers for Encapsulation and Release of Natural
Bioactive Compounds

Promotion of health and prevention of disease through improved nutrition demands
the development of food-grade delivery systems, including active packaging and
edible structures, to encapsulate, protect, and deliver bioactive components. In par-
ticular, volatile substances with antimicrobial features, such as natural essential oils,
absolutes, essences, extracts, resins, infusions, etc. are of great interest for the ac-
tive packaging industry. Their efficient encapsulation and release represent a major
challenge, considering their high fugacity and the fact that they are very sensitive
to heat, oxygen, and light.

Conventionally, studies involve the dispersion of the active agent in carriers with
limited surface areas (e.g., polymer films and layers), with considerable losses dur-
ing production and storage. Furthermore, the release of active substances from these
structures is mainly based on concentration-dependent passive diffusion.

Nano-fibers produced from polymers or biopolymers have shown to be particu-
lar promising structures because of their submicron scale and the consequent large
surface-to-mass ratios, which allows for more specific triggered releases, yet pro-
tecting the active molecules from environmental factors. Furthermore, the kinet-
ics of release can be controlled by adjusting the fiber diameter, morphology, and
composition.

As already pointed out, the production of these nanostructured materials by elec-
trospinning, is very simple, cheap, and recently it has been demonstrated that they
can overcome several of the problems related to volatiles encapsulation, therefore
representing an interesting solution for example to the food-packaging industry.
Operating simplicity of the equipment clashes, however, with the complexity of the
setup of experimental variables to produce nano-fibers with controlled morphology.
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The production on an industrial scale started in the 1990s in various fields including
the Life Science. Although nowadays there are several patents about the develop-
ment of drug delivery systems, the industrial application is limited to niche areas
because of the difficulty of monitoring large-scale processes such as the food active
packaging sector (Huang et al. 2003).

However, this simple technique allows the production of nano-fibrous polymeric
unwoven membranes formed by polymer fibers with diameters ranging from tens to
hundreds of nanometers (Greiner and Wendorff 2008; Greiner and Wendorff 2007;
Yarin et al. 2007). By virtue of their submicron-to-nanoscale diameter and very
large surface area, electrospun fibers may offer a number of additional advantages
compared to film and sheet carriers, as they are more responsive to changes in the
surrounding atmosphere (e.g., RH and temperature changes), which enables a tun-
able release of the entrapped compounds (Vega-Lugo and Lim 2009). Moreover,
since the electrospinning process takes place at ambient conditions, electrospun
fibers are more suitable to encapsulate thermally labile substances than fibers pre-
pared by conventional melt spinning or films produced by extrusion process, or
other encapsulation methods, such as spray drying (Qi et al. 2006) and fluid bed
coating (de Vos et al. 2010). Furthermore, electrospinning seems suitable to trap
aroma compound inclusion complexes (AC-IC) within the meshes of the mem-
brane. This is the case of cyclodextrins inclusion complexes with hydrophobic sub-
stances (Koontz et al. 2010; Koontz et al. 2009). Different literature is present on
the electrospinning of cyclodextrins with polymer (Uyar et al. 2010; Uyar et al.
2009; Celebioglu et al. 2014; Kayaci et al. 2013; Kayaci and Uyar 2012: Celebioglu
and Uyar 2011; Celebioglu and Uyar 2010), but few works are focalized on inclu-
sion of active cyclodextrin in biopolymer, even less on active system bases on com-
plete edible polysaccharides, for food and food-packaging applications. Moreover,
in these systems the AC-IC is formed before electrospinning in a multisteps process.
Electrospun soy proteins and zein have been used for controlled release of allyl
isothiocyanate (Vega-Lugo and Lim 2009) and as carriers for catechins (Li et al.
2009), respectively. However, edible proteic systems, such as the above mentioned,
or gelatin and collagen, cannot be electrospun from aqueous solutions due to exten-
sive hydrogen bonding resulting in gel formation, and therefore toxic or aggressive
solvents are required to produce these nano-fibers. Casein or wheat proteins have
poor electrospinnability and need to be mixed with other polymers such as PEO,
PVA, or other synthetic biopolymers like polylactic acid or e-caprolactone with the
use of toxic solvents (Xie and Hsieh 2003; Castro-Enriquez et al. 2012; Montano-
Leyva et al. 2011; Selling et al. 2012; Aceituno-Medina et al. 2013). This limits the
edibility of the resulting systems.

Edible polysaccharides are commonly used in food applications as coating
agents, thickening agents, or additives for technological aims; they are not aller-
genic and do not need toxic solvents to be electrospun (Schiffman and Schauer
2008; Stijnman et al. 2011; Mascheroni et al. 2013). Pullulan is a natural, water-
soluble linear polysaccharide industrially produced by fermentation of starch syrup
with a selected strain of Aureobasidium pullulans. It consists of maltotriose units
(a—1,4 linked glucose molecules) polymerized by a-1,6-glucosidic bonds forming
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a stair-step-type structure and has good electrospinnable properties. This polymer
however alone is not suitable to encapsulate hydrophobic compounds because of its
hydrophilic nature and a linear structure. However, it was shown by Mannino group
that it is possible to build a system where 3-cyclodextrin crystals, encapsulating the
aroma compounds, can be simultaneously fixed to the meshes of pullulan nano-
fibers (Mascheroni et al. 2013). This system demonstrates a potential applicability
for enhancing microbial safety, in particular of fresh foods at various RH.

Another example is the encapsulation by means of electrospinning of the light
sensitive model -carotene, a colorant and antioxidant molecule widely used in the
food industry, in ultrafine fibers of zein prolamine, a sustainable agropolymer. Fiber
capsules were in the micro- and nano-range in the cross-section and the encap-
sulation preserved the fluorescence of the polyene molecules. Observations with
confocal Raman imaging spectroscopy showed that the antioxidant was stable and
widely dispersed inside the zein fibers but agglomerated in some areas. As a result,
electrospinning of zein prolamine shows an excellent outlook for its application in
the stabilization of light sensitive added-value food components (Fernandez et al.
2009; Torres-Giner et al. 2008).

The feasibility of producing PVA nano-fibers containing fine-disperse hexa-
decane droplets by electrospinning a blend of hexadecane-in-water emulsions and
PVA was demonstrated by McClemens group (Kriegel et al. 2009; Kriegel et al.
2010). Hexadecane oil-in-water nano-emulsions (d,,=181.2+0.1 nm) mixed with
PVA at pH 4.5 yield polymer-emulsion blends containing 0.5-1.5 wt% oil droplets
and 8 wt% PVA. Analysis of dry fiber mats and their solutions showed that emul-
sion droplets were indeed part of the electrospun fiber structures. Depending on the
concentration of hexadecane in the initial emulsion-polymer blends, droplets were
dispersed in the fibers as individual droplets or in the form of aggregated flocks
of hexadecane droplets. Nano-fibers with spindle-like perturbations or nano-fibers
containing bead-like structures with approximately five times larger than the size
of droplets in the original nano-emulsion were obtained. Remarkably, incorporation
of hexadecane droplets in fibers did not alter size of individual droplets, that is, no
coalescence occurred. The manufacture of solid matrix containing nano-droplets
could be of substantial interest for manufacturers wishing to develop encapsulation
system for lipophilic functional compounds such as lipid-soluble flavors, antimicro-
bials, antioxidants, and bioactives with tailored release kinetics. However, use of an
organic solvent is: (a) not feasible if one wants to electrospin hydrophilic polymers
and (b) use of organic solvents is generally highly undesirable in the food industry.

Another interesting approach is the preparation of biopolymeric (pullulan and
B-cyclodextrin) emulsions in water to be electrospun to fabricate nano-fibrous mem-
branes (NFM) and to encapsulate a bioactive volatile compound (R—(+)—limonene)
simultaneously. The morphology of the polysaccharide membranes obtained can be
considered as a pullulan nano-fibrous matrix with small crystals homogeneously
dispersed. Encapsulation occurs because the conical cavity of the B-cyclodextrin
is hydrophobic and able to bind nonpolar molecules in water solutions, combined
to the high evaporation rate of the solvent during the electrospinning process. The
methodology developed allows encapsulation of the volatile compound in a rapid
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and efficient way. Moreover, the release of the limonene from the membranes can
be modulated by relative humidity changes, which enables controlled release ap-
plications as an active device for food or active packaging.

Electrospinning was also applied to the development of nonmeat food products
with an appealing structure. Being able to electrospin proteins in a food-grade way
can open a new route toward nutritionally and texturally appealing meat replacers.

Proteins are notoriously difficult to electrospin, mainly because of their complex
secondary and tertiary structure and in order to be spinnable, proteins should be
well dissolved in a random coil fashion. Globular proteins have too little interaction
with each other to entangle during the spinning process. Casein, as a protein with a
random coil structure in water, may be a good candidate but electrospinning of pure
casein is hard to achieve probably due the clustering of the casein molecules (Xie
and Hsieh 2003).

Electrospinning of proteins is possible under conditions in which they dissolve
well, in a random coil fashion. Solvents with a good solvent quality disrupt both in-
tra- and inter protein interactions, and solubilize the resulting unstructured protein.
However, a few proteins can be spun from solvents acceptable in food industry.
One example is zein, the storage protein of maize, which is soluble in 70 % ethanol
(Torres-Giner et al. 2008; Yao et al. 2007). In this solvent, the protein is unstruc-
tured and behaves similar to a well-soluble polymer.

A second protein, which can be spun from food-grade solvents, is gelatin. Spin-
ning of gelatin solutions from water has long been problematic, because of the
gelation at room temperature. However, by using an electrospinning device that
includes a temperature control, spinning of gelatin from water is possible (Moon
and Farris 2009). The solution should be heated above the melting point making
gelatin to behave as a random-coil polymer. Zein or gelatin can be used as carriers
for other proteins that cannot be spun by themselves in a way acceptable in the food
industry. Hence, using gelatin, zein, or their mixture as carriers for nutritionally
complete proteins can yield a controlled way of making fibrous structures for food
applications.

3.3.2 Nano-Fibrous Membranes as Filtration Systems

Nanotechnology can greatly enhance filtration systems and overcome the afore-
mentioned drawbacks. One of the main attractive features of nanostructured mate-
rials, such as nano-membranes and nano-fibers, is their high surface available. In
general, high surface available is desired to enhance reactivity of the materials and
speed up adsorption or release mechanisms. But, more interesting is the nanostruc-
tured material which contains cavities, pores or, in general, empty volumes, also
implies high permeability. This property is fundamental because it means that a
membrane which is nanostructured, such as those prepared by electrospinning, also
shows a negligible barrier toward diffusion.
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Some of the first applications of NFMs as filtration systems were for environ-
mental or product ultra- and nano-filtration. High porosity with small pore size,
interconnectivity, microscale interstitial space, high permeability, large surface-to-
volume ratio, and low basis weight make nonwoven electrospun nano-fiber meshes
an excellent material for filtration of very small particles (less than 100 nm) or even
molecules (Bognitzki et al. 2001).

There is a demand of filter structures with improved filtering streams with higher
temperature, humidity, flow rates, able to cut off micron, and submicron particulate
materials. Today more than 20 companies produce and use electrospun nano-fibers
for this purpose because they offer improved physical and chemical stability, they
can be fashioned into useful products formats (multilayered filtration structure), and
are ease to back-pulsing cleaning. Nevertheless, there are still some challenges in
their production such as homogeneity of size distribution, uniformity of structure,
and deposition (Barhate et al. 2006; Barhate and Ramakrishna 2007; Kaur et al.
2011).

3.3.3 Application in Environmental Filtration

The control over airborne and waterborne contaminants, hazardous biological
agents, allergens, and pollutants is a key issue in food, pharmaceuticals, and bio-
technology processes. Particle removal from air and wastewater by a NFM has been
studied by Gibson et al. The nano-fiber membrane showed an extremely effective
removal (~100 % rejection) of airborne particles with diameters between 1 pm and
5 pum by both physical trapping and adsorption (Gibson et al. 2001). For particle
removal from aqueous solution, recent results showed that electrospun membranes
can successfully remove particles 3 -10 pm in size (95 % rejection) without a signif-
icant drop in flux performance. No particles were found trapped in the membrane,
so the membrane could be effectively recovered upon cleaning (Gibson et al. 2001).
Desai et al. demonstrated the effective removal of heavy metals such as chromium
from water using deaectylated chitosan with NH3 functional group blended in PEO
NFM with binding capacity of about 17 pg/mg (Desai et al. 2009; Desai et al. 2008).

Among the applications of nano-fibrous filtering media, the most interesting for
applications in food sector are those connected with the production of antimicrobial
filter. Antimicrobial nano-fibrous filters may be used to reduce the problems of
fouling caused by biofilm during water treatment. A study of Bjorge et al. (Bjorge
et al. 2009) for the removal of microorganisms showed that, in the case of non-
functionalized membranes, the removal efficiency is not satisfactory. This was ex-
plained by the fact that the transmembrane pressure may cause changes in the non-
woven membrane structure which leads to the enlargement of the pores and allows
bacteria to pass the membrane. However, functionalization of the membranes with
Ag nanoparticles gave a log 4 removal. It is generally known that these particles
only have effect on gram-negative bacteria such as Escherichia coli, gram-positive
bacteria are not affected by these nanoparticles.
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Zhang et al. produced nano-fibers from PAN and incorporated silver nanopar-
ticles to create an improved filtration membrane with antibacterial properties effec-
tive against gram-positive and gram-negative bacteria (Zhang et al. 2011). Jeong
electrospun PU cationomers with quaternary ammonium groups to make fibers in-
herently antimicrobial (Jeong et al., 2007). Similar results were obtained by Hong
incorporating (Hong and Jeong 2011; Jeong et al. 2007) silver nanoparticles on
nylon-6 nano-fibers (Hong and Jeong 2011).

3.3.4 Food Filtration

Electrospun NFMs may be a potential alternative tool as affinity or ultrafiltration
membrane for highly selectivity separations for scale protein purifications or ho-
mogenization membrane for the preparation of emulsion with drop size less than
100 nm. A nano-fibrous affinity membrane was prepared by covalently binding Ci-
bacron Blue F3GA (CB) to the cellulose electrospun nano-fibers. That membrane
showed abilities to capture BSA or bilirubin. In addition, the BSA absorbed mem-
brane can be regenerated by rinsing with elution buffer (Ma et al. 2005).

Veleirinho et al. developed an electrospun PET membrane for apple juice clari-
fication (Veleirinho and Lopes-da-Silva 2009). The apple juice obtained from
electrospun nano-fiber membrane filtration revealed physicochemical characteris-
tics comparable to those from juice clarified by ultrafiltration or by conventional
clarification using filtering aids. Nevertheless, the new process showed a high flux
performance and revealed to be much faster, simple, and more economical than
the traditional processes. This study introduced a new concept of clarification and
opening new approaches for the juice processing industry or even for other food
industry fields.

Antimicrobial nano-fibrous filters can be applied to beverages industry to im-
prove their microbial safety. This also will improve the efficiency of the process by
completely eliminating thermal treatment steps (e.g., pasteurization) thereby pre-
serving valuable quality attributes such as flavors and vitamins (Kriegel et al. 2008).

Recently, Fuenmayor et al. (2014) developed an electrospun nylon-6 membrane
for the filtration of apple juices. The mechanism for the observed filtration behavior
was explained in detail with a model based on three resistances in series, respec-
tively, the initial filter resistance, the polarization resistance, and the cake resistance
and compared with commercial filtration membrane. Electrospun membranes have
initial filter resistance values (as described by the Darcy’s law in experiment us-
ing distilled water as the liquid flowing through the membrane) much higher than
commercial membranes. Furthermore, the concentration polarization resistance of
the electrospun nylon-6 membrane was comparable to the commercial polyamide
membranes. Polarization resistance values reflect that the accumulation of solute at
the membrane interface is responsible to limit the flux, leading to charged chemical
species promoting local aggregation and cohesiveness of the fouling layer. Howev-
er, as the pressure drop increases, the Rp value for the electrospun NFM decreases.
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The behavior of commercial membranes was opposite. Apparently, at high pressure,
the adsorption of fouling species on the fibers is enhanced and, at the same time, the
resistance toward diffusion is reduced. This feature can be explained as at higher
pressures, the foulants on the fiber surface are more easily adsorbed on the large
surface of the nanostructured membranes, which in turn, reduces the resistance to
flow of the overall membrane (Fuenmayor et al. 2014).

Also, Scampicchio et al. reported of the selective adsorption of nylon-6 NFMs
toward certain phenol-like species. This selectivity was dependent on the dissocia-
tion constant of the phenols (Scampicchio et al. 2008).
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Chapter 4
Polysaccharide-Based Nanoparticles

Erika A. Lopez-Lopez, M. Aurora Hernandez-Gallegos,
Maribel Cornejo-Mazén and Humberto Herndndez-Sanchez

4.1 Introduction

Within the last years, foods enriched with bioactive compounds such as nutraceuti-
cals and nutrients have emerged with great strength in the markets worldwide. The
application of nanotechnology includes the use of systems such as micelles, lipo-
somes, nanotubes and nanoparticles for efficient bioactive compounds delivery and
improved bioavailability (Kaya-Celiker and Mallikarjunan 2012). Nanoparticles
have been developed using mainly proteins and polysaccharides as the biopolymers
of choice to be loaded with different bioactive compounds and most authors define
them as solid colloidal particles with diameters ranging from 1 to 1000 nm (Tiya-
boonchai 2003).

Polysaccharides can be defined as linear or branched macromolecules formed
by many monosaccharide units linked by glycosidic bonds. These biopolymers,
sometimes also called glycans, can be classified as homopolysaccharides (mono-
saccharide units are all equal) and heteropolysaccharides (units are of two or more
different kinds). The glycosidic bonds can be a or  (1—4, 1—6, 1 -3, etc.). Natu-
rally occurring polysaccharides contain from 10 to 250 monose residues and have
molecular weights between 2000 and 35,000 Da (Alais et al. 2008). Depending on
their function, polysaccharides can also be classified as structural (such as cellulose
and chitin) and storage (such as starch, inulin and glycogen). Nanoparticles can be
prepared from most of them.
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4.2 Starch

All starches are constituted by a-D-glucopyranose units in linear chains linked by
a(1—4) bonds in the case of amylose and in branched chains linked by a(1—06)
bonds arising from the linear chains in the case of amylopectin. They are ordered
in alternating crystalline and amorphous lamellae (9 nm) in the 2-100 um starch
granules (Szymonska et al. 2009). This polysaccharide is a safe, economic, renew-
able and biodegradable raw material produced by many plants and adequate for the
preparation of nanoparticles. The presence of partly crystalline structures in starch
allows the production of novel nanoelements: nanocrystals and nanoparticles (Le
Corre et al. 2010).

Starch nanocrystals, also known as starch crystallites or microcrystalline starch,
are the result of the disruption of the amorphous domains of the granules by acid
hydrolysis. By this method, Putaux et al. (2003) were able to obtain platelet nano-
crystals from waxy maize starch (with only 1% amylose content) using 2.2 N
hydrochloric acid for 6 weeks. The crystals had a length of 20—40 nm. Different
lengths have been reported for starch nanocrystals from other sources: 40-70 nm
for potato and 30—150 nm for pea (Le Corre et al. 2010). Starch nanocrystals have
also been prepared through a complex formation between amylose and a variety
of hydrophobic compounds such as n-butanol (Kim et al. 2009). The crystalline
complexes are commonly referred as V-amylose, based on their X-ray diffraction
pattern. These starch nanocrystals have great potential as nanocarriers for small
bioactive compounds, since they have a helical cavity which can host different hy-
drophobic compounds.

Many protocols are currently available for the preparation of starch nanopar-
ticles (SN). Ma et al. (2008) obtained corn SN by precipitating a gelatinized starch
suspension with ethanol. They also prepared citric acid-modified SN using a citric
acid solution in ethanol for the derivatization. These modified SN were resistant to
heat gelatinization due to the cross linking reaction. Chin et al. (2011) used a similar
method for a size-controlled preparation of sago SNs. With the use of adequate sur-
factants they were able to prepare nanoparticles with average diameters of 150 nm.
Tan et al. (2009) prepared starch acetate nanospheres through a simple process of
nanoprecipitation, by the dropwise addition of water to an acetone solution of starch
acetate. Depending on the procedure conditions, particle sizes between 249 and
720 nm can be obtained. The existence of low polarity microdomains within this
kind of nanospheres, suggested the possibility of using these nanoparticles for the
encapsulation of hydrophobic bioactive compounds. Szymonska et al. (2009) pre-
pare potato and cassava nanoparticles, with diameters between 50 and 100 nm by
passing starch—ethanol suspensions through a vibration mill. Liu et al. (2009) used
high-pressure homogenization to generate suspensions of high-amylose corn SN.
In this work, a 5% starch suspension was dispersed through a Microfluidizer for
several passes at 207 MPa to obtain highly stable SNs with an average diameter
of 100 nm. The viscosity of the suspension decreased with the number of passes
through the equipment.
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4.3 Dextran

Few reports are available on the preparation of dextran nanoparticles. Dextrans
are D-glucose branched polymers. The dextran produced by the bacterium Leuco-
nostoc mesenteroides strain NRRL B-512(F) consists of an a(1—06)-linked glucan
with side chains connected to the three positions of the backbone glucose units (de
Belder 2003). Dextran nanoparticles have been used to stabilize labile bioactive
proteins. One of the protocols include incorporation of the protein to a mixture of
L. mesenteroides dextran (molecular weight 64—76 kDa) and polyethylene glycol in
water followed by freezing, phase separation and freeze-drying. After washing with
dichloromethane, dextran nanoparticles loaded with the protein of interest can be
recovered. The bioactivity of proteins such as B-galactosidase, bovine serum albu-
min and myoglobin could be preserved by this method (Wu et al. 2013). Dextran-
based stable nanoparticles, with an average hydrodynamic diameter of 130 nm and
a zeta potential of around —10 mV, have also been prepared by a self-assembly-
assisted graft copolymerization of acrylic acid and dextran under the presence of the
crosslinker N,N’-methylene bisacrylamide. This approach is definitely organic sol-
vent free and surfactant free and therefore environment friendly (Tang et al. 2006).

4.4 Chitin and Chitosan

Chitin, a naturally abundant polysaccharide and the main supporting material
of crustaceans and insects is a polymer of N-acetyl glucosamine units linked by
B(1—4) glycoside bonds. It is relatively water insoluble and has a low chemical
reactivity. Chitosan is the N-deacetylated derivative of chitin, although this deacety-
lation is seldom complete (Ravi Kumar 2000). Polysaccharides to be used as bioac-
tive compounds carriers are required to be biodegradable to avoid their accumula-
tion in the body. In the case of chitin, certain chemical modifications must be per-
formed in order to increase its biodegradability. It has been observed, for instance,
that carboxymethyl chitin can be degraded faster than chitosan (McConnell et al.
2008) or N-succinyl chitosan. Carboxymethyl chitin nanoparticles, with diameters
in the range of 200-250 nm, were prepared by cross-linking of a derivatized chitin
solution with CaCl, and FeCl,. These nanoparticles showed antibacterial activity
and controlled and sustained release of active compounds at pH 6.8 (Dev et al.
2010). Na Nakorn (2008) prepared chitin nanowhiskers by hydrolysis of chitin with
3 N HCI at 105°C followed by centrifugation and neutralization. The length of the
nanowhiskers was 300 nm and they were useful to immobilize proteins such as
bovine serum albumin and glucose oxidase.

Chitosan has many interesting properties such as biodegradability, non-toxicity
and a good antimicrobial activity against many bacteria, yeasts and fungi (Kong
et al. 2010). It has also many important applications in foods such as antioxidant,
hypocholesterolemic agent, preservative and thickener (Raafat and Sahl 2009).
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Chitosan nanoparticles have been considered by many researchers as very attractive
carriers for bioactive compounds. Chitosan is soluble in most diluted organic acids
at pH<6.5 and is obtainable in a wide range of molecular weights. There are five
main methods to prepare chitosan nanoparticles: ionotropic gelation, microemul-
sion, emulsification solvent diffusion and polyelectrolyte complex (Tiyaboonchai
2003).

Ionotropic gelation is based on the electrostatic interaction of the amino groups
in chitosan and the negatively charged group of a polyanion. Briefly, this method
involves the dissolution of chitosan in acetic acid followed by the addition of a
polyanion such as sodium pyrophosphate or tripolyphosphate and a stabilizer such
as poloxamer. The nanoparticles are formed under constant stirring at room tem-
perature (Velasco-Rodriguez et al. 2012).

The microemulsion method is based on the generation of chitosan nanoparticles
in the water core of reverse micelles which are subsequently cross-linked with glu-
taraldehyde to produce the final nanoparticles with diameters of around 100 nm
(Tiyaboonchai 2003).

Chitosan nanoparticles can also be prepared by the emulsification solvent diffu-
sion method as reported by El-Shaboury (2002). The method is based on the forma-
tion of an oil-in-water emulsion after injection of an organic phase into a chitosan
HCI solution containing an emulsifier (poloxamer 188 or lecithin) under mechani-
cal stirring followed by high-pressure homogenization according to the technique
originally developed by Niwa et al. (1993). The nanoparticles had a size range of
104-148 nm and were suitable to carry highly lipophilic compounds.

The polyelectrolyte complex method is based on the formation of nanoparticles
with sizes between 50 and 700 nm by self-assembly of a polycation (such as chi-
tosan) and plasmid DNA under mechanical stirring at room temperature (Erbacher
et al. 1998).

Many applications have been reported for chitosan nanoparticles. Na Nakorn
(2008) immobilized the enzyme glucose oxidase in chitosan nanoparticles prepared
by ionotropic gelation to develop a glucose biosensor. Pulido and Beristain (2010)
encapsulated ascorbic acid in chitosan nanoparticles obtained by ionotropic gela-
tion and spray dried afterwards. The vitamin was stable for up to 60 days of storage
at a water activity of 0.108 and 35°C. The essential cofactor a-lipoic acid (ALA) is
known to be a very strong antioxidant. It is highly unstable when exposed to light
or heat; however, it has been stabilized by direct complex formation with chitosan
(Kofuji et al. 2008). It has also been encapsulated by spray drying in chitosan mi-
crospheres with a diameter of 7.89 pm. Significant retention (75 %) of the antioxi-
dant activity of ALA was obtained when compared to free ALA (Weerakody et al.
2008). Velasco-Rodriguez et al. (2012) prepared ALA-loaded chitosan nanospheres
by ionotropic gelation and sodium pyrophosphate or tripolyphosphate as the poly-
anion and in the presence or absence of poloxamer 188 as stabilizer. Very small
nanoparticles (20.3-23 nm) were obtained in the absence of poloxamer 188 and
ALA (see Fig. 4.1). The smallest diameters (180 nm) were obtained with sodium
pyrophosphate and the poloxamer had the effect of increasing the diameter of the
nanospheres. All the preparations showed stability zeta potentials at pH values <5.3



4 Polysaccharide-Based Nanoparticles 63

200000X
23.5 na

Fig. 4.1 Chitosan nanoparticles formed by ionotropic gelation using sodium tripolyphosphate at
pH 5.5 in the absence of poloxamer 188 and a-lipoic acid

indicating a potential use in many acid foods. Using a similar technique, hydro-
philic chitosan-polyethylene oxide nanoparticles with a diameter of 200—1000 nm
were prepared to be used as protein carriers (Calvo et al. 1997) and chitosan—carbon
nanotubes composites have been proposed for use in regenerative medicine and tis-
sue engineering (Olivas-Armendariz et al. 2009).

The preparation of chitosan-based nanoparticles with antimicrobial activity is
well studied. These nanoparticles have a good activity against several pathogenic
bacteria by themselves since chitosan has a good antimicrobial potential (Raafat
and Sahl 2009; Kong et al. 2010), however, the addition of different metal ions
enhance this property. Copper-loaded chitosan nanoparticles obtained by ionotropic
gelation had good antibacterial activity against Escherichia coli, Staphylococcus
aureus, Salmonella cholerasuis and Salmonella typhimurium (Qi et al. 2004). Du
et al. (2009) showed that chitosan nanoparticles loaded with Ag*, Cu?*, Zn?>*and
Mn?*had a good antimicrobial activity against S. aureus and S. cholerasuis. This
activity was stronger for the nanoparticles than for the free ions and was directly
proportional to their zeta potential. Chitosan—silver oxide encapsulated nanocom-
posite film prepared by solution casting has been proved effective against pathogen-
ic bacteria such as E. coli, S. aureus, Bacillus subtilis and Pseudomonas aeruginosa.
This kind of films has been suggested for food-packaging applications (Tripathi
etal. 2011).
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4.5 Cellulose

This polysaccharide is the result of the linear condensation of glucose units linked
by B(1—4) glycosidic bonds (Alais et al. 2008). Extensive research has been per-
formed on cellulose, cellulose nanoparticles, cellulose whiskers and cellulose-based
composites (Moon et al. 2011). Cellulose whiskers have fiber lengths ranging from
100 to several hundred nanometers with diameters of 3—20 nm. They are prepared
by acid hydrolysis of cellulose fibers (Zhang et al. 2007). Nanocrystalline cellu-
lose particles can be considered as a new class of cellulosic materials with many
applications in food technology, biotechnology and medicine. These nanoparticles
are basically prepared by treatment of cellulose fibers with acidic solutions (HCI,
H,SO, or a mixture of both) at different temperatures followed by mechanical or
ultrasound disintegration (Zhang et al. 2007). Under optimal conditions of sulphuric
acid, time and temperature, rod-like nanocrystalline cellulose particles with sizes of
150-200 % 10-20 nm and a yield of up to 75% can be obtained (Ioelovich 2012).
There are many cellulose derivatives which are more soluble than the original poly-
saccharide which has been used to prepare nanoparticles. Ionic cross-linking with
calcium chloride was used to prepare spherical carboxymethyl cellulose nanopar-
ticles with diameters between 150 and 200 nm to encapsulate bioactive compounds
(Aswathy et al. 2012). Curcumin, a powerful antioxidant with anti-cancer capacity
polyphenol found in turmeric, has been successfully encapsulated in hydroxypro-
pyl methylcellulose (HPMC) nanoparticles. These curcumin-loaded nanoparticles
showed maximum anti-cancer activity and induced changes related to cellular apop-
tosis in prostate cancer cells (Yallapu et al. 2012). There are also some prospects for
future applications of cellulose nanoparticle-based polymer composites to increase
the competitiveness of green polymers (Pandey et al. 2013).

4.6 Pectin

Pectin is a carbohydrate polymer derived from natural resources and it is the struc-
tural component of plant cell walls. Pectin is one of the major constituents of citrus
by-products and has good gelling properties to be used in jellies and jams. Chem-
ically, pectin is poly a(1—4) galacturonic acid with varying degree of methyla-
tion. Thiolated pectin nanoparticles have been prepared by the ionotropic gelation
method using magnesium chloride as ionic crosslinker for encapsulating different
bioactive compounds including pharmaceutical drugs (Mishra et al. 2012). Pectin
nanoparticles for the encapsulation of highly hydrophobic compounds have been
prepared from nanoemulsion templates formed by high-pressure homogenization
of pectin—chloroform mixtures (Burapapadh et al. 2012).
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4.7 Hydrocolloids

This group includes several kinds of polysaccharides with gelling, thickening and
water-binding properties. They are often called gums and are hydrophilic polymers
of animal, plant, microbial or synthetic origin that generally contain many hydroxyl
groups and may be considered polyelectrolytes. Some of the hydrocolloids most of-
ten used in the preparation of nanoparticles are obtained from red and brown algae
(Alais etal. 2008). One of the most popular methods to prepare polysaccharide-based
micro- and nanoparticles is ionotropic gelation. In this method, the polysaccharides
are dissolved in water (sodium alginate or pectin) and added dropwise under con-
stant agitation to a solution containing counterions such as Ca”*, Ba**, Mg?", Sr*",
Zn>*or AI**which will induce ionic gelation and separation of microspheres due
to complexation between oppositely charged species (Meorch et al. 2006; Racovita
et al. 2009). Calcium alginate microbeads (1-3 mm) have been extensively used for
the encapsulation of different probiotic bacteria in order to increase the survival of
the microorganisms (Lee and Heo 2000). In our laboratory, we have increased this
survival by the addition of resistant maltodextrin (Medallion Labs., USA) in the
case of Lactobacillus rhamnosus GG and Saccharomyces boulardii and of trehalose
in the case of Lactobacillus plantarum. Alginic acid is a naturally occurring het-
eropolysaccharide extracted from marine brown algae and its structure includes the
a-L-guluronic and -D-mannuronic acids in the form of homopolymeric or alternat-
ing sequence blocks (Racovita et al. 2009). The use of homogenization instead of
just agitation is useful in the regulation of the size of the microspheres. Capela et al.
(2007) were able to produce beads with an average diameter of 39.2 um using an
Ultra-Turrax benchtop homogenizer at 13,500 rpm for 4 min to encapsulate and in-
crease the survival of different probiotic bacteria. Smaller sizes of around 1000 nm
have been obtained with the use of the electrohydrodynamic spraying technique
to encapsulate bovine serum albumin in calcium alginate (Suksamran et al. 2009).
True nanoparticles with radii< 100 nm have been obtained in the aqueous phase of
water-in-oil nanoemulsions using a nonionic oligoethylene oxide surfactant, decane
and a 2% solution of sodium alginate. The ionic gelation of alginate was induced
by the addition of a CaCl, solution with stirring (Machado et al. 2012). Alginate
nanoparticles have been used as carriers for different bioactive compounds (Ahmad
et al. 2010) including the bacteriocin nisin which has been effectively used in nisin-
loaded chitosan/alginate nanoparticles against S. aureus in raw and pasteurized milk
(Zohri et al. 2010).

Carrageenans are hydrocolloids obtained from red sea algae. They are formed
mainly by the potassium, sodium, calcium, magnesium and ammonium sulfate es-
ters of galactose and 3, 6-anhydrogalactose copolymers. These hexoses are alter-
nately linked at the a(1—3) and B(1—4) sites in the polysaccharide (Senthil et al.
2010). The position of the sulfate groups and some inner bonds in the hexoses
gives origin to different types of carrageenan such as the k and A forms. Oliva
et al. (2003) have taken advantage of the ability of A-carrageenan to spontaneously
self-assemble to amphiphilic basic compounds to prepare 50 nm nanoparticles with
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dexchlorpheniramine maleate. Ionic gelation between carrageenans and chitosan
has been used to prepare nanoparticles with particle sizes ranging from 373 to
803 nm (Senthil et al. 2010).

4.8 Conclusion

Many naturally occurring polysaccharides can be considered as abundant, cheap
and adequate raw materials to be used in the preparation of nanoparticles for the
encapsulation of different kinds of bioactive and food compounds for their safe
delivery in the human body. Several processes have been developed for the prepara-
tion of nanoparticles of different shapes and sizes which include chemical reactions
or physical treatments and the choice depends on many factors such as safety, eco-
nomic and environmental considerations, etc.
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Chapter 5
Protein-Based Nanoparticles

Esmeralda Jiménez-Cruz, Izlia J. Arroyo-Maya, Andrés Herniandez-Arana,
Maribel Cornejo-Mazén and Humberto Herniandez-Sanchez

5.1 Introduction

Proteins are linear polymers of L-a-amino acids with a wide variety of structures
and functions. They can be classified in terms of their solubility, chemical structure,
shape, and number of monomeric units.

Protein solubility is determined by a variety of interactions including pro-
tein—protein, protein—water, protein—ion, and ion—water interactions (Trevino
et al. 2008). These biomacromolecules can be classified, based on their solubil-
ity in water-soluble proteins (albumins), salt-soluble proteins (globulins), alco-
hol-soluble proteins (prolamins), acid- or base-soluble proteins (glutelins), and
insoluble in most solvents proteins (scleroproteins). While originally used for
wheat and cereals, this adaptation of the Osborne fractionation scheme has been
applied to most food proteins (Bean and Lookhart 2000). Taking in consideration
the different physicochemical properties, biocompatibility, and degradability of
food proteins, they have a potential role in the development of nanoparticles as
nutraceutical delivery systems (Sundar et al. 2010). There is a growing interest
in the use of nanoparticles for drugs and bioactive compounds delivery vehicles
(Mohanraj and Chen 2006; Kreuter 2007). Protein nanoparticles are relatively
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easy to prepare and due to their subcellular size they can penetrate into tissues
through the capillaries or be taken up by the cells (Chen et al. 2006). Desai et al.
(1996) have shown that the efficiency of intestinal uptake of 100 nm nanoparti-
cles is 15-250 times better compared to larger size particles. Encapsulation of hy-
drophobic bioactive compounds in protein nanoparticles usually increases their
water solubility and bioavailability (Huang et al. 2010). Additional protection of
some bioactive compounds is achieved through the intrinsic antioxidant activity
of proteins (Elias et al. 2008).

Casein micelles are one of the naturally occurring protein-based nanosystems
which allow a better and more efficient transport of dairy calcium, phosphate, and
protein (Miiller-Buschbaum et al. 2007). The micelles are formed by the four main
types of caseins (a, o,, B, and k) and have an average diameter of 150 nm (Kaya-
Celiker and Mallikarjunan 2012). However, currently there are several protocols for
the preparation of nanosystems based on food proteins such as albumins, dairy pro-
teins, gelatin, and some plant proteins. There are two main methods for the prepara-
tion of protein nanoparticles: emulsification and desolvation. In the first method,
an aqueous solution of the protein is emulsified with a vegetable oil at room tem-
perature and added to preheated oil dropwise to evaporate the water and form the
nanoparticles (Jahanshani and Babaei 2008). In the second method, the dropwise
addition under stirring of desolvating agents such as organic solvents or salts sepa-
rates and coacervates the proteins in the aqueous phase. Finally, the addition of a
glutaraldehyde solution will induce intraparticle cross-linking to form the protein
nanoparticles (Jun et al. 2011). Self-assembly methods have also been reported.

5.2 Casein

Esmali et al. (2011) described the self-assembling of B-casein in micelles to be
used as a nanovehicle for curcumin. This hydrophobic phenolic compound is very
important in foods as antioxidant but it has also found important applications as
antimicrobial since it has bactericidal activity against bacteria such as Helicobacter
pylori (De et al. 2009). This self-assembly tendency of bovine caseins has also been
used by Semo et al. (2007) to load liposoluble vitamin D2 into reassembled ca-
sein micelles. These nanoparticles can easily be included in dairy products without
modifying their sensory properties and providing partial protection to the vitamin
against UV light. A similar technique was used by Zimet et al. (2011) to load casein
micelles with the omega-3 polyunsaturated fatty acid docosahexaenoic acid (DHA).
Reassembled micelles prepared at 4 °C in the presence of calcium (50—60 nm) or at
room temperature in the absence of it (288.9 nm) were able to protect DHA against
oxidation showing good stability at 4°C. Mohan et al. (2013) showed the ability
of unmodified casein micelles to bind hydrophobic molecules such as vitamin A
without having to perform the process of reassembling of the caseins. The elabora-
tion of casein nanoformulations by enzymatic cross-linking by transglutaminase
for entrapping bioactive molecules have also been reported (Elzoghby et al. 2011).



5 Protein-Based Nanoparticles 71

5.3 p-Lactoglobulin (B-LG)

B-LG is the main bovine whey protein, is a relatively small protein formed by
162 amino acids with a molecular weight of 18.4 kDa (Kontopidis et al. 2004).
Nanoparticles with an average diameter of 60 nm have been prepared using a de-
solvation method which included a preheating at 60 °C of the B-LG solution, the
use of acetone as desolvating agent, and glutaraldehyde as the cross-linking agent.
The nanoparticles were stable under acidic and neutral conditions showing good
potential for encapsulation and controlled delivery purposes (Ko and Gunasekaran
2006; Gunasekaran et al. 2007). The preparation of microparticles composed of
a core of aggregated B-LG covered by a shell of carboxymethylcellulose (CMC)
has been reported by Carpineti et al. (2014). The first step involves the formation
of a core of aggregated B-LG by heating protein solutions at 80°C for 15 min at
pH 7 and then, in a second step, to induce the shell deposition by promoting the
electrostatic union of the anionic CMC molecules on the previously formed core.
The protein core has an average diameter of 200 nm which increases to 1 um when
the polysaccharide is incorporated.

5.4 «o-Lactalbumin (a-LA)

It is quantitatively the second most important protein in whey, has a molecular
weight of 14.2 kDa, is able to bind calcium, and is the regulatory subunit of the en-
zyme lactose synthase (Kamau et al. 2010; Kaya-Celiker and Mallikarjunan 2012).
Partial hydrolysis of a-LA with a bacterial protease from Bacillus licheniformis
was shown to induce the formation of nanotubes by self-assembly of the generated
peptides. These are the only food protein nanotubes and are formed in the pres-
ence of calcium at neutral pH (Kaya-Celiker and Mallikarjunan 2012). Graveland-
Bikker et al. (2009) propose the existence of dimeric building blocks which are
able to self-assemble into a 10-start, right-handed helix via B-sheet stacking to
form the nanotubes. The kind of self-assembly depends strongly on the protein
concentration. At a-LA concentrations >3 % and in the presence of calcium, long
tubular structures with diameters of about 20 nm can be obtained. At lower a-LA
concentrations, linear fibrils with diameters of 5 nm or random aggregates are pro-
duced (Kamau et al. 2010). a-LA nanotubes are very stable and due to their long
linear structure can be used as viscosifying agents (Kaya-Celiker and Mallikarju-
nan 2012). The presence of an 8§ nm cavity in these tubes could be useful for the
possible encapsulation of nutraceuticals, vitamins, and prebiotics (Kamau et al.
2010). This method is applicable to other proteins as well and has been investigated
in the immobilization of enzymes or to prepare analogues to muscle fiber (Weiss
et al. 2006). Esmaelizadeh et al. (2011) also used enzymatic hydrolysis to produce
very small a-LA nanoparticles. They used the endoproteinase Glu-C (V8 protease)
from Staphylococcus aureus strain V8 to produce partial hydrolysis of ALA in the
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presence of calcium or manganese. The resulting mixture was annealed for 2—4 h in
a water bath at 50 °C. Under these conditions, nanospheres with diameters between
3 and 5 nm were formed.

Mehravar et al. (2009) used the desolvation process for the preparation of a-LA
nanoparticles. They examined the effect of pH, temperature, and solvent on the
size of the nanoparticles. They found that the use of acetone as the desolvating
agent produced smaller particles than ethanol and that the use of higher values of
pH and lower temperatures generated nanoparticles with larger diameters. In this
study, nanoparticles with sizes between 102 and 454 nm were obtained. Mehravar
et al. (2011) applied the Taguchi method to optimize the diameter of the nanopar-
ticles. The optimal conditions for the production of particles were pH 2.5, 50°C,
and a stirring speed of 750 rpm for a nanoparticle diameter of less than 220 nm.
Arroyo-Maya et al. (2012) studied the effect of several treatments on the capac-
ity of ALA to form nanoparticles by the desolvation method with glutaraldehyde
cross-linking. The use of acetone as desolvating agent allowed the authors to ob-
tain nanoparticles with smaller sizes (152.3 nm) as shown in Fig. 5.1. The use of
the solvent with a small polarity index (isopropanol) produced the particles with
the largest hydrodynamic diameter (293.4-324.9 nm). Ethanol produced interme-
diate size particles (205.1-246 nm). These results could indicate that by carefully
controlling the hydrophobic interactions it is possible to control the size of a-LA
nanoparticles. The nanoparticles obtained with ethanol had an isoelectric point of
3.61 and are very stable at pH values>4.8 (according to their zeta potential values)
so they could be useful as bioactive compounds’ nanocarriers in different foods.
The nanoparticles were degraded by trypsin at pH 2 and pancreatin at pH 8 even
after the cross-linking reaction.

5.5 Bovine Serum Albumin (BSA)

BSA is a protein with great potential for the preparation of nanovehicles with
possible food applications since it is nontoxic and biodegradable. Many reports
have dealt with the production of BSA nanoparticles, generally by the desolva-
tion method using acetone with glutaraldehyde cross-linking (Sailaja and Ama-
reshwar 2012). The preparation of size-controlled BSA nanoparticles is still a
challenge for food nanotechnologists and there are different proposals. Sailaja
and Amareshwar (2012) indicate that size control of BSA nanoparticles can be
achieved by the intermittent addition of acetone. Jun et al. (2011) reported that
the size and the surface area-to-volume ratio of BSA nanoparticles can be con-
trolled by varying the protein concentration, pH, and NaCl content. They also in-
dicate that the surface area-to-volume relationship is more useful as a parameter
than diameter for comparative studies of nanomaterials. Calcium citrate-loaded
BSA nanoparticles with diameters from 260 to 919 nm were prepared with this
method.
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Fig. 5.1 o-Lactalbumin nanoparticles formed by desolvation using acetone as the desolvating
agent at pH 3 and cross-linked with glutaraldehyde

Degradation by the enzymes of the gastrointestinal tract is a major factor influ-
encing the efficiency of protein-based nanocarriers. Singh et al. (2010) used poly-
L-lysine (PLL) to coat BSA nanoparticles, produced by desolvation with ethanol, to
increase the resistance to in vitro enzymatic degradation. They found that the use of
lower molecular weight PLL for coating increased the resistance to trypsin degrada-
tion and enhanced the stability of the BSA nanoparticles to be used as nutraceuticals
nanovehicles.
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5.6 Human Serum Albumin (HSA)

HSA, similarly to BSA, has been shown to be biodegradable, safe, easy to purify,
and soluble in water, and therefore an ideal protein for nanoparticle preparation
(Sebak et al. 2010). These nanoparticles have been usually prepared by the desol-
vation agent using ethanol as the desolvating agent. The nanoparticles have been
stabilized by the addition of glutaraldehyde as a cross-linking agent or by heat
denaturation (Weber et al. 2000). As in other cases, HSA nanoparticles have been
characterized by sedimentation velocity analysis, dynamic light scattering, size
exclusion chromatography, and electron microscopy (Vogel et al. 2002). Several
studies have been performed on the parameters of the desolvation process. Re-
sults have indicated that the particle size depended on the amount of desolvating
agent added (Weber et al. 2000) and on the pH value of the HSA solution prior to
desolvation (Langer et al. 2003), but not on the amount of cross-linker of cross-
linking procedure (glutaraldehyde or heat). At pH values of 8 and higher low-
polydispersity, nanoparticles with average diameters between 200 and 300 nm can
be prepared and the higher the pH, the smaller the nanoparticles. An increase in
the concentration of glutaraldehyde reduces the surface amino groups decreasing
the zeta potential of the nanoparticles (Langer et al. 2008). This kind of particle
is degraded in the presence of different proteases such as pepsin and cathepsin B
at low pH and trypsin and proteinase K at neutral pH. Arroyo-Maya et al. (2012)
have indicated the importance of the dielectric constant and polarity index of the
desolvating agent on the nanoparticle size for the case of a-LA. Storp et al. (2012)
found something similar for the case of HSA and used a combination of methanol
and ethanol as desolvating agent to prepare very small spherical HSA nanopar-
ticles with diameters between 50 and 80 nm.

5.7 Egg Albumin (EA)

EA nanoparticles have also been prepared by the desolvation method using acetone
as desolvating agent and cross-linking with glutaraldehyde (Taheri et al. 2012). Size
and morphology were studied by photon correlation spectroscopy and atomic force
microscopy. The process was optimized using the Taguchi method and the authors
were able to obtain nanoparticles with a minimal diameter of 51 nm at 55 °C, 30 mg/
ml EA concentration, 500 rpm agitation speed, and pH 4.

5.8 Gelatin

Gelatin is a natural protein prepared from collagen and is commonly used for
pharmaceutical, food, and medical applications, because of its biodegradability
and biocompatibility in physiological environments (Ramachandran and Shanmu-
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ghavel 2010). Nanoparticles with diameters in the range of 112 to 386 nm have
been prepared from this macromolecule by a two-step desolvation method using
acetone or ethanol as desolvating agents and cross-linking with glutaraldehyde.
These nanoparticles showed a good uptake by cells in culture (Azarmi et al. 20006).
This method was originally described by Coester et al. (2000) indicating that after
the first desolvation step, the low molecular gelatin fractions present in the super-
natant are removed by decantation. The high molecular fractions present in the
precipitate are resuspended and then desolvated again at pH 2.5 in a second step.
The resulting nanoparticles can then be simply purified by centrifugation. Nega-
tively charged gelatin nanoparticles have also been prepared by simple coacerva-
tion. These particles are spherical with a diameter of 45+5 nm and are very stable
(Mohanty et al. 2005).

5.9 Gliadin

Wheat gliadins are a highly polymorphic group of seed storage proteins which ap-
pear to be suitable polymers for the preparation of nanoparticles which are usu-
ally able to interact with biological surfaces such as the gastrointestinal mucosa
(Jahanshani and Babaei 2008). Gliadin nanoparticles are usually prepared by the
desolvation method using an ethanol:water phase (7:3 by vol.) as desolvating agent
and cross-linking with glutaraldehyde. The particles so prepared have a diameter of
453+24 nm, a zeta potential of 24.5+£0.5 mV, and a yield of 86.8 %. They devel-
oped a good bioadhesive interaction with the intestinal mucosa indicating a good
potential as a nanovehicle for bioactive compounds (Arangoa et al. 2001). Ezpeleta
et al. (1996) used a similar system to prepare all-trans-retinoic acid-loaded gliadin
nanoparticles. They obtained 500 nm particles with a yield of about 90% and an
entrapment efficiency of about 75 % of the all-trans-retinoic acid. This compound
has been widely used in the treatment of acne and other skin disorders.

