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Preface

"Advances in Food Science and Technology” summarizes many of
the recent technical research accomplishments in the area of food
science and technology, such as food security as a global problem,
nanotechnology in food application, frozen food and technology
food: production, properties & quality, trace element speciation in
food, bionanocomposites for food packing applicationetc. Itis written
in a systematic and comprehensive manner and recent advances
in the developments in food science area and food technologies are
discussed here in detail. Therefore, the content of the current book
is unique. It covers an up-to-date record on the major findings and
observations in the field of food science and food technology and
it is intended to serve as a “one stop” reference resource for impor-
tant research accomplishments in this area. The various chapters
in this book are contributed by prominent researchers from
industry, academia and government/private research laboratories
across the globe. This book will be a very valuable reference source
for university and college faculties, professionals, post-doctoral
research fellows, senior graduate students, food science technolo-
gists and researchers from R&D laboratories working in the area of
food science.

The first chapter on food chemistry and technology gives an
overview of the area of food science and technology such as food
security a global problem, nanotechnology in food application, fro-
zen food and technology food: production, properties & quality,
trace element speciation in food, bionanocomposites for food pack-
ing application. This chapter is very essential for the beginners in
these fields since it provides a basic yet thorough understanding of
the food science field.

The following chapter provides an overview on food security as
a global problem. The first part of this chapter reviews food secu-
rity: definitions and basic concepts, main causes of food insecurity
including social issues, economic issues, environmental issues and

xi
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later in the chapter, the authors explain the various aspects of the
food insecurity dimension such as current situation at global level,
financial and economic crisis and their implications on food secu-
rity Lastly, they look at food prices volatility, food sector numbers:
trends in global food production and trade.

A survey on nanotechnology in food application is tackled in
the third chapter. The authors concentrate on the importance of
nanotechnology in food science, applications and also address
some of the challenges. This chapter also brings out new innova-
tive methods for food formulations and novel applications such as
food packaging, enhanced barrier, active packaging, and intelligent
packaging.

The fourth chapter on frozen food and technology comprises
several subtopics. The first topic looks at pre-freezing treatments
of different food products such as fruits, vegetables, fish, and meat
products. In the another topic, the authors explain about the freez-
ing methods and equipment such as freezing by contact with cold
air, freezing by contact with cold liquid, freezing by contact with
cold surfaces, cryogenic freezing and combination of freezing meth-
ods. The last section of this chapter, the authors explain the effect
of freezing and frozen storage on food properties such as physical
changes, chemical changes, microbiological aspects

The following chapter on chemical and functional properties of
food components provides the basic understanding of food compo-
nents, nutritional value and sensory, post harvest storage and pro-
cessing. This chapter gives an overview of functional and chemical
properties of food components with some subtopics such as func-
tional foods: historical perspective and definitions, legislation on
functional food claims, classification of functional foods and func-
tional properties of food components.

Another chapter examines the new aspects on food production, food
properties and food quality. In this chapter the authors mainly focus on
the food production factors sSuch as, soil, climate, population, income
and technology, plant source foods and animal source foods.

The following chapter is based on regulatory aspects of food
ingredients in the United States with the focus on the safety of
enzyme preparations used in food. The authors explain the vari-
ous aspects such as regulatory history of food ingredients, scientific
advancement as part of the regulatory history of enzyme prepa-
rations, safety evaluation of enzyme preparations, identity of the
enzyme and manufacturing process and composition.



PREFACE xiii

In the chapter on trace element speciation in food, the authors
discuss the implications of toxic elements such as arsenic, mercury,
tin, chromium, cadmium on speciation for food safety. Elements
such as selenium iron, cobalt, zinc, impact on the nutritional value
of food are also discussed. Moreover, the authors examine the ana-
lytical methods for food elemental speciation analysis, species sep-
aration and species detection.

The book concludes with a chapter on bionanocomposites for
natural food packing which discusses the natural biopolymer-
based films such as polysaccharide films and protein films. Sections
are given over to the modification of film properties such as natural
nanoreinforcements, cellulose-based nanoreinforcements, starch
nanocrystals/starch nanoparticles, chitin/chitosan nanoparticles,
plant-protein nanoparticle, plasticizers, clays and active agents.
The chapter concludes with a section on the environmental impact
of bionanocomposites materials, their safety and toxicology, biode-
gradability and compostability.

The editors of this unique volume would like to express their
sincere gratitude to all the contributors of this book, who made
excellent support to the successful completion of this venture. We
are grateful to them for the commitment and the sincerity they
have shown towards their contributions in the book. Without their
enthusiasm and support, the compilation of this book could not
have been realized. We would like to thank all the reviewers who
have taken their valuable time to make critical comments on each
chapter. We also thank the publisher Scrivener-Wiley for recogniz-
ing the demand for such a book, and for realizing the increasing
importance of the area of food science and technology.

Visakh. P. M

Sabu Thomas

Laura B.Iturriaga
Pablo Daniel Ribotta
January 1, 2013
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1
Food Chemistry and Technology

State of the Art, New Challenges and
Opportunities

Visakh P. M.*?, Sabu Thomas'? Laura B. Iturriaga® and
Pablo Daniel Ribotta*

Centre for Nanoscience and Nanotechnology, Mahatma Gandhi University,
Kottayam, Kerala, India

2School of Chemical Sciences, Mahatma Gandhi University, Kottayam,
Kerala, India

SInstitute of Chemical Sciences, Faculty of Agronomy, National University of
Santiago del Estero, Santiago del Estero, Argentina

*Department of Science and Technology, National University of Cordoba,
Cdrdoba, Argentina

Abstract

This chapter presents a brief account of the various categories of food
chemistry and technology along with the different parameters associated
with them. Included in the discussion of food chemistry and technology
are such issues as food security, nanotechnology in food applications, fro-
zen food and technology, chemical and functional properties of food com-
ponents, the production, properties and quality of food, safety of enzyme
preparations used in food, trace element speciation in food, bionanocom-
posites for natural food packing, etc.

Keywords: Food security, nanotechnology, frozen food, functional prop-
erties of food components, food production, trace element speciation in
food, food packing

1.1 Food Security

Nutritional status in food consumption is generally identified
by three indicators: calorie, protein, and fat intake while food

Visakh P. M., Sabu Thomas, Laura B. Iturriaga, and Pablo Daniel Ribotta (eds.) Advances in
Food Science and Technology, (1-18) © 2013 Scrivener Publishing LLC



2 ADVANCES IN FooD SCIENCE AND TECHNOLOGY

consumption is mainly related with domestic food production and
food imports achieved by international trade. The concept of food
security has developed over the past three decades. Concerns about
food security up to the end of the 1970s were mostly directed at the
national and international level and concerned the ability of coun-
tries to secure adequate food supplies. It was only later that the
level of analysis shifted to include a focus on food security at local
level, even down to households and individuals [1].

Definitions of food security identify the outcomes of food secu-
rity and are useful for formulating policies and deciding on actions,
but the processes that lead to desired outcomes also matter. Most
current definitions of food security therefore include references to
processes as well as outcomes and, taken together, these processes
constitute the complexity of the food system.

A variety of factors, both internal and external, affect the food
security of a country, and straightforward explanations for world
hunger should be treated with caution. Food security is, in fact,
a multifaceted concept that goes far beyond the number of peo-
ple that can be sustained by the earth’s limited food resources, to
encompass a broad range of aspects which are, however, related in
some fashion to two basic causes: insufficient national food avail-
ability and insufficient access to food by households and individu-
als. Population growth over the past century has been accompanied
by enormous increases in food production [2].

Among economic issues related with food insecurity, neglect
of agriculture and world trade rules are the most severe. Despite
the evidence that investment in agriculture results in growth and
poverty reduction, spending on agriculture as a share of total
public spending in developing countries fell by half between
1980 and 2004 [3]. By 2050 it is estimated that the world will need
to increase food production by 70 percent to feed a larger, more
urban, and, it is hoped, wealthier population [4, 5]. The Green
Revolution, and “industrialized” agriculture more generally, has
often been associated with problems of environmental degrada-
tion and pollution [6].

Trade and financial factors have been also considered as a driv-
ing force in food crisis. Although fundamental factors were clearly
responsible for shifting the world to a higher food price equilib-
rium in the years leading up the 2008 food crisis, there is little
doubt that when food prices peaked in June of 2008, they soared
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well above the new equilibrium price. By March 2009, prices of
staple grains had fallen by 30 percent from their peak in May 2008,
while energy prices fell by around 50 percent, before stabilizing
and then increasing again. At the moment, the global food prices
remain high, partly due to increasing fuel prices, and the World
Bank’s Food Price Index is around its 2008 peak. However, the cur-
rent global food price situation seems to possess both similarities
and differences with 2008 [7]. It is similar in four respects. First,
global grain stocks are low, driven by lower production. Second,
higher oil prices have impacted agricultural commodity prices, and
the recent events in the Middle East and North Africa add to the
current uncertainty. Crude oil prices underpin production costs of
agricultural products relying on fertilizers and petroleum, in par-
ticular in developed and emerging economies and transport costs
in many developing countries

The Eastern European countries, after recording bumper crops
in 2008, were unable to sustain potential growth in the subse-
quent years, and the 2010 drought led to substantially reduced
levels of crop production in the region. On the contrary, Latin
America and the Caribbean suffered weather-related production
shortfalls in 2008 but recovered in 2009 and 2010. In Asia, growth
in food production remained strong throughout the last decade,
generally in the range of 2—4 percent per year, although they faced
a slowdown in 2009 and 2010. Production failed to grow in 2009
in sub-Saharan Africa, which had seen growth in the range of
3—4 percent per year over the previous decade, while the region
registering the slowest growth in food production in recent years
is Western Europe. Production did increase in 2007 and 2008
under the effect of high prices and reduced set-aside require-
ments in the European Union, but declined by around 2 percent
in 2009 as a result of lower prices and unfavorable weather con-
ditions. In this regard, the prospect for an expansion in grain
production in 2011 is particularly related with the expectation
of a return to regular climatic conditions firstly in the Russian
Federation, after last year's devastating dryness. Encouragingly,
the country has announced the lifting of its export ban from July
2011 and weather permitting, excellent crops are also anticipated
in Ukraine. However, other important producing regions (Europe
and North America) are now facing difficult weather situations
which eventually, may hamper yields.
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1.2 Nanotechnology in Food Applications

Nanotechnology is an important tool that is influencing a large
number of industrial segments. The food industry is investing in
mechanisms and procedures to use nanotechnology to improve
production processes and produce food products with better and
more convenient functionalities [8].

One of the functions of food packaging is to increase the shelf
life of foods, protecting it from microbial and chemical contamina-
tion and other factors, such as oxygen and light. The use of nan-
otechnology in food packaging is a promising application aimed
at achieving longer shelf life of food products, rendering them
safer [9]. In 2006, about 400 companies around the world included
in the agricultural and food industry segment actively invested in
the research and development of nanotechnology, and by 2015 this
is expected to happen in more than 1,000 companies [10].

The use of nanomaterials in food formulations has the potential
to produce stronger flavorings, colorings, and nutritional additives,
and also improve production operations, lowering the costs of
ingredients and processing [11]. Nestlé reported that they recognize
the potential of nanotechnology to improve the properties of food
and food packaging. However, the company declares no research in
the field of nanotechnology [12].

New solutions can be provided for food packaging through the
modification of the permeability behavior of the packaging systems.
Some of these include: enhanced barrier (mechanical, microbial and
chemical), antimicrobial, and heat-resistance properties [13, 14]. In
the late 1980s, the concept of polymer-clay nanocomposites (PCN)
was developed and first commercialized by Toyota [15], but only
since the late 1990s have works been published on the development
of PCN for food packaging [16].

There are different forms to improve the plastic materials’ barrier.
One of them is the incorporation of clays or silicates in the polymer
matrix. These layered inorganic solids have drawn the attention of
the packaging industry due to their availability, low cost, signifi-
cant enhancements and relatively simple processing [17].

Controlled release of active and bioactive compounds in food
packaging applications, and nanoencapsulation of functional
added-value food additives are other possible applications [18, 19].
Metal and metal oxide nanoparticles and carbon nanotubes are the
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nanoparticles most used for the development of active packaging
with antimicrobial properties [20].

Silver is the most common nanoadditive used in antimicrobial
packaging, with several advantages such as strong toxicity to a
wide range of microorganisms, high temperature stability and low
volatility [21].

Several mechanisms were proposed to explain the antimicrobial
properties of silver nanoparticles. The adhesion to the cell surface,
degrading lipopolysaccharides and forming “pits” in the mem-
branes, largely increasing permeability [22], penetration inside
bacterial cell, damaging DNA; and releasing antimicrobial Ag* ions
by Ag-nanoparticles dissolution [23] are some of the proposed
hypotheses.

1.3 Frozen Food and Technology

Freezing is one of the oldest and most frequently used processes
for long-term food preservation. Nowadays, the freezing process is
strongly implemented worldwide, being one of the most common
preservation methods used for all kinds of commercialized foods:
fruits (whole, puréed or as juice concentrates) and vegetables; fish
fillets and seafood, including prepared dishes; meats and meat
products; baked goods (i.e., bread, cakes, pizzas); desserts and an
endless number of precooked dishes [24].

Food preservation by freezing occurs through different mecha-
nisms. When temperature is lowered below 0°C, there is a reduc-
tion in the microbial loads and microbial activity; therefore, the
deterioration rate of foods decrease. Freezing temperatures affect
biological materials in various ways depending on their chemical
composition, microstructure and physical properties. The low tem-
peratures also have a strong impact in enzymatic activity and oxi-
dative reactions that help products avoid deterioration. In addition,
with ice crystal formation, less water will be available to support
deteriorative reactions and microbial viability [25, 26].

Upon placing the food (whole or in pieces) in solutions of high
sugar or salt concentration, the water inside the food moves to the
concentrated solution and, simultaneously, the solute from the con-
centrated solution is transferred into the food. Osmotic concentra-
tion of fruits and vegetables prior to freezing improves their quality
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in terms of color, texture and flavor, and the combination of this
treatment with partial air drying requires less energy consumption
than air drying alone [27, 28].

The freezing process involves four main stages: (i) pre-freezing
stage — sensible heat is removed from the product, reducing the
temperature to the freezing point; (ii) super-cooling — tempera-
ture falls below the freezing point, which is not always observed;
(iii) freezing - latent heat is removed and water is transformed into
ice (i.e., crystallization) in all product; (iv) sub-freezing — the food
temperature is lowered to the storage temperature.

There are many factors that will determine the success of the
freezing operation. Freezing methods and type of equipment
used, composition and shape of product to be frozen, packaging
materials, freezing rates and ice crystallization, product moisture
content, specific heat, heat transfer coefficients and packaging, are
examples of factors that will determine freezing efficiency and
product quality.

In cryogenic freezing the food is in direct contact with the
refrigerant through three different ways: (i) the cryogenic liquid is
directly sprayed on the food in a tunnel freezer, (ii) the cryogenic
liquid is vaporized and blown over the food in a spiral freezer or
batch freezer, or (iii) the food product is immersed in cryogenic lig-
uid in an immersion freezer. However, the most common method
used is the direct spraying of cryogenic solutions over the product
while it is conveyed through an insulated tunnel [29].

Jalté et al. [30] studied the effects of pulsed electric fields pre-
treatment on the freezing, freeze-drying and rehydration behavior
of potatoes, and concluded that the quality and rehydration of the
samples improved. LeBail et al. [31] reviewed the application of
high pressure in the freezing and thawing of foods. Alizadeh et al.
[32] froze salmon fillets by pressure shift freezing and verified that
ice crystals were smaller and more regular than the ones obtained
with conventional freezing methods.

During freezing, changes in temperature and concentration (due
to ice formation) play an important role in enzymatic and nonenzy-
matic reactions rates. Ice crystals may release the enclosed contents
of food tissues, such as enzymes and chemical substances, affecting
the product quality during freezing and frozen storage. The main
chemical changes verified during freezing and frozen storage are
related to lipid oxidation, protein denaturation, enzymatic browning
and degradation of pigments and vitamins.



Foop CHEMISTRY AND TECHNOLOGY 7

Freezing is one of the oldest and most common processes used
in food preservation and one of the best methods available in
the food industry. There are several methods and various equip-
ment that can be used and adapted according to the different
types of foods. Freezing usually retains the initial quality of the
products. However, during freezing and frozen storage, some
physical, chemical and nutritional changes may occur. To avoid
this impact on fresh products, mainly in fruits and vegetables,
some pretreatments may be required to inactivate enzymes and
microorganisms.

1.4 Chemical and Functional Properties of
Food Components

The concept of functional foods has spread around the world and
has become increasingly popular [33-35]. However, at present, an
internationally accepted definition for functional foods is inexistent.

A worldwide accepted classification for the functional foods
that have been developed and are available can’t be found, to date.
Some have, however, suggested a common classification based on
the functional foods’ origin or modification [36-39]. Polyphenols
are classified into phenolic acids, flavonoids, and less commonly
into stilbenes and lignans. Many studies have focused on the anti-
oxidant activities of flavonoids. Although several flavonoids are
highly efficacious free radical scavengers in vitro, there is little infor-
mation on the importance of dietary flavonoids as antioxidants in
vivo, or evidence for such activity in vivo. Moreover, there have been
few studies on phenolic acids compared to the number of studies
on flavonoids, despite the high content of phenolic acids in fruits,
cereals, and some vegetables [40].

Factors included in physical properties that may be affected
by food processing such as shape, color, size, surface condition,
texture, freshness, total solids, etc., can change the appearance of
the product. In biological terms, we can talk about total bacteria,
total coliform bacteria, total mold, free of pathogenic microorgan-
isms, etc.; in sensory aspects, flavor, aroma, taste, texture, etc., are
involved; finally, in the chemical properties are included the nutri-
tional value, moisture content, functional value, pH, chemical con-
taminants and food additives, etc. Food composition is determined
by proximate analysis of carbohydrate, lipid, and protein contents,
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as well as minerals and vitamins. Actually, researchers have focused
on further evaluation of amino-acid content and its quality, fatty
and acid profiles, simple and complex carbohydrates, soluble and
insoluble fibers, and other content like functional additives such as
antioxidants, known as nutraceutical ingredients

Nowadays there is a lot of research involved in the improvement
of the nutritional value of foods. One of the topics that is more use-
ful in the development and improvement of the nutritional value
of foods is the soybean. Soybean is a good substitute since it is a
good source of protein (about 40%), edible oil of high quality that is
cholesterol free (about 21%) and carbohydrate (34%) [41]. It is one
of the most promising foods in the world, available to improve the
diet of millions of people. Cereals are the most important source of
food and have a significant impact in the human diet throughout
the world. Since the 90s, in India and Africa, cereal products com-
prise 80% or more of the average diet, 50% in Central and Western
Europe, and between 20-25% in the US [42]. Cereals like maize,
rice, millet and sorghum can supply sufficient qualities of carbo-
hydrate, fat, protein and many minerals, but diets consisting pri-
marily of cereals are high in carbohydrate and deficient in vitamins
and protein. The sensory characteristics of foods, especially appear-
ance, texture, and flavor influence the food purchasing decisions of
consumers. Therefore, a major concern is to increase the nutritional
composition of products without negatively compromising the sen-
sory qualities [43].

1.5 Food: Production, Properties and Quality

Most production of food comes from land, although there is great
potential for the sea to provide various seafoods. From land, food
production traditionally is closely related to agriculture and gener-
ally refers to cultivation of plants or crops and rearing of animals.
Their productivity is strongly affected by the genotype of plants
or crops and animals. Food production is faced with a very diffi-
cult situation relating to climate change all around the world. The
impact of climate change is very severe and includes an increase in
temperature. Drought affects all stages of crop growth and devel-
opment, since absorption of nutrients from the soil is influenced
by temperature condition and moisture. Soil and climatic condi-
tions including the physical, chemical and biological properties of
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soil, the rates at which nutrients are supplied, and applied fertilizer
affect the growth of crops and their product.

Certain regions suffer from increased incidents of heat waves and
droughts without the possibility for shifting crop cultivation [44].
The physiological responses of crops suggest that they will grow
faster, with slight changes in development, such as flowering and
fruiting, depending on the species. Changes in food quality in a
warmer and high CO, situation are to be expected. These include,
for example, decreased protein and mineral nutrient concentra-
tion as well as altered lipid composition [45]. Organic farming is
a method in agriculture based on ecology and naturally occurring
biological processes. By this technology the perception among con-
sumers is that organically produced crops possess higher nutri-
tional quality. Herencia et al. [46] found that organic crops showed
higher phosphorus and dry matter content and lower nitrogen and
nitrate content than conventional crops. They also found crops
with opposite trends in nutrient content depending on cultivation
cycle. This seems to indicate that conditions in which the crop was
developed is more influential than the type of fertilization. The
limitation of fertilization applied in organic farming can lead to an
available nitrogen shortage for plants and possibly less nitrogen
content.

Fruits and vegetables are rich in minerals and vitamins which
serve an array of important functions in the body. Vitamin A main-
tains eye health and boosts the body’s immunity to infectious dis-
eases. B vitamins are necessary for converting food into energy.
Folate, one of the most common B vitamins can also significantly
reduce the risk of neural tube birth defects in newborns and con-
tribute to the prevention of heart disease. Vitamin C and vita-
min E are important micronutrients in fruits and vegetables that
serve as powerful antioxidants that can protect cells from cancer-
causing agents. Vitamin C, in particular, can increase the body’s
absorption of calcium and iron from other foods. Calcium is an
essential mineral for strong bones and teeth, while low iron levels
can lead to anaemia, one of the most severe nutrition-related dis-
orders. Many fruits and vegetables are also very high in dietary
fiber, which can help move potentially harmful substances through
the intestinal tract and lower blood cholesterol levels. Much fruit
and vegetable potency is believed to also come from substances
known as phytochemicals. Phytochemical antioxidants from fruits,
vegetables and legumes can significantly inhibit the development
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of cardiovascular disease. Combinations of phytochemical anti-
oxidants from different plant categories such as fruits, vegetables
and legumes may possess complementary cardiovascular disease
fighting activities [47].

Since more attention is being paid to the role of food in human
health and in food safety and security [48,49], secondary metabolites
content is a factor which must be considered during the assessment
of agricultural systems. Antioxidants and probiotics have recently
attracted the attention of consumers and the food industry because
of their potential health benefits. The natural dietary antioxidants
in fruits, vegetables and legumes promote vascular health. The dif-
ferent food categories possess different bioactive compounds with
various antioxidant capacities.

1.6 Safety of Enzyme Preparations Used in Food

Since ancient times, enzymes have been used in the preparation of
various foods such as cheese, yogurt, bread, and alcoholic bever-
ages [50]. Although these uses have spanned thousands of years,
scientific understanding of how enzymes function did not formally
develop until the 19th century [50]. One of the earliest observa-
tions of enzyme activity occurred in 1814, when Kirchoff noted the
decomposition of starch by germinated barley [51]. In 1833, the
first clear observance of a specific enzyme-catalyzed reaction was
made by Puyen and Persey, who found that a precipitate from malt
extract contained a heat-stable substance that could convert starch
to sugar [52].

During the early 1950s, a committee led by James Delaney held
hearings to address the use of food ingredients [53]. In a report
based on these hearings, the committee estimated that nearly 840
ingredients were used in food. Of these, only about 420 were con-
sidered safe, and many had never been evaluated for safety. This
report, along with the incidents of chemical contamination of food
that occurred in 1954 and 1958, prompted Congress to amend the
1938 Act with the 1958 Food Additives Amendment. It is generally
accepted that pathogenic microorganisms would not be used in the
production of enzymes intended for use in food [54]. A nonpatho-
genic microorganism is one that is very unlikely to produce disease
under ordinary circumstances [55].
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1.7 Trace Element Speciation in Food

Enzymes are ubiquitous in nature and have been used in foods
and in food processing for millennia. In response to changes in
consumer demand, new developments in molecular biology and
manufacturing technologies have paved the way for faster, more
efficient routes in food enzyme manufacturing and in the produc-
tion of food using enzymes. These new developments have also
allowed for adjustment of enzyme properties to manufacturing
conditions, and production of enzyme preparations that contain
lower levels of undefined contaminants from the production pro-
cess. The Food and Drug Administration (FDA) has continuously
adjusted its regulatory procedures to keep up with these evolving
technologies. However, regardless of the technology used to manu-
facture food enzymes, safety has been, and will always remain, at
the core of the FDA’s evaluations.

Food safety depends not only on the determination of total levels,
but also on the speciation of trace elements occurring in foodstuffs.
Thus, the biochemical and toxicological properties of a chemical
element critically depend on the form in which it occurs in food [56,
57]. Human exposure to metal compounds in the general environ-
ment is usually greater through food and drink than through air
[58]. Elemental species can be present in food due to anthropogenic
or natural sources. In the first case it is a result of external con-
tamination because of environmental pollution, food processing
or leaching from packaging materials. In the second case it results
from an endogenous synthesis by a plant or an animal (methylmer-
cury or organoarsenic species) [59]. The role of elemental speciation
and speciation analysis in human health hazard and risk assess-
ment is critical for several toxic heavy metals and metalloids like
arsenic (As), mercury (Hg), tin (Sn), chromium (Cr) and cadmium
(Cd). For all of these elements, some considerations regarding their
sources, presence in food and toxicity are reviewed in the following
sections.

Arsenic (As) occurs in food as inorganic, as well as organic,
compounds. Toxicity varies greatly between individual species.
In general, organic As compounds are significantly less toxic than
inorganic As compounds. Mobility in water and in body fluids
largely determines species toxicity. It is reported that the toxicity
conforms to the following order (highest to lowest toxicity): arsines
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> inorganic arsenites > organic trivalent compounds (arsenooxides)
> inorganic arsenates > organic pentavalent compounds > arsonium
compounds > elemental As [60, 61]. For organic species, generally,
the toxicity decreases as the degree of methylation increases [62].

Mercury (Hg) is one of the most toxic elements impacting
human health. Because of its high bioaccumulation, Hg is among
the most highly bioconcentrated trace metals in the human food
chain. For example, predatory fish can have up to 106-fold higher
Hg concentrations than ambient water and up to 95% of this Hg
can be in the form of methylmercury [63]. The chemical form of
Hg controls its bioavailability, transport, persistence and impact
on the human body. All Hg species are toxic, while organic Hg
compounds are generally more toxic than inorganic species. Tin
(Sn) is one of the essential elements at trace levels involved in
various metabolic processes in humans. It may be introduced into
food either as inorganic or as organotin compounds. Most of the
inorganic Sn compounds are nontoxic because of their low solu-
bility and absorption [64]. However, organic Sn compounds are
mostly toxic [65].

Canned foods, such as tomato sauce and fruit juices, are known
to contain high concentrations of Sn. Other sources of Sn are
cereal grains, dairy, meat, vegetables, seaweed and licorice. When
inorganic Sn is introduced to foodstuff, there is a possibility of it
turning into an organic Sn compound [66]. Additionally, dietary
exposure to organotin compound may result from the consump-
tion of organotin-contaminated meat and fish products. The butyl-
tin and phenyltin compounds accumulate within the marine food
chain, eventually accumulating in aquatic food products such as
fish, oysters, and crab. Chromium (Cr) is extensively used in the
chemical industry as a catalyst, pigment, and other applications
such as metal plating. As a result, different species of Cr can be
released into the environment (soil, surface, and ground waters)
and are then available to humans (67).

Cadmium (Cd) is mainly present in foodstuffs as inorganic Cd
salts. Because organic Cd compounds are unstable, Cd can be found
in all types of food, and particularly high amounts occur in organs
of cattle, seafood, and some mushroom species. This metal is found
in all parts of food plants, but in animals and humans it is found in
liver, kidney, and milk.

Food is the primary source of essential elements for humans. To
exert an effect, essential elements must be bioavailable from food,
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i.e., available both for absorption and for subsequent utilization by
the body. On the other hand, essential elements can also be toxic
if taken in excess. The margin between deficiency and toxicity can
be narrower for some elements (iron and selenium) than for others
(cobalt or zinc).

Selenium (Se) is an essential trace element for man and animals.
It is an integral part of the antioxidant enzymes (gluthatione perox-
idase and iodothyronine deiodinase) which protect cells against the
effects of free radicals formed during normal oxygen metabolism.

Iron is the most abundant transition metal in the human body
(4-5 g in a human adult of 70 kg weight) and itsdeficiency is the
most frequent nutritional problem in the world. It is an essential
element required for growth and survival because it is involved in
a broad spectrum of essential biological functions such as oxygen
transport, electron transfer and DNA synthesis.

1.8 Bio-nanocomposites for Natural
Food Packaging

Bio-nanocomposites are groups of polysaccharides (e.g., starch,
cellulose), proteins (e.g., soy protein isolates, gelatin), and polyes-
ters (e.g., polyhydroxyalkanoates, PHAs), among others. Materials
obtained only with the raw material properties are unsatisfactory.
To this end, some additives are needed for the polymer matrix to
improve its mechanical properties (tensile strength, elongation and
modulus), water absorption (solubility, vapor barriers, swelling),
and morphology (homogeneity, porosity). Further study opens the
possibility to add package active agents with antibacterial, antiviral,
antioxidants, among others, called active packaging.
Nanomaterials used in the cultivation, preparation, storage and
packaging of food and drink has enabled the obtainment of prod-
ucts with better characteristics such as materials for the controlled
release of medicines and agrochemicals, containers with higher
mechanical strength and antimicrobial properties, smart packaging
capable of preserving food for longer periods of time, among oth-
ers [68]. Nanotechnology is increasingly being used in agriculture,
food processing, and food packaging. Nanomaterials as nanopar-
ticles, nano-emulsions and nano-capsules are found in agricul-
tural chemicals, processed foods, food packaging and food contact
materials, including food storage containers, cutlery and chopping
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boards. Despite rapid developments in food nanotechnology, lit-
tle is known about the occurrence, fate, and toxicity of NPs [69].
Nanotechnology for food packing is based on organic and inor-
ganic nanomaterials added into a polymer matrix. Nanoparticles
such as metals and metal oxides, cellulose nanofibers, chitin and
chitosan, and exfoliated clay are used as mechanical reinforcing,
barriers to gas diffusion, and antimicrobial additives [70].