5.10 Legumin

Legumin is one of the most important storage proteins in the pea seeds and is the
source of sulfur-containing amino acids in these legumes (Jahanshani and Babaei
2008). Irache et al. (1995) prepared legumin nanoparticles of an average diam-
eter of 250 nm by means of a pH-coacervation method and cross-linking with
glutaraldehyde. Coacervates were prepared by mixing one volume of'a 0.5 % w/v
aqueous solution of legumin (pH 9 with NaOH 0.01 N) with two volumes of a
constantly stirred solution of Synperonic™ PE/F 68 in phosphate buffer. The ion-
ic strength and the pH were held constant at 0.103 M and 6.8, respectively. The
nanoparticles were stable when the pH was neutral but were quickly degraded at
low values of pH. Mirshahi et al. (2002) reported that these nanoparticles are not
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able to elicit an immune response when injected intradermally in rats probably
due to a reduction in antigenic epitopes of the legumin induced by the glutaral-
dehyde during cross-linking.

5.11 Zein

Zein, the corn prolamin protein, includes a group of alcohol-soluble proteins which
are water insoluble (Gémez-Estaca et al. 2012). Zein nanoparticles are suitable, like
gliadin nanoparticles, to incorporate hydrophobic bioactive compounds. There are
reports of different methods to prepare this kind of nanoparticles. Zhong and Jin
(2009) produced zein nanoparticles by liquid-liquid dispersion. This process takes
advantage of the solubility characteristics of zein in ethanol at different concentra-
tions. The particles were prepared by shearing zein solutions into an aqueous phase.
The average size of zein nanoparticles was between 100 and 200 nm. This process
has been used to encapsulate oregano, thyme, and cassia essential oils. Podaralla
and Perumal (2010) produced zein nanoparticles by pH-controlled nanoprecipita-
tion. The particles had an average particle diameter of 460 nm and were success-
fully used to encapsulate 6,7-dihydroxycoumarin. Gémez-Estaca et al. (2012) used
electrodynamic atomization to form the zein nanoparticles. They studied the effects
of protein concentration, flow rate, and applied voltage on the size and morphol-
ogy of the particles. The diameter of the particles ranged from 175 to 900 nm and
increased with zein concentration and flow rate. The adequate voltage for the pro-
cess was 16 kV. Zein nanoparticles with round shapes were produced for zein con-
centrations from 5 to 15%, however a sudden change to nanofibers was observed
when the concentration reached 20%. The particles were suitable to encapsulate
curcumin. Xu et al. (2011) were able to produce hollow nanoparticles with mean
diameters as small as 65 nm and capable of holding larger amounts of bioactive
compounds to be carried into cells. In this method, a zein solution in 70 % ethanol
was mixed with Na,CO, precipitated in 70 % ethanol to wrap the zein. Water was
added to precipitate the zein and to dissolve the carbonate leading to the formation
of the hollow zein nanoparticles. Hydrophobic compounds encapsulated in this kind
of particles showed a more constant and controlled release than the one in solid zein
nanoparticles.

5.12  Soy Protein

Soy protein isolates (SPI) are adequate raw materials for the elaboration of nanopar-
ticles. They consist mainly of the components glycinin and -conglycinin. Curcum-
in-loaded SPI nanoparticles have been prepared by the desolvation method using
ethanol as the desolvating agent and cross-linking with glutaraldehyde. The mean
diameter of the particles was in the range of 220.1 and 286.7 nm and a zeta potential
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of =36 mV which guaranteed a good stability. Encapsulation and loading efficiency
were 97.2 and 2.7 %, respectively (Teng et al. 2012).

5.13 Conclusion

Protein-based nanoparticles have shown a good potential as bioactive compound
delivery systems for foods. So far, nanoparticles from different proteins includ-
ing water-soluble (albumins, gelatin, SPI) and water-insoluble (zein, gliadin) have
been successfully prepared and loaded with several bioactive compounds in order
to increase their bioavailability and release. The balance in the composition of hy-
drophobic and polar or charged amino acids of the protein will have a strong influ-
ence in the type of bioactive compound which can be loaded into the nanoparticles.
Albumins, for instance, have generally a low content of hydrophobic amino acids
and their nanoparticles will be able to hold compounds by hydrogen bonds or elec-
trostatic interactions. The opposite is true for gliadin or zein, and their nanoparticles
are suitable for incorporating highly hydrophobic compounds. SPI have a balanced
composition and therefore can form nanoparticles which can be loaded with hydro-
philic or hydrophobic compounds. It is very likely that in the future chemically or
genetically modified proteins with different amino acid balance could be available
to prepare nanoparticles which can be loaded with almost any bioactive compound
for controlled release to any organ and stable enough to be incorporated in diverse
foods. Finally, caution has been suggested in some cases. There are reports indicat-
ing that some food processes that involve shear forces may provoke the formation
of amyloid fibrils in high protein foods (Raynes et al. 2014). Toxicological testing
is suggested in these special cases.
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Chapter 6
Indentation Technique: Overview
and Applications in Food Science

Israel Arzate-Vazquez, Jorge Chanona-Pérez,
German A. Rodriguez-Castro, Ariel Fuerte-Hernandez,
Juan V. Méndez-Méndez and Gustavo F. Gutiérrez-Lopez

6.1 Indentation Technique

6.1.1 Definition

Indentation technique or instrumented indentation testing (IIT) involves the appli-
cation of force with a known geometry indenter (tip) on the surface of a material,
during the test the force and the depth of the tip into the material surface are con-
stantly monitored (Fischer-Cripps, 2006b). Currently, indentation instruments can
control the maximal load applied and the depth of the indenter on the surface. The
indentation technique is mainly used for evaluation of mechanical properties such
as hardness and elastic modulus, but also can include studies of the fracture resis-
tance of brittle materials, mechanical mapping, dislocation behaviors, yield strength
and residual stresses, obtaining information about plastic and elastic deformation,
viscoelastic behavior, or performance of time-dependent materials (e.g., polymers
and biological materials; Fischer-Cripps 2006b; Lucca et al. 2010).

This technique is very versatile and has some advantages which are mentioned
below:
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It is a quick and nondestructive test.

* The sample size is small.

» It is possible to evaluate mechanical properties of coatings and thin films of mi-
cro- and nanometric thickness.

* Measurement is local, allowing the characterization of phases present in the ma-
terial.

* Mechanical mappings can be performed along the samples.

» Sample preparation is minimal and in the case of metallic materials it is required
that the samples are polished just as in the case of bone samples.

Due to the importance and increasing use of the indentation technique in materi-
als science, it was necessary to develop international standards; an example is the
international standard ISO 14577 “Metallic materials-instrumented indentation test
for hardness and materials parameters,” which was published in ISO 2002. The
standard consists of three parts, where the part 1 refers to the test method, part 2
to the verification procedures and calibration of testing machines, and part 3 is
the calibration of reference blocks. ISO 14577-1 establishes ranges of indentation
technique based on the maximum load applied and the maximum depth of pen-
etration (Table 6.1). Subsequently, the Part 4 of the standard was developed that
is aimed specifically at the indentation of coatings and thin films, this was called
ISO 14577-4 “Test method for metallic and nonmetallic coatings ISO 2007.” The
development of ISO 14577-4 is currently of great importance because it provides
details to consider when applying the indentation technique to characterize coatings
and thin films, which are manufactured using nanotechnology tools (e.g., chemical
vapor deposition CVD).

As mentioned above, there are great advances in the application of the technique
in metallic materials, however recently in biological materials the use of technique
is increasing and therefore it is necessary to establish protocols and international
standards to consider specific issues in these samples that are more complex due to
its multiphasic composition and heterogeneous microstructure.

There are a wide variety of indentation instruments with different features in the
market, typically the monitoring of displacement of indenter is done by capacitance
or inductance method, while the generation force is done by electrostatic force,
magnetic coils, or by piezoelectric element (Ebenstein and Pruitt 2006). Indentation
instruments are capable of applying loads in the order of N to uN, which include the
three ranges indentation defined by ISO 14577, additionally the instruments count
with optical microscopes or heads atomic force microscopy through which the re-

Table 6.1 Ranges of indentation technique as a function of maximum load applied and maximum
depth of penetration (based in ISO 14577-1)

Range Maximum load (Fmax) Maximum depth (hmax)
Macro 2N to 30 kN -

Micro Less than 2 N Greater than 200 nm
Nano - Less than 200 nm
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-

Fig. 6.1 Nanoindentation tester (TTX-NHT, CSM Instruments, Switzerland) located in the Centro
de Nanociencias y Micro y Nantecnologias at Instituto Politécnico Nacional, México

sidual footprint after indentation test can be captured. Figure 6.1 shows a nanoin-
dententation tester with optical microscope coupled to a digital camera (NNH-TTX,
CSM Instruments, Switzerland).

6.1.2 Measurement Method

Instrumented indentation systems allow the application of a specified force or dis-
placement history, in such a way that force and displacement, P and /, respec-
tively, are controlled and measured simultaneously over a complete loading cycle.
The process of IIT involves an indenter tip, normal to the sample surface, which is
driven into the sample by applying an increasing load up to a specific value. The in-
denter is withdrawn gradually and the load decreases until full or partial relaxation
occurs in the material. Figure 6.2 illustrates the indentation process steps.

The main purpose of the instrumented indentation technique is to calculate the
contact area (A4) of the residual footprint as a function of the load applied by the
indenter. In order to estimate the size of the contact area (4) it is necessary to know
the geometry of the indenter used, because it has to calculate the contact depth (4,)
which is related to the contact area. Therefore, the indenters or tips play an impor-
tant role in the indentation technique.
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Fig. 6.2 Indentation process steps: approaching the indenter (a), contact point between the
indenter and surface (b), application of the load (c), increasing load up to the maximum load
(P, (d) and unload the indenter (e)

The basic geometries of the indenters include pyramidal and spherical. Berkov-
ich and Vickers are the most pyramidal indenters commonly used. The Berkovich
indenter has a pyramidal geometry with triangular base and an angle of 65.03° be-
tween the axis of the pyramid and the three faces; on the other hand the Vickers
indenter has a pyramidal geometry with square base with an angle of 136° between
opposite faces of the pyramid (Fischer-Cripps 2006b, 2011c; Lucca et al. 2010).
The pyramidal indenters are mainly used for hard materials (metals and ceramics),
but also can be used for biological materials (e.g., bones and teeth) (Ebenstein and
Pruitt, 2006; Lucca et al. 2010). The spherical and conical-spherical indenters are
recommended for soft materials (e.g., polymers, elastomers, biological materials,
and foods) because they minimize plastic deformation and stress concentration and
avoid damaging the sample (Ebenstein and Pruitt, 2006). This kind of indenters
can be designed in different sizes of 200 um to 1 pm of diameter. Figure 6.3 shows
three-dimensional (3D) representations of the pyramidal (Berkovich and Vickers),
spherical, and conical indenters. Another type of indenters that is rarely used is the
cylindrical flat punch. Diamond is the material most used for the manufacture of
indenters, however they can also be made of tungsten carbide and sapphire (Lucca
etal. 2010).

a b c d

Fig. 6.3 3D representations of the indenters most commonly used in the indentation technique:
Berkovich (a), Vickers (b), spherical (¢) and conical (d)
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6.1.3 Analysis of Data (Hardness and Elastic Modulus)

When instrumented indentation test is used to estimate the elastic modulus and
hardness of material, it is necessary to obtain load versus depth/displacement mea-
surements. Depth measurement and knowledge of the shape of indenter are used to
calculate the contact areas, instead of measurement of the size of impressions. There
are different methods to analyze the load-displacement data that are used to com-
pute hardness and elastic modulus of materials. Oliver and Pharr (1992) proposed
a method of analysis for the load—displacement curves, known as compliance. Fig-
ure 6.4 is a schematic illustration of load—depth indentation measurements, where
the deformation during loading is assumed to be both elastic and plastic (Hardness
printing form) and the elastic displacement is recovered during unloading. The pa-
rameter P is the load and % the displacement relative to the initial surface. From the
load—penetration curve, P _ is the maximum load, #__ is the maximum displace-
ment, S is the contact stiffness determined as the slope of the upper portion of the
unloading curve during the initial stages of unloading (dP/dh), and 4, is the perma-
nent depth of penetration after the indenter is fully withdrawn.

Doerner and Nix (1986) determined the hardness (H) and elastic modulus (£)
considering that the contact area remains constant as the indenter is withdrawn.

Fig. 6.4 A schematic illustra-

tion of load—penetration Pause
measurements for an indenta- \
tion test Py

Loading

Unloading

Indentation load (P)

|II‘ hmnx
Displacement (h)
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However, Oliver and Pharr (1992) showed that unloading curves are distinctly
curved and usually well fitted by the power law relation:

P=a(h-h)", (6.1)

where a and m are power law fitting constants. From these data, the initial unload-
ing slope (contact stiffness, S) is estimated by analytically differentiating Eq. (6.1)
and evaluating the result at the maximum indentation depth:

dp 1
s=(% = Bm(h yay — hp)""" 6.2
(dh)h=hmax m( £) (6.2)

From Eq. (6.3) is calculated the contact depth /_ (see Fig. 6.5) under the maximum
indentation force:

(6.3)

where ¢ is a constant which depends on the indenter geometry, 0.72 for conical
indenters (Hay and Pharr 2000).

The projected contact area, 4, under the maximum indentation force considering
a sharp conical indenter is obtained by the indenter tip included angle, 0, and the
estimated contact depth, 4, that is

A = [(h).tan6]". (6.4)

According to assumption that the compliances of the specimen and the indenter tip
can be combined as springs in series, the effect of a nonrigid indenter on the load—

Indenter

Initial surface Surface after load
removal ‘

Surface under load

Fig. 6.5 Cross section of an indentation
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displacement curve can be accounted for by defining a reduced modulus calculated
by

5o

a7
and
12 12
izl \4 +1 Vi ’ (66)
E E E

where v and vi, E and E, are Poisson’s ratios and elastic modulus of the material
evaluated and the indenter material, respectively. Hardness is defined as the ratio of

indentation load and projected contact area, as following:

P max
A .

H = (6.7)

This definition of hardness is different from that used in an imaging indentation
test. In the latter case, the area is the residual area measured after the indenter is re-
moved, while in the instrumented indentation test the area is the contact area under
maximum load. A conventional hardness test with zero residual area would give
infinite hardness, while a nanoindentation test would give a finite hardness.

6.1.4 Parameters and Viscoelastic Behavior

Some materials exhibit a time-dependent mechanical behavior or viscoelastic (e.g.,
glass, metal or ceramics at high temperatures, polymers, plastics, composites; Che-
na et al. 2013; Lisnyaka et al. 2008); however, most biological materials exhibit
different degrees of viscoelasticity (e.g., tissues, organs of plants and animals, food
materials; Isaksson et al. 2010). Viscoelasticity is a time-dependent mechanical
property of the materials with sensitivity to load rate and deformation applied. Vis-
coelastic behavior can be quantified in a material by the phenomena occurring in
this when loads and deformations are applied, such as modulus of elasticity which
is dependent upon the rate of loading, creep, relaxation, and hysteresis.

By indentation technique is possible to determine the viscoelastic properties
such as creep and relaxation in different kinds of biological materials (Wu et al.
2011). In order to represent the creep behavior, the sample is subjected to a loading
rate until reaching a maximum value, in which the load is kept constant during a
certain period of time, and finally applying an unloading rate until this reaches zero.
Indenter depth within the period where the load is kept constant represents the creep
(Fischer-Cripps 2004a), and is given by the following equation:
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a b:"_.

Fig. 6.6 Typical curve of indentation of cortical bone (a) and graph of load applied (segmented
line) and depth indentation (continuous line) in function of time (b) showing of creep indentation

hy —h
Cir = % % 100, (6.8)

1

where /£, is the indentation depth at time #; when the force is kept constant, and 4,
is the indentation depth at the time ¢, of holding the constant test force, as shown
in Fig. 6.6b.

Figure 6.6a represents the typical curve during a nanoindentation test of cortical
bone in osteons lumbar vertebrae pig, showing the relationship between the applied
force and the indentation depth. While in Fig. 6b, the segmented line plot repre-
sents the application of force and the continuous line plot corresponding indentation
depth (creep) both in function of time. The parameters used were: maximum load of
10 mN, loading rate of 120 mN/min, unloading rate of 120 mN/min, and 10 s pause
at maximum load.

Otherwise, in order to represent the relaxation behavior, an indentation depth
ratio is applied in the sample, to reach a maximum value which is kept constant dur-
ing a certain period of time and finally applying an unloading rate of the indentation
reaching a value of zero. Indenter force is included in the period where indentation
depth is kept, represents the relaxation of stresses in the material, and is given by
the equation:

Fi—F
Rir = —1— "2 % 100, (6.9)
F

where £, is the force at time #, when the indentation depth is kept constant, and F,
is the force at time £, in the moment the indentation depth maintained was removed,
as shown in Fig. 6.7b.

Figure 6.7a represents the curve during a nanoindentation test in an annulus
porcine lumbar intervertebral disc, showing the relationship between indentation
depth and force. Whereas in Fig. 6.7b, segmented line plot represents the inden-
tation depth applied and continuous line plot represents the corresponding force
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a b ‘

Fig. 6.7 Indentation curve controlling of depth in annulus porcine lumbar intervertebral disc (a)
and graph of load applied (continuous line) and depth indentation (segmented line) in function of
time (b) showing relaxation indentation

(relaxation) both in function of time. The parameters used were: maximum depth
of 1000 nm, loading rate of 2500 nm/min, unloading rate of 2500 nm/min, and 30 s
pause at the maximum indentation depth.

Therefore, from the above it can be concluded that from indentation curves con-
trolling the applied load and the indentation depth the creep and relaxation indenta-
tion can be calculated which are parameters that are associated with viscoelastic
behavior. The following briefly describes the term viscoelasticity to have a greater
understanding of this behavior present in biological materials.

The two basic components of the viscoelastic behavior are viscosity and elastic-
ity. When sudden load is applied to a viscoelastic material, it exhibits an elastic
behavior presenting a deformation, which is represented by a spring in a mathemati-
cal model. The elastic behavior is described by Hooke’s Law, where the stress is
directly proportional to the strain but independent of the strain rate:

o = Ee, (6.10)

where o is the stress, E the elastic modulus, and ¢ the strain.

Immediately after this, the material behaves as a viscous liquid, which is rep-
resented by a dashpot using a mathematical model. This behavior is described by
Newton’s law, in which the stress is directly proportional to the strain rate but inde-

pendent of the same strain:
de
=n|—= 6.11
o= < dt) , (6.11)

where o is the stress, 71 is the coefficient of viscosity of the fluid, and % is the
strain rate.

If a viscoelastic material is subjected to a higher load rate, the slope of the stress—
strain curve will be steeper and therefore, the elastic modulus will be higher, this
characteristic is typical of viscoelastic materials. In a viscoelastic material, the creep
occurs when a sudden load is applied and this is kept constant for a certain time.
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Fig. 6.8 Diagram of different models representing the viscoelastic behavior based in creep and
relaxation: Maxwell model (a), Kelvin—Voigt model (b), and Three-Element Model (c)

The typical curve shows a steady state asymptotically (Fig. 6.8, C2). Relaxation
occurs when in a previously deformed material, the stresses to which it is subjected
decrease asymptotically through a certain time, whereas the deformation is kept
constant (Fig. 6.8, C3).

A viscoelastic material also exhibits a phenomenon called hysteresis when sub-
jected to cyclic loading and unloading. During this process, the material presents a
loss of energy, which is represented by the area between the loading and unloading
curve. Viscoelastic materials can be represented by constructing mathematical mod-
els that include arrangements between springs and dashpots. The springs are used
to represent the behavior elastic solid, whereas the dashpots represent the behavior
of a viscous fluid. From serial and parallel arrangement between these elements, it
is possible to construct empirical models that represent more accurate biological
materials such as bone, cartilage, tendons, and ligaments.

One of the basic mathematical models is the Maxwell model, which is construct-
ed by a series arrangement of a spring and a dashpot (Fig. 6.8, A1), the governing
equation for the model is shown in Fig. 6.8, A4, from which is possible to determine
the viscoelastic behavior of the material. In a creep test, this model adequately ex-
plains the instantaneous deformation, which is represented by the spring, this being
true for biological materials; however, the creep is linear and does not conform to
the reality for this type of material (Fig. 6.8, A2), whilst relaxation is exponential,
adjusting to the real behavior of biological materials (Fig. 6.8, A3).

Another basic model is the Kelvin—Voigt model which is constituted by a parallel
arrangement of a spring and a dashpot (Fig. 6.8, B1), the governing equation for the
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model is shown in Fig. 6.8, B4, from which it possible to determine the viscoelastic
behavior of the material. In a creep test in this model, the element represented by the
spring does not present an instantaneous deformation, which is not true for biologi-
cal materials; however, the model explains adequately creep behavior within the
viscous element (Fig. 6.8, B2), whilst not having a relaxation phenomenon, which
is not true for biological materials (Fig. 6.8, B3).

Although these models are useful for understanding, the viscoelastic behavior
does not represent any real material known. However, through a combination of
these, it is possible to construct more complex models able to represent more ef-
ficiently the behavior of different types of biological materials (Yuya et al. 2010;
Lukes et al. 2008). One such model is the Three-Element model, which consists of
a spring and a Kelvin—Voigt model in series (Fig. 6.8, C1), the governing equation
of this model is shown in Fig. 6.8, C4, from which it is possible to determine the
viscoelastic behavior of the material. This model is one of the most used to describe
the viscoelastic behavior of biological materials, as described more realistically
(Fig. 6.8, C2 and C3).

6.2 Mechanical Characterization of Biological Materials
by Indentation

During the last decades there has been increasing use of indentation technique of bi-
ological materials. This fact is due to the advantages this technique has, which have
been mentioned above. In the literature, there are several works in which indenta-
tion technique has been employed for evaluating mechanical properties of biologi-
cal materials to micro- and nanolevels. Table 6.2 has listed some of the published
works using indentation technique in biological materials, in the table the aim of
the research, the mechanical parameters assessed and type of indenter used can be
seen. As seen in Table 6.2, the Young’s modulus or elastic modulus is one of the
more evaluated parameters due to which the biological materials present elastic or
viscoelastic behavior. Additionally, it can be seen that both pyramidal and spherical
indenters are used for the examination of samples.

In general, biological tissues that have been characterized by this technique can
be grouped into soft tissues (e.g., cartilage, arteries, polymers, hydrogels) and min-
eralized tissues (e.g., bones, teeth, bioceramics). Some types of samples that have
been characterized include bones (Albert et al. 2013), teeth (Fung-Ang et al. 2009),
cartilage (Franke et al. 2011), turtle carapace (Achrai and Wagner 2013), black coral
skeleton (Juarez de la Rosa et al. 2012) and wings dragonflies (Tonj et al. 2007).
The use of indentation technique allows to elucidate and establish correlations of
composition-function type, which makes it a powerful and useful tool for the analy-
sis of biological samples.

In the literature, critical review articles are found about the nanoindentation in
biologic materials. Ebenstein and Pruitt (2006) reviewed the most important aspects
of the technique and cited some examples published. They note that the nanoinden-
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Table 6.2 Studies of mechanical characterization of biological materials by indentation technique

1. Arzate-Vazquez et al.

Biological Objective of work Mechanical param- Indenter type | References
material eters evaluated
Articular por- | Use of dynamic Storage E' and Berkovich O. Franke
cine cartilage | nanoindentation at loss modulus E" etal. 2011
different frequency (1.9-7.5 MPa)
ranges
Poly(dimethyl | Investigate the use Young's modulus Spherical Kohn and
siloxane) of surfactants to (0.71-8.34 MPa) Ebenstein,
(PDMS), eliminate adhesion 2013
poly(ethylene | between the tip and
glicol) (PEG) | the sample
Black coral Evaluate the Young's modu- Spheroconical | Juarez de la
skeleton mechanical proper- lus (5.53 to 6.62 Rosa et al.
ties in different zones | GPa) hardness 2012
of the sample (132.95-157.59 MPa)
Turtle carapace | Correlate the Young's modulus (0.2 | Berkovich Achrai and
microscale archi- to 18.2 GPa) hardness Wagner,
tecture with (0.007-0.67 GPa) 2013
the mechanical
properties

tation technique has emerged as a powerful tool for the evaluation of mechanical
properties at the nano- and microscale in tissues and other biomaterials. Besides,
they discuss the operating principle of the technique and mention that most poly-
mers and biomaterials exhibit viscoelastic or time-dependent behavior. A highlight
that they deepen is the hydration factor in biological samples, because the evaluated
properties depend on the state of hydration of the sample, so it is very important to
consider the evaluation of these materials.

In another work, Lucca et al. (2010) presented a review of the measurement
method, the instruments used, and the procedures for analysis of results. Also, a sec-
tion of work allocated to the utility of the indentation in biological materials. They
mention that in general the biological materials show small values of the elastic
modulus, exhibited viscoelastic behavior, and that the mechanical properties de-
pend of their hydration status. As well they mention some studies that have been
conducted in various biological materials.

Moreover, using the indentation technique it is possible to evaluate the fracture
toughness in biomaterials and hard tissue such as bones. Kruzic et al. (2009) studied
four indentation techniques to evaluate the fracture toughness in cortical bone: the
Vickers indentation fracture (VIF) test, the cube corner indentation fracture (CCIF)
test, the Vickers crack opening displacement (VOCD) test, and the interface in-
dentation fracture (IIF) test. Among the conclusions of the work indicate that it
must take into account the spatial resolution when considering biomaterials and
hard biological tissues. Finally, mention that organic component of the hard tissue
may influence the evaluation of material properties.
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In short, the importance of knowing the articles published and advances in the
characterization by indentation technique in biological material, are useful to estab-
lish basic considerations that should be taken into account when examining food
materials which are likely to have similar characteristics to some biological materi-
als mentioned above.

6.3 Examples of the Use of Indentation Technique
in Food Science

There are few reports in the literature regarding the use of the indentation technique
to evaluate mechanical properties in foods. Below are discussed some of the works
that have been published.

6.3.1 Micromechanical Properties of Hen's Eggshell

Severa et al. (2010) describes the applicability of the indentation method for de-
termining micromechanical properties of hen’s eggshell. In methodology, they se-
lected eggshell fragments extracted from different locations and were subsequently
embedded in resins. Resin tablets were polished in order to obtain flat surfaces with
low roughness values. Roughness has a considerable effect on the measurements of
the mechanical properties of the samples evaluated. The elastic modulus was de-
fined as the main parameter for evaluation of the samples. The test variables were:
maximum load of 12 mN, loading and unloading rate of 72 mN/min, and pause of
20 s. A Berkovich diamond tip was used in all the experiments. Figure 6.9a shows
a typical curve of indentation (force vs. penetration depth) on eggshell. In each
sample, the experiment was performed in a matrix of 9 x 24=216 indentations in the
material cross section as shown in Fig. 6.9b.

14.0 1
12.0
10.0 4
8.04
6.0
4.04
2.01
0.0

0

Indentation force (mN)

100 200 300 400
Penetration depth (nm)

Fig. 6.9 a Typical curve of indentation (load vs. penetration depth). b Optical image of eggshell
cross section shows a matrix of indents (9 X24=216) (Severa et al. 2010)
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From the results, high variations in the values of Young’s modulus at individual
points were found. This fact is attributed to the chemical composition (concen-
tration and crystal orientation of CaCO,). The Young’s modulus values were not
significantly different and ranged from 47.4 to 53 GPa. They conclude that the
indentation technique proved to be appropriate, easy to use, and a powerful tool for
local evaluation of mechanical properties of eggshell.

6.3.2 Fracture Behavior in Eggshell

Currently our research group is conducting a study of fracture toughness in eggshell
with the purpose of establishing the fracture behavior using a Berkovich indenter.
Eggs from a national trademark were randomly selected for the experiment. The
eggs were then washed with distilled water to remove dirt. Subsequently, equato-
rial sections of eggshell were obtained and embedded in epoxy resin. Once the
resin was hardened after 24 h, the tablets were polished with sandpaper of different
grain sizes and alumina to achieve a mirror finish. Figure 6.10 shows a diagram of
eggshell preparation to evaluate the fracture by indentation technique. The surface
roughness of the samples was evaluated after polishing with an AFM (diMultimode
V, Veeco, USA) and Ra values (arithmetic average roughness) of 6.54+0.45 nm
were observed. A nanoindentation tester (TTX-NHT, CSM Instruments, Switzer-
land) with a Berkovich diamond indenter was used.

Preliminary results showed that high values of maximum loads generated frac-
tures in the cross section of the eggshell. Figure 6.11 shows an optical image of a

j |[ Fragment selection ”
P jl Resin inclusion |
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e«

Fig. 6.10 Diagram of eggshell preparation for evaluation by indentation technique
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Fig. 6.11 Optical image of
residual footprint of indenta- Organic cutitle _ Eggshell
tion on eggshell showing two 3 :
types of fracture: preexisting
cracks and deflection crack

residual footprint indentation showing two types of fracture patterns: preexisting
cracks and crack deflection.

It is necessary to continue to conduct more experiments to elucidate properly the
fracture pattern and to calculate the fracture toughness by established models in the
literature for biomaterials. Another result observed from preliminary results is the
presence of the indentation size effect (ISE) which establishes the values of hard-
ness and Young’s modulus are based on the maximum load.

6.3.3 Biopolymers and Edible Films

Biopolymer membranes and edible films have been characterized mechanically by
indentation technique. Edible films are films made of biopolymers (polysaccha-
rides, proteins, lipids) that act as gas exchange membranes and confer protection
to the foods in order to extend their shelf life (Lin and Zhao, 2007) Moreover, due
to the growing pollution problem the need to design biodegradable packaging has
arisen which incorporates biomolecules (polysaccharides) in their composition sig-
nificantly reducing the time of biodegradation. Based on the studies published in
the literature, this type of membranes are the most evaluated through indentation
technique and Table 6.3 shows some of them.

Lower values of elastic modulus are present in these materials seen in Table 6.3.
Additionally, the values of the mechanical properties are strongly influenced by the
membrane composition and moisture content. The kind of tip that was used in all
the work was pyramidal, although, as mentioned above, for this type of materials
spherical indenters are recommended.

The advantages of this technique for the characterization of films are obtaining
reliable values of hardness and elastic modulus even when the films have small
thicknesses and it can carry out localized measurements. When performing the
characterization of these materials, the state of hydration should be considered be-
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Table 6.3 Studies of mechanical characterization of biopolymer membranes and edible films by

indentation technique.

Membranes
composition

Objective of
work

Young's modulus
(GPa)

Indenter
type

Reference

To determinate

0.67-0.76

Berkovich

Alginate, chitosan,
alginate/chitosan

Arzate-Vazquez
mechanical etal. 2011
properties
Evaluate dif-
ferences in
edible films
based in their
composition

Evaluate the
properties of
uncross-linked
and cross-linked
films

Establish rela-
tionship between
mechanical

and structural
properties

Study of the
combined effect
of both clay and
glycerol on the
properties

0.05-2.02 Berkovich | Alvarado-Gonzalez

etal. 2012

Aloe vera gel/gellan
gum

Chitosan 1.5 (uncross- Vickers
linked) and 4.7

(cross-linked)

Aryaei et al. 2012

0.061-0.088 Berkovich | Escamilla-Garcia

etal. 2013

Zein and chitosan

Chitosan, clay, 1.70-6.33 Berkovich

glycerol

Lavorgna et al.
2010

cause the mechanical properties evaluated depend on this variable and also it is im-
portant to select the test parameters appropriate for establishing the point of contact
between the tip and the material surface. The incorrect contact point location can
generate mechanical property values underestimated and overestimated.

6.4 Conclusions

Instrumented indentation technique is an efficient tool for the evaluation of mechan-
ical properties at micro- and nanolevel in materials and biomaterials. This chapter
presented an overview of the most important points of the technique. The hardness
and elastic modulus are the parameters obtained from the analysis of the inden-
tation curves. Biological and food materials exhibit viscoelastic behavior or time
dependence and this topic was discussed. Through discussion of articles related to
the use of indentation technique in biological and food materials, the effectiveness
of using the technique for the characterization of such materials was demonstrated.
Some works in food materials were discussed; however, it is necessary to conduct
more studies with other food materials in order to exploit the advantages offered
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by the technique. Additionally, it was shown that it is possible to study the fracture
behavior in biomaterials. This work aims to establish the basic knowledge of the
indentation technique for researchers in the field of food science as well as some
points to consider for the effective evaluation of the mechanical properties of foods.
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Chapter 7
Lipid Matrices for Nanoencapsulation in Food:
Liposomes and Lipid Nanoparticles

Lucimara Gaziola de La Torre and Samantha Cristina de Pinho

7.1 Introduction

Food encapsulation systems produced with lipid-based matrices can be considered
as good choices for the incorporation of a bioactive molecule, especially when such
a molecule is hydrophobic. A high level of hydrophobicity implies in two chal-
lenges—the first is of technological nature, and it is related to the difficulty to in-
corporate a lipophilic bioactive in food formulations, which are often aqueous. The
second challenge is related to the low level of absorption of hydrophobic molecules
by the gastrointestinal tract. Lipid matrices can help to increase their bioacessibility
and bioavailability, as (i) lipids can increase gastric retention time, slowing delivery
to the absorption site; (ii) lipids can affect the physical and biochemical barrier
function of gastrointestinal tract; and (iii) the presence of lipids can stimulate the
secretion of lipid salts and endogenous biliary lipids (Jeong et al. 2007).

Among the colloidal encapsulation systems which can be produced using lipid
matrices, suitable to be incorporated in food, there are the emulsions (macroemul-
sions, microemulsions and nanoemulsions), micelles, hydrogel beads, molecular
complexes, liposomes and lipid particles (micro and nano) (McClements and Rao
2011). In this chapter, liposomes and lipid nanoparticles, two systems in which the
interest of food scientists and technologists has been increasing in the last 10 years,
are described in terms of structure. Also, their various methods of production are
shown, as well as their possible utilization in food formulations.
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7.1.1 Liposomes

Liposomes are colloidal systems, composed by amphipathic lipids that are able to
self-assemble into bilayers and in excess of aqueous media aggregate in spherical
bilayers with an aqueous interior lumen (Fig. 7.1).

The building blocks for bilayer aggregation are special lipids that basically con-
tain into their molecular structures a polar headgroup and a hydrophobic tale (nor-
mally, two fatty acyl chains). This aggregation phenomenon is consequence of a bal-
ance between attractive forces form hydrophobic tales to minimize the interactions
with water and repulsive forces from the ionic, hydrophilic or steric characteristic of
the polar headgroups (Israclachvili 1985). The bilayer aggregation can be predicted
by the packing parameter ( P) that depends on the optimum surface area (a,), hydro-
carbon chain volume (v) and a critical length (/,) of molecules [Eq. (7.1)].

P=vi/a,l, (7.1)

If P assumes value between 0.5 and 1, the critical packing shape is a truncated cone
allowing the aggregation into bilayers.

Depending on the lipid composition and method of production, liposomes can
aggregate in small unilamellar liposomes, where there is only one bilayer and the
vesicle size is 100 nm or lower, large unilamellar liposomes with the same number
of lamellae, but the size is between 100 nm and 1 pm. If there is more than one
lamella these vesicles are considered multilamellar and if there is more than one
aqueous nucleus it is named multivesicular. Figure 7.2 presents a schematic repre-
sentation of the liposome types.

Liposomes resemble biological membranes and depending on the lipid com-
position, they can be biodegradable and non-toxic (Lasic 1997; Park et al. 2004;
Antunes et al. 2009). The common lipids that normally aggregate in bilayers are
double-chained lipids with large headgroup areas such as lecithin (phosphatidylcho-
line, PC), phosphatidylserine, phosphatidylglicerol, phosphatidilinositol, phospha-
tidic acid among others (Israclachvili 1985). Most of the lipids that aggregate into
liposomes are natural and present benefits in nutrition and they can be considered
nutraceuticals. The addition of polyunsaturated lipids in diet is beneficial to health
(Watkins and German 1998) and is recommended in dietary guidelines (Kritchevsky
1998). As example, phospholipids act as emulsifiers in the gastrointestinal system.

Fig. 7.1 Schematic represen- Polar
tation of amphipathic lipid headgroup
that in presence of aque- 3
ous media self-assemble in
bilayers and in excess of this
media aggregates in lipo-
somes. (Adapted from Vitor
etal. 2013)
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Hydrophobictale
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Large Small Multivesicular
Multillamelar Unillamelar Unilamelar

Fig. 7.2 Schematic representation of different types of liposomes (a), transmission electron
microscopy of multilamellar liposomes (adapted from Rosada et al. 2012) (b), small unilamellar
liposomes (adapted from Balbino et al. 2012) (¢) and multivesicular liposomes (d)

Specially, PCs are the building blocks of cellular membranes and are fundamental
on the replacement membrane mass; phosphatidylserine presents benefits for brain
functions (Kidd 2000). Phospholipids with unsaturated carbon chains are prone to
oxidation, affecting the bilayer permeability and liposome stability. In this case, the
addition of antioxidants (e.g. a-tocopherol, vitamin E) is an alternative to overcome
this degradation (Huang and Chung 1998). Another alternative to avoid oxidation
is the use of saturated lipids as building blocks for liposome formation and they
can easily be found in bulk quantities and food grade for commercial applications.

Other natural font of lipids is the milk fat globule membrane (MFGM) (Thomp-
son and Singh 2006) and since it is a mammalian source the lipids composition is
similar to the lipids from the biological membranes, containing basically phospho-
lipids, glycoproteins, neutral lipids among minor other components (McPherson
and Kitchen 1983; Ward et al. 2006). The high ratio of sphingolipids and glyco-
sphingolipids to other phospholipids confers benefits to health such as anticarcino-
genic properties among others (Dillehay et al. 1994; Schmelz et al. 1996). The abil-
ity of MFGM to generate liposomes was demonstrated by Farhang et al. (2012)
encapsulating ascorbic acid as molecule model.

One important property of liposomes is the thermal behaviour. Upon heating
the phospholipids do not undergo a simple melting process from the solid to the
liquid form. Depending on the amount of water, different liquid-crystalline forms
can be found (Taylor and Morris 1995). If liposomes composed by only one lipid
are heated under controlled pressure, there will be multiple thermotropic transition
temperatures that can be detected by differential scanning calorimetry technique.
Among these transition temperatures there is one that is reproducible after subse-
quent cycles of heating and it is the transition from gel to liquid crystalline tempera-
ture (7). Large entropic changes occur during 7' and the trans-gauche rotational
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isomerizations of methylene groups about the single C—C bonds along the lipid acyl
chains are the most important structural changes (Huang and Li 1999). Sterols (cho-
lesterol, ergosterol, sitosterol, etc.) can also be included and cholesterol presence
can affect the bilayer rigidity and permeability, reflecting in a suppression of 7, and
also decrease in bioactive release (Taylor et al. 1990; Senior and Gregoriadis 1982;
Kirby et al. 1984). In practical terms, 7, is an important parameter for production
methods, encapsulation procedures, techniques for size reduction and application of
liposomes. Production techniques and downsizing processes (such as extrusion) are
normally conducted at temperatures higher than 7 , since membrane fluidity is at
its maximum. In addition, some encapsulation procedures and size reduction (Sou
et al. 2003) involve temperature variation across 7, in order to control the mem-
brane fluidity and improve the encapsulation of the bioactive compound and freeze
and thaw is the name of this conventional method. The lipid supplier can inform the
lipid 7, or it can be experimentally determined by using for example differential
scanning calorimetry technique. It is fundamental for the knowledge of T' before
the selection of the production method and also the processing temperature. The
evaluation of 7 and the thermogram can also be an important parameter in order
to investigate the influence of the encapsulated molecule in the thermal behaviour.
Other important parameter to be characterized when liposomal systems are de-
veloped is the average diameter and size distribution and the values are mainly
associated to the lipid composition and production method (including the sizing
procedure). According to the liposome application, the size can be a limit param-
eter. The size and polydispersity limits are common on pharmaceutical applica-
tions (nanoparticles for vaccines, intravenous administration, intracellular delivery)
(Eldridge et al. 1991; Gratton et al. 2008; Nagayasu et al. 1999). Despite most of
the food application, the rigid control of size and polydispersity are not limiting pa-
rameters, its characterization is fundamental regarding safety aspects (Luykx et al.
2008). The dynamic light scattering (DLS) technique is often utilized to determine
the mean diameter and size distribution of liposomes (Egelhaaf et al. 1996) and
it can be easily adapted for quality control purposes. Asymmetric flow field-flow
fractionation coupled with multi-angle static light scattering can also be used to
determinate the average diameter and size distribution (Arifin and Palmer 2003).
In terms of liposome visualization, depending on the aggregates characteristic,
different techniques can be employed. Light microscopy can be used for multilamel-
lar and giant unilamellar liposomes. However, liposomes in the nanoscale require
the use of electron microscopes, such as transmission electron microscope (TEM).
TEM technique can be used for enhance detail and morphological investigations at
higher resolution imaging as described in an excellent paper by Bibi et al. (2011).
These authors investigated different techniques to visualize liposomes. They used
TEM to compare the effects of dried-rehydrated vesicle (DRV) liposomes (produc-
tion of unilamellar liposomes, followed by freeze drying and rehydration steps). Ac-
cording to the authors, the images can be used to support the process effectiveness.
Figure 7.2 presents different TEM images of liposomes. The disadvantage is that
TEM technique cannot be used to visualize inside the vesicles and cryo-electron
microscopy is the alternative. The inner liposomes compartment can be observed
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Fig. 7.3 Schematic representation of metastable colloidal system by DLVO theory. By conven-
tion, positive values of potential energy correspond to repulsion and negative values to attraction.
The kinetic trapping is a minimum of energy, but it is not the lowest minimum of the system. The
lowest minimum of energy correspond to irreversible aggregation (complete phase separation)

by and the multilamellar nature can be determinate by this technique (Bibi et al.
2011). Small angle x-ray study can also be used to study structural parameters of
liposomes, such as number of bilayers and its thickness (Trevisan et al. 2011; Bal-
bino et al. 2012).

Regarding liposomes stability, these colloidal systems are considered metastable
according to the DLVO theory (Derjaguin, Landau, Verwey e Overbeek theory),
where the thermodynamic equilibrium (minimum energy level) is complete phase
separation (flat bilayers), reflecting on the product’s long-term stability. However,
metastable systems have a local minimum of energy where there is a kinetic trap-
ping with an energy barrier to complete phase separation, increasing the shelf life
(Fig. 7.3) (Islam et al. 1995; Hiemenz 1986).

Different strategies can be employed to increase shelf life stability such as (i)
addition of lipids with charged headgroups to increase liposomes repulsion and (ii)
addition to polymers that adsorbs on the liposomes surface avoiding aggregation
(Antunes 2009; Evans and Wennerstrom 1999). In this last case, it is known as steric
stabilization.

Liposomes were initially reported by Alex Bangham in 1965 (Bangham et al.
1965; Bangham, 1992) and the early investigations were concentrated on the use of
liposome as cell membrane model or the phase behaviour of lipids under controlled
conditions (Ostro and Cullis 1989). Later, the presence of amphipathic domains has
led researchers to investigate the potentialities of liposomes as drug and nucleic
acid delivery system (Balbino et al. 2012; de la Torre et al. 2009) and diagnostics
(Ho et al. 2008). In the field of food engineering, more specifically in nanofoods,
it is possible to explore the use of liposomes to deliver vitamins, essential oils, en-
zymes, probiotics, antioxidants, bioactive peptides and explore their capability to
change the pharmacokinetics profile, their ability to increase ingredient solubility,
improving ingredient bioavailability and in vitro and in vivo stability (Keller 2001).
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7.1.2  Liposome Applications in Food

Liposomes applications have been extensively investigated in the encapsulation
of pharmaceutical, cosmetics, anticancer and gene delivery molecules (Vitor et al.
2013, Yang et al. 2007, Balbino et al. 2012). This tendency is not the same regard-
ing applications of liposomes in nanofoods and the development of new products
in this area is still in the early stages (Re et al. 2009). However, the interest in us-
ing these colloidal systems in food products is increasing (Lariviére et al. 1991;
Thompson et al. 2009). The major advantages in using liposomes are that the lipids
present nutritional characteristics and sustained delivery capability and the ability
to release components on demand can be explored (Were et al. 2003). In addition,
the conventional encapsulation protects the bioactive from the food matrix or can
confine undesirable flavours and tastes (Taylor et al. 2005), enhancing the bioac-
tive molecules stability and efficacy in food applications. It is also possible in the
design of liposomes encapsulating more than one bioactive compound in the same
lipid vesicle increasing the activities on delivering agents (Mozafari and Mortazavi
2005).

The proper design of liposomes encapsulating bioactive molecules and the suc-
cess in food applications depends on the well knowledge of the food matrix, such
as the colloidal characteristics, the presence of emulsions, nano/microparticles and
cells that can probably interact with the liposomes. Normally, after understanding
the food matrix, the first step on developing the encapsulation liposomal system is
the selection of the lipid or mixture of lipids that will be used as bilayers. The na-
ture of the bioactive molecule, such as hydrophobic or hydrophilic nature and ionic
characteristics are key parameters on predicting the possibility of release or strong
interaction with the bilayer. As an example, if the bioactive molecule presents cat-
ionic characteristics in a certain pH and the liposomes present anionic character-
istics, the electrostatic interaction can be so strong that the molecule release will
not happen. In this case, if the main design is the protection from the food matrix,
the goal will be achieved. However, if it is required gradual release, this goal will
not be achieved due to the strong molecule—bilayer interaction. Once the liposome
is designed, the proof of concept is an important research step where the use of
purified lipids is tested in the ability of encapsulate and release under controlled/
simulated conditions of the bioactive compound. After that, in order to make the
product feasible to industrial/real applications, the replacement of purified lipids to
others that are supplied in industrial quantities for investigation of the influence of
bulk lipids on the encapsulation of bioactive compound and the final food matrix
is important (Rigoleto et al. 2012). The last step, once the food application has al-
ready been proven, the scale up in an additional effort since massive production is
required in this field.

As an example of different stages of developing in foods, the antimicrobial ac-
tivity of nisin, a positively charged, hydrophobic and natural peptide was improved
when encapsulated in 100% PC and PC-cholesterol (7:3) liposomes. It was ob-
served as a decrease of 2 log CFU/ml when compared with free nisin when eval-
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uated against strains of Listeria monocytogenes. This is an important foodborne
pathogen that can cause illness or death among members of susceptible populations
(pregnant women, infants, and elderly and immunosuppressed individuals) (Were
et al. 2004). The same antimicrobial agent was also encapsulated into liposomes
containing distearoylphosphatidylcholine (PC) and distearoylphosphatidylglycerol
(PG) and the integrity of this colloidal system was assessed after exposition to el-
evated temperatures (25-75°C) and a range of pH (5.5-11.0). This study demon-
strated the feasibility of nisin-encapsulated liposomes as an antimicrobial-active
ingredient in low- or high-pH foods subjected to moderate heat treatments (Taylor
et al. 2007). The effect of nisin-encapsulated liposomes composed by partially puri-
fied soy lecithin, for bulk supply (with anionic characteristic) demonstrated the ef-
fect of encapsulation only at low temperature when compared to free nisin in whole
and skim milk (Malheiros et al. 2010). In this case, since the interaction between
cells and the nisin is an expected behaviour on the design of nanocarriers for food
application, the selection of lipids with appropriate charge and 7, are important
parameters to be investigated. Since nisin is cationic peptide, the use of anionic li-
posomes will increase the electrostatic interaction between molecules and minimize
the bioactive molecule release. In addition, if the final liposome containing nisin
presents anionic characteristics, the interaction with cells will be avoided due to
charge repulsion, avoiding the delivery of nisin inside cells.

The potentiality of bacteriocin-like substance (BLS) from Bacillus licheniformis
strain P40 as natural biopreservative was also demonstrated after encapsulation into
liposomes (PC) (Teixeira et al. 2008). The encapsulation of antioxidants and anti-
microbial agents in liposomes is an example of enhancing the properties in the food
matrix. Maherani et al. (2012) demonstrated the ability of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) liposomes en-
capsulate the natural dipeptide antioxidants (L-carnosine), with hydrophilic nature.
In this case, the proof of concept on the ability of nanoliposomes encapsulate L-
carnosine was demonstrated.

In the field of food fortification, the use of ferrous glycinate (with hydrophilic
characteristics) presents superior advantages to iron salts, such as ferrous sulfate
(Jeppsen 2001; Layrisse et al. 2000). However, the gastrointestinal environment
generates ferrous glycinate instabilities and the encapsulation into liposomes con-
taining egg PC (EPC/cholesterol) protects this molecules. Ding et al. 2011 demon-
strated that liposome had stability in simulated gastrointestinal juice at 37°C for 5
h, suggesting the importance of encapsulation for oral administration and the pos-
sibility of fortification of food.

Ascorbic acid stabilization was achieved by encapsulation in dipalmitoylphos-
phatidylcholine (DPPC) and dipalmitoylphosphatidylcholine/cholesterol (DPPC/
cholesterol) liposomes with the co-encapsulation of citric acid (Wechtersbach et al.
2012). This study involved challenge tests with catalytic amounts of copper ions
and the rate of ascorbic acid oxidation was decreased by up to 300-fold that of
free ascorbic acid. Incorporation of cholesterol into the liposomes offered better
thermal stability at higher temperatures, but lower stabilization efficacy at room
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temperature. Real food matrices were evaluated and the ascorbic acid encapsulation
into liposomes was effective in apple juice and fermented milk product, with less
stabilization in this last one.

If hydrophobic bioactive compounds are included in the dietary, poor water solu-
bility generates low bioavailability and low stability against gastrointestinal fluids
and/or alkaline pH conditions. In this case, the encapsulation in liposomes can over-
come these drawbacks. As an example, the encapsulation of polyphenols, such as
curcumins can be an alternative towards the development of effective food supple-
ments. In this context, the rhizome of Curcuma longa L. (ukon), rich in polyphenols
was encapsulated in soybean lecithin. Liposomes containing the ukon extract were
in vitro simulated in the gastric and intestinal fluids, demonstrating the ability in
partially protecting the curcumin (twofold higher than free curcumin) (Takahashi
et al. 2008).

Polyphenol from green tea is also another bioactive substance that can be used in
food products (Soriani et al. 1998), presenting antioxidant, antibacterial, anticancer
among other properties (Lung et al. 2002; Lambert and Yang 2003; Yamada et al.
2003; Wambura et al. 2011). It can normally be dissolved in ethanol, demonstrat-
ing poor water solubility and its sensibility to oxygen and light reduced many of
the applications in food products. The encapsulation into lecithin/cholesterol lipo-
somes presented in vitro release process described by a first-order equation and the
physico-chemical properties indicate that polyphenol encapsulated liposomes are
stable and suitable for different applications (Lu et al. 2011). Moraes et al. (2013)
also encapsulated beta-carotene in multilamellar liposomes of hydrogenated soy
lecithin, using the technique of proliposomes.

The bioactive beta-carotene can be used as a natural colorant in food and nutraceu-
tical products as an antioxidant agent. However, this molecule is highly hydrophobic
and it is prone to initiate a degradation process by the action of oxygen, temperature
or light and this susceptibility requires the use of encapsulation techniques and lipo-
somes are one of the possible alternatives. Recently, de Paz et al. (2012) encapsu-
lated beta-carotene in soybean lecithin, generating multilamellar liposomes 1-5pum
using novel PGSS (Particles from Gas Saturated Solutions)-drying technique.

Besides the use of liposomes in the food matrix to protect bioactive compounds,
another interesting use is the development of rapid assays to detect common food
pathogens, such as Salmonellae, Escherichia coli O157:H7, Campylobacter jejuni,
Vibrio cholera, etc. The use of antibody-based assays is a promising alternative to
the detection of Salmonella and saves time when comparing to conventional culture
methods (Valdivieso-Garcia et al. 2001). Ho et al. (2008) developed an immunoas-
say, which uses immunological reactions to measure the presence of a target sub-
stance. These substances provide information about the pathogen presence. In this
study, immunoliposomes composed by dipalmitoylphosphatidylcholine (DPPC), di-
palmitoylphosphatidylglycerol (DPPG), dipalmitoylphosphoethanolamine (DPPE)
and N-((6-(biotinoyl)amino)hexanoyl)-1,2-dihexadecanoyl-sn-glycero-3-phospho-
ethanolamine triethylammonium salt (Biotin-X-DHPE) were prepared by coupling
anti-Salmonella antibody (Ab) (incubation) and encapsulating methyl blue (MB), a
visible dye. Immunoliposomes were also evaluated in immunochromatographic test
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(ICT) to identify Staphylococcus enterotoxin B (SEB), a toxin produced by Staphy-
lococcus aureus (Khreich et al. 2008).

Different approaches can be used in order to improve liposome stability and the
tendency to lose encapsulated components under storage. The association between
polymers and liposomes is a promising alternative. Laye et al. (2008) demonstrated
that chitosan-coated liposomes can be prepared by electrostatic deposition method.
The authors used soy lecithin, generating liposomes with anionic characteristic.
Chitosan is an indigestible cationic polysaccharide, with antimicrobial activity. This
biopolymer also present interesting characteristic to reduce fat adsorption in human
and animal studies (Filipovic-Greic et al. 2001; Guo et al. 2003; Baxter et al. 2005;
Mun et al. 2006b; Gonzalez-Rodriguez et al. 2007). The association is possible due
to electrostatic interactions and there is a critical range of chitosan concentration
that coated liposomes. The presence of an external biopolymer layer can be used
to avoid leakage of an active compound or simply for increased colloidal stability.
The proper understanding of the mechanism of polymer—vesicle association is an
important key in the rational developing of engineered liposomes for application in
foods. An excellent review is Antunes et al. 2009 that relates the well-known as-
sociation between micelles and polymers with the association between liposomes
and polymers. Basically, the driving forces for association are the same in both
systems. The main forces involved in the association between polymer and vesicles
are electrostatic bridging (as explored by Laye et al. 2008), hydrophobic interac-
tions, that allows the penetration of the polymer groups into the vesicle bilayers and
hydrogen-bond interactions.

Additional layers can be produced by deposition of different polymers on the li-
posome surface. As example, Fukui and Fujimoto (2009) prepared chitosan-dextran
sulfate (or nucleic acid) layer-by-layer deposition on liposomes. The authors dem-
onstrated the superior stability of multilayered liposome against “free” liposomes
against TRITON X-100, an important surfactant normally used to lyse liposomes
(Torchillin and Weissig 2003). In addition, 1-hydroxy pyrene-3,6,8-trisulfonic acid
(HPTS), alendronate and glucose, molecules with different charges were encapsu-
lated into the liposomes and the multilayered liposomes presented slower release
rate. Different polymers, suitable for food industries can be used in this technique.
Haidar et al. 2008, prepared layer-by-layer deposition of alginate and chitosan. Bo-
vine serum albumin (BSA) was used as protein model to demonstrate the increase
in release time in the liposomes.

Advanced materials can also be explored for food application involving the in-
corporation of liposomes into nanofibers.

Recently, Yu et al. (2011) produced nanofibers containing the hydrophilic poly-
mer polyvinylpyrrolidone K60 (PVP) and soybean lecithin using electrospinning
technique. The authors reported that liposomes could be spontaneously formed after
the hydration of the fibers. The size of liposomes could be controlled by varying the
content of PC in the nanofibers.

The development of new associations between liposomes and polymers, nanofi-
bers or other materials and nanostructures can be a promising alternative for future
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developments for nanofoods, conferring intelligent properties, increasing stability
and carrying bioactive compounds.

7.1.3  Methods for Liposome Production

Besides the promising applications of liposomes as carrier for food ingredients, the
production method is a special concern since massive production is an important
requirement to make the industrial use of this nanostructure feasible. Despite the
need to develop techniques for massive production, most of the basic development
of liposomes and the proof of concept for its functionalities describe the use of pro-
tocols established for laboratorial scale and lipids of high purity are normally used
(see Table 7.1).

Regarding the production techniques, the first conventional protocol is the thin
film or named as Bangham method (Bangham et al. 1965). Basically, the lipids are
solubilized in an organic solvent, such as chloroform or chloroform/methanol. This
organic solution is then submitted to drying under nitrogen purge or vacuum, al-
lowing the organization of the lipids in a thin film. Then, the dried film is hydrated
with aqueous solution (water or buffer), allowing the lipid hydration. The hydra-
tion at small amount of water allows the formation of planar bilayers and the water
contained is hydrating the polar headgroups of the lipids (Fig. 7.1). In excess of
water, the hydrated lipids are self-assembled into vesicular bilayers, forming the li-
posomes. This self-assembled process can be considered as a disorganized method,
allowing the formation of vesicles with different sizes and lamellarity. Liposomes
produced by the thin film method are considered multilamellar, with a broad size
distribution (high polydispersity) and an additional step is required for sizing. If the
final application requires liposomes with small size or/and low polydispersity, sub-
sequent unit operation is necessary like extrusion (at high pressure), sonication or
high-pressure homogenization. The major disadvantage is the use of toxic organic
solvents, such as chloroform and methanol, which is not allowed in food industries.
The use of thin film method followed by a sizing protocol is a well-accepted pro-
tocol in the literature and most of the liposomes presented in Table 7.1 used these
techniques.

Other conventional methods are reversed-phase evaporation, involving the for-
mation of O/A emulsion for later removal of the organic solvent (Szoka and Pa-
pahadjopoulos 1978), and the Detergent Depletion Method, with the formation of
micelles by adding detergents and the liposomes are formed after this detergent
removal, using dialysis as separation method (Lasch et al. 2003). The disadvantage
of this method is that the final liposome dispersion is very diluted.

The above described methods are mainly used in laboratorial scale. Recent sci-
entific literature reports different efforts in the development of new innovative pro-
cesses for liposome production aiming at the controlling of average diameter, size
distribution and polydispersity. Some of the scalable processes recent developed are
described below.



109

7 Lipid Matrices for Nanoencapsulation in Food

800 ‘T8 39 Yoy

uonjerodead oseyd-posIondy]

dddd pue Dddd ‘10121s2[0Yd
“ourjoyorApneydsoydiLoyurediy

g surwepoylojng

800C T8 39 OH

uornyerodeAd aseyd-pasIondy

(HdHQ@-X-unorq) Jjes wnruowue]k
-1 surwejoueyoydsoyd-¢-01904]3
-us-[AouedopexayIp-z‘]-(JAourxay
(ourure(jAounoiq)-9))-N

pue 4ddd ‘Dddd Dddd

@v)
Apoquue e[[ouoweS-nue Jurureyuod
swosodrjounuwwut/(gN) aniq [AYIRN

(€107) 'Te 19 SeBION sowosodijoid | unyrod] Los payyund pue pajeua3oIpAH JudjoIed-g
anbruyo9) Suikip-(suonnjog
(T107) '8 10 zed op pajeInjes sen woly sa[onIed) SSOJ (Dd) unproa] ueaghog audjoIed-g
1107 Te1e 0] UOBOIUOS/POYJoUI WL} UIY ], 0I21S9[0Y/UIIINT ©0) U213 woly jouaydLjogd
(32z1pIjoIoruu spidijoydsoyd
7107 'Te 3o Sueyre] | /10Z10Ua30WOY) POYIOUW [EOTWAYOOUBYIIA POALIOP-dULIQUISW [NQO[T 18] N[N pIoE 01qI00SY

(2102) "Te 30 ©I0OX

powjow Wy ury L

9] Kos payyund pue pajeusdorpAHq

2)esAJ0IpAY urese))

T10T ‘Te 30 [OorqsINUOIA

UOISNI)X3/MEBY) PUB 9ZOJIJ/POY)ol WY UIY T,

[019183]049/Dddd

PIOE OLIJIO/PIOE JIGI0JSY

10T ‘Te 3 Suiqg

uonelodead oseyd-pasionoy

(T0HD
/0dd) aurjoyd[Apneydsoyd 555

9JeUIVA[S SNOLIO

0 d Urens StuLiofiuayd1) snjjiovg

8007 'T& 10 BIIOXIQ] uonelodead oseyd-pasionoy Dd | woi (S7g) 2oue)sqns YI[-UIO0LIdIORY
(12zIpIyoIoTIH
800C '[e 12 Iyseyede], |  /19ZIUAZOWOY) POYIAW [BITWIYIOUBYIIA (Od) unpady Aog | (uodn) 7 p3uo] PwNIANY) JO SWOZIY

0107 'T& 12 SOIIQUJBA | UOISIIXd/MEU} PUL 9ZIJ/POY}oull WIf UIY L, (Dd) uyoo Kos payund Ajjenreq UISIN
£00T ‘T 32 I0[ABL, | UOISNIIX9/MEBY[} PUE 9Zd91J/POYIoul W1} UTY ], (Dd) aurjoyorApneydsoydjLoresisiq uIsIN
00T ‘T8 19 919M UuonesIuos/poyjott Wy ury L, [0191S9]019-Dd pue Dd UISIN
C10T Te 39 IUBISYEN | UOISNIIXS/MBL} PUB 9Z33.1)/POYJolll WL ULy ], 2ddda ‘Ddod Dd0od QuUISOUIes-7
Q0UAIYOY POYIoW UOIIONPOIJ uonisodwoo pidr (s)aanoeorg

Ppooj ur EOE.N.HO&OOQ« J10J 1Sa191Ul JO S9AIOROIq wﬁﬁmﬁswgmoﬁo mOEOwOQ: UO S3[31)1e [JOJB3Sal JUIIAI JO MITAIDAO UY [°L 3dqe],



L. G. de La Torre and S. C. de Pinho

110

surwejoueyoAprreydsoydjLoyrredip 774G 10199A413[ApnreydsoydiLoyrwredip H g4 Qurjoyooydsoyd-¢-01004]3
-us-1K0910-7-[Aojruured- ‘ourjoyoordsoyd-¢-010043-us-jAoyruredip-7¢ ‘ourjoyooydsoyd-¢-0100413-us-1K09[01p-7°¢ [0191S3[O1D
[AO9[0-C-[AONWRA-T DJOJ -duljoydoydsoyd-¢ ! [AONWedIp-T [ Ddd{ -duljoyooydsoyd-¢ ! [AO9[0IP-C"1 DJOU -1 1042 TOHD

(0107) 'Te 10 BPIYSOX

pojow Wy ury L

uryro9] Aos paygrnd pue pajeuaSoIpAH

*7 DAOJfiun p1U23n5 JO 10 [BIIUISSH

800¢ 'Te 32 Teprey

UOISNI)X3/POYJAU WIf UTY],

(gvaq) oprwoiq wnIuowwe-[A29p
-BJOOIP[AYIOWIp ‘JUB)OLJINS OIUONLD B
pue [013389[0Yd {(Ddd) 2urjoydoyd
-soyd-¢-01004[3-us-1Aoyrupedip-z° |

(VSg) urunqgpe wnios auiaog

600 olowtng pue mjn

UOT)EOTUOS/POTJOUT W[TJ UTYT,

(sowosodi| uo

uonisodop 19Ae[-Aq-19A¢e] (proe dro[onu
10) dyeyns uenxIp-uesouyd) (DJINA)
aurjoyojApneydsoyd [AojsLAwIp pue
(vd1@) proe orpneydsoyd [Lomepiq

9soon[3 pue djeuoipudfe (SIJH) proe
J1U0J[NSL-8°9¢ €-oudIAd AXOIpAH-|

800C 'Te 30 aKe]

uoneziuogowoy amssad
-yS1y pue uoneouosENN AISUNUI-YSTH

(DdS) uroay Log

sowosodI] pajeod-uLsoy)

Q0URIRJOY

poyoW UoHONPOIJ

uonisodwoos pidiy

(s)aanoeorg

(ponunuod) 1°Ldlqel



7 Lipid Matrices for Nanoencapsulation in Food 111

Solvent-injection techniques were investigated initially in the 1970s (Batzri
and Korn 1973), using ethanol injection method as an example of organic solvent.
Isopropanol has already been studied as organic solvent (Gentine et al. 2012) and
other organic solvents can be used, although it has to be approved for food applica-
tions. Basically, the lipids are solubilized in ethanol (organic phase) and added in
a controlled flow rate in a tank with the aqueous phase under controlled stirring
(Fig. 7.4a). The immediate mixing between ethanol and water promotes the instan-
taneous liposome formation (Meure et al. 2008). The process can be developed in
a way that ethanol residue is in an accepted range or it can be removed by dialysis
(Wagner et al. 2006). If the final application in food requires a thermal operation,
the ethanol residue can be minimal. The major process parameters that control the
liposome average diameter and size distribution are lipid composition and concen-
tration, type of organic solvent, aqueous phase (type of buffer or water), flow rate
of the organic phase injection, the proportion of organic solvent to aqueous phase
and also the tank stirring speed (Kremer et al. 1977; Wagner et al. 2002; Pons et al.
1993). This method can be easily adapted in food industries.

Research in the ethanol injection method was continued by different groups
demonstrating the feasibility in increasing the lipid concentration in the final lipo-
some (Trevisan et al. 2011) or adapting this technique to microfluidics (Balbino
et al. 2013; Jahn et al. 2004, 2007, 2008, 2010). In this case, the organic phase
(soluble in water) containing the lipids is pumped into the microchannel and it is
hydrodynamic compressed by two aqueous streams. The organic phase diffusion to
the aqueous phase allows the liposome aggregation (Fig. 7.4b). Microfluidics is an
exciting research area that involves the use of small volumes of fluids (10°-1073 1)
inside channels with dimensions in the order of micrometers (Whitesides 2000).
The small volumes can be easily adapted for applications involving point of care,
where small amounts are required and also personalized formulation. In terms of
production for food industry, massive production is an essential requirement and
efforts are still necessary to allow the use of microfluidics in industrial scale.

The membrane contactor technique is another technique derived from the ethanol
injection method, with continuous liposome production and considered as a scal-
able strategy (Jaafar-Maalej et al. 2011). In this case, the lipids are dissolved in the
organic phase (ethanol, as example) and pressured across a membrane (tubular po-
rous glass) to the inner tubular direction. The aqueous phase flows in the tangential
direction generate the contact between the organic and aqueous phases, allowing the
liposomes formation. In this case, the pressure for organic phase permeation, lipid
composition, aqueous-phase flow rate and type of membrane are important process
parameters. These authors incorporated beclomethasone dipropionate (BDP) and
indomethacin (IMC) drugs in egg yolk lecithin with 82 % (bulk supply) and choles-
terol using the membrane contactor technique, producing liposomes in nanoscale
(60-200 nm) and polydispersity ranging from 0.17 to 0.32. This method can be
easily adapted to the food industry.

Another group of techniques involves the use of dense gas (it uses substances that
are in the region surrounding the critical point—supercritical fluid) (Meure et al.
2008). CO, is the most common solvent used in this technique (conditions to critical
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Fig. 7.4 Schematic repre-
sentation of injection method
(a) and microfluidic process
(Balbino et al. 2013) (b) for
liposome production
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point are 31.1°C and 73.8 bar) and the solvent removal is facilitated by changing
the vessel pressure. Dense gases present solvent properties similar to liquids and
mass transport properties similar to gases. However, most of the techniques require
the use of organic co-solvent. The first dense gas technique was presented by Castor
(1994) using the injection (lipid, co-solvent and gas are compressed and injected
into aqueous phase) and decompressing method (lipid, co-solvent, gas and aqueous
phase are decompressed into air). There are different variations of the dense gas
technique that are well described in Meure et al. (2008) and the major advantage of
this method is that CO, inactivates bacteria and endotoxins, facilitating the micro-
organism control in food application (Dillow et al. 1999).

An alternative to remove the use of toxic and hazardous organic solvent is the
heating method developed by Mozafari (Mozafari et al. 2002; Mozafari 2005). Ba-
sically, the liposome components are hydrated in aqueous phase and heated in the
presence of glycerol (3% v/v) (Mozafari 2005). The process is kept under stirring
at high temperatures (60—120 °C) during 45—60 min (Colas et al. 2007). In this case,
glycerol is well-accepted water-soluble chemical and it increases the liposome sta-
bility. Recent investigations demonstrated that liposomes containing polyunsatu-
rated fatty acids (PUFAs) and produced by the heating method presented higher
oxidative stability of PUFAs when compared to conventional Bangham method
(Rasti et al. 2012).

If liposomes’ production requires size and/or polydispersity reduction, different
equipments that are able to process large amount of suspension can be used like ex-
trusion and high-pressure homogenizers. High-pressure homogenizers and micro-
fluidizers apply high shear to the preformed liposomes, due to the use of high pres-
sure imposed by piston pumps. The efficiency in size and polydispersity reduction
depends on the applied pressure, equipment concept and also the inner geometry
where the liposomes are forced to flow (Mayhew et al. 1987). In practical terms, we
can find different equipment with different characteristics and a comparative study
is also recommended. Our practical experience in operating high-pressure homog-
enizers and microfluidizers indicate that the lipid composition and the applied pres-
sure are important parameters that reflect on the final physico-chemical properties.
Attention should be focused on the colloidal stability, since the applied high shear
can destabilize the physico-chemical properties of liposomes.

When liposomes are used to deliver active molecules, the liposome production
and encapsulation method/technology has to be developed considering the hydro-
philic/hydrophobic nature of the active compound. If hydrophilic compounds are
used, it can be solubilized in the aqueous phase that is used to produce the lipo-
somes and in the case of hydrophobic molecules, it can be solubilized or dispersed
in the organic phase. One important parameter to be evaluated is the encapsulation
efficiency (EE) and it represents the percentage of active molecules that are re-
ally incorporated into the liposomes (anchored on the bilayer or trapped inside the
aqueous lumen) when compared with the total amount of active molecule. The EE
determination depends on the separation of encapsulated and non-encapsulated ac-
tive compound from the liposomes (Lasic 1993). Different techniques can be used
for separation: centrifugation (in the case of large sizes—particles in micron range),
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ultracentrifugation (for small sizes—particles in nano range), size exclusion chro-
matography (in this case it is important saturate the molecular sieve with lipids prior
to use), micro/ultrafiltration among others. The total amount of active compound
can be determinate by liposome disruption, to release all the active compounds, us-
ing for example organic solvents like ethanol or surfactants like Triton X-100. It is
important to notice that in the case of encapsulation of hydrophobic molecules, the
maximum encapsulation is limited to its partition into the lipid bilayer (Lasic 1993).
The mass relation between active molecules to lipids is another important parameter
that can be determinated.

7.2 Lipid Nanoparticles

Lipid nanoparticles are colloidal carrier systems similar to conventional emulsions,
but with a nanometric hydrophobic core composed of a lipid solid at room tempera-
ture, stabilized by a layer of surfactant (Miiller et al. 2002; Mehnert and Mahder
2001). These dispersions can be designed to combine the advantages of polymeric
nanoparticles, liposomes and emulsions (Henstchel et al. 2008), presenting extend-
ed shelf-life, biocompatibility, a high capacity for incorporating hydrophobic com-
pounds and a good level of protection of sensitive bioactives (Sawant and Dodiya
2008; Miiller et al. 2002). Also, they can be engineered to allow the controlled
release of the bioactive ingredient and protect the sensitive and labile molecules
from degradation, using processes that can be scaled up and that employ no organic
solvents (Fathi et al. 2012; Miiller et al. 2000). Figure 7.5 shows the scheme of solid
lipid nanoparticles (SLN).

Depending on its microstructure, lipid nanoparticles can be classified in two
groups: SLN and NLC (nanostructured lipid carriers). SLN are produced when lip-
ids of high purity are employed, whereas NLC are originated when mixtures of
lipids, or mixtures of solid and liquid lipids, are used (Miiller et al. 2002).

These nanoparticles are an extremely interesting delivery system with multiple
potential applications in the food industry, and are of great interest to add hydropho-
bic bioactives to functional food formulations (Weiss et al. 2008). Such an interest
is due to the capacity of the SLN to enhance the dispersibility of lipophilic com-
pounds, as well as their ability to increase the bioavailability of such molecules. In
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addition, they can increase bioactive stability, have a high payload, are non-toxic,
and can be produced without using organic solvents. Another important advantage
is that large scale equipments are available for their production.

Therefore, in recent years, the food researchers have started to investigate pos-
sible applications of SLN in their area. Several studies can be found in the literature;
some of them are shown in Table 7.2.

As can be seen in Table 7.2, several types of surfactants are used in lipid nanopar-
ticles production. Among the food-grade emulsifier systems, suitable for food ap-
plications, there are low weight non-ionic surfactants (polysorbates, poloxamers
and tyloxapols), phospholipids (egg and soya lecithins) and bile salts, as well as
proteins (whey protein isolate, soy protein isolate, beta-lactoglobulin, sodium ca-
seinate, for example, are most used as lipid nanoparticle stabilizers). The choice of
the stabilizing system to be used in a particular case of lipid nanoparticle highly
depends on the final desired characteristics, as particle size and shelf-life, as well as
on the production method to be used. The emulsifier chosen will also be determi-
nant in the polymorphic stability and also in the digestibility extension of the lipid
nanoparticles, as well as in the bioacessibility of the encapsulated bioactive.

7.2.1 Microstructure of Lipid Nanoparticles

Crystallinity and polymorphic behaviour are crucial factors of the lipid nanopar-
ticles. The chemical nature of the lipids determines the crystalline structure of the
nanoparticle, and it is a key factor in the phenomenon of incorporation or expulsion
of the bioactive from the nanoparticles (Miiller et al. 2000; Mehnert and Mader
2001).

SLN are composed of perfect crystals and can be compared to a “brick wall”, as
shown in Fig. 7.5, and are formed when highly purified lipids are used to produce
the lipid particles (Miiller et al. 2002; Miiller et al. 2000). A high degree of spatial
organization, however, can lead to a too low loading capacity for some bioactives,
and a more disorganized can be more advantageous. The less crystalline structure
is, the higher the particle capacity to incorporate bioactive molecules will be, as
microstructural disorganization results in the presence of “voids” capable of accom-
modating a higher amount of the encapsulated substance. Such a scheme is shown
in Fig. 7.5 for the NLC, and the structural disorder can be achieved by mixing solid
lipids with liquid lipids, or using non-purified raw materials, instead of highly pu-
rified lipids with relatively similar molecules (Miiller et al. 2002; Muchow et al.
2008; Sawant and Dodiya 2008).

In the case of NLC, it is possible to distinguish three types: (i) imperfect type; (ii)
amorphous type and (iii) multiple type. Figure 7.6 shows a schematic representation
of these structures:

The first type—imperfect—is created when different types of lipid molecules are
used to build the core of the particle. The imperfect type is crystalline, but there are
voids in the structure which are capable to accommodate the bioactive molecules.
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Fig. 7.6 The three types of
nanostructured lipid carriers
(NLC)

amorphous

*0il compartments

Such a characteristic is important to increase the loading capacity of the lipid par-
ticles, and also avoid the drug expulsion that occurs when a highly ordered structure
is originated during the crystallization process (Miiller et al. 2000).

The second type of NLC can be formed when the particles are cooled but they do
not crystallize, remaining in an amorphous state. Therefore, the drug expulsion is
minimized, as the transformation from a polymorph form to another does not occur
(Bunjes et al. 2007; Jenning et al. 2000; Miiller et al. 2002).

The multiple type resembles a multiple emulsion, in which the solid lipid core
contains liquid oil compartments. This sort of NLC is a result of the mixture of solid
and liquid lipids, being the liquid in a higher amount. At high temperature, complete
miscibility can be verified between the solid and the liquid lipid, but, during the
cooling process, the solubility of the oil in the solid lipid compound is exceeded. As
a result, a precipitation of the oil occurs, in the form of tiny droplets, originating the
structure shown in Fig. 7.2. It is important to notice that this process will only occur
if the liquid lipid is present in such a concentration much higher than its solubility
in the solid lipid at room temperature (Miiller et al. 2002; Sawant and Dodiya 2008).

Therefore, the structure of the lipid core of lipid nanoparticles can be engineered
in order to control their delivery properties and capacity of protection of the encap-
sulated bioactives. The mobility of the incorporated and degrading species (like
oxidizing species as free radicals, O,, ions) can be controlled by controlling the
physical state of the matrices. The physical state of the lipid matrix is intimately
related to their composition; in other words, the choice of the lipids and surfactants
are a primordial step in the production of lipid nanoparticles. The lipid composition
will determine the type of crystal generated in the cooling step (Weiss et al. 2008;
Miiller et al. 2000).

The materials used in the production of lipid nanoparticles, which include tri-
glycerides (TAGs), mono/di/triglycerides mixtures, waxes, hard fats (fatty acids)
(Severino et al. 2012), exhibit polymorphism. Polymorphism can be defined as the
different association configurations the individual lipid molecules can assume in the
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lipid state; in other words, the different lattices in which the lipids can crystallize
(Weiss et al. 2008; Small 1986).

TAGs are the lipids most often employed in the production of SLN (Severino
et al. 2012). The three most commonly encountered forms of crystalline arrange-
ments in these lipids are:

» B(Beta): the most stable, triclinic subcell

» ['(Beta prime): believed to be an orthorhombic perpendicular subcell

* a(Alpha): a more loosely packed configuration in which the chains form a hex-
agonal lattice

The three polymorphic forms o, ' and B are related to the characteristic and un-
equivocal packings of the hydrocarbon chains of the TAG molecules (Timms 1984).
“Three-legged” structures as medium- and long-chain TAGs pack side by side in
separate layers, and the layer thickness (“d” spacing) is dependent on the length
of the molecule and on the angle of tilt between the chain axes and the basal plane
(Timms, 1984; Himawan et al. 2000).

The different polymorphic forms can be identified by X-ray diffraction, where
long spacings give information on the repeat distances between crystal planes (chain
length packing) and short spacings on subcell structure (interchain distances) (Hi-
mawan et al. 2006; Small 1986).

The a-form, the least thermodynamically stable configuration, is a hexagonal
structure characterized by one short spacing peak near 0.42 nm. The B'-form is
characterized by two strong short spacing peaks at 0.37-0.40 and 0.42-0.43 nm.

Polymorphic Subcell Molecular Characteristic
form structure  arrangement peaks in XRD

i ~0.415 nm
[

Fig. 7.7 Most common polymorphic forms of the monosaturated triglycerides and their charac-
teristics. (Adapted from Himawan et al. 2006 and Bunjes and Unruh 2007. Copyright 2006, 2007
Elsevier)
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The structure is orthorhombic and perpendicular, with a non-close packing, and the
chains have an angle tilt between 50 and 70°. The densest and most stable form,
B, show in XRD diffractograms a strong lattice spacing line at 0.46 nm and many
other strong lines between 0.36 and 0.39 nm. It is a triclinic chain packing, in which
a parallel arrangement can be distinguished. The chains, which are closely packed,
have an angle tilt between 50 and 70° (Himawan et al. 2006; Timms 1984; Small
1986). Figure 7.7 illustrates the three most common polymorphic forms of TAGs.

It is also possible the identification of sub-forms in the crystalline arrangement
of TAGs, especially in the case of raw materials composed of more than one type of
TAG. Timms (1984) describes the sub-a form as a ' form which usually melts be-
low an a form and with long spacings unusually large; and a sub-f form, which does
not satisfy the criteria for o or ', and shows a strong short spacing at ca. 0.474 nm
and several medium strength spacings at ca. 0.45, 0.39 and 0.36 nm.

Highly pure, homogeneous lipids tend to form a platelet-like pattern of
B-modification, originating non-spherical lipid nanoparticles (Bunjes 2011; Weiss
et al. 2008). A more heterogeneous composition of the lipid-matrix leads to the
formation of spherical particles due to the higher percentage of a-crystals in the
structure. The shape of the particles is directly related to their colloidal stability and
to their rheological characteristics. As an example, Fig. 7.8 shows the microscopical
aspect of lipid nanoparticles of tristearin crystallized in both polymorphic forms.

Other factors that determine the polymorphism of SLN are the cooling rate and
surfactant type. As for the latter, they play a very important role in controlling the
crystallization process of the lipid nanoparticles, due to the small size of the parti-
cles. Such a small size means the percentage of lipid molecules interacting with the
hydrophobic emulsifier tail groups is large, and, thus, they can modulate the crys-

Fig. 7.8 Cryo-electron micrographs of tristearin particles. a Dispersion stabilized with purified
soy lecithin/sodium glycocholate, crystallized in a-form. b Dispersion stabilized with purified
soy lecithin/sodium glycocholate mixture, crystallized in B-form. (Adapted with permission from
Bunjes and Unruh 2007. Copyright 2007 American Chemical Society)
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tallization process. Moreover, the surfactant can change (increase or decrease) the
kinetic stability of a generated crystal (Weiss et al. 2008), influencing the polymor-
phic transitions which can occur during the storage period of the lipid nanoparticles.

In addition, the emulsifiers can impact on the crystallization temperature of the
nanoparticles. In the particular case of stabilizers with a chain structure similar to
that of the lipidic dispersed material, this effect is especially pronounced (Rosen-
blatt and Bunjes 2009; Bunjes et al. 2003). The stabilizer chains are responsible
for a templating mechanism, leading to the occurrence of the nucleation at higher
temperatures (Bunjes and Koch 2005; Westesen and Siekmann 1997; Bunjes et al.
1996). The concentration of emulsifier also influences on the crystallization behav-
iour of the dispersed lipid phase, as the interfacial tension at the oil-water (0—w)
interface can alter the nucleation mechanism (Helgason et al. 2009).

The crystalline arrangement of the lipid nanoparticles is also dictated by the
cooling rate during their production (Weiss et al. 2008; Helgason et al. 2008; Jen-
ning et al. 2000). However, it is difficult to find studies which investigate the cool-
ing rate as an isolated parameter, because it acts together with the surfactant type
in determining the crystalline arrangement of the particles. An example is given by
Bunjes et al. (2003), in which slow and fast cooling rates of tripalmitin nanopar-
ticles originated two slightly different a-forms, with different tendencies to undergo
polymorphic transitions during storage.

7.2.2  Stability of Lipid Nanoparticles

The breakdown of a dispersion of lipid nanoparticles is that typically found in col-
loidal dispersions, as flocculation and sedimentation or creaming and coalescence.
According to McClements (2005), an emulsionated system can become unstable
due to physical alterations in the spatial distribution or structural conformation of
the molecules, and the same is true for solid lipid nanoparticle dispersions. There is
ausual classification of the colloidal stability: thermodynamic and kinetic (Hiemenz
and Rajagopalan 1997). All lipid nanoparticles are unstable thermodynamically by
definition, as their formation relies on a phase separation process, and they will
break down if they are left long enough. Therefore, it is the kinetic stability of the
system which must be attained in order to produce stable solid lipid nanoparticle
dispersions.

The instability phenomena which occur in the lipid nanoparticles can be sche-
matically represented in Fig. 7.9.

Insufficient repulsive forces between particles can lead to the flocculation of the
dispersion, during which two or more particles associate with each other but do not
merge. Such a reduction in repulsion can be originated by pH, ionic strength, shear
forces, temperature, as well as the presence of biopolymers, as all these factors in-
fluence on the number and frequency of particle collisions.

Gravitational separation can be caused by flocculation, as the aggregation of
the particles changes the density difference between the dispersed and continuous
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phases, and result in creaming or sedimentation. In the case of lipid nanoparticles,
both phenomena can occur, depending on the type and amount of crystallized lipid
present in the particles’ core.

Coalescence, on the contrary of flocculation, occurs when two or more particles
merge together to originate a single larger particle. It normally occurs in emulsions,
as it requires a liquid matrix, but in lipid nanoparticles a particular case of coales-
cence may take place. It is named partial coalescence, and occurs when two or more
partially crystalline particles join together to form a non-spherical structure (Dick-
inson and McClements 1996). The solid network of the partially crystalline par-
ticles is strong enough to prevent their complete merging, and, instead of a spherical
shape, clumps of irregular shape and size are originated (Boode and Walstra 1993),
as showed in Fig. 7.10. The fat crystals sticked out through the o—w interface may
function as a connection between two particles, as the protruted crystals of the first
particle can penetrate into another particle. Then, they remain aggregated because
the crystals are wetted better by oil than by water, and the surface area of fat ex-
posed to the aqueous phase can be decreased (Boode et al. 1993; Dickinson and
McClements 1996).

The stability of lipid nanoparticles can also be related to their crystalline mi-
crostructure. Polymorphic changes can occur in their lipid cores, and such a fact
is related to the conditions of storage and also to the type of surfactant present
in the stabilizing layer. The possibility to produce lipid nanoparticles in different
polymorphic forms stable upon storage for a reasonable period of time, as well as
with good properties of bioactive release, is extremely interesting (Rosenblatt and
Bunjes 2009). Several studies have observed the emulsifiers affect the crystalliza-
tion kinetics in lipid nanoparticles, and such a phenomenon is often attributed to
the rigidity of the interface formed by the emulsifier; once the lipid crystals have
formed it may be more difficult for them to undergo polymorphic transitions when
they are part of a rigid surfactant shell (Helgason et al. 2009). Besides, the type of
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lipid crystals

Fig. 7.10 Illustration of the phenomenon of partial coalescence

hydrophobic chain of the emulsifier and its concentration also influence in these
polymorphic transitions (Helgason et al. 2008; Rosenblatt and Bunjes 2009; Bunjes
and Koch 2005; Bunjes et al. 2003).

A phenomenon which occurs in lipid nanoparticle dispersions is the formation
of superstructures and gel. With increasing particle concentration, the viscosity of
dispersion increases until a gel-like consistency is obtained (Bunjes, 2011; Illing
and Unruh 2004). The type of lipid used to produce the nanoparticles is also a fac-
tor which strongly influences on the formation of such a superstructure. Increasing
lengths of fatty acid chains of pure triacylglycerols can lead to the formation of
more anisometric TAG crystals (platelet-like), and, then, increase the chance of
stacked lamellae to occur (Illing et al. 2002). The formation of such stacks results
in an increase in the viscosity of the dispersed system, as they are not as mobile as
spherical particles.

The type of surfactant used to stabilize the o—w interface of the lipid nanopar-
ticles also influences on the viscosity of the nanodispersions. Lipid nanodisper-
sions stabilized with phospholipids, particularly with monoacid TAG lipid phase,
are known to be prone to gel formation. Such a fact is explained by the low mobility
of phospholipid molecules in aqueous medium, and, then, they may not be able to
immediately cover the newly created interfaces during recrystallization (Westesen
and Siekmann 1997). Therefore, a sudden lack of emulsifier can be created locally
on the surface of the particles, leading to aggregation and the formation of a geli-
fied structure. The solution for this problem can be the addition of a more mobile
co-surfactant, which is able to diffuse in a much shorter time than phospholipids
(Bunjes 2011; Helgason et al. 2009; Bunjes et al. 2003).
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7.2.3 Methods for Lipid Nanoparticles Production

Lipid nanoparticles can be produced by methods quite well known and explored in
the literature, as well as already existent in full scale, as high-pressure homogeniza-
tion (HPH) and microfluidization. It is important to emphasize the characteristic
of lipid nanoparticles highly depend on their method of production, which has a
great influence on the bioactive stability, release properties, loading capacity and,
of course, on the particle size distribution (Sawant and Dodiya 2008).

The most popular production method used to produce lipid nanoparticles is the
HPH. The type of equipment most used is the high-pressure valve homogenizers,
which is known as reliable and powerful. Among their advantages, there is the
availability of HPH equipments of many sizes and manufacturers, which can be
found at reasonable prices (Pardeike et al. 2009; Weiss et al. 2008).

High-pressure valve homogenizers have a pump which pulls the input stream in
the case of lipid nanoparticles, a coarse dispersion) into a chamber on its backstroke
and then forces it through a narrow valve at the end of the chamber on its forward
stroke. Extremely strong disruptive forces cause the breaking down of the particles,
and then a fine dispersion is produced (McClements 2005).

Two different techniques can be used in HPH processes—the hot and cold ho-
mogenization. Hot homogenization occurs at temperatures above the melting point
of the lipid, and the first step is to produce a coarse dispersion by mixing melted lip-
id, the bioactive to be encapsulated and a hot surfactant solution, using a high speed
stirring device. Afterwards, the coarse dispersion is introduced in the high-pressure
homogenizer, and the operation must be carried out at controlled temperature. There
can be more than one passage through the homogenizer, and the number of passages
will be determined by the desired characteristic for the product (normally the par-
ticle size). In most cases, three to five homogenization cycles at 500—1500 bar are
enough (Mehnert and Méader 2001). On the other hand, cold homogenization was
proposed in order to overcome some problems of the hot homogenization proce-
dure, which are: (i) degradation of the bioactive due to high temperature; (ii) bioac-
tive distribution into the aqueous phase during homogenization and (iii) formation
of supercooled melts or complexity of crystallization process of the nanoparticles
after homogenization cycles (Mehnert and Miader 2001; Pardeike et al. 2009). In
cold homogenization, the first step is to mix the bioactive and melted lipid, and then
such a mixture is cooled and solidified. Then, the solid is milled using a ball or mor-
tar milling, dispersed in a cold surfactant solution, and finally submitted to the HPH
step. The particle size of the lipid nanoparticles produced by cold homogenization
is, generally, larger than the ones produced by hot homogenization. Figure 7.11
shows a schematic procedure of hot and cold homogenization techniques for lipid
nanoparticles production.

Another method of production of lipid nanoparticles which has been becoming
very popular is the microfluidization. Such a technique has been used for many
years in food industry to produce fine emulsions, and it is also a homogenization
process. Then, the general procedure is the same as hot homogenization prior de-
scribed, though the principle of working of the equipment is different. In micro-
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Cold HPH Hot HPH

‘ Bioactive compound + melted lipid

Cool milling

Hot surfactant solution

[ Cool surfactant solution |
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‘ High pressure homogenization |

‘ Lipid nanoparticles |

Fig. 7.11 Schematic representation of the cold and hot high-pressure homogenization methods to
produce lipid nanoparticles

fluidizers, the inlet fluid is pumped, and the interaction chamber is formed by two
channels through the streams flow and interact with each other. After entering the
homogenizer, the fluids are accelerated and impinge with each other on a solid
surface, generating extremely high disrupting forces due to the collision between
the fluid streams (McClements 2005). Another type of microfluidizer operates with
separate oil and surfactant solution streams, which interact in the chamber similarly
as in the first scheme described (Dickinson and Stainsby 1988).

Microemulsion technique, whose schematic procedure is described in Fig. 7.12,
can also be used to produce lipid nanoparticles. Briefly, the lipid material is melted
and an o—w surfactant/co-surfactant containing aqueous phase is prepared at the
same temperature. Both lipid and aqueous phase are mixed in such a ratio that a
microemulsion is produced (ratios vary from 1:2 to 1:100). The systems normally
must be kept at high temperatures during the process, as the size of microemulsion
is a function of temperature. Afterwards the hot microemulsion is diluted with cold
water, causing the breaking of the microemulsion and converting it into a fine emul-
sion, which recrystallized and formed the lipid nanoparticles (Sawant and Dodiya
2008; Bondi et al. 2007; Souto 2005; Gasco et al. 1992; Cavalli et al. 1993; Cavalli
et al. 1997; Migglieta et al. 2000).
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Fig. 7.12 Schematic repre-
sentation of the microemul-
sion method to produce lipid l
nanoparticles
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Ultrasonic homogenizers can also be used to produce lipid nanoparticles. This
type of equipment creates intense disruptive forces, strong enough to break up lipid
and water phases into very small particles (McClements and Rao 2011). Batch and
flow-through equipments are available at reasonable prices; however, there is some
concern about the possibility of very high temperature spots. The formation of these
hot spots could lead to the oxidation of both lipid and bioactive, as well as protein
denaturation or polysaccharide polymerization. Another problem which can occur
with the use of ultrasonic devices is metal contamination due to probe degradation
(Weiss et al. 2008; McClements and Rao 2011).

Low energy methods can also be used to produce lipid nanoparticles. These ap-
proaches rely on the spontaneous formation of oil droplets in oil-in-water-surfactant
systems when their temperature or composition is changed (Fernandez et al. 2004;
Anton and Vandamme 2009; McClements and Rao 2011). Low energy methods
lead to the production of nanoparticles due to their capacity to divert the intrinsic
physicochemical properties of the surfactants, co-surfactants and excipients in the
formulation (Anton and Vandamme 2009; Solans et al. 2010). A common classifi-
cation of low energy methods divides them in two types: self-emulsification and
phase inversion methods. Self-emulsification (or direct emulsification) relies on the
chemical energy of dissolution in the continuous phase of the dispersed phase pres-
ent in the initial system. A common way to prepare o—w nanodispersions by such
a method is to dilute into water an o—w microemulsion. Dilution causes a decrease
in surfactant concentration, increase the interfacial tension and also both phases to
dislocate from their original location. By controlling temperature and mixing condi-
tions, it is possible to produce nanodispersed systems like lipid nanoparticles.

On the other hand, phase inversion methods can be subdivided into phase inver-
sion temperature (PIT) and phase inversion composition (PIC). The PIT method,
originally proposed by Shinoda and Saito (1968) is based on the changes in the
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curvature (molecular geometry) or relative solubility of non-ionic surfactants with
changing temperature (Anton and Vandamme 2009; Solans et al. 2010; McClements
and Rao 2011). The phase inversion from o—w to w—o emulsion occurs due to the al-
teration of HLB of the polyethoxylated non-ionic surfactants with the temperature;
as the temperature increases, the POE surfactants dehydrate, decreasing their values
of hydrophilic/hydrophobic ratio, or, indirectly, the value of HLB. A nanodispersion
can be formed spontaneously by fast cooling an emulsion from a temperature above
the PIT to a much more lower temperature, using continuous stirring. In the case of
lipid nanoparticles, the step of cooling would also be responsible for the crystalliza-
tion of the particles. The PIC is similar to the PIT method, but the curvature of the
surfactant is altered by changes in the formulation of the systems, rather than the
temperature (McClements and Rao 2011; Salager 2006).

Other methods of lipid nanoparticles production found in the literature are sol-
vent emulsification-evaporation (Garcia-Fuentes et al. 2005; Sieckmann and West-
esen 1996; Sjostrom and Bergenstéhl 1992), solvent displacement (Hu et al. 2004;
Schubert and Miiller-Goymann 2003) and emulsification-diffusion techniques
(Trotta et al. 2003; Quintanar-Guerrero et al. 2005). However, they are not suitable
for food applications as they use organic solvents (not food-grade as cyclohexane,
chloroform, ethyl acetate, methylene chloride, isobutyric acid, tetrahydrofuran, for
example) in some steps of the process. More recently, microfluidic techniques have
also been proposed to produce lipid nanoparticles, but they are still extremely ex-
pensive and have no scale-up approaches (Finke et al. 2012).

7.2.4 Characterization of Lipid Nanoparticles

A complete characterization of a lipid nanoparticle dispersion is important to evalu-
ate its suitability for a determined application, and also for its quality control. There
are several techniques used to analyze the main characteristics of the lipid nanopar-
ticles, and the most important are summarized in Table 7.3.

In order to determine the average particle size and size distribution, the most
used technique is the DLS. Such a technique is based on the measurements of the
translational diffusion coefficients (D) of droplets determined by analyzing the in-
teraction between a laser beam and a dispersion (McClements 2005). The DLS is
based on the phenomenon of the deflection of the light by the particles. There are
many variations of DLS, and the two most commonly used methods in commer-
cial instruments are PCS (photon correlation spectrometry), DSS (Doppler shift
spectroscopy) and DWS (dynamic wave spectroscopy). The latter is a type of DLS
suitable for analyzing concentrate colloidal dispersions, when multiple scattering is
prone to occur (McClements 2005).

As for the measurement of particle surface charge, it is normally carried out
by electrophoresis. In commercial instruments, the particle velocity is often deter-
mined using sophisticated light scattering measurements, and such velocity is relat-
ed to its surface charge, as well as to the viscosity of aqueous surrounding medium
and dieletric constant of the material (Hiemenz and Rajagopalan 1997; Riley 2005).
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The surface charge of lipid nanoparticles, as in any other colloidal systems, is a
valuable tool to predict and explain their stability, as high values of surface charges
(higher than +30 mV or lower than —30 mV) indicate aggregation of particles is
less prone to occur. In addition, the interactions of the particles with other compo-
nents of food matrix are also influenced by their charge. Also, the digestibility of a
lipid nanoparticle is strongly related to its surface charge.

Crystalline microstructure and polymorphic nature of the lipid nanoparticles, as
already exposed in this chapter, are extremely important characteristics of this type
of colloidal system. Such information is, in most cases, obtained by X-ray techniques
(diffraction and scattering) and differential scanning calorimetry (DSC). Among the
X-ray techniques, the most used is WAXD (wide angle X-ray diffraction). It detects
electron density fluctuations and can relate these fluctuations with the characteristic
lengths of the crystalline structure by using Bragg’s law [Eq. (7.2)]:

2d sinf = A (7.2)

where d is the characteristic length (it must be lower than 1 angstrom), 20 is the
scattering angle and is the wavelength of X-ray beam. The directions of the dif-
fracted beams are related to the shape and dimensions of the unit cell of the crys-
talline lattice (Souto, 2005). A great advantage of WAXD analyses is that they are
non-destructive and have high penetration capability for organic systems, as well as
is sensitive to small structural changes (Bunjes and Unruh 2007). Figure 7.13 shows
examples of WAXD typical diffractograms for lipid nanoparticles.

Another X-ray technique used to characterize the microstructure of lipid
nanoparticles is SAXS (small angle X-ray scattering). The main difference between
WAXD and SAXS is the range of scattering angles; the denominated WAXD works
with angles (26) between 5 and 180°, whereas SAXS covers angles between 0.01
and 5° (Bunjes and Unruh 2007). Identification of crystalline structures and their
modifications are the most common objectives for the use of X-ray techniques. By
using them, it is possible to distinguish crystalline materials from amorphous, as the
crystalline show several diffraction bands, whereas amorphous substances do not
present a regular baseline. Such a differentiation and characterization is essential for
lipid nanoparticle studies aiming food applications, as crystallinity is a key factor in
the stability (thus, in the shelf-life) and digestibility of such nanosystems.

DSC is a powerful experimental technique to elucidate the microstructure of lip-
id nanoparticles. The breakdown of the crystal lattice by cooling or heating the lipid
nanoparticle dispersion provides information on crystal ordering and polymorphism
(Souto 2005). Modern sensitive DSC equipments can detect crystalline lipid phase
transitions at the typical concentrations between 1 and 10 %, or even below (Bunjes
and Unruh 2007). It is important, however, to remember DSC is able to detect and
quantify thermal events, but it is not capable of identifying the cause of the physi-
cal transitions. It is essential to use DSC and another technique in a complementary
way (Bunjes and Unruh 2007).

One important point in the thermal behaviour of lipid nanoparticles is the occur-
rence of a depression in the melting point of the nanoparticles in comparison to the
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bulk material. Such a phenomenon is expected for nanodispersions according to the
Gibbs—Thomson equation:

T 2yaVs (7.3)

where AH, _is the specific heat of fusion, 7' is the melting temperature of a particle

with radius 7, and 7}, is the melting point of the bulk lipid at the same external pres-
sure. Figure 7.14 shows an example of a comparison of thermograms of the bulk
lipid and lipid nanoparticles.
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Fig. 7.14 DSC heating curves of bulk lipid (Compritol 888 ATO) and lipid nanoparticle formula-
tions. The lipid nanoparticles were produced with Compritol 888 ATO (9 % mass) and Artemisia
arborescens L. essential oil (1% mass) as lipids, and Poloxamer 188 (SLN 1) or Miranol Ultra
C32 (SLN 2) as surfactants (2.5 % mass). Melting peaks were altered from 71.2 °C in bulk lipid to
65.7 and 66.7°C in SLN 1 and SLN 2, respectively, and melting enthalpy decreased from 110 J/g
to around 10 J/g in lipid nanoparticles. (Adapted with permission from Lai et al 2006. Copyright
2006 Springer)
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Fig. 7.15 Comparison of
thermal behaviour, obtained
by DSC, of (a) bulk lipids
and (b)lipid nanodispersions
produced with such lipids.
The lipid nanoparticles were
produced with 5% of a
mixture of goat fat and soy
lecithin, and polysorbate 80
as stabilizer (LN1, LN2, LN3
and LN4 contained 1.0, 0,50,
0.10 and 0.0 % polysorbate
80, respectively). (Adapted
with permission from Attama
and Miiller-Goymann 2007.
Copyright 2007 Elsevier)
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In Fig. 7.15 it is also possible to verify how strong the effect of the nanosizing is
in the thermal behaviour of lipid dispersions. The lipid nanoparticles, in the case of
the cited study, were around 100 nm of diameter.