Nanoparticles of Ag, ZnO, TiO, and SiO, are commonly used in
food plastic wrapping in a polymer-based nanocomposite. These
NPs present excellent UV blocking and gas diffusion barrier, but
the main characteristic of their use is antimicrobial action. Food
packaging materials are an express source of pollution due to the
high amount disposed of in the world environment. The problem
is aggravated since these materials are usually made from non-bio-
degradable and non-renewable sources, such as petroleum-based
polymers.

Biocomposite materials based in starch, cellulose and chitin/chi-
tosan are biodegradable, and are a suitable alternative to the petro-
leum-based polymer materials for food packaging [71]. However,
these materials are more sensitive to physico-chemical degradation
and are suitable to be attacked by microorganisms. Thus, addi-
tives are incorporated in these materials to increase the mechanical,
chemical and biological resistance.

Nanoparticles are increasingly used as additives in food packag-
ing and food contact materials due to their antimicrobial property.
After use, these materials need to be discarded into the environ-
ment. The effect on the biodegradability and compostability is
related to the microbial toxicity of NPs. The biodegradation process
occurs through microorganisms. The use of antimicrobial additives
(e.g., Ag, TiO,, ZnO, and SiO,) on a large scale may be hazardous to
the microbes in the environment [72, 73]. Thus, the biodegradation
process will be severely compromised, and it may be completely
inhibited, affecting the decomposition of these materials in landfills
and composting units.
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Abstract

Food security is fundamentally about achieving reliable access to adequate,
affordable and nutritious food supplies sufficient to avoid chronic hun-
ger, crisis hunger and stunted development. Chronic hunger afflicts hun-
dreds of millions of people. Latest figures from the Food and Agriculture
Organization (FAO) estimate that nearly 1 billion people are undernour-
ished worldwide, suffering food insecurity. Roughly 15 percent of human-
ity is considered hungry or malnourished, especially women. The majority
of the hungry (65 percent) are in India, China, the Democratic Republic of
Congo, Bangladesh, Indonesia, Pakistan and Ethiopia. The number has
been increasing at a rate of almost four million per year since the second
half of the 1990s, rendering the goal of the 1996 World Food Summit-to
halvé the number of undernourished people, 815 million at that time by
2015-far-fetched. Also the first Millennium Development Goal (MDG) falls
short of food security aspirations in seeking only to reduce by half the pro-
portion of the world’s population experiencing hunger. Among the driv-
ing factors affecting food security, productivity is surely a crucial aspect;
on the other hand, there are many other factors behind food insecurity
to be analyzed comprised of social, environmental and economic issues.
Moreover, unexpected events can contribute to global access to safe and
stable food supplies. This happened in particular from 2003-2009, when a
food price crisis followed by the financial crisis and global economic reces-
sion pushed the number of hungry and undernourished people in the
world to unprecedented levels. In the first half of 2010, world agricultural
commodity markets appeared to enter calmer times. Prices of food and
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agricultural commodities remained high, but had nevertheless declined
from the peaks of 2008, and the world economy was emerging from reces-
sion. However, there are growing concerns about high market volatility
partly exacerbated by many governments uncoordinated policy actions
intended to ensure adequate supplies on domestic markets. This chapter
will discuss food security concepts and main causes, and data about levels
and trends in global hunger will be presented. Moreover, trends in food
prices, production and trade will also be evaluated in the context of recent
developments in the global economy and agricultural markets.

Keywords: Food security, social issues, economic aspects, environment,
economic crisis, food prices, volatility, food production, food trade

2.1 Food Security: Definitions and Basic Concepts

Food security, or rather insecurity, is at the heart of food crises
and food-related emergencies. The great concern about this issue
induced FAO to reaffirm its vision of a food-secure world in May
2007 at the 33rd Session of the Committee on World Food Security
where it was declared that:

“FAQ's vision of a world without hunger is one in which most people
are able, by themselves, to obtain the food they need for an active and
healthy life, and where social safety nets ensure that those who lack
resources still get enough to eat.” [1]

This statement represents a further evolution of the definition
of food security adopted at the World Food Summit in November
1996, stating that:

“Food security exists when all people at all times have physical or
economic access to sufficient safe and nutritious food to meet their
dietary needs and food preferences for an active and healthy life.” [2]

It follows that global food security as defined by FAO requires
that all people have access to adequate supplies of safe, nutritious
food of their own choice for healthy living. The widely accepted
World Food Summit definition underlines the multidimensional
nature of food security as it involves food accessibility, availabil-
ity, utilization, and stability. Equitable access to food refers to both
access to the supply (or availability) of food and to the entitlement
to food, i.e., the resources, both financial and natural, and human
ability to obtain food [3]. Food availability is the physical presence
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of food in the area of concern through all forms of domestic pro-
duction, commercial imports and food aid. Food availability might
be aggregated at the regional, national, district or community level
and is determined by:

¢ production: food produced in the area;

* trade: food brought into the area through market
mechanisms;

* stocks: food held by traders and in government
reserves;

¢ transfers: food supplied by the government and/or
aid agencies.

Food access concerns a household’s ability to acquire adequate
amounts of food, through one or a combination of own home pro-
duction and stocks, purchases, barter, gifts, borrowing and food
aid. The following are some examples:

own production — crops, livestock, etc.;

hunting, fishing and gathering of wild foods;
purchase at markets, shops, etc.;

barter — exchange of items for food;

gifts from friends/relatives, community, government,
aid agencies, etc.

In some cases, food may be available but not accessible to certain
households if they cannot acquire a sufficient quantity or diversity
of food through these mechanisms.

Food utilization refers to a household’s use of the food to which
they have access, and an individual’s ability to absorb and metab-
olize the nutrients. In fact, food may be available and accessible
but certain household members may not benefit fully if they do
not receive an adequate share of the food in terms of quantity and
diversity, or if their bodies are unable to absorb food because of poor
food preparation or sickness. Food utilization includes aspects like:

¢ the ways in which food is stored, processed and pre-
pared, including the water and cooking fuel used, and
hygiene conditions;

¢ feeding practices, particularly for individuals with spe-
cial nutrition needs, such as babies, young children, the
elderly, sick people, and pregnant or lactating women;
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¢ the sharing of food within the household, and the
extent to which this corresponds to individuals’ nutri-
tion needs — growth, pregnancy, lactation, etc.;

¢ the health status of each member of the household.

The conceptual framework that gave operational meaning to
FAO’s food security definition is depicted in Figure 2.1 [4].

Broadly defined, food security includes health and nutrition
outcomes (such as malnourishment and anthropometric measures
of food insecurity) and consumption outcomes (nutrient intake).
Health and nutritional outcomes are direct results of consump-
tion outcomes. Nutritional status in food consumption is generally
identified by three indicators: calorie, protein, and fat intake, while
food consumption is mainly related with domestic food produc-
tion and food imports achieved by international trade. Agricultural
potential (including both agronomic aspects and resources man-
agement) is an important prerequisite for long-term food supply or
production [5]. Relevant policies can be applied to improve agricul-
tural potential through proper investment. Trade and trade policies
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(regional and global) also influence both national and international
food availability and the cost of food imports at the national level
(including food aid). In addition to food supply obtained by pro-
duction and trade, food consumption is also affected by food dis-
tribution within the country with discrepancies between urban
and rural areas. Keeping all these aspects in mind, the sequen-
tial approach of examining 1) food consumption; 2) production,
import, and distribution; and 3) agricultural potential, can help to
distinguish outcomes of food security (food consumption) from
determinants and future potential (food production, import, and
distribution), providing more targeted policy recommendations.

As food insecurity occurs when food is either unavailable and/
or where there is a lack of entitlement to food, it generally appears
in two basic forms:

e Transitory food insecurity: This generally refers to
extreme cases of hunger caused by war, flooding,
drought, crop failure, pest infestations, and loss of
purchasing power in farming communities and mar-
ket failures through high food prices. Such problems
can also trigger production and subsistence food cri-
ses threatening a populations access to food.

® Chronic food insecurity: Long term and deep-rooted
food insecurity is largely driven by endemic poverty.
People are subject to a daily problem of poor diet
through an inability to achieve their basic nutritional
requirements, either because they are unable to buy it
or to produce it for themselves.

In cases of food insecurity, once basic caloric needs are met, a sec-
ond stage of food concerns addresses safety and healthfulness. This
safety dimension involves securing food supplies free from con-
tamination, adulteration or food-borne diseases, and healthy foods
that reduce the influence of diet-based diseases and promote well-
being. While the poorest face chronic or crisis hunger anchored
largely in commodity supplies and prices, safety and wellness are
related to changes occurring in the global food economy.

Today, food insecurity expresses itself in three ways. At the most
extreme level people face chronic food insecurity. Another large
number of people live on less than 1.25 USD per day, mostly in
rural areas and mostly dependent on farming for their incomes.



24 ADVANCES IN FOOD SCIENCE AND TECHNOLOGY

While their subsistence-oriented economies mean that they are
not chronically hungry, they are vulnerable to food crises brought
on by civil disorder, natural disaster or politically-imposed fam-
ine. The third group, primarily comprised of women and children,
faces nutrient deficits that stunt physical and mental development
while increasing vulnerability to disease. All three extract a ter-
rible human price through both suffering and lost productivity.
Some 8 million people die each year of hunger-related causes, and
more than half of these are children. Millions more reach adult-
hood with impaired physical and mental abilities, constraining
their ability to support themselves, their families and their com-
munities [6]. Moreover, food crises affecting individual countries
further shock and destabilize the food security status of part of or
the entire population (the newly food-insecure) and worsen it for
those who were already food-insecure prior to the emergency (the
chronically food-insecure) [7]. FAO’s Global Information and Early
Warning System on Food and Agriculture (GIEWS) monitors and
disseminates information on countries in crisis requiring external
assistance for food (Figure 2.2).

As can be seen from Figure 2.2, food crises can be triggered by
a number of factors—natural or human-induced. If the emergency
is natural, it may be described as either sudden or slow-onset, and
if it is human-induced it may be the result of socio-economic prob-
lems or war/conflict. The total number of recorded emergencies
in recent years is far higher than in the 1980s. Since the mid-1980s,
the general trend has been towards an increase in the number of
countries affected by emergencies. The number of human-induced
emergencies seems to have increased the most, with war/ conflict
accounting for most of them.
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Figure 2.2 Emergencies (by type ) in countries requiring assistance, 1981
to 2009. Source: FAO.



Foop SecuriTy: A GLOBAL PROBLEM 25

The concept of food security has developed over the past three
decades. Concerns about food security up to the end of the 1970s
were directed more at the national and international level, and con-
cerned the ability of countries to secure adequate food supplies. It
was only later that the level of analysis shifted to include a focus
on food security at the local level, even down to households and
individuals [3]. Moreover, in a more general analysis, alongside
security and safety has emerged the new concern of sustainabil-
ity as the ability of one generation to meet its food needs without
compromising the ability of future generations to meet theirs. Its
economic component must ensure the continued profitability of
farming, while its social component must make both those who
farm and those who leave farming better off [8].

Definitions of food security identify the outcomes of food secu-
rity and are useful for formulating policies and deciding on actions,
but the processes that lead to desired outcomes also matter. Most
current definitions of food security therefore include references to
processes as well as outcomes and, taken together, these processes
constitute the food system in its complexity. The performance of the
food system determines whether or not food security is achieved
(Figure 2.3).

Definition of functioning of food systems has helped as well to
show both desired food security goals and what needs to happen
to bring these about. In this regard, it has been stated that: “Food
systems encompass: (i) activities related to the production, pro-
cessing, distribution, preparation and consumption of food; and
(ii) the outcomes of these activities contributing to food security
(food availability, with elements related to production, distribution
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and exchange; food access, with elements related to affordability,
allocation and preference; and food use, with elements related to
nutritional value, social value and food safety). The outcomes also
contribute to environmental and other securities (e.g., income).
Interactions between and within biogeophysical and human envi-
ronments influence both the activities and the outcomes [9]. The
sum of all the processes in a food system is sometimes referred to
as a food chain and a variety of processes along a food chain need
to occur in order to bring about food security. The main conceptual
difference between a food system and a food chain is that the system
is holistic comprising a set of simultaneously interacting processes,
whereas the chain is linear containing a sequence of activities that
need to occur for people to obtain food. The concept of the food
system is useful for scientists investigating cause and effect rela-
tionships and feedback loops, and is important for the technical
analyses that underpin policy recommendations. However, when
communicating the findings of such investigation it is often easier
to use the concept of the food chain. A food system comprises mul-
tiple food chains operating at the global, national and local levels.
Some of these chains are very short and not very complex, while
others circle the globe in an intricate web of interconnecting pro-
cesses and links.

The food security status of any household or individual is
typically determined by the interaction of a broad range of agro-
environmental, socio-economic and biological factors [10]. As with
the concepts of health or social welfare, thereis no single, direct mea-
sure of food security. However, the complexity of the food security
problem can be simplified by focusing on three distinct but interre-
lated dimensions: aggregate food availability, household food access,
and individual food utilization. Depending on their mandates and
the aims of their assessment, different agencies have developed
diverse approaches to assess food security [11-13]. However, the
theory behind each approach is based on the same underlying con-
cept. This concept incorporates issues of availability and access to
food, and acknowledges that, in an emergency, people may adopt
a variety of coping strategies in response to food insecurity. The
concept also includes issues around vulnerability, and sees famine
as a process, comprising distinct stages [14]. Methodologies are also
similar, and largely depend on secondary information sources and
rapid-assessment techniques, such as interviews, focus groups and
proportional piling [14, 15]. The main differences between agencies’
approaches stem from their different objectives, and the different
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ways the information is analyzed to determine whether the popula-
tion in question is food insecure. For some agencies the main aim
is to assess risks to livelihoods, as well as to lives. In their food-
security assessments they consider a variety of interventions that
protect livelihoods (food aid, de-stocking and fodder distribution,
cash-for-work, seeds and tools distributions, etc.). To estimate the
severity of food insecurity, the analysis of shifts in food entitle-
ments, coping strategies and nutritional status are accomplished.
On the other hand, the food-economy approach, which is widely
used to estimate food-aid needs is also common [16]; to evaluate
the severity of food insecurity it judges the size of the food deficit.
For example, the FAO's easy-to-use measure of undernourishment
has the advantage that it is calculated every year in a consistent way
for all countries. It is based on the distribution of the dietary energy
supply within a country’s population and two benchmarks have
been assessed for measuring hunger. The first indicator is the “mini-
mum dietary energy requirement.” This naturally varies by age and
sex so that a weighted average is calculated for each country based
on its population profile (typically this average for light activity is
just below 2,100 kilocalories per day) while the second indicator is
the proportion of children under five years who are underweight in
relation to their age. This measure is used to estimate the number
and proportion of undernourished annually. Results are reported as
a 3 year moving average to the Committee on World Food Security
and the annual FAO publication: the State of Food Insecurity in the
World (SOFI). Anyway, measuring food and nutrition insecurity
is a multidimensional problem that requires accounting for both
short- and long-term food and nutrition insecurity, as well as con-
sidering chronic, transitory, and periodic food and nutrition inse-
curity. Measures of household food and nutrition security, such as
those based on surveys of dietary intake, must be compared with
adequacy norms. Finally, the use of potential substitute indicators
such as real wage rates, employment, price ratios, migration flows,
changes in consumption structure, incidence of illness, and so forth
may be appropriate at times [17].

2.2 Main Causes of Food Insecurity
A variety of factors, both internal and external, affects the food

security of a country and straightforward explanations for world
hunger should be treated with caution. Food security is, in fact, a
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multifaceted concept that goes far beyond the number of people that
can be sustained by the earth’s limited food resources, to encompass
a broad range of aspects which are however related in some fash-
ion to two basic causes: insufficient national food availability and
insufficient access to food by households and individuals. In par-
ticular, food security is strictly related with issues like population
growth, control and mobility, resource distribution, consumption
patterns, agricultural production, climate change, environmental
degradation, socio-economic status, development, trade relations,
land ownership tights, access to microfinance and to healthcare ser-
vices. Moreover, the problems of inequity are further exacerbated
by internal conflict and war which can dislocate rural and farming
communities, while vulnerability is also increased due to natural
or human-induced disasters. All these aspects can be broadly clas-
sified in social, economic and environmental issues.

2.2.1 Social Issues

2.2.1.1 Poverty, Income Distribution and Changing Patterns of
Food Consumption

There is evidence that amounts of suitable food are being produced
in the world today, although not available to all, and the funda-
mental hunger problem today relies more on income distribution,
rather than food shortages [18]. This is because hungry people seem
to be too poor to buy food, while, at the same time, obesity and
chronic illnesses associated with excessive food intake are becom-
ing a serious problem in developed countries [19, 20]. Among social
issues, in fact, poverty is undoubtedly a fundamental cause of hun-
ger (poor households are unable to purchase food despite its avail-
ability) and, at the same time, it is equally one of its consequences
as undernourished families are less able to work or learn to their
full potential. About 40% of the world’s population—2.6 billion
people—live on less than 2.00 USD per day, with 1.4 billion of them
living on less than 1.25 USD per day. About 925 million people lack
sufficient purchasing power to access even enough calories to sus-
tain a medium level of physical activity.

As stated above, taking a long-term perspective, hunger and
inadequate access to food are not just a matter of food scarcity or
high food prices; these are only some of its immediate symptoms.
Food insecurity is critically linked to poverty and low incomes,
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more than agricultural production [21]. In many past cases of famine
in certain countries, overall production or availability of food was
often a poor predictor of the amount of food that the poor segments
of the population could acquire. For example, Africa as a continent
has not been able to increase its agricultural production to face pop-
ulation growth and this led to periods of decline or stagnation in
its food and total agricultural outputs per capita. However, even
in countries and regions that have performed better and now have
food surpluses (e.g., much of South Asia), hunger and malnutri-
tion are still widespread. Although many Asian consumers are rap-
idly diversifying and enriching their diets, leading to a sustained
surge in demand for livestock products, fruits, vegetables and veg-
etable oils, and some feed grains, over 500 million other Asians go
hungry, and in South Asia (as in Central America, Near East and
North Africa, sub-Saharan Africa and across the Commonwealth
of Independent States countries), the actual number of hungry peo-
ple continues to grow [7]. These people do not have the means to
buy sufficient food to meet basic food needs, and desperately need
better livelihood opportunities highlighting that past patterns of
growth have been insufficient or have failed to adequately benefit
the poor. A poor nation may increase its food production, national
food self-sufficiency and economic growth to lift itself upward in
the poverty statistics, but wide sections of its people may remain
food insecure because other factors that affect their access to the
food are not considered in economic indicators [22, 23]. In other
words, development indices that focus on increased production
of food alone are weak instruments to evaluate food distribution
between populations and within populations which are mainly
related with people’s incomes. In most developing countries, large
segments of both the rural and urban populations are poor, and a
large share of their money is devoted to buy food [24, 25]. In devel-
opment economics this is of course a reflection of the Engel curve,
to the extent that lower income households have a higher share
of food in their expenditures in comparison with higher income
households. Moreover, when incomes start to rise, most of the first
increments are spent for food, firstly to access enough calories to
overcome hunger and then to upgrade the quality of diets. It fol-
lows that successful poverty reduction would have the double
effect of achieving the humanitarian goal of reducing hunger but,
at the same time, causing an increase in consumption of agricul-
tural products. The world demand for food, in fact, is expected to
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double in the first half of the 21st century; half of that growth should
come from population growth and half from growth in purchasing
power of low-income consumers [26]. Consumers of rich countries
have now been joined by millions of newcomers from China, India,
and other developing countries, where rapid economic growth has
led to increasing incomes for the new urban middle class, creat-
ing new food demands and changing consumption that mimics
the patterns of rich countries. The new consumers of the global
South are shifting to diets rich in meat and dairy products. This
is confirmed by the UN Inter-agency Report on the International
Assessment of Agricultural Knowledge, Science and Technology
for Development [27]. Global demographic changes and changing
patterns of income distribution over the next 50 years are expected
to lead to an increased general demand for food, as well as different
patterns of food consumption (meat and dairy products in particu-
lar). In this regard, it is predicted that global cereal demand will
increase by 75% between 2000 and 2050, while global demand for
meat doubles during that same period. The increase in demand for
the latter also implies an additional increase in feedstock demand.
Hence, the growing demand for other foodstuff, such as meat and
dairy products, creates knock-on effects on the demand for certain
crops like maize, and it is noteworthy that more than three-quarters
of this growth in demand for both cereals and meat will be achieved
by developing countries [28].

2.2.1.2  Population Growth and Urbanization

The world’s population reached six billion people just before the
turn of the millennium and the most up-to-date estimates suggest
that global population will increase by another 2.5 billion to a total
of 9.2 billion in 2050. Most of this increase will be in less developed
regions of the world where population is projected to rise from 5.4
billion now to 7.9 billion in 2050. An important contextual factor,
however, is how much the rate of global population increase has
slowed from its peak during the 20th century. Population growth
reached its fastest rate in 1963, at 2.19% a year. Today, the growth rate
has almost halved, to 1.15%. It continues to decline and is projected
to fall below 1% in 2020 and to less than 0.5% by 2050. Long-term
projections now suggest that the world’s population will stabilize at
just above ten billion in the year 2020 [29]. The global picture, then,
contradicts the Malthusian nightmare of population exponential
growth. But this is not to overlook the real demographic challenges
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that still lie ahead. Principal among these is that while the global pic-
ture shows population growth slowing down significantly, almost
all of the remaining projected growth will take place in developing
countries. A comparison of the world’s most populous countries in
2007 and as projected in 2050 illustrates the point (Table 2.1).

Table 2.1 The world’s 20 most populous countries, 2007 and 2050.

2007 2050
Country Population (m) | Country Population (m)
China 1,329 India 1,658
India 1,169 China 1,409
USA 306 USA 402
Indonesia 232 Indonesia 297
Brazil 192 Pakistan 292
Pakistan 164 Nigeria 289
Bangladesh 159 Bangladesh 254
Nigeria 148 Brazil 254
Russia 142 DRC 187
Japan 128 Ethiopia 183
Mexico 107 Philippines 140
Philippines 88 Mexico 132
Vietnam 87 Egypt 121
Ethiopia 83 Venezuela 120
Germany 83 Russia 108
Egypt 75 Japan 103
Turkey 75 Iran 100
Iran 71 Turkey 99
Thailand 64 Uganda 92
DRC 63 Kenya 85

Source: UN Department of Economic and Social Affairs (2006).
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Population growth over the past century has been accompa-
nied by enormous increases in food production [30]. But today’s
new investments are having much less effect on productivity. With
steeply rising energy and fertilizer prices, some analysts now doubt
that future production can keep pace if based on the same energy-
hungry production model. There are two competing theories about
the impact of population growth on natural resource degradation
and agricultural productivity. The traditional Malthusian argument
assumes that technological advance in agriculture is limited, hence
growth in population leads to expansion of the cropped area into
ever more marginal lands.

The result is a decline in labor productivity and per capita out-
put. This process should go on until per capita output reaches
subsistence levels, below which population pressure is unsustain-
able [31]. Also considering resource degradation, the vision of this
theory is further exasperate into “downward spirals” that acceler-
ate the process of impoverishment [32]. In contrast, Boserup [33]
has offered a much more optimistic view assessing that population
pressure makes labor become cheaper relative to land. Then a pro-
cess of “induced innovation” can take place whereby communities
invest in agricultural intensification and in improving their natu-
ral resources. The induced innovation model predicts increases in
agricultural output per unit of land, although it does not necessar-
ily predict that output per worker (or average labor productivity)
will also increase, or that investments will be made in technologies
that improve the long-term sustainability of resources. This will
depend on the application characteristics of the induced techno-
logical change. If average output per worker continues to decline,
then the induced innovation model can also lead to the same state
of impoverishment as the Malthusian model, but over a longer time
horizon. However, if technological change can raise labor produc-
tivity then, even as more workers are absorbed into the system, per
capita incomes will rise on average, and a sustained process of eco-
nomic development may be launched.

Another aspect related to food security and human pressure is
that the world’s population is becoming increasigly urbanized.
This phenomenon has erupted dramatically in many developing
countries in recent years as a result of both natural increase and
rural-urban migration. In 2008, the world reached an invisible but
momentous milestone: for the first time in history, more than half
its population, 3.3 billion people, lived in urban areas. By 2030, this
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is expected to swell to almost 5 billion. Considering that over the
last 15 to 20 years the absolute number of urban poor and under-
nourished people has increased at an extremely rapid rate, it is pos-
sible to forecast that many of the new urbanites will be poor, with
a direct impact on food security [34]. A growing and more urban
population will be accompanied by increases in income levels and
changing food preferences as the three fundamental components
of food security availability, access, and utilization differ in urban
and rural contexts and across urban socio-economic groups [35].
A greater diversity of both local and imported food products are
available in cities although most of the food is not produced within
city boundaries. Similarly, much of the available food is processed
either locally or imported in a processed form. In fact, urban dietary
requirements are met to a considerable extent by relatively expen-
sive processed and prepared foods, and access to food in urban
areas is generally dependent on cash exchange, with few excep-
tions, where urban food production contributes directly to house-
hold intake. It follows that urban areas can provide at the same time
a clear potential for food security and an increased risk [36, 37].
Urban diets can be more varied and balanced than rural ones once
access to diversified food is achieved. However, cities and towns,
in comparison with rural areas, are more cash-intensive and people
often have to pay for goods and services which are non-food essen-
tials. This means that urban dwellers must stretch their incomes
across a wider range of goods such as housing, energy, transporta-
tion, household items, education, health care and personal items,
in addition to food. Moreover, although a wider variety of food is
available, the food consumed in urban areas is not necessarily of
superior nutritional quality, and food safety is a growing concern
in many urban environments [38].

22.1.3 Access to Land, Security of Tenure and Gender

Inadequate land tenure is still one of the main obstacles to ensur-
ing sustainable agriculture and rural development [39]. The growth
in large-scale and export-oriented production can exacerbate the
marginalization of subsistence farmers and also encourage the fur-
ther displacement of indigenous peoples by the process of urban
migration. About half of the world’s food is sourced from 400
million small farms of less than two hectares, producing both for
household subsistence and surplus for market. This model has
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been unable to achieve self-sufficiency and economic growth and
three-quarters of global hunger is located amongst the people who
manage and work on these farms [40]. One barrier to prosperity
is insecure tenure, a fact of life for the majority of poor farmers in
many parts of the developing world. This impedes investment and
lowers resistance to eviction by state and corporate interests for
mining or property developments. Weak tenure has become more
acute with the feminization of agriculture as men migrate for urban
work. Although men can be key workers in the agricultural sector,
women remain the dominant producers of food in subsistence agri-
culture for developing countries and they are considered part of
the agricultural labor force [7]. Women work in agriculture as farm-
ers on their own account, as unpaid workers on family farms and
as paid or unpaid laborers on other farms and agricultural enter-
prises. They are involved in both crop and livestock production at
subsistence and commercial levels. They produce food and cash
crops and manage mixed agricultural operations often involving
crops, livestock and fish farming.

Women make essential contributions to agriculture in develop-
ing countries, but their roles differ significantly by region and are
changing rapidly in some areas. Women comprise, on average,
43 percent of the agricultural labor force in developing countries,
ranging from 20 percent in Latin America to 50 percent in Eastern
Asia and sub-Saharan Africa [7]. Their contribution to agricultural
work varies even more widely depending on the specific crop and
activity (Figure 2.4).

Women can play different roles in agriculture but almost every-
where they face more severe constraints than men in accessing

Eastern and
Southeastern Asia

Near East and North Africa

Sub-Saharan Africa

Latin America and the
Caribbean

Southern Asia

Note: The female share of the agri labour force is as the total number of women
economically active in agriculture divided by the total population economicaaly active in agricutture.
Regional averages are weigthed by population.

Figure 2.4 Female share of the agricultural labour force. Source: FAO.
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productive resources, markets and services. This “gender gap”
hinders their productivity and reduces their contributions to the
agriculture sector and to the achievement of broader economic and
social development goals. Closing the gender gap in agriculture
would produce significant gains for society by increasing agricul-
tural productivity, reducing poverty and hunger, and promoting
economic growth.

2.2.14 Food Insecurity and Conflicts

The nature of conflicts has changed markedly in the late part of
the twentieth century, and the proportion of civilian fatalities has
increased markedly. Nowadays the state-against-state model is
becoming the exception, and while the first half of the century was
dominated by warfare between rich states, most contemporary con-
flicts take place overwhelmingly in the world’s poorer countries,
with Africa and Asia accounting for the greatest number of internal
conflicts in the past decade. Studies on the relations between war and
food security assess that hunger is either a cause or a consequence of
a conflict. This is due both to the complexity of the evidence of cau-
sation and also to the changing conceptualization of conflict. During
the Cold War, scholars and politicians focused on the struggle for
land and access to subsistence underlying peasant wars of the 20th
century [41]. After the Cold War, concern shifted from “war studies”
to “peace studies,” which analyze the causes of conflict and its pre-
vention, management, and transformation. Some focused on per-
ceived environmental scarcities and their consequences, including
food insecurity, as either underlying or trigger causes [42], whereas
others stressed political-cultural identities [43-45]. The economic
correlates of war have also found conflict associated with factors
closely related to food insecurity, such as high infant mortality,
extreme poverty, inequality, declining per capita incomes, and inter-
group competition over land and water [42, 46-48].

The causes and consequences of conflicts are often a complex mix
of interlinked economic, environmental, political, cultural and reli-
gious factors, all having a negative impact on access to food by poor
people. Gross Domestic Product (GDP) per capita is estimated to
decline by about 2.2% per year during conflict, with sectors which
have high transaction costs hit more severely. Although the agricul-
tural sector is typically less affected than industry, per capita agricul-
tural production falls by about 1.5% per year in periods of conflict.
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There is a well-established correlation between the exposure
of countries to external or internal conflicts, and the deterioration
or long-term stagnation in their food security. Most conflicts, and
especially the internal conflicts that have now become the domi-
nant model of mass violence, mainly affect rural areas and their
populations. They disrupt food production through physical
destruction and plundering of crops and livestock, harvests and
food reserves; they prevent and discourage farming; they inter-
rupt the lines of transportation through which food exchanges and
even humanitarian relief, take place; they destroy farm capital, con-
script young and able-bodied males, taking them away from farm
work and suppress income earning occupations [49]. The impact
of conflicts on food security often lasts long after the violence has
subsided, because assets have been destroyed, people killed or
maimed, populations displaced, the environment damaged, and
health, education and social services shattered; still more awesome
are the landmines which litter agricultural land, kill and cripple
people and deter them from farming for years after all violence
has ceased The destruction of rural infrastructure, the loss of live-
stock, deforestation, the widespread use of land-mines as well as
the population movements lead to long-term food security prob-
lems, particularly when these factors interact with natural disas-
ters. Subsistence farming, crop diversification, divestment and
migration are some of the survival strategies that people resort to.
Agricultural sector recovery depends on successful demobilization
.of soldiers, land de-mining and the reconstruction of rural infra-
structure, in particular roads and irrigation [50].

2.2.2 Economic Issues
2.22.1 Finance Aid

Among economic issues related with food insecurity, neglect of
agriculture and world trade rules are the most severe. Despite the
evidence that investment in agriculture results in growth and pov-
erty reduction, spending on agriculture as a share of total public
spending in developing countries fell by half between 1980 and
2004 [51]. The consequence of the prolonged lack of investment of
foreign aid allocated to agriculture (from 18% in 1979 to 4.5% in
2008) is an inadequate infrastructure for rural economies. The situ-
ation is especially severe in sub-Saharan Africa, a region heavily
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reliant on agriculture for overall growth, where public spending for
agriculture accounts for only 4 percent of total government spend-
ing and the sector is still taxed at relatively high levels [52]. In many
African countries, spending on agriculture relative to GDP is well
below the target set by the 2003 Maputo Declaration of Heads of
State and Government of the African Union, which established that
10 percent of budgetary allocations should go to agriculture and
rural development by 2008. Deregulation of the financial sector
in many countries led to the closure of rural bank branches. This
exacerbated the urban bias in loan allocation enabling rural sav-
ings to finance urban credit, thereby adversely impacting financ-
ing for agriculture [53]. In several countries, failure to adhere to
IMF and World Bank (WB) conditionalities triggered temporary
(and sometimes permanent) postponements of cash releases and
changes in commitments from other donors. These externally
imposed conditionalities prevented developing countries, espe-
cially African nations, from making much needed investments in
agriculture. National government funding of agricultural research
fell by 27 percent in sub-Saharan Africa between 1981 and 2000,
with many governments currently allocating less than 1 percent of
their national budgets to the sector (except Rwanda and Zambia).
Many countries have reduced and even eliminated support for
farm credit, crop distribution, and reserve programs. Elimination
of seed and fertilizer subsidies, a keystone of World Bank austerity
policies, resulted in African farmers abandoning higher-yield seeds
with resulting decline in crop yields and production. When Zambia
eliminated its corn seed and fertilizer programs, corn acreage and
fertilizer application both declined sharply [54].

At the same time, multilateral investment in agricultural projects
in poor countries and agricultural research by the governments of
rich nations and institutions such as the World Bank have steadily
declined [55]. USAID, the United States development agency, cut
agricultural aid by 75 percent in the past two decades. Just 4 per-
cent of current development aid to Africa goes to agriculture, and
agricultural research grants were cut by more than half—from
$6 billion a year to $2.8 billion—between 1980 and 2006, with the
United States alone decreasing its contribution from $2.3 billion to
$624 million [55]. In addition, the World Bank decreased its lending
for agriculture from $7.7 billion in 1980 to $2 billion in 2004 [55].

Underinvestment in agriculture by national governments and
international donors and the conditionalities they imposed have
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prevented the poorest developing countries from developing via-
ble farm sectors, thereby eroding their ability to maintain agricul-
tural production and only increasing their reliance on imported
food [56].

2222 Trade

By 2050 it is estimated that the world will need to increase food pro-
duction by 70 percent to feed a larger, more urban, and, it is hoped,
wealthier population [57, 58]. It will have to accomplish this in the
context of shrinking availability of arable land and water and other
environmental constraints. Self-sufficiency in food production is
not a viable solution for most countries, as it is neither economi-
cally nor environmentally sustainable. With daunting challenges
on the horizon, countries will need to rely more heavily on trade
to be food secure [59]. Usually less emphasized but equally crucial
for boosting productivity and availability of food is the existence of
markets. Markets and trade also contribute to achieving global food
security by increasing access to food. Improved access to agricul-
tural input markets—such as seed and fertilizer—is crucial for pro-
ductivity growth. Moreover, farmers will only increase production
if they have access to viable markets for their agricultural outputs.
At the simplest level, trade allows food to flow from areas of sur-
plus to areas of deficit—in local, regional, and global markets. Well-
functioning markets transmit price signals, which allow changes in
demand to be met by supply. When demand is greater than supply,
producers increase production in response to price signals, and this
increased production, in turn, helps to stabilize prices. By transmit-
ting information in this way, markets help to reduce price volatil-
ity. International agricultural trade has increased 10-fold since the
1960s owing to more open trade policies, market liberalization in
many developing countries, and advances in communications and
transport systems [60]. Some important consequences have been:

* more intense competition in export and domestic mar-
kets for nearly all major agricultural commodities,

* more integrated global and regional markets that
are dominated by a few large international trading
companies,

¢ increasing demand for higher quality and safer foods,
and
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* increasing amounts of food travel longer distances
with growing concerns about the energy used in “food
miles” and the transmission of pests and diseases to
humans, plants and animals.

Nevertheless controversies rage about the effects of trade rules.
Agricultural trade historically has failed to play a constructive role
in addressing food security, safety and sustainability concerns [61].
It seems clear that “free trade,” offered as a panacea by the power-
ful food exporters and their mainstream economists, is seriously
flawed. Trade-distorting measures and restrictions can adversely
affect the distribution of food, and border measures can destabilize
world food markets and be detrimental to food security. The free
trade promoters do not practice free trade in food. Determined to
support the dominant profile of small family farms in the aftermath
of the Second World War, the European Common Agricultural Policy
and the US Farm Bill have protected their farming systems using
domestic supports, import protections, and export/consumption
subsidies to achieve food security within national borders, treating
the rest of the world as a residual market. These policies proved
successful, generating colossal internal food surpluses, although
they depressed prices of basic food staples on international markets
in surplus periods and amplified price spikes and supply unreli-
ability in periods of tight supplies [62].

Ambitions of the poorer countries of the modern world to copy
this approach remain unfulfilled, largely because they are bound
by the system of open market rules adopted by the World Trade
Organization in 1995 [63]. Moreover, many poor developing coun-
tries have taxed or ignored their agricultural systems, and interna-
tional financial institutions often have abetted this by neglecting
agriculture within their lending programs. Public policies in devel-
oping countries also harm poor farmers and producers who often
lack the basic conditions for prosperity: health, education, land,
capital, information, and the marketing infrastructure needed to
take advantage of export opportunities. Developing-country gov-
ernments can and must change domestic policies on markets, land
tenure, research and extension, and credit to enable smallholder
farmers to compete [64]. These policies have led to low productiv-
ity and degraded resources in many poor countries [65, 66]. Rich
countries demand that poor countries accept trade barriers and
under-priced imports (with serious damage to local farmers) and
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they urge these countries to switch to specialty crops for export.
Developing countries often rely on exportable products for foreign
exchange earnings, which are vulnerable to unstable commodity
prices [67]. Economies that are largely dependent on their agri-
cultural or fishing industries are even more vulnerable to shifts in
global prices and markets, with impacts right down the production
chain, e.g., farm/fleet jobs, processing, distribution and supply.
Some governments, including India, Pakistan, Argentina, Russia
and China, have recently taken steps to block exports of food, to
protect their own “food sovereignty.” Mainstream economists are
strongly opposed to such trade barriers, pointing out that they
harm poor food-importing countries and contribute to price rises
on international markets [68].

Alternatively a number of other countries are dependent on
food imports and subject to the fluctuations in the markets. Loss
of confidence by net food-importing countries in global markets
has reinforced self-sufficiency impulses and, most recently, led to
purchasing of foreign agricultural land as a means to ensure sup-
plies [69]. Food-short countries with large cash balances like Saudi
Arabia, Japan, South Korea, and China are trying to secure future
food supplies by buying up land in poor countries like Indonesia,
the Philippines, and even Mongolia, promising to invest and bring
prosperity to poor regions. Vast tracts have already been purchased
amid controversy from citizens in the areas concerned. Such a rush
to lock in food supplies is creating further trade distortions, privi-
leging those with the most money and setting off multiple environ-
mental problems, as mega-investors cut forests, drain wetlands and
seek maximum production on an unsustainable basis [70].

Development assistance, food aid and trade preferences or excep-
tions for the benefit of poor, developing countries have been used
to soften the external effects of such self-protecting initiatives. But
these efforts have generally been too modest to offset the concerns
of food-importing countries, and, in any case, do not represent a
cost-effective long-term solution to food security, safety and sus-
tainability concerns [71]. Moreover, food aid has been sometimes
part of the trade problem since the rich countries often dump their
surpluses as “aid for the hungry,” undercutting local producers and
even driving them out of business. Credits offered to poor countries
for agricultural imports cause problems too. They boost indebted-
ness and often create import dependency. In addition, both net-
food-importing and net-food-exporting countries could be broadly
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vulnerable because food security is also critically tied to ownership
and exchange, which are exacerbated in contexts of high levels of
poverty and inequality as well as economic crises and volatility.

The trade sector has many further problems. The rising cost
of transportation from market to final consumer (due to soaring
energy costs) is destabilizing the trade system and adding pressure
to locate production closer to consumers The carbon emissions due
to food shipping—especially air transport of perishables—are also
forcing a rethinking of long-distance trade [72].

2.2.3 Environmental Issues
2.2.3.1 Climate Change and Natural Disasters

Mean global temperatures have been increasing since about 1850,
mainly owing to the accumulation of greenhouse gases in the atmo-
sphere. The process of global warming shows no signs of abating
and is expected to bring about long-term changes in weather condi-
tions. The main causes are the burning of fossil fuels (coal, oil and
gas) to meet increasing energy demand, and the spread of intensive
agriculture to meet increasing food demand, which is often accom-
panied by deforestation [73]. Intensive agricultural practices are,
in particular, a major emitter of greenhouse gases. Depending on
how emissions are counted (whether deforestation for agriculture
is included, for example), global food and agriculture contributes
between 17% and 32% of total global greenhouse gas emissions
(comparable to emissions from the transport sector), with a par-
ticularly large share of nitrous oxide (owing to fertilizer use) and
methane (particularly from livestock) [74, 12].

Climate change affects all dimensions of food security: food
availability, food accessibility, food utilization, and food systems
stability. It has an impact on human health, livelihood assets, food
production and distribution channels, as well as changing purchas-
ing power and market flows. Its impacts could be both short term,
resulting from more frequent and more intense exireme weather
events, and long term, caused by changing temperatures and pre-
cipitation patterns (Figure 2.5).

Rising sea levels and increasing incidence of extreme events
pose new risks for the assets of people living in affected zones,
threatening livelihoods and increasing vulnerability to future food
insecurity in all parts of the globe. Such changes could result in a
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Figure 2.5 Climate change and food security.

geographic redistribution of vulnerability and a relocalization of
responsibility for food security.

In this sense, these prospects need to be considered in the formu-
lation of adaptation strategies for people who are currently vulner-
able or could become so within the foreseeable future [75].

Intensive agricultural practices are one of the causes of global
warming. On the other hand, agriculture, forestry and fisheries are
all sensitive to climate change. Arable land and water constraints,
combined with the likely impacts of climate change (more severe
weather events, an increase in pests, and longer-term changes to
agricultural production due to increasing temperatures) pose
severe challenges to feeding a larger population. When a poten-
tial contribution of CO, fertilization is discounted, most crop yields
are projected to decline signifcantly by 2050 as a result of climate
change [76]. In general, impacts are expected to be positive in tem-
perate regions and negative in tropical ones, but there is still uncer-
tainly about how projected changes will play out at the local level.
The food security implications of changes in agricultural produc-
tion patterns and performance are of two kinds [77]:

e Impacts on the production of food will affect food
supply at the global and local levels. Globally, higher
yields in temperate regions could offset lower yields
in tropical regions. However, in many low-income
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countries with limited financial capacity to trade and
high dependence on their own production to cover
food requirements, it may not be possible to offset
declines in local supply without increasing reliance on
food aid.

¢ Impacts on all forms of agricultural production will
affect livelihoods and access to food. Producer groups
that are less able to deal with climate change, such as
the rural poor in developing countries, risk having
their safety and welfare compromised.

Moreover it should be considered that other food system pro-
cesses, such as food processing, distribution, acquisition, prepara-
tion and consumption, are as important for food security as food
and agricultural production are [78]. They all can be in turn affected
by climate change. Technological advances and the development of
long-distance marketing chains that move produce and packaged
foods throughout the world at high speed and relatively low cost
have made overall food system performance far less dependent
on climate than it was 200 years ago. However, as the frequency
and intensity of severe weather increase, there is a growing risk
of storm damage to transport and distribution infrastructure, with
consequent disruption of food supply chains [79, 80].

Also, natural disasters such as earthquakes, floods or tsunamis
can drastically impact on food production, especially in agricul-
ture-intensive countries. An average of 500 weather-related disas-
ters are now taking place each year, compared with 120 in the 1980s;
the number of floods has increased sixfold over the same period
[81]. Population increases, especially in coastal areas where most
of the world’s population now lives, mean that more and more
people will be affected by catastrophic weather events. Evidence
indicates that more frequent and more intense extreme weather
events (droughts, heat and cold waves, heavy storms, floods), ris-
ing sea levels and increasing irregularities in seasonal rainfall pat-
terns (including flooding) are already having immediate impacts
on not only food production, but also food distribution infrastruc-
ture, incidence of food emergencies, livelihood assets, and human
health in both rural and urban areas. In addition, less immediate
impacts are expected to result from gradual changes in mean tem-
peratures and rainfall. These will affect the suitability of land for
different types of crop sand pasture; the health and productivity of
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forests; the distribution, productivity and community composition
of marine resources; the incidence and vectors of different types of
pests and diseases; the biodiversity and ecosystem functioning of
natural habitats; and the availability of good-quality water for crop,
livestock, and inland fish production. Arable land is likely to be lost
owing to increased aridity (and associated salinity), groundwater
depletion and sea-level rise. Food systems will be affected by inter-
nal and international migration resource-based conflicts and civil
unrest triggered by climate change [12].

2.2.3.2 Soil and Forest Degradation

Degradation of agricultural land and declining soil fertility con-
tinue to be major threats to food security and sustainable develop-
ment [82]. Nearly 40% of the world’s agricultural land is seriously
degraded. An estimated 500 million hectares of land has been
affected by soil degradation since 1950, including as much as 65%
of agricultural land. Land degradation is most severe in “hot spot”
areas such as the foothills of the Himalayas, sloping areas in south-
ern China, Southeast Asia and the Andes, the forest margins of East
Asia and the Amazon, range-lands in Africa and West and Central
Asia, and the Sahel [83, 84]. Farming in areas of fragile soils, poor
management of crop, soil and water interaction, and unsustain-
able exploitation of soil nutrients are some of the major causes of
land degradation [85]. Only some 16% of croplands globally are
inherently free of soil constraints [86], and that figure is as low as
6~7% in Southeast Asia and sub-Saharan Africa. Modern plough-
ing, overgrazing, and fertilizer and pesticide use also result in the
steady depletion of worldwide topsoils. Loss of tree cover leads to
poorer water retention and storage and seasonal flooding, and soil
erosion silts up reservoirs and irrigation and drainage structures
downstream. In dry land areas, cropland encroachment into pas-
toral areas aggravates soil erosion problems and overstocking of
the remaining grazing areas. Flooding and heavy rainfalls due to
climate change worsen the process and an estimated 25 billion tons
of topsoil are lost to erosion each year. All these aspects directly
impact on the quantity and quality of food that can be produced in
the long term and has lasting environmental implications. Modern
agricultural production systems favor large farms, crop monocul-
tures and mechanization, often at the expense of ecological princi-
ples. Intensive agriculture requires higher inputs of pesticides and
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herbicides to guarantee against crop failure [87]. Intensive farming
reduces the amount of organic matter returned to the soil, decreas-
ing productivity over time, whilst the leaching of nutrients creates
a vicious circle demanding more and more pesticide and fertilizer
application. On the other hand, soil nutrient mining is endemic
in low-input farming systems, especially in areas with poor infra-
structure and marketing institutions, where use of inorganic fertil-
izers is uneconomic [88]. This produces, in the absence of adequate
levels of other forms of nutrient replenishment, soil nutrient deple-
tion in unsustainable ways [89], often with harsh implications for
rural lives and livelihoods [90, 91].

The economic costs of land degradation are difficult to assess
and few of the available estimates are based on reliable data [92].
However, improved understanding of the role of processes such as
silt deposition within catchments [93] and meta-analyses of empiri-
cal observations [94, 95], have recently provided more conservative
assessments of long-term soil degradation. Nonetheless, costs to
poor farmers in terms of lower yields are often very real and have
important implications for their food security and income earning
opportunities [96].

As far as forests are concerned, every year approximately 13 Mha
of forest are lost or degraded in developing countries, equivalent to
just over 1% of the current tropical forest reserves [97, 98]. More than
60% of deforestation has been attributed to subsistence farming in
hillside areas, where declining yields force poor people to rely on
shifting cultivation [97]. Developing countries have now lost about
one-fifth of their total forest since 1960, with Asia losing 30%, and
Africa and Latin America 18% [99]. Conversion or degradation of
forests leads to loss of forest products, many of which (especially
fuel wood, poles and non-timber forest products) are particularly
important to the poor. Deforestation also gives rise to loss of impor-
tant environmental services, especially watershed protection, main-
tenance of biodiversity, and carbon sequestration [97, 100].

2.2.3.3 Water Resources

Population growth and overuse of water resources is exacerbating
hydrological poverty and water scarcity which are the significant
limiting factors on agricultural production capacity during the 21st
century. Only a tiny fraction of the world’s water is available for
human use. Just 2.5% of the world’s water is fresh, and two-thirds
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of this is inaccessible (locked away instead as glaciers, snow, ice
and permafrost). Of the remainder, the vast majority is groundwa-
ter, so that just 0.4% of the world’s total freshwater is available at
the surface as lakes, soil moisture, air humidity, marshes, wetlands,
rivers, and in biomass [101].

During the 20th century, the world’s demand for water rose
sharply while in 2000, half a billion people lived in countries that
were chronically short of water, out of a global population of around
six billion. By 2050, however, the number of people living in such
conditions is projected to grow to four billion, out of a global popu-
lation of around nine billion [102]. Overall, the problem is simply
a larger world population consuming more water per capita even
as freshwater availability remains constant or declines. Moreover,
land degradation and urbanization are considered important issues
to be considered as well as agriculture which consumes 70% of
the freshwater withdrawn annually by humans. But a number of
changes in the food and agriculture sector are highly significant
too. Water quality is affected by agricultural activities, fertilizer and
pesticide runoff, salinization and alkalinization, and through other
toxic substances which bio-accumulate affecting human health.
Growing affluence is driving consumer demand, especially in
urbanized areas of developing and developed countries, for more
water-intensive fruit and vegetable crops. Many coastal habitats
are also being degraded and polluted as a result of urbanization
and run off from intensive agricultural practices, which in turn is
impacting entire marine food chains.

Irrigated agriculture is associated with wasteful water use in
many countries as well as unsustainable mining of ground water
and aquifers [103, 104, 86]. As demand for water has grown, espe-
cially in the non-agricultural sectors, countries have increasingly
faced water scarcities, and farmers are having to learn to produce
more with less water. Increasing water scarcity has the potential to
seriously worsen food balances in hot spot areas, perhaps even glob-
ally if timely and judicious action is not taken [105]. The impacts of
unsustainable water use are already becoming clear in many parts of
the world. One obvious impact is on surface water, for instance, riv-
ers that run dry before they reach the sea. Another less visible impact
is on the world’s groundwater stocks—both aquifers and water
tables—many of which are being depleted rapidly. With river water
now close to being fully exploited in many of the world’s key farm-
ing regions, groundwater is the default source of additional supply.
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Salinization and waterlogging are two significant consequences
of poor irrigation management and inadequate drainage and bring
about decreased productivity and shifting ecological conditions
[106]. If irrigated fields are not properly drained they can become
waterlogged, allowing salts to build up in the soil which reduce its
fertility. The problem of salinization has affected around 30% of all
irrigated land. Globally, some 1.5 Mha of irrigated land per year
are lost to production [83], and approximately US$11 billion is lost
annually from reduced productivity [104], representing approxi-
mately 1% of the global totals of irrigated area and annual value
of production, respectively [86]. As with land scarcity, water scar-
city is likely to affect poor people most; equity in sharing water
is frequently a highly contentious issue in irrigation management,
corruption is widespread, and farmers without political power or
money for bribes often find that they lose out.

2.2.34 Biodiversity and Genetic Resources

Biological diversity exists in terms of ecosystems, species, and
genetic variety. The complex web of interactions between differ-
ent life forms is increasingly being threatened by human-induced
activities and pressures. Plant genetic resources are essential to
sustain agriculture and food security for humanity now and in the
future. FAO estimates that humans have used 10,000 species for
food throughout history. Yet today, no more than 120 cultivated
species provide around 90% of our food. From an agro-biodiversity
perspective, there has been serious loss of traditional food crop
species, and, even for the crop species that are grown, large areas
are planted with a few modern varieties. This concentration of con-
sumption has impacted the genetic viability of these cultivated spe-
cies and in some cases has led to their extinction. Agriculture has
large and well-documented adverse impacts on biodiversity in a
number of ways. The first and most apparent impact has been a
locally extensive, if globally declining, conversion of natural ecosys-
tems for agricultural purposes. Second is the management of agri-
cultural landscapes in ways that can limit the existence of natural
biodiversity within them. Third is the use of production practices
such as the application of pesticides and use of other agrochemicals
that further constrain the viability of natural biodiversity, e.g., bees,
bird populations and soil biodiversity. Since these animals and
organisms can often perform beneficial economic services from a
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production perspective, these losses impact human well-being both
directly and indirectly [107].

In this context, genetic modification (GM) technology should
also be taken into account as GMOs could impact on genetic
diversity. The increased competitiveness of GMOs could damage
biologically-rich ecosystems as transgenic crops could encourage
biodiversity loss through the establishment of monoculture agri-
culture which replaces traditional crops and other established vari-
eties. The introduction of a transgene into a recipient organism is
not a precisely controlled process and can result in a variety of out-
comes with regard to integration, expression and stability of the
transgene in the host [108]. The risks associated with modifying
the genetic structure of crops are not well understood and there
is little agreement on either the severity or likelihood of poten-
tial risks. It has been reported [109] that the future of sustainable
agriculture may be irreversibly jeopardized by contamination of
in situ preserved genetic resources (gene pollution) threatening a
strategic resource for the world’s food security. Because GM crops
are truly biological novelties, their release into the environment
poses concerns about the unpredictable ecological and evolution-
ary responses that GM species themselves and the interacting biota
may express in the medium and long term. On the other hand, pro-
ponents of GM crops suggest that transgenic crops may be able to
help preserve uncultivated habitats by increasing yields on land
already under cultivation, reducing the need for conversion.

Also, from the economic point of view there are both potentials
and constraints in introducing GM technology in relation to improv-
ing the agricultural outcome for small-scale subsistence farmers in
developing countries. One potential is that GM technology enables
the development of new crop varieties, which have beneficial char-
acteristics for farming. This could be resistance to drought, pests or
diseases. In situations of unstable food security due to bad harvests
caused by climate or crop-diseases, GM crops present opportuni-
ties that can stabilize and ensure food supply for poor subsistence
farmers [110]. Another potential is that some types of GM crops can
reduce the use of chemical pesticides and fertilizers because of their
pest resistance with transgenic pesticides. Some crops are made
resistant to stress from drought, salt and low pH. This is an impor-
tant consideration because chemical inputs are often not available
for the subsistence farmers, as they often cannot afford any of these
inputs [110]. GM allows crops to be bred by selectively inserting
one or more gene into a plant to confer specific advantages. Plants
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that are resistant to pests and diseases can be produced this way,
thereby reducing the amount of required insecticide. Nevertheless,
there are some problems and constraints with the GM technology.
One constraint is that the technology might not reach the poor
farmers because of the privatization of the rights for implementing
and using the technologies. The worldwide intellectual property
right regime has already been extended to cover plants and ani-
mals, including their genes, making the technology expensive, and
thus inaccessible for the subsistence farmers who already have lim-
ited opportunities for using the GM technology [110]. Furthermore,
many developing countries do not have the capacity required to
undertake the needed assessments and control on whether they
would benefit from the GM crops and whether they can comply
with the safety regulations. Finally, the GM technology may require
adequate education and training as well. The farmers, especially in
the developing countries, have to be willing to adopt the technique
of GM crops. The GM technology thus has great potential in secur-
ing food supply for small-scale subsistence farmers, however, the
technology cannot be transferred to the farmers without carefully
considering the above-mentioned aspects [111].

It follows that if for one side GM technology may be considered
a valuable tool to ensure food security considering the increasing
world population and the limited amount of arable land, to the other,
there are many environmental and economic concerns about the pos-
sibility of introducing this technology in developing countries [112].

2.2.3.5 Pests and Pesticide Impacts

Varietal specialization has occasionally led to widespread crop
losses due to outbreaks of diseases and pests to which widely-
planted varieties had no resistance. The experience of the Green
Revolution gives considerable grounds for caution on this front;
as early as 1993, excessive application of new insecticides and her-
bicides meant that 700 pests, 200 pathogens, and 30 weeds had
already developed resistance to agrichemicals. In this regard, there
is also the risk of pest and weeds emerging that will be resistant to
GM technologies. The constant evolution of pest and diseases so
as to overcome inbred resistance has required that larger shares of
agricultural research expenditures be allocated to “maintenance”
research and germplasm conservation programs [113].

The Green Revolution, and “industrialized” agriculture more gen-
erally, has often been associated with problems of environmental
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degradation and pollution [114]. Up to 70% of fertilizer applied
to crops can be lost, rather than taken up by crops, polluting both
groundwater sources and rivers, lakes and coastal zones (where fer-
tilizers can stimulate algae or phytoplankion that then starve water,
and the species that inhabit it, of oxygen). Today, significant areas of
the world’s oceans are classified as “dead zones” because of this prob-
lem, primarily related to agriculture in developed countries, but also
around developing countries including Brazil, Mexico and China. The
spread of emergent diseases and invasive species has increased dra-
matically in recent years—assisted by the rapid rise in global trade and
movements of people. It highlights the need for international action on
transboundary pests and diseases, especially where there are signifi-
cant implications for food security. Control and management requires
cooperation between countries. Pest-induced losses are more than
50% of attainable crop output. Factors affecting a country’s ability to
combat a disease include: globalization; conflict/civil unrest making
it harder to enforce quarantine, unregulated movement of people,
increased smuggling, and deregulation of animal and health services.
International legislation, such as the Persistent Organic Pollutants
(POPs) Convention, seek to increase regulation and reduce transpor-
tation of hazardous and polluting substances in agriculture [115].

2.3 The Food Insecurity Dimension

2.3.1 Current Situation at Global Level

The number of undernourished people in the world reached about
one billion people in 2009 [116]. As can be seen in Figure 2.6, the
trend during past decades shows a slow decline from 1970-71 to
1995-97 while the following years saw a gradual increase in the
global number of undernourished people.

The upward trend accelerated sharply in 2008 during the food
price crisis, and erupted in 2009 as a result of the financial crisis
associated with the persistence of high food prices in the domes-
tic markets of many countries in developing regions. In this sense,
poor people were exposed to additional stress besides the decline
of real wages and household incomes, the loss of jobs, and credit
cuts, as the global recession also increased uncertainty about the
levels of future aid and funds for social protection, both essential
for avoiding hunger and starvation among the most vulnerable
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Figure 2.6 Number of undernourished people in the world, 1969-71 to
2010. Source: FAO.

people. This is of particular concern, because the crisis is still affect-
ing large population segments living either in urban or in rural
areas where they are both consumers and producers of food [38,
52]. Because they spend the majority of their disposable income
on food and have minimal savings, they are particularly vulner-
able to agricultural price spikes. In many cases, those who are the
most affected by this situation, already reached, or came very close,
to the limit of their ability to cope. The urban poor are likely to
be particularly affected, as urban areas are linked more directly to
world markets and may suffer more directly from declining export
demand and reduced foreign direct investment. However, rural
areas may also be affected by possible declines in agro-industrial
activity and return migration. This widespread vulnerability per-
sisting in both urban and rural environments, underscores the gen-
eral principle that poverty, not geography, is mainly responsible for
food insecurity [34].