The effect of the particle size on the thermal behaviour can be clearly observed
in Fig. 7.16. It is evident the influence of particle size becomes more pronounced as
the particle size decreases.

Another important aspect which must be observed in thermal analysis of lipid
nanoparticles is the heating rate, as metastable polymorphs can transform into more
stable ones during the analysis, depending on the conditions set for the analyses
(Bunjes and Unruh 2007). The differences in the thermograms for a freshly pre-
pared dispersion of lipid nanoparticles of tristearin can be observed in Fig. 7.17, for
the different heating rates applied during the DSC analyses.

High heating rates should be used in DSC analyses of lipid nanoparticles, but a
compromise may be necessary in order to not decrease resolution of multiple sig-
nals derived from the thermal events (Bunjes and Unruh 2007).

Scanning electron microscopy (SEM), atomic force microscopy (AFM) and
transmission electron microscopy (TEM) are extremely useful in determining shape
and morphology of lipid nanoparticles. A great advantage of TEM is the possibil-
ity of visualizing coexisting structures and microstructure transitions. Conventional
TEM, however, can be considered as a preliminary technique to have a first impres-
sion of a lipid nanoparticle dispersion. Cryo-TEM and freeze-fractured TEM are
certainly the most powerful techniques to investigate lipid nanoparticles visually,
since they can provide detailed information about the internal structure of colloidal
systems in their native state (Klang et al. 2012). Figure 7.18 shows examples of
micrographs of the same sample of lipid nanoparticles, obtained by cryo or freeze-
fractured TEM.

Finally, Fig. 7.19 shows the cryo-transmission electron microscopy images of
lipid nanoparticles composed of various types of triacylglycerols.

In the micrographs, it can be observed the three-dimensional particles are pro-
jected in a two-dimensional way, and it is possible to distinguish deformed hex-
agonal, elongated circular platelet-like crystalline particles, and dark, “needle”-like
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Fig. 7.17 Influence of heating rate on the melting curve of a freshly prepared tristearin (Dynasan
118) nanoparticle dispersion (10% lipid, 2.4% DPPC and 0.6 % sodium glycocholate). (Repro-
duced with permission from Bunjes and Unruh 2007. Copyright 2007 Elsevier)

Fig. 7.18 Electron micrographies of a lipid nanoparticle dispersion produced with tristearin
(Dynasan 118, 10%) and stabilized with purified soy lecithin (2.4%) and sodium glycocholate
(0.6%). a Cryo-electron micrograph. b Freeze-fractured micrograph. (Adapted with permission
from Bunjes and Koch 2005, Copyright 2005 Elsevier)
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Fig. 7.19 Cryo-TEM images of lipid nanoparticles composed of a tristearin; b tristearin-mono-
stearin (2:1); b tristearin-tricaprin (2:1); d tribehenin. The nanodispersions were stabilized with
Poloxamer 188. (Adapted with permission of Esposito et al. 2008, Copyright 2008 Springer)

structures (nanoparticles side view) (Esposito et al. 2008). Such morphological
observations are typical in lipid nanodispersions systems.

7.3 Conclusions and Future Perspectives

Research to date has demonstrated the excellent potential for the use of liposomes
and lipid nanoparticles in the encapsulation of hydrophobic bioactives in food.
Their capacity to increase the dispersibility of such compounds and consequently
their incorporation in food formulations is a very attractive reason to use them. In
terms of processes, the main challenge is to develop scalable production methods,
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especially in the case of liposomes, but also for lipid nanoparticles. Besides devel-
oping such methods, it is crucial to obtain the process parameters important for the
scale-up. In the case of liposomes, the high-pressure methods are not especially in-
teresting for scale-up. In the case of lipid nanoparticles, applications which require
a very low particle diameter are many times limited to the use of high energy meth-
ods; so, another frontier can be the development of low energy methods in order to
produce extremely fine nanodispersions of lipid particles. The use of a wider range
of food-grade raw materials is also urgent, as many studies are still based on phar-
maceutical paradigms, and they do not present results using different types of lipids
(natural butters, for example) or phospholipids (egg phospholipids, or non-purified
lecithins), or even other categories of natural surfactants.

A second aspect is related to the evaluation of the digestibility of these lipid-
based nanoencapsulation systems. There are many studies in the literature, but most
of them do not try to simulate the digestion of the liposomes or lipid nanoparticles
in more realistic situations, as if they were incorporated in a more complex food
structure.

Finally, the major problem is that there are almost any studies in the scientific
literature evaluating the incorporation of liposomes and lipid nanoparticles in food
systems. The next challenge is probably prove their theoretical capacity of protec-
tion of the hydrophobic bioactives, or improvement of their dispersibility, is good
enough to deserve more attention by the food industry as real alternatives for mi-
croencapsulation.
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Chapter 8
High Shear Methods to Produce Nano-sized
Food Related to Dispersed Systems

Cynthia Cano-Sarmiento, Liliana Alamilla-Beltran, Ebner Azuara-Nieto,
Humberto Herniandez-Sanchez, Dario I. Téllez-Medina, Cristian
Jiménez-Martinez and Gustavo F. Gutiérrez-Lopez

8.1 Introduction

Nanotechnology comprises the implementation, production, and processing of
materials of sizes less than 1000 nm. Nanoscience provides methods and the
framework to get an understanding and development of materials and products
with new properties due to the formation of nanostructures (Foster and Konrad
2003; Roco 2003). Nano-materials have surprising properties, which are different
to their macroscopic counterparts (Wardak et al. 2008; Dresselhaus et al. 2004).
Among these properties are physical, chemical, optical, electrical, catalytic, mag-
netic, mechanical, and biological, which can generate a significant improvement
in the performance of products, improve product functionality, create new appli-
cations, etc. (Yuan and Zhang 2013). Therefore, nanotechnology has had a signif-
icant effect on various industries, including electronics, engineering, telecommu-
nications, medicine, agriculture, cosmetic, and food (Chaudhry et al. 2008; Roco
2003; Sanguansri and Augustin 2006). Nanotechnology has revolutionized the
entire food industry, from production to processing, storage, and development of
materials, products, and innovative applications. The application of nanotechnol-
ogy in the food sector has generated innovation in macroscale features of foods,
such as texture, flavor, color, workmanship, safety, security, stability as well as
the development of a large number of new products (Kuan et al. 2012). Moreover,
nanotechnology may also improve the water solubility, thermal stability, and bio-
availability of bioactive compounds (McClements et al. 2009; Huang et al. 2010;
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Silva et al. 2012; Ezhilarasi et al. 2013). Many of the structural elements of the
foods are colloidal in nature and are constructed as a result of self-assembling of
nanosize molecules into particulate or interfaces. The ability to control the mac-
romolecules and small components in a food matrix at various length scales has
become an integral part of the design of food products. The future development
of food requires an understanding of the relationship between the nanostructures,
supra-molecular, and higher order with functionality in a physical, nutritional,
and physiological level (Sanguansri and Augustin 2006).

8.2 Production of Nanomaterials

In general, nanoscale manufacturing technologies can be classified into three
groups: top down, bottom-up, and hybrid technologies of nanomanufacturing
(Zhang et al. 2004). From these, the most commonly used approach is the “top
down,” which involves size reduction by applying a force. The degree of con-
trol and refinement in size reduction processes influence the properties of the
materials produced. The balance between downsizing at a functional level and
exclusively being the things smaller must be clearly understood in order to de-
termine the process that can be used for size reduction. Size usually is related
to the functionality of the food materials. A smaller size means a larger surface
area and is desirable for some purposes such as improving the water absorption,
flavor release, bioavailability, and faster rates of catalysis. Uniformity or narrow
size distribution for better control of the functionality and quality of the prod-
uct is also required. The three types of forces used in the size reduction of food
are compression, impact, and shear (Sanguansri and Augustin 2006). One of the
most commonly used forces is shear or rupture. The energy intensity required in
nanomanufacturing is very high compared to conventional manufacturing tech-
nologies (Yuan and Zhang 2013). Some mechanical equipment that can generate
intense break forces capable of reducing the size to a nanometer scale are: rotor-
stator homogenizer, homogenizer of high-pressure valve, and ultra-high pressure,
ultrasonic devices, and microfluidizers (Tadros et al. 2004; Anton et al. 2008;
Leong et al. 2009). The nanoparticles can be generated by processes in gaseous
or liquid phase. The liquid phase procedures use surface forces to create particles
and structures in nanoscale.

8.3 Rotor-Stator Homogenizer

They are also known as high shear devices or high cut due to localized energy dis-
sipation and cutting speeds generated. The distinguishing feature of a rotor-stator
homogenizer is the high-speed rotor (movable mixture element) in close proximity
to a stator (fixed mixing element). Typical speeds of rotor tip are between 10 and
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Table 8.1 Publications using rotor-stator homogenizers

System Ingredient Size (nm) Reference
Nano-emulsion B-carotene 150 Silva et al. 2011
Nano-emulsion (After spon- | Avocado oil, jojoba oil |233.5 189.7 | Sondari et al. 2010
taneous emulsification) and almond oil (with | 240.1

palmitoyl pentapeptide

and ceramide I1IB)
Nanoparticles Calcium carbonate 285.90 Hassim and Rachmawati

2010

50 m/s. In a rotor-stator mixer, the cut speed ranges are from 20,000 to 100,000 s .
The combined action between rotor and stator generate the mixing energy, shearing
stresses and elongation, turbulence, and cavitation (in various proportions depend-
ing on the speed, viscosity, and other fluid flow parameters), that provide mixing
and size reduction. They can be assembled or configured to operate batch, semi-
continuously or continuously (Karbstein and Schubert 1995; Atiemo-Obeng and
Calabrese 2004; Utomo et al. 2009).

These devices have been widely used in processes such as homogenization, dis-
persion, emulsification, grinding, dissolving, and cell disruption in fields such as
chemistry, agriculture, food manufacturing, chemical reaction processes, etc. Many
companies design and supply rotor-stator homogenizers (Silverson®, Omni®,
IKA®, etc). Many of the available designs often only differ slightly in geometry,
although providers offer different yields. The most used type of this device is the
rotor stator for obtaining nanometric sizes of laboratory scale and is manufactured
by IKA® (e.g., Ultra-turrax). Table 8.1 shows some research using this equipment.

In the case of laboratory devices, they often are radial which implies that the
rotor moves the fluid radially away from the head of the mixer through the slots
or holes of the stator; the distributors provide a variety of shapes and sizes of slot
or holes. Figure 8.1 shows some examples of the geometries available. Common
dispersion technology works by rotor-stator principle. Systems consist of a rotor
within a stationary stator. Due to the high circumferential speed, the medium to be
processed is attracted axially towards the head of dispersion and then forced to pass
through the slots of the rotor stator. The high speed and the minimum gap between
the rotor and the stator produce extremely intense cutting forces that achieve a bet-
ter dispersion.

Utomo et al. (2009) studied the effect of the geometry of the stator in the flow
pattern and rate of energy dissipation in these homogenizers. They found that the
flow pattern in the openings of stator was very similar for all shapes and sizes of
holes and that about 50-60% of the energy supplied by the rotor is dissipated in
the rotor swept region and about 25 % in the jet region. The fraction of the energy
dissipated in the region of the hole is 12—15 % for stators with narrow opening and
only 8% for stators with wide opening. The order of magnitude of the rate of en-
ergy dissipation in each region (rotor swept region, holes, and jets) is practically the
same for all stators.
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Fig. 8.1 Examples of available geometries for stators

»

Fig. 8.2 Geometries of the stators used in this study

However, in the case of stators with narrow openings, the distribution of energy
dissipation rate in the hole is more uniform. Figure 8.2 shows the stators geometries
used in the present study. To set the speed and uptime, the process of development,
expansion, and operation of these homogenizers are based mostly on technical eval-
uations of trial and error, as well as the type of stator to provide system-specific
features. The two main forces that can reduce the particle size in these devices are:
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the mechanical impact against the wall by the acceleration of the fluid and the shear
forces, the intensity of the shear forces can be altered by varying the thickness of the
gaps (from 50 to 1000 pm), varying the rotation speed (from 1000 to 25,000 rpm)
or by using disks that have toothed surfaces or interlocking teeth (Becher 2001;
McClements 2005; Jafari et al 2008).

Although emulsification strength (power) and the time when particles remain
in the shear zone are the primary parameters that control the size. In general when
compared with other methods of homogenization is considered that these devices
do not give a good spread in terms of size and monodispersity, therefore, they often
are used as a preliminary process to the main homogenization (Anton et al 2008,
Kaltsa et al. 2013).

8.4 High and Ultra-High Pressure Valve Homogenizer

High-pressure homogenization can be profitably applied to reduce the particles and
emulsion droplets dispersed in a liquid to finer dimensions, due to the shredding
caused by the intense fluid-mechanical stresses generated on the pressurized liquid
when flowing at high velocity through a micrometric gap (homogenization valve)
(Schultz et al. 2004; Maresca et al. 2011). Recent progress in high-pressure tech-
nology and the design of new homogenization valves (ceramic seats and needles)
able to withstand pressures up to 400 MPa have indeed opened new opportunities
to homogenization processing. By comparison, classical homogenization, the stan-
dard industrial process used in the dairy, pharmaceutical, and cosmetic industries
to reduce particle sizes operates with an up-stream pressure of about 20 to 60 MPa
(Grécia-Julia et al. 2008). Depending on the nominal pressure level, the technology
will be called high-pressure homogenization (HPH, up to 150-200 MPa) or ultra-
high-pressure homogenization (UHPH, up to 350-400 MPa). For comparison, the
standard homogenization operates with an upstream pressure of ~20 to 60 MPa, as
in dairy industry (Dumay et al. 2013).

A high-pressure valve homogenizer consists of a piston pump and a narrow gap,
where the operating pressure is up to 150-200 MPa. Particle break-up occurs within
the region of the valve gap and in the jet after the gap. The advantage of this device
is that it is scalable for industrial production. It was shown that the flow into the
valve gap is elongational with a higher velocity at the passage head wall than at the
impact head wall. This acceleration dampens the turbulence and therefore the flow
in a laboratory scale homogenizer gap is usually laminar. A jet is formed at the exit
of the gap where the majority of the energy dissipates: producing a stable and large
eddy that causes the jet to become unstable and attach to a wall. The majority of the
particle break-up occurs at the outer regions of the jet, this is because the difference
in velocity of the jet and the surrounding fluid produces the highest shearing forces
(Innings and Tragardh 2007; Lee and Norton 2013). As the product passes through
the valve, it experiences a combination of intense shear, cavitation, and turbulent
flow conditions, which cause the large particles to be broken down into smaller
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ones. For a given pump throughput, the homogenizing pressure is determined by
the force acting on the axially movable valve plug and the size of the gap resulting
from this (Stang et al. 2001; Jafari et al. 2008).

UHPH, also called dynamic high pressure, is a novel technology recently
studied in the food, cosmetic, and pharmaceutical areas to fragment particles in
dispersions or emulsions, to produce fine and stable emulsions, to modify the
viscous properties of fluids due to the particle size reduction, and also to facili-
tate metabolite extraction as well as to achieve inactivation of microorganisms,
enzymes, and even some viruses (Gracia-Julia et al. 2008). Homogenizers are
usually equipped with a high-pressure valve (HP-valve or first-stage) and a low-
pressure valve (LP-valve or second-stage). The processing performances impor-
tantly depend on the valve design (geometrical characteristics of the needle and
seat, height, and shape of the valve gap) but also on the physicochemical char-
acteristics of the fluid (density, viscosity, flow rate). Homogenizers are usually
equipped with a HP-valve (or first-stage) and a LP-valve (or second-stage). The
processing performances importantly depend on the valve design (geometrical
characteristics of the needle and seat, height, and shape of the valve gap) but
also on the physicochemical characteristics of the fluid (density, viscosity, flow
rate). LP-valve may be used or not during HP-homogenization, depending on the
performances of the HP-valve to disrupt particles without or limited particle reag-
gregation phenomena as usually observed after passing the first-stage in standard
homogenization (Dumay et al. 2013).

UHPH delivers the highest potential energy of emulsification (AP/volume unit
of processed fluid) that is able to create the smallest size of particles below the mi-
cron level. In recent years, a growing interest was particularly directed towards the
specific innovative functionalities developed from the structural modifications that
UHPH could induce. Indeed, the several physical phenomena successively and/or
simultaneously involved before (short-time pressure build-up), through (pressure
drop, intense shear forces, and elongational stress), and at the outlet (turbulence,
cavitation, impacts) of the HP-valve gap, result in modification of particles in the
processed fluid. This confers them new structural and physicochemical properties
by a top-down (particle size reduction) or bottom-up (particle reassembly) process.
Particularly, when the processed fluid is forced through the very narrow HP-valve
gap, particles (emulsion oil droplets, fat globules, microorganisms) or polysaccha-
ride macromolecules can be ruptured by the mechanical associated forces inducing
a significant reduction of size down to the micron/submicron range (Cortés-Mufioz
et al. 2009; Floury et al. 2003, 2004; Paquin 1999; Thiebaud et al. 2003; Dumay
etal. 2013). Figure 8.3 shows a comparison between a classic high-pressure homog-
enizer and an ultra-high pressure one.

The Stansted homogenizing valve technology used here (Fig. 8.3b) consists
of ceramic material, which is known to withstand to ultra-high-pressure levels.
Moreover, geometry of the valve has been modified compared with a classical one
(Fig. 8.3a). Firstly, the flow directions through the valve are reversed: in the clas-
sical valve design, the fluid is fed axially into the valve seat, and then accelerates
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Fig. 8.3 Homogenizing valve geometries: a high-pressure homogenizer valve and b ultra-high-
pressure valve

radially into the small region between the valve and valve seat (Fig. 8.3a). Once
the fluid leaves the gap, it becomes a radial jet that stagnates on an impact ring
before leaving the homogenizer at atmospheric pressure (Kleinig and Middelberg
1997).

In the Stansted valve (Fig. 8.3b), the fluid is first fed axially along the mobile
part of the valve and then accelerates radially through the narrow gap between
the valve and valve seat. Numerical simulations revealed that the radial jet leaves
the valve seat without impinging on the valve point, but it largely recirculates just
downstream the slit of the valve before flowing out of the valve seat. Secondly,
the Stansted valve technology is able to reach much higher pressures (350 MPa)
than the classical type (70-100 MPa). As operating pressure (ph) is controlled by
adjusting the gap (/) between the valve and seat, valve gaps involved in the ultra-
high-pressure valve are much narrower (4 =~2-5 pm) than in the classical one (10—
30 um) (Floury et al. 2004). Table 8.2 shows some publications that use this device
and the obtained sizes.

8.4.1 Ultrasonic Homogenizer

Ultrasound is defined as sound waves having a frequency that exceeds the limit of
human hearing (~20 kHz). It is one of the emerging technologies that have been
developed to minimize processing, maximize quality, and ensure the safety of food
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Table 8.2 Publications that use high- and ultra-high-pressure valve homogenizers

Matrix Ingredient Process parameters Size (nm) References
Emulsions | Peanut oil 200 MPa 2-3 steps 138 Cortés-Muioz et al. 2009
Micelles Phosphocasein | 200 MPa 300 MPa 130 85 Benzaria et al. 2013
1 step
Dispersion | Whey protein | 250-300 MPa 1 step | <100 Gracia-Julia et al. 2008
aggregates
Emulsions | Milk 20 and 5 MPa 2 steps | No fat 183, | Cironetal. 2010
low fat 261

products. Ultrasounds have been useful in the inactivation of enzymes and mi-
croorganisms, modifying food ingredients, processes of crystallization, extraction
of natural compounds, homogenization, and emulsification so as to produce na-
noscale materials (Mason et al. 1996 and 2011; Raviyan et al. 2005, Ertugay et al.
2004; Sanguansri and Augustin 2006; Ashokkumar et al. 2008 and 2010; Weiss
et al. 2011; Gogate and Pandit 2011; Vilkhu et al. 2008, 2011; Bermudez-Aguirre
and Barbosa-Cénovas 2012; Abbas et al. 2013). Depending on the amplitude of the
frequency, ultrasound applications in the processing, analysis and quality control
of food can be divided into high and low energy. The low-energy ultrasound (low
power or low intensity) have frequencies above 100 kHz and intensities below
1 W/cm?. They can be used for noninvasive analysis and monitoring of various
food materials during processing and storage to ensure high quality and safety.
The low-energy ultrasound has been used in a nondestructive way to support cattle
breeding programs and to evaluate the composition of raw and fermented meat
products, fish, and poultry. In addition, they are also used in the quality control
of fresh fruit and vegetables pre- and postharvest, in cheese during processing,
commercial cooking oils, bread and cereals, food gels, aerated, and frozen foods
(Awad et al 2012).

Other applications include the detection of adulteration of honey and evaluation
of the state of aggregation, size, and type of proteins. The high-energy ultrasound
(high power or high intensity) that used intensities higher than 1 W c¢m? at frequen-
cies between 20 and 500 kHz, have effects on physical, mechanical, or chemical/
biochemical food properties (Mason et al 2011). The ultrasonic generator converts
electrical current into ultrasonic energy to power the ultrasonic transducer. The
transducer produces an elastic deformation along the alternating voltage, which re-
sults in a longitudinal mechanical vibration that produces a cavitation effect in the
probe immersed in the solution. Ultrasound propagation through different materials
induces compressions and decompressions (rarefactions) of the medium particles,
which provide a lot of energy. Probes, as shown in Fig. 8.4, can have different
lengths, diameters, and geometries depending on the application (Awad et al. 2012).

The ultrasonic wave causes intense localized heating and this creates gas bubbles
that lead to a phenomenon called acoustic cavitation. This cavitation generated vio-
lent physical forces including micro-jets, shear forces, turbulence, and shock waves,
and results in the high pressure and intense shear forces, which cause the physical
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Fig. 8.4 Laboratory ultrasonicator and some probes

disruption of the components and materials of food and can lead and change the
rate of chemical reactions (Povey and Mason 1998; Ashokkumar and Mason 2007;
Augustin and Sanguansri 2009). When the bubble reaches a critical size, it col-
lapses. The collapse is adiabatic due to high speed of the collapse and does not
allow time for a flow of heat, producing a small, localized hot spot. Temperatures
are very high (=5000°C) and so are the pressures (=2000 atm), triggering reactions
that generate nanoparticles at the time. Spot size determines the size of the resulting
particles (Chaturvedi and Dave 2013).
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Table 8.3 Researches that used ultrasonicators

Matrix Ingredient Frequency and Size (nm) | References
time
Nanoparticles | Starch 24 kHz 60 min | 250 Bel Haaj et al. 2013
Nano-iposomes | Phosphatidylcholine | 20 kHz 50 min 150 Pereira-Lachataignerais
et al. 2006
Nanocrystals | Curcumin 40 kHz 60 min 166 Moorthi and Kathiresan
2013
Nano-emul- Linseed oil 20/24 kHz 5 min | 120 Kentish et al. 2008
sions

In some applications, both physical forces and chemical reactions are useful.
For example, the stability of the capsules produced by ultrasound for encapsulating
active principles and food ingredients of high value can be increased by chemical
cross-linking of the protein molecules during the formation process (Cavalieri et al
2008).

Although one of the main problems in the use of ultrasound in the food indus-
try is the controlled modification of the functionality of food ingredients without
chemical modification, as the localized high intensities involved in these methods
may lead to denaturation of proteins, depolymerization of polysaccharides, or lipid
oxidation during homogenization. The ultrasonic processing is influenced by pa-
rameters such as amplitude, pressure, temperature, viscosity, and concentration.
The results of the processing will be based on: (1) Energy—the energy input per
volume treated material (in kWh/L) and (2) Intensity—the actual power output per
surface area of the sonotrode (in W/cm?), where the energy input is the product
of power output (kW) and the time of exposure. The time of exposure is directly
related to the flow rate through the ultrasonic device (L/h). In the market there are
probes of different shapes and sizes depending on the application. Figure 8.4 shows
a representation of the more common type of equipment and probes.

Table 8.3 summarizes some researches that used ultrasonicators and the sizes
obtained.

Sonication is one of the most popular way to produce nanoscale materials for re-
searching, however, the use of this technology by industry has been limited (Samer
and Schork 1999; Anton et al. 2008). The liquid phase reactions based on ultrasound
are also one of the most popular forms and prioritized pathways for noncovalent
approaches to achieve biological functionalization of nanomaterials (Mason and
Lorimer 2002; Awad et al. 2012).

8.5 Microfluidizers

Microfluidization involves transfer of mechanical energy to the particles of high-
pressure fluid (Kasaai et al. 2003). It is a form of homogenization that uses micro
channel interaction chambers designed to promote cavitation, along with high cut-
ting forces and impact for size reduction, dispersion, or emulsion formation (Kasaai
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Fig. 8.5 Microfluidizer ® M-110Y showing interaction chambers and schematics of the microflu-
idization process (Microfluidics Corp.)

et al. 2003; Augustin and Sanguansri 2009). The micro fluidizer contains an intensi-
fier pump that generates high pressure, which is used to force the product to pass
through an interaction chamber formed by two micro channels, that will divide the
product into two streams when it enters the chamber. Pneumatically powered pump
is capable of pressurizing the in-house compressed air (150-650 kPa) up to about
150 MPa (Microfluidics, 2008; Jafari et al. 2007b). Such flows will be accelerated
and will end up colliding with each other from opposite directions, creating a high
cutting action (Jafari et al. 2006).

Figure. 8.5 shows the equipment M-110Y produced by Microfluidics Corp.
The chamber is essentially a continuous microreactor that uses a turbulent mixer,
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Table 8.4 Research involving microfluidizers

Matrix Ingredient Process parameters | Size (nm) References
Nanoparticles Coenzyme Q10 Emulsification- 40-260 Kwon et al. 2002
evaporation of
solvent 100 MPa
1-4 cycles
Nano-liposomes | Phospholipid-rich 73,90 and 103 MPa | 100-150 Thompson and
fraction derived 1-10 cycles Singh 2006
from MFGM
(milk fat globule
membrane)
Nano-fibers Cellulose of empty | 55 MPa 5 cycles 10-30 Ferrer et al. 2012
fiber from palm fruit
Nano-emulsions | Lemongrass oil 50, 100 and 5.8-53.1 Salvia-Trujillo
150 MPa 1, 2, 3, 4, etal. 2014
5 and 10 cycles
Nano-emulsions | Milk 150 MPa 1 cycle Non fat 174, | Ciron et al. 2010
Low fat 194

a localized energy dissipation device, and a fixed geometry to generate a uniform
pressure profile that creates a precise and repeatable size distribution in the nano-
system.

There are two types of chambers: “Y” and “Z.” These chambers are of many
sizes, ranging from the ones that are used in laboratory to the ones that are used
for large-scale production. These chambers can be used in combination with an
auxiliary processing module (Microfluidics 2008). Several studies have shown that
the homogenization by microfluidization is superior to other types of conventional
homogenization. The particle size distribution produced by a microfluidizer appears
narrower and smaller than the one obtained in systems produced by traditional
methods of homogenization (Jafari et al. 2006, 2007a,b; Perrier-Cornet et al. 2005;
Wooster et al. 2008).

If the desired particle size is not achieved after one cycle, it can be attained by
increasing the number or cycles, depending on the properties of the sample. The
particle size will depend mainly on the pressure, the number of cycles, and the com-
position of the product. For example, in the case of emulsions it has been shown
that microfluidization is unfavourable in specific circumstances such as higher pres-
sures and longer emulsification times, as it leads to “over-processing,” which is re-
coalescence of emulsion droplets and an increase in droplet size (Jafari et al. 2006,
2007a,b; Olson et al. 2004). Table 8.4 shows some publications that use this device
and the sizes reported.

Currently, Microfluidizers are designed with the goal of preventing cavitation.
Although it is a strong force that can break particles, it is also harmful to the equip-
ment. By eliminating the presence of cavitation, it is possible to achieve similar lev-
els of particle size reduction while maximizing the life of the equipment. The size of
the channels is the same on the laboratory scale as on the production scale. There is
a wide range of micro-channel sizes to produce a wide range of shear rates, but for
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Fig. 8.6 Arrangement of —
multiple microchannels in
parallel in a Y-type interac-
tion chamber

Fig. 8.7 High-pressure labo-
ratory homogenizer for small
sample processing

scale-up, rather than increasing the size of the micro-channel, multiple microchan-
nels in parallel are placed such that the same levels of shear on the production scale
as the laboratory scale can be achieved. The chambers are shown in Fig. 8.6.
Additionally, Microfluidizer® technology converts fluid pressure more efficient-
ly into shear forces, leading industry performance standards in high-pressure labo-
ratory homogenizers such as the pneumatic instrument called the LM10 (Fig. 8.7),
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recommended for small sample processing in applications such as emulsions, dis-
persions, liposomes, and cell disruption (Microfluidics 2014).

8.6 Conclusions

These methods employ mechanical devices for generating intense disruptive forces
required for rupture of macroscopic phases (Abbas et al. 2013). The final structure
will depend on how the chemical, physical, and processing interventions are applied
to dictate the balance of the intramolecular and intermolecular forces within and
between the components in the system (Sanguansri and Augustin 2006).
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Chapter 9

Hydrodynamic Characterization

of the Formation of Alpha-Tocopherol
Nanoemulsions in a Microfluidizer

Amor Monroy-Villagrana, Liliana Alamilla-Beltran,
Humberto Hernandez-Sanchez and Gustavo F. Gutiérrez-Lopez

9.1 Introduction

The use of nanoemulsions produced by microfluidization as delivery systems of
nonpolar functional compounds like bioactive lipids, drugs, flavors, and antioxi-
dants has increasing interest in some industries including food, pharmaceutical, and
cosmetics (McClements et al. 2007; Weiss et al. 2009; McClements 2011). One of
the advantages (Tadros 2009) presented in these emulsions is that they can be incor-
porated (Heffernan et al. 2011) into water-based systems and beverages because the
particle size is less than the wavelength of visible light (McClements 2011; Weiss
et al. 2009) and they can also be considered as a previous step for other processes
like spray drying encapsulation (Cao-Hoang et al. 2011; Tan and Nakajima 2005;
Yuan et al. 2008). Some approaches made in food industry using this technology in-
clude nanoemulsion formulation of several vitamins such as alpha-tocopherol (AT)
to improve absorption and bioavailability of this compound (Cheong et al. 2008;
Gonnet et al. 2010).

The principle of microfluidization consists in a liquid that is divided into the
microchannels of an interaction chamber (IX) and recombined later. The interaction
chamber (IX) is a continuous microreactor that uses turbulent mixing, energy dissi-
pation, and a fixed geometry to create a uniform pressure profile and thus obtaining
a precise size and distribution of particles. The minimum size of the microchannels
can be 50 microns and the rates at which fluids can travel through the chamber are
above 500 m/s (Microfluidics 2008).
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Despite the high surface-volume ratio in fluid microchannels, which is beneficial
for the higher mass transfer and heat (with the shorter residence time, RT), their
small cross-sectional dimensions are a major disadvantage for achieving good mix-
ture (Adeosun and Lawal 2009, 2010; Pipe and McKinley 2009). Since the efficient
mixing is a challenge, there are numerous research papers and extensive reviews
on micromixers (Hessel et al. 2005; Nguyen and Wu 2005; Adeosun and Lawal
2009, 2010). A commonly used technique to understand and characterize what hap-
pens inside this micromixers is the determination of the residence time distribution
(RTD) (Levenspiel 1999; Gutierrez et al. 2010). This distribution allows determin-
ing the effect of mixing to characterize the behavior of a fluid by knowing the mean
RT of molecules within the channels and thus achieving a design process leading
to improved product quality (Levenspiel 1999; Gutierrez et al. 2010). This time, in
the IX, must be sufficient to allow it to carry out the breakdown of the droplets and
absorption of emulsion compounds.

9.2 Nanoemulsions

Emulsions are a class of disperse systems where two immiscible liquids are mixed.
The liquid forming the minor proportion is called disperse phase whereas the phase of
major proportion is called continuous phase. In the food industry, pharmaceutical, and
cosmetics these systems are used for the release of nonpolar functional compounds
such as vitamins, antioxidants, antimicrobials, and other types of fatty acids (Bouyer
et al. 2011; Bouyer et al. 2013; Pan et al. 2013). According to the particle size, this
could be divided into macro-emulsions (0.5-100 pm), miniemulsions (nano) (100—
1000 nm), and microemulsions (10—100 nm) (Jafari et al. 2007a; Windhab et al. 2005).

The difference in size of a macro vs. a miniemulsion is that the mini- (nano-)
emulsions are less susceptible to gravitational separation (creaming, sedimentation)
because the particle size makes the Brownian motion of molecules prevail over
the gravitational forces. Moreover, this type of emulsion also exhibits improved
stability against flocculation or coalescence because the range of attractive forces
between particles decreases with the particle size reduction (Tadros et al. 2004;
McClements 2005). Despite of this, there is not a critical size which determines the
change in these properties (Weiss et al. 2009).

It has been reported that the bioavailability of nanoemulsions could be up to
three times higher than conventional emulsions, increasing the rate of passive diffu-
sion and facilitating the absorption of intestinal lymphatic system (Hatanaka et al.
2010; Lin et al. 2012; Ting et al. 2014). Also, forming nanoemulsions for subse-
quent encapsulation of bioactive compounds with low solubility in water represents
(1) an effective way to increase the bioavailability and improve the dispersion of the
bioactive in food products, (2) a way of protection against degradation or interac-
tion with other ingredients, and also (3) a way to reduce the impact on the sensorial
properties of food (Donsi et al. 2011; Mayer et al. 2013).
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9.2.1 Nanoemulsion Formation by Microfluidization

Microfluidization is a high-pressure homogenization method commonly used to
produce oil-in-water (O/W) micro- and nanoemulsions (Brdsel and Schubert 1999;
Gramdorf et al. 2008; Schuch et al. 2013). This process involves deformation,
collision, and sometimes cavitation to emulsify or disperse a liquid—liquid system
or deagglomerate and disperse a solid in to a liquid in an IX (Paquin 1999; Jafari
et al. 2007b; Microfluidics 2008), thus producing a particle-size homogeneous dis-
tribution (Sanguansri and Augustin 2006; Jafari et al. 2007b). The equipment is
a high shear processor that acts as a bomb that forces a coarse emulsion to pass
through the IX (Fig. 9.1). The mechanisms involved in to the droplet break-up are
deformation and shear forces caused by differences in local pressure (i.e., inertial
forces). In laminar flows the deformation is performed only by shear forces, while
in turbulent flow the inertial forces also influence the break-up, which is executed
by three mechanisms of rupture (Stang et al. 2001):

1. Rupture due to shear forces in laminar flow
2. Rupture due to shear forces in turbulent flow
3. Inertial forces in turbulent flow

The rate of formation of a new interface depends on (1) the hydrodynamic con-
ditions within the break-up zone, the energy dissipation, the viscosity of the two
phases; (2) the RT in the break-up zone, type of oil, emulsifier, and concentrations,
and (3) the physicochemical properties of each phase such as interfacial tension
(Brosel and Schubert 1999; Qian and McClements 2011; Lee and Norton 2013).

9.2.2 Influence of Emulsifier Type on Particle Size

Emulsifiers and stabilizers may influence the results of the emulsification process
in different ways: (1) they facilitate the deformation and disruption of the drops
by decreasing the interfacial tension, (2) they prevent coalescence by the interface
stabilization, or (3) they modify the viscosity of the continuous phase decreasing the
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Table 9.1 Food-grade emulsifiers generally used on nanoemulsion production

Oil phase Emulsifier Ratio Size (nm) | References
(oil-emulsifier)

-carotene Tween 20 1:1.7 60-135 Tan and Nakajima
2005

a-tocopherol Tween 20 2:1 171 Bouchemal et al.
2004

Orange oil Starch/ester gum | 1:2>9% ester gum | =200 Lim et al. 2011

Corn oil B-lactoglubulin 5:2 146 Qian and McCle-
ments 2011

Sunflower oil | B-casein 5:2 186 Mabher et al. 2011

D-limonene, Gum Arabic 10:1 1000 Dickinson et al.

orange oil 1991

gravitational separation (Brosel and Schubert 1999; Klinkesorn et al. 2004; Tadros
2009).

In systems like microfluidizers, where the contact time between the particles
of the emulsion is short, a desirable property of emulsifiers is that they can be
easily absorbed by the interface, thus stabilizing the system almost immediately
and preventing the re-coalescence (Klinkesorn et al. 2004; Jafari et al. 2007b). An
additional challenge is to obtain an emulsion stable enough for further treatments
such as spray drying. It has been shown that when biopolymers are used as surface
active agents, like Arabic gum or modified starch (Hi-Cap), the stability of the
emulsion (and therefore the encapsulation efficiency) is higher in comparison to the
emulsions produced with surfactant small molecules (e.g., Tween 20) (Jafari et al.
2008a). Nevertheless, the final particle size will be the sum of the radii of the oil
droplet and the layer of the emulsifier around them (McClements 2011). Table 9.1
summarizes food-grade emulsifiers generally used on nanoemulsion production by
microfluidization, where appreciable variations in the thickness of layers formed
could be found.

9.2.3 Mixing on Microchannels and Residence Time Distribution
(RTD)

As mentioned above, to know how the mixing occurs in the IX is essential for the
development and implementation of microfluidization for nanoemulsion formula-
tion. Some approaches have been done in reaction technology on microchannels
for the synthesis of nanoparticles by Patil et al. (2012). They found that the RTD
measurement is a useful tool to characterize the effect of processing parameters on
nanoparticle formation, by achieving particles of the size of 4-7 nm.

RTD allows determining the mixing effect to characterize the behavior of a fluid
by knowing the mean RT of molecules in the microchannels, and thus achieving a
design process to improve product quality (Levenspiel 1999; Gutierrez et al. 2010).
For emulsification purposes, the time should be enough to ensure the disruption of



9 Hydrodynamic Characterization of the Formation ... 167

E Pulse signal

N

1/time R_csponsc

n/ R
AN

Fig. 9.2 a Distributions of the fluid ages in the output (E curve). b Distributions of the fluid ages
in the output when a pulse of a tracer is introduced

.

Concentration

t (time) ¢ (time)

the droplets and the absorption of the components at the interfaces to form the final
emulsion.

Some commonly used methods to determine the RTD are the introduction of the
tracer (of known concentration) by means of a pulse (E curve), the analysis of their
concentration at the exit of this chamber, the effecting of a fluid change or step ex-
periment (F curve), or the introduction of a sinusoidal variation of the concentration
of tracer methods. From these, the pulse method is the easiest and most commonly
used (Levenspiel 1999; Tayakout-Fayolle et al. 2005). The utilized tracer is often a
dye and its concentration is measured on the products by spectroscopy or colorim-
etry (Apruzzese et al. 2003).

9.2.3.1 E Curve. Distribution of Fluid Age

Determining the RT of each portion of the fluid stream will get the curve of the
RTD, also called E curve or C curve (Fig. 9.2) (Levenspiel 1999). Although these
curves are equivalent, there are some differences. The E curve represents the distri-
butions of the fluid ages in the output, while the C curve corresponds to the curve
of age distribution at the output when a pulse of tracer substance (i.e., dye) is intro-
duced into the fluid stream. To calculate the average residence time (RT) through
an E curve the Eq. (9.1) is used, however, in practice this is calculated through a C
curve by Eq. (9.2) (Levenspiel 1999).

“ > "HEi
RT = [ tEds = Z— (9.1)
0 Zi Ei
where
RT= average residence time
t =time
E = distribution of fluid age at the output
“iCdr Y " hcCind
RT = IO = 2, 9.2)

j(;”c dt Y Cilti
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where

RT= average residence time
t =time
C = concentration of the tracer.

The shape of the curve depends on the variation in the distribution or dispersion
of the fluid within the microchannels. This will tend to be more or less flattened
(leptokurtic, mesokurtic, or platikurtic) according to the deviation from ideal be-
havior. There are three different types of ideal flow: the plug flow, the completely
stirred tank, and the intermittent stream. However, the real flows deviate from ideal
flow patterns such as piston flow and completely stirred tank (Pinheiro-Torres and
Oliveira 1998; Gutierrez et al. 2010; Levenspiel 1999). In order to assess these
changes, there are different models that are derived from ideal flow patterns. Exam-
ples of these patterns are: tanks in series, generalized convection and axial disper-
sion, and the dispersal models, which are the most commonly used (Pinheiro-Torres
and Oliveira 1998; Levenspiel 1999; Gutierrez et al. 2010).

9.2.3.2 Dispersion Model

Consider the piston flow of a fluid with some degree of back mixing. In this model,
varying in intensities of turbulence or intermixing conditions, flow characteristics
may vary from the ideal plug flow to flow stirred tank completely. The dispersion
module (D/vL) is the parameter that measures the degree of axial dispersion in the
container when:

D
L — 0 Small dispersion, tends to plug flow,
V.

L — © Great dispersion, tends to completely stirred tank flow.

One way to calculate the dispersion in the equipment is by obtaining the variance of
the samples from the average RT. The variance values (Eq. (9.3)) and dimensionless
variances (Eq. (9.4)) are obtained by:

ol = T(z —RT)*E(t)dt 9.3)
0

06% =% /RT*? 94)

In turn, from the calculated values for the dimensionless variance the dispersion
module is calculated by Egs. (9.5) and (9.6) for closed and open containers,
respectively,

2 L
c6* =22—2[2} [l—e DJ 9.5)
vL vL
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By knowing the dispersion module is possible to construct a dimensionless E, curve
in function of dimensionless time by the dispersion module (D/vL). Figure 9.3
represents the deviation of the experimental data from the normal curve.

9.2.3.3 Influence of the Energy Density in Pressure Drop and in the Mixing
During Microfluidization

Analysis of the RTD is not easy, because the results must be interpreted according
to the factors involved in the mixing. For this, we must make an analysis of the fluid
path before reaching the IX, the type of flow (laminar or turbulent (number of Re)),
the energy loss, and the pressure drop to determine the energy density (energy per
volume applied) in the area of maximum deformation (IX). In addition to this, take
note that as this is a process where the phenomena of shear, turbulence, and impact
occur simultaneously, most of the mechanical energy applied to the IX is dissipated
by heat (Stang et al. 2001).

A Case Study on Production of Mini (Nano) Alpha-Tocopherol Emulsions: Effect
of Composition and Pressure on Mixing and on Particle Size

1. Although the generalized use of microfluization for nanoemulsion production,
no systematic studies have been carried out on the effects of RTD in the size of
produced emulsions. For this purpose, a hydrodynamic characterization on the
formation of AT nanoemulsions using maltodextrin (MD) and gum Arabic (AG)
as emulsifying agents (3:2, respectively) was performed. These emulsions were
produced by changing the oil phase concentrations from proportions 1:2 to 1:5
AT/MD-AG and by comparing the hydrodynamics of the emulsion with a red
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Table 9.2 Viscosity and density values for water and emulsions

Sample Viscosity (Pa.s) Density (kg/m?)
Water (red tracer) 0.001002 997

1:5 0.0107 1062

1:3.5 0.0126 1057

1:2 0.0121 1053

dye tracer in water (0.05 % w/v red 40 dye). The processing conditions used were
69 and 103 MPa of pressure and one cycle of microfluidization, evaluating also
the rheology (viscosity coefficient and density) of the samples.

Rheology

Rheological tests showed that for all emulsions the fluid behavior was Newtonian.
Viscosity and density values are presented in Table 9.2.

Pressure Drop and Reynolds Number in Pipes and IX of Microfluidizer

The pressure drop in the microfluidizer before the IX is negligible with values be-
tween 0.04 and 0.07 MPa for emulsions and 0.004-0.006 MPa for water (dye). The
flow velocities on this area are in the ranges of 0.84—1.3 m/s for the emulsion and
1.15-1.48 m/s for water. At these speeds the Reynolds number for the emulsion were
219-349 indicating that the flow before reaching the IX is laminar while Reynolds
numbers for the interaction chamber indicate a turbulent flow with Reynolds values
in the range of 138,000-176,000 approximately for water and 8,700—13,500 for
emulsions (13—15 times higher in water). The differences in the flow pattern of the
emulsion in the pipe and the IX show the dispersion, and the homogenization is car-
ried out mainly in the IX due to the increasing on Reynolds number (25-39 times
higher in this area).

RT Distribution and Dispersion Coefficients and Their Effect on Particle Size

Mean RT for each sample, their respective dispersion coefficients values, and the
Re for IX are presented in Table 9.3. In Fig. 9.4, the D/vL zone for the emulsion
and water obtained for the different pressures (69-103 MPa) is shown. On the E,
curves (Levenspiel 1999) (data not shown) kurtosis values where negative in all
cases (from —1.43 to —0.25), indicating that the curves have a platykurtic distribu-
tion, while the asymmetry coefficient values were positive (0.33—1.05) indicating
that the curves are asymmetrically positive meaning that the right tail of the distri-
bution is longer than the left side. Comparing these results with those reported by
Levenspiel (1999), the curves fall into an area corresponding to intermediate flow in
between piston and completely stirred tank (data not shown). Figure 9.5 exhibits the
interval of the corresponding values obtained for the dispersion coefficients. Before
testing and by the fact of working at pressures ranging from 700 to 1000 atmo-
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Table 9.3 Mean residence time (RT), dispersion coefficient (D/vL), and Reynolds number for
emulsions and water

Pressure (MPa) | Sample | RT Dispersion coeficient | Re (IX, Particle size
(D/VL) 75 pum) (nm)
69 Water 9.84 0.80 138,206 -
103 4.03 0.91 176,426 -
69 1:5 11.20 |0.076 10,110 185
1:3.5 8.39 0.085 10,975 153
1:2 7.26 0.052 13,961 138
103 1:5 7.20 0.078 11,199 400
1:3.5 7.01 0.079 10,930 381
1:2 3.16 0.150 13,589 367
1
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Fig. 9.4 Dispersion coefficient (D/vL) in function of pressure (MPa) for water and emulsion
samples

spheres (69—103 MPa), the expectations about the flow type were that this will be
a completely stirred tank, which was more evident when working with water (dye).
While particle size depends on several factors, this will be the result of the speed of
stabilization of the emulsion compared to recoalescence (Jafari et al. 2008b). For
this evaluation, pressure happens to be the most important factor on the particle
size, having 40% of the influence on this parameter in an inversely proportional
manner (Fig. 9.4). Using pressures of 103 MPa or above can result in a higher level
of turbulence and collision frequency between particles, decreasing the RT of the
emulsion in the IX, and causing a decrement on dispersion making the contact time
between AT particles and biopolymers insufficient to stabilize the new interfaces,
and this is why a lower pressure must be chosen (69 MPa) that warrants an increase
on the RT. According to several reports, the particle size of the emulsion provided
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by the microfluidizer is affected by pressure. Qian and McClements (2011) found
that when they increased the pressure from 42 to 138 MPa, the particle size de-
creased from 231 to 165 nm. However, these sizes strongly depend on the type
of surfactant employed (Rao and McClements 2012). In this case, MD/GA where
elected as core materials for emulsifying purposes. These biopolymers are one of
the main polysaccharides used in the food industry and have important applica-
tions in spray drying as carriers of bioactive lipids, such as AT (McClements 2009;
Gomes et al. 2010). Nevertheless, because of the high molecular mass of the GA,
which is responsible of the stabilization of the interfaces and final particle size, it
takes longer times to reach the interfaces (Bouyer et al. 2011) so a longer RT pro-
vided by low pressure could be effective to reach a lower particle size.

9.3 Conclusions

Production of nanoemulsions by microfluidization was carried out. The optimum
conditions were found at 69 MPa and AT/MD-AG proportions of 1:2.5. Under
this pressure, the RTD (7.26—11.2) was enough to allow the biopolymers reach the
interfaces and achieve a smaller particle size (138—185). Also, the proportion of oil/
biopolymer plays an important role on this parameter, finding that increasing the
oil phase results in a decrease of particle size, because the layer surrounding the
AT interfaces results thinner. It was also observed that the forces acting to carry out
the emulsification process are primarily inertial forces in a turbulent regime. The
microfluidizer use causes an intermediate level of dispersion in between a com-
pletely mixed tank and plug flow, despite the high shear applied. For systems that
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use biopolymers with surface properties, as GA, it is possible to achieve small par-
ticles in the range of nanoemulsion by varying the proportion of oil/emulsifier and
increasing the RT on the IX. The RTD behavior of microchannels was successfully
analyzed by employing a pulse input to microchannels at different flow rates of
fluid.
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Chapter 10
Role of Surfactants and Their Applications
in Structured Nanosized Systems

Maria Ximena Quintanilla-Carvajal and Silvia Matiacevich

10.1 Introduction

In recent years, nanotechnology has found innumerable applications in different
food industries. Nanotechnology involves the characterization, fabrication and/or
manipulation of structures, devices or materials that are approximately 1-100 nm
in length. When particle size is reduced below this threshold, the resulting material
exhibits physical and chemical properties that are significantly different from the
properties of macro-scale materials composed of the same substance (Quintanil-
la-Carvajal et al. 2010; Duncan 2011). The physicochemical properties (such as
colour, solubility, viscosity and diffusivity) and biological properties of structures
and systems at nanoscale are substantially different than the macro-scale counter
parts owing to the interactions of individual atoms and molecules thereby offer-
ing unique and novel functional applications (Neethirajan and Jayas 2011). The
potential benefits for application of nanotechnologies in food include packaging
materials, formulations with improved bioavailability (Chaudhry et al. 2008) and
Delivery Systems (Tamjidi et al. 2013) being these ones, one of the most important
applications in the food industry. Delivery Systems are defined as one in which a
bioactive material is entrapped in a carrier to control the rate of bioactive release.
Nanocarriers can protect a bioactive component from unfavourable environmental
conditions, e.g. oxidation and pH and enzymes degradation (Fang and Bhandari
2010). However, the stability of these structures, especially those that are applied
in food and pharmaceutical fields, has to be generated and stabilized by emulsifiers
or surfactants.

M. X. Quintanilla-Carvajal (1<)
Facultad de Ingenieria, Universidad de La Sabana, km 7 via autopista Norte, Chia, Colombia
e-mail: maria.quintanillal @unisabana.edu.co

S. Matiacevich
Departamento de Ciencia y Tecnologia de los Alimentos. Facultad Tecnolégica,
Universidad de Santiago de Chile, Santiago, Chile

© Springer Science+Business Media New York 2015 177
H. Hernandez-Sanchez, G. F. Gutiérrez-Lopez (eds.), Food Nanoscience and
Nanotechnology, Food Engineering Series, DOI 10.1007/978-3-319-13596-0_10



178 M. X. Quintanilla-Carvajal and S. Matiacevich

Many nano-food products use emulsifying agents present in the food themselves.
Food emulsifiers, more correctly referred as surfactants, are molecules, which con-
tain non-polar and polar regions. In most of the cases, the non-polar groups are
aliphatic, alicyclic and aromatic hydrocarbons. On the other hand, the polar func-
tional groups contain heteroatoms such as oxygen, nitrogen and sulphur. Detailed
knowledge of the physical chemistry of emulsions is best obtained when pure oil,
water and surfactants are used. These substances are regulated by different entities
in the world; in the USA, food emulsifiers, along with other additives, are regulated
by the Food and Drug Administration, and in Europe by the European Economic
Community. As with any other totally new food additive, the need to prove safety
of the product in foods at high levels of consumption requires extensive toxicity
studies and enormous documentation (Hasenhuettl 2008).

10.1.1 Surfactants or Emulsifiers

In the food industry, the main types of emulsifiers are small molecule surfactants,
phospholipids, proteins and polysaccharides. Proteins and polysaccharides have the
advantage of being natural ingredients that are often considered more “label-friend-
ly” (Tamjidi et al. 2013). Since food emulsifiers do more than simple stabilize emul-
sions, they are more accurately termed surfactants (Hasenhuettl 2008). Surfactants
or emulsifiers are surface-active molecules that consist of a hydrophilic head group
and a lipophilic tail group. The functional performance of the surfactants depends
on the molecular characteristics of its head and tail groups. Food-grade surfactants
present different molecular structures because their head groups may vary in physi-
cal dimensions and electrical charge, while their tail groups may vary in number and
degree of saturation. The selection of a particular surfactant depends on the type of
the structure that need to be formed, as well as its legal status, cost, usage levels,
ingredient compatibility, stability and ease of utilization (McClements 2009).

Several structures’ nanosized formulations were already stabilized only by sur-
factants or rarely by a combination of surfactants and biopolymers (Liu et al. 2012;
Zheng et al. 2013) rather than by biopolymers individually. This is mainly because
of the ability of surfactants to spontaneously form nanoemulsions by low-energy
methods, and because of their ability to rapidly adsorb to droplet surfaces and re-
duce the interfacial tension in high-energy methods (such as high-pressure homog-
enization) (McClements and Rao 2011).

10.1.1.1 Surfactants and Emulsifiers Structures

Surfactants can be classified knowing the polar functionality groups: anionic, that
contain a negative charge on the bulk molecule associated with a small positive
counterion; cationic, that have a positive molecule with a negative charge on the
same molecule; amphoteric, that contains both, positive and negative charges on
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Fig. 10.1 Structure anionic, cationic, amphoteric and nonionic surfactants

the same molecule; and the nonionic, that contain no formal positive or negative
charge, but a polar heteroatom can produce a dipole with an electron-dense and
electron-depleted region. Figure 10.1 presents the structure of them.

Food surfactants are useful in the design of nanosized systems because the struc-
ture and number of heads and tails may be independently varied. Hasenhuettl (2008)
described in a simple way a very useful technique to choose the correct emulsifier:
the hydrophilic—lipophilic balance (HBL). The number and polarity of the polar
heads in the structure of the surfactant determine if it is water or oil soluble. This
concept is applied by the calculation of the HBL. High HLB values are associated
with easy water dispensability and are useful to prepare oil-in-water emulsions. In
contrast, low HBL surfactants are useful to prepare water-in-oil emulsions.

Surfactants may generate bilayer structures described as mesophases or lig-
uid crystals, these structures can adopt different geometric forms as is shown in
Fig. 10.2.

10.1.1.2 Surfactants and Emulsifiers Functionality

Their major function, as was mentioned before, is producing and stabilizing emul-
sions and off course, structured nanosized systems. However other important func-
tions contribute to the development of food technology (Hassenhuettl 2008):

* Foam aeration

» Dispersion

» Strengthening

* Clouding

* Crystal inhibition

» Anti-sticking

* Viscosity modification
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Fig. 10.2 Different geometric forms that a surfactant can adopt

» Controlled fat agglomeration
* Freeze-thaw stabilization
* Gloss enhancement

The characteristic property of all surfactant or emulsifier is their surface activity.
This characteristic is the ability to form a surface excess at interfaces. The forma-
tion of adsorbed layers at interfaces is displayed in a change of a range of easily
observable and technically important properties, specially reducing the surface ten-
sion (Bergenstahl 2008). The gain of entropy is very large at low concentrations. If
the surfactant displays surface activity and adsorbs at an interface, the system loses
entropy, which has to be balanced by a gain in free energy due to the adsorption.

10.1.1.3 Most Important Surfactants Used in the Formulation of Structured
Nanosized Systems

A complete list of food surfactants and their Legal Status is published by Hasenhuettl
(2008), however, the most used surfactants reported in the literature for preparation
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of structured nanosized systems are polyoxyethylene sorbitan monooleate (trade
names: Polysorbate® 80, Tween® 80), lecithin and Poloxamer 188.

» Tween 80 is an oleate ester of sorbitol and its anhydrides copolymerized with
approximately 20 mol of ethylene oxide for each mole of sorbitol and sorbitol
anhydrides (Qiu et al. 2013). This surfactant is a water-soluble and nonionic syn-
thetic surfactant with HLB number ~15. Tween 80 is allowed for certain specific
foods by FDA (21CFR172.840).

» Lecithins are naturally occurring surface-active components that can be extract-
ed from soybean, rapeseed and egg (Faergemand and Krog 2003). Natural leci-
thins are a complex mixture of different phospholipids and other lipids in which
phosphatidylcholin, phosphatidyletanolamine and phosphatidylinositol are the
most common phospholipids (Faergemand and Krog 2003). Natural lecithins are
essentially hydrophobic molecules with intermediate HLB numbers (~umbers
(~umbers (~holin, phosphatidyletanolamintanolamintanolaminace excess at in-
terfacesnanosized systems.

» Poloxamer 188 is a nonionic surfactant with HLB number ~29 and is included
in the FDA Inactive Ingredients Database (Rowe et al. 2009). Poloxamer 188 is
a copolymer based on poly(ethylene oxide)-block-poly(propylene oxide)-block-
poly(ethylene oxide) structure. Poloxamers are stable at high temperatures; they
are commonly used in industrial, pharmaceutical, natural health product and cos-
metic applications, but they are not food-grade (Wulff-Perez et al. 2009; Trujillo
and Wright 2010).

Other emulsifiers can be used in the stabilization of structured nanosized systems
such as: monoglycerides of hydrogenated palm oil (Martini and Herrera, 2008),
Tween 20 (Xin et al. 2013) and Gelucires (Shimpi et al. 2009; Tsai et al. 2012)

10.2 Molecular Interactions to Assemble Nanosized
Systems

Knowledge of the various molecular forces that act between food components
is important for understanding how to assemble nanosized systems with specific
structures. Most of these interactions are modulated by surfactants and the relative
importance of them in a particular system depends on three principal factors (i) the
types of food components involved such us their molecular weight, charge density,
pH profile, flexibility and hydrophobicity, (ii) the solution composition as pH, ionic
strength and dielectric constant, and (iii) the environmental conditions like tempera-
ture or shearing rate.

» Electrostatic interactions are important for food components that have an elec-
trical charge under the utilization conditions, also, may be either attractive or
repulsing depending on whether the charge groups involved have opposite or
similar signs. The sign and magnitude of the charge usually depends on the pH
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of the solution. The strength and range of these types of interactions decreases
when increasing ionic strength due to electrostatic screening effects. Commonly,
electrostatic interactions are used to assemble food components.

» Hydrophobic interactions are important in those structures that include consider-
able amounts of non-polar groups. These interactions can be controlled by modi-
fying the temperature or changing the polarity of an aqueous solution.

» Other important interaction is the hydrogen bonding, characteristic in food com-
ponents that have polar groups and are capable for forming relatively strong
hydrogen bonds with other polar groups on the same or different molecules.

» Steric exclusion is a type of interaction that has important effects in food com-
ponents that occupy large volumes within a system altering the configurational
and/or conformational entropy of the system.

10.3 Structural Design Principles

Some of the structural design principles that can be observed in nanosized systems
to assemble novel structures from food components are highlighted:

» Phase separation: when two different substances are mixed, they may be com-
pletely miscible and form a continuous phase or they may separate in different
non-miscible phases depending on the relative strength of the interactions be-
tween the types of molecules present in the mixture. The typical example of this
phenomenon is an emulsion that implies strong thermodynamically unfavour-
able interactions between the different types of biopolymers and surfactants used
in the emulsification process.

» Spontaneous self-assembly: under specific and desirable conditions, some com-
ponents spontaneously assemble into well-defined structures since this minimiz-
es the free energy of the system. The driving force of this phenomenon is system
dependent, but often involves hydrophobic attraction, electrostatic interactions
and/or hydrogen bond formation. In most of the cases the self-assembly process
begins with the hydrophobic attraction that causes the system to adopt a specific
molecular organization that minimizes the unfavourable contact area between
the non-polar tails of the surfactant molecules and water.

» Directed self-assembly: this process does not happen spontaneously if all the
components are mixed simply together. Instead, the order of mixing, tempera-
ture, pH or ionic strength-time profiles, must be carefully selected and controlled
to direct the different components so that they are assembled into particular
metastable structure. The driving force of this process is also system dependent
but again hydrophobic attraction, electrostatic interactions and/or hydrogen bond
formation are also involved, and the principal actors are the surfactants.

» Directed assembly: it is also possible to create structures by binding molecules
together in well-defined ways by micro-manipulation methods; however these
types of processes require expensive equipment and are not applied to industrial
scales yet.
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10.4 Structured Nanosized Systems that Imply the Use

of Surfactants

Major structural design principles require the use of surfactants to stabilize them-
selves; some of them are described in this section.

Conventional emulsions: in most of the cases these are oil-in-water emulsions
(o/w) that consist of emulsifier-coated lipid droplets dispersed in an aqueous
continuous phase. They are formed by emulsifying an oil phase in water in
presence of a hydrophilic emulsifier. Nanoemulsions (also known as miniemul-
sions or submicron emulsions) are nanoscale droplets of multiphase colloidal
dispersions formed by dispersing of one liquid in another immiscible liquid by
physical share-induced rupturing. Different size ranges have been reported in
the literature for nanoemulsions (Fathi et al. 2012). Unlike the micro-emulsions
that are thermodynamically stable and form spontaneously, nanoemulsions are
kinetically stable (Henry et al. 2010). An interesting feature of nanoemulsions in
contrast to micro-emulsions is that, they are metastable and can be diluted with
water without change in the droplet size distribution (Gutink rid=" al. 2008).
However, these particular characteristics depend on the nature and amount of the
used surfactants.

Multiple emulsions: these could be water-in-oil-in-water emulsions (w/o/w) that
consist of small droplets of water contained in larger oil droplets that are dis-
persed in an aqueous continuous phase. First the o/w emulsions are obtained by
homogenizing water, oil and oil-soluble emulsifier, and later the w/o/w is then
produced by homogenizing the w/o with an aqueous solution containing a water
soluble emulsifier (Davidov-Pardo and McClements 2014).

Multilayer emulsions: Multilayer oil-in-water (M-o/w) emulsions consist of
small oil droplets dispersed in aqueous medium, with each oil droplet being sur-
rounded by a nanolaminated interfacial layer, which usually consists of emulsi-
fier. They are normally formed using multistep procedures. First o/w emulsion
is prepared by homogenizing an oil and aqueous phase together in the presence
of an ionized water soluble emulsifier. Second, an oppositely charged polyelec-
trolyte is added to the system so that it adsorbs to the droplet surfaces and forms
a two-layer coating around the droplets. This procedure can be repeated adding
more layers to the droplets using surfactants that modified the interfaces with
opposite charges.

Solid Lipid Nanoparticles (SLNs): are similar to conventional emulsions consist-
ing of emulsifier-coated lipid droplets dispersed in an aqueous continuous phase.
However, the lipid phase is either fully or partially solidified, and the morphol-
ogy and packing of the crystals within the lipid phase may be controlled. The
structures are formed by homogenizing and oil and water phase together in the
presence of a hydrophilic emulsifier at a temperature above the melting point of
the lipid phase. The emulsion is then cooled (usually in a controlled manner) so
that the lipids within the droplets crystallize (McClements 2009). Compared to
nanoemulsions and liposomes, SLNs have some distinct advantages: (i) having
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high encapsulation efficiency, (ii) avoiding use of organic solvents in their prepa-
ration, (iii) possibility of large-scale production and sterilization, (iv) providing
high flexibility in controlling the release profile due to solid matrix, (v) slower
degradation rate allows bioactive release for prolonged times and (vi) the solid
matrix can (but need not) protect the incorporated bioactive ingredients against
chemical degradation (Fathi et al. 2012).

» Nanostructured lipid carriers (NLC): these structures could be obtained by mix-
ing very different lipid molecules i.e. solid lipids with liquid lipids (oils) based
on preparation methods described for SLN. The produced matrix of the lipid
particles demonstrates a melting point depression compared to the original solid
lipid. In fact by giving the lipid matrix a certain nanostructure, the encapsulation
load of bioactive ingredient is enhanced and expulsion phenomenon during stor-
age is limited by preventing the formation of perfect crystals (Chen et al. 2010).

» Nanoliposomes: these structures consist of at least one closed vesicle composed
of bilayer membranes which are made of lipid molecules, such as phospholipids
and cholesterol. They form when phospholipids are dispersed in aqueous media
and exposed to high shear rates by using homogenization techniques. The un-
derlying mechanism for the formation of liposomes is basically the hydrophil-
ic—hydrophobic interactions between phospholipids and water molecules. Ac-
tive agent can be entrapped within their aqueous compartment at a low yield, or
within or attached to the membrane at a high yield (Zuidan and Shimoni 2010).

In support of above advantages, it should be mentioned that bioactive ingredient
release from nanoemulsions, which takes place based on the partitioning coefficient
and the phase ratios of oil and water phases, is too fast (Washington 1998). Longer
release times can be achieved with liposomes. However, it is not yet appropriate for
delivery of bioactive food ingredients. Compared to these carriers, release period
for SLN is longer because of increase of degradation time of solid matrix. Solid
matrices are able to provide more protection against chemical reactions such as
oxidation (Miiller et al. 2000).

10.5 Theoretical Mathematical Model to Determine the
Optimal Value of Surfactant Concentration

Waulff-Perez et al. (2009) reported that destabilization of the nanoemulsions takes
place above certain surfactant concentration. This phenomenon can be described as
a depletion-flocculation effect caused by non-adsorbed micelles. They presented a
theoretical mathematical model based on experimental parameters to determine the
optimum value of surfactant concentration. In this section, the model is presented
as a useful tool to determine the concentration of surfactants in structured nanosized
systems.

The authors developed a theoretical treatment related to the attraction, repulsion
and depletion potential using their own experimental parameters. The total interac-
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tion energy (V) as a function of the shortest distance between the droplet surfaces
(H), when they are completely covered by a specific surfactant: Pluronic F68, was
assumed to be the sum of all attractive and repulsive potentials:

Vi(H)=V (H)+Vg (H)+Vep (H). (10.1)
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Chapter 11
Food Nano- and Microconjugated Systems:
The Case of Albumin—Capsaicin

Lino Sanchez-Segura, Evangelina Garcia-Armenta, Maria de Jesus
Perea-Flores, Dario Iker Téllez-Medina, Juan C. Carpio-Pedroza, Humberto
Hernandez-Sanchez, Liliana Alamilla-Beltran, Antonio R. Jiménez-Aparicio
and Gustavo F. Gutiérrez-Lépez

11.1 Introduction

The microencapsulation is the process in which bioactive substances, i.e. flavour,
vitamins, antioxidants, antimicrobial essentials oils, are introduced into a relatively
small matrix or wall material (Lekago and Dunford 2010; Viveros-Contreras et al.
2013). The main objective of microencapsulation is reducing volatility, hygroscop-
icity and reactivity, thus increasing product stability under adverse environmental
conditions (Favaro et al. 2010). The scales of structuration are nano- and microen-
capsulates since they are difficult to produce when common techniques are used
(Jun et al. 2011). The nanostructuring of macromolecules may allow specific ap-
plications and functions in the system in which they will be used. In food science,
the development of nano- and microencapsulates has been applied to bioactive in-

G. F. Gutiérrez-Lopez (PX) - L. Sanchez-Segura - E. Garcia-Armenta - D. 1. Téllez-Medina -
H. Hernandez-Sanchez - L. Alamilla-Beltran

Departamento de Graduados e Investigacion en Alimentos. Escuela Nacional de Ciencias
Biologicas, Instituto Politécnico Nacional, Carpio y Plan de Ayala S/N. Col. Santo Tomas, C.P,
11340 Mexico, DF, Mexico

e-mail: gusfl@gmail.com

A. R. Jiménez-Aparicio

Centro de Desarrollo de Productos Bidticos, Instituto Politécnico Nacional,
Carretera Yautepec-Jojutla, Km. 6, Calle Ceprobi No. 8, Col. San Isidro, Yautepec,
Apartado Postal 24, 62731 Mexico, MOR, Mexico

J. C. Carpio-Pedroza

Instituto Nacional de Diagnoéstico y Referencia Epidemioldgica, CENAVECE-Secretaria de
Salud, Francisco de P. Miranda No. 177, Col. Unidad Lomas de Plateros C. P.,

01480 México, DF, Mexico

M. d. J. Perea-Flores

Laboratorio de Microscopia Confocal-Multifotonica. Centro de Nanociencias y Micro y
Nanotecnologias. Unidad Profesional “Adolfo Lopez Mateos”, Instituto Politécnico Nacional,
Luis Enrique Erro S/N, Zacatenco C. P., 07738 México, DF, Mexico

© Springer Science+Business Media New York 2015 187
H. Hernandez-Sanchez, G. F. Gutiérrez-Lopez (eds.), Food Nanoscience and
Nanotechnology, Food Engineering Series, DOI 10.1007/978-3-319-13596-0 11



188 L. Sanchez-Segura et al.

gredients, such as nutrients, phytochemicals and nutraceuticals (Robert et al. 2010;
Munin and Edwards-Lévy 2011; Jun et al. 2011). The microencapsulates provide
resistance to processing and packaging conditions in order to improve acceptability
features such as appearance, flavour, odour and nutritional value (Viveros-Contre-
ras et al. 2013). The self-assembly and functionalisation of this type of structures
have shown inherent problems on the size reduction of particles and their physical,
chemical and biological properties (Moghimi et al. 2001).

In biological materials, the self-assembly can be defined as the spontaneous or-
ganisation of individual components into an ordered structure without human in-
tervention (Zhang et al. 2002) or indirect human intervention such as the change
of pH, osmolarity and temperature. The composition of the wall material plays an
important role on microencapsulation since it promotes the self-assembly and the
molecular arrangement of the nanostructure. The incorporation of low quantities
of proteins in the composition of wall material has been an alternative and novel
way to minimise the stickiness problem and modify the surface properties of the
nano- and microencapsulates (Adhikari et al. 2009a; Adhikari et al. 2009b). Fang
and Bhandari (2012) found a novel and alternative use of protein in spray drying
of bayberry juice which reduces adhesive behaviour (stickiness) between particles
and dryer wall due to the migration of protein molecules to the particle surface. On
the other hand, Pascual-Pineda et al. 2013 developed encapsulates of carotenoids
prepared by the coacervation method with a nanostructured (alginate/zeolite valfor
100) and a non-nanostructured (alginate at 2 %) wall material. In the alginate/zeolite
encapsulates, the zeolite particle embedded in the solid matrix showed micropores
of 0.4 nm diameter (ultramicropores), in contrast to the alginate where the macro-
pores were larger than 90 nm diameter; thus, alginate/zeolite encapsulates showed
an ability to retain water molecules in the nanocavities. The nanostructuration can
establish the relation between the function—structure and morphology of encapsu-
lates, and this relation allows defining specific applications.

11.2 The Albumin-Group Proteins as Wall Material for
Encapsulation

Albumin is emerging as a versatile protein carrier for drug targeting and for improv-
ing the pharmacokinetic profile of peptide or protein-based drugs (Gelamo et al.
2002; Kratz 2008). The group of albumin proteins has been used for the preparation
of nanoparticles, microparticles and encapsulates due to its well-defined primary
structure combined with the advantage of enabling surface modifications with dyes,
antibodies, antigens, polysaccharides and proteins under stoichiometric conditions
which provide stability to the structure (Weber et al. 2000a; Lewis et al. 2006;
Zhang et al. 2008, 2009; Gebregeorgis et al. 2013).

Bovine serum albumin (BSA; MW 66,000) and cationised BSA (cBSA) are
highly water-soluble containing numerous functional groups suitable for conjuga-
tion (Hermanson 2008). BSA is stable at a pH range of 4-9, is soluble in 40 % etha-
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nol and can be heated to 60 °C for up to 10 h without deterioration effects (Kratz
2008). BSA possesses in the primary structure a single chain of 580 amino acid
residues (Gelamo et al. 2002), a total of 59 lysine -amine groups (with only 30-35
of these typically available for derivatization). Their secondary structure is formed
by 67 % of a-helix of six turns and 17 disulphide bridges (Ferrer et al. 2001; Huang
and Kim 2004), the protein in solution behaves as a compact spheroid-ellipsoidal
shape (Ferrer et al. 2001) with the major axis being 14 nm and the minor axis 4 nm
(Honda et al. 2000).

Several studies of BSA and human serum albumin (HSA) involving binding of
small molecules, particularly fatty acids and surfactants, based on different spectro-
scopic techniques have been reported (Choi et al. 2002; Xu et al. 2009; Bourassa
et al. 2010); when these molecules bind to a globular protein, the intramolecular
forces responsible for maintaining the secondary structure can be altered, producing
conformational changes.

11.3 Methods for Nanostructuration of Protein Particles

Basically, three different methods for the nanostructuration of protein particles
have been described, based on emulsion formation, pH-coacervation or desolvation
(Langer et al. 2003). The emulsification method is based on the partial miscibility
of an organic solvent with water. An oil-in-water (O/W) emulsion is obtained upon
the injection of an organic phase into a disperse phase containing a stabilizing agent,
under mechanical stirring, followed by high-pressure homogenisation (Sailaja et al.
2011). Polymer precipitation occurs as a result of the diffusion of organic solvent
into water, leading to the formation of nanoparticles (Jahanshahi and Babaei 2008).
However, the most common technique in the preparation of nanoparticles is the
desolvation method. A desolvation process derived from the coacervation method is
microencapsulation (Jahanshahi and Babaei 2008). Kaibara et al. (2000) described
the coacervation as a process in which a homogeneous aqueous solution under-
goes liquid-liquid phase separation giving rise to a dense protein-rich phase. The
unique characteristics of the coacervate phase suggest it as a model for proteins in
cytoplasm-like environments. Regarding the desolvation process, the disadvantage
in comparison with emulsion methods for particle preparation is the need for apply-
ing organic solvents to remove both the oily residues of the preparation process and
the surfactants required for emulsion stabilisation (Langer et al. 2003). The main
modification in the pH-coacervation method to elaborate nanoparticles, micropar-
ticles and encapsulates is the removal of a surfactant (Lin et al. 1997). Moreover,
the addition of acetone or ethanol to an aqueous solution of HSA or BSA produces
conformational changes in the protein at pH values between 7 and 9 (Weber et al.
2000a, 2000b; Rahimnejad et al. 2012). Langer et al. (2003) found that stabilisa-
tion by the addition of glutaraldehyde solution produces particle cross-linking. The
desolvation process can be divided into two parts: a first part where an increase in
desolvating agent leads to an increase in the particle size (PS) and a second part
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above a 1.5-fold ethanol volume addition where the PS remains constant, but the
particle concentration is still increasing (Weber et al. 2000b).

The critical stage in the process or preparation of nanostructured particles is the
polycondensation of albumin or cross-linking reaction. Some research works have
been focused in the effect of cross-linking on the particle properties (PS, {-potential
(€), percentage of dissolved albumin and available amino groups on the surface of
particles; Weber et al. 2000b). Amino groups on protein surface may react with
glutaraldehyde through the formation of Schiff bases to form activated derivatives
able to cross-link with other proteins (Hermanson 2008). The reaction mechanism is
as follows: One of the aldehyde ends can form a Schiff base linkage with e-amines
or a-amines on proteins leaving the other aldehyde terminal available to conjugate
with another molecule (Wine et al. 2007; Wang et al. 2008). The concentration
of added cross-linker varies according to the protein concentration. For instance,
Langer et al. (2003) found that 8 % of glutaraldehyde concentration in water pro-
moted the particle cross-linking process (in HSA, between 0.235 and 1.175 pL/mg).
Subsequently, Langer et al. (2008) found that 117.6 uL of 8% glutaraldehyde in
water induced particle cross-linking. This volume corresponds to 200 % of the theo-
retical amount that is necessary for the quantitative cross-linking of the 60 amino
groups present in the HSA molecules of the particle matrix. The cross-linking pro-
cess influences the physicochemical characteristics such as PS, surface charge and
amount of free amino groups on the particle surface (Weber et al. 2000b; Langer
et al. 2008).

11.4 Methods for Characterization of the Nano-,
Micro- and Macroparticles

11.4.1 Particle Size

The PS generally is controlled by concentration and adjusting BSA, pH, NaCl con-
tent and agitation speed, which affect the coagulation of the BSA molecules. The
pH is the most important factor when controlling the coagulation of the BSA mol-
ecules during the desolvation process. The isoelectric point (pI) of BSA is about
4.9. When the pH shifts toward the pl, the enhanced protein—protein interactions
increase coagulation among BSA molecules; as a result, larger BSA particles could
be formed (Jun et al. 2011). The techniques most used for determining the PS are
photon-correlation spectroscopy (PCS) or dynamic light scattering (DLS). PCS is
the industrially preferred method of sub-micron PS analysis (Walther 2000).
Another unusual technique to measure the PS is the digital image analysis (DIA)
which is a computer vision-based image method with algorithms developed in order
to simultaneously evaluate several parameters such as PS and morphology distribu-
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tions. There are many software packages that carry out this method such as ImageJ,
Sigma Scan and MATLAB with specialised image processing toolboxes (Igathi-
nathane et al. 2008). Yu et al. (2009) found that the PS distribution of sediments in
wastewater can be controlled by DIA, and it described the morphology in an easier
way in comparison with a typical laser PS analyser. On the other hand, changes in
microstructure and viscosity (measured as PS distribution) of emulsions have been
studied by means of DIA (Martinez et al. 2003). As well, morphological changes in
Aspergillus niger treated with talc micro particles have been evaluated through DIA
techniques (Wucherpfennig et al. 2012).

Therefore, DIA has been a useful tool to analyse these parameters in nanostruc-
tural systems. Phromsuwan et al. (2013) characterised magnetic nanoparticles from
transmission electron microscope (TEM) images and compared the PS results with
the one-by-one inspection method, finding that DIA gives more accurate diameter
measurements.

11.4.2 Determination of the {-potential

The C-potential is a measure of the stability of an emulsion or colloidal suspen-
sion which is controlled by the layer of ions adsorbed on the surface of oil drop-
lets or colloid particles (Hunter 2001). For instance, in the particles of protein, the
prediction and design of molecular folding of proteins could be helpful for better
understanding the stabilising mechanism at the oil-water interface by the adsorbing
protein (Song and Forciniti 2000; Wiacek and Chibowski 2002). Some features that
structure and strengthen the adsorbed protein are of a crucial importance in pre-
venting coalescence of particles, that is, breaking of the emulsion structure; this is
known as stability. The adsorbed layer, especially of proteins, is important in aggre-
gation and deposition processes of a dispersed solid phase (Wiacek and Chibowski
2002). In some systems, it has been described that small amounts of the adsorbed
protein can promote flocculation by bridging forces to peptides, drugs, ions and
other additives (Fan et al. 2014).

Some proteins such as HSA and BSA, at large concentrations, can produce a
greatly enhanced stability by an effect known as steric stabilisation (Xiong et al.
2014). The size of the particles affect the stability of emulsion or colloidal suspen-
sion; when the particles are small, the dispersion is more stable because the proteins
usually change their conformation state after adsorption at the oil-water interface,
and the adsorption is strong (Sontum and Christiansen 1997). The {-potential is a
partial characterisation of the molecular behaviour of the nanostructured particles;
however, a complete characterisation should include molecular interactions (bio-
chemical analysis), interfacial behaviour (spectroscopy, microscopy, tensiometry)
and bulk properties (dispersion formation, stability and rheology; Sathiya and Aki-
landeswari 2014).
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11.5 Case of Study: Nanostructuration of Particles
of BSA and BSA—Capsaicin

The chilli pepper (Capsicum spp.) is one of the most important cultivated veg-
etables and spice crops worldwide (Bosland and Votava 2005; Wang and Bosland
2006). Capsaicin (CAP; (E)-N-(4-hydroxy-3-methoxybenzil)-8-methyl-trans-6-
nonanamide) and dihydrocapsaicin ((£)-N-(4-hydroxy-3-methoxybenzil)-8-meth-
yl-nonanamide) are the main chemical compounds responsible for the spiciness
(pungency) of chilli pepper (Kosuge and Furuta 1970); they are synthesised from
intermediates of phenylpropanoid pathway and are chemically classified as alka-
loids (Perucka and Oleszek 2000). CAP has been applied in the food and pharma-
ceutical industry (Reyes-Escogido et al. 2011). It has a wide variety of biological
and physiological activities which provide some functions such as antioxidant (An-
tonious et al. 2009), antitumour agent (Lu et al. 2010), inhibitor of the growth of
the gastric pathogens (Zeyrek and Oguz 2005) and anti-inflammatory agent (Kim
and Lee 2014). Furthermore, different potential applications of these molecules in
foods include their use as inhibitors of the growth of food-borne pathogenic bacteria
and as additives or flavours (Dorantes et al. 2000); however, they are limited by the
irritation caused due to their pungency, and their efficiency decreases because of
their quick release properties in some environments. Wanga et al. (2013) developed
microcapsules containing CAP which were prepared by the solvent evaporation
method via O/W emulsion. Microencapsulates of CAP demonstrated that polylactic
acid is a potentially useful biodegradable polymer for making controlled-release
microcapsules by the solvent evaporation method. However, its use has not been
approved in foods. The encapsulation of CAP may represent an alternative to ma-
nipulate and administrate it in the form of microparticles. The authors of the present
chapter have developed nanostructurated microparticles of BSA by desolvatation
methods and conjugated those microparticles with molecules of CAP at the particle
surface, characterising the physicochemical properties of these interactions.

The BSA used in the referred process was molecular biology grade free of DN-
ase, RNase and proteases (Research Organics, USA), and glutaraldehyde 25 %
(Sigma Aldrich, Germany) and salts were analytical grade (Merck, Germany). CAP
((E)-N-(4-hydroxy-3-methoxybenzil)-8-methyl-frans-6-nonanamide) was >95%,
from Capsicum sp. (Sigma Aldrich, Germany). BSA particles were prepared by a
desolvation technique as described earlier (Langer et al. 2003). While for the BSA—
CAP particles, CAP was diluted in ethanol; 40 mg of CAP was dissolved in 3 mL of
100 % ethanol under shaking for 5 min at 8 °C. A similar process for the preparation
of BSA particles was carried out. The desolvation agent was the ethanol-CAP solu-
tion. Particles were transformed by the continuous addition (1.0 mL/min) of 3 mL
of the ethanol-CAP solution under stirring (160 rpm) at room temperature. After the
desolvation process, 5 mL of glutaraldehyde 4 % in a sodium chloride 10 mM solu-
tion was added, inducing the cross-linking for 30 min at room temperature. In both
treatments, the purification was carried out by centrifugation (3,648 x g, 30 min)
and dispersion of the pellet in 10 mM NaCl at pH 9, respectively.
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In this case of study, the non-particulated BSA and BSA-CAP were calculat-
ed by the solid fraction remaining after the desolvation which was recovered and
stored in tubes of 2-mL capacity. Both samples were freeze dried and subsequently
weighed. Also, the total protein (TP) content of BSA and BSA—-CAP was deter-
mined by a monochromator spectrophotometer, EPOCH (Biotek, USA), based on
UV-Vis with wavelength selection at 280 nm by the Gen5 Data Analysis software
interface (Biotek, USA).

On the other hand, the size of BSA and BSA-CAP particles was measured by
using a PS analyser CILAS 1090 (CILAS, France), operating at the following con-
ditions: deionised water as dispersing agent and DLS for polydispersed samples
in liquid mode. An aliquot of the particle suspension (200 puL) was added in the
chamber for liquid samples. No dilutions were used in this measurement. As men-
tioned above, {-potential is an important parameter to define the stability of the
BSA and BSA-CAP particles in suspension. This parameter was measured by using
a Zetaplus Analyser (Brookhaven Instruments, USA). For the analysis, 100 uL of
the particles suspension was diluted with 9900 pL of deionised water, and the dis-
persion was achieved by shaking with a vortex mixer for 2 min. The {-potential of
the particles was calculated by complete electrophoretic mobility distributions in a
wide range of —220 to 220 mV dependent on the sample; the pH was determined by
using an electrode for aqueous systems.

For the analysis of morphology of the BSA and BSA—-CAP particles, 100 uL
of the particle suspension was diluted with 9900 pL of deionised water, and the
dispersion was achieved by shaking with a vortex mixer for 2 min. The particle
suspension was mounted on glass slides and viewed under confocal laser scanning
microscopy (CLSM) (LSM 710 NLO, Carl Zeiss, Germany) and magnification of
20x/0.8 M27 Plan-Apochromat. The fluorescence images of particles were acquired
in RGB colour, stored in TIFF format at 8 bits and 512 x 512 pixels. Furthermore,
a completely randomised experimental design and analysis of variance (ANOVA)
were performed for evaluating the significance of the response variables: PS,
C-potential (C), TP, pH, wet protein (WP), dry protein (DP) of BSA and BSA—-CAP
particles, with CAP content as the only factor.

For this study, the BSA is the main matrix that conjugates with other low weight
molecules. The preparation of BSA particles provided conditions to obtain a well-
established desolvation method. These properties were used to add CAP in the de-
solvation agent and establish a process to elaborate the BSA—CAP particles.

The hypothetical scheme of the formation of BSA and BSA—-CAP microparticles
is depicted in Fig. 11.1. First, an aqueous solution containing freeze-dried BSA was
diluted at high stirring. The second step is the desolvation process which was car-
ried out by the constant-velocity addition of ethanol to the BSA batches; for the case
of BSA—CAP, CAP was diluted in ethanol solution; this process was carried out at
low stirring. The final step was the addition of the cross-linked agent; in this step,
the stabilisation of the particles should be carried out. The changes of pH play an
important role in the conformational changes of proteins, exposing highly hydro-
phobic regions of BSA, to capture molecules of CAP.
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Fig. 11.2 Gravimetric differences between wet and dry weights of bovine serum albumin (BSA4)
protein, non-particulated, for BS4 treatment. DP dry protein, WP wet protein

The effect of CAP addition in the desolvation method showed differences be-
tween batches of BSA and BSA-CAP (Fig. 11.2 and 11.3). In the treatment of BSA,
the average recovery of dried BSA after the process was 50 % (0.10+0.02 g). There-
fore, half of the protein was converted to particles; the rest was precipitated in amor-
phous protein. The capacity of adsorption of the BSA was observed as accumulation
of water (0.43 g of water, on average). Figure 11.2 shows the trend in batches of
BSA particles and low variability in the wet BSA.

On the other hand, in batches which were added CAP, the average of dry BSA
recovered after the process was 40% (0.08+0.02 g; Fig. 11.3). Therefore, 60 % of
the protein was converted to particles; the rest was precipitated in amorphous pro-
tein. Jun et al. (2011) found that high concentrations of BSA increase the probabil-
ity of coagulation. Consequently, larger hydrophobic interactions of BSA increased
coagulation of the molecules and produced large particles. The increase in the PS
of BSA—CAP batches might be explained by their surface charge and surface hydro-
phobicity. The surface hydrophobicity dictates the susceptibility to bind non-polar
amino acid groups to a part of such surface (Arroyo-Maya et al. 2011).

CAP conjugated with BSA increased the hydrophobic interactions; probably,
those electrostatic interactions occurred between the carbon chain region of CAP
and binding sites of high affinity of BSA molecules. Choi et al. (2002) found that
saturated fatty acids bind with increasing affinity as their chain length increases, at
least between chain lengths of eight (octanoic) and 18 (stearic) carbons, due to an
increase in hydrophobic interactions (Van der Vusse 2009).
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Fig. 11.3 Gravimetric differences between wet and dry weights of bovine serum albumin (BSA4)
protein, non-particulated, for BS4A—capsaicin (CAP) treatment. DP dry protein, WP wet protein

The main characteristics of BSA particles are summarised in Table 11.1. The
PS of BSA-CAP particles was significantly (p»<0.05) higher than the PS of BSA
particles. The BSA PS distribution showed low variability, but this distribution is
probably attributed to the agglomerates of particles in small subunits around to a big
particle. Finding particles in the range of nanometres is possible, but washing and
centrifugation removed all particles of diameter below 1 um.

The same desolvation process described for BSA particles was used for the prep-
aration of particles with CAP (BSA—CAP). Results of seven batches of independent
particle samples are summarised in Table 11.1. In comparison with BSA particles
prepared under the same conditions, particles with CAP were larger, approximately
51 times, and showed a low variability in size. Langer et al. (2008) found an op-
posite behaviour in HSA particles respect to recombinant human serum albumin
(rHSA) particles and attributed this effect to the aggregation during protein purifi-
cation.

On the other hand, the stability and electrical behaviour of the particle surface
were evaluated by means of (-potential and pH, showing no significant differences
(p>0.05) for both treatments. In deionised water, BSA particles showed negative
C-potential values and physiological pH. It means that BSA and BSA-CAP par-
ticles were stable; this feature was inherent to BSA because of physiological pH
conditions (7.4); the (-potential depends on the composition and microstructural
arrangement in the surface of the particles; this determines the interaction between
electrical charges; while in alkaline conditions, the {-potential depends only slightly
on the pH, and in acidic region (3—6), the dissociation of amine and carboxyl groups
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determines the surface charge and the {-potential (Wiacek et al. 2014). Wiacek and
Chibowski(2002) found that in a pH range of 7-10, the negative charge of freshly
formed droplets is constant as a result of the total dissociation of ~-COOH groups.
Moreover, the hydroxyl ions may interact with the protein molecules as well as
they influence on the carboxyl group —COOH dissociation. The slight difference
between (-potential values of BSA and BSA—-CAP might be attributed to the inter-
action of CAP in the surface of particles of BSA—CAP. Therefore, the stability of
particles was often higher than expected with respect to {-potential measurements.
This caused that particles in suspension were stable and their resuspension was car-
ried out by shaking after weeks of storage.

The TP quantified between batches of BSA and BSA-CAP showed difference
(p<0.05) in the protein transformed in particles (see Table 11.1). The TP for both
particles showed significant differences (p<0.05) being higher contents of protein
for BSA—CAP particles. This difference was observed due to the size of particles in
BSA-CAP that were larger and needed more protein in order to stabilise the spheri-
cal shape. The characterisation of BSA and BSA—CAP was carried out through
the laser excitation wavelengths which were 405, 488, 561 and 633 nm with 4.0 %
capacity for 405 nm and 2.0 % for 488—633 nm. This scanning allowed establishing
the wavelengths of the BSA and CAP and the conjugate BSA—-CAP. The spectrum
of the CAP was established from 400 to 550 nm (Fig. 11.4a), for the crystals of

INTENSITY - ACE2

4 m s19 L a7 66 ns

a EMISSION WAVELENGTH (nm)
250
|

L LN

aa am s19 S8

-ACE2

INTENSITY

c EMISSION WAVELENGTH (nm)

Fig. 11.4 a Emission spectrum of capsaicin, from 400 to 550 nm. b Crystals of capsaicin (stan-
dard). ¢ Emission spectrum of BSA particles, from 490 to 625 nm. d Isolation of BSA particles
(standard)
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Fig. 11.5 Images of microparticles of BSA and BSA-CAP. a Fluorescent image of the spheri-
cal microparticles of BSA. b Complementary image in phase-contrast microscopy. ¢ Agglomera-
tion of BSA microparticles. d Complementary image in phase-contrast microscopy. e Fluorescent
image of microparticles of BSA—CAP in signal of BSA. f Fluorescent image of the microparticles
of BSA-CAP in signal of CAP. g Emission-excitation off. h Merge of BSA—CAP signal

CAP (Fig. 11.4b) in ethanol solution. The spectrum of BSA was found from 490 to
625 nm (Fig. 11.4c); this spectrum was constant in all samples and was measured
in the particles (Fig. 11.4d), since the polymer of BSA showed different wavelength
spectra.

The morphology of the BSA microparticles was spherical. This shape is due to
the self-assembly of BSA molecules in the aqueous desolvating condition resulted
in the spherical shape (Fig. 11.5a and b), and the fluorescent spectrum was found
in the range between 400 and 550 nm in CLSM. However, the main observed size
in the samples of microparticles of BSA ranged from 90 to 10 pum; these observa-
tions do not discard the possibility of finding nanoparticles in the sample. On the
other hand, it was observed agglomeration of BSA microparticles (Fig. 11.5¢ and
d). These agglomerates were composed by small-sized particles (below 1 pum).

In the samples of BSA—CAP, the microparticles were also spherical (Fig. 11.5¢
and f). This morphology showed similar behaviour in the self-assembly process of
BSA molecules in the aqueous desolvating condition; however, the CAP-ethanol
solution accelerates the process of the coacervation. CAP (molecule conjugates)
was incorporated into the albumin microspheres and nanospheres cross-linked on
the surface of the newly formed albumin particles; a similar process was found by
Lin et al. (1997) in the preparation of surface-modified albumin nanospheres. The
fluorescent spectrum was found in the range from 480 to 700 nm in CLSM. Both
spectra, from CAP and BSA, are overlapped. This process formed a new BSA—CAP
conjugate which is structurally inserted, forming a homogeneous surface in the pro-
tein particles (Fig. 11.5h). The size of microparticles observed in the BSA-CAP
samples ranged from 50 to 5 pm; these observations do not discard the possibility
of finding nanoparticles in the sample.



200 L. Sanchez-Segura et al.

11.6 Conclusions

An alternative method for conjugating microparticles of BSA with CAP was pro-
posed. These particles have wide potential applications, mainly related to the at-
tenuation of pungent activity of CAP and biocompatibility and biodegradation of
BSA. The role of CAP in the formation of BSA—CAP seems to be related to the
PS. Evidence for the association of CAP with BSA in the complex BSA-CAP and
the stability of the particles was obtained through measurements of -potential as a
function of pH. These values showed a slight increase in the surface electric charg-
es. Nowadays, there are no studies that describe the kinetics and nanostructuration
mechanism of materials that constitute nano-, micro- and macroparticulates. This
work is a contribution to the description of an alternative method for developing
carrier microparticles coupled to a short-chain lipid (CAP), as well as to the struc-
turing mechanism.
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Chapter 12
Polymer Nanocomposites for Food Packaging
Applications

Shyam S. Sablani

12.1 Introduction

Over the past few decades, the use of polymer-based packaging for food has grown
due to favorable properties, including low density, resistance to breakage and mois-
ture, food ingredient resistance, fabricability into various shapes, transparency,
colorability, and availability in a wide range of grades (Arora and Padua 2010).
The most common polymers used for food packaging applications are polyolefins,
copolymers of ethylene, substituted olefins, polyesters, polyamides (PAs; nylon),
and polycarbonates.

These polymers provide a range of chemical and physical properties to the
packages fabricated from them. The chemical composition, molecular structure,
molecular weight, and degree of crystallinity of polymer determine the physical
and chemical properties of packaging (Robertson 2006). Owing to their amor-
phous nature, polymers are inherently permeable to gases and vapors, including
oxygen, carbon dioxide, organic volatiles, and water vapor. The finite oxygen gas-
barrier property of polymers limits their application to the packaging of oxygen-
sensitive foods.

During the past few decades, nanocomposites based on polymers and inorganic
clay minerals consisting of silicate layers have been investigated (Ray et al. 2006,
de Abreu et al. 2007; Arora and Padua 2010). Currently, interest is growing in the
development of high oxygen-barrier polymeric structures for food packaging appli-
cations. In addition to improved gas-barrier properties, these polymer nanocompos-
ites exhibit superior physical properties. This chapter presents a brief review on the
preparation and characterization of polymer nanocomposites with emphasis on their
gas barrier properties. The potential applications of such structures for in-package
sterilization technologies are also highlighted.
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12.2 Preparation of Nanocomposites

Research on polymer nanocomposites has mostly focused on synthetic polymers
such as polyethylene, polypropylene (PP), polystyrene, polycaprolactone, polycar-
bonate, PAs, ethylene vinyl alcohol (EVOH), polyethylene terephthalate (PET), and
many others (Nguyen and Baird 2006). Most researchers have used layered silicates
known as phyllosilicates to prepare polymer nanocomposites. Montmorillonite clay
is the most common form of phyllosilicate used for the preparation of composites;
however, other layered silicates such as hectorite, saporite, mica, talc, and vermicu-
lite have also been investigated (Nguyen and Baird 2006). Montmorillonite clay
has a plate-like structure and consists of magnesium aluminum silicate. The platelet
structure and high aspect-ratio morphology lead to an improved permeation barrier
through a tortuous path mechanism. The layer thickness of each platelet is on the or-
der of 1nd chemical propertiedimension varies from 100 to 1000 nm. A clay platelet
concentration varying from 1 to 5% has been employed to investigate improvement
in the gas-barrier and physical properties of polymer films. Nanoclay platelets have
a very large surface area per unit mass, >750 at?/g. These silicate platelets form
layered structures and stacks, with a gap between them called the “interlayer” or the
gallery (Ray et al. 2006).

These silicate platelets are dispersed in the polymeric matrix with a possible
arrangement in one of the three forms: (1) nonintercalated or tactoid, (2) interca-
lated, and (3) exfoliated or delaminated structure (Carrado 2003; Ray et al. 2006;
Fig. 12.1). Exfoliated arrangement of nanoclay platelets provides the maximum
improvement in the gas barrier and physical properties. The dispersion of nanoclay
platelets in the polymer matrix is difficult and often results in phase separation and
agglomeration. In order to improve the dispersion of nanoclay in polymer matrix,

Polymer matrix

Platelet

Rh

Tactoid Intercalated Exfoliated

Fig. 12.1 Illustrations showing the tactoid, intercalated, and exfoliated state of the platelets dis-
persed in the polymer matrix. Small dots and long black bars represent the polymer matrix and
nanoplatelets, respectively. (Adapted from Bhunia et al. 2012)
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the platelets are chemically modified to render their surfaces more hydrophobic.
The dispersion of nanoparticles in polymer liquid have been explained with a ther-
modynamic model that views entropic and enthalpic contributions as driving forces
for intercalation and exfoliation of particles in long-chain polymer matrices (Vaia
and Giannelis 1997; Arora and Padua 2010). Mackay et al. (2006) showed that the
thermodynamically stable dispersion of nanoparticles into a polymeric liquid is en-
hanced when the radius of gyration of the linear polymer is greater than the radius
of the nanoparticles.

Polymer nanocomposites are prepared using three common methods: (1) in situ
polymerization, (2) intercalation of polymer from solution, and (3) polymer melt
intercalation. The in situ polymerization method involves swelling of the layered
silicate in monomer solution, followed by polymerization within the intercalated
sheets. In the second method, both polymer and layered silicates are solubilized
separately in a suitable solvent. The layered silicate solution is then dispersed in the
polymer solution, allowing for polymer chain intercalation within the gallery of the
silicate. The solvent is then evaporated to obtain exfoliated polymer composites.
The polymer melt intercalation method is a solvent-free method and is widely used
by the industry to produce polymer nanocomposites. In this method, layered sili-
cates are incorporated into the molten polymer, either in a batch or in a continuous
system. The polymer chains diffuse into the silicate galleries to form either inter-
calated or exfoliated structures, depending upon the degree of penetration (Nguyen
and Baird 2006; Ray et al. 2006).