Nevertheless, a decline of food insecurity was recorded in 2010
for the first time since 1995 as several indicators of food security—
the number of food-insecure people, the food gap to meet the aver-
age nutritional requirement (nutritional gap), and the food gap
associated with unequal purchasing power or food access (distribu-
tion gap)—all pointed to improvement between 2009 and 2010 [6].
This trend is largely attributable to increased economic growth,
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particularly in developing countries, and the fall in international
food prices since 2008. The difference in the estimated number
of food-insecure people from 2009 to 2010 highlights the fact that
large portions of the populations in lower income countries con-
sume just barely more than the nutritional target. This implies that
their food security is precarious; even a brief economic slowdown
or food production shock can result in millions of additional people
being subjected to food insecurity. Conversely, a slight improve-
ment in economic conditions can propel people past the nutritional
target. However, a total of 925 million people are still estimated to
be undernourished in 2010, representing almost 16 percent of the
population of developing countries. The fact that nearly a billion
people remain hungry even after the peaks of the recent food and
financial crises have passed, indicates a deeper structural problem
that gravely threatens the ability to achieve internationally agreed
goals on hunger reduction: the first MDG and the 1996 World Food
Summit goal. While the World Food Summit goal is to reduce by
half the number of people who are undernourished, MDG 1 seeks to
reduce by half the proportion of these people. Because the world’s
population is still increasing (albeit more slowly than in recent
decades), a given number of hungry people represents a declining
proportion of people who are hungry. In fact, developing countries
as a group have seen an overall setback in terms of the World Food
Summit goal (from 827 million in 1990-92 to 906 million in 2010),
while some progress has been made towards MDG 1 (with the
prevalence of hunger declining from 20 percent undernourished in
1990-92 to 16 percent in 2010) [7]. Developing countries account for
98 percent of the world’s undernourished people and have a preva-
lence of undernourishment of 16 percent (Figure 2.7). This value is
lower than 18 percent in 2009 but still well above the target set by
MDG 1.

Most of the world’s hungry people (62 percent of the total) live in
Asia and the Pacifc, the world’s most populous region, followed by
sub-Saharan Africa, home to 26 percent of the world’s undernour-
ished population (Figure 2.8). Two-thirds of these 925 million peo-
ple live in just seven countries (Bangladesh, China, the Democratic
Republic of the Congo, Ethiopia, India, Indonesia and Pakistan)
and over 40 percent live in China and India alone.

The highest proportion of undernourished people is found in
sub-Saharan Africa, where in 2005-07 (the latest period with com-
plete information by country) 30 percent of the total population
were estimated to be undernourished; this value is lower in Asia
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Figure 2.7 Proportion of undernourished people in developing
countries, 1969-71 to 2010. Source: FAQO.

Figure 2.8 Undernourishment in 2010, by region (millions). Source: FAO.

and the Pacifc (16%), Latin America and the Caribbean (9%), and
the Near East and North Africa (7%) (Figure 2.9).

However, large variations occur among subregions and by coun-
try; in fact, while a number of countries are currently on track
achieving MDG 1, this target remains a challenge for many oth-
ers. For example, Congo, Ghana, Mali and Nigeria had already
achieved MDG 1 and Ethiopia and others were close to achiev-
ing it. Also, Asia, Armenia, Myanmar and Vietnam had achieved
MDG 1 and China and others were close to doing so, while in Latin
America and the Caribbean, Guyana, Jamaica, and Nicaragua had
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Figure 2.9 Regional trends in the proportion of undernourished, from
1990-92 to 2010. Source: FAO.

Figure 2.10 Food emergencies in the world. Source: FAO.

achieved MDG 1 and Brazil and others were approaching the target
reduction [7].

When analyzing the current food insecurity situation it also
should be considered that many countries are currently considered
in situations of protracted crisis, characterized by recurrent natu-
ral disasters and/or conflict, longevity of food crises, breakdown
of livelihoods, and insufficient institutional capacity to react to the
crises (Figure 2.10).
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In this regard, food crises affecting individual countries shock
and destabilize the food security status of part of or the entire
population (the newly food insecure) and worsen it for those who
were already food insecure prior to the emergency (the chronically
food insecure). Countries in protracted crisis face a particularly dif-
ficult situation as food security is significantly worse in this group
of countries than in the rest of the developing countries in four
out of the six key food security indicators: proportion undernour-
ished (FAO); proportion stunted; mortality rate of children under
five years old; and the Global Hunger Index (International Food
Policy Research Institute). Countries in protracted crisis thus need
to be considered as a special category with special requirements in
terms of interventions by the development community. From 1981-
2009, the region with the largest number of countries experiencing
emergencies was Africa, followed by Asia, Latin America and the
Caribbean, Eastern Europe, Commonwealth of Independent States
and Oceania. According to The State of Food Insecurity in the World
2010 [6], 22 countries are currently considered to be in a state of pro-
tracted crisis. All the countries have suffered some kind of human-
induced emergency—a conflict or political crisis of some kind.
Sixteen of them have also experienced some kind of natural disas-
ter at some point, either as a stand-alone crisis or combined with a
human-induced emergency, while 15 have experienced at least one
occurrence of combined natural and human-induced emergency.
These are countries that are expected to lack the resources to deal
with reported critical problems of food insecurity and for the pur-
poses of response planning, it is important to establish whether the
nature of the food crises is predominantly related to lack of food
availability, limited access to food, or severe but localized problems.

2.3.2 The Food, Financial and Economic Crisis and Their
Implications on Food Security

Patterns in global food prices are indicators of trends in the avail-
ability of food, at least for those who can afford it and have access
to world markets. Over the past century, food prices have generally
fallen, leveling off in the past three decades but punctuated by price
spikes such as that caused by the 1970s oil crisis (Figure 2.11).

In recent years, three successive crises have hit the world econ-
omy, albeit very unevenly. The episode of “soaring food prices,”
in fact, was followed in rapid succession by the most severe global
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Note: Calculated using international prices for cereals, oilseeds, meats, dairy products and sugar.
The FAO Food Price Index is calculated from 1990 to the present on a regular basis; in this figure it
has been extended back to 1961 using proxy price information. The index measures movements in
international prices and not necessarily domestic prices. The United States GDP deflator is used to
express the Food Price Index in real rather than nominadl terms.

Figure 2.11 FAO Food Price Index in real terms, 1961-2010. Source: FAO.

financial crisis and the deepest economic recession witnessed in the
last 70 years.

From 2003 to their peak in mid-2008 world prices (in dollars) of
the four commodities of primary interest (wheat, rice, maize, and
petroleum) roughly tripled in real terms; they then fell to about 1.5
times their 2005 level during the last half of 2008 before again level-
ing off in 2009 and 2010 (Figure 2.12).

Just when food and energy prices started declining, around May
2008, it was becoming increasingly evident that a financial crisis
of historic proportions was sweeping through the United States,
western and eastern Europe, and Japan. By the end of 2008, it was
also clear that the financial crisis was creeping into other sectors,
notably trade, and that developing economies would also be hard
hit. Civil unrest flared up in locations all over the world; over thirty
countries introduced export restrictions on food, even as many
importing countries attempted to tackle the issue through subsidies
and price controls.

Despite early signs of a global recovery, scattered evidence sug-
gests that many developing countries may have lost years of previ-
ous growth and poverty reduction. In fact, the food and fuel crisis
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Figure 2.12 Real commodity price indexes, January 2005-June 2010.
(Index, January 2005=100). Source: IMF International Financial Statistics,
http:/ /www.imfstatistics.org.

of 2007-08 led to rising inflation, deteriorating current-account
balances and increasing government deficits in many countries.
Since June 2010, an additional 44 million people fell below the 1.25
USD poverty line as a result of higher food prices and simulations
showed that a further 10% increase in the Food Price Index could
lead to 10 million people falling into poverty, and a 30% increase
could increase poverty by 34 million people [117].

Although there is broad agreement on the main channels through
which the food, fuel and financial crises affect developing coun-
tries [118-121], the developmental impact of each of these crises
and how these impacts might have affected each other is not well
understood. In addition, impacts are likely to differ widely between
countries due to large differences in fiscal trade, and economic and
household structure.

It has been pointed out that the drivers of food prices have
become more complex, extending beyond traditional factors [122]
consisting of fundamentals such as long-term demand (population
expansion, income growth, and changing diets), supply (resource
use and technology), and carryover stocks [123]. On the contrary,
short-term variations in prices are influenced by weather variability,
trade policies, more volatile oil prices (including through demand
for biofuels based on agriculture feedstock), macroeconomic pol-
icy, and financial investments. Moreover, the presence of two of the
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main transmission mechanisms contributed in making the crisis
“global,” i.e., the trade in food (e.g., maize, rice, wheat, dairy prod-
ucts) or inputs to produce food (e.g., oil, fertilizers), and the effects
of climate change on agricultural productivity. Another potential
factor related to the food crisis has been the behavior of financial
investors inside the financial and commodity markets. For many
developing countries facing heightened food insecurity, the origins
of soaring food prices were largely external, related mostly to the
continuing surge in biofuels, major changes in policies, macroeco-
nomic conditions and financial markets in rich countries, as well
as the global recession. These factors compounded the problems
of low crop productivity and increased reliance on food imports,
and aggravated other internal causes of instability conflict, weak
institutions, and inadequate infrastructure that typically plague the
world’s poorest countries [124].

Considering the factors that contributed to increased food prices
in 2008, it is now uncontroversial that the oil-biofuels nexus was the
driving force. Oil prices rose before cereal prices in relation to cereal
production and trade costs, which might have raised US cereal pro-
duction costs by 20-30 percent [125]. Once oil prices hit $50-$60
per barrel making biofuels production more economic when subsi-
dies are included (Figure 2.13). Corn consumption for biofuels rose
sharply as oil prices rose to the point where the biofuels sector con-
sumed almost 30 percent of US corn production in 2008.
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Note: Percentage for 2010/11 is estimated by USDA.

Figure 2.13 Percentage of US corn crop used for ethanol , 1980-2010.
Source: USDA Feed Grains Database; http:/ /www.ers.usda.gov/data/
feedgrains/Feed Yearbook.aspx#Usacre.
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The decline in growth of agricultural production was considered
another cause of the crisis, although it has been recently stated that
the widely cited decline in cereal yields [126-128] was largely driven
by the slowing down of Asia’s Green Revolution. Timmer [129],
Abbott [130], and Piesse [131] have all argued that the long period of
low real food prices in the 1980s and 1990s led to under-investment
in agricultural production. Consistent with this hypothesis, global
food demand outstripped production for a number of years prior
to the food crisis. Because of the buffer provided by the depletion
of stocks, however, prices did not rise and farmers failed to increase
production. However, Headey [132] rejected the notion that there
was any crisis in global grain production. Authors examined trends
in global production and trade and found that although per capita
cereal production at a global level declined in recent decades, most
of this slowdown was due to declines in the former Communist
countries (FCM) (e.g., Russia, Ukraine, and Kazakhstan). However,
FCM countries have actually increased their exports since the fall of
the Berlin Wall, so authors concluded that the production decline
was not a compelling explanation for rising international prices.
The decline in global grain stocks, considered as a driving factor of
the crisis as well, should also be treated cautiously as droughts and
poor harvests in Australia, India, and Ukraine may have tightened
wheat markets and added 50 percent to international prices, all else
being equal [132]. But all else was not really equal because these poor
harvests were compensated by strong harvests elsewhere, so that
the global reduction in stocks was not large by historical standards.

Another common hypothesis in explanation of the crisis, i.e.,
changing diets in fast-growing Asian countries such as China,
India, and Indonesia, has been recently rejected. Asia food and feed
demand account for 25 and 15 percent, respectively, of wheat and
coarse grain demand growth over 2005-2007. Neither change is
much above trend, and China, India, and Indonesia account for only
8 percent of the increase in global demand over that period. Yet even
this 8 percent grossly overstates the impact on prices because China
and India are essentially self-sufficient in cereals (typically they
are exporters), and Indonesia has actually substantially reduced its
cereal imports in the last five years. Moreover, the change in diets
in these countries is away from cereals toward meat, dairy, and sea-
food. Coarse grains are obviously a component of meat and dairy
production, but the growth in meat demand is hardly large enough
to have induced the crisis, and meat prices have not risen anywhere
near as much as cereal prices. All these factors can therefore only
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be thought of as auxiliary factors. However, other channels seem to
have influenced the cereal market, because for a number of years
now China and India have significantly contributed to the surging
demand for energy and metals [133]. At the same time, they sub-
stantially decreased their grain stocks, largely because of policy
choices rather than surging demand and imposed export restric-
tions, all these aspects having significant impacts on grain mar-
kets. A more general Asian-led commodities boom could also have
spilled over into agricultural commodities through other means,
such as exchange rate movements and financial speculation [134].
Trade and financial factors have also been considered as a driv-
ing force in food crisis. Although fundamental factors were clearly
responsible for shifting the world to a higher food price equilibrium
in the years leading up the 2008 food crisis, there is little doubt that
when food prices peaked in June of 2008, they soared well above
the new equilibrium price. By March 2009, prices of staple grains
had fallen by 30 percent from their peak in May 2008, while energy
prices fell by around 50 percent, before stabilizing and then increas-
ing again. This fact was indicative of a bubble (or “overshooting”),
which supports the idea of exacerbating factors that turned tight
markets into crisis markets. Macroeconomic imbalances (financial
speculation, depreciation of the US dollar, low interest rates) have
long been regarded as a significant channel of overshooting in com-
modity markets. Low real interest rates and crises in the housing and
stock markets, especially in the United States, could have caused
money to flow out of interest-bearing instruments and into foreign
currencies, emerging market stocks, and other securities and com-
modity futures markets. The depreciation of the US dollar could
have significantly boosted US agricultural exports, leading to higher
pricesin the United States and lower price increases elsewhere (all else
being equal). Comparing the recent spike in food prices with histori-
cal episodes, Abbott [130] argued that the weak dollar accounted for
closer to 50% of the recent spike. However, the econometric evidence
regarding the impact of dollar movements on commodity prices has
so far failed to provide a consensus on the importance of exchange
rate movements [131, 135]. The impact of macroeconomic imbal-
ances on commodity prices via futures market activity is even more
controversial. Gilbert [134] argued that that futures market activity
can only affect agricultural prices via inventory levels or stocks. If the
futures price is driven above its market clearing level, stocks should
accumulate. However, in the short run, stocks are largely predeter-
mined by the carryover level from previous harvest, suggesting that
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increased demand may be accommodated by increased prices rather
than stock accumulation. Empirically, Robles [136] and Gilbert [134]
found time series evidence that futures market activity might have
led to rising spot prices. Yet Irwin [137] found contradictory pieces
of evidence, while Sanders [138] and Headey [133] observe that com-
modities with less speculative capital often experienced greater price
increases than commodities with large speculative capital.

Speculation could have taken other forms, of course. In the case of
rice, Timmer [129] argued that the large number of small producers
and traders meant that the information available on the true level of
stocks was unreliable, thus encouraging speculation, hoarding and
panic purchases. Indeed, nearly all the most prominent reviews of
this issue have identified export restrictions as significant deter-
minants of price overshooting in late 2007 and 2008, especially in
the relatively thin international rice market. Headey, in 2011 [139],
explored the broader hypothesis that trade shocks (export restric-
tions and import surges) were a larger and more pervasive factor in
the food crisis. While the case of rice is well known, author evalu-
ated the importance of export restrictions in the wheat and maize
markets by systematically tracking monthly export volumes in the
world’s largest grain markets: the United States for maize, wheat,
and soybeans (for which Brazilian exports were also tracked) and
Thailand, Vietnam, and India for rice. The analysis suggested that
trade events were pervasively important in all of the major grain
markets (with knock-on effects on soybeans) and arguably pro-
vide the most tangible explanation for the overshooting dynamics
apparent in price series data.

At the moment global food prices remain high partly due to
increasing fuel prices, and the World Bank’s Food Price Index is
around its 2008 peak. However, the current global food price situ-
ation seems to possess both similarities and differences with 2008
[122]. It is similar in four respects. First, global grain stocks are
low driven by lower production. Second, higher oil prices have
impacted agricultural commodity prices, and the recent events in
the Middle East and North Africa add to the current uncertainty.
Energy prices, in particular crude oil (which experienced a large
price spike in 2008), are rising again. Crude oil prices underpin
production costs of agricultural products relying on fertilizers and
petroleum, in particular in developed and emerging economies,
and transport costs in many developing countries. Third, depre-
ciation of the dollar in 2008 against most currencies led to the per-
ception of a larger increase of US dollar-denominated food prices
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compared to prices in other major currencies. Fourth, financial
investment in agricultural commodities remains high. Much of the
recent increase in commaodity financial transactions has occurred in
the futures markets, including for maize and wheat.

However the current situation differs in several critical respects.
First, recent international price increases are more widespread
across agricultural commodities than in 2008. Since June 2010,
agricultural price increases have been broad-based, including
increases in sugar, edible oils, beverages, animal products, and
raw materials such as cotton. In contrast, 2008 price increases
were predominantly driven by major grains—rice, wheat, and
maize. Broad agricultural price increases, rather than just grain
prices, provide less incentive for farmers to shift to the produc-
tion of grains and away from the production of other agricultural
commodities. Second, weather-induced production shortfalls are
also more of a factor now as the number of reported droughts,
floods and exireme temperatures seems to be increasing. Third,
policy responses have further raised the amplitude of the grain
price spikes in 2011, but not nearly as much as in 2008 when pol-
icy greatly exacerbated shortages. Export bans and tactical reduc-
tions in import duties were used by many countries in 2008 and
accounted for an estimated 45 percent of the world price increase
for rice and 29 percent of the increase for wheat. These impacts
were compounded in 2008 by governments aggressively building
up grain stocks in the face of high and escalating prices. Although
these policy responses could be pragmatic answers to the food
price spike in many low income countries, both instruments insu-
late domestic economies and shift the adjustment cost to the rest
of the world, with their impact depending on the size of the econ-
omy. While a single individual food tariff reduction can serve to
lower the domestic price of imported food for that country, if the
same tariff reduction is pursued by a larger number of import-
ing countries it would put upward pressure on global prices and
off-set the tariff reduction. Insulating policies reduce the role that
trade between nations can play in bringing stability to the world’s
food markets.

Latest data about food price trends show that in March 2011, the
food index remained 36% above its level a year earlier, despite a
small recent drop (Figure 2.14) [7].

Key staples that remain significantly higher than what they were
at this point last year include maize (74%), wheat (69%), soybeans
(36%), and sugar (21%); importantly, rice prices have been stable.
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Figure 2.14 World Bank Global Price Indices (nominal U.S. dollar prices,
2000=100). Source: DECPG.

FAO reports that in the last quarter of 2010, among other agricul-
tural commodities that are not part of the Food Price Index, inter-
national fruit prices moved closely together with those of the Food
Price Index (i.e., cereals, oils, dairy, meat, and sugar), exhibiting a
spike during the food price crisis and a decline during the subse-
quent financial crisis, while the price of beverage products moved
less closely to prices of commodities contained in the Food Price
Index. Raw material prices were generally not affected by the rise in
other commodity prices during the food price crisis but decreased
significantly in response to the economic downturn in 2009 before
moving upwards again in response to economic recovery, reflecting
the high income elasticity of demand for this group of commodities.

A comparison of average prices for the first quarter of 2011 with
the last quarter of 2010 (Table 2.2) shows that prices have risen for
a broad spectrum of food commodities, and all major agricultural
outlooks [10, 140, 141] forecast that at least until 2019 international
food prices will remain above the prices in the previous decade,
influenced by a complex interplay of different factors, including
higher production costs, increased demand by emerging and devel-
oping countries, and growing production of biofuels from agricul-
tural feedstocks. Food price increases in 2011 are mostly linked to
energy price increases; crude oil prices surged by 10.3% in March
2011 and are 36% higher than a year earlier, affecting the price of
food through multiple channels.

First, higher crude oil prices encourage greater use of food prod-
ucts such as corn, vegetable oil, and sugar in the production of
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Table 2.2 Specific food commodity price changes.

Change in average price

Commodity 1quarter 2011/ 1quarter 2011/
1#'quarter 2010 (%) | 4™quarter 2010 (%)

Wheat (US, HRW) 69.1 16.9
Maize (No. 2, yellow 73.8 17.1
Rice (25%, Thai 2.4 -1.3
Soybeans (U.S.,, cif,

Rotterdam) 35.6 8.3
Soybeans meal (cif,

Rotterdam) 183 3.1
Palm oil (Malaysia, 5%

bulk) 54.9 12.9
Sugar (World) 21.0 8.1
Bananag (Central /South 23.4 211

American)
Beef (Australia/New

Zealand) 30.3 16.0

Source: DECPG. The price changes are for average prices of the reported commod-
ities over the relevant quarters. For example, the first column reports the change
in average prices in the January-March period in 2011 compared to average prices
in January-March of 2010.

biofuels. A second channel of impact is that higher energy prices
feed into the cost of food production through higher fertilizer
prices, the cost of irrigation, and other farm inputs. The extent of
energy price impact varies significantly depending on the type of
crop and level of mechanization. A third channel of energy price
impact is through increases in the costs of crop transportation to
destination markets, which leads to larger price variations within
countries and increases costs for importing countries.

The macro impacts of these increases in food prices feed into
inflationary expectations. In East Asia, higher food price inflation is
taking place in the context of higher than average credit growth in
most countries, which has contributed to overall inflationary pres-
sures. In Eastern Europe and Central Asia, several countries are
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making a gradual recovery from the financial crisis and any mon-
etary tightening will need to take the state of the financial sector
and growth into account. On the external front, net importers of
food, fuel, and other commodities are the most vulnerable, espe-
cially those with large current account deficits and/or low reserve
cover. Data from 46 countries for 2007-10 suggest that low- and
low-middle-income countries have experienced higher levels of
food price inflation compared to upper-middle- and high-income
countries, particularly when international prices spike. One expla-
nation is that food marketing channels in poorer countries are
unable to absorb large fluctuations in commodity prices, whereas
larger retailers in wealthier countries have larger margins partly
because food commodity prices constitute a small share of the price
of processed foods. Another explanation is that governments in
poorer countries have a limited ability to cushion domestic con-
sumers from price increases in international markets.

After the food price crisis, domestic commodity prices in many
countries were slow in moving downwards, despite the rapid fall
in international prices, suggesting a slow or low degree of trans-
mission to domestic consumers. This phenomenon created a
double threat to the food security of poor consumers, as domestic
food prices remained high while income growth slowed or turned
negative. Analyzing food prices at a country level, it has been
reported that price spikes, and therefore poverty impacts, can be
highly zone-dependent [142]. Localized shocks and emergencies
have affected food security in specific countries as well as at the
sub-national level. These differences relate to conflict and supply
disruptions, as well as the fact that poor infrastructure limits the
smoothing of prices within a country. Reversing the relationship,
there is some evidence that historically higher food prices and the
associated greater food insecurity have been contributing factors in
social unrest.

2.3.3 The Last Concern: Food Prices Volatility

Price volatility can be difficult to define and still harder to measure.
Broadly, price volatility is the movement of a price up or down over
a given time period. That movement can be close to zero (low vola-
tility) or some degree of magnitude larger (tending to high volatil-
ity). On the other hand, implied volatility represents the market’s
expectation of how much the price of a commodity is likely to
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fluctuate in the future. It is derived from the prices of derivative
contracts, namely options, which are priced on the basis of the mar-
ket’s estimates of future prices as well as the uncertainty surround-
ing these estimates. The more divergent are traders’ expectations
about future prices, the higher the underlying uncertainty and thus
the implied volatility. It has been reported that expectations—often
faulty—played a key role in the price spike of 2008. They were most
visible in the panic hoarding of rice in 2008, but they influenced fer-
tilizer and feed markets as well. Uncertainty surrounding exchange
rates and macro policies added to price misperceptions, as did flur-
ries of speculative activity in organized futures markets. Events
since 2005—including the most recent period of price variability in
2010—underscore the point that uncertainty and expectations can
be as important as or even more important than actual changes in
grain demand and supply in driving price variability.

Several authors have used a variety of methods to assess if food
prices are becoming more volatile over time or not [143-146]. They
almost unanimously conclude that there is no tendency towards
increased price volatility over the past fifty years (1960 — now).
However, they also notice that volatility in international agricul-
tural commodity markets is currently higher than it was in the
1990s and 2000s but not higher than it was in the 1970s. A more
pragmatic approach was applied by Naylor and Falcon [147] con-
sisting of decomposing volatility into price trends, “normal” vari-
ability about those trends, and price spikes, all of which contribute
to measured variation in prices. If all three components are deemed
important in the variability calculation, then the coefficient of vari-
ation (cv)—the standard deviation divided by the mean—provides
a useful standardized statistic for comparing variation across time.
However, if the primary concern is about variations around trends,
there are “exceptional” price movements (spikes or bubbles) which
typically involve elements of misguided expectations. To provide
the variability measurements, a simple breakdown of monthly data
by decade is generally used. No time interval is perfect for all pur-
poses, but monthly data by decade seems an appropriate compro-
mise for the decision making and welfare impacts.

Obtained data confirm once again that price volatility since the
turn of the century has not been unprecedented. Table 2.3 shows the
most straightforward comparison of total price volatility by decade
using coefficients of variation. Among the grains, rice prices were
the most variable through time.
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Table 2.3 Monthly variations, by decade, for selected real commodity
prices.

Coefficient of variation, in percent®
1970-79 1980-89 1990-99 2000-09
Wheat 36 24 21 32
Maize 25 27 20 29
Rice 41 44 43 49
Petroleum 69 41 25 46

sStandard deviation of each price series by decade, divided by its mean. Source:
IMEF International Financial Statistics.

This result is not surprising given the multiple end uses for maize
and wheat and the well-functioning futures markets that exist for
them, but not for rice. Perhaps more importantly, cvs for the grains
during the post-2000 period were approximately the same as those
that characterized the very volatile 1970s, although the relative
impact of volatility on global food security was probably lower in
the late 2000s than in the 1970s, mainly because of the phenom-
enal per capita income growth experienced in Asia since that time.
This fact is small consolation, however, in a world in which almost
15 percent of the total population is still suffering from hunger.

The extreme variability of prices of basic food commodities over
the most recent period has caused considerable concern as episodes
of price volatility are detrimental to food security as the high uncer-
tainty associated with food price affects producer viability and may
lead to reduced agricultural investments. When prices move along
well-established trends and seasonal patterns, producers, traders
and consumers can adapt to them and in many cases profit from
them. Steady, predictable, and high agricultural prices could even
be good for poor net producers, in the short to medium term, as
they would induce resource inflows into more profitable agricul-
turally-linked enterprises. However, volatile and “unpredictable
food prices increase economic risks for producers and traders, and
lead to fundamental food security risks for consumers and govern-
ments, and thus can discourage needed investment in agriculture
for development.
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Three different but complementary interpretations of recent food
price volatility in international markets have been proposed [148].
The first considers prices volatility as a natural and permanent prob-
lem of agricultural markets, related to low elasticity of demand and
climate shocks affecting supply. In addition to the inherent “normal”
level of volatility in agricultural markets, there is “excess” volatility,
such as has characterized much of the period since 2007. The second
interpretation points to the existence of periodic international food
crises signal (1950s, 1970s, now) and says these can be explained
by the cyclical nature of investments in agriculture, particularly
the rise and fall of public investment. The third interpretation sees
in the current price increases the early coming and lasting scarci-
ties on agricultural markets as the volatility is linked to the lack of
equilibrium in supply and demand when a new context emerges.
This interpretation emphasizes the increasing pressures placed on
natural resources, either directly linked to agricultural production
(water, soil, biodiversity) or indirectly linked (oil, climate change).
In this sense, new sources of demand, possibly coupled with dimin-
ishing productivity growth in agriculture, seem to affect supply and
demand bringing them too close together for stable prices to be a
likely outcome. Each of these three characterizations of price vola-
tility is related to different temporal horizons: short-, medium- and
long-term. Each also highlights different problems of economic effi-
ciency and equity at the international level.

Although price volatility is considered an intrinsic character-
istic of agricultural commodity markets it has increased mark-
edly over the last six years. International grain price variability
around its mean price doubled during the period between 2005
and 2010 relative to the period between 1990 and 2005, sugar
price variability tripled, and rice price variability is four times
higher (Figure 2.15).

Numerous causes are discussed in literature to explain food price
volatility and its recent increase, and despite comparable episodes
in the past, the current price environment has several unique fea-
tures particularly referring to new linkages between agriculture-
energy and agriculture-finance markets. In particular, the main
factors connected with food volatility regards food demand, agri-
cultural supply, trade policies, and speculation. The first aspect is
mainly related to food price inelasticity, demand shocks, and the
possible substitution between commodities.

For the poor consumers living in a less developed country
(LDC), agricultural commodity prices represent a large proportion
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Note: Some price variability can be predicted (e.g. seasonal variation, business
cycles or trending behaviour). The figure shows the coefficient of variation of prices
after the predictable component has been removed from the observed values(for
explanation, see OECD-FAQ, 2010, p.57, footnote 5). Values close to zero indicate
low volatility, higher values denote greater volatility.

Figure 2.15 Historic annualized volatility of international grain prices. Source:
OECD-FAO.

of the final price they pay mostly for unprocessed food and food
expenditures that are a large part of their household expenditures,
making poorer countries very responsive to changes in food prices
[149]. On the contrary, for the rich consumers of Organisation for
Economic Cooperation and Development (OECD) countries, agri-
cultural prices represent a small share of the overall value of the
highly processed foods they eat and food expenditures are just a
small part of their total budget.

Demand shocks is another aspect affecting food demand and is
mostly related to the expanding production of biofuels generat-
ing a major shock on demand in cereal and vegetable oils markets.
Moreover, substitutability between different commodities, and not
only between agricultural commodities which always existed, has
made the price of food affected also by the increasing use of agri-
cultural commodities for the production of biofuels. This is based
on agricultural feedstocks, which could tighten the link between
prices of agricultural commodities, especially maize, and develop-
ments and conditions in international energy markets, implying an
increased transmission of fluctuations in energy prices onto mar-
kets for agricultural and food commodities.

Higher and more volatile agricultural commodity prices are
likely to persist in the foreseeable future largely due to continuing
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Figure 2.16 Higher world grain consumption, variable supply, and stock draw
downs have contributed to the consecutive grain price spikes. Source: World Bank.

uncertainty on the supply side, against projected rising demand.
Supply side uncertainty is reflected in the current price spike for
cereals which was driven by a series of weather shocks in devel-
oped countries that ended up lowering their grain production in
2010 by an estimated 8 percent (Figure 2.16).

Good weather in the next growing season could lead to higher
production, but long-term trends in tightening land and water con-
straints and climate change add to supply side uncertainty. These
factors are likely to persist in the short to medium term suggest-
ing that future volatility may be higher than that experienced in
the 1980s and 1990s. Furthermore, a growing share of grain exports
is being produced in Eastern Europe and Central Asia and Latin
America, where weather outcomes and farm practices are less uni-
form than in the traditional grain exporting zones.

The difference between supply and demand is further ampli-
fied by low levels of grain stocks; estimated global grain stocks
decreased significantly from the end of the 1990s, after a long period
of hovering between 30-35 percent of use in the 1980s and 1990s,
to about 20 percent after 2003. A change in producer income sup-
port mechanisms that induced stock holdings beyond food security
concerns, associated with the reduction of stocks in Asia supported
the overall global grain stock declines.

Trade policy aspects particularly related with food price vola-
tility principally relate to stabilization policies and trade shocks.
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Domestic price stabilization policies always include measures that
aim to isolate domestic markets from international price fluctua-
tions. In so doing, countries reduce the number of consumers and
producers participating in the quantitative adjustment between
supply and demand, which in turn imposes a bigger adjustment for
the rest of the world, and therefore, a bigger international price vari-
ation. The larger the world market, the smaller the price variations
that are supposed to be necessary to balance supply and demand, as
was intended by the liberalization policies and the WTO trade nego-
tiations. In one unified world market big enough “to absorb,” with
limited price variations, any localized supply or demand shock, the
role of trade is considered as a vital mechanism to smooth prices.
However, very significant income disparities between countries and
among different population segments within countries imply very
unequal adjustments between those who spend half or more or their
income on agricultural commodities and those who spend less than
10 percent of their income on food, of which an even smaller share
is spent on raw commodities. It follows that uncoordinated national
policy responses to increasing food prices based exclusively on con-
cerns about domestic food security, with little regard for their effects
on trading partners, may exacerbate international market volatility
and jeopardize global food security. A world market comprised of
about two hundred countries provides a mechanism for individual
countries to diversify risk, especially to weather shocks. However,
policy actions inducing volatility, such as through price insulation,
reduce the effectiveness of the world market in diversifying away
these shocks supporting the idea that trade shocks are considered
one of “the great uncertainties” underlying the most recent volatility
in food prices [133]. Moreover, it is important to note that local price
volatility in many developing countries is still higher than volatility
in world markets, pointing to huge benefits from better integration
of domestic markets with world markets and impacts of higher and
more volatile food prices that vary by region, depending on their net
trade position among other factors. Regions with large net importers
of food—such as the Middle East, North Africa, and West Africa—
face higher import bills, reduced fiscal space and greater transmis-
sion of world prices to local prices for imported goods such as rice
and wheat. On the contrary, those countries with large net exports
in Latin America and Eastern Europe stand to benefit from higher
export revenues and farmer incomes, but may also face higher inter-
nal pressure to impose export bans when domestic food prices spike.



72 ADVANCES IN FooD SCIENCE AND TECHNOLOGY

As already stated, the synchronicity of price movements during
the soaring of food prices suggests that, beyond the specific funda-
mental situation of each commodity, some common factors were
present. Speculation could be one of them. Speculation is an intrin-
sic part of how the futures market works and speculators provide
a market for hedgers. Hedgers need risk insurance—farmers want
to lock into prices in case prices are low at harvest time; proces-
sors want to lock into prices in case prices rise. Because speculators
buy when the price is low and sell when the price is high, they
even out price extremes. However, if unregulated, speculators can
also do significant harm to the market. In particular, the volume of
activity on future markets leads many commentators to believe that
increased speculation is an important, if not the leading, cause of
increasing volatility of food prices. The phenomenon is described
as the “financialization” of the commodity markets [150], or, as
UNCTAD described it, the “growing presence of financial investors
in future commodity exchanges” [151]. In this context, the deregu-
lation of markets and the breakdown of the regulatory walls that
once separated banks from insurance firms, the mobility of capital
in the global economy, and the enlarged mix of interests among
those trading contracts, have probably complicated the role played
by commodity speculators.

With the 2008 price spike over, the outlook for food price variabil-
ity still remains tenuous. The climate shocks in Russia and Eastern
Europe in the summer of 2010, coupled with floods in Pakistan,
the declining estimates of maize stocks in the United States and
uncertainties about global GDP growth, have captured the atten-
tion of many analysts and policymakers; but what will happen to
prices in terms of spikes, trends, and variations during 2011-13
and beyond is unclear. The main conclusion is that food price vari-
ability, particularly price spikes, deserves much more attention in
order to improve food security globally as such variability has pro-
found effects on poor consumers and also is a major impediment to
improved food and trade policy in developing countries.

2.3.4 The Food Sector Numbers: Trends in Global Food
Production and Trade

According to estimates based on FAO production index numbers
[116] and OECD-FAO [140] data, after two years of performance
below the trend growth for the decade of about 2.2 percent, global
agricultural production grew in 2008 by 3.9 percent as a number
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Figure 2.17 Indices of food production by region, 2000-10. Source: FAO.

of countries expanded production in response to the higher prices
of 2007 and even better price prospects for 2008. Moreover, posi-
tive price prospects boost plantings in both the southern and north-
ern hemispheres. This aspect, combined with good weather, have
already resulted in larger outputs in the southern hemisphere for
grains as well as for soybeans.

The strongest growth in food production over the last decade
has been recorded by Eastern Europe and Latin America and the
Caribbean (Figure 2.17).

The Eastern European countries, after recording bumper crops
in 2008, were unable to sustain potential growth in the subsequent
years, and the 2010 drought led to substantially reduced levels of
crop production in the region. On the contrary, Latin America and
the Caribbean suffered weather-related production shortfalls in
2008 but recovered in 2009 and 2010. In Asia, growth in food pro-
duction remained strong throughout the last decade, generally in
the range of 2-4 percent per year, although they faced a slowdown
in 2009 and 2010. Production failed to grow in 2009 in sub-Saharan
Africa, which had seen growth in the range of 3—4 percent per year
over the previous decade, while the region registering the slow-
est growth in food production in recent years is Western Europe.
Production did increase in 2007 and 2008 under the effect of high
prices and reduced set-aside requirements in the European Union,
but declined by around 2 percent in 2009 as a result of lower prices
and unfavorable weather conditions. In this regard, the prospect
for an expansion in grain production in 2011 is particularly related
to the expectation of a return to regular climatic conditions firstly
in the Russian Federation, after last year's devastating dryness.
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Figure 2.18 Indices of per capita food consumption by geographic region,
2000-10. Source: FAO.

Encouragingly, the country has announced the lifting of its export
ban from July 2011 and weather permitting, excellent crops are
also anticipated in Ukraine. However, other important produc-
ing regions (Europe and North America) are now facing difficult
weather situations which eventually may hamper yields.

Global food consumption, which increased at over 2 percent per
year fell marginally in per capita terms during the economic reces-
sion in 2009. The most rapid growth in per capita consumption of
basic foods in recent years has been recorded in Eastern Europe,
followed by Latin America and the Caribbean, then Asia and the
Near East and North Africa (Figure 2.18), where consumption gen-
erally continued to rise even during the recession.

An exception was Eastern Europe, which saw a decline of some
2 percent in 2009, when the region was particularly hard hit by the
economic crisis. Food consumption per capita has remained stag-
nant-to-falling in the developed regions of North America, Western
Europe and Oceania, while in sub-Saharan Africa, it rose between
2000 and 2007, but is estimated to have fallen somewhat on a per
capita basis since then.

Food exports by nearly all regions, fell or stagnated in 2009 dur-
ing the economic crisis (Figure 2.19). From 2000 to 2008, Eastern
Europe saw cumulative export growth of around 350 percent; how-
ever, exports declined the following year even more significantly
as a result of drought in 2010. Food exports from Western Europe
declined, possibly as a result of the rise in the value of the euro as
well as of successive policy reforms, including the reform of the EU
Common Agricultural Policy.
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Figure 2.19 Indices of food export volumes by geographic region, 2000-10.
Source: FAO.
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Figure 2.20 Indices of food import volumes by geographic region, 2000-10.
Source: FAO.

Strong export performances by countries in Latin America and the
Caribbean, for which food exports nearly doubled over the decade,
have made this region an increasingly important supplier of food
to global markets. Export volumes from North America grew by 24
percent over the decade, but growth may have been dampened by
the rising use of domestic grains for biofuel production.

Food imports have been rising more rapidly in Asia than in any
other region (Figure 2.20), increasing in volume terms by almost 75
percent between 2000 and 2010, and they continued to grow during
the food price crisis and the recession as the region succeeded in
sustaining relatively high rates of income growth.

Food imports by countries in the Near East and North Africa
have also grown, financed by growing oil revenues, but were
considerably reduced during the recession. Imports by all other
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regions also grew significantly over time, with the exception of
North America and Oceania, where they remained relatively stag-
nant. Sub-Saharan Africa’s food import volumes increased during
the first half of the decade, but the higher international prices dur-
ing the food price crisis and the subsequent economic downturn
translated into a decline in import volumes in 2008 and stagnating
levels in 2009 and 2010. During the last decade, net food imports by
sub-Saharan Africa, measured in constant prices, increased more
than 60 percent, implying a further widening of the food trade defi-
cit faced by this region over the past several decades, as population
growth has outstripped growth in food production.

Analyzing the global food production and trade by commodity,
anincrease in world cereal production in 2011 is expected (Table 2.4)
(141, 152].

FAO'’s first forecast for world cereal production in 2011 points to a
record amount, indicating a rebound of 3.5 percent after a 1 percent
decline in 2010. The expected increase is mainly supported by yield
recoveries and larger plantings yet is not sufficient for replenishing
stocks as the stocks-to-use ratio is hovering around a low 21 per-
cent. FAO's first forecast of world trade in cereals in 2011/12 [152]
indicates a slight increase from 2010/11 with larger wheat imports,
a decline in coarse grains and rice remaining steady. The first fore-
cast for total cereal utilization in 2011/12 points to an increase of 1.4
percent from 2010/11, compared with a 2 percent rise in 2010/11,
as a result of a slowdown in the rate of increase of industrial use
of cereals for production of biofuels. With total cereal production
barely meeting consumption, international prices are likely to stay
high, especially in the wheat and coarse grain markets. Although
the removal of the Russian Federation export ban could help put
some downward pressure on prices, due to the uncertain crop pros-
pects in the United States and leading producers in the EU, interna-
tional cereal prices are expected to remain volatile.

Also production of coarse grains is set to increase in 2011 exceed-
ing the 2008 record. FAO's first forecast for world production [152]
stands at 1,165 million tonnes, a record level that is 3.9 percent up
from last year and some 23 million tonnes above the previous high
in 2008 (Table 2.5).

The bulk of the increase is expected in the United States, the
world’s largest producer, where a record maize crop is forecast, as
well as in the Russian Federation where production of coarse grains
is set to recover sharply after last year's drought-reduced harvest. In
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southern Africa, prospects for the current main coarse grains season
are mixed. In South Africa, the largest producer in the subregion, a 14
percent reduction in output to 11.5 million tonnes is forecast, due to
less area planted in response to low maize prices in 2010. Elsewhere
in the subregion, Malawi, Mozambique, Zambia and Zimbabwe are
expecting similar or higher maize harvests compared with 2010, but
reductions are forecast for Botswana, Lesotho and Namibia due to
floods in January and a February dry spell. The expected output in
coarse grains production may be just sufficient to meet anticipated
utilization in 2011/12. Feed and industrial usages of coarse grains
in 2011/12 are likely to increase, although not as fast as in 2010/11,
leading to anincrease of about 1.4 percent in total utilization. Against
these expectations for production and utilization, world stocks are
likely to recover slightly from the anticipated heavy drawdown in
2011, but the build-up may prove marginal at 1.3 percent, to 167.7
million tonnes. As a result, the stocks-to-use ratio will remain near
historic lows. World trade, which expanded sharply in 2010/11, is
expected to decline slightly to 119 million tonnes.

However, with coarse grain harvests in the northern hemisphere
many months away and prevailing weather uncertainty, this fore-
cast is very tentative. Elevated prices are certainly an important
factor behind this contraction, but good crop prospects in several
importing countries are also expected to keep imports in check.
International prices have been expressing the tightening of coarse
grain markets for many months, with quotations exceeding by 50 to
more than 100 percent of their corresponding 2010 levels.

Following a sharp drop in world wheat production in 2010,
global output is forecast to increase by 3.2 percent to nearly 674
million tonnes in 2011 [152], mostly reflecting improved yield pros-
pects in the Russian Federation (Table 2.6).

A sharp rebound in FSU-12 production, combined with larger
expected crops in India, North Africa, Canada, and EU-27 account
for most of the increase in world wheat output for 2011/12. World
production will not be sufficient to meet the expected demand, in
spite of demand not rising as fast as in the previous season. World
wheat utilization is forecast to increase by 1 percent, to 677 million
tonnes, in 2011/12. The growth in feed use is likely to slow in the
new season, largely in anticipation of a recovery of coarse grains
supplies in the Commonwealth of Independent States (CIS). World
wheat inventory, which is forecast to end in 2011 well below the
2010 level, is anticipated to drop further by the close of the 2012
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season, to 183 million tonnes. At this level, the global stocks-to-
use ratio in the new season (2011/12) could drift slightly lower, to
around 27 percent, which would still be above the low 22.6 percent
of 2007/ 08.

Initial indications suggest a small rebound in world wheat trade
after a plunge in 2010/11 [152]. At 125 million tonnes, world trade in
2011/12 will be 2 million tonnes higher than in 2010/11, mostly driven
by larger imports by several countries in Asia and the EU. Increased
supplies in Russia, Ukraine, and Kazakhstan and a return to export-
ing are expected to increase competition for EU-27 and U.S. wheat.
A recovery in production and improved wheat quality in Canada
is also expected to increase export competition. A sharp decline in
wheat exports from the United States is forecast to be more than off-
set by larger deliveries from the CIS. In May 2011, international wheat
prices have reacted to weather concerns and uncertain production
prospects. Prices remain below their February highs but with the
United States wheat futures some 75 percent above the correspond-
ing period last year, a return to more normal price levels is unlikely, at
least during the first half of the new season (July-December).

Despite a season fraught with problems, which have resulted in
lower crop performance than originally envisaged in November,
global rice production is estimated to have risen by 1.8 percent to a
new record in 2010. Global 2010/11 rice production is projected at
a record 463.8 million tons, up 1.8 percent from 2009/10 (Table 2.7)
[152]. Large crops are projected for most of Asia including record or
near-record crops in Bangladesh, Burma, Cambodia, Indonesia, the
Philippines, Thailand, and Vietnam. In contrast, rice crops in many
Western Hemisphere nations including Argentina, Brazil, Peru, the
United States, and Uruguay are forecast lower than the previous
year. Trade in rice is forecast to increase by 1.4 percent in 2011, to
a level approaching the 2007 record, sustained by increased deliv-
eries to countries in Africa, North America and Europe. Among
exporters, Thailand and Vietnam are likely to cover much of the
expansion, while Egypt, Pakistan and the United States are foreseen
to ship less than last year. Global exports in 2011/12 are projected
at a marketing-year record 32.2 million tons, up 0.8 million from
2010/11 with increases expected for India, Pakistan, and Vietnam,
while exports from the U.S., Cambodia, and Brazil are expected
to decline. Larger imports are projected for Middle Eastern, Sub-
Saharan Africa, and Western Hemisphere markets, although the
expected increases are slight.
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Global rice utilization is predicted to increase by 2 percent in
2011. With global production outpacing consumption, world rice
stocks in 2011 are forecast to reach their highest level since 2002.
Global ending stocks are expected to decline 0.9 million tons from
2010/11 to 96.2 million. The stocks-to-use ratio for 2011/12 is calcu-
lated at 21.0 percent, down from last year's 21.6 percent.

After last season’s extraordinary rise, only a modest increase in
world oilcrop production is expected in 2010/11 (Table 2.8) [152].
Estimated at 465 million tonnes, production should exceed last sea-
son’s all-time record by no more than 2 percent. Growth will be
mainly area-driven as average yield levels should remain close to
those of last season. Looking at individual oilcrops, a sizeable drop
is reported for rapeseed and copra. Global soybean, cottonseed,
groundnut and palm kernel production are forecast to increase.
Global oilseed production for 2011/12 is projected with an only
marginal rise from 2010/11 due particularly to increased competi-
tion for arable land between oilseeds and grains. Global soybean
production is projected to increase less than 1 percent to 263.3 mil-
lion tons. The Argentina crop is projected at 53 million tons, up 3.5
million from 2010/11 crop based on a higher harvested area and
yields. The Brazil soybean crop is projected at 72.5 million tons,
down 0.5 million from the projected record 2010/11 crop. A 3 per-
cent increase in harvested area is more than offset by a return to
trend yields. China soybean production is projected at 14.8 million
tons, down 0.4 million from 2010/11 due to lower area and yields.
Higher rapeseed production for Canada, Australia, China, and
Ukraine more than offsets lower production for EU-27. For sun-
flowerseed, production gains for Russia, Ukraine, and EU-27 more
than offset reduced production in Argentina.

Expansion in global oil/fat demand is expected to proceed
in 2010/11. However, with an anticipated rise of 3 percent, con-
sumption growth would be below the rate recorded in past years.
Persistently firm oils/fats prices are contributing strongly to this
slowdown. In numerous developing countries, growth in demand
is expected to decelerate. The exception is China, where oils/
fats consumption is accelerating while in India and Indonesia,
Asia’s second and third largest oil users, year-on-year rises
should fall well behind past rates. Slowdowns are also expected
among developed nations, notably the EU and the United States,
where consumption expansion is constrained by thin domestic
availabilities.
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As opposed to last season, when the global oils/fats output
exceeded demand, production in 2010/11 is anticipated to just
match consumption. Consequently, total inventories (measured
as oil/fat stocks, plus the oil contained in stored oilseeds) are
expected to remain about unchanged compared with last season.
When related to the projected world consumption, current stock
forecasts indicate a global stock-to-use ratio of 14.7 percent, down
from last season’s 15.2 percent and close to the low levels recorded
during and immediately after the 2007/08 crisis.

In 2010/11, global trade in oils/fats (including the oil contained
in traded oilseeds) is forecast at 91 million tonnes, which amounts to
a year-on-year increase of 2.3 percent — well below the average rise
of previous seasons. Trade expansion is anticipated to rely primar-
ily on soybean and palm oil. Among main soy oil suppliers, only
Brazil can expect a strong expansion in exports (following the coun-
try’s abundant harvest). In Argentina and the United States, poor
domestic output and additional demand from biodiesel industries
should constrain export growth. While Indonesia should be able
to raise palm oil shipments by 1.4 million tonnes (or about 8 per-
cent), in Malaysia, below-record production may lead to an unprec-
edented contraction in the volume of shipments. Interestingly,
Canada is set to expand exports of rapeseed oil despite this sea-
son’s poor harvest.

Based on the latest 2010/11 crop estimates, global meals/cakes
production (measured in protein equivalent) should exceed last
season’s all-time record by a small margin of 2 percent [152]. World
supplies of meals/cakes in 2010/11, which comprise 2010/11 pro-
duction plus 2009/10 ending stocks, are anticipated to expand by
almost 6 percent. Supplies are set to surpass previous records in
Brazil, Canada, China and India, owing to ample opening stocks,
abundant crops or a combination of the two. Although domestic
availabilities in Argentina and the United States have improved
marginally, they are estimated to fall short of historic records. By
contrast, the EU’s combination of low carry-in stocks and poor
harvests should result in an unusual drop in supplies. In spite of
historically high prices, global consumption of meals/cakes (mea-
sured in protein equivalent) is estimated to expand by about 8 per-
cent in 2010/11, well above the average rate of recent years. The
expansion in demand will be primarily on account of soybean
meal, the consumption of which should increase strongly. About
two thirds of the global consumption rise is expected to occur in
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Asia, with China alone responsible for over half of global growth.
Last season’s abundance of meal production over consumption
proved short-lived and 2010/11 global output is expected to just
match demand. As a result, the overall stock-to-use ratio is antici-
pated to fall again, thus departing from last season’s comfortable
level. Last season’s strong rise in global meal/cake transactions
is expected to be followed by another robust increase in 2010/11.
World trade is forecast to expand by 6 percent, Headed by Brazil,
South American suppliers are anticipated to supply the bulk of
increased world meal exports, thanks to good harvests and/or
ample opening stocks. Other exporters, such as Canada, Paraguay
and Ukraine, are set to drive up their exports to take advantage of
favorable international prices. India should enjoy a strong recovery
in soymeal shipments following this season’s ample crop.

The upward trend in world prices for oilseeds and oilseed prod-
ucts that started in 2009 continued into the current 2010/11 mar-
keting year and, in February 2011, quotations for several oilseeds
and derived products came close to the 2008 peaks. The renewed
surge in prices mainly reflects a progressive tightening in global
supplies combined with steady demand growth and robust buy-
ing interest by major importing countries. At this point, this means
that supplies in the coming season may not be sufficient to satisfy
the steadily expanding oil and meal demand, which would imply
further reductions in global inventories as well as in stock-to-use
ratios. As a consequence, firmness in prices for oilcrops and oilcrop
products is expected to continue in the months to come.

According to the latest FAO estimate, world sugar production is
expected to reach 165.7 million tonnes in 2010/11, an increase of 5.8
percent over the 2009/10 season (Table 2.9) [152].

This is largely attributed to bumper crops in Brazil and Thailand
and a recovery in India. For the first time since 2007 /08, global pro-
duction will surpass consumption, but the surplus is not expected
to be large enough to bring global sugar inventories back to nor-
mal levels. Production increases were prompted by strong overall
international sugar prices that prevailed in the past two seasons.
Although world sugar consumption is set to recover from a slow-
down in 2009/10, amid buoyant economic growth in 2010/11, rela-
tively high domestic sugar prices will contain the expansion. As a
result, little growth in average per capita sugar intake is currently
anticipated. World trade is expected to decline by 3.6 percent as a
result of reduced export availabilities in several major exporting
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countries. Under expectation of a return to normal weather pat-
terns, early estimates for the new 2011/12 season indicate the likeli-
hood of a large production surplus, reflecting expansion in planted
areas. If confirmed, international sugar prices are likely to decline
from the peaks of early 2011. However, given the relatively low
inventory levels, any unexpected weather events in major produc-
ing regions could again trigger sudden and sharp rises in interna-
tional sugar prices.

High feed prices, disease outbreaks, and depleted animal inven-
tories are forecast to limit the expansion of global meat production
to only 1 percent in 2011, to 294 million tonnes (Table 2.10) [152].

The increase is anticipated to be driven by gains in the poultry
and pig meat sectors, while world bovine and ovine meat outputs
are expected to be constrained by a retention of animals for herd
rebuilding. Strong demand for imports, especially in Asia where
a number of countries are facing tight supplies and high domes-
tic prices, is expected to foster a 2.4 percent growth in world meat
trade, bringing it to 26.8 million tonnes. Much of the expansion
would stem from increased flows of pig meat, and to a lower extent,
poultry and bovine meats. On the other hand, trade in ovine meat
may stagnate, limited by short availabilities in traditional export-
ing countries. Relatively high retail prices are foreseen to keep
per capita meat consumption in 2011 stalling around 41.9 kg. In
the developing countries, steady economic growth may foster a
minimal increase to 32.0 kg, while per capita consumption in the
developed countries is expected to remain at 78.4 kg. International
meat prices have maintained steady increases since January 2011,
progressing by 5 percent over the first quarter, mainly sustained
by a 10 percent increase in pig meat prices. In the short-term, the
combination of strong world import demand and limited export
availabilities points toward a further firming of world meat prices
in the next few months.

FAO is currently forecasting world dairy production in 2011
to grow by 14 million tonnes or 2 percent, to 724 million tonnes
(Table 2.11) [152].

Much of the increase would be accounted for by developing
countries, especially Argentina, Brazil, China and India, but the sec-
tor is also expected to advance in the developed countries, driven
by the EU, New Zealand and the United States. World import
demand is anticipated to boost trade in dairy products by 5 per-
cent, reaching 48.3 million tonnes in liquid milk equivalent. The
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positive environment should foster growth in all major internation-
ally traded dairy products, especially skim milk powder (SMP),
whole milk powder (WMP) and cheese. The expansion in trade
is expected to rely mainly on increased exports from Argentina,
Belarus, the EU, New Zealand, and the United States. Sluggish pro-
duction growth in a number of exporting countries led to a drawing
down of public and private stocks to meet rising import demand.
As such inventories are now at minimal levels, the availability of
supplies for trade in 2011 is increasingly dependent on production
performance. As a result, international dairy quotations will be par-
ticularly sensitive to climatic conditions for the rest of the year, both
in relation to pasture growth and the availability and price of fod-
der and feed.

Dairy prices surged during the first quarter of the year propelled
by strong import demand in Asia and limited supplies in traditional
exporting countries. During April, prices fell but bounced back in
May as many countries in Northern Europe experienced lower
than average rainfall. With the peak season in the region ending
soon, international dairy prices during the remainder of the year
will be highly dependent on weather conditions in the southern
hemisphere.

World production of fish and fishery products is set to reach a
new record in 2011, at around 149 million tonnes (Table 2.12) [152].

This is due to both the growth in aquaculture production and the
comeback of small pelagic catches in South America after a weak
2010. Increased catches are also forecast for other important species,
such as Atlantic cod, Alaska pollack and Atlantic mackerel. Higher
fishing quotas and an increased supply of wild species indicate that
the fisheries management measures implemented by many coun-
tries are having a positive long-term effect on the sector’s sustain-
ability. The FAO Fish Price Index reached its highest level ever in
April 2011. This means that the crisis experienced in late 2008 and
throughout 2009, which depressed prices, margins and volumes
of trade, is now a matter of the past for most operators. Demand
is strong in developing countries and is rebounding in developed
markets. Supply is increasing, but costs, especially of feed, labor
and energy are also up, which means consumers are likely to face
rising fish prices throughout 2011. Trade volumes and prices both
increased in 2011 sustained by a dynamic demand, in particular,
from emerging economies. The price surges mainly reflect lag-
ging supply, which, despite solid growth in overall aquaculture
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production, remains short of demand for a number of farmed spe-
cies, including Atlantic salmon, trout, seabass and seabream, tilapia,
and Vietnamese catfish. In addition, growing domestic consump-
tion of local fish products, especially in Asia and South America, is
constraining export availability.

2.4 Conclusions

Unfortunately, increasing hunger is a global problelm today and no
part of the world is immune as the global food system now faces sub-
stantial challenges. It must help eliminate the chronic hunger crisis
and nutritional deficiencies while smoothing the transition of devel-
oping countries from agricultural to industrial societies and increas-
ing security and opportunity for the world’s poor. It must move food
through longer, more integrated supply chains while meeting con-
sumers’ rising expectations for safer, healthier products. The chal-
lenge that lies ahead is to secure the food security of these one billion
hungry people, and also to double food production, in order to
feed a population projected to reach 9.2 billion by 2050. Arable land
and water constraints, combined with the likely impacts of climate
change pose additional challenges to agricultural and food produc-
tion to meet the demand of an always increasing population.