12.3 Characterization of Nanocomposites

The degree of exfoliation in a polymer nanocomposite determines the level of
improvement in its physical and barrier properties. Several techniques are used
to characterize the morphology of polymer nanocomposites. The most common
techniques are wide-angle X-ray scattering (WAXS), small-angle X-ray scat-
tering (SAXS), and transmission electron microscopy (TEM) (Arora and Padua
2010; Sedlakova et al. 2009; Nguyen and Baird 2006). WAXS can provide in-
formation on the interlayer spacing of the silicate layers in intercalated nano-
composites. However, this technique cannot provide information on the spatial
distribution of the silicate layer in nanocomposites. SAXS is useful when silicate
layer spacing exceeds 6—7 nm in intercalated or exfoliated nanocomposites. TEM
facilitates the information on spatial distribution of silicates through direct visu-
alization. TEM is a very time-consuming method and provides only qualitative
information on selected regions of the polymer nanocomposite. Together, WAXS,
SAXS, and TEM offer very valuable information on the polymer nanocomposite
morphology.
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12.4 Barrier Properties

Polymer nanocomposites can offer improved gas barrier properties to reduce the
diffusion of oxygen, water vapor across, and aroma through the matrix and to main-
tain food quality, thereby increasing the shelf life. Gas permeation through polymer
nanocomposites follows a mass transport mechanism similar to that in a semicrys-
talline polymer matrix. During gas permeation, gas molecules are initially adsorbed
on the surface of the polymer and then diffuse through the polymer. In a nanocom-
posite, the polymer phase is considered to be permeable, and silicate platelets are
considered to be nonpermeable to gases (Choudalakis and Gotsis 2009). The barrier
property of a polymer material can be described in terms of permeability, which is
dependent on the diffusion coefficient of gas and the solubility coefficient of that
gas in the polymer matrix. However, research has mostly focused on the estimation
of the diffusion and permeability coefficients for nanocomposites, rather than mod-
eling the solubility coefficient (Bhunia et al. 2012). The diffusion of gases in the
nanocomposite is influenced by the structural parameters of platelets, including the
volume fraction, aspect ratio, orientation angle, and, most importantly, the degree
of exfoliation in the polymer nanocomposite (Bhunia et al. 2012; Choudalakis and
Gotsis 2009; Gusev 2001; Bharadwaj 2001).

Mathematical studies have shown that polymer nanocomposites with exfolia-
tion configuration exhibited better gas-barrier properties compared with intercala-
tion. The mathematical simulation showed a strong dependence of gas diffusion
through composites on aspect ratio, volume fraction, and intercalation width of
platelets. Gas-barrier properties showed great improvement, with increasing as-
pect ratios and volume fractions of nanoparticles (Bhunia et al. 2012; Choudalakis
and Gotsis 2009; Gusev 2001; Bharadwaj 2001; Gusev and Lusti 2001). However,
no significant improvement in barrier properties was found beyond the platelet
volume fraction of 0.05 and the aspect ratio of 500 for exfoliated configuration.
A computer model using the commercial software COMSOL Multiphysics illus-
trated that the gas diffusivity of nanocomposites increased as the rotational angle of
platelet increased, gradually diminishing the influence of platelets. Gas diffusivity
increased dramatically, as 6 changed from 15 to 30°. In fact, the relative increment
in relative diffusivity was almost 3.5 times larger (Bhunia et al. 2012). Using a
simulated case study, Bhunia et al. (2012) showed that the total amount of oxygen
ingress can be reduced by 97 % by incorporating platelets with an aspect ratio of
1000 and a volume fraction of 0.07, dispersed in exfoliated form in the compos-
ites. This may improve the shelf life of food stored in a polymer nanocomposite-
based packaging. Mathematical models provide a valuable tool for the design and
manufacturing of an ideal nanocomposite with improved gas barrier properties for
industrial applications.

Several experimental studies have demonstrated significant improvement in
gas barrier properties after incorporation of silicates in polymer matrix. Gupta
et al. (2006) reviewed the physical and barrier properties of PA-6-clay nanocom-
posites. They highlighted the work of Liang et al. (2001), which shows that PA-6/



12 Polymer Nanocomposites for Food Packaging Applications 209

montmorillonite prepared with in situ polymerization reduced the oxygen trans-
mission rate (OTR) of neat PA from 2.2 to 0.45 c¢c mil/100 in.? day, when 8 % of
the silicates were incorporated into the nanocomposites. Akkapeddi et al. (2003)
found a significant reduction in the OTRs of nylon-6-based nanocomposites in
which the silicate plates of high aspect ratio were incorporated. The polymer
nanocomposites were prepared using in situ polymerization process. The OTRs
were further reduced by incorporating oxygen scavengers into the matrix. Cabedo
et al. (2004) developed EVOH-kaolinite nanocomposites using a melt interca-
lation process. A proper chemical modification of the natural kaolinite helped
improve the degree of exfoliation, increasing the basal spacing from 0.72 nm to
values over 3 nm. The researchers also noted an increase in the thermal resis-
tance, glass transition temperature, crystallinity, and oxygen barrier properties.
De Abreu et al. (2007) reported that 5% of Cloisite 15 A nanoparticles in PP- and
low-density polyethylene (LDPE)-based composites reduced the OTR from 480
to 374 and from 240 to 210 cc/m? day, respectively. Multilayer packaging films
incorporating montmorillonite layered silicate and MXD6 nanocomposite as the
oxygen barrier layer and LDPE as the moisture resistant layer were developed
by the US Army Natick Soldier Research Center using a coextrusion process
(Thellen et al. 2009). Silicate concentration at 3.3-3.6 % reduced the OTR of neat
film from 3.7 to 1.1 cc/m? day. Frounch and Dourbash (2009) developed nano-
composites of PET and two different montmorillonite platelets using a polymer
melt intercalation process. They used a corotating twin screw extruder to produce
the films and found the lowest oxygen permeability with 1 wt.% nanolin/PET
nanocomposite. The Cloisite 15 A exhibited optimal barrier properties, at 2 wt.%
(Table 12.1). Results show that the permeability decreased with an increasing
degree of exfoliation.

In addition to improving gas-barrier properties, adding 1-5 wt.% of nanoclay
has been shown to improve the mechanical properties of polymer films (Chaudhary
et al. 2008; Ray et al. 2006; Cho and Paul 2001). Cho and Paul observed a signifi-
cant improvement in modulus and yield strength of composites after incorporation
of 5% of montmorillonite in nylon-6. Ray et al. (2006) have shown an increase
of 100% in Young’s modulus of nylon-6 and LDPE-based nanocomposites (Ray
et al. 2006). Incorporation of nanoparticles into polymers has been shown to im-
prove thermal performance, e.g., temperature resistance, flame resistance, thermal
decomposition behavior, and linear dimensional changes (Chaudhary et al. 2008;
Ray et al. 2000).

12.5 Food Packaging Applications

Polymer nanocomposites with improved oxygen, carbon dioxide, water vapor, and
aroma barrier properties are attractive and highly desirable for food packaging ap-
plications. High-oxygen barrier films are useful for the packaging of processed
cheese and meats. Advanced food-processing technologies, including microwave-
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assisted thermal sterilization (MATS) and pressure-assisted thermal sterilization
(PATS) processes, also require enhanced oxygen-barrier polymer packaging for
shelf-stable foods. Both the MATS and PATS processes require food to be pro-
cessed inside its packaging. This exposes the packaging material to temperature,
radiation, and pressure extremes that are required for the production of shelf-stable
foods. Food packages are required to have very low gas transmission rates in order
to protect shelf-stable food against oxygen and water vapor entry. Increases in oxy-
gen permeation into food packaging may severely affect the sensory properties of
lipid-containing foods due to rancidity reactions. Water loss or gain during storage
can cause moisture-sensitive foods to spoil quickly. Polymer nanocomposite-based
multilayer packaging is a promising option for replacing metal and glass-based
rigid packaging.

Significant industrial efforts are being made for the design and development
polymer nanocomposites. In a joint venture with Mitsubishi Gas Chemical, Nano-
cor has developed EVOH and MXD6 aromatic nylon-based nanocomposites for
multilayer packaging films for moisture and oxygen-sensitive foods. A new family
of Aegis nylon-6 nanocomposites has been developed by Honeywell Polymers for
use in high-barrier PET beer bottles and is also being considered as a replacement
for EVOH in films and pouches. Nanocor and Eastman Chemical have researched
nanocomposites of PET and polyethylene (Ray et al. 2006). The ColorMatrix Cor-
poration currently supplies ultra high-barrier nylon composites Imperm® for ox-
ygen-sensitive products and exceptional CO, retention for carbonated soft drinks,
waters, beers, and flavored alcoholic beverages. Imperm® is most useful in multi-
layer bottles, films, and thermoformed containers. Durethan KU-2601 (Bayer AG),
composed of nylon and layered silicate barriers, has been developed for use in the
coatings of paperboard juice containers (Chaudhary et al. 2008).

12.6 Final Remarks

A higher level of fully dispersed nanoclay must be achieved in order to increase
the order of magnitude in the gas-barrier properties of polymer nanocomposites.
A mathematical framework has been developed for the effective design of nano-
composite structures with superior gas-barrier properties. The melt intercalation
technique is widely accepted for the preparation of polymer nanocomposites. A bet-
ter understanding of clay modification, dispersion, and polymer-clay interaction
is needed for the development of exfoliated nanocomposite structures. A limited
number of polymer nanocomposites are available in some countries, and it is widely
anticipated that the applications of such composites will emerge on the global pack-
aging market. As the applications of polymer nanocomposites for food grows rap-
idly, the safety and regulatory aspects related to the nanocomposites as food contact
materials will need to be addressed.
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Chapter 13
Nanobiosensors in Food Science and Technology

Angélica G. Mendoza-Madrigal, Jorge Chanona-Pérez,

Leonor Guadarrama-Fernandez, Humberto Herniandez-Sanchez,
Georgina Calderon-Dominguez, Eduardo Palacios-Gonzalez

and Rubén Lopez-Santiago

13.1 Introduction

Nanotechnology is playing an increasingly important role in the development of
biosensors (Vo-Dinh et al. 2001; Haruyama 2003). The sensitivity and performance
of biosensors are being improved by using nanomaterials for their construction.
The use of these nanomaterials has allowed the introduction of many new signal
transduction technologies in biosensors. Because of their submicron dimensions,
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nanosensors, nanoprobes, and other nanosystems have allowed simple and rapid
analyses in vivo. Biosensors, which are devices that integrate a biological probe and
a transducer, have been receiving increasing interest for environmental, industrial,
and biomedical diagnostics.

In the food sector, one of the most important problems is the time-consuming
and laborious process of food quality-control analysis. Innovative devices and tech-
niques are being developed to facilitate the preparation of food samples and their
precise and inexpensive analysis. From this point of view, the development of nano-
sensors to detect microorganisms and contaminants is a particularly promising ap-
plication in food nanotechnology (Sozer and Kokini 2009).

Biosensors have recently been defined as analytical devices incorporating a bio-
logical material (e.g., tissue, microorganisms, organelles, cell receptors, enzymes,
antibodies, nucleic acids, natural products), a biologically derived material (e.g.,
recombinant antibodies, engineered proteins, aptamers), or a biomimetic (e.g., syn-
thetic catalyst, combinatorial ligands, and imprinted polymers) intimately associ-
ated with or integrated within a physicochemical transducer or transducing micro-
system, which may be optical, electrochemical, or mass based (Lazcka et al. 2007).

13.2 Biosensors

Figure 13.1 shows a schematic diagram of a biosensor where the bioreceptor rec-
ognizes the target analyte, and the corresponding biological responses are then con-
verted into equivalent electrical signals by the transducer. The amplified signal is

Cells
Aptamers Mass based
Enzymes

Antibody Optical Signal
processing

Phages

DNA Electrochemical

Biomimetic

Target analyte Bioreceptors Transducers

Fig. 13.1 Schematic diagram of a biosensor where the operating principle is shown. It consists
of a target analyte, bioreceptors (cells, aptamers, enzymes, antibody, phages, DNA, biomimetic
compounds), and a transducer (electrochemical, optical, and mass based)



13 Nanobiosensors in Food Science and Technology 215

then processed by the signal processor where it can later be stored, displayed, and
analyzed. Biosensors have seen a wide variety of applications primarily in biologi-
cal monitoring, food safety, and environmental sensing.

13.2.1 Classification

There is a wide variety of bioreceptors such as cells, enzymes, DNA, phages, and
antibodies that can be detected by different transduction methods which are electro-
chemical, optical, and mass based; therefore, biosensors can be classified by their
bioreceptor or detection method (Kim et al. 2009; Velusamy et al. 2010; Waggoner
and Craighead 2007).

13.2.1.1 Bioreceptors

Biosensors can also be classified according to the type of bioreceptors or the rec-
ognition element which are the key to specificity for biosensor technologies. A bio-
receptor is a molecular species that utilizes a biochemical mechanism for recogni-
tion. They are responsible for binding the analyte of interest to the sensor for the
measurement. Bioreceptors can generally be classified into seven different major
categories. These categories include enzymes, cellular structures/cells, antibody/
antigen, nucleic acids/DNA, and bacteriophage (phage; Velusamy et al. 2010).
Enzymes were the first recognition elements included in biosensors (Clark and
Lyons 1962). Enzymatic biosensors measure the selectivity inhibition or the ca-
talysis of enzymes by a specific target; this kind of biosensors for the detection of
contaminants in food and environmental samples has been extensively described
(Li et al. 2009; Van Dorst et al. 2010). Another frequently used recognition ele-
ment is whole cells such as bacteria, fungi, yeast, or animal cells. These whole-cell
biosensors detect responses of a cell after exposure to a sample, which are related
to its toxicity. Microorganisms or whole cell offer an alternative in the fabrication
of biosensors because they can be massively produced through cell culturing. Even
though metabolisms of the microorganisms are nonspecific, highly selective micro-
bial biosensors can be potentially achieved by blocking the undesired or inducing
the desired metabolic pathway and by adapting the microorganisms to an appro-
priate substrate of interest (target) through selective cultivation conditions. Cells
provide sensitivity to a wide range of biochemical stimuli since they contain many
highly evolved biochemical pathways; also, cells provide a functional assay for
biochemical agents. Close et al. (2009), Nugaeva et al. (2005), and Su et al. (2011)
described whole-cell biosensors for food and environmental applications.
Antibodies have been the most popular affinity-based recognition elements. The
main advantage of the use of antibodies as recognition elements is their sensitivity
and selectivity; they may be polyclonal, monoclonal, or recombinant, depending
on their selective properties and the way they are synthesized. In any case, they are
generally immobilized on a substrate, which can be the detector surface (Oh et al.
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2005), its vicinity (Radke and Alocilja 2005), or a carrier (Ivintski et al. 2000). An
antigen-specific antibody fits its unique antigen in a highly specific manner, so that
the three-dimensional structures of antigen and antibody molecules are matching.
Due to this three-dimensional shape fitting, it is possible to find an antibody that can
recognize and bind to any one of a large variety of molecular shapes (Byrne et al.
2009; Velusamy et al. 2010).

On the other hand, phages and nucleic acids are the novel innovative affinity-
based recognition elements that are becoming increasingly important for food and
environmental sensors, because of their exceptional characteristics, such as their
high affinity and specificity for their targets, their fast and cheap production, stabil-
ity, and their ease to be modified (Van Dorst et al. 2010). Due to their wide range
of physical, chemical, and biological activities, nucleic acid-based biosensors have
been reported by many researchers for the detection of food pathogen such as Esch-
erichia coli O157:H7 (Chen et al. 2008) and Sa/monella spp. (Lermo et al. 2007).
DNA hybridization microarrays have been suggested as a platform for the parallel
detection of multiple pathogenic microorganisms in food in a relatively short time.

Recently, bacteriophages have been employed as biorecognition elements for the
identification of various pathogenic microorganisms. Bacteriophages are viruses
that bind to specific receptors on the bacterial surface in order to inject their ge-
netic material inside the bacteria. Phages recognize the bacterial receptors through
its tail spike proteins. Since the recognition is highly specific, it can be used for
the typing of bacteria and hence opened the path for the development of specific
pathogen detection technologies. There has been reported the application of phage
as a biorecognition element for the detection of various pathogens such as E. coli
(Singh et al. 2009).

13.2.1.2 Transductors

Biosensors can also be classified based on the transduction methods they employ.
The transducer plays an important role in the detection process of a biosensor. The
main fundamental transduction modes could be categorized as electrochemical, op-
tical, and mass based (Fig. 13.2; Table 13.1). However, there are certain compounds
used to improve the detection (label based); in other cases, a label is not required
(label free).

Biomolecules such as proteins and nucleic acids often cannot be recognized di-
rectly due to their small size. To track these biomolecules and their activity, probes
for these target molecules or the target biomolecules themselves can be labeled by
conjugation with a detectable agent, commonly a fluorophore or an enzyme which
has unique detectable properties such as radioactivity, chromogenicity, fluores-
cence, or magnetism (Kim et al. 2009). Some of these tags are fluorescent labels
(Li et al. 2007), nanomaterials such as gold nanoparticles (Huo and Worden 2007),
magnetic nanoparticles (Hsing et al. 2007), and quantum dots (QDs; Jamieson et al.
2007).
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Fig. 13.2 Transduction methods. a Electrochemical-based transductor: carbon nanotube-based
chemiresistor for the detection of pathogen bacteria. b Optic-based transductor for the detection of
antigen—antibody. ¢ Mass-based transductor for the detection of probiotic bacteria on the surface
of a cantilever. Scanning electron microscope (SEM) and atomic force microscope (AFM) images
with bacterial growth are shown as well as the detection by means of a position sensitive detector
(PSD) using different bioreceptors

Nanotechnology is playing an increasingly important role in the development
of biosensors (Vo-Dinh et al. 2001; Haruyama 2003). Sensitivity and other attri-
butes of biosensors can be improved by using nanomaterials in their construction.
Nanomaterials (matrices with at least one of their dimensions ranging in scale from
1 to 100 nm) display unique physical and chemical features (Jianrong et al. 2004).
Functional nanoparticles (electronic and optical) bound to biological molecules
(e.g., peptides, proteins, nucleic acids) have been developed for use in biosensors to
detect and amplify various signals. Gold nanoparticles have been used as new class
fluorescence quenchers to develop an optical biosensor for recognizing and detect-
ing specific DNA sequences (Maxwell et al. 2002). Metal nanoparticles can be used
to enhance the amount of immobilized biomolecules in the construction of a sensor.
Because of its ultrahigh surface area, colloidal Au has been used to enhance the
DNA immobilization on a gold electrode, to ultimately lower the detection limit of
the fabricated electrochemical DNA biosensor (Cai et al. 2001). Metal nanoparticles
have been used to facilitate the electron transfer in nanoelectronic devices. Gold
nanoparticles can greatly improve electron transfer across the monolayer molecules
self-assembled on the surfaces of electrodes (Zhang et al. 2008). Most biological



A. G. Mendoza-Madrigal et al.

218

L00T "Te 3 oni[Sey

w/NAD SO1-+01

Kesseounwuur
JUQISTUILIN{ILAY))

souadojloououmt

7 pue ‘wnimuiyddy
'S DO11]020.42)Ud

A ‘LH:LSTO 1j02°dq

Kesseounuur
QWAZUD JUSOSIUIWN] WY
yormpues paxadninin

A1ow01£5 MO[}
Juisn [[9Ys/0100 SUZ/ASPD

8007 ‘Te 30 uyey TWy/S[[P9 401 sjop wnueng) LH:LSTO 1702 "7 | Jo pasodwod sjop wnjuend)
vjydownaud
Anowosdifjo SuiSewr pue " PUB ‘D2111]020.121U2

‘ooueuosar uowsed aoeyIns X ‘wnranurydAy - diyo urayoud jo

8007 YO pue 104D w/NAD ;01 Kd09s0101W 99U9ISAION] ] ‘LHILSTO 1702 " | suedw Aq uono)ap [eondQ

uo1309)op paseq-feondQ

sooeyns wnumeld
0} BLI0JOBQ JO JUSWTOR)IE

800 ' 19 [9q10g-Z0unjy [W/NAD LO1-101 owounpaduwy 102 oy} U0 paseq 10suASOIE
surpue&jod

“dds Jursn Aesseounuwiwut yoim

©EOOT BIOO[Y PUB YR -PRUWRYNA w/NAD 6L OLIOWIOIONPUO)) | DjjaUOUDS PUR 170D T -puBs [BOIWAYI013[F
Kesseounuuur

[OLMPUES [BOIWUAYD0I}ID

q£007 B0y pue e[ -peurueynjy w/NAD 8L supoworedury LH:LSTO 1702 '3 U0 PISEq JOSUSSOUNUUI]
UOT}00}OP PASEQ -[BITWAYD0I}IF

20U}y 7 ANADISUDS 7 opow uonodNI(] 7 h[euy 7 J10suaso1q Jo odAJ,

UO1IOP PASEq -[BIIWAYI0IIF

20UdIyOY 7 ANADISUSS 7 opow uondAR( 7 A [euy 7 10suas01q Jo 2dAT,

sojATeue oduelrodwr Pooj Jo uor0elep oY) 10 pakordurs sopow uononpsuel], '€y AqeL



219

13 Nanobiosensors in Food Science and Technology

jiun SuruIoy-Auojod /.7

SOISLIRJORIBYD

juowdoedsip sorouanbaiy 104e] Kouonoaiy Y3y A1oA

L00T Te3 1] 21-ZH 31 6€ SIUBYOIW-OUWLIAY ], JI[[e1oW JO uonen|eAy UM SIOAQ[IJUBIOUBN
zH/8d g9 ~j/wm SIIPOqNUE YIIM PIZITeUon

0102 "Te 3 yeuey3ung pue [w/NAD 01 % ~ odoosororu 92103 O1WOYY 10 2p.£2]0Y2 014q14 | -OUNJ SISAJ[UBIOIIIW P[OH)
J0A®[

S00T ‘Te 12 19[[)D zyg/3d op1 ~ uo119330p0joyd 1702 " | QAIIINU B UM JOAJ[NURD)
6007 T80 17T Tw/NdD 01 onoude spvayup g | JOA[IUED d1ISL[I0)OUSEI
U01309}0p POSeq-SSeI

UO01309}0p PISE( -[BIIWIAY00I)O0]

90UDIAJIY 7 ANADISUDS 7 apow uonde( 7 k[euy 7 J10sudsolq Jo odAJ,
UOT}O9)0p PASE( -[BIIWAYI0I0d[T

Q0udIyY 7 ANADISUDS 7 opow uondA( 7 A [euy 7 10su3s01q Jo 2dAT,

(ponunuoo) ¢y AqEL



220 A. G. Mendoza-Madrigal et al.

molecules can be labeled with metal nanoparticles without compromising their bio-
logical activities.

Furthermore, nanowires, nanotubes, nanofibers, and nanoprobes have been re-
ported to create highly sensitive, real-time electrically based sensors for biological
and chemical species. On the other hand, nanotubes have nanodimensions, graphitic
surface chemistry, and electronic properties that make them an ideal material for use
in chemical and biochemical sensing. Both single-wall carbon nanotubes (SWCNTs)
and multiwall carbon nanotubes (MWCNTs) have been used in biosensors (Davis
et al. 2003; Jianrong et al. 2004).

According to the detection principle, electrochemical techniques (transduction
method) can be divided into amperometric (Akyilmaz et al. 2007), potentiometric
(Ercole et al. 2003), conductimetric (Muhammad-Tahir and Alocija 2003a), and
impedimetric (Munoz-Berbel et al. 2008); these techniques are widely used in the
development of microbial biosensors.

Carbon nanotubes (CNTs) have been used in diverse devices to detect several
biomolecules and microorganisms, more specifically single-wall carbon nanotubes
(SWCNTs) because of their electrical properties, and the high surface area because
they are highly reactive. Most of the sensor’s performance are based on the change
in the electrical conductance due to the binding of the interest molecule with the
recognition molecule which is attached to the CNT network; here the CNTs are act-
ing as the transducer element. The immobilization method of the biomolecules is the
critical step on the biosensor construction, and it has to be chosen considering the
recognition element and the sample nature. Most of the sensor’s performance are
based on the change in the electrical conductance due to the binding of the interest
molecule with the recognition molecule which is attached to the CNT network; here
the CNTs are acting as the transducer element. The immobilization method of the
biomolecules is the critical step on the biosensor construction, and it has to be chosen
considering the recognition element and the sample nature. Figure 13.2a shows a
scheme of a biosensor which detects E. col/i by means of antibodies (recognition ele-
ment), the sensing platform used for the biodetection are gold microelectrodes where
the SWCNTs are aligned in the microelectrode gap. The functionalization step is per-
formed in situ. Then, a voltage is applied in the gold electrodes, and the conductance/
resistance is measured; this conductance is highly sensitive to any change in the
environment which is an advantage for this kind of biosensors because it allows the
device miniaturization and the power requirement is low. There are several studies
that have been reported for the detection of bacteria (Villamizar et al. 2009), viruses
(Garcia-Aljaro et al. 2010), and small molecules such as ATP (Basanta et al. 2011).
The detection and identification of pathogenic microorganisms or molecules have
great importance in health and food safety, the development of biosensors for an
early detection with higher sensitivity is needed. Research in the area of biosensor is
necessary to become a real alternative, and the integration of nanostructured materi-
als in the construction of these is a promising option.

On the other hand, optical-based detection consists on the shift measurement of
the optical properties after the interaction between the analyte and the recognition
element; these properties are based on absorption, reflection, refraction, dispersion,
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infrared, Raman diffusion (also surface-enhanced Raman scattering), chemilumi-
nescence, fluorescence, and phosphorescence (Kim et al. 2007). The selection of
the optical techniques depends on the analyte characteristics, desired sensitivity,
and final application of the biosensor. The most commonly employed techniques of
optical detection are surface plasmon resonance (SPR; Fig. 13.2b; Ponmozhi et al.
2012; Willets and Van Duyne 2007) and fluorescence (Ko and Grant 2006) due to
their sensitivity. Using the SPR technique, the affinity of biomolecules has been
measured, such as nuclear receptor-DNA interactions, DNA hybridization, small
molecule-DNA interactions, quantitative immunoassays, drug—protein interactions,
protein—ligand interactions, and antibody—antigen interactions (Englebienne et al.
2003; Nguyena et al. 2007).

The mass-based biosensors are suitable for very sensitive detection, in which
the transduction is based on the small changes in mass (Fig. 13.2¢). The principal
means of mass analysis depends on the use of piezoelectric crystals, which can be
made to vibrate at a specific frequency with the application of an electrical signal
of a specific frequency. When a piezoelectric sensor surface, which has been coated
with an antibody, is placed in a solution containing pathogens, the attachment of the
agent to the antibody-coated surface results in an increase in the crystal mass, and
this gives rise to a corresponding frequency shift. Mass-based detection is relatively
easy to use and cost effective and offers direct label-free analysis with increased
sensitivity and specificity (Lange et al. 2008; Vaughan et al. 2001).

Cantilever sensors, a class of acoustic-based sensors, are highly sensitive devices
capable of label-free quantitative measurement of biomolecular interactions. They
are a platform technology and adaptable for various diverse biosensing applications
(Johnson and Mutharasan 2012). Nanocantilevers are another innovative class of
biosensors. Their detection principle is based on their ability to detect biological-
binding interactions, such as between antigen and antibody, enzyme and substrate
or cofactor, and receptor and ligand, through physical and/or electromechanical sig-
naling (Hall 2002). Nanocantilever devices have already had tremendous success
in studies of molecular interactions and in the detection of contaminant chemicals,
toxins, and antibiotic residues in food products (Ramirez-Frometa 2006). Pathogen
detection is based on their ability to vibrate at various frequencies in dependence
on the biomass of the pathogenic organisms. The silicon surface of nanocantilevers
can be modified to attach antibodies, resulting in a change of the resonant frequency
depending on the attached mass. Gupta et al. (2004) presented the microfabrica-
tion and application of arrays of silicon cantilever beams as microresonator sensors
with nanoscale thickness to detect the mass of individual virus particles, and they
demonstrated the detection of a single vaccinia virus particle with an average mass
of 9.5 fg.

In Table 13.1, more examples of transduction modes employed for the detection
of food importance analyte are summarized. Muhammad-Tahir and Alocija (2003b)
developed a biosensor based on an electrochemical sandwich immunoassay using
polyaniline for detecting foodborne pathogens, such as E. coli O157:H7. The bio-
sensor is composed of two types of proteins: capture protein and reporter protein.
After adding the sample, the target protein binds to the reporter protein and forms
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a sandwich complex with the capture protein. The conductive polymer that is at-
tached to the reporter protein serves as a messenger, reporting the amount of target
protein captured in the form of an electrical signal. The architecture of the biosen-
sor utilizes a lateral flow format, which allows the liquid sample to move from one
pad to another by capillary action. Results show that the biosensor could detect
approximately 7.8 x 10! colony forming unit per milliliter of E. coli O157:H7 in
10 min. The same research group (Muhammad-Tahir and Alocija 2003a) developed
a conductometric biosensor for detecting food-borne pathogens. The biosensor pro-
vides a specific, sensitive, low volume, and near real-time detection mechanism.
Results are presented to highlight the performance of the biosensor for enterohem-
orrhagic E. coli O157:H7 and Salmonella spp, which are of concern to biosecurity.
The lower limit of detection is approximately 7.9 x 10! colony forming units per
milliliter within a 10 min process. Another electrochemical-based detection biosen-
sor was developed by Munoz-Berbel et al. (2008), where an approach for quantify-
ing low concentrations of bacteria is described, particularly E. coli, based on the
measurement of the initial attachment of bacteria to platinum surfaces, using imped-
ance spectroscopy. The value of the interface capacitance in the preattachment stage
(before 1 min of attachment) showed correlation with suspended concentration of
bacteria from 10! to 107 CFU/ml. This method was found to be sensitive to the at-
tachment time, to the applied potential, and to the size of the counter electrode.

On the other hand, Table 13.1 also shows optical-based detection biosensors.
Choi and Oh (2008) developed an optical detection method based on protein chips
for the detection of the various pathogens such as E. coli O157:H7, Salmonella
typhimurium, Yersinia enterocolitica, and Legionella pneumophila in contami-
nated environments. Gold (Au) surface was modified with 11-mercaptoundeca-
noic acid, and the protein G was immobilized on the Au surface. The responses of
the various pathogens such as E. coli O157:H7, S. typhimurium, Y. enterocolitica,
and L. pneumophila to the protein chip were investigated by SPR, fluorescence
microscopy, and imaging ellipsometry (IE). The lowest detection limit of the fluo-
rescence-based protein chip was 10> CFU/ml, and the protein chip using IE could
successfully detect the pathogens in concentrations varying from 103 to 107 CFU/
ml. Hahn et al. (2008) utilized QDs to label E. coli O157:H7 in cell mixtures which
results in greater accuracy and more closely approaches the ideal fluorophore for the
pathogen detection using flow cytometry; the biosensor sensitivity was 10° cells/
ml. A simple and rapid multiplexed sandwich chemiluminescent enzyme immuno-
assay has been developed by Magliulo et al. (2007) for the simultaneous detection
of E. coli O157:H7, Yersinia enterocolitica, Salmonella typhimurium, and Listeria
monocytogenes. When the samples were added to the main wells, the bacteria able
to specifically bind to the corresponding monoclonal antibody were captured in one
of the four subwells. Subsequently, a mixture of peroxidase-labeled polyclonal anti-
bodies against the four bacteria was added, and the peroxidase activity of the bound
polyclonal-labeled antibodies in each well was measured by an enhanced luminol-
based chemiluminescent cocktail using a low-light charge-coupled imaging device.
The assay was simple and fast, and the limit of quantification was in the order of



13 Nanobiosensors in Food Science and Technology 223

104-10° CFU/ml for all bacterial species. This method can be used as a screening
test to evaluate the presence of these pathogen bacteria in different foodstuffs.

Finally, Table 13.1 shows mass-based detection biosensors as well. Li et al.
(2007) described the fabrication and operation of self-sensing nanocantilevers with
fundamental mechanical resonances up to very high frequencies (VHFs). These
devices use integrated electronic displacement transducers based on piezoresistive
thin metal films, permitting straightforward and optimal nanodevice readout. This
nonoptical transduction enables applications requiring previously inaccessible sen-
sitivity and bandwidth, such as fast Scanning Probe Microscopy (SPM) and VHF
force sensing. The detection of 127 MHz cantilever vibrations is demonstrated with
a thermomechanical noise-limited displacement sensitivity of 39 fm Hz"2. This en-
ables chemisorption measurements in air at room temperature, with unprecedented
mass resolution less than 1 ag. Gfeller et al. (2005) were able to detect E. coli, which
is an indicator of fecal pollution of water and food products, with the help of a
cantilever coated with agarose; the use of nanomechanical sensing device was able
to detect active growth of E. coli cells within 1 h which is significantly faster than
any conventional plating method which requires at least 24 h (Sozer and Kokini
2009). Sungkanak et al. (2010) demonstrated a cantilever-based cholera sensor;
atomic force microscope (AFM) was used to measure the cantilever’s resonance
frequency shift due to mass of cell bound on microcantilever surface; the microcan-
tilever-based sensor has a detection limit of 1 x 10> CFU/ml and a mass sensitivity
of 146.5 pg/Hz, which is at least two orders of magnitude lower than other reported
techniques.

13.3 Nanosensors in Food

Science and technology have many challenges in the food and bioprocess field due
to the need to produce and manufacture high-quality products; this can be solved
by means of nanotechnology. For instance, pathogen detection, food quality, encap-
sulation, delivery of bioactive compound, packing systems, and food storage are
few examples of developing applications of nanotechnology that could improve
production processes in order to provide products with better characteristics and
functionalities in the food industry. In Table 13.2, some examples, outlooks, and
applications are described.

Food quality is very important because the consumers request safe food, as well
as pathogen free; in order to accomplish this, alternative may be the use of biosen-
sors for the rapid detection of contaminants. On the other hand, encapsulation has
been used for the controlled release of beneficial components that improve the host
health, such as probiotics and antioxidants. The delivery of bioactive compounds is
important because through nanotechnology, the bioavailability, solubility, and sta-
bility of the interest compounds can be improved. Regarding packing systems and
food storage, through nanotechnology developments, longer shelf-life, safer pack-
aging, better traceability of food products, and healthier food can also be improved.
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Table 13.2 Applications of nanosensors in foods
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Description Advantages Technology Reference
Sensors for the grain stor- Thousands of nanopar- | Food quality Neethirajan and
age conducting polymer ticles can be placed Jayas 2007, 2011
nanoparticles which respond | on a single sensor to
to analyte and volatiles in accurately detect the
food storage environment presence of insects or
and thereby detect the source | fungi inside stored grain
and the type of spoilage bulk in bins
Systems for the rapid detec- | Nanosensors can pro- Microorganism | Gfeller et al.
tion of spoilage of product vide quality assurance | identification 2005; Sungkanak
components, for quality by tracking microorgan- etal. 2010; Van
control caused by microor- isms, toxins, and con- Dorst et al. 2010
ganisms at source and during | taminants for automatic
production chain control. Nanotechnol-

ogy also enables to

implement low cost
Encapsulation has been Ease of handling, Encapsulation Shefer 2008
used for the protection and enhanced stability,
controlled release of benefi- | protection against
cial live probiotic species oxidation, retention of
to promote the healthy gut volatile ingredients,
function. The viability of taste masking, moisture-
probiotic organisms within triggered controlled
freeze-dried yogurt can be release, pH-triggered
improved by nanoencapsula- | controlled release,
tion with calcium-alginate consecutive delivery

of multiple active

ingredients, change in

the flavor character,

long-lasting organo-

leptic perception, and

enhanced bioavailability

and efficacy
Nanotechnology has shown | Nanotechnology can Delivery of Neethirajan and
greater potential in improv- enhance solubility, bioactive Jayas 2007, 2011
ing the efficiency of delivery | improve bioavailability, | compounds

of nutraceuticals and bioac-
tive compounds in functional
foods to improve human
health

and protect the stability
of micronutrients and
bioactive compounds
during processing, stor-
age, and distribution

Packaging systems include
adding an antimicrobial
nanoparticle into the pack-
age, dispersing bioactive
agents in the packaging, and
coating bioactive agents on
the surface

Food packing nanotech-
nology offers longer
shelf-life, safer packag-
ing, better traceability
of food products, and
healthier food

Packing systems

Buonocore et al.
2005; Coma
2008
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Table 13.2 (continued)

Description Advantages Technology Reference
Active packaging films for Nanotechnology can Food storage Rivett and Speer
the selective control of oxy- | effectively produce 2009

gen transmission and aroma | oxygen scavengers for
affecting enzymes has been sliced processed meat,
developed beer, beverages, cooked
pastas, and ready-to-

eat snacks; moisture
absorber sheets for fresh
meat, poultry, and fish;
and ethylene-scaveng-
ing bags for packaging
of fruits and vegetables

Food spoilages by pathogen microorganisms can be detected with nanosensors
from days to hours or even minutes. Such nanosensors could be placed directly into
the packaging material, where they would serve as “electronic tongue” or “noses”
by detecting chemicals released during food spoilage (Garcia et al. 2006). Other
types of nanosensors are based on microfluidic devices (Baeummer 2004) and can
also be used to detect pathogens efficiently in real time and with high sensitivity.
A major advantage of microfluidic sensors is their miniature format and their abil-
ity to detect compounds of interest rapidly in only microliters of required sample
volumes, which has already led to widespread applications in medical, biological,
and chemical analysis; these devices are called lab on a chip (Vo-Dinh et al. 2001).

Nanoelectromechanical system (NEMS) technology is already in use, and these
systems contain moving parts ranging from nano- to millimeter scale, which might
serve as developing tools in food preservation. NEMS could be used in food quality
control devices because they consist of advanced transducers for the specific detec-
tion of chemical and biochemical signals. The use of these systems has several ad-
vantages for food technology, such as portable instrumentation with quick response,
low costs, and smart communication through various frequency levels. In the area
of food safety and quality, nanotechnologies are particularly suitable because they
are able to detect and monitor any adulteration in packaging and storage conditions.
Nanotechnologies are also enabling the development of smaller, cheaper sensors,
which will have a wide range of applications from monitoring the pollution in the
environment, the freshness of food, or the stresses in a building or a vehicle, among
other applications (Sozer and Kokini 2009).

Nowadays, the development of nanotechnology-based biosensors is expected
to move in various directions, such as toward a progressive reduction of biosen-
sors taken as advantage the nanoengineering advances, low cost of nanobiosen-
sors, a tendency toward a high sensitivity and inexpensive sensing platforms for
use in point of care diagnostics, and low-cost systems for use in remote, marginal
areas where medical care is deficient, and full-scale labs are not available or where
biodetection in real time is difficult. Thus, an example of nanobiosensor of low
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cost is shown in Fig. 13.3a—d, where a chemiresistor based on single-wall carbon-
nanotubes for the detection of Staphylococcus aureus was mounted in a microscope
slide, and their resistance was evaluated with microtips by means of an electrical
tests station. Other systems are the lab on a chip, but they may have different goals
than single biosensors, such as the need for taking one sample and measuring many
things about it, as will likely occur in analysis laboratories. These devices can be
implemented by developing new assays with few steps than can be visually under-
stood or by developing instruments that remove the complexity from the user and
provide a digital or quantitative readout. These tendencies are being rapidly pursued
at the present time. For which the nanobiosensors can reach their real potential, they
must be integrated with appropriate packaging techniques, which are usually based
on nano/microfluidics. Packaging is focused on how the nanosensor is interfaced
to the real world, which may include how the nanosensor receives samples, how it
is protected from the outside world, and how the outside world is protected from
the nanosensor. Many nano-biosensor concepts have been invented, but the com-
mercial applications have been limited, primarily by limitations in packaging and
interfacing. To maximize the value of nanotechnology-based biosensors, it is neces-
sary to integrate these sensors with appropriate micro/nanofluidic systems that can
deliver appropriate samples to the sensing platform. Micro/nanofluidic approaches
provide one of the most promising strategies to interface nanoengineered biosensors
in a wide spectrum of food and biomedical applications (Erickson et al. 2008; Kim
et al. 2009). Appropriate microfluidic delivery systems can be used to eliminate
contamination, minimize analysis times, and enable portable systems. In any case,
the impact of nanoscale sensors will have a profound effect on medical, food, and
environmental testing.

Currently, the biosensing systems are wholly portables taking the advantages of
the advances on micromachining, microelectronics, microfluidics, microseparation
processes, biosensing with genomics, and proteomics techniques. Thereby, the final
aim of nanotechnology integrates all stages in a single device involved in the bio-
sensing process, such as the sample handling, preparation, mixing, separation, cell
lysing, and biodetecting. Figure 13.3e shows a schematic example of an integrated
microfluidic device with nanocomponents for the detection of pathogen microor-
ganisms; in the initial stages, isolating, selecting, and concentrating the sample or
eliminating other components that might interfere with the detection are required.
These steps could be done by micro or molecular sieves, filtration membranes, and
dielectrophoresis, among other purification tools. Then, in a following step separat-
ing the pathogenic species can make by selective separation, for instance, by means
of antibody bioconjugation. It is also required to see which cells are viable, can
be used for fluorescence labeling techniques, or alternatively electrochemical tech-
niques. Subsequently, for the detection of intracellular components, cellular lysing
is needed; this can be carried out by thermic, chemical, mechanical, or electrical
agents to release the target analyte, which leads to the next block to perform the
biodetection. On-chip methods, polymerase chain reaction (PCR), cantilever, and
nanosensors-made nanotubes or nanowires are some of the techniques that can be
used for this purpose. The transport process consists in the sample passing through
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Fig. 13.3 a Chemiresistor based on single-wall carbon nanotubes for the detection of Staphylo-
coccus aureus. b and ¢ Resistance evaluation of the nanobiosensor with microtips in a electrical
tests station. d Environmental scanning electron microscope (ESEM) image of the microelectrode
after bacteria detection. e Integrated microfluidic devices with nanocomponents for the detection
of pathogen microorganisms

an integrated micro-fluidic device which can perform osmotic gradients, electric, or
pressure differential (Bashir 2004; Sosol-Fernandez et al. 2012). In the end of lab
on a chip, the user nonexpert on biodetection techniques receives the results of the
test on a liquid crystal display.

13.4 Conclusions

Some advantages of the biosensors are their high sensitivity, selectivity, rapid de-
tection time, and less solvent use; however, one of the main advantages is their
versatility because they can be used in different areas such as food, environmental,
pharmaceutical, and medical industries, among others. Different configurations or
type of biosensors can be created, for instance, there can be chosen different kinds
of bioreceptors that can be labeled or not, with gold nanoparticles, QDs, chromo-
phore agents, depending on the transduction method which will be used. Among
the transduction methods, the mass-based biosensor has as a major advantage, that
a label is not always required to obtain higher specificity; the electrochemical trans-
duction methods allow using fluid samples and the optical transductors to make
real-time detections. The outlook regarding biosensors is the use of microfabrica-
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tion techniques which has allowed the size reduction, mass production, less costs,
feasibility in order to get a lab on a chip for the development of portable biosensors.

Thus, nanotechnology will have a significant impact on food safety for specific
detection of a single cell, applying novel technologies that offer the nanotechnology
for diagnosis and preventing disease associated to food contamination allows avoid-
ing time consuming on several steps used in the traditional analysis of laboratory to
provide faster results and smart solutions to food security.
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Chapter 14

Carbon Nanotubes and Their Potential
Applications in Developing Electrochemical
Biosensors for the Detection of Analytes in Food

Leonor Guadarrama-Fernandez, Angélica G. Mendoza-Madrigal, Jorge
Chanona-Pérez, Arturo Manzo Robledo, Georgina Calderén-Dominguez,
F. Xavier Rius, Pascal Blondeau and Jordi Riu

14.1 Introduction

Nanoscience is the study, understanding, and control of materials at the nanoscale,
which is at the level of atoms, molecules, and quantum dots. Nanotechnology consid-
ers techniques and structures of size below 100 nm such as carbon nanotubes (CNTs),
nanocrystals, and nanoparticles (Agel et al. 2012). Carbon is the most versatile ele-
ment that exists. In the form of graphite, it was discovered in 1779 and, 10 years later,
in the form of diamond. In 1985, Kroto et al. discovered fullerenes and proved their
stability in the gas phase. Afterwards research on structures made of graphitic sheets
has increased, leading to the discovery of CNTs by lijima (1991). He observed that
the tubes obtained by the arc-discharge evaporation method have at least two layers,
and the size of their outer diameter ranged from 4 to 30 nm, and their length was as
high as 1 um. In 1993, a new type of CNT was discovered with only one layer and a
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diameter of 1-2 nm. Although CNTs were synthesized and described before 1991, the
report of lijima pointed to a potential research field (Agel et al. 2012).

14.2 CNT Types

There are two main types of CNT, single and multiwalled. Single-walled CNTs (SW-
CNTs) are formed when a single layer of graphite (graphene) is rolled into a seamless
cylinder. They have diameters in the range of 0.70 —1.60 nm (Iijima 1993) but usually
are close to 1 nm. They have two regions with different physical and chemical proper-
ties, one is the sidewall and the other is the end cap. Their importance lays down on
their electrical properties making them excellent conductors (Agel et al. 2012).

Multiwalled CNTs (MWCNTs) can be considered as a group of concentric SW-
CNT with different diameters. They can have from 2 to 50 sheets of graphene; the
interlayer distance is near to the distance between graphene layers in graphite. Their
lengths and diameters differ from those of SWCNT; therefore, their properties are
also quite different (Aqel et al. 2012; Tijima 1991).

14.3 CNT Structure

SWCNT can be described by a single vector ¢ (chiral vector). Two atoms in a pla-
nar graphene sheet are chosen, and one is used as the origin of the vector. The chiral

Zig zag

Chiral

Armchair

Fig. 14.1 a Graphene sheet diagram showing a chiral vector structure classification used to define
CNT structure. b CNT types
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vector C is pointed from the first atom toward the second one (Fig. 14.1a) and is
defined by the equation:

C=n,+m,, 14.1
al a2

where 7 and m are integers and a, and a, are the unit cell vectors of the two-dimen-
sional lattice formed by the graphene sheets. The direction of the nanotube axis is
perpendicular to this chiral vector. The length of its chiral vector gives the circumfer-
ence of the nanotube. Graphene sheets can be rolled in three different ways depending
on the chiral ¢. For m =0 and 6= 30°, zig-zag tubes are formed; for n=m and §=0°,
armchair tubes are formed; and for n#m and 0°< §<30°, the chiral tubes are formed
(Fig. 14.1b). Chiral vector affects the optical, mechanical, and electrical properties of
CNT (Agel et al. 2012; Belin and Epron 2005; Dresselhaus et al. 1995).

An MWCNT structure is more complex than SWCNT, and thus they are mostly
used as a bulk material in applications where the ordered structuring of the system
is not of great importance. Varying the structure of CNT allows for control of their
electric properties, such as electrical conductivity or electron emission properties.
It is difficult to control the geometric structure of CNT by conventional synthetic
methods, but recent techniques have been developed to generate CNT with con-
trolled shapes and properties (Katz and Willner 2004).

14.4 CNT Synthesis

CNTs are produced mainly by three methods: arc discharge, laser ablation, and chemi-
cal vapor deposition (CVD) (Agel et al. 2012). Arc discharge method is the most
use for CNT production and is the same method used for fullerene synthesis. The
principle of arc discharge technique is the formation of vapor by an arc discharge
between two carbon electrodes under an inert atmosphere of helium or argon, using
or not catalysts. CNTs are self-assembled from the carbon vapor produced by the high
temperatures between the electrodes (Ebbesen and Ajayan 1992). The quantity and
quality of CNT will depend on the experimental conditions as inert gas pressure, ge-
ometry of the system, carbon, and metallic catalyst ratio (Journet and Bernier 1998).

Laser ablation technique consists of vaporized graphite by irradiation with a
high-power laser. Carbon is vaporized from the surface of a graphite piece that
is in the middle of a quartz tube in a temperature-controlled oven and in an inert
atmosphere. The laser vaporization produces carbon species, which are swept by
the flowing gas from the high-temperature zone and deposited on a conical water-
cooled copper collector. CNTs are formed when the laser beam gets the surface
(Journet and Bernier 1998).

CVD methods utilize the pyrolytic decomposition of hydrocarbon gases at el-
evated temperatures in the range of 600—-1200°C. CVD technique has become one
of the preferred methods for fabricating CNT. The reacting gas used can be acety-
lene, ethylene, or ethanol, and the metal catalysts used are cobalt, nickel, iron, or a
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mix of them. The catalytic method can be widely used for the nanotube production;
however, there is a big influence of various parameters such as the nature of the sup-
port, the size of active metal particles, and the reaction conditions on the formation
of nanotubes (Agel et al. 2012; Journet and Bernier 1998; Qin 1997).

There are studies in other methods for the CNT production using solar furnace or
by electrolysis; also CNT can be synthesized by chemical reactions using polymers
or by low-temperature solid pyrolysis (Journet and Bernier 1998). Each technique
has some advantages or disadvantages. Which synthesis method is used will depend
on the potential use of CNT. Some of the CNT preparation methods are more ef-
fective than others, but a problem that all methods face is the ability of the CNT to
self-align.

Arc discharge allows the production of SWCNT and MWCNT at the same time.
These tubes often covered with amorphous carbon may also contain metallic par-
ticles. The yield of CNT is not very high. With the laser ablation method, the yield is
much higher, but the quantities are smaller. The CNTs obtained are very clean. And
with the CVD method, only MWCNT can be formed and is covered by a thick layer
of amorphous carbon. It is possible to get a higher yield of CNTs by optimizing the
method for the decomposition of almost all carbon in the form of tubular filaments.
Figure 14.2 shows the most important methods for synthesizing CNT.