The challenge can be seen on two levels. Firstly, to achieve
subsistence or basic food security requires provision of the main
dietary requirements to a population. Food security should aim
to safeguard the rights and interests of local communities, allow-
ing each individual the basic human right to have access to food.
Secondly, achieving food security must also contribute to sustain-
able agriculture, rural development, and the achievement of sus-
tainable production and consumption. Achieving these outcomes
requires both a much more open global food system and institu-
tional and resource support to make that system more equitable
and trustworthy. Urgent action is necessary and will require both
short- and long-term measures as well as policy measures that
help to address the food crisis and ensure the food sovereignty of
developing nations. It will require a package of ambitious reform
commitments, institutional innovations in managing food security,
safety and sustainability risks, as well as sufficient resources to
ensure food and nutrition for the hungry, safety and value for the
well-nourished, and sustainability for all.
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The already grave situation for the fate of the world’s hundreds
of millions of poor and hungry people has currently worsened as
the world is going through a financial turbulence that has led to a
serious economic setback. The recent food crisis and the associated
spike in commodity prices has heightened concerns about global
access to safe and stable food supplies, and the sharpness of the price
increases and their persistence has left many developing countries
struggling to cope with the consequences. The impact has been par-
ticularly severe owing to the overlap with the food crisis of 2006-08,
which had pushed basic food prices beyond the reach of millions
of poor people. The events of the past few years have highlighted
the vulnerability of global food security to major shocks—both in
the global agricultural markets and in the world economy. The food
price crisis and the ensuing economic crisis reduced the purchas-
ing power of large segments of the population in many developing
countries, severely curtailing their access to food and thus under-
mining their food security. In a remarkable turn of events, earlier
prospects for more comfortable supply situations and stable prices
gave way to increasingly worrisome outlooks and to an escalation
of international prices to levels not seen in decades, and the pros-
pects for an early reversal of food price rises are not promising due
to strong fundamental factors that will continue to push food prices
upwards. On the demand side, these include population growth
and recovering per capita income growth, especially in Asia. On the
supply side, agricultural expansion will continue to be impeded by
high oil prices, which are keeping production and distribution costs
high and continuing to divert maize crops to ethanol production.
Moreover, price volatility in international markets is of particular
concern as it influences food policy and price stability in national
markets, both aspects being key issues for food security. Although
the precise impact of all these factors is uncertain, it will probably
be most severe for countries already affected by protracted food-
related crises and /or dysfunctional politics.

While unfavorable weather was the main culprit, a host of other
unpredictable factors negatively impacted stability in the food mar-
kets, including the catastrophe in Japan, an unprecedented wave
of political unrest engulfing many countries in North Africa and
the Near East, another strong increase in oil prices, and prolonged
uncertainty in financial markets and the global economy. In the
cereal market, barley, maize and wheat are being, for the most part,
influenced by production problems and depleting inventories.
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Maize stocks have fallen to a critical low in the United States, the
world’s largest maize producer and exporter. Rice is an exception
thanks to a record world output and large opening stocks. In addi-
tion, generally good cereal production in importing countries, as
opposed to exporting countries, also dampened the impact of high
international prices this time around as compared with 2007/08. In
the oilseeds sector, prices have also risen sharply, supported by a
tightening supply and demand balance. Quotations for dairy and
meat have not been spared, as prices have been propelled (to record
levels in the case of meat) by climbing costs of production, low ani-
mal inventories and virtually exhausted product stockpiles. On the
back of dwindling export supplies, sugar markets also experienced
a sharp price surge before retreating in recent months. Against this
backdrop, food import bills are projected to soar to an all time high
of almost USD 1.3 trillion.
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Abstract

The application of nanotechnology in the food industry has increased
in the last 10 years. There are different definitions regarding the use of
“nano.” Different ingredients/nutrients can be delivered at nanoscale and
change food formulations and contribute to the development of value
added food products. On the other hand, food product shelf life can also
be enhanced using different types of packaging designs, applying nano-
materials in their matrices. Nevertheless, commercialization and use of
some nanomaterials may be compromised due to the lack of studies on
their undesired effects on public health.

Keywords: Nanotechnology, food formulation, packaging, nanocapsules,
nanocomposites, active packaging, intelligent packaging

3.1 What is Nanotechnology?

The concept of nanotechnology (nanometer, 10 m) was first intro-
duced by Richard Feynman in 1959 at a meeting of the American
Physical Society held at the California Institute of Technology [1].
It was only fifteen years later that the term “nanotechnology” was
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used, when Professor Norio Taniguchi of Tokyo Science University
referred to the ability to engineer materials at the nanoscale [2].

According to the Royal Society and Royal Academy of
Engineering [3] in the UK, nanotechnologies are defined as: “the
design, characterization, production and application of structures,
devices and systems by controlling shape and size at the nanome-
ter scale.” In fact, nanotechnology is a very general term and there
are several definitions proposed. The National Nanotechnology
Initiative (NNI), which promotes nanoscale science activities among
federal agencies in the United States, defines nanotechnology as
“the understanding and control of matter at dimensions between
approximately 1 and 100 nanometers, where unique phenomena
enable novel applications” [4-5], while nanoscience is defined as
“the study of phenomena and manipulation of materials at atomic,
molecular and macromolecular scales, where properties differ
significantly from those at a larger scale.”

The US Environmental Protection Agency (EPA), which regulates
many aspects of the field, defines nanotechnology as “research and
technology development at the atomic, molecular, or macromolec-
ular levels using a length scale of approximately 1 to 100 nanome-
ters in any dimension; the creation and use of structures, devices
and systems that have novel properties and functions because of
their small size; and the ability to control or manipulate matter on
an atomic scale” [5].

Nanotechnology is an important tool that is influencing a large
number of industrial segments. The food industry is investing in
mechanisms and procedures to use nanotechnology to improve
production processes and produce food products with better and
more convenient functionalities [6].

The global nanotechnology market is expected to grow around
19% during 2011-2013 according to the “Nanotechnology Market
Forecast to 2013” report [7]. It is projected that the global market for
nanotechnology-based manufactured goods will be worth US$ 1.6
trillion. This potential growth will be due to important investments
of both governments and corporations worldwide into nanotech-
nology Ré&D and commercialization.

In 2006, about 400 companies around the world, included in the
agricultural and food industry segment, actively invested in the
research and development of nanotechnology and by 2015 this is
expected to happen in more than 1,000 companies [8].
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Nanotechnology offers several possibilities; this chapter will
focus on the application of nanotechnology in food products’ for-
mulations and in food packaging.

3.2 Food Formulations

Food ingredients are formulated and processed into food prod-
ucts to perform several roles such as improvement of flavor or
texture. Moreover, some ingredients have also physiological prop-
erties, including, among others, vitamins, mineral and proteins [9].
Systems that may allow the incorporation and delivery of these
nutrients in food are being studied, and nanotechnology may be
applied to these types of food systems [10].

One of the technologies used to deliver a range of food ingredi-
ents within small capsules is called encapsulation. This technique
may be used when direct addition of a food ingredient compro-
mises the quality of the manufactured food product. Capsules that
are less than 100 nm in diameter have been classified as nanocap-
sules, whereas those on the order of microns are termed microcap-
sules. The use of encapsulation can improve the nutritional content
of food since the core is protected from other components in the
food and from the environment, and thus, taste, aroma and texture
of food are not affected. Moreover, it also has the capability to mask
off-flavors, extend the shelf life and stability of the ingredient and
the final food product quality [11].

Currently, encapsulation techniques used in the food industry
are based on biopolymer matrices composed of sugars, starches,
proteins, synthetics, dextrins, alginates, and liposomes [12-14].

Liposomes are spherical bilayer vesicles obtained from the
dispersion of polar lipids in aqueous solvents, having the abil-
ity to act as delivery vehicles by shielding reactive or sensitive
compounds prior to release. These compounds are thereby made
stable against a range of environmental and chemical changes,
including enzymatic and chemical modification. In the food
industry, liposomes have been used to deliver food flavors and
nutrients in various food applications, and more recently, have
been investigated for their controversial ability to incorporate
food antimicrobials that could aid in the protection of food prod-
ucts against microorganisms [11].
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Some current uses of nanomaterials in food formulations include:
nutritional supplement with molecular cages 1-5 nm in diameter
made of silica-mineral hydride complex from RBC Lifesciences, oat
chocolate nutritional drink mix with 300 nm particles of iron from
Toddler Health, meat products with 30 nm micelles to encapsulate
active ingredients from Aquanova, nanotea with nanoparticles
from Shenzhen Become Industry & Trading, and lemonade, fruit
juices, cheese and margarine with nanoscale synthetic lycopene
produced by the German multinational BASE

The use of nanomaterials in food formulations has the potential
to produce stronger flavorings, colorings, and nutritional additives,
and on the other hand, improve production operations, lowering
the costs of ingredients and processing [15]. Nevertheless, major
companies such as Kraft Foods are still waiting for the confirmed
benefits in terms of food safety, product quality, nutrition and sus-
tainability of nanotechnology application in food products, and
thus, are keeping their main interest and efforts focused on food
packaging applications [16]. Moreover, Dr. Hilary Green, head of
R&D communications at the food giant Nestlé, reported that they
recognize the potential of nanotechnology to improve the proper-
ties of food and food packaging, however, the company declares no
research in the field of nanotechnology [17]. A similar position was
taken by Cargill at the British Parliament in 2009, when the com-
pany assured that they will not intentionally incorporate engineered
nanomaterials into its products until health, safety, and environ-
mental issues are overcome [18].

Thus, the application of nanotechnology in food formulations
is still a controversial issue (Figure 3.1). On one hand, food com-
panies believe and recognize the nanotechnology potential and

0 Food LT VES?
Nanotechnology —— formulation "
R L L. NO?

Figure 3.1 Controversial application of nanotechnology in food formulations.
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opportunity to develop new valuable foods. On the other hand,
they also believe that consumer health and safety risks, related to
this type of application, were not yet circumvented.

3.3 Food Packaging

One of the functions of food packaging is to increase the shelf life of
foods protecting it from microbial and chemical contamination and
other factors, such as oxygen and light. The use of nanotechnology
in food packaging is a promising application aimed at achieving
longer shelf life of food products, rendering them safer [4]. New
solutions can be provided for food packaging, through the modifi-
cation of the permeability behavior of the packaging systems. Some
of those include: enhanced barrier (mechanical, microbial and
chemical), antimicrobial, and heat-resistance properties [19-20].

The Project on Emerging Nanotechnologies and the Grocery
Manufacturers/Food Products Association (GMA/FPA) held a
joint meeting in 2007 with several experts to begin discussing pos-
sible applications of engineered nanomaterials for use in packaging
case studies. Three hypothetical applications were designed to be
developed, illustrating the range of possible future uses of engi-
neered nanomaterials in packaging [19].

Thus, enhanced barrier properties, active packaging, and intel-
ligent packaging are the three basic categories of nanotechnology
applications and functionalities that appear to be in development
for food packaging applications.

3.3.1 Enhanced Barrier Properties
3.3.1.1 Clays and Silicates

3.3.1.1.1 Structure and Types of Composites

In the late 1980s, the concept of polymer-clay nanocomposites
(PCN) was developed and first commercialized by Toyota [21],
but only since the late 1990s have works been published on the
development of PCN for food packaging [22]. There are different
forms to improve the plastic materials’ barrier properties. One of
them is the incorporation of clays or silicates in the polymer matrix.
These layered inorganic solids have drawn the attention of the
packaging industry due to their availability, low cost, significant
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enhancements, and relatively simple processing [23]. The nanocom-
posites most commonly used are layered silicates consisting of two-
dimensional layers around 1 nm in thickness, and several microns
in extension, depending on the kind of silicate [23]. The presence of
the layered silicates in polymer formulations increases the irregu-
larity of the diffusive path for a penetrant molecule (Figure 3.2),
providing excellent barrier properties against oxygen, water vapor,
carbon dioxide, and aromas [19, 24-26].

In a tactoid structure, predominating in microcomposites (con-
ventional composites), the polymer and the clay tactoids remain
immiscible, resulting in agglomeration of the clay in the matrix and
poor macroscopic properties of the material [27-28], while the inter-
action between layered silicates and polymer chains may produce
two types of ideal nanoscale composites (Figure 3.3). One type are
the intercalated nanocomposites obtained from the penetration of
polymer chains into the interlayer region of the clay, resulting in an
ordered multilayer structure with alternating polymer/inorganic
layers at a repeated distance of a few nanometers [29]. The other
types are the exfoliated nanocomposites which involve extensive
polymer penetration, with the clay layers delaminated and ran-
domly dispersed in the polymer matrix [28]. It has been reported
that the exfoliated nanocomposites exhibit the best properties due
to the optimal interaction between clay and polymer [27, 30].

One of the most studied clay fillers is Montmorillonite (MMT), a
hydrated aluminosilicate layered clay consisting of an edge-shared
octahedral sheet of aluminum hydroxide between two tetrahedral
layers of silica [29]. The imbalance of the negative charges at the

Figure 3.2 Tortuous path of a permeant in a clay nanocomposite. Adapted from
de Azeredo, [23].
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Figure 3.3 Types of composites derived from interaction between layered
silicates and polymers: (a) phase-separated microcomposite; (b) intercalated
nanocomposite and (c) exfoliated nanocomposite. Based on Alexandre and
Dubois [27] and Weiss et al. [29].

surface is compensated by exchangeable cations (typically Na* and
Ca?) [23]. The parallel layers are linked together by weak electro-
static forces [31-32]. This type of clay is characterized by a moder-
ate negative surface charge (known as the cation exchange capacity,
CEC, measured in meq/100 g), which is an important factor defin-
ing the equilibrium layer spacing [23]. The charge of a layer is not
locally constant, varying from layer to layer, and thus an average
value over the whole crystal should be considered instead [27].
MMT is an efficient reinforcing filler due to its high surface area
and large aspect ratio (50-1000) [33].

3.3.1.1.2 Applications of Clay Nanocomposites

The introduction of nanoclays into polymer biostructures has
been shown to greatly improve barrier properties, constituting a
barrier to gas and water molecules and forcing them to follow a
much longer path; the path length is increased by the aspect ratio
of the clay nanoflakes times their relative fraction [34], reducing
one of the main drawbacks of biopolymer films. Several studies
have reported the effectiveness of nanoclays in reducing perme-
abilities to oxygen [24-25, 35-40] and water vapor [38, 41-42]. The
mechanical strength of biopolymers can also be improved by the
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use of clays [29]. A thermoplastic starch (TPS)/clay nanocomposite
with improved mechanical properties and decreased water vapor
permeability was generated by Park et al. [43] using only 5% (w/w)
clays. In a study reported by Petersson and Oksman [44], benton-
ite improved the strength and modulus of a polylactic acid (PLA)
matrix, even though drastically decreasing elongation of the mate-
rial. Lotti et al. [38] and Xu et al. [45] showed similar results for low-
density polyethylene (LDPE) treated with organoclay and chitosan
film with the incorporation of MMT, respectively. Alternatively,
Marras et al. [46] showed that elongation of poly(e-caprolactone)
(PCL) was not impaired by MMT.

Nevertheless, improvement of mechanical properties of sev-
eral polymers by the addition of nanoclays was observed by other
authors [42, 47-51]. Other advantages, such as increased glass tran-
sition and thermal degradation temperatures, have been reported
in the performance of a diversity of polymers as a result from add-
ing clay nanoparticles [25, 44, 47, 51]. However, some decrease in
transparency has also been observed [47].

3.3.1.2 Other Nanofillers

Laminar clays have been used in several applications of nanocom-
posites in bioplastics for packaging [52] along with carbon nanotubes
[53] and nanoparticles of metals and oxides [54]. Biodegradable cel-
lulose nanowhiskers (CNW) and nanostructures obtained by elec-
trospinning, which are very promising in a number of application
fields, are other types of reinforcing elements [55-57]. The genera-
tion of fully biobased formulations can be achieved by the use of bio-
based nanofillers to reinforce bioplastics [52]. These nanobiofillers
(CNW and electrospun nanofibers), besides other properties, have
very large surface to mass ratios (up to 10®higher than a microfiber),
excellent mechanical strength (CNW and some reinforced electros-
pun fibers), flexibility, lightness, and, possible edibility when made
of food hydrocolloids [58-60].

The properties of nanocomposites composed of cellulose fibers
are strongly dependent on their dimensions and aspect ratio (shift-
ing from micro- to nanosized fibers allows for improvements in
optical and mechanical properties), as well as on their compatibility
with the polymer matrix [61-63]. These nanomaterials have already
been used for controlled release of bioactive substances in pharma-
ceutical and biomedical applications, and also as reinforcing fill-
ers [53]. Controlled release of active and bioactive compounds in
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food packaging applications, and nanoencapsulation of functional
added-value food additives are other possible applications [64-65].

3.3.1.2.1 Applications of Other Nanofillers

Helbert et al. [59] reported that a poly(styrene-co-butyl acrylate)
latex film containing 30% of straw cellulose whiskers presented a
modulus that was more than a thousand times higher than that of
the bulk matrix. This effect is due to the geometry and stiffness of
the whiskers, but also to the formation of a fibril network within the
polymer matrix, the cellulose fibers probably being linked through
hydrogen bonds. Zimmermann et al. [66] observed that fibril con-
tents of up to 5% resulted in no strength or stiffness improvement of
polyvinyl alcohol composites, and it was suggested that probably
a minimum content of fibrils is required to induce intense interac-
tions between fibrils and thus the formation of networks.

These cellulose fibers have been effective in improving strength
and modulus of polymers, especially at temperatures above the
glass transition temperature (T ) of the matrix polymer [67-68]. The
cellulose nanoreinforcements showed increased moisture barrier
of polymer films [57, 69-70]. The lower permeability is thought to
be related with the presence of crystalline fibers increasing the tor-
tuosity in the materials leading to slower diffusion processes [57].
Fillers less permeable, with good dispersion in the matrix and a
high aspect ratio, can improve the barrier properties [71]. Improved
thermal properties of polymers have also been reported in stud-
ies with nanosized cellulose fibrils. In these studies the thermal
stability of polymers in nanocomposites with cellulose whiskers
was improved compared to the corresponding bulk polymers [59,
72-73]. Nevertheless, controversial results, such as T_ increasing
effects on polymer films [74-75], and inconsistent or even negligible
effect of cellulose nanoreinforcements on T_ have been reported [57,
76-77]. In a study with a sorbitol-plasticized starch nanocomposite
with tunicin whiskers it was observed that the T first increased
up to the whisker content around 10~15 wt.% and then decreased.
The increase of T was attributed to the increase in the crystallinity
of the starch matrix with tunicin content, the restricted mobility of
amorphous amylopectin chains resulting from the physical cross-
links induced by the crystallization. On the other hand, a possible
explanation for the T  decrease, could be that sorbitol is probably
not totally included into the crystalline domains during crystalliza-
tion, which increases its concentration in the amorphous domains
of the matrix [77].
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Two studies proposed possible explanations of negligible variation
of T, values of polymers with the contents of cellulose nanorein-
forcements in composites. One explanation is that the inclusion of
cellulose nanofibrils results in a smaller portion of the matrix par-
ticipating in the glass transition instead of a consistent increase in
T [78]. Another mechanism was proposed by Azizi Samir ef al. [76],
whereby the presence of whiskers could influence the T values
in different manners. First, the solid surface of cellulose whiskers
could restrict mobility of polymer chains in the vicinity of the inter-
facial area, which would result in a global shift of T toward higher
temperatures. On the other hand, in the presence of whiskers, the
crosslinking density of the polymeric matrix decreased, indirectly
decreasing the T..

3.3.2 Active Packaging

Conventional packaging is known as a passive barrier to and
from the external environment [79]. On the other hand, a sys-
tem which allows changes in the structure and condition of the
package to improve the preservation of food properties, improve
safety, enhance sensory quality and further extend shelf life is
called active packaging (AP) [80]. AP is designed to deliberately
incorporate components that would release or absorb substances
into or from the packaged food environment surrounding the food
[81]. The use of nanotechnology may allow the incorporation of
active components to deliver functional attributes beyond those of
conventional AP [19].

There have been developments for antimicrobial and oxygen
scavenging packaging applications. Other main promising appli-
cations include ethylene removers and carbon dioxide absorbers/
emitters.

3.3.2.1 Antimicrobial Nanocomposites

The incorporation of antimicrobial compounds into food packaging
materials in AP is a promising technology, having received consid-
erable attention since it may allow microbial inactivation and/or
inhibition to enhance product safety and extend its shelf life [23].
An antimicrobial nanocomposite film is particularly desirable
due to its acceptable structural integrity and barrier properties
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imparted by the nanocomposite matrix, and the antimicrobial
properties contributed by the natural antimicrobial agents impreg-
nated within [82].

Metal and metal oxide nanoparticles and carbon nanotubes are
the nanoparticles most used for the development of active pack-
aging with antimicrobial properties [52]. Silver is the most com-
mon nanoadditive used in antimicrobial packaging, with several
advantages such as strong toxicity to a wide range of microorgan-
isms, high temperature stability, and low volatility [23]. Several
mechanisms were proposed to explain the antimicrobial properties
of silver nanoparticles. The adhesion to the cell surface, degrad-
ing lipopolysaccharides and forming “pits” in the membranes,
largely increasing permeability [83], penetration inside bacterial
cell, damaging DNA [84], and releasing antimicrobial Ag* ions
by Ag-nanoparticles dissolution [85] are some of the proposed
hypotheses.

Titanium dioxide (TiO,) has also been used to inactivate several
food-related pathogenic bacteria [86-88]. A TiO, powder-coated
packaging film was developed by Chawengkijwanich and Hayata
[89] reducing Escherichia coli counts on food surfaces. In another
study, TiO,-coated films exposed to sunlight inactivated fecal coli-
forms in water [90]. Moreover, doping TiO, with silver greatly
improved photocatalytic bacterial inactivation [91-92]. A nano-
composite with PVC and TiO,/Ag* nanoparticles also showed
good antibacterial properties [93]. Actually, attention is particu-
larly focused on the photocatalytic activity of TiO, under ultra-
violet radiation [94]. Oxygen scavenger films were successfully
developed by adding titania nanoparticles to different polymers.
The authors suggested their use for packaging of a wide variety
of oxygen-sensitive products. Nevertheless, its major drawback is
the requirement of UVA light [23, 95]. Carbon nanotubes (CNTs)
have also been reported to have antibacterial properties. The
long and thin CNTs perforate microbial cells causing irreversible
damage [96]. Nevertheless, CNTs can be cytotoxic to human cells
when in contact with skin and lungs [97-99]. Antibacterial activ-
ity of nanoscale chitosan has also been studied [100]. Its mecha-
nism of action involves interactions between positively charged
chitosan and negatively charged cell membranes, increasing mem-
brane permeability and eventually causing rupture and leakage of
intracellular material.
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3.3.3 Intelligent Packaging

Systems that include an external or internal indicator providing the
consumer information on the history of the product/or the quality
of the food are called intelligent packaging [101]. These systems
can detect and record changes in the product’s external or internal
environment and inform the customer on the consequences of these
changes to the safety and quality of the food product [102-103].

3.3.3.1 Nano-based Sensors

Nanoparticles can be applied as reactive particles in packaging
materials. These nanosensors are able to respond to environmen-
tal changes (e.g., temperature, humidity and levels of oxygen),
degradation products or microbial contamination [104]. The food
expiration date is estimated by the food industries, considering the
distribution and storage conditions (mainly temperature) to which
the food product is predicted to be exposed [23]. Nevertheless,
special attention must be given to products requiring cold chain
conditions since temperature abuses may occur. Moreover, sealing
defects or micropores in packaging systems can contribute to an
oxygen concentration increase leading to undesirable changes [23].
The incorporation of these nanosensors allows the detection of cer-
tain chemical compounds, pathogens and toxins in food, providing
real-time status of food freshness and, consequently, eliminating
the need for inaccurate expiration dates [105]. Moreover, tracking
certain ingredients or products through the processing chain is
already under development or has been commercialized [106].

Mahadevan Iyer, an expert from the Packaging Research Center
of the Georgia Institute of Technology in Atlanta, pointed out sev-
eral advantages of these sensors. These include: rapid and high-
throughput detection, simplicity, cost effectiveness, reduced power
requirements and easy recycling [107].

3.3.3.2 Detection of Gases Produced by Food Spoilage

Several types of gas sensors have been developed based on applied
studies of the surface properties of materials. Conducting poly-
mer nanocomposites (CPC) and metal oxide gas sensors are the
most popular types of sensors due to their high sensitivity and
stability [108]. Food spoilage is mainly caused by microorganisms,
whose metabolism produces gases which can be quantified and /or
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identified by these types of sensors. CPC sensors are constituted by
conducting particles embedded into an insulating polymer matrix.
The emitted gases can be detected since the sensor resistance
changes produce the corresponding pattern [108]. An “electronic
tongue” device for inclusion in packaging is being developed by
Kraft Foods and researchers at Rutgers University in the US. This
equipment is composed of an array of nanosensors highly sensi-
tive to gases released by food as it spoils, producing a color change
indicating whether the food has deteriorated [23].

3.4 Regulation Issues and Consumer Perception

Nanotechnology can be applied in all aspects of the food chain,
both for improving food safety and quality control, and to incor-
porate novel food ingredients or additives [81]. This application or
utilization in foods is a matter of concern in terms of public health.
Currently, there are no special regulations in the United States;
however, in the European Union (EU) some recommendations for
regulations have been made [52]. As a general recommendation,
nanocomposites within the EU must comply with the European
Food Safety Authority (EFSA) total migration limit of 10 mg/dm?,
with the functional barrier stringent migration level of 0.01 mg/kg
of food or food simulant and/or with the specific migration levels
for their constituents in case they comprise food-contact compo-
nents (Commission Directive 2007/19/CE that modifies Directive
2002/72/CE) [51]. On the other hand, the US Food and Drug
Administration (FDA) states that it regulates “products, not technol-
ogies,” and anticipates that many products of nanotechnology will
fall under the jurisdiction of multiple centers within the FDA and
will therefore be regulated by the Office of Combination Products.
FDA regulates on a product-by-product basis and stresses that
many products that are currently regulated produce particles in the
nano-size range. The FDA says that “particle size is not the issue”
and stresses that new materials, regardless of the technology used
to create them, will be subject to the standard battery of safety tests.
Nevertheless, a recent report by the Institute of Food Science and
Technology (IFST) in the United Kingdom stated that size matters
and recommends that nanoparticles be treated as new, potentially
harmful materials until testing proves their safety [29]. Thus, it is
mandatory to know the eventual health effects of nanotechnology
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applications, since the risk of ingestion of particles incorporated
into food packaging material must be taken into account because of
the possibility of their migration to food.

The acceptance of new technologies by consumers, in particu-
lar nanotechnologies, depends on the consumer’s perception and
reaction to the information about those types of technology. Several
reports showed that European consumer awareness of nanotech-
nology is progressively emerging and that they are positive about
the opportunities of nanotechnology in several applications, how-
ever, there is still some skepticism regarding the use of nanopar-
ticles in food. In the US, studies revealed that very few consumers
heard about nanotechnology, nevertheless, they are expecting safer
and better food with the application of nanotechnology [81].

Moreover, in 2006 the National Science Foundation (US) funded
a survey and observed that US consumers are willing to use specific
products with nanoparticles when the potential benefits are high,
even if there are health and safety risks.
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Abstract

Freezing has been successfully implemented worldwide for long-
term preservation of an endless variety of food products. The low
temperatures achieved in freezing processes change the physical
state of water and, consequently, water becomes unavailable to sup-
port deteriorative processes. Freezing, when conveniently applied,
may preserve some of the original attributes of a food, but overall
quality is inevitably affected. Ice crystallization that occurs during
freezing processes, and along frozen storage, may cause important
physic and/or chemical changes in food products. So, it is impor-
tant that products have high quality raw characteristics before the
freezing stage. Freezing may reduce microbial loads and microbial
activity, yet it cannot assure the safety of post-thawed products. To
inactivate undesirable microorganisms and enzymes responsible
for quality decay, adequate treatments are often applied before the
freezing processes of foods.

The success of the freezing operation depends mainly on the
composition, physical properties and shape of product to be frozen,
the freezing method and conditions applied, the type of equipment
used and packaging materials selected.

This chapter provides an overview of treatments pre-applied
in freezing processes of meat, fish, fruits and vegetables products,
freezing methods and equipment industrially used, and innova-
tions in freezing processes. Main impacts of frozen technology on
food properties are also highlighted.
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Keywords: Frozen foods, pre-freezing treatments, freezing methods,
freezing equipment, food quality, frozen food properties

4.1 Introduction

Freezing is the unit operation in which the temperature of a sub-
stance is reduced below its freezing point. Changes in the structure
of the product occur due to the ice crystals formation when energy
is removed. Freezing is one of the oldest and most frequently used
processes for long-term food preservation. The use of ice and snow
to cool and preserve food goes back to the Paleolithic and Neolithic
periods. The use of mountain snows, pond and lake ice to form
freezing baths, and ice manufacture by evaporative and radiative
cooling of water on cloudless clear nights was a common practice.

Nowadays, the freezing process is strongly implemented world-
wide, being one of the most common preservation methods used
for all kinds of commercialized foods: fruits (whole, puréed or as
juice concentrates) and vegetables; fish fillets and seafood, includ-
ing prepared dishes; meats and meat products; baked goods (such
as bread, cakes, pizzas); desserts and an endless number of pre-
cooked dishes [1].

Food preservation by freezing occurs through different mecha-
nisms. When temperature is lowered below 0°C, there is a reduction
in the microbial loads and microbial activity; therefore, deteriora-
tion rates of foods decrease. Freezing temperatures affects biological
materials in various ways, depending on their chemical composi-
tion, microstructure and physical properties. The low temperatures
also have a strong impact in enzymatic activity and oxidative reac-
tions that help avoid a products deterioration. In addition, with ice
crystal formation, less water will be available to support deteriora-
tive reactions and microbial viability [2, 3].

In general, frozen foods are synonymous with high quality prod-
ucts and only small changes of quality attributes occur when correct
freezing and storage procedures are followed. The characteristics of
final frozen products are influenced by processing factors such as
the freezing method, the freezing rate, the final temperature and
frozen storage conditions. Quality attributes such as texture, color,
flavor and nutritional content are mainly related to the way ice crys-
tals are formed. Usually, when a plant or animal tissue is cooled,
the ice crystals are initially formed at the product’s surface and
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their growth strongly depends on the freezing rate. Some products
require fast freezing rates (short freezing times) to assure the for-
mation of many but small ice crystals within the product structure,
avoiding cells shrinkage and reducing to minimal the degree of
freeze damage. In this case, small texture changes and small loss of
nutrients will be verified through drip on thawing. Additionally, a
rapid freezing followed by a slow thawing inactivates more micro-
organisms. Other products, due to their geometric configurations
and sizes, do not allow a fast freezing. If the product is cooled
slowly (high freezing time), large ice crystals will be formed, caus-
ing maximum disruption of the tissues’ structure. Besides the freez-
ing rates, storage temperatures also play an important role in the
frozen food quality. Fluctuations in the storage temperature may be
harmful to the product’s quality [2, 4-6].

4.2 Treatments: Pre-freezing

One should bear in mind that a freezing process only preserves
the original attributes of a food and it will never improve quality.
Therefore, it is crucial that products have high quality standards
before the freezing stage. Food freshness, the relevance of variety
for freezing, the soil composition, the dietary elements of animals,
and the harvesting or slaughtering procedures have a huge impact
on the final food quality. Although freezing reduces microorgan-
isms loads, it is not enough to assure the safety of post-thaw prod-
ucts [7]. Thus, preparatory or pre-freezing treatments are usually
required to inactivate undesirable microorganisms or to slow down
deterioration reactions. These treatments for fruits and vegetables,
and for fish and meat products are presented below.

4.2.1 Fruits and Vegetables

The removal of defective produce and inspecting, grading, cleaning,
sorting, and in some cases, peeling, shelling, trimming, chopping
and slicing are the most common preparatory treatments applied
to fruits and vegetables [8-10]. Those procedures remove foreign
products, minimize product variability and decrease microbial
contamination. However, they may eliminate the protective barrier
provided by cellular compartments and allow oxygen access, lead-
ing to leach of nutrients, browning, desiccation and interaction of
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enzymes that can cause loss of nutrients and texture as well as color
and flavor changes [11, 12]. The deteriorative enzymes and micro-
organisms should be inactivated before freezing, thus allowing tis-
sues stabilization and avoiding posterior quality degradation.

Blanching is a thermal treatment in which the products are
heated by a brief immersion in hot water or by hot steam. Its
major effect is related to enzymatic inactivation but there are other
important benefits. It destroys vegetative cells of microorganisms
at the food surface, removes any remaining insecticide residues,
improves the color of green vegetables, and eliminates off-flavors
produced by gases and other volatile substances that may have
been formed during the period between harvesting and process-
ing [13, 14]. However, blanching also causes cell membranes dis-
ruption, destroys cell turgor and removes intercellular air, filling
these spaces with water. As a consequence, water crystallization
can occur through the entire matrix of food, affecting texture, color,
flavor, and nutritional quality of foods. Sometimes, due to the cellu-
lar turgor reduction, blanching and freezing may not be acceptable,
mainly for products that are not cooked before consumption [7]. To
reduce the negative effects of blanching, less severe heat treatments
may be applied. Low temperatures and long-time treatments avoid
excessive softness, improving the tissues firmness of frozen fruits
and vegetables.

In fruits with sensitive tissues or/and that grow near or just
above the soil, such as strawberries, an effective water washing
must be carried out. Usually, fruits with low pH are protected from
the microbial growth and blanching is not necessary [15].

Washing/sinking the products in solutions of several compounds may
be required for maximum quality retention. Antioxidant solutions,
such as ascorbic or citric acid or sulphur dioxide can be used to
minimize the risk of browning; sugar solutions may also influence
chlorophyll stability during storage; salt solutions remove intracel-
lular air of tissues; and hydrogen peroxide and chlorine-based solu-
tions contribute to microbial inactivation [5].

Other processes based on partial air drying, osmotic dehydration
and immersion chilling and freezing in concentrated aqueous solu-
tions are examples of alternatives to the commonly used treatments
applied before freezing of fruits and vegetables.

Partial dehydration of foods is usually attained by air drying. The
water removal is limited to 50-60% of the original content and
the final products present water activity higher than 0.96. One of
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the major advantages of this technique is related to lower energy
consumption of the freezing process, since the amount of water to
be frozen is reduced. The costs with transport, storage and packag-
ing also decrease. Products with high quality and stability (color
and flavor) are obtained; the thawing process is also improved, i.e.,
less drip loss occurs [5, 16].

Osmotic dehydration consists in placing the food (whole or in
pieces) in solutions of high sugar or salt concentration. The water
inside the food moves to the concentrated solution and, simultane-
ously, the solute from the concentrated solution is transferred into
the food. Osmotic concentration of fruits and vegetables prior to
freezing improves their quality in terms of color, texture and fla-
vor and the combination of this treatment with partial air drying
requires less energy consumption than air drying alone [7, 17].

Immersion chilling and freezing in concentrated aqueous solutions
(ICFCAS) is quite similar to osmotic dehydration. The main dif-
ference is related to the temperatures of the processes: ICFCAS
occurs at temperatures lower (-20 to 0°C) than the ones of osmotic
dehydration (30 to 80°C). The solute impregnation also improves
color, flavor and nutritional content of foods, reducing the damage
related with freezing and storage [16].

4.2.2 Fish Products

There are several factors that influence the quality of frozen fish.
At the time of capture, the fish should be calm; if necessary, they
should be anaesthetized to reduce strain and simplify handling
and killing. Bleeding should take place immediately after killing,
otherwise visible blood vessels will appear in the fish muscle. A
careful and gentle handling will avoid physical damage and pre-
vents enzymatic and bacterial activities. After being caught, the fish
should be frozen as rapidly as possible, preferably before onset of
rigor mortis. All intermediate storages will result in significant loss
of fish quality. If rapid freezing is impossible, the fish should be
chilled to temperatures below 0°C. Rapid chilling will slow down
the enzymatic and microbial activities which occur post-mortem.
However, this intermediate chill step (before freezing) will reduce
the shelf life of the frozen product [18-21].

Fish muscle is very susceptible to freeze denaturation.
Cryoprotectants can be added to protect the fish myofibrillar pro-
teins. Sugars, amino acids, polyols, methyl amines, carbohydrates,
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some proteins and inorganic salts, such as potassium phosphates
and ammonium sulfate, are examples of cryoprotectant compounds
[7, 18]. Antifreeze proteins are specific cryoprotectants identified in
a variety of fish species and cold tolerant insects and plants that may
be used to improve the quality (flavor and texture) of frozen prod-
ucts. Antifreeze proteins lower the freezing temperature, inhibit ice
crystal growth, including recrystallization, and affect crystal mor-
phology. This method is a unique technique that directly improves
the fish freezing process [5, 7.

Irradiation treatments, combined with freezing, have also been pro-
posed as a means of retarding spoilage. However, high doses of irradi-
ation can be adverse to product quality, due to changes in the chemical
composition and alterations in the flavor of fish and seafood [7].

4.2.3 Meat Products

Animal feeding and the way that animals are handled and trans-
ported before slaughter affect meat quality and frozen storage life.
Diets rich in highly unsaturated fatty acids or highly unsaturated
vegetable oils reduce the frozen meat quality. Animal stress and
exhaustion should be avoided since meat become unattractive
for consumers: pale soft and exudative meat (in pigs) or dry, firm
and dark meat (in beef and lamb), with alterations in flavor occur.
Usually, meat is not frozen until rigor mortis is complete and an
intermediate step of chilling should be applied.

Several techniques can be applied to allow meats to be frozen
sooner after slaughter, producing a more stable frozen product. A
rapid chilling reduces drip loss; however, if applied before rigor is
attained, it adversely affects meat texture. The length of chilled stor-
age prior to freezing affects the rate of deterioration during frozen
storage. Shorter intervals between slaughter and freezing should
be used. After slaughter, if carcasses are submitted to high voltage
electric stimulation, the rigor will be faster thus allowing a rapid
chilling without much of the toughening effect [22-25].

Cooking of meat can result in longer shelf life of the products.
This can be explained by enzymatic and microbial inactivation,
similar to blanching of vegetables, prior to freezing. However,
cooking processes such as frying, which increase the fat content of
the meat product, can lead to increased off-flavors during storage.
Salt increases the rate of processes that lead to rancidity, which also
reduces the quality of frozen stored foods.
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Since many of the reactions leading to rancidity are oxidative,
the addition of antioxidants can improve storage. Many herbs and
spicy seasonings contain substances which help control rancidity
in meats.

As in fish, cryoprotectant compounds can be used to promote the
shelf life of frozen meat. It has been shown that the incorporation of
antifreeze proteins is effective in controlling ice crystal size, reducing
drip loss and retaining textural quality of frozen meats [5, 22-24].

For poultry meat, there is no evidence that chilling methods have
influence on storage life. In terms of preservation, there are many
antimicrobial compounds (salt, sodium nitrite), acidulants (sodium
acetate, sodium dicetate and lactate) and antioxidants (butylated
hydroxyanisole and butylated hydroxytoluene) that may be incor-
porated into poultry products to increase shelf life and prevent
spoilage [26]. The use of antifreeze proteins in poultry muscles is
more problematic, due to difficulties in finding an expedient route
of perfusing the antifreeze proteins without causing disruption/
damage of muscles structure [5].

4.3 Freezing Process

The freezing process involves four main stages (Figure 4.1): (i) pre-freez-
ing stage —sensible heat is removed from the product, being the temper-
ature reduced to the freezing point; (i) super-cooling—temperature falls

Temperature

Time

Figure 4.1 Typical cooling curve of a freezing process.
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below the freezing point, which is not always observed; (iii) freezing
— latent heat is removed and water is transformed into ice (i.e., crys-
tallization) in all product; (iv) sub-freezing — the food temperature is
lowered to the storage temperature.

The water must be cooled to temperatures substantially below
the freezing point before ice begins to form. The nucleation should
occur before ice crystals begin to grow. The nucleation process con-
sists of the formation of a minimum crystal with a critical radius,
i.e., the very fine particles formed, which are in equilibrium with the
surrounding water and will be the site for further crystal expansion
and growth. From a physical point of view, foods may be consid-
ered as dilute aqueous solutions with a freezing point below 0°C.

Two types of ice nucleation can occur: (i) homogeneous nucleation
— occurs only in homogeneous particle-free liquids and happens
due to random orientation and combination of water molecules,
and (ii) heterogeneous nucleation — occurs in solid foods where the
cells surfaces act as nucleation sites (the nucleus formations occurs
around suspended particles or on the cell wall). The number of
nucleation sites and the growth of ice crystal are strongly dependent
on the heat transfer rate. High heat removal rates produce small and
numerous ice crystals. Different foods, submitted to similar freezing
rates and even with similar dimensions, have ice crystals with dif-
ferent sizes. This can be explained by different water availability of
the foods. For the same foods, if different pre-freezing treatments
are applied, the ice crystal sizes may also differ [1, 27, 28].

There are many factors that will determine the success of the
freezing operation. Freezing methods and type of equipment used,
composition and shape of product to be frozen, packaging materials,
freezing rates and ice crystallization, products moisture content, spe-
cific heat, and heat transfer coefficients and packaging, are examples
of factors that will determine freezing efficiency and product quality.
To attain the desired results, it is necessary to relate all these factors.
For example, the entire product has to be at the same temperature
(superficies and mass center). However, this situation is dependent
on the freezing rate, heat transfer coefficient, and on the amount
of heat removed from the product. The freezing time is related to
the freezing rate, packaging prior to freezing, the freezing method
used, the initial and final product temperatures, food product shape,
specific heat, thickness and food components. If the product ini-
tial temperature is just above the freezing point, a more controlled
crystallization will occur when compared with products initially at
room temperature and, consequently, a better product quality will
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be attained. The amount and rate of heat removal is dependent on
the food chemical composition: more sugars, salt and/or alcohol
involves longer freezing times and/or lower freezing tempera-
tures. The wide variety of food products and their characteristics are
important keys in the design and conception of freezing systems. No
single freezing system can satisfy all freezing needs [7, 29]. However,
several mathematical models have been developed to correlate the
most important parameters of freezing processes [30, 31].

4.4 Freezing Methods and Equipment

A whole range of methods and equipment for freezing foods indus-
trially is available. The most common ones are: blast freezers (batch
and continuous), belt (spiral) freezers, cooled surface freezers,
immersion freezers (batch and continuous), and cryogenic freezers.

4.4.1 Freezing by Contact with Cold Air

Freezing by contact with cold air is the most widely used method of
freezing food products. Freezing foods by natural convection is not
used industrially due to the low freezing rates (that results in high
freezing times) occurring under such conditions. If heat is removed
from product by forced convection (fans are used to increase the
cold air speed), the efficiency of the process increases. The air tem-
perature is more uniform and the air velocity can be controlled to
promote heat transfer at the products surface, however the freez-
ing time is always dependent on product characteristics/shapes. In
thin products, with large exposure surfaces, the freezing time can
be directly reduced by increasing cold air velocity. In thick prod-
ucts, with lower exposure surfaces, the freezing time will be limited
essentially by the rate of heat conduction through product thick-
ness [32]. The air temperature of a typical mechanical refrigeration
freezer is usually between —32°C and —40°C (Miller and Butcher
2000; Rahman and Velez-Ruiz 2007).

4.4.1.1 Batch Air Blast Freezers

Air blast freezing is one of the oldest and most commonly used
methods in the food industry. It is used to freeze a great variety of
irregular shaped foods/products, such as fish, meat, fruits and veg-
etables, prepared meals, as well as packaged products.
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Its major drawback is related to the cold air distribution. Also, as
the freezing time is reduced with the increase of the air velocity, it
is necessary to balance the costs associated to the decrease of freez-
ing time and the increase of power related to the operation of fans.

Batch air blast freezers are related to the simplest technology that
uses forced air convection. It consists of an insulated cabinet con-
taining fans that force air flow through refrigerant evaporator coils
and through the products to be frozen (Figure 4.2). Foods frozen in
batch air blast freezers are usually stacked in racks or hung (car-
casses). It is important to ensure that the cold air passes over the
surface of each individual food piece [32].

In the situation of packaged foods, an additional physical barrier
exists and long freezing times are required. The inability to circu-
late air over the product’s surface and the temperature gradients
between product and air will increase the freezing time [2]. Batch
air blast freezers can also be considered as refrigerated rooms for
storing food products under freezing conditions.

4.4.1.2 Continuous Air Blast Freezers

In continuous equipment, trays with food are stacked on trolleys
or the food is moved through a freezing tunnel by conveyor belts.
These freezing systems use a diversity of conveying arrangements.

Figure 4.2 Schematic illustration of a batch air blast freezer.
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The equipment available varies from a simple one pass belt sys-
tems, to more elaborate multipass, spiral belt or variable retention
time systems [32]. The principle of a belt freezer is the same as that
of a blast freezer, i.e., the product is frozen by cold air.

Spiral belt freezers (Figure 4.3) are widely used in the food indus-
try to freeze chicken, fish, meat, bagels, prepared and processed
foods on open trays or packages. The main convenience of this type
of freezer is related to the reduced floor space required for installa-
tion of the equipment.

In tunnel freezers, the food products are placed in trays or racks
that move continuously on conveyors (Figure 4.4). A vast variety of

Figure 4.3 Schematic illustration of a spiral belt freezer.

Figure 4.4 Schematic illustration of a tunnel freezer.
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foods, with different sizes and geometries, packed or non-packed,
can be frozen in this equipment. However, freezing operating con-
ditions should be designed according to the product [33].

In recent years, the use of impingent technology in freezing pro-
cesses has received special attention. Those freezers are usually
continuous and are equipped with a jet system that impinges cold
air directly onto the food surface. Generally, the air jets are applied
perpendicularly to the product surface, which breaks the insulation
air layer boundary, thereby increasing heat transfer coefficients and
allowing a fast freezing [32, 34]. However, the reduction in freezing
times is only relevant in thin food products [32].

The air impingement technique is also a versatile method that
can be efficiently applied to freeze a vast variety of foods and food
products, however, without small surface particles or toppings.

4.4.1.3 Fluidized Bed Freezers

The system consists of a perforated bed through which cold air, at
high velocities, is blown vertically upward by the action of power-
ful fans (Figure 4.5). Fluidized bed freezers are appropriated for
small food items (smaller than 15 mm), with uniform shape and
size, such as peas, diced carrots and potatoes, corns kernels, and
berry fruits [35]. The shape and size of the food pieces determine
the air velocity for fluidization. In these freezers, food surfaces are
in extended contact with cold air so food particles are frozen simul-
taneously and uniformly. When compared with air blast freezers,
this process results in faster freezing and less dehydration of the
products [1]. A high degree of fluidization will improve the heat

Figure 4.5 Schematic illustration of a fluidized bed freezer.
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transfer. Some equipment produces an ice glaze on food surfaces,
which is particularly useful for freezing products that have a ten-
dency to clump together [1, 29].

4.4.2 Freezing by Contact with Cold Liquid

The immersion freezer consists of a tank with a cooled freezing
media, such as glycol, glycerol, sodium chloride, calcium chlo-
ride, and mixtures of salt and sugar. The product is immersed in
the solution while being conveyed through the freezer (Figure 4.6).
This results in a rapid way of freezing, since liquids have higher
heat conducting properties than air. The liquid can also be sprayed
over the food, which makes heat transfer more efficient. The freez-
ing solutions should be safe, without taste, odor and color.

In order to avoid product contact with the liquid refrigerant, flex-
ible membranes can be used. This is important since solute of the
solutions may be transferred to products.

4.4.3 Freezing by Contact with Cold Surfaces

In these freezing systems, the products are positioned between two
metallic cold plates filled with evaporating refrigerant. Pressure is
usually applied in plates to ensure a good contact between food
products and cold surfaces. Plate freezers are composed of a stack
of hollow plates that can be horizontal (Figure 4.7) or vertical, and
they can operate in batch, semi-continuous or continuous condi-
tions. Vertical plate freezers are generally used for bare product
while horizontal freezers are mainly used for packaged or bare
products. This type of equipment is only suitable for regular-shaped

Figure 4.6 Schematic illustration of a batch liquid immersion freezer.
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Figure 4.7 Schematic illustration of a horizontal plate freezer.

products or blocks, flat and relative thin foods such as filleted fish
and fish fingers, or beef burgers [1].

Freezing by contact with cold air or liquid requires the step of
cooling the freezing media. Freezing in contact with cold surfaces
avoids this step and, if a good contact between plates and food
products is achieved, it allows high heat transfer rates [32, 36].

4.44 Cryogenic Freezing

In cryogenic freezing the food is in direct contact with the refriger-
ant, through three different ways: (i) the cryogenic liquid is directly
sprayed on the food in a tunnel freezer, (ii) the cryogenic liquid
is vaporized and blown over the food in a spiral freezer or batch
freezer, or (iii) the food product is immersed in cryogenic liquid in
an immersion freezer. However, the most common method used is
the direct spaying of cryogenic solutions over the product, while it
is conveyed through an insulated tunnel [32].

In cryogenic freezing, food is exposed to an atmosphere below
-60°C due to the phase change of the cryogenic liquids themselves
[7]. The refrigerants used in the food industry are solid or liquid
forms of carbon dioxide (boiling point of -78.5°C) and liquid nitro-
gen (boiling point of -196°C), which are odorless, colorless and
chemically stable. The refrigerant evaporates or sublimes, remov-
ing heat from the product and causing a rapid freezing.

This process is very efficient due to the low freezing tempera-
tures and high heat transfer rates. As a consequence, the ice crystals
formed are small, which has a reduced impact in cell damage; flavor
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Figure 4.8 Schematic illustration of a cryogenic freezer.

and moisture losses are minimal; the maintenance equipment costs
are low [29, 37].

Limitations of cryogenic freezing are mainly related to the high
cost of the cryogenic liquid/solid refrigerants and with quality
losses related to product cracking. This method is mainly used for
high value products that must be rapidly frozen [29, 37].

4.4.5 Combination of Freezing Methods

Freezing methods may be combined in order to obtain high quality
products with reduced freezing times and energy consumption [29].

Cryogenic freezing combined with air contact freezing through
impingent technology, increases freezing rates whilst reducing pro-
cess costs (Figure 4.9). A cold hard crust is formed on products by
cryogenic freezing, after which the product is conveyed through
a conventional mechanical freezer [7, 29, 36]. The heat transfer is
typically three to five times higher than that obtained with conven-
tional tunnels of axial flow fans [5, 22].

The combination of spraying and immersion cryogenic processes
with impingement technology will allow lower temperatures and
freezing times, uniformity of frozen products and higher produc-
tion rates [29].

4.4.6 Innovations in Freezing Processes

Innovative freezing processes have been developed mainly with the
goal of obtaining increased freezing rates, higher product quality
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Figure 4.9 Schematic illustration of combined freezing processes.

and process cost reductions [38]. Examples of some new techniques
are: (i) high pressure freezing, which leads to instantaneous and
homogeneous formation of ice throughout the whole food product
and thus improved quality; (ii) impingement air freezing, which
promotes very rapid freezing processes without the high costs
associated with cryogenic methods; (iii) the addition of antifreeze
proteins, which lower the freezing temperature and slow down the
recrystallization during frozen storage; (iv) the addition of bacte-
rial ice nucleators, which increases the nucleation temperature,
may reduce freezing time and improves the product quality and
the dehydrofreezing. This reduces tissue damages by decreasing
the water content of the products [13, 28]. Zheng et al. [39] points
out that power ultrasound combined with freezing processes gen-
erates various effects upon the medium where it transmits that can
be beneficial. For example, cavitation may lead to the production
of gas bubbles that promote ice nucleation, and the occurrence of
microstreaming accelerates heat and mass transfer processes. Thus,
ultrasound technology can shorten the freezing process, and lead to
better quality frozen products.

Several researchers have tested these and other novel methods,
obtaining promising results. Li et al. [40] and Sun et al. [41] applied
power ultrasounds during immersion freezing of potatoes and
verified that, when ultrasound was applied to the phase change
period, the freezing rate increased significantly. Jalté ef al. [42] stud-
ied the effects of pulsed electric fields pretreatment on the freezing,
freeze-drying and rehydration behavior of potatoes, and concluded
that the quality and rehydration of the samples improved. LeBail
et al. [43] reviewed the application of high pressure in freezing
and thawing of foods. Alizadeh et al. [44] froze salmon fillets by
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pressure shift freezing and verified that ice crystals were smaller
and more regular than the ones obtained with conventional freez-
ing methods. Bunger et al. [45] verified that the combination of
osmotic dehydration and freezing provided good results related to
quality and acceptance of apples. Fagan et al. [46] combined modi-
fied atmosphere packaging with freeze chilling to extend the shelf
life of raw whiting, mackerel and salmon fillets. The authors men-
tioned logistic benefits during frozen storage, product distribution
and retailing.

4.4.7 Food Products and Freezing Methods

Small or thin food products, where heat conduction through the
food itself does not have influence on the freezing velocity, are usu-
ally frozen in blast, tunnel and spiral freezers. If they are suscepti-
ble to high dehydration losses, a cryogenic tunnel or a blast freezer
are recommended, previously optimized for quick freezing [37].

High value, wet, sticky, or delicate products (such as strawberries
or shrimps) should be frozen in cryogenic or fluidised-bed freezers,
where high gas velocities form a solid ice “crust” that results in a
non-clumped product that can be handled without severe damage.
These rapid freezing processes maximize the quality of many food
products, but the costs are higher than the ones of blast or tunnel
freezers. The internal part of the foods may be frozen at different
rates using different types of freezers. Vertical or horizontal plate
freezers can be used to freeze wet products in bulk, producing uni-
form blocks that are easy to handle [32, 37].

Prepackaged foods are frequently frozen in continuous blast
and tunnel freezers. Alternatively, a stationary blast freezer or a
horizontal plate freezer (operating in batch conditions) can also be
used. Some cryogenic tunnels are also adapted to this type of food.
For big prepackaged foods, where speed of freezing is limited by
internal heat transfer (such as turkeys or chickens), a brine immer-
sion freezer is the most adequate choice [37].

As mentioned before, slaughtered animals are not frozen until
rigor is complete. Thus, air-blast freezing is a practical option to
process carcasses, because freezing is not too rapid to allow muscle
to be transformed into meat, and some surface evaporation occurs
but not in excess [32].

In Table 4.1, food products were divided into categories and some
of the most commonly applied freezing methods are presented.
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4.5 Effect of Freezing and Frozen Storage on
Food Properties

The ice crystallization that occurs during freezing processes, and
along frozen storage, causes the major important physic and chemi-
cal modifications which decrease food quality.

4.5.1 Physical Changes

The main physical changes of foods verified during freezing pro-
cesses are related to the risk of freeze cracking, moisture migration,
recrystallization of ice crystals and drip loss during thawing.

4.5.1.1 Freeze Cracking

The small ice crystals formed with high freezing rates obtained
with cryogenic freezers, allow preservation of food structure.
However, products may crack under those conditions. This may
happen when the internal stress of unfrozen food is higher than the
frozen material strength at food surface. To avoid cracking, a previ-
ous cooling step should be applied prior to freezing. The reduction
of the temperature gradients between the product and the freez-
ing medium or a pre-cooling step decrease significantly the risk of
freeze cracking [47, 48].

4.5.1.2 Moisture Migration

During freezing processes, when cell contents are super cooled,
moisture movements may occur by an osmotic mechanism. The
occurrence of temperature fluctuations results in vapor pressure
differences, which are responsible for moisture migration. If frozen
products are stored without an adequate moisture barrier, the ice
on the food surface sublimes, since ice water pressure is higher than
the environment vapor pressure. An opaque dehydrated surface is
formed (microscopic cavities previously occupied by ice crystals)
with an unsightly white color. This leads to freezer burn [1, 7, 47].
If temperature increases, water moves from the product; ice sub-
limes and water diffuses through the packaging film. If tempera-
ture decreases, the ice on the wrap tends to diffuse back to the food
surface, however, the water reabsorption to the original location is
very improbable. To reduce moisture migration, temperature fluc-
tuations and internal temperature gradients should be minimized
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and internal barriers within the product and within the packaging
should be included [47].

4.5.1.3 Recrystallization

Modifications in the size, shape or orientation of the ice crystals
are known as “recrystallization” and usually lead to quality losses
in some products. Recrystallization reduces the advantages of fast
freezing leading to physico-chemical changes of food products.
This process may happen in three different ways: (i) changes in
surface shape or internal structure (isomass recrystallization); (ii)
linkage of two adjacent ice crystals to form a large crystal (accretive
recrystallization), and (iii) increase of the average size of the crystal
(migratory recrystallization). Migratory recrystallization is the most
important and it is mainly related to temperature fluctuations dur-
ing storage. If temperature increases, the product’s surface warms
slightly, the ice crystals melt, moisture moves to regions of lower
vapor pressure and some areas will be dehydrated. When tempera-
ture decreases, water vapor does not form new nuclei points and
links to the existing ice crystals. This originates a reduction of the
number of small crystals and an increase of large crystals, disrupt-
ing the cellular structure. The recrystallization during storage and
transportation may lead to freeze-dried packaged product or to
toughening of animal tissue [1].

4.5.1.4 Drip Loss

During ice formation, water is removed from the original location.
However, during thawing, water may not be reabsorbed in the
same regions, and usually drip loss is observed. Size and location
of ice crystals, rate of thawing, the extent of water reabsorption, the
status of the tissue before freezing, and the water-holding capacity
of the tissue have a great influence on drip losses. The time required
for thawing should be longer than the one used for freezing (for
comparable temperature driving forces). In frozen meats, a slow
thawing process at low temperatures will permit a better water dif-
fusion in the thawed tissue and its relocation in the fibers. In veg-
etable tissues, the water is not reabsorbed [47].

4.5.2 Chemical Changes

During freezing, changes in temperature and concentration
(due to ice formation) play an important role in enzymatic and
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nonenzymatic reactions rates. Ice crystals may release the enclosed
contents of food tissues, such as enzymes and chemical substances,
affecting the product quality during freezing and frozen storage.
The main chemical changes verified during freezing and frozen
storage are related with lipid oxidation, protein denaturation,
enzymatic browning, and degradation of pigments and vitamins.

4.5.2.1 Impacts on Texture, Color and Flavor

Lipid oxidation and protein denaturation are the major important
causes of quality loss in frozen meat and fish. Flavor, appearance,
nutritional content and protein functionality are usually degraded
by lipid oxidation. The solutes concentration during freezing pro-
cesses catalyzes the initiation of oxidative reactions, which disrupt
and dehydrate cell membranes, exposing membrane phospholipids
to the oxidation process. Food products stored in contact with air,
mainly fish and poultry that have significant amounts of polyun-
saturated fatty acids, also are susceptible to oxidation. The decom-
position of hydroperoxides of fatty acids in aldehydes and ketones
results in the formation of volatile compounds that gives rise to the
aroma and taste characterized as “rancid” [7, 47, 49]. Lipid oxida-
tion also has an impact in terms of pigment degradation and color
quality deterioration of the products. Freezing and thawing acceler-
ate pigment oxidation. For example, the metmyoglobin formation
in red meats (brown color) and the carotenoid bleaching in fish and
poultry favor parallel fat oxidation. Hydrolytic rancidity, textural
softening, and color loss are also direct consequences of hydrolytic
enzyme activities, which can be inactivated by heat [47].

Inrelation to fruits and vegetables, the ice crystals formation leads
to undesirable losses in texture, such as loss of turgor during thaw-
ing. The semi-rigid nature of the cells and the less orderly packaging
of the cells are mainly responsible for the textural damage observed
in frozen/thawed fruits and vegetables [1, 47]. Low storage temper-
atures and slow thawing should be guaranteed to minimize losses
of membrane semi-permeability and cellular disruption. Also to
avoid tissues softening, pretreatments can be applied (see Section
4.2). The most important chemical changes verified in frozen prod-
ucts are associated with the reactions that produce off-odors and
off-flavors, pigment degradation, enzymatic browning and autoxi-
dation of ascorbic acid. Water that does not freeze, even at very
low temperatures, is responsible for deteriorative and enzymatic
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reactions, particularly during frozen storage [7]. In non-blanched
products, enzymatic oxidation of phenolic compounds by poly-
phenoloxidase, leads to discoloration (browning) of food products.
However, ascorbic acid can be introduced as an inhibitor of enzy-
matic reactions. The salts precipitation in concentrated solutions
conduces to changes of anthocyanins color. During frozen storage
of green blanched products, chlorophylls and carotenes are also
degraded, the rate of pigment degradation being dependent on the
extent of tissues damaged prior to freezing. The action of lipases
and lipoxygenases leads to flavor alterations due to the accumula-
tion of volatile compounds (carbonyl compounds and ethanol) in
vegetable tissues [1, 47].