A large problem with CNT application is the large-scale synthesis and also the
purification. In all the CNT preparation methods, the CNT comes with a number of
impurities whose type and amount depend on the technique used. The most com-
mon impurities are carbonaceous materials as graphite (wrapped up) sheets, amor-
phous carbon, and smaller fullerenes, whereas metals are the other types of impuri-
ties generally observed. These impurities will interfere with most of the de- sired
properties of the CNT (Agel et al. 2012; Ebbesen and Ajayan 1992).

The main objective of purification process is to remove amorphous carbon from
the CNT, but it also has some other effects such as increasing or decreasing the
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Fig. 14.2 The most important methods of CNT synthesis
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volume of the pores, improvement of the surface area, and formation of functional
groups. There are several techniques used for the purification process, and it is
common to combine them in order to improve the CNT purification. The techniques
that are most often used are oxidation treatment, acid treatment, sonication, thermal
treatment, and filtration. The typical treatments involve the use of oxidative meth-
ods with nitric acid. The caps at both ends of the CNT are removed, and defects
such as carboxylic acid groups on the surface are promoted. The properties of the
nanotubes are influenced by these defect sites on the walls and at the ends (Agel
et al. 2012; Belin and Epron 2005; Hu et al. 2001, 2003). The techniques should
only tear down the carbon impurities and the metals, without changing the CNT, but
only few of them fulfill this requirement.

14.5 Characterization

To study the morphology and the structure of CNT, microscopic and spectroscopic
techniques could be used. However, only few techniques are able to characterize
CNT at the individual level such as scanning tunneling microscopy (STM) and
electron microscopy (EM). X-ray photoelectron spectroscopy (XPS) is helpful in
order to determine the chemical structure of nanotubes while neutron and X-ray dif-
fraction, infrared (IR), and Raman spectroscopy are mostly global characterization
techniques.

The techniques of EM that include transmission electron microscopy and scan-
ning electron microscopy (TEM and SEM) are essential instruments to characterize
nanomaterials such as CNT. It gives direct observation of shape, size, and structure.
SEM is commonly used to overall observation of CNT morphology, while TEM is
useful to measure outer, inner radius and number of layers. The determination of
the structures of CNT within the bundles can be obtained using TEM coupled with
electron diffraction. Various (Agel et al. 2012; Iijima 1991, 1993) STM images
give directly the three-dimensional morphology of tubes and are consistent with the
structure inferred from SEM. It can resolve atomic structure and allows to predict
the electronic behavior of CNTs (Sattler 1995).

Raman spectroscopy is one of the most powerful tools for the characterization of
CNT. Without sample preparation, a fast and nondestructive analysis is possible. All
allotropic forms of carbon are active in Raman spectroscopy (Arepalli et al. 2004),
and the position, width, and relative intensity of bands are modified according to
the carbon forms (Ferrari and Robertson 2000). The most characteristic features
are as follows: a low-frequency peak at <200 cm™! characteristic of the SWNT,
called radial breathing mode (RBM), whose frequency depends essentially on the
diameter of the tube; a large structure (1340 cm™") assigned to residual unorganized
graphite, called D-line; and a high-frequency bunch (between 1500 and 1600 cm ™),
called G band, also characteristic of nanotubes, corresponding to a splitting of the
E,, stretching mode of graphite (Mamedov et al. 2002). XPS can provide informa-

2
tion about the actual composition and chemical state of surfaces and interfaces that
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dominate properties of nanostructured materials (Baer and Engelhard 2010); thus,
it is used to study the structural modification and the presence of reactive groups
onto CNT walls due to the chemical interaction with organic compounds or gases
adsorption (Porro et al. 2007; Droppa et al. 2002).

Due to their electronic structure, CNT and specially SWCNT have discrete op-
tical absorptions that do not occur in other graphitic nanocarbon structures. Ab-
sorption spectroscopic technique is very useful as a relative purity measurement of
CNT. The are around 7-9 IR actives modes in SWCNTs which depend on the chiral,
zigzag, and armchair symmetries (Kuhlmann et al. 1998). IR spectroscopy is often
used to determine impurities remaining from the synthesis or molecules capped on
the nanotube surface, exhibits all the modification of the CNT structure, and reveals
the nature of compounds added to the CNT (Belin and Epron 2005). Figure 14.3
summarizes the most important characterization techniques and shows some ex-
amples of images and spectra.

14.6 Functionalization

The chemical reactivity of a CNT is, compared with a graphene sheet, enhanced
as a direct result of the curvature of the CNT surface. CNT reactivity is directly
related to the pi-orbital mismatch caused by an increased curvature. Therefore, a

Raman Spectroscopy
P—— '

Fig. 14.3 Characterization techniques with some examples of images and spectra that can be
obtained in each one. TEM transmission electron microscopy, SEM scanning electron microscopy,
XPS X-ray photoelectron spectroscopy
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distinction must be made between the sidewall and the end caps of a nanotube. For
the same reason, a smaller nanotube diameter results in increased reactivity. Co-
valent chemical modification of either sidewalls or end caps has shown to be pos-
sible. For example, the solubility of CNT in different solvents can be controlled
this way. However, direct investigation of chemical modifications on nanotube be-
havior is difficult as the crude nanotube samples are still not pure enough. Surface
modification and functionalization can be performed to selectively immobilize
biological molecules. Functional groups such as carboxyl, hydroxyl, carbonyl,
alcohol hydroxyl, ester, amine, thiol, and fluorine can be created by wet and dry
chemical modification methods such as acid reflux and plasma treatment. Ba-
sically, functionalization is a process that creates defects or oxides on the ends
and sidewalls of the nanotubes, which will eventually lower their electrical con-
ductivity since it changes the sp? hybridization of nanotubes to sp> hybridization
(Yun et al. 2007).

The main approaches for the modification of CNT can be grouped into three
categories: (a) the covalent attachment of chemical groups through reactions onto
the m-conjugated skeleton of CNT, (b) the noncovalent adsorption or wrapping of
functional molecules, and (¢) the endohedral filling of their inner empty cavity
(Tasis et al. 2006). Chemical strategies to tune the nanotube electronic properties
have been developed. The selective functionalization of SWCNTs (e.g., with thiol
groups) and their attachment to preorganized surfaces (e.g., gold) allow the assem-
bly of CNT in devices and, most importantly, provide low-resistance contacts of
CNT to other electronic components. With such techniques in hand, CNT should
find applications in the development, construction, and use of nanoscale devices
such as biosensors (Katz and Willner 2004).

CNTs can be functionalized with various biomolecules without their covalent
coupling. Open-ended CNTs provide internal cavities that are capable of accom-
modating organic molecules and biomolecules such as small proteins (cytochrome
C) and DNA (Ito et al. 2003; Davis et al. 1998).

Covalent coupling of biomaterials to CNT is highly important. Based on the spe-
cific requirements demanded by potential applications, such as the biocompatibility
of nanotube-based biosensors or implantable devices, the chemical modification of
CNT is essential. The edges of CNT are more reactive than their sidewalls, thus al-
lowing the attachment of functional groups to the nanotube ends (Katz and Willner
2004). Methods for the immobilization of biological species to nanotubes can be
separated into covalent bonding and noncovalent bonding or physical adsorption.
Once nanotubes are oxidized and defects are created, moieties such as carboxylic
groups and biomolecules can be bonded covalently to the defect sites (Banerjee
et al. 2005). Many different conjugation strategies can be applied to immobilize
biomolecules with the use of proper coupling agents such as 1-ethyl-3-[3-dimeth-
ylaminopropyl] carbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide
(NHS), and N,N'dicyclohexyl carbodiimide (DCC) for activated amidation (Yun
et al. 2007).

Characterization of nanotubes for each of the processes, such as functionaliza-
tion and bioconjugation, is the key to get quantitative results. SEM and TEM with
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energy dispersive X-ray analysis (EDX) are the best methods to observe individual
nanotubes. The chemical structure of nanotubes can be determined using XPS, Fou-
rier transform infrared spectrometry (FTIR), Raman spectroscopy, fluorescence im-
aging, atomic force microscopy (AFM), and STM (Yun et al. 2007).

14.7 Applications

CNTs have properties that give them great application potential in molecular biol-
ogy. Among these properties are their chemical stability, high electrical conductiv-
ity, and high superficial area. Besides, the nanometric scale suggests favorable in-
teractions for their application as biosensors without the use of reagents or labeling
(Gooding 2007). As electrode materials, CNTs show better behavior than traditional
carbon electrodes and demonstrate catalytic activities toward many electrochemical
reactions including O, reduction, which is important for catalytic cathodes in fuel
cells (Sherigara et al. 2003; Qu et al. 2004).

Enzyme electrodes consist of two parts: a conductive part for electroanalyti-
cal purposes and a specific enzyme layer that provides the selectivity. Enzymes
provide biological affinity for a particular substrate molecule and catalyze specific
reactions of given substrates such as glucose, lactate, cholesterol, urate, pyruvate,
glutamate, insulin, amino acids, homocysteine, organophosphate, nerve agents, and
neurotransmitters (Yun et al. 2007). Lawrence et al. (2004) have reported that there
are 200 dehydrogenases and 100 oxidases. Thus, there are a number of biomol-
ecules and chemicals that can be detected using enzyme biosensors. Figure 14.4
shows an example of the first stage of the construction of an enzymatic sensor. This
figure summarizes the characterization techniques that are possible to use in the
functionalization process with a biomolecule, in this case an enzyme (amylogluco-
sidase). In order to prove that this immobilized enzyme can have a potential appli-
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Fig. 14.4 Functionalization pathway of carbon nanotube (CNT) with an enzyme with the char-
acterization techniques that can be used in each step of the process. TEM transmission electron
microscopy, SEM scanning electron microscopy, XPS X-ray photoelectron spectroscopy
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cation as a biosensor, the capacitance of CNT in each step of the functionalization
process was determined using cyclic voltammetry. The changes in the capacitance
values show that this functionalization process allows having an active enzyme im-
mobilized onto the CNT surface that can be used in the construction of a sensor
(Guadarrama-Fernandez et al. 2014).

There are studies relating to the development of an electrochemical immunosen-
sor based on carboxylated multiwalled CNTs (c-MWCNTs) electrophoretically de-
posited onto indium tin oxide (ITO) glass. This c-MWCNTSs/ITO electrode surface
has been functionalized with monoclonal aflatoxin-B1 antibodies (anti-AFB1) for
the detection of aflatoxin-B1 using electrochemical technique. EM, X-ray diffrac-
tion, and Raman studies suggest successful synthesis of c-MWCNTs, and the FTIR
studies reveal its carboxylic functionalized nature (Singh et al. 2013).

In another work, a new method was developed for the determination of aluminum
(Al) in traditional Jordanian foods (Mansaf, Kofta, Tabboola, Hummous, bread),
tea, Arabian coffee, and water samples. The method involved solid-phase extraction
(SPE) of A** from the digested samples after complexation with D-mannitol using
CNTs as the extractive sorbent. The formation of the AI**-D-mannitol complex was
confirmed by IR spectroscopy. Optimization of the SPE method involved sample
pH, D-mannitol-to-Al mole ratio, sample loading and elution flow rates, adsorbent
mass, eluent concentration, and volume. The equilibrium, thermodynamic, and ki-
netic adsorption studies of Al**-D-mannitol on CNT revealed that adsorption was
spontaneous, exothermic, preferred, of physical nature, and followed second-order
rate kinetics. Pore diffusion was not the only rate-controlling step (Sweileh et al.
2014).

Another group was working on the detection of staphylococcal enterotoxins
(SEs); traditionally, SEs assayed immunologically with an enzyme-linked immuno-
sorbent assay (ELISA). They investigated if CNT could improve the sensitivity of
ELISAs and developed an optical CNT immunosensor for the detection of staphy-
lococcal enterotoxin B (SEB) in food. Anti-SEB antibodies were immobilized onto
a CNT surface through electrostatic adsorption, and then the antibody—nanotube
mixture was bound onto a polycarbonate film. SEB was then detected by a “sand-
wich-type” ELISA assay on the polycarbonate film. The use of CNT increased the
sensitivity of the immunosensor by at least sixfold, lowering the detection limit of
SEB. The CNT immunosensor was also able to detect SEB various foods, suggest-
ing the utility of CNT for this and other optical-based immunological detection
methods (Yang et al. 2008).

Zhao et al. (2011) developed a novel electrochemical method using multiwalled
nanotube (MWNT) film-modified electrode for the detection of quinoline yellow.
The effects of pH value, amount of MWNT, accumulation potential, and time were
studied on the oxidation peak current of quinoline yellow. It was applied to the
detection of quinoline yellow in commercial soft drinks, and the results consisted
with the value that obtained by high-performance liquid chromatography (Zhao
etal. 2011).

Because of their stiffness, CNTs are ideal candidates for structural applica-
tions. For example, they may be used as reinforcements in high strength, low
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weight, and high performance composites. The main problem in this area is to
create a good interface between nanotubes and the polymer matrix, as nanotubes
are very smooth and have a small diameter, which is nearly the same as that of a
polymer chain. Secondly, nanotube aggregates, which are very common, behave
different to loads than individual nanotubes do. Limiting factors for good load
transfer could be sliding of cylinders in MWNTs and shearing of tubes in SWNT
ropes. To solve this problem, the aggregates need to be broken up and dispersed or
cross-linked to prevent slippage (Endo et al. 2008). This could be an application
for the application on the development of food packaging films. Nevertheless, it
is important to have more studies about the toxicity of CNT before using them in
the food industry. Also there is the possibility of implementing low-cost nanosen-
sors in food packaging to monitor the quality of food during various stages of the
logistic process to guarantee product quality up until consumption (Neethirajan
and Jayas 2010).

The peculiar toxicity associated with nanomaterials that are different from bulk
materials of the same chemical composition has been a concern. In particular, tu-
bular materials with a high aspect ratio such as CNT are suspected of showing
asbestos-like toxicity because of their similarity in shape. CNTs focus the attention
of many scientists because of their huge potential of industrial applications, but
there is a paucity of information on the toxicological properties of this material.
Muller et al. (2005) characterized the biological reactivity of purified multiwall
CNTs in the rat lung and in vitro. Multiwall CNTs or ground CNTs were adminis-
tered intratracheally to Sprague—Dawley rats, and they estimated lung persistence,
inflammation, and fibrosis biochemically and histologically. Pulmonary lesions in-
duced by CNT were characterized by the formation of collagen-rich granulomas
protruding in the bronchial lumen, in association with alveolitis in the surrounding
tissues. These lesions were caused by the accumulation of large CNT agglomerates
in the airways. Ground CNTs were better dispersed in the lung parenchyma and also
induced inflammatory and fibrotic responses. These results suggest that CNTs are
potentially toxic to humans and that strict industrial hygiene measures should to be
taken to limit exposure during their manipulation.

Because the toxicity of carbon nanomaterials has not been deduced or disproven,
these materials should be handled like any other hazardous materials under pre-
cautionary principles, and unnecessary exposure to humans and the environment
should be avoided (Uo et al. 2011).
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Chapter 15
Safety Studies of Metal Oxide Nanoparticles
Used in Food Industry

Veronica Freyre-Fonseca, Norma L. Delgado-Buenrostro, Yolanda I. Chirino
and Gustavo F. Gutiérrez-Lépez

15.1 Introduction

The development of nanotechnology has led us to an exponential usage and the
fabrication of nanoparticles (NP) useful to improving the characteristics of differ-
ent products. A global increase of 5000 % has been reported in patents related to
nanotechnology; from 224 new patents granted in 1991 to 12,776 new patents in
2008 (Dang et al. 2010). In 2009 only, the USA invested US$ 1.7 million in nano-
technology R&D (GAO 2010), and in 2015, it is expected a global investment of
USS$ 1 billion in nanotechnology products (Roco 2005).

The developed NP has been grouped into four types: (1) materials based on car-
bon and fullerenes, such as shungita, i.e., the most stable carbon form; (2) materials
that contain a metallic base such as titanium dioxide (TiO,) and zinc oxide (ZnO);
(3) dendrimers or polymers, such as polyamidoamine dendrimers and polypropyl-
eneimine dendrimers; and (4) the composites of metals, such as platinum with silica
cover and layers of Al,O,-TiO,. Such materials have mainly been used by eight
industrial areas: automotive, aerospace, electronic and computing, energy and envi-
ronment, food and agriculture, construction, medicine and pharmacy, and personal
care (GAO 2010).
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15.1.1 Characterization of NP

NP are not used as primary particles but as aggregates and agglomerates with differ-
ent sizes within the same system (polydispersity). The variety of sizes of aggregates
and agglomerates provides NP with different properties which depend on the ionic
interactions, pH, and the physicochemical properties of the medium that they were
dispersed in. In this regard, NP having greater internalization are highly reactive
and have a large surface area and quauntum properties (Kalpana et al. 2012). Also,
due to their size, NP allow the use of less material, with new and more efficient
effects than with the materials used at a larger scale.

When the use of NP is applied to the production and supply chain of agrofoods,
the properties of NP open up new ways to study and promote changes on intra- and
intermolecular levels, besides generating catalysis and chemical reactions, muscle
contractions, cell transportation, DNA replication, and transcription, among others
(Kalpana et al. 2012). All of these functions depend on the physicochemical char-
acteristics of the particles such as their surface area, size, shape, zeta potential, and
affinity for a number of different compounds forming the protein corona (Zahoxia
et al. 2010). Such a layer modifies the physicochemical characteristics of primary
NP and admits agglomerates whose surface reacts with the system in which the NP
are dispersed and induce intracellular changes such as structure’s modification, cel-
lular cascade induction, and cell cycle deregulation, among others. Consequently,
before performing any study of NP toxicity, it is necessary to characterize them in
the medium to be used (Fig. 15.1).

In general, the surface arca of the aggregates/agglomerates is measured by the
Brunauer—-Emmett—Teller (BET) method (Lisinger et al. 2013), which consists in
measuring the absorption of gas molecules on the surface of the particles, while the
hydrodynamic size of the aggregates/agglomerates is measured through dynamic
light scattering (DLS). By transmission electronic microscopy (TEM) and scanning
electron microscopy (SEM), we can obtain two-dimensional (2D) and three-dimen-
sional (3D) images used in morphology evaluation through digital image analy-
sis (DIA) and by using zeta potential evaluations; we can measure the stability of
suspension of the particles in the medium (Tiede et al. 2008).

15.1.2 Security of NP in Health

The accelerated process of elaboration and the increase in use of the new NP have
not allowed evaluating or predicting the environmental and human health risks. On
the other hand, the exposition to these NP is increasing and tends to accumulate
in a variety of systems like, for example, in the aquatic media, soil, air, plants and
animals, and humans (Arnall 2003; Cheng et al. 2004; Baun et al. 2008; Brausch
et al. 2010). Due to the small size and big surface of the NP, the latter could pen-
etrate the human cells, provoking diseases such as asthma, bronchoalveolar and
cardiovascular disorders (BaoYong et al. 2013), Parkinson (Smith and Wayne
2007), Alzheimer (Sompol et al. 2008), and cancer (IARC 2010), among others.
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Fig. 15.1 Model of endothelial NP internalization. / After exposure, for example, inhalation, der-
mic wound contact, or oral consumption, NP could reach the bloodstream and interact with blood
components; 2 modifying NP properties such as charge, size, and zeta potential, among others; 3
some NP can be internalized by endothelial cells through receptors; and 4 after uptake, it can cause
reactive oxygen species to increase and DNA damage

15.2 Exposition Pathways of NP in Humans

There are three pathways of exposure of NP for the latter to get into the human.
One of them is inhalation in occupational settings, when the concentration of NP in
the air is greater than the recommended by the National Institute for Occupational
Safety and Health (NIOSH). The recommended concentration will depend on the
type of NP to which it relates but is usually less than 10 g/m?. Another exposure
pathway to NP is the dermal contact through the use of personal care products such
as creams, toothpastes, and makeup, among other products containing NP. The third
predominant pathway of exposure to NP inside the human is through ingestion of
contaminated water or foods that contain within them or who had contact with the
NP, such as in packaging (Wang et al. 2013).

Once they get into the human through inhalation, the NP form agglomerates
of various sizes that can be deposited on the bronchoalveolar area, and if the
NP agglomerates are small enough (<25 nm), they can be translocated to the
circulatory system (Bao Yong et al. 2013). On the other hand, if the NP agglom-
erates in cosmetics come by chance into contact on a skin wound, these NPs
could also reach the bloodstream (Gentile et al. 2008). And finally, when NPs
are orally ingested, the transport through the gastrointestinal (GI) tract deposits
them in the small and thick intestine where, through microvilli, some of these
NPs pass to the Peyer’s patches and many others pass to the colon, which also has
villi that allow the transport of the particles into the circulatory system as shown
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Fig. 15.2 Entry of the NP from the microvilli of the intestine into the bloodstream. When the NP
(gray spheres) orally reach the small and large intestines, they can enter the bloodstream by three
paths: a through the microvilli (fop fingerlike), b by crossing the cell junctions (spheres followed
by small red arrows), making them loose (transitosis), and ¢ by natural killer cells (thick red
arrows) invaginated NP (gray spheres surrounded by black) until the NP enter the bloodstream
(red area) and are distributed throughout the body

in Fig. 15.2 (Jung et al. 2000). Some types of NPs which have been distributed
through the blood vessels, liver, and lungs are able to penctrate cellular barriers
such as the blood-brain and placental barriers (Gentile et al. 2008). In the case
of mice, the immune cell profiles in response to a silver NP injection has been
evaluated, and the authors concluded that the exposure can modulate the immune
system in a dose-dependent mode, with smaller-size particles generating more
severe effects (Zelikoff et al. 2013). The tissue distribution of NP depends on
the physicochemical and morphological characteristics which could be associated
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with inflammation, atherosclerosis, tumor growth, and metastasis (Hyung Joo
et al. 2011); therefore, although it is known that NPs distribute and accumulate
in the body, it is not easy to estimate the minimum time of exposure required to
cause changes at the cellular and molecular levels, but there are recommenda-
tions on the time and exposure concentrations in each type of NP in particular.
Such recommendations come from various institutes and agencies responsible for
the security of NP in humans. For example, a recommended limit of exposure to
the TiO, NP is 0.017 mg/m* (Stone et al. 2010), 0.3 mg/m* (NIOSH 2011), and
1.2 mg/m? (NEDO 2009) but without establishing a clear limit of occupational
exposure due to the impracticality of some measurement techniques, the lack of
adequate toxicological data, and the uncertainty of dose or exposure measures in
investigations, among others (Gordon et al. 2014).

15.3 Life Cycle of NP

The NP life cycle begins with manufacturing, continues with transport and pro-
cessing, transport of the finished product, consumption by humans or other living
organisms, and ends with recycling or disposal of NP or the products in which they
are present (Wang et al. 2013). It should be noted that given that NP are not biode-
gradable and accumulate in the environment if they are unintentionally released into
environments dedicated to the production of human food commodities and water
reservoirs, they may interact with the compounds of the ecosystem or consumed by
organisms, thus causing a number of problems such as changes in the ecosystem
or gene mutations (Wang et al. 2013). Consciousness must be induced in the use
and proper handling of NP, and international standards must be established for its
regulation (Fig. 15.3).

15.4 Regulation and Use of NP

It has been difficult to unify the criteria for handling the NP internationally. How-
ever, some rules have been developed to standardize NP handling and disposal,
such as the International Organization for Standardization (ISO), in which 156
nations that provide regulatory standards for environmental and human risks in a
variety of substances participate (Wang et al. 2013). On the other hand, the Ameri-
can Society of Testing Materials (ASTM) formed an international committee in
2005 to standardize and create a guide for handling nanomaterials, and the Euro-
pean Chemicals Agency (ECHA) established guidelines (derived no-effect levels,
DNELs) that allow establishing chronic inhalation levels that do not cause side
effects.

The Institute of Electrical and Electronics Engineers (IEEE) had an important
role in the standardization of NP (Bergeson and Hester 2008). However, currently,
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Fig. 15.3 Life cycle of the NP. The development of the NP continues with the transport of the
same to the production lines to generate everyday products such as pharmaceuticals, cosmetics,
and foods, among others. Later, they are transported to distribution centers, such as supermarkets,
where they are purchased by consumers, whose waste is recycled or distributed in aquifers where
they are accumulated by the organisms that inhabit them. This way, the NP only accumulates in
the environment

we have not achieved an international consensus on the way NP should be han-
dled to guarantee safe use. And the efforts to develop nanotechnology standards to
maintain environmental and human safety over the unceasing development of nano-
technology will persist. In the USA, the Environmental Protection Agency (EPA)
conducted an inventory of chemical substances that must be regulated by the Act
to Control Toxic Substances (EPA 2011), while the Food and Drug Administration
(FDA) has become increasingly involved in regulating nanotechnology products,
because in the food industry, nanotechnology represents a significant and new line
of research (Morris 2011). Besides, the European Food Safety Authority (EFSA)
has been commissioned to provide recommendations on the use of NP in food for
human and animal consumption, establishing criteria and limits on the use of addi-
tives in food. In addition, the International Agency for Research on Cancer (IARC)
and the NIOSH have studied the evidence on the effects caused by exposure to NP
and have established criteria and recommendations for the use of and exposure to
NP, respectively (See Linsinger et al. 2013).
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15.5 Use of NP in Food: Quality Versus Product Safety
for Consumption

Nanotechnology has focused on the packing, processing, quality, safety, and nutra-
ceutical and functional properties of the additives directly in food, packaging mate-
rials, and food supplements (Tiede et al. 2008), since the NP can be used as sensors
for pollutants, antimicrobials, diffusion barriers, and changes in the nutritional qual-
ity of food, thus contributing to consumer safety (Weiss et al. 2006; Sanguansri and
Augustin 2006; Corporate Watch 2007; Chaudhry et al. 2008). However, there are
technological and economic implications within agrifood systems when changing
the work techniques, increasing the lifetime of the products, and preventing pest
attack, among others (Kalpana et al. 2012). It has been reported that there are about
200 companies worldwide involved in the processing of NP for food-related appli-
cations (Chau et al. 2007). In Mexico, some of the companies related to NP usage
are Sensient Colors, Tate & Lyle, Ingredion, BASF, DSM, Fortitech, FX Morales,
MF Powers, Naturex, Palsgaard, DuPont, and Sensient Flavors.

However, it should be noted that despite the increased number of publication of
food production-related NP patents and the rapid rise in products that contain them,
there is still no scientific evidence that demonstrates that its consumption is safe
for humans, and the research on the toxicity of NP has not been in proportion to
their development. A review in SCOPUS, until mid-2014, showed that while there
are 2215 studies using the keyword “nanoparticles food,” only 335 studies were
reported using the keyword “food nanoparticles safety” and 35 studies using the
keyword “food nanoparticles security.” Therefore, although the use of nanotechnol-
ogy has shown to favor the quality of foodstuffs, it must still be evaluated that these
products do not threaten the integrity and health of consumers. Also, more emphasis
is needed in the study of the risks and opportunities to avoid damaging the agricul-
tural chain and not increasing the food prices (Kalpana et al. 2012).

15.5.1 Metal Oxides

The development and synthesis of NP such as titanium dioxide(TiO,), zinc ox-
ide (Zn0), silicium oxide (Si0O,), cupric oxide (CuO), cuprous oxide (Cu,0), tin
oxide(Sn0O,), ferric oxide (Fe,0,), and cobalt oxide (Co,0,) have provided major
advances in areas such as mechanical, optical, electrical, and chemical, in addition
to other uses in food. However, nowadays, there are few studies on the effects of
metal oxide NP on human and environment in relation to the number of studies for
the synthesis of NP.

Metal oxides and metals may, accidentally, be in contact with foods such as TiO,
(E 171), Si0O, (E 551), Ag (E 174), ZnO (E6), and Co (E3), because they are part of
food ingredients, or not incidentally as SnO, and Fe,O,, because they are acquired

23
from the environment or through the packing materials or sensors.
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15.5.2 Incidental and Not Incidental Food Additives

Incidental additives present in foods are due mainly to pesticides, herbicides, or
chemicals which were in contact with the product during manufacturing or by con-
tact with contaminated soil or containers used to transport food. On the other hand,
not incidental additives are used to improve food quality.

15.5.2.1 Titanium Dioxide (Tio, Named as E 171)
Characterization and Identity

TiO, NP are synthetic particles forming a white, opaque powder with high photo-
catalytic activity formed at very high temperatures (> 1000 °C) that come from ru-
tile, anatase, and brookita (crystals are present in nature). The most commonly used
material is the anatase form at 90 % purity. However, there is currently great interest
in producing various structures, such as spheres, ribbons, floral arrangements with
TiO, NP spheres or ribbons, which give different photocatalytic qualities to the TiO,
NP (Li et al. 2013).

TiO, NP are present in various products such as sunscreens, toothpastes, vinyl
paints, makeup and cosmetics, as carrier of drugs and in foods such as milk, ice
cream, water flavoring powders, mozzarella cheese, preserved sweets, and chewing
gums, among others, thus favoring the consumption of 1-2 mg of TiO, NP/kg per
day (Weir et al. 2012).

Physicochemical Properties

There are works dealing with the physicochemical properties of the aggregates/ag-
glomerates of TiO, NP in cell culture media such as Dulbecco’s Modified Eagle’s
Medium (DMEM) and Roswell Park Memorial Institute Medium (RPMI) (Allouni
et al. 2009; Zahoxia et al. 2010; Sekar et al. 2011). NP have also been characterized
in H,0, fetal bovine serum (FBS), phosphate-buffered saline (PBS), and human
serum. However, there are only a few studies on the physicochemical properties
of TiO, E 171. Table 15.1 presents some of the physicochemical characteristics of
TiO, NP found by different authors.

Studies of In Vitro and In Vivo Effects

Authors have demonstrated the cytotoxic properties of TiO, NP where IC, value
for TiO, Degussa NP is 665 pg/cm? (Gramowski et al. 2010). There are also works
in which it is reported that exposure to TiO, NP turns benign into malignant tu-
mor cells through a process related to the production of reactive oxygen species
(ROS) (Onuma et al. 2009). The increased production of ROS may be partly due
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Table 15.1 Comparison of physicochemical properties of TiO, NP studied by several authors

Reference Primary size | Hydrodynamic | PDI Zeta potential | pH
size (nm) (mV)

Allouni et al. - 348 £ 13 0.25 £ 0.01 -9+1 NA

2009

Sekar et al. 2011 | — 650 £ 10 0.45 + 0.08 -15+1 7.8

Zahoxia et al. - 209 £ 9 0.035 302 £ 0.6 6.1

2010

NA not available, NP nanoparticles, PDI polydispersity index

to mitochondrial dysfunction. The effect of TiO, NP on mitochondrial function
was the decrease in membrane potential, where the rate of respiratory control and
oxygen consumption is decreased, and the P/O ratio, repolarization, and phase lag
increase. Together, these parameters showed that the TiO, NP disengage electron
transport and ATP synthase activity (Freyre-Fonseca et al. 2011). It was also sug-
gested that exposure to TiO, NP boosts a hypoxic environment since the results
showed a decrease of 33 % in oxygen consumption during state III of the respira-
tory function.

It has also been reported (Weir et al. 2012) that there are various diseases as-
sociated with oral exposure of the TiO, NP, such as gastritis, colitis, and Crohn’s
disease (Lomer et al. 2004), but we have not found that these effects demonstrate
under controlled conditions in vitro or in vivo. It has also been reported that TiO,
NP have the ability to induce an increase in the expression of vascular endothelial
growth factor (VEGF) (Onuma et al. 2009). VEGF, along with hypoxia induc-
ible factor (HIF-1a), constitutes two of the most important factors involved in the
process of generating new blood vessels from pre-existing vessels. This process
is known as angiogenesis (Gui et al. 2011) and is usually involved in tumor for-
mation. There are some in vivo and in vitro studies performed with anatase that
evaluated the effects of TiO, NP on the skin and lungs; however, there are few
studies performed with TiO, E 171 that evaluate their effects on the GI tract and
circulatory system.

Conditions of Use and Regulation

The IARC classified TiO, NPs as possibly carcinogenic to humans (Group 2B) by
inhalation. However, the FDA approved the use of TiO, NP classified in the group
generally recognized as safe (GRAS). The EFSA classified these NP in the group E
171 for their use as additives (less than 1% product weight) in food for humans and
animals. In the USA, an adult can have exposures of up to 1 mg/kg/day of TiO, E
171. However, children could double the exposure of an adult per day (Weir et al.
2009). FDA has also approved the use of the combination of SiO, and TiO, NP in
food to aid the solubility of TiO, NP in the food media (FDA CFR73.575 21).
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15.5.2.2 Silver Zeolite (E 174)
Characterization and Identity

The silver zeolite A is a silver zinc sodium ammonium alumino silicate
M,,(2A10,28i0,)*27H,0 (with M = Na*, Ag*, Zn**, NH,"). This compound (food
grade) may have Ag contents above 5% (w/w). The function of this substance is to
preserve and control the growth of microorganisms in products. According to the
demand, the silver zeolite A compound is not intended to have a technological ef-
fect in foods (EFSA 2011). Besides, Ag NP are used in cosmetics, electronic items,
clothing, paints, sunscreens, bactericides, and for medical-related purposes (dental
crowns and cancer treatments, among others; Romer et al. 2011).

Physicochemical Properties

Even up to date, no studies showing the physicochemical properties of silver-zeolite
NP (E 174) have been found. However, there are few studies that analyze some of
the physicochemical properties of silver NP. One concern on performing toxicologi-
cal studies of NP is to know the effects when they are incorporated into the environ-
ment. In this regard, it has been shown that mobility, bioavailability, and toxicity
of the NP of Ag are dominated by its colloidal stability in which the hydrodynamic
diameter of the agglomerates of Ag NP had a dispersion of 27-42 nm and a zeta
potential value varying from —40 to —46 mV when suspended in water (Romer
etal. 2011).

In addition, studies were performed on protein corona covering Ag NP when
the latter are suspended in different media, and it was found that the hydrodynamic
diameter did not show significant differences when suspended in water and in a
culture medium (Shannahan et al. 2013). However, the stability of the suspension
decreased about 20 units. This is probably due to flocculation when in contact with
biological environments.

Studies of In Vitro and In Vivo Effects

Various in vitro studies have indicated that Ag NP are toxic to mammalian cells,
cells derived from skin, liver, lungs, brain, vascular system, and reproductive or-
gans (Ahamed et al. 2010). It has been suggested that the toxicity was due to Trojan
horse effects, when Ag" ions are released into the aqueous media once Ag NP is
solubilized in biological media (Miura and Shinohara 2009). It has been found that
exposure to Ag NP was associated with increased ROS, release of cytochrome C
into the cytosol, and translocation of Bax protein in the mitochondria (Hsin et al.
2008). It was also found that exposure of Ag NP p53 by inducing apoptosis path-
way, whereby these NP are used in chemotherapy (Gopinath et al. 2010). Also, it
has been found that Ag NP can be translocated by blood circulation and can induce
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the destruction of the blood—brain barrier and neuronal degeneration (Tang et al.
2009). Some immunological aspects were described before in this chapter (Zelikoff
et al. 2013). Toxicological aspects of Ag NP were also evaluated by EFSA in 2005
(EFSA 2005). In this study, it was reported that a person consumes up to 10 g of
Ag NP orally. Based on this information, a restriction of 0.005 mg/kg food with Ag
NP could limit the intake to less than 13 %. Thus, an adult of 60 kg of body weight
could be exposed to 0.044 mg Al/kg/week (EFSA 2011).

Conditions of Use and Regulation

Silver is ranked in the EFSA 3 Scientific Committee on Food (SCF) list, i.e., the
group of additives for which there has not been established a daily intake recom-
mendation, but their presence in food is accepted by restricting it to 0.05 mg Ag/
kg food, based on the maximum concentration that causes no detectable adverse
alterations in morphology, functional capacity, growth, development, or viability in
humans (Non Observed Adverse Effects Level (NOAEL)). Over a lifetime, we in-
gest about 10 g of Ag in drinking water (EFSA 2011). Furthermore, Ag can favor the
migration of Al in food. The potential exposure for a 60-kg adult can be estimated
at a range of 4.4 % Training Within Industry (TWI) 1 mg/kg bw/week (EFSA 2008).

15.5.2.3 Zinc Oxide E6
Characterization and Identity

The ZnO (Chemical Abstracts Service Number (CAS No.) 1314-13-2, Enzyme
Commission Number (EC Number) 215-222-5) is a water-insoluble material with
299.0% purity. It is a semiconductor which use has increased given that it is a
nontoxic biocompatible material showing good optical and mechanical properties
(Cheng et al. 2009). It has been used in the rubber, pharmaceutical, and cosmetic
industries; in photocatalysis; and also for therapeutic applications. Furthermore,
ZnO is one of the most important trace elements in the organism of mammals and
is present in the homeostasis, immune responses, oxidative stress, apoptosis, and
aging. ZnO is added to many food products such as cereals and dietary supplements
as a source of Zn.

Physicochemical Properties

A recent study showed that primary particles of ZnO having sizes of 30 % 20 nm,
40 £ 20 nm, and 1024 + 496 nm may form aggregates/agglomerates of sizes which
hydrodynamic diameters vary from 70 to 150 nm, 90-160 nm, and 250-540 nm
when suspended in water forming suspensions having zeta potential values of
—14 £ 6 mV,5mV, and 19 + 5+5 mV, respectively (Mu et al. 2014).
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Table 15.2 In vivo and in vitro effects caused by exposure to ZnO NP

Reference

Model

Concentration

Conclusions

Mu et al. 2014

Epithelial cells

5.5 pg ZnO/ml

It is suggested that the dissolution
and re-precipitation of uncov-
ered ZnO NP cause cytotoxicity
(MTT) and DNA damage

Polak N et al.
2014

Caenorhabditis elegans
mutant Sylvester and
triple knockout sensitive
to metal (mtl-1, mtl-2,
pes-1) to ZnO NPs

0-50 mg ZnO/ml

It was observed that exposure to
ZnO NP decreased the growth
and development of reproduc-
tive capacity, and life expectancy
effects were amplified in knock-
out mice

McCracken et al.
2013

C2BBel epithelial
cell line, a clone of the
Caco-2 cells

With ZnO NP in the same con-
centration, it was observed that
medium toxicity in the Lactate
Dehydrogenase (LDH) assay and
mitochondrial activity decreased,
but not the necrosis or apoptosis

Seok et al.2013

Sprague-Dawley rats

67.1,134.2,
268.4, or

536.8 mg ZnO/
kg for 13 weeks

Male and female rats had changes
in hematological parameters
related to anemia and pancreatitis

Sharma et al.

Mice

300 mg ZnO/kg

The accumulation of ZnO NP

2012 induces liver cell damage after
oral exposure for 14 consecu-
tive days. ZnO NP also induces
oxidative stress, which is
indicated with the increment of

lipoperoxidation

NP nanoparticles

Studies of In Vitro and In Vivo Effects

Solubility of ZnO in the stomach environment (pH 2.7) has a value of 98.5 % when
the particles are smaller than 1 mm (Li et al. 2011). About 25 studies in vivo and
in vitro were found in a search conducted in SCOPUS. These studies report the
toxicity of the ZnO NP when used in foods (Table 15.2). In conjunction with the
instability of the ZnO NP, the degree of solubility allows the oxidation and release
of Zn*? into the medium. It has been observed that the NP showing high solubility
in a cell culture, such as ZnO NP exhibited higher toxicity in mammalian cell lines
than those having low solubility, such as TiO, NP (Mu et al. 2014).

Likewise, in vitro studies with cells of Caco-2 colorectal adenocarcinoma and
lung A549 cells showed that the size, surface charge, and the ligands and covers
with surfactants may influence the permeability of the ZnO NP in the colorectal and
lung areas (Hyung-Joo et al. 2011; Sahu et al. 2014). Another study reported that
exposure to ZnO NP induced alterations in antioxidant parameters, the formation of
8-hydroxy-2 deoxyguanosine (8-OHdG) as an indicator of DNA damage and cell
death (Syama et al. 2013).
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Conditions of Use and Regulation

ZnO NP are classified as GRAS by the FDA (21CFR73.1991) and as an E6-safe
additive by EFSA. Therefore, these NP are commercially produced and used as
packing material and food additive (Hyung-Joo et al. 2011). In a study conducted by
EFSA in 2012, it was considered that due to the high solubility of ZnO in the stom-
ach environment, the physical and chemical specifications of ZnO (used in several
toxicity studies) are incomplete and do not specify the purity/impurities ratio (EFSA
2012), so it was postulated by this body that the oral use of ZnO is safe.

15.5.2.4 Silicon Dioxide (SiO,) E551
Characterization and Identity

Silicon dioxide (SiO,), CAS No. 7631-86-9, is a fine-white powder with a high
water absorption rate. It is insoluble in ethanol and water but forms a gel when
combined with mineral acids. Particles of this compound are produced on an indus-
trial scale as an additive for cosmetics, medicines, printing toners, and foods. In the
biotechnology and biomedical areas, SiO, NP have been used as drug development
systems, for example, in cancer therapy and in the immobilization of enzymes and
DNA transfection (Izak-Nau et al. 2013).

SiO, NP are available in the market not as for their use in a specific function.
They can have surfaces with positive, negative, or neutral charge and as monodis-
perse or in the form of aggregates (Izak-Nau et al. 2013). It has been observed that
the industrially attractive physicochemical properties of SiO, NP can cause prob-
lems in human health (Chen and von Mikecz 2005; Ye et al.2010; Al-Rawi et al.
2011; McCracken et al. 2013).

Physicochemical Properties
There is little information on the physicochemical characteristics of SiO, NP prob-

ably because they are prepared according to the required functions. Examples of
characterization studies performed with SiO, NP are shown in Table 15.3.

Table 15.3 Physicochemical properties including size, polidispersity index (PDI), zeta potential,
pH, and shape of SiO, NP studied by different authors

Reference Primary | Hydrodynamic |PDI | Zeta potential pH |TEM
size size (nm) (mV)

Izak-Nau et al. 2013 | — 582 +£2.6nm [0.055 |-41.71 £0.82 |3.1 |Sphere

Cho et al. 2012 6.2+ 04 |398.1 +£24.8 - - - -

McCracken et al. 50 - - - 2 -

2013

NP nanaoparticles, TEM transmission electron microscopy
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Table 15.4 In vivo and in vitro effects caused by exposure to the SiO, NP

Reference Model Concentra- | Conclusions
tion
Chen and von Mikecz Formation of nucleoplasmic protein
2005 aggregates impairs nuclear function in
response to SiO, NP
McCracken et al. 2013 | C2BBel 10 pg/cm? The treatment with silica and titanium
epithelial with intestinal digestion simulating
cells, a clone solution allowed a strong negative
of Caco-2 surface charge and particle sizes that
cells approach to values similar to those
found in the medium
The C2BBel cells internalized TiO,
and SiO, NP
Gehrke H et al. 2013 HT29 Cells | - SiO, NP impact on the integrity of
DNA in cells of human colon carci-
noma (HT29). Stimulates the prolif-
eration of HT29 cells. Interferes with
the biosynthesis of glutathione
Al-Rawi et al. 2011 HELA cells. | SiO, NP of | Internalization and intracellular local-
Primary 70 nm and ization in mitochondria, endosomes,
SiO, NP of | aggre- lysosomes, and nuclei were studied
70 nm and gates of
aggregates of | 200-500 nm
200-500 nm
Ye et al. 2010 L-02 liver 0.2,0.4,and | SiO, NPs cause different size, dose,
cells 0.6 mg/ml of | and dependent time cytotoxicity. Also,
colloids of | they cause oxidative stress by ROS,
SiO, (21, 48, | activation of p53, and the regulation
and 86 nm) | of the relation Bax/Bcl-2 involved
for 12, 24, in induction mechanisms of SiO, of
36,and 48 h | 21 nm

NP nanaoparticle, ROS reactive oxygen species

Studies of In Vitro and In Vivo Effects

There are few studies on the toxicity of SiO, for food-related uses. While in the
Pubmed database, 945 investigations conducted between 2000 and 2014 with the
SiO, NP were found, only 10 of them were actually focused on safety aspects when
used in food preparations. Some of the studies reviewed showed adverse effects on
the GI system (Table 15.4).

Conditions of Use and Regulation

EFSA classified the SiO, as E 551. It is a substance recognized as GRAS by the
FDA, and its use is permitted in the form of dry powders, salt (and their substitutes),
food supplements, rice, and processed cheese. Also, it has been used as a carrier in
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emulsifiers and colorants at levels reaching a maximum of 5 %. In flavoring, its use
at levels of 50 g of SiO, NP/kg is allowed (EFSA 2009). Moreover, the FDA has
authorized the use of the combination of SiO, +TiO, NP in food to aid solubility of
TiO, NP (FDA CFR73.575 21).

15.5.2.5 Cobalt (IIT) Oxide (Co,0,) E3
Characterization and Identity

Cobalt oxide (Co,0,), CAS number 1308-04-09, is a black powder with molec-
ular weight of 165.8646 g/mol. Its crystal structure is trigonal with a density of
5.18 g/em’. Tt is used as a trace element in animal food, and it has been reported
to be used as an essential element in the human diet, and its applications likely to
increase due to dietary supplements, occupation, and medical services (Paustenbach
et al. 2013). It is used in electrochemical plants in colorants for ceramics and as a
dryer in paints, varnishes, and inks (De Bie and Doyen 1962).

Physicochemical Properties

No reports on the physicochemical characteristics of Co,0, NP were found. A work
on spherical Co,0, NP measuring 45 nm and tendency to form clusters with differ-
ent shape and size up to 1000 nm was reported by Papis et al. (2009).

Studies of In Vitro and In Vivo Effects

Co,0, NP accumulates in organisms when consumed and the tissues in which they are
mainly found are those of liver, kidneys, bladder, blood, and lungs. This accumulation
has been decreasingly observed in a dose—response manner (Naura 2009). In addition,
the exposure to these NPs is associated with cardiomyopathies and vision and hearing
damage when the concentration in cell culture tests is above 700 pg/L (8—40 weeks),
whereas at 300 pg/L, hypothyroidism and polycythemia were reported. However, there
has been observed that the use of these NP increased the risk of lung cancer induction.

In a monograph on the cobalt by the IARC (2000), it was reported that Moulin
et al. 1993 studied mortality in a cohort of 1148 workers in an electrochemical
cobalt plant, who worked exclusively in the maintenance section. The standard-
ized mortality ratio (SMR) risk of lung cancer was 2.4, and for those employees
who worked in other areas, the risk was 2.58. There is also evidence of increased
risk in the group of workers employed for more than 10 years in the production of
cobalt. In another study conducted on 874 women occupationally exposed and 520
unexposed, there was not found a relation regarding the duration or intensity of the
exposure. Of the entire cohort, three lung cancer cases from a total of eight were
related to Co exposure within 3 months (Tiichsen et al. 1996).
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Furthermore, it was observed that the NP of Co,O, can enter the cell cytoplasm
in the form of vesicles and can increase the production of ROS (Papis et al. 2009)
and together with TiO, NP is one of the metal compounds that can yield to photoin-
duced toxicity (Dasari et al. 2013).

Conditions of Use and Regulation

Authorized by the EFSA, the use in animal food and the FDA classifies it as GRAS
substance (21 CFR 582.80). However, the exposure limits to Co NP are from
0.02 to 0.5 mg/m? (air space), although NIOSH recommends a maximum limit of
0.05 mg/m? (air space) by a working shift.

15.5.3 Incidental Food Compounds

15.5.3.1 Tin Dioxide (SnO,) NP
Characterization and Identity

Tin dioxide (Sn0O,), CAS number 18282-10-5, is a white powder soluble in water
called cassiterite which is the most important chemical source of Sn. It is a colorless
solid with a refractive index of 2.006. It crystallizes in the form of rutile, in which
the Sn atoms have six coordinates and the oxygen atoms have three (Ginley et al.
2000). It is an attractive material for its use in gas biosensors (Tadeev et al. 1998)
and solar cells (Omura et al. 1999), among others, because of their high transpar-
ency and electrical conductivity. SnO, NP have been used to develop semiconduc-
tor sensors that discriminate samples of virgin olive oil based on its organoleptic
characteristics (Escuderos et al. 2013).

Physicochemical Properties

There are no studies yet regarding the physicochemical properties of the SnO, NP
in the sensors used in food-related systems. There are also no studies analyzing the
possible transport of SnO, NP in sensors to food.

Studies of In Vitro and In Vivo Effects

In a SCOPUS review, using the keyword “Sn0O,,” 16,500 studies from 2010 to 2014
were found, of which 4310 were devoted to the application of SnO, as a biosensor
for food-related applications and only five studies on the toxicity of SnO, NP in
food. Gambardella et al. (2014) reported that there is toxicity and alteration of the
food chain when SnO, NP are disposed in the sea.
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Furthermore, when the SnO, NP are used together with indium in a concentra-
tion 0f 90:10, a compound called indium tin oxide (ITO) is formed. A study showed
that chronic and subchronic inhalation of this compound may cause lung toxicity
in hamsters treated with 3 and 6 mg/kg of particles of ITO, twice a week for eight
weeks (Tanaka et al. 2010). However, the effects of these NP when consumed orally
by humans have not been analyzed.

Conditions of Use and Regulation

No regulations or recommendations by the IARC, NIOSH, FDA, or EFSA were
found.

15.5.3.2 Iron (III) Oxide or Ferric Oxide
Characterization and Identity

Ferric oxide (Fe,0,), CAS number 309-37-1, is an odorless red solid. With insolu-
ble rhomboid structure and 159.69 g/mol molecular mass, it is one of the main iron
oxides. The mineral known as hematite, Fe,O.,, is the major source of iron for the
steel industry.

The magnetite y-Fe,0, NP is a cubic crystal that has gained great interest due to
their super-paramagnetic properties and their applications in various fields such as
catalysis, sensors, and magnetic resonance imaging (Hanini et al. 2011). These ap-
plications require that the NP are covered with agents such as acids and long-chain
amines (Hanini et al. 2011).

273

Physicochemical Properties

The hydrodynamic diameter of the y-Fe,O, NP suspended in deionized water,
DMEM, and PBS cell culture media, in the whole range of physiological pH values,
was 2420, 90, and 204 nm, respectively, while zeta potential had values of +12.8,
9.1, and —23.6 mV, respectively (Hanini et al. 2011). Also, it has been found that
Fe,O, NP form individual aggregates having a diameter of 42.5 nm (TEM) and have
a specific area of 34.39 + 0.17 m?/g (Gramowski et al. 2010) and 82.8 m?*/g when
they have a hydrodynamic diameter of 957 nm and a zeta potential of —8.2 mV (Sun
et al. 2011). It has also been reported that the IC, of the Fe,O, NP is 6.02 ug/cm?
(Table 15.5) (Gramowski et al. 2010).

Also, a study performed using Wistar rats exposed to Fe,O; NP included the
characterization of the NP physicochemical properties in deionized water (Milli Q).
The hydrodynamic diameter of the agglomerates (363 nm) was bigger than that
measured by TEM, while the specific surface area was 38.02 m*/g. The zeta poten-
tial was —18.6 mV (Table 15.5) (Singh et al. 2013).
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Table 15.5 Physicochemical properties (size, zeta potential, pH, and shape) of Fe,O, NP studied
by different authors

Reference Medium | Hydrodynamic | Zeta TEM pH Specific
diameter (nm) | potential | diameter area
(mV)
Hanini et al. 2011 H,0 2420 +12.8 - 7.4 -
DMEM 90 -9.1
PBS 204 —23.6
Gramowski et al. 2010 | — - - 42.5 - -
Sun et al. 2011 H,0 957 -8.2 - - 82.8
Singh et al. 2013 H,0 363 —18.6 - - 38.02

NP nanaoparticles, TEM transmission electron microscopy

Studies of In Vitro and In Vivo Effects

Regardless of that, until now the use of Fe,O, NP directly in food had not been
reported; there are reports that if for some reason these substances are released into
the environment, they are able to modify ecosystems and to reach the products for
human consumption such as vegetables and seafoods.

Frenk et al. (2013) studied the effects of Fe,O, < 50 nm NP in two soil types to
see the change in the activity of the bacterial community that made it up. In other
works, the effect of Fe,O, on watermelon has been evaluated, and it has been proved
that these NP can be translocated by plant tissues causing significant physiologi-
cal changes such as the activity of catalase, peroxidase, and superoxide dismutase;
chlorophyll and malondialdehyde content; and the reduction of the ferric reductase
activity (Li et al. 2013). In a study with crabs, the Fe,O; transfer of the muddy sedi-
ment in Rhizophora leaves pellet was quantified, finding that the accumulation of
metals in mangrove leaves and crabs reflected the chemical composition of the sedi-
ments, and that low levels of these compounds were transferred from the leaves and
from the crabs to humans (Vilhena et al. 2013). These studies showed that Fe,O, NP
are able to pass through the food chain and reach humans through food. Currently,
there are not enough studies on the effects that these NP may have on humans.

Terms of Use and Regulation

Organizations such as the IARC, FDA, and EFSA have not established exposure
limits for the intake of these compounds. However, some exposure limits have been
reported for the case of NP inhalation:

Occupational Safety and Health Administration (OSHA)—The exposure legal
limit allowed in the air is 10 mg/m?, average for an 8-h shift.

NIOSH—The exposure legal limit allowed in the air is 5 mg/m?, average for a
10-h shift.
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American Conference of Governmental Industrial Hygienists (ACGIH)—The
exposure legal limit allowed in the air is 5 mg/m?, average for an 8-h shift.

15.6 Conclusions

The use of NP in food is a common practice, since they aid in the preservation and
improvement of food quality. There are different exposure pathways for the NP in
foods: the exposure can be direct, through regulated additives, or indirectly, through
the NP transport from biosensors, packaging, or through the food chain. The NP
used to perform toxicological studies are, generally, free of impurities (99 %), while
in foods, the use of mixes of these NP with others that help improve the character-
istics of the product is frequent.

The effects that NP will cause to humans will depend on the physicochemical
characteristics of the NP aggregates/agglomerates. NP form stable suspensions as
measured by the zeta potential which values range from —20 to —45 mV. In the
monographs by EFSA and FDA it is established that there is a risk when these
products are consumed by humans. Some of these NP are only recommended for
animal food.

Some of the NP previously classified as safe for human consumption by interna-
tional organizations are, in fact, more dangerous than previously thought, causing
effects such as increased ROS amounts and inflammation in cells. Currently, the
development of new NP continues to grow rapidly, given the permitted limits estab-
lished by these organizations.

There are possibilities of developing shapes, sizes, and compositions of many
NPs that greatly increase their technological capabilities.

There is a need to establishing exposure limits for the NP; however, the lack
of adequate toxicological data is the main barrier to developing maximum worker
exposure to most NP. The second barrier is the lack of standardized and validated
methods to monitor the concentrations of NP in the workplace. Furthermore, the
occupational benchmark is based on a standard atmosphere for non-nanosized fine
particles. In the report by Gordon et al. (2014), a group consensus failed to be
reached on any of these points, but some recommendations were established such as
the adoption of more effective hygiene measures to control occupational exposure
to NP. There is also the need to implement quicker and more cost-effective methods
to evaluate the toxicity of the new NP. Also, we must create predictive models to
correlate the response of NP by using in vitro and in vivo models in the short and
medium term (Gordon et al. 2014).
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Chapter 16
Multiscale and Nanostructural Approach
to Fruits Stability

Gabriela R. Caez-Ramirez, Dario 1. Téllez-Medina
and Gustavo F. Gutierrez-Lépez

16.1 Introduction

Biological systems are inherently dynamic and complex, and therefore, they are
exposed to a progressive deterioration process. Stability of the fruits depends on the
homeostatic ability of the system to retard changes caused by environmental fac-
tors. Fruits, whole fresh or minimally processed, are under the influence of biotic
and abiotic stress factors. These factors induce ripening, dehydration, shrinkage,
browning, and softening, all associated with poor quality attributes. Most of those
alterations could be explained by morphostructural changes, such as those concern-
ing cell morphology, cell adhesion, mechanical response, gas diffusion from respi-
ration and physical integrity, among others.

Multiscale approach has been considered as a method to understand the relations
among cells, organelles and the plant to get a unified description through combin-
ing macroscopic approach with molecular information by integrating mechanisms
that occur at different temporal or spatial scales in terms of variables and relations
of interest (Baldazzi et al. 2012). The tools of translational proteomics to identify
and characterise genomic sequences are useful to improve the quality character-
istics and the response of fruits against some biotic and abiotic factors (Agrawal
et al. 2012). Molecular techniques reveal considerable information, which neces-
sarily requires the intricate study of several parameters simultaneously to simplify a
macro process explanation. However, vegetal material is a complex system since it
is multi-functional, multi-compartmentalised, multi-component and multi-related.
Hence, fruit structure is a fundamental issue to understand this complex system.
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The fruit structure is composed of fleshy vegetal material that is hierarchically
composed of hydrated cells that exhibit turgor and are bound at their cell walls. Its
elements are organised from molecules into assemblies, organelles, cells and tissues
(Aguilera 2011). Those elements are linked by subsequent relationships at the mi-
cro- and nanoscales. Most information for quality control is gathered from the mac-
roscale, from the entire fruit or its pieces, including colour, texture, size and shape
(Fig. 16.1). Microscale takes into consideration single cells, their surroundings and
organelles. Ultrastructural elements, such as the disposition of the cell walls and
membranes, are related to mesoscale. Nanoscale elements include cellulose micro-
fibril (~3—4 nm), cellulose macrofibril (~10-25 nm) (Gibson and Interface 2012),
plasmodesmata (~40 nm), vesicles (~10-50 nm), thickness of extracellular matrix
and cell membrane, starch granules and plastids, among others (Jeffery et al. 2012).

By taking into account that complexity increases geometrically along the scale,
the advantage of this approach is to assess attributes that add knowledge in or-
der to describe the phenomenon starting in the lowest complexity level (Mebatsion
et al. 2008). However, in several studies of the changes at the nanoscale, phenom-
ena are considered as isolated, even when most of the structural elements and the
subsequent relationships occur at this level. Thus, any change at a nanostructural
level, e.g. in microfibrils of cellulose affects cell wall integrity, water transportation,
turgor diminish, tissue morphology variation, softening and finally poor quality.
Hence, it is needed to establish the effect of changes at cell fruit nanostructures on
the entire fruit appearance and its freshness.

The aim of this chapter is to explore the key elements in the study of fruit nano-
structure and the information on the matter that could be analysed by considering
the different scale levels of observation. It could be performed by means of two
integration pathways: from micro- to nanoscales and from nano- to microscales, and
by using property—structure—function relationships at multiscale. In this respect,
this chapter explains why the analysis of the structure at different levels is a way to
understand fruit stability by means of describing the general elements of a multi-
scale approach. Additionally, several examples of key elements needed to accom-
plish multilevel approach are presented, including cell and tissue morphology, the
importance of the cell wall nanostructure and treatments of preservation processes
at the nanoscale, as well as some applications at the nanometric scale. Finally, as
an example, it is introduced the multiscale approach of the complex phenomena of
senescence in papaya fruits ( Carica papaya L.).

16.2 Fruits as Complex Systems

The maturation is a highly organised and genetically programmed process that in-
duces an irreversible alteration leading to the development of softness and desir-
able edible quality attributes. This process involves changes in composition and
organelles such as vacuole, chromoplasts and mitochondria (Perotti et al. 2014).
The biochemical processes associated with increased respiratory rate, degradation
of chlorophyll and biosynthesis of carotenes, anthocyanins and essential oils (the
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Fig. 16.1 Scheme guide of the elements and pathways to consider for a multiscale evaluation of
fruits, generating a systemic integrated approach. AFM atomic force microscopy, CLSM confocal
laser scanning microscopy, SEM scanning electron microscopy, ESEM environmental scanning
electron microscopy, STEM scanning transmission electron microscopy, STM scanning tunnel-
ing microscopy, X-ray CT X-ray computed tomography, nano-SIMS nano-secondary ion mass
spectrometry; SANS small-angle neutron scattering, SAXS small-angle X-ray scattering, NIR near
infrared spectroscopy, MIR mid-infrared spectroscopy
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components responsible for the flavour and aroma) increase the activity of enzymes
degrading the cell wall and of those involved in ethylene production (Payasi et al.
2009). Physical changes related to maturation cause the maintenance of fruit struc-
ture are evidenced in firmness reduction of the edible portion of the fruit, associ-
ated with the degradation of cell wall polysaccharides, which consists of a complex
structure of cellulose, hemicellulose and pectin that contributes to cell adhesion
(Carpita and Gibeaut 1993).

Figure 16.1 shows the main parameters related to fruit stability, starting with
freshness indicators of appearance, texture and sensory attributes, for instance,
changes in colour, softening and sweet-acidity balance, that might be evaluated
through different approaches, techniques and methods that come from chemical,
physical and molecular causes (Ramos et al. 2013). As discussed above, it is easy
to notice the great complexity of factors involved in fruit ripening; therefore, an
integrated perspective from structure perspective is needed in order to study fruit
stability and senescence.

16.3 Multiscale as a Way to Understand Fruit Instability

A multiscale approach implies not only the length interval division, the deep evalua-
tion and observation of the system by balancing accuracy and complexity but also the
totality of phenomena involved. Multiscale modelling to predict food parameters re-
quires defining scale levels, whose physical properties reveal structural changes that
might be compared with those reported in the current literature for the macroscale
(Ho et al. 2013). However, a multiscale approach, in a context of fruit complexity,
implies also a systematic problem divided by analysing cell relationships, intra- and
intercellular, considering both integrative pathways, macro to nano and nano to mac-
ro. Figure 16.1 explains the procedure that might be followed in order to integrate
a multiscale approach, including nanoscale evaluation by using different techniques
with the purpose of achieving a deeper understanding of the fruit structure.

The nano- to macroscale pathway takes the structural arrangement of building
blocks or key elements, across many hierarchical scales (Cranford and Buehler
2010). Hence, the nano to macro integrative pathway arises from detailed infor-
mation; the relationships among the pre-existing nano elements are useful to un-
derstand the whole phenomenon. As an example of a nano to macro process, it is
possible to self-assemble some mesoscopic structures, with sufficiently weak in-
teractions, providing hydrophilic interactions that can increase the fruit structure
stability (Van der Sman 2012).

In another work, tissues of vanilla fruit ( Vanilla planifolia) were evaluated dur-
ing the curing process by microstructural parameters in order to detect the main
tissue changes corresponding to the highest concentration of vanillin (Tapia-Ocho-
ategui et al. 2010). This approach has been useful to evaluate the effect of convec-
tive drying on total anthocyanin content, antioxidant activity and cell morphometric
parameters of strawberry parenchymal tissue (Fragaria x ananassa Dutch) by fol-
lowing a micro to macro integrative analysis (Morales-Delgado et al. 2014).
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The macro to nanoscale pathway implies an analytic thinking process to develop
a detailed knowledge at each level from the general information. This uncommon
integrative pathway implies the development of a generalised knowledge of the
system and then to detail each level of analysis that is needed to understand certain
phenomenon. A research on tomato internal compression damage, using nonlinear
multiscale finite element model, concluded that the locular gel tissue displayed me-
chanical damage prior to the mesocarp and the exocarp tissues when an external
loading force was applied to the tomatoes. This approach was useful to understand
the effect on the stress distribution, deformation and mechanical damage of the tis-
sues (Li et al. 2013a).

The understanding of fruit stability processes is determined by all existing rela-
tions among scale levels; those relationships determine structure, material properties
and functionality of fruit (Segui et al. 2010), which have been classified depending
on the material and the attribute observed (Chung and McClements 2014). In the
first place, those could come from the fruit structure—property relations, depending
on composition and phase properties, processing conditions and interactions and
physical properties (optical, rheological and structure stability). As well, the struc-
ture—function relationships are important, which depend on physiological activity,
ripening rate, presence of ethylene, respiration rate, enzyme activity, nutritional and
other interesting functions for consumers, and consumer perception of freshness
related to appearance, flavour, mouth texture and storage stability.

The relationships within the system could be found if all those data coming from
different scales are integrated by a unified approach and expressed in a unified rela-
tionship (Perrot et al. 2011). It can be useful to develop a new structure, keep its sta-
bility or restructure it in such a way that it acquires desirable functional and quality
attributes at the macroscale (Trystram 2012). Therefore, it is possible to elucidate
relationships to develop a better model for controlling undesirable changes caused
by ripening or for guaranteeing freshness and quality attributes.

In a study at the micro-, ultra- and nanolevels of green grapefruits, Vitis labrusca
L. treated with hydrogen peroxide, UV—C irradiation and ultrasound, authors report-
ed that nanostructural and mechanical alterations occurred in the outer tangential
epidermal cell wall (Fava et al. 2011). It was also reported in the same study that the
green grapefruit colour, as a macroscale attribute, could help to identify alterations
caused by treatments and to provide new insights for optimisation of disinfection
processes. In another study, a multiscale modelling for apple ripening prevention
was applied in controlled atmosphere storage to understand O,/CO, diffusivity at
macroscale, related to changes in the respiratory rate, by using R-X ray-computed
tomography three-dimensional (CT 3D) image analysis (Herremans et al. 2014).

16.4 Main Topics Studied Around Fruit Nanostructure

Structural changes, reflected as significant defects of quality, could be analysed by
taking into account nanoscale key elements. Considering the information collect-
ed from databases, those nanoelements have been grouped into three main items:
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tissue, cell and organelles morphology; cell wall structure roll in fruit stability and
nanoscale technologies to extend fruit stability.

Until February 2015, an increasing number of papers that take nanoscale ele-
ments in the evaluation of fruit stability into consideration can be found. A gather-
ing information process, by using bibliographic databases around the world, has
found several papers related to nanoscale and fruits and presented in three main
categories: nanoscale and fruits, with 1259 papers; nanostructure and fruits, with
461 and multiscale modelling and fruits, with 465. Those papers are mainly as-
sociated with the cell wall, electron microscopy, nanotechnology, silver and gold
nanoparticles, food packaging, carbon nanotubes as biosensors, delivering systems,
multiscale modelling, biopolymers, films and food industry. However, such topics
are no conclusive on interest areas. Structural changes, reflected in significant de-
fects of quality, could be analysed by taking into account key elements that could
be useful to describe changes in a multiscale approach, including tissue and cell
morphology, cell wall structure, nanotechnology applications and processing ef-
fects, among others.

16.4.1 Tissue, Cell and Organelles Morphology

The knowledge of cell morphology and distribution in a tissue might be useful to cre-
ate a porous structure. A fruit structure depends on the cellular random shape, intercel-
lular spaces, architectural disposition and its turgor pressure. The virtual representa-
tion of a tissue, including its porosity, could be used to simulate gas or water transfer
at nanoscale and also tissue damage by hydrostatic stress at storage and transportation
(Abera et al. 2012). Moreover, nuclear magnetic resonance (NMR), magnetic reso-
nance imaging (MRI) and x-ray tomography (XRT) analyses of the cell shape showed
a possible explanation for the increasing of rehydration rate and loss of nutrients due
to a blanching pretreatment for freeze-dried fruits (Van der Sman et al. 2014).

Physical accessibility of nutrients such as carotenoids was related to cell and or-
ganelles ultrastructure by analysing light microscopy and transmission electron mi-
croscopic (TEM) images of cell wall thickness, cell size, chromoplast, plastoglob-
ules, membranes, tubules, vesicles, thylakoids and starch grains in several fruits and
vegetables (mango (Mangifera indica), papaya ( Carica papaya), tomato (Solanum
esculentum), watermelon (Citrullus lanatus), red grapefruit (Vitis vinifera) and
some vegetables such as carrot (Daucus carota), sweet potato ([pomoea batatas)
and butternut squash (Cucurbita moschata; Jeffery et al. 2012). Additionally, or-
ganelles architecture is responsible for some metabolic changes. Metabolic path-
ways generate important nutritional compounds such as carotenoids that depend on
the organelle structure. It was found by several microscopy techniques laser scan-
ning confocal microscopy (LSCM), scanning electron microscopy (SEM), TEM
and hyperspectral confocal Raman microscopy) that there was a linkage between
shape and size of chromoplast and type and quantity of carotenoids in Capsicum
annuum fruit (Kilcrease et al. 2013).
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16.4.2 Cell Wall Structure Roll in Fruit Instability

The fruit cell walls are significantly affected by ripening, something that has strong
influence in maintaining the quality attributes, and studies on fruit structure are
reported around several subjects (Table 16.1). The cell walls of edible portion, clas-
sified as primary, are composed of different polysaccharides and structural proteins,
whose ratio depends on the cell type, the stage of development and constant remod-
elling ability (Lee et al. 2011). However, the biodiversity and changes in composi-
tion, which affect nanomechanical properties, might be studied under a multiscale
approach, by new molecular assays, monoclonal antibodies (mAbs) and carbohy-
drate-binding modules (CBMs), in order to develop possible novel nanomaterials
associated with biosynthetic genes (Fangel et al. 2012).

A balance between the symplast turgor pressure and the cell wall strength, which
must have a controlled stiffness to allow cell growth, defines the cell shape. Control
mechanisms are strongly related to the different steps of cellular remodelling; nec-
essary signalling pathways involved are both between the apoplast and the cell wall
and between the cell wall and the cytoplasm (Wolf, et al. 2012). A dynamic integra-
tion of the cell wall architectural study reveals similar principles of assembly and
mechanisms of cell growth for all vegetal cells. Furthermore, cellulose synthesis
and orientation of perturbation induce direct responses to signal transduction affect-
ing other biosynthetic pathways that determine cell growth mechanism and control
of anisotropic structuring (Benatti et al. 2012). Finally, methyl-esterification affects
cellular adhesion and fruit ripening (Wolf et al. 2012).

Cell walls are constituted of complex arrays of a number of nanoeclements and
aim to be defence structures against biotic or abiotic stress, as for the case of patho-
gen threats, in which the cell walls are modified to counteract their harmful effects.
Moreover, extracellular matrix structure of sweet oranges ( Citrus sinensis) has been
shown as a key element for a resistant answer to limit Xanthomonas axonopodis
pathogens (Swaroopa Rani and Podile 2014). The monitoring process in every veg-
etal cell recognises whether the wall is necessary to produce more cellulose and
induces an appropriate response, including the adjustment processes to phenomena
of stress application and relaxation arise. However, the biological perspective of
cell wall must be integrated to mechanical evaluation and other physical phenom-
ena (Lee et al. 2011).

16.4.3 Nanoscale Technologies to Extend Fruit Stability

Several applications of nanostructures to preserve postharvested and fresh cut fruits
have been reported, which are shown in Table 16.2. Most of those applications
are related to nanopackaging materials, nanocoating materials, nanotechnology
to macromolecular characterisation and pathogen detection. Diverse techniques
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and methodologies are reported to find interesting conclusions around nanoscale
applications. Moreover, nanotechnology and nanomaterials have been applied for
agricultural production to final products in order to improve process, quality, bioac-
tivity and nutrition mostly evaluated at the molecular level (Cifuentes 2012). Nowa-
days, nanoagrochemicals for pest control, nanofertilisers and nanobiotechnology to
increase production are widely employed to improve agricultural practices (Sekhon
2014). As other interesting applications, it is possible to introduce nanoparticles
within organelles, such as chloroplast, to extend the photosynthetic activity, which
could increase the rate of sugar production (Scholes and Sargent 2014). Those
nanoparticle assemblies offer the opportunity to engineer plant functions by a nano-
biotic approach (Giraldo et al. 2014).

16.4.4 Fruit Components Applied in Nanotechnology

Nanotechnology involves the design, synthesis and manipulation of structures in
particles with dimension around 100 nm for specific functions. It is possible to
develop some nanoparticles for specific applications from fruits. Some industrial
nano applications of fruits include nutrient protection, nanocomposites and nano-
emulsions. Silver nanoparticles could be developed from fruit elements of, for ex-
ample, Morinda citrofolia L. that have inhibitory activity against human pathogens
(Sathishkumar et al. 2012) or Terminalia chebula with reductive catalytic activity
(Edison and Sethuraman 2012). Fruits of Hovena dulcis, tamarind and pear are use-
ful to develop gold nanoparticles due to its optoelectric properties (Basavegowda
et al. 2014; Ghodake et al. 2010).

Some nutrients have been nanoprotected. For example, antioxidants such as hes-
peretin from citric fruits in a lipid nanocarrier (Fathi and Varshosaz 2013), antioxi-
dant extract of Lagenaria siceraria fruit (Kulkarni et al. 2014), betaxanthins from
Opuntia fruits (Gandia-Herrero et al. 2010) and phenolic extract from sour cherry
(Prunus cerasus) pomace (Luca et al. 2012). Other biocomponents of interest have
been protected by microcapsules, such as chilli non-aqueous extracts due to their
antibacterial, antioxidant and provitamin properties (Guadarrama-Lezama et al.
2012). Natural components are employed for other applications. For instance, it is
possible to use an edible composite film of pectin/papaya puree/cinnamaldehyde
nanoemulsion in order to reduce the growth of microbial pathogens (Otoni et al.
2014).

Finally, other study reported the development of nanocomposites that has been
carried out in SiC nanowires produced by pyrolysing bunch fibres from oil-free
palm fruits, infiltrated with tetraethyl orthosilicate. The amorphous nature of carbo-
hydrate chains and the porous structure of the fibres were useful for this develop-
ment (Chiew and Cheong 2012).
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16.5 Case of Study: From Macro- to Nanoscale
Integration to Understand the Senescence Process
in Papaya (Carica Papaya 1..)

Papaya consumption is interesting because of its content of several bioactive com-
pounds. The structural matrix of the fruit is responsible for the assimilating rate of
each component (Epriliati et al. 2009); thus, it is of great interest to study the rela-
tionship between structural and composition changes.

The complexity of the phenomenon of senescence in fresh pre-cut papaya is as-
sociated with the action of ethylene and with the ripening process, which prompt a
cascade of enzymatic reactions of cell wall hydrolases and modify the tissue stabil-
ity (Huerta-Ocampo et al. 2012). Changes in the composition of the carbohydrates
during maturation provide important information about the patterns of the cell walls
and may contribute to a better understanding of the role played by enzymatic pro-
cesses in the softening of the papaya fruit (Shiga et al. 2009). Pectinases and their
activity play a major role in metabolism and structural maintenance of fruit. Pectic
substances yield effects on cell physiology and growth, intercellular adhesion, cell
separation and rate of ripening (Duvetter et al. 2009).

It was evaluated the damage of fresh pre-cut papaya variety Tainung, stored
at controlled conditions, by different microscopy methods, which are shown in
Fig. 16.2. At macroscale, it was observed by stereoscopy the increasing roughness
of the upper layer of the cut tissue as well as the colour changes. At the mesoscale,
the tissue showed cell shape and size changes that revealed cell wall disruption.
At microscale, the cell wall showed significant changes in the characteristic self-
fluorescence of some of its components. The interaction at nanoscale was evalu-
ated by environmental scanning electron microscopy (ESEM) and confirmed the
cell wall disruption. Finally, it was obtained clear evidence of large damage due
to time of storage after cutting. The studied pre-cut fresh papaya system shows
that it is possible to find multiscale relations that contribute to explain the cellular
changes through quantitative indicators of freshness in the tissue. The evaluation
of the entire system showed that everything occurring at microscale is reflected at
the macroscale as structural, mechanical and colour attributes. It is possible to find
multiscale relations exhibiting the cellular changes through quantitative indicators
of freshness in the tissue. The importance of this study is to contribute an alterna-
tive approach to fruit stability focused on minimising the causes of softening during
storage of pre-cut fresh papaya.

16.6 Conclusions

Detailed analysis of the phenomena on a complex system at the nanoscale has al-
lowed to improve the stability of fruits. Multiscale integration, including the nano
approach, has revealed as key elements in evaluating the structural stability of the
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Fig. 16.2 Methodological approach to papaya senescence multiscale evaluation

fruit tissue, such as the shape and distribution of the cells, the cell wall that in asso-
ciation with the middle lamella creates a fundamental structural support and the use
of associated preservation treatments. The most frequent pathway is oriented from
nano to macro. However, both pathways, by using multi-level descriptors may find
interesting relationships that lead to the understanding of complex phenomena that
may have an influence in the retardation of senescence.
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Chapter 17
Modulating Oxidative Stress: A Nanotechnology
Perspective for Cationic Peptides

Anaid Hernandez-Jabalera, Javier Vioque, Manuel Alaiz, Julio Girén-Calle,
Cristina Megias, Cristian Jiménez-Martinez and Gloria Davila-Ortiz

17.1 The Application of Nanotechnology for Human
Health Improvement

Nanotechnology is recognized as an emerging and growing field that involves
manufacturing, processing, and application of structures, devices, and systems to
control shape and size at the nanometer scale (Bouwmeester et al. 2009).

The applications of nanotechnology cover a broad range of areas such as elec-
tronics, medicine, textiles, defense, food, agriculture, and cosmetics and allow inte-
gration between technology and biological systems not previously attainable (Chen
et al. 2006; Bagchi et al. 2013).

The awareness that the nanoscale has certain properties appropriated to solve im-
portant medical challenges has promoted efforts directed to improve human health,
such as the prevention or treatment of biological imbalance conditions like oxida-
tive stress, which is closely related with the risk of developing several degenerative
diseases (Sozer and Kokini 2009).

The materials and devices developed by nanotechnology can be designed to ad-
dress many aspects, such as disease treatment, drug delivery systems, drug and
food security, and diagnostic technologies, among others (Boddapati et al. 2005;
Bouwmeester et al. 2009; Sozer and Kokini 2009). Moreover, nanotechnology is
enthusiastically committed in refining the drawbacks underlying the assessment of
the potential use of diet bioactive compounds for health improvement (Linazasoro
2008).
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This chapter addresses the contributions of some nanotechnologies to strength
strategies directed to favorably modulate oxidative stress and thus to widely inves-
tigate associated opportunities for the improvement of the function of antioxidant
peptides.

17.2 Modulating Oxidative Stress

Oxidative stress is a biological condition that occurs as a result of an imbalance
between the production of oxidants and the ability of the antioxidant systems to
neutralize the radicals, prevent, or partially repair the pathological processes asso-
ciated with a number of serious diseases, such as cancer, coronary heart condition,
Alzheimer’s, neurodegenerative disorders, atherosclerosis, cataracts, and inflam-
mation, among others (Halliwell 2011; Gruber et al. 2013).

In principle, oxidative stress can result from (i) diminished antioxidants, e.g.,
mutations affecting antioxidant defense enzymes or toxic agents that deplete such
defenses or (ii) increased production of reactive species, €.g., as a consequence of
the exposure to elevated levels of toxins or excessive activation of “natural” radi-
cals-producing systems. Second mechanism is, probably, more relevant to human
diseases than that described in (i) above and is frequently the target of attempted
therapeutic schemes (Halliwell 2001). Radicals frequently generated include (i) re-
active oxygen species (ROS) such as superoxide radical and hydroxyl radical, (ii)
reactive nitrogen species (RNS), e.g., nitric oxide radical, and (iii) reactive nitro-
gen oxygen species such as peroxynitrite. Also other nonradical derivatives may
contribute to oxidative stress as products of lipid peroxidation in membranes, e.g.,
hydrogen peroxide (H,0,) and unbound metal ions (Niki 2010).

The mechanisms involved in the accumulation of endogenous production of ROS
are related to the mitochondria metabolism, the activity of xanthine oxidase and super-
oxide-dismutase enzymes, the activation of arachidonic acid metabolism, the metabo-
lism of phosphoinositides, and the activity of Nicotinamide adenine dinucleotide/Nico-
tinamide adenine dinucleotide phosphate (NADH/NADPH) oxidase enzyme (Szeto
2006; Abuja and Albertini 2001; Alam et al. 2013). Among them, radicals generated in
the mitochondria play an important role not only in ageing but also in apoptosis, can-
cer, neurodegeneration, and other age-related diseases; therefore, there is a great inter-
est in strategies directed to protecting the mitochondria from ROS-mediated damage.
However, antioxidants aimed to reach this organelle must meet with size requirements,
in the order of the nanoscale preferentially and charge-hydrophobic balance that allow
them to face the nature of mitochondrial membrane (Gruber et al. 2013).

An antioxidant has been defined as any substance that, when present at low con-
centrations compared with those of an oxidizable substrate, significantly delays or
prevents the oxidation of that substrate (Halliwell 2001). The role and beneficial
effects of antioxidants against radicals during oxidative stress have received much
attention. Many types of antioxidants with different functions play their role in the
defense network in vivo (Abuja and Albertini 2001).
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Some antioxidants are proteins and enzymes, while others are natural or syn-
thetic small molecules. From the mechanistic point of view, the antioxidants may be
classified into the following groups: (i) preventive antioxidants, which suppress the
formation of reactive oxygen and nitrogen by, e.g., reducing hydrogen peroxide and
lipid hydroperoxides to water and lipid hydroxides or by sequestering metal ions
such as iron and copper; (ii) antioxidants that avoid that radicals attack biologically
essential molecules, e.g., scavenging antioxidants (many natural exogenous antioxi-
dants use this mechanism); (iii) antioxidants that repair damages clearing the wastes
and reconstituting the lost function, e.g., enzymes; and (iv) antioxidants that act as
a cellular signaling messengers to regulate the level of antioxidant compounds and
enzymes (Gruber et al. 2013).

So far, the use of antioxidants in the treatment of diseases associated with ROS
has not had the expected success. Conventional antioxidants such as vitamins, poly-
phenols, or antioxidant peptides are susceptible to be metabolized or inactivated
even before reaching their target sites. Additionally, many antioxidants can only
quench a single free radical per molecule. Thus, in order to elicit detectable changes
in ROS levels at the site of damage, continued and high dosing is required specially
in cases where no efficient antioxidant recycling machinery exists (Elswaifi et al.
2009). Therefore, the commercial potential of compounds aimed to modulate oxida-
tive stress is currently limited by the lack of a detailed demonstration of the in vitro/
in vivo mechanisms of action along with their clinical relevance; however, impor-
tant efforts from the nanotechnology standpoint have been carried out to overcome
this major challenge (Gruber et al. 2013).

17.3 Antioxidant Peptides and Oxidative Stress
Modulation

Most therapeutic peptides, antioxidants included, may be classified according to
their origin by (i) synthesis, including natural peptides produced by plants, micro-
organisms, animals, or humans as vital compounds in their physiological functions;
peptides isolated from genetic or recombinant libraries; and synthetic peptides dis-
covered from chemical libraries (Latham 1999) and (ii) the fragmentation of larger
proteins by enzymatic hydrolysis, fermentation, germination, gastrointestinal (GI)
digestion, or chemical hydrolysis (Vlieghe et al. 2010). Moreover, the most suitable
technology for the production of peptides is determined by their structural charac-
teristics, size, and the aimed applications.

17.3.1 Synthetic Antioxidant Peptides

Some recognized families of small-peptide antioxidants have been developed main-
ly with a targeted delivery to the inner mitochondrial membrane, some of them with
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a well-established efficacy in biological systems which have been characterized
both in vitro and in vivo and are described in the following sections.

17.3.1.1 Szeto-Schiller Peptides

The Szeto-Schiller (SS) peptides are small peptides (approximately 10 amino ac-
ids) that possess a unique aromatic-cationic sequence, which alternates between
aromatic and basic residues, and exhibit three positive charges at physiologi-
cal pH. Studies with isolated cells showed that they may be rapidly internalized
through the plasma membrane and accumulation in the mitochondria, where they
bind to the inner membrane in an energy-independent and nonsaturable manner
without the need for peptide transporters. The SS peptides are readily taken up
by a wide variety of cell types, including neuronal, renal, epithelial, endotheli-
al, and human embryonic kidney cells (Zhao et al. 2004). Once inside the cells,
the SS peptides concentrate approximately 1000-5000-fold in the mitochondria
where they migrate to the inner mitochondrial membrane. Their transport into the
mitochondria is independent of the membrane potential and is not self-limiting
because accumulation of the peptides does not decrease the mitochondrial mem-
brane potential. Some studies on SS peptides containing a dimethyl tyrosine (Dmt)
have demonstrated that the addition of this residue could certainly help scaveng-
ing hydroxyl radicals and peroxynitrite and possibly HOCle and peroxyl radicals
but are unlikely to react directly with superoxide or hydrogen peroxide (Gruber
et al. 2013). Hence, such mitochondria-targeted antioxidants represent a prom-
ising nanotechnological approach in the therapy of neurodegenerative diseases
(Zhao et al. 2004).

17.3.1.2 XJB Peptides

As detailed by Gruber et al. (2013), these are a family of hemigramicidin-TEMPO
compounds composed of 4-NH,-TEMPO, a stable nitroxide radical with in vitro
antioxidant properties, conjugated to a pentapeptide fragment from gramicidin S,
a natural antibiotic that localizes not only bacterial cell membranes but also mito-
chondrial membranes. This is probably due to its high affinity for the phospholipid
cardiolipin in the inner mitochondrial membrane (Prenner et al. 1997; Wipf et al.
2005). Among the XJB peptides, those that have received more attention are XJB-
5-131 and XJB-5-131 which have been shown to exert inhibition against the gen-
eration of actinomycin pD-induced superoxide and cardiolipin peroxidation (Wipf
et al. 2005; Cheng et al. 2010). XJB-5-131 was efficacious in a hemorrhagic shock
rat model (Macias et al. 2007) and displayed anti-inflammatory properties in mice
(Cheng et al. 2010). Recently, the XJB peptides have also been shown to protect
cell cultures against radiation damage (Kanai et al. 2007; Rajagopalan et al. 2009;
Cheng et al. 2010).
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Common characteristics between design peptides aimed to target the mitochon-
dria may include their incorporation as optimized arrays in dedicated nanostructures
with high affinities for the different tissues that they need to reach and showing
versatile transport properties.

17.3.2 Protein-Derived Antioxidant Peptides (Bioactive Peptides)

Bioactive peptides are amino acid residues encrypted within the sequence of a par-
ent protein and may be released using exogenous or endogenous enzymes, food
processing, or during microbial fermentation, as well as during GI digestion of food
proteins (Korhonen and Pihlanto 2003). Unique intrinsic properties of bioactive
peptides make them attractive agents able to promote health and reduce the risk of
diseases, if regularly included in balanced diets (Chatterton et al. 2006; Smithers
2008).

These peptides may be obtained from several sources, although the most stud-
ied are derived from the proteins of milk (Kitts and Weiler 2003; Li and Li 2013;
Power et al. 2014), fish and seafood (Ngo et al. 2011; Najafian and Babji 2012),
and soybean (De Mejia and De Lumen 2006; Isanga and Zhang 2008; Wang et al.
2008b; Garcia et al. 2013). Among them, raw materials in the form of processing
by-products (Di Bernardini et al. 2011; Rustad et al. 2011; Soengas et al. 2012;
Toldra et al. 2012) or discards have gained much interest for their implications in
the production costs. However, in most cases, bioactive peptides are produced along
with a hundred or more inactive peptides in a complex mixture. Therefore, enrich-
ment, fractionation, and purification strategies seem to be critical to obtain fractions
that may achieve a good bioactivity (Butylina et al. 2006; Kapel et al. 2011).

Authors have reported membrane and chromatographic technologies as separa-
tion processes particularly suitable for such a purpose, and different criteria have
been used to purify bioactive peptides. For food protein-derived antioxidant pep-
tides, structure—function relationships are not well understood, but certainly, they
depend on various characteristics such as amino acid sequence, molecular weight
(MW), hydrophobicity, charge, and acid—base character. Functional properties of
bioactive peptides are determined by its unique three-dimensional (3D) structure,
and further, secondary structure rather than tertiary structure is the dominant factor
affecting the binding characteristics of the peptides (Alaiz et al. 1992; Chan and
Chen 2004; Elias et al. 2008). Consequently, the purification criteria proposed so far
have included MW or content of hydrophobic or cationic residues as the key factors
(Li and Leong 2011; Li et al. 2013).

17.3.2.1 Antioxidant Peptides Derived from Canola

The production of peptide fractions enriched with cationic peptides from canola pro-
teins will be presented as an example of antioxidant activity improvement strategies.
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Table 17.1 Amino acid composition of purified Canola peptide fractions (g/100er)>

A. Hernandez-Jabalera et al.

Amino acid Hydrolysate F1 F2 F3 F4
Asp+Asn 10.66 12.73 10.78 11.52 9.47
Glu+Gln 21.07 12.38 13.57 17.24 13.67
Ser 5.85 2.79 3.93 2.53 3.94
Hys 1.92 4.15 14.75 10.04 17.08
Gly 6.96 4.79 5.14 3.46 5.14
Thr 3.97 3.15 3.56 3.63 2.84
Arg 6.22 11.07 7.38 7.65 6.76
Ala 597 3.09 2.88 2.39 2.90
Pro 5.98 1.62 221 3.03 1.50
Tyr 2.79 1.19 1.47 0.64 1.28
Val 3.11 5.08 4.95 5.19 4.70
Met 0.44 0.62 0.54 0.72 0.73
Cys 1.61 0.81 0.79 1.00 1.08
Ile 2.17 5.48 4.12 3.38 3.39
Trp 243 4.19 5.23 6.30 6.93
Leu 8.35 5.15 8.00 11.26 9.91
Phe 4.96 5.37 3.48 3.27 2.96
Lys 5.55 16.34 7.23 6.77 5.73

Rapeseed (Brassica napus) meal is an important industrial by-product of the
oil extraction process. The antioxidant activity for protein hydrolysates obtained
from these proteins has been previously reported (Cumby et al. 2008; He et al.
2013; Mékinen et al. 2012). In this study, immobilized metal affinity chromatog-
raphy (IMAC) was used to fractionate an Alcalase-prepared protein hydrolysate
(60 min, 29.52+0.24% hydrolysis degree) under a cationic enrichment criterion
in order to purify fractions with increased antioxidant activity. The proportion of
rapeseed peptides with the ability to bind Cu?* immobilized in the column accounts
for the 22.46 % of total peptides in the original hydrolysate. These peptides were
distributed in four fractions, namely F1 (12.21%), F2 (2.27%), F3 (3.195), and
F4 (4.79) according to their elution order. The concentration of cationic peptides
(%) in the purified fractions (Table 17.1) ranged from 1.7 to 2.3 times the origi-
nal concentration in the hydrolysate. However, differences in the amount of each
cationic amino acid were found. While for F1, the concentration of the amino acid
Lys was the highest (16.34 %), and for the last three fractions, Hys was the amino
acid with the greater increase, i.e., reaching 13.57, 17.24, and 13.67 % for F2, F3,
and F4, respectively. The average molecular weight (AMW) distributions showed
that most peptides or peptide aggregates in F1 had an AMW comprised between
2 and 9 kDa, size for most of peptides in the next two fractions diminished pro-
gressively, and most of peptides had a size comprised between 200 and 2 kDa; in
the fraction F4, a major proportion of dipeptides and tripeptides were found but
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Fig. 17.1 Reversed-phase high-performance liquid chromatography (RP-HPLC) elution profiles
for purified Canola peptide fractions. a Canola protein hydrolysate, b peptide fraction (F1), ¢ pep-
tide fraction (F2), d peptide fraction (F3), and e peptide fraction (F4)

also the highest amount of free amino acids. Reversed-phase (RP)-peptide profiles
(Fig. 17.1) of purified fractions showed that peptides in purified fractions also
contain hydrophobic regions.

The antioxidant activity of the fractions was evaluated in vitro in their radical
scavenging activity against 2,2-diphenyl-1-picrylhydrazyl and 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (DPPH and ABTS") and capacity to inhibit
B-carotene bleaching catalyzed by linoleic acid peroxidation products or Cu?;
the antioxidant activity against intracellular radical species was also evaluated in
the Caco-2 cell line using the 2',7"-Dichlorofluorescin diacetate (DCFH-DA) as-
say (Wang and Joseph 1999, 2012). Results are presented in Fig. 17.2; the peptide
fractions from F1 to F4 significantly improved (P <0.05) their antioxidant activ-
ity in comparison with the original hydrolysate. Our results showed that the high
cationic amino acid content and low MW allow these peptides to have antioxidant
antiradical and activity against lipid peroxidation. Significant increase (P<0.05)
in cellular antioxidant activity was also found for purified fractions in comparison
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with the raw hydrolysates; however, no significant difference (P>0.05) could be
found between fractions. According to these results, purified peptide fractions or
fragments derived from their peptides may be able to pass through cell membrane
and interact with intracellular radicals from cytosol or lipoperoxidation products
from phospholipids from the cellular membrane (Fig. 17.3). Also, due to their par-
ticular cationic-hydrophobic character and their MW (200-2 kDa), which according
to previous reports may correspond to a size in the order of <4 nm, they may be
attractive as mitochondria-targeted antioxidants via integration into different types
of nanoscale carriers. In agreement with the well-established approach to targeting
small molecules to mitochondria, it is possible to take advantage of the negative
charge of the mitochondrial matrix relative to the cytoplasm to facilitate accumula-
tion of positively charged molecules (cations) in the mitochondrial matrix (Liber-
man et al. 1969). However, this is only possible if the cation is combined with a
suitably bulky hydrophobic carrier that could allow the overall molecule to become
sufficiently lipophilic to allow entry into the hydrophobic interior of biological
membranes (Liberman et al. 1969; Murphy and Smith 2007). These results provide
evidence consistent with the information suggesting an important involvement of
cationic amino acids in the antioxidant activity of protein-derived peptides (Bou-
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Fig. 17.3 Descriptive model for Canola peptide fraction preparation and possible antioxidant
mechanisms

hallab et al. 1996; Gaberc-Porekar and Menart 2001; Iwaniak and Dziuba 2009;
Pownall et al. 2011).

Major differences between synthetic and protein-derived antioxidant peptides
can be attributed to their target application. Synthetic and recombinant antioxi-
dant peptides are mainly produced for the pharmaceutical industry, for specific
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applications as chemotherapy. Protein-derived antioxidant peptides have been stud-
ied mostly as bioactive compounds that may have physiological benefits or reduce
the risks of diseases if consumed as part of regular diet in the so-called functional
foods or as nutraceuticals (Chen et al. 2006).

Despite this fundamental difference, both types of antioxidant peptides face
some of the same challenges, mainly those related to their bioavailability and bio-
distribution. These include absorption, transport, passage of biological membranes
and cellular barriers, unfavorable biodistribution, low bioavailability, lack of water
solubility, low therapeutic response despite high dosages, side effects, drug resis-
tance, and toxicity. With a few exceptions, peptides composed of natural amino
acids are not very good drug candidates because of their intrinsic physicochemical
properties and pharmacokinetic profiles (Cho et al. 2008; Wang et al. 2008b; Heller
et al. 2012). When compared with synthetic antioxidant peptides, food-derived pep-
tides do have notable drawbacks: They generally have low stability in plasma, are
sensitive to proteases, and can be cleared from circulation in a few minutes (Lipin-
ski et al. 2012; Pillay et al. 2012)

As previously described in Sect. 17.2, the increased mitochondrial production of
ROS and further damage of mtDNA and proteins may be closely related to develop-
ing neurodegenerative diseases, such as Parkinson’s disease, Huntington’s disease,
and Alzheimer’s disease (DiMauro et al. 2002); therefore, this organelle has become
one of the most important targets in antioxidant therapy, and different strategies
have being developed to targeting antioxidant to mitochondria (Heller et al. 2012).

Among them, the hydrophobic-cation targeting approach is one of the most suc-
cessfully used in approaches to target mitochondria with synthetic peptides like the
SS peptides, mitochondria-penetrating peptides (MPPs), cell-penetrating peptides
(CPPs), manganese metalloporphyrin oligopeptide conjugates, tripeptide glutathi-
one conjugates, or natural mitochondrial leading sequences (MLSs) (Pfanner and
Geissler 2001; Horton et al. 2008; Szeto 2008; Yousif et al. 2009; Smith and Mur-
phy 2011).

Furthermore, other approaches like chemical modification of sequences along
with delivery with carriers have being explored. Nanotechnology is one of the most
promising areas for these purposes (Gruber et al. 2013).

17.4 Nanotechnology Strategies for the Improvement
of Antioxidants

The production of different nanosized antioxidant materials or antioxidant-loaded
nanosystems may contribute with exogenous antioxidants to favorably modulate
oxidative stress through different mechanisms (Heller et al. 2012).

Different structures, devices, and systems developed by nanotechnology have
been used for targeting mitochondria with potential application in the improvement
of antioxidants (Table 17.2).
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Table 17.2 Nanosystems used for targeted mitochondria

Type Structure Reference
Polymer-based nanocarrier | Nanoparticles US patent application number:
US 201110111002
Lipid-based Cationic liposomes D’Souza and Weissig (2009)
nanoencapsulators
Inorganic nanoparticles DQAsomes Weissig et al. (1998)
Gold nanoparticles Calin (2011)
Titanium dioxide nanoparticles | Paunesku et al. (2003)
Platinum nanoparticles Hikosaka et al. (2008)
Bimetallic nanoparticles Durazo et al. (2011)
MEND Kinoshita and Hynynen (2005)
Metal nanotubes Sullivan et al. (2010)
Association colloids Micelles D’Souza et al. (2007)

MEND multifunctional envelope-type nano device

Among them, peptide nanoparticles are the most reported; they have been devel-
oped by adsorption on the nanocarrier surfaces, encapsulation in nanoparticles, and
bioconjugation of nanoparticles and by molecular self-assembly of small peptides
into nanoparticle size. This encapsulated protein on nanoparticles has great poten-
tial to enhance therapeutic activity of peptides by sustained and targeted delivery to
the active site, improve stability, and better bioavailability (Pinto Reis et al. 2006).
Only particles below 2 nm in diameter seem to be able to enter mitochondria, while
bigger nanocarriers can target the proximity of mitochondria (Calin 2011).

Nanotubes have also been proposed as antioxidant enhancers due to their ability
to “uncouple mitochondria” by acting as a proton channel when an unsafe mem-
brane potential is reached (Sullivan 2010).

Combinations of nanocarrier-based strategies and targeting moieties are also
being proposed. Reported combinations had included: conjugation of a cationic,
lipophilic ligand to liposomes (TPP-modified fatty acid), stearyl triphenyl phospho-
nium (STPP) incorporated into liposomes, conjugates of TPP to gold nanoparticles,
and quantum dots that are enfolded in micelles tied to a mitochondrial-targeting
peptide (Boddapati et al. 2005; D’Souza et al. 2007; Hoshino et al. 2004).

According to Gruber et al. (2013), despite the growing interest in the field of
nanotechnology, caution should be taken to provide clear evidence of (i) biocompat-
ibility, in the long-term, including biodistribution and metabolism (if any) of these
nanocarriers; (ii) fully standardized protocols for the preparation of the nano-DS, so
that the results become more reproducible and comparable among different groups
of research; and (iii) extensive in vitro and in vivo experiments that show safety and
advantages over conventional approaches and comprehensive understanding of the
intracellular trafficking and mechanisms of actions responsible for their antioxidant
properties.
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17.5 Final Remarks

Most of the important advances on targeted antioxidants for oxidative stress
modulation through nanotechnology originated in the field of therapeutic anti-
oxidants included cationic peptides. However, with the upcoming advances in
both nanotechnology and antioxidant science, the technology transfer from phar-
maceutical to food technology may be affordable for its application in the field
dedicated to the functional foods development. Such advances must be directed
to the elucidation of structure—activity relationships and in vivo fate of diet bio-
active compounds and will aid toward a rational regulatory framework for these
materials.
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