4.5.2.2 Impact on Nutritional Quality

Commonly, freezing is considered less destructive than any other
preservation process and frozen products have a nutritional quality
comparable to fresh products. Several unsaturated fatty acids (nutri-
tionally essential or beneficial) are one of the major substrates for
lipid oxidation, but the losses are not limiting in most of the frozen
foods. Protein denaturation is mainly due to ice crystals formation
and recrystallization, dehydration, solutes concentration and oxi-
dation. Thus, several losses in protein functionality are reported in
frozen fish, meat, pouliry and egg products, and some texture dete-
rioration in frozen muscle tissues may be attributed to protein dam-
age. However, protein denaturation in frozen products is considered
minimal when compared to the total available protein [47]. In terms
of nutritional value, vitamins (essentially B and C) are the com-
pounds that suffer a major negative impact with freezing and frozen
storage conditions. Ascorbic acid losses are attributed to oxidative
mechanisms during frozen storage. Blanching also affects negatively
this quality indicator and the rates of deterioration are extremely
slow when compared to ambient or chilled storage [47, 48].

4.5.3 Microbiological Aspects

During the pre-freezing stage, microorganisms can grow but very
slowly (have a long generation time) when the temperature is
approaching the minimum growth temperature. If the temperature
is kept below the minimum temperature for growth, some microor-
ganisms may die. However, above 0°C the loss of microorganisms’
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viability is limited and in practice, is negligible. When bacteria, in
the exponential growth phase, are cooled quickly it is expected that
microorganisms inactivation is more pronounced, but an abrupt
temperature drop may lead bacteria to form cold shock proteins
that protect them against other stresses such as heating, low pH or
low water activity [50].

The freezing stage causes the apparent death of 10%—60% of the
viable microorganisms and these values increase during frozen stor-
age [51]. Factors such as low temperature, exiracellular ice forma-
tion, intracellular ice formation, concentration of solutes and internal
pressure may be involved in the microbial inactivation. The sensitiv-
ity of microorganisms to the freezing process differs considerably.
Thus, the main concern is related to the microorganisms that sur-
vive during the freezing step, and with the ones that can grow when
the product is thawed. Usually, the less resistant microorganisms are
the Gram-negative bacteria followed by the Gram-positive bacteria.
Nonsporulating rods and spherical bacteria are the most resistant
ones, and spores (such as Clostridium and Bacillus) remain unaffected
by freezing. Bacteria in the stationary phase are more resistant than
those in the exponential phase [7, 52]. The freezing process causes
damage mainly in the microorganisms membrane, which loses some
barrier properties at temperatures below 15°C, leading to leakage of
internal cell material. The dissociation of lipid-proteins may injure
the cells during the freezing process. Cell membranes may also suffer
mechanical damage due to ice crystals formation [50].

After storage at different temperatures, it is common to observe
higher microbial inactivation for warmer storage (e.g., -8°C) tem-
peratures than for colder storage temperatures (e.g., ~18°C or lower).
Freezing and storage at very low temperatures (-150°C or even
colder) seems to result in increased survival. The long-time exposure
to concentrated solutions (both internal and external) may lead to
microbial death in both conditions. However, the recrystallization of
ice observed if temperature fluctuations occur, increases the solutes
concentration and consequently provokes damage to microorgan-
isms. Temperature fluctuations at lower storage temperatures gener-
ate smaller ice crystals than at higher storage temperatures [50].

4.6 Final Remarks

Freezing is one of the oldest and most common processes used in
food preservation and one of the best methods available in the food
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industry. There are several methods and types of equipment that
can be used and adapted according to the different types of foods.
Freezing usually retains the initial quality of the products. However,
during freezing and frozen storage, some physical, chemical and
nutritional changes may occur. To avoid this impact on fresh prod-
ucts, mainly in fruits and vegetables, some pretreatments may be
required to inactivate enzymes and microorganisms.
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Abstract

The relationship between food and human health has been empiri-
cally known for centuries. Correlations between both have, how-
ever, only been systematically investigated since the second half of
the last century, giving rise to a new area of knowledge within the
food and nutrition sciences named functional foods. This chapter
brings together notions about the functional and chemical proper-
ties of different components of food. This is followed by a review of
the nutritional value and sensory properties of food. The effects of
post-harvest storage and processing techniques on the food’s bio-
active compounds are also reported. From all of this some conclu-
sions are finally drawn.

Keywords: Functional food, food chemistry, nutraceuticals, probiotics,
prebiotics, bioactive compounds, health claims, post-harvest storage,
sensory propetrties of food, nutrition

5.1 Introduction

In the last decades, the consumers’ perspective of food has
shifted from that of a nutrient and energy-supplier, towards
that of a health-promoter, influencing systemic physiological
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functions and processes. This has resulted in the rise of the con-
cept of functional foods as a new nutrition paradigm. Health-
conscious consumers are increasingly taking control of their
own health, and thus constantly exerting pressure on the sci-
entific community, governments, and on the food industry.
Indeed, scientists are constantly pressed for the identification
and determination of ”healthier” compounds, which also has
been made possible by a remarkable increase in analytical and
manufacturing possibilities. Most of these findings are then
translated by the food industry into new, “healthier” commer-
cial products, which has prompted governments to both pro-
mote and implement legislation to safeguard food safety and
the health of the consumer.

5.2 Functional and Chemical Properties of
Food Components

5.2.1 Functional Foods: Historical Perspective
and Definitions

The study of the medicinal effects of foods has been traced-back to
Chinese Medicine to at least 1000 BC, with the use of these foods in
the Orient having been a cultural practice for centuries [1]. On the
other hand, in Europe, Hippocrates (460-377 BC), the Greek father
of modern medicine, reportedly said, “Let food be thy medicine
and medicine be thy food [2].” But it was only more recently, in
1984, that in-depth research on the health benefits of specific foods
was started in Japan. Lately, in 1991, this resulted in the establish-
ment, by the Japanese Ministry of Health, Labour and Welfare
(MHLW), of the first system for the evaluation of functional food
and health claims (Foods for Specified Health Use — FOSHU). A
further requirement for FOSHU products is that they have to show
an ordinary food form, and not that of food supplements (namely
extracts, tablets or capsules) [3-5].

The concept of functional foods has spread around the world,
having become increasingly popular [6-8]. However, at pres-
ent, an internationally accepted definition for functional foods
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is nonexistent. Within the European Union (EU), the Functional
Food Science in Europe (FUFOSE) project, coordinated by the
International Life Sciences Institute (ILS]) stated that, “a food can be
regarded as functional if it has been satisfactorily demonstrated to
affect beneficially one or more target functions in the body beyond
adequate nutritional effects in a way that is relevant to either an
improved state of health and well-being and /or a reduction of risk
of disease.” In addition, “a functional food must remain food and
it must demonstrate its effects in amounts that can normally be
expected to be consumed in the diet: it is not a pill or a capsule, but
part of the normal food pattern.” [9-11].

In China, the guideline of registration for functional foods
states that, “Health (functional) food means that a food has spe-
cial health functions or is able to supply vitamins or minerals.
It is suitable for consumption by special groups of people and
has the function of regulating human body functions but is not
used for therapeutic purposes. And it will not cause any harm
whether acute or subacute or chronic [12].” Contrary to that
specified by EU regulation, in China, functional foods are avail-
able in eleven formats, which include capsules, tablets, powders
and granules, liquids, and foods (the last representing less than
1% of all functional foods) [6].

In the USA, the Food and Drug Administration (FDA) has
adopted the definition of the Institute for Food Technologists (IFT),
“food and food components that provide a health benefit beyond
basic nutrition...” [13]. Health Canada defines it as, “similar in
appearance to, or may be, a conventional food, is consumed as part
of a usual diet, and is demonstrated to have physiological benefits
and/or reduce the risk of chronic disease beyond basic nutritional
functions [14].”

5.2.2 Legislation on Functional Food Claims

Consumers’ interest and acceptance of functional foods has been
increasing globally. This has resulted in a growing demand for bet-
ter and more reliable information, namely on claims made in rela-
tion to various product health benefits [15, 16]. This has led to the
formulation of legislation worldwide, some of which is shown in
Table 5.1.
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5.2.3 Classification of Functional Foods

A worldwide accepted classification for the functional foods that
have been developed and are available couldn’t be found to date.
Kaur and Das [15], Kotilainen et al. [17], Klimas et al. [18], and Sird
et al. [19] amongst others have, however, suggested a common clas-
sification based on the functional foods” origin or modification that
can be seen in Table 5.2 and Figure 5.1 [20].

Table 5.2 Classification of functional foods.

Type of functional food Examples

Food products in which the Calcium fortified bread;
original recipe has been modi- | @-3 fortified breads;
fied to include ingredients Phytosterol fortified margarine;
which have a beneficial effect | Fruit juices fortified with
on diseases and health. vitamin C.

Foods from which a harmful Fibers as fat releasers in meat or ice
ingredient has been removed, cream products;
reduced, or replaced to Chewing gum to which xylitol has
counteract anti-nutritional been added, instead of sugar.
compounds produced by
processing.

Food in which the ingredients Eggs, meats or fish high in o-3 fatty
are improved by increas- acids;
ing specific components, by Beef high in conjugated linoleic
changing the animals’ feeds, acid;
different growing conditions | Functional grapes with improved
or post-harvest technolo- antioxidant activities;
gies for fruits or vegetables, Fermentation with specific bacteria
or innovative processing to yield bioactive peptides.
methodologies.

Novel foods with an enhanced Rice with high iron or B-vitamin
health benefits, produced by content;
genetic modifications or the Vegetable oils with an enhanced
consumption of varieties not fatty acid composition;
previously used. foods free from food allergens;

Canola oil with an high carotenoid
content; wheat with enhanced
lutein concentrations; Berries
with improved antioxidant
activities.
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Figure 5.1 Organization for Functional Foods [20].

5.2.4 Functional Properties of Food Components

In recent years, there has been a global trend toward the use of nat-
ural phytochemicals present in natural resources as antioxidants
and functional ingredients (Table 5.3) [2].

5.2.4.1 Phenolic Compounds

Polyphenols are classified into phenolic acids, flavonoids, and less
common stilbenes and lignans. Many studies have focused on the
antioxidant activities of flavonoids. Although several flavonoids
are highly efficacious free radical scavengers in vitro, there is little
information on the importance of dietary flavonoids as antioxi-
dants in vivo, or evidence for such activity in vivo. Moreover, there
have been few studies on phenolic acids compared to the number
of studies on flavonoids, despite the high contents of phenolic acids
in fruits, cereals, and some vegetables [21].

Flavonoids, perhaps the most important single group of pheno-
lics in foods, comprise a group of over 4000 aromatic plant com-
pounds, which include anthocyanins, proanthocyanidins, flavonols
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and catechins. Phenolic acids, on the other hand, include hydroxy-
cinnamic acids (e.g., caffeic or ferrulic acid conjugates, sinapic acid)
and hydroxybenzoic acids (e.g., benzoic, gentisic or p-anisic acids)
[22]. Phenolic acids constitute about one-third of the dietary phe-
nols and they are present in plants in the free and bound forms.
Bound-phenolics may be linked to various plant components
through ester, ether, or acetal bonds [23]. Clifford [21] estimated
that the daily consumption of phenolic acids ranged from 25 mg to
1 g. An increasing interest in determining the antioxidant activities
exhibited by phenolic acids and their derivatives should also be
noted [24-25]. The content of phenolic substances in food is of valu-
able interest for a number of reasons: There is a correlation between
taste (astringency, bitterness) in fruits and content of phenolic com-
pounds. Phenolics seem to play an important role in the natural
defense mechanisms in fruit (e.g., antifungal effects), and increas-
ing interest in the health benefits of fruits and fruit products is asso-
ciated with the content of different groups of phenolic compounds
with antioxidative effects.

5.2.4.2 Carbohydrates

The soluble polysaccharides have been correlated with hypercho-
lesterolemia and hypoglycemic effect, whereas water insoluble
polysaccharides are mainly associated with decreases in digestive
tract transit time.

52.4.3 Fatty Acids

Fatty acids are organic compounds formed by a hydrocarbon-
ated chain and a carboxylic group that is normally bounded
with glycerol forming acylglycerides (mono-, di- or triglycerides).
Depending on the nature of the hydrocarbonated chain, fatty acids
can be saturated or unsaturated, which in turn can be monounsatu-
rated or polyunsaturated fatty acids (PUFA) [26]. Many of the fatty
acids can be synthesized by humans, but there is a group of PUFA,
the essential fatty acids, that the human body cannot produce:
omega-3 (n—3) and omega-6 (n—6) fatty acids. The parent omega-6
fatty acid is linoleic acid (C18:2n-6, LA) and the parent omega-3
fatty acid is o-linolenic acid (C18:3n-3, ALA). Omega-6 fatty
acids such as arachidonic acid (C20:4n—-6; AA) can be synthesized
by humans from LA, and omega-3 fatty acids, such as eicosapentae-
noic acid (C20:5n-3; EPA), docosapentaenoic acid (C22:5n~3, DPA)
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and docosahexaenoic acid (C22:6n-3, DHA), from ALA; however,
the conversion of ALA in EPA, DPA and DHA is low and these
omega-3 fatty acids are considered essential fatty acids too [20].
Fatty acids are important for human and animal health and they
are of interest because they are precursors in the eicosanoids’ bio+
synthesis. They are viewed as important bioregulators of many cel-
lular processes, and have potential mechanisms of action in some

diseases (Table 5.4).

Table 5.4 Diseases affected by » -3 fatty acid intake and potential
mechanisms of action [27].

Disease

Potential mechanisms of action of ®-3
fatty acids

Coronary heart disease
and stroke

Prevent arrhythmias (ventricular tachycardia
and fibrillation);

Are prostaglandin and leukotriene precursors;

Have anti-inflammatory properties;

Inhibit synthesis of cytokines and mitogens;

Stimulate endothelium-derived nitric oxide;

Are antithrombotic;

Have hypolipidemic properties with effects
on triglycerides and VLDLs;

Inhibit atherosclerosis.

Essential fatty acid
deficiency during
development

Are an important constituent of the mem-
brane phospholipids in the brain and retina.

Autoimmune disor-
ders including lupus

Are involved in suppression of cell-mediated
immune responses;

and nephopathy Inhibit the function monocytes;
Inhibit the production or action of cytokines
and eicosanoids;
Stabilize renal function.
Inflammatory bowel Have anti-inflammatory properties;
disease Inhibit interleukin-1;

Inhibit tumor necrosis factor production;
Are free radical scavengers;
Decrease platelet responsiveness.

Breast, colon and pros-
tate cancers

Inhibit tumor growth.

Rheumatoid arthritis

Alter eicosanoid metabolism;
Ameliorate inflammation.
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5.2.4.4 Microbial (Prebiotics and Probiotics)

524.4.1 Prebiotics
The concept of a prebiotic arose from two observations:

* Bacteria like any other living organism have (some-
times specific) nutrient requirements.

* Some nutrients, particularly complex carbohydrates,
pass undigested into the colon where they are utilized
by resident bacteria [20].

Gibson and Roberfroid [25] defined a prebiotic as a non-digest-
ible food ingredient that beneficially affects the host by selectively
stimulating the growth and/or activity of a limited number of bac-
teria in the colon.

5.2.4.4.2 Probiotics

In accordance with Farnworth [28], Roberfroid [5] and Ranadheera
et al. [29], probiotic is a live microbial food ingredient that is ben-
eficial to health. The concept of probiotics is not new; Hippocrates
and other scientists in the early ages reported that fermented milks
could cure some disorders of the digestive system [28, 29].

As of now, probiotics are almost exclusively consumed as fermented
dairy products such as yogurt or freeze-dried cultures, fermented veg-
etable beverages, cereals, meats, cheese and chocolate products [5, 28].

The selection of microorganisms included in food/drinks
depends on different criteria, such as:

¢ Microorganism of human origin;

e Resistance to acid conditions of stomach, bile and
digestive enzymes normally found in the human gas-
trointestinal tract;

* Ability to colonize human intestine;

* Safety for human consumption;

* Scientifically proven efficacy [28].

Since these microorganisms are not expected to survive and
grow in the host’s intestinal tract, they are not categorized as
probiotics by most scientists and are considered as yogurt cul-
tures [30]. Regardless of the diversity of these microorganisms,
the main probiotic preparations currently available on the market
belong to a group of bacteria designated as lactic acid bacteria (e.g.,
Lactobacilli, Streptococci and Bifidobacteria), which are important
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normal constituents of the human gastrointestinal microflora and
produce lactic acid as a major metabolic product [31, 32]. These pro-
biotics used in foods have previously been primarily added as part
of the fermentation process, however increasingly they are added
as supplements. Furthermore, there is also an increasing trend in
using probiotics as nutraceuticals which are available in various
forms, such as in capsules. This changing trend in probiotic deliv-
ery may lead to a reduced functional efficacy, due to exclusion of
the potential synergistic effect of the food (Table 5.5).

Table 5.5 Beneficial effects of prebiotics on probiotic bacteria in foods [29].

Food Prebiotics Probiotics Effect
Yogurt Hi-maize/resistant | L. acidophilus TGrowth and
starch L. casei viability
L. acidophilus TGrowth and
L.casei viability
Inulin L. thamnosus TViability and
L. reuteri fatty acid
Bifidobaceterium production
Fructooligo- L. acidophilus
saccharides L.casei
L. thamnosus
Bifidobaceterium
B. animalis
B. longum
Fermented | Polydextose L. acidophilus TGrowth,
milk L. thamnosus viability and
B. animalis subsp. fatty acid
lactis production
L. acidophilus TGrowth,
Oligofructose L. rhamnosus viability and
B. animalis subsp. fatty acid
lactis production
Ice cream | Inulin g: ’Zéfi"sph’lus TViability
Cheese and | Oligofructose L. acidophilus TGrowth, via-
cheese- B. animalis subsp. bility, sensory
based lactis and fatty acid
products | Inulin L. acidophilus production
B. animalis subsp. | TGrowth, via-
lactis bility, sensory
Carboxy methyl P. freudentreichii and fatty acid
cellulose subsp. shermanii production
TGrowth
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524.43 Beneficial Health Effects and Therapeutic Value of
Probiotics
Probiotics may provide a number of potential health benefits [29, 33]:

¢ mainly through maintaining a good balance and com-
position of intestinal flora, helping to increase the
body’s ability to resist the invasion of pathogens and
maintain the host’s wellbeing;

* maintenance of normal intestinal gut microflora, pro-
tection against gastrointestinal pathogens;

¢ enhancement of the immune system, reduction of lac-
tose intolerance;

¢ reduction of serum cholesterol level and blood pres-
sure [33];
anti-carcinogenic activity;

* improved utilization of nutrients and improved

nutritional value of food are some of these identified

benefits;

prevention of urogenital diseases (candidal vaginitis);

prevention of the alleviation of constipation;

protection against traveller's diarrhea;

prevention of infantile diarrhea;

reduction of antibody-induced diarrhea, the control

of inflammatory bowel diseases and of irritable bowel

syndrome;

e reduction of hypercholesterolemia, the protection
against colon and bladder cancer, the prevention of
osteoporosis and the prevention of food allergy and of
atopic diseases.

5.3 Nutritional Value and Sensory
Properties of Food

The goals of food processing are to focus on ensuring chemical and
microbiological safety in foods, nutritional value and acceptability to
the consumer, and attention to sensory properties of food. However,
food processing may present effects on these properties of food.

Beyond the aforementioned characteristics food-processing tech-
niques may influence food quality in regard to physical, biological,
sensory and chemical properties.
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Factors included in physical properties that may be affected by
food processing are the following: shape, color, size, surface condi-
tion, texture, freshness, total solids, etc., and these can change the
appearance of the product. In biological terms, we can talk about
total bacteria, total coliform bacteria, total mold, free from patho-
genic microorganisms, etc. Regarding the sensory aspects, flavor,
aroma, taste, texture, etc., are involved; finally, in the chemical
properties are included the nutritional value, moisture content,
functional value, pH, chemical contaminants and food additives,
among others.

Food additives are important factors due to their great promo-
tion and development of by the food industry, and are regarded as
the soul or pillar of modern food industries. This basically brings
many advantages to the food industry. They can: 1) reduce food
spoilage and therefore keep the food fresh, reduce food loss and
reduce the risk of food poisoning, 2) improve sensory properties
of food, 3) maintain and improve the nutritional value of food,
4) increase food varieties and convenience, 5) be advantageous
to food, the production mechanization and automation, 6) meet
other special needs, and 7) improve the economic and social ben-
efits. Examples of the last items are foods with added probiotics,
prebiotics, fiber, vitamins, etc. Nevertheless there are examples
of food without additives or substitutes such as fat free, sugar
free, etc.

5.3.1 Nutritional Value of Food

Food composition is determined by proximate analysis of car-
bohydrate, lipid, and protein contents, as well as minerals and
vitamins. Actually researchers have focused on further evalu-
ating their amino acid content and quality, fatty acid profiles,
simple and complex carbohydrates, soluble and insoluble fibers,
and other contents like functional additives such as antioxidants,
known as nutraceutical ingredients. In the food industry there are
foods processed with or without nutraceutical value, it depends
on the nature and intensity of food processing techniques which
can either improve or worsen the nutritional quality of food. The
most common food processing technique is heat treatment at low
or moderate temperature, and this generally leads to improved
digestibility and inactivation of anti-nutritional factors. By con-
trast, the most severe conditions of high temperature or extreme
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pH may impose severe nutritional losses and induce the forma-
tion of toxic derivates in food. In other cases, the ingredient with
low nutraceutical value delivers as a result food of low quality. In
recent years, further research has studied this concern and results
have shown that they are focused on the improvement or substi-
tution of the nutraceutical value.

The generation of transgenic animals and plants, the utilization
of encapsulated nutrients, or the simple addition of bioactive com-
pounds into the final product, are different strategies that are avail-
able to improve the nutritional value of food products [34].

Actually, consumers reject the addition of some antioxidants that
are very effective in controlling lipid oxidation, whereas they accept
natural products with antioxidant activity, since they are often per-
ceived as safer and more nutritious than food containing additives
or food coming from animals fed ingredients from a non-natural
origin. While natural products are desired by many consumers,
these products can be difficult to define since some man-made food
additives and feed ingredients can be completely identical to those
present in nature, slightly different, or modified for a better use [35].

Consumers demand safer and more nutritious food products
exempt of non-natural origin preservatives or other food addi-
tives. For example, products with lower fat contents, with higher
ratio of unsaturated fatty acids, especially n-3 fatty acids, are
desired because these lipids can help prevent the development
of cardiovascular and inflammatory pathologies [35]. Nowadays
there is a lot of research involved in the improvement of the nutri-
tional value of foods. One of the species used more in development
in order to improve the nutritional value of foods is the soybean.
Soybean is a good substitute since it is a good source of protein
(about 40%), is an edible oil of high quality that is cholesterol free
(about 21%), and is a carbohydrate (34%) [36]. It is one of the most
promising foods in the world available to improve the diet of mil-
lions of people.

Cereals are the most important source of food and have a signifi-
cant impact in the human diet throughout the world. Since the 90s,
in India and Africa, cereal products have comprised 80% or more of
the average diet, 50% in Central and Western Europe, and between
20-25% in the US [37]. Cereals like maize, rice, millet and sorghum
can supply sufficient qualities of carbohydrate, fat, protein and
many minerals, but diets consisting primarily of cereals are high in
carbohydrate and deficient in vitamins and protein.
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Research has been carried out on the fortification of carbohydrate-
rich foods with protein-rich food, especially soybeans, in order to
improve their nutritional value. These improved carbohydrate
foods with soybean have helped to combat malnutrition in children
and maintain and repair the body tissues of adults. Soybean is also
an excellent economical source of nutrients and the cheapest source
of protein for rural households in a nutritional and economic com-
parative analysis with other major sources of protein like eggs, beef,
milk and cowpea. Thus, it is a cost-efficient source of quality pro-
tein. Most anti-nutritional factors of soybean are eliminated by heat
treatment [38]. It is also a good source of many required vitamins
and minerals. Among cereals and other legumes, it has the highest
protein content, about 40%, whereas other legumes have 20-30%
and cereals have a protein content of 8-15% [39].

Soy protein has been used and accepted as a food ingredient to
enhance the value of finished foods. Soybeans and soyfoods have
been identified with their protein content from a nutritional per-
spective, and as such there is much interest among clinicians and
researchers in their potential role in preventing and treating chronic
diseases [40].

The development of high-protein foods of plant origin is essen-
tial in developing countries due to the shortage and high cost of
animal protein [41]. Consumption of such products plays a major
role in combating malnutrition, which is a serious problem in these
countries. Various plant protein sources may be combined to obtain
products with improved protein quality [42].

As a matter of fact, the above mentioned cereals are important
sources of plant protein throughout the world. Maize constitutes an
important percentage of the cereals consumed in many countries.
The grain is often processed into a fermented product known as
“ogi,” which can also be prepared from millet and sorghum, and is
consumed in many parts of West Africa. During ogi manufacture,
nutrients including protein and minerals are lost from the grain
thereby affecting nutritional quality adversely [41]. Akinrele and
Bassir [43] found that this cereal product was incapable of support-
ing the growth of rats. A number of studies have been carried out
to improve the nutritive value of ogi. A reduction in protein loss
was achieved by using an improved wet-milling technique [44],
while no nutrient losses occurred during production from high-
lysine corn using an improved method [45]. The nutritive value of
ogi was also improved by fortification with amino acids [46] and
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plant proteins [43]. Similarly, the protein content of maize meal
was increased by combination with soy flour [47], blends of roasted
soybean and peanut meals [41] and blends of cashewnut, African
locust bean and sesame oil meals [48].

In summary, the goal of food technology is to maintain and/or
improve the quality of food nutrient content and bioavailability
and organoleptic characteristics in order to support human nutri-
tion in keeping with the acceptability of consumers.

5.3.2 Sensory Properties of Food

In food production consumer satisfaction is increasingly taken into
account. Thus, the concept of quality has evolved from being “an
adaptation to internal (intrinsic) specifications,” to “the ability of an
organization to meet the needs, both explicit and implicit, that the
client has” [49].

The methods used to assess quality are: 1) objective scales based
on measuring instruments, and 2) subjective scales based on
human assessment (sensory analysis) [50]. Whenever the safety and
hygiene of a food is guaranteed, the satisfaction of its organolep-
tic properties becomes the most important criterion; it determines
its choice and, even more importantly, the consumer’s loyalty to
a product or brand. Quality, viewed as the consumer’s acceptabil-
ity of a product, is composed by different aspects covered by the
senses: sight (color and defects), smell (aroma and taste), touch
(manual and buccal), sound (touch and during mastication), and
taste (flavor). All quality attributes, both external and internal, are
contemplated and evaluated by the consumer at the time to decide
on the purchase of a raw product.

Sensory attributes are of great importance for engendering pref-
erence. This fact is obvious to all consumers, food producers and
retailers, and to researchers in meat science and technology. The
relationships between sensory attributes and preference are also
investigated by research teams from all over the world [51]. The
number of reports that include sensory perception in one form or
another is thus large, and a review of all of these is impossible in
such a short chapter.

Preference is very often considered to be a spot measure for lik-
ing and not a good predictor for repeated consumption, since this
is affected by the individuals” values and attitudes, as well as cul-
tural factors and other cognitive structures [51]. Still, the product
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attributes, both describing usage and the sensory perception of the
product, are considered to be decisive in the determination of one
product preference over another. Although the cost of a trained sen-
sory panel is high, it can be utilized for the description of a large
spectrum of attributes, including appearance, color, flavor, odor
and texture. Instruments are also increasing in price, and are often
limited to a small spectrum of parameters. However, the potential
of rapid non-destructive techniques, such as NIR spectroscopy, will
perhaps give new impetus for instrument development [52]. In
addition, with the inclusion of multivariate statistics in the inter-
pretation of data, the complexity of human perception might be
simulated well enough for usage in a variety of instrumental appli-
cations [53].

The sensory characteristics of foods, especially appearance, tex-
ture, and flavor influence the food purchasing decisions of con-
sumers. Therefore, a major concern is to increase the nutritional
composition of products without negatively compromising the
sensory qualities [35]. ,

Among processed meat industries, substitution of some ingre-
dients with other non-meat ingredients has been practiced. This
replacement is done due to several reasons such as for quality,
health or economic purposes. As an example, the replacement
of ingredients from animal origin with those of plants has been
applied in food industries [54]. Starches, such as maize, tapioca,
rice, potato, and wheat, have been used in processed meat products
as meat filler and water binder [55]. The other ingredients that may
contribute to the carbohydrates’ nutrient in burgers are non-starch
hydrocolloids. Carrageenan, konjac, alginate, and xanthan gum are
such good sources of non-starch hydrocolloids which are able to
work with proteins to help in retaining moisture content and thus
modify the texture of meat products [56]. Another good source of
carbohydrates that can be incorporated in burgers is dietary fiber.
The usage of dietary fiber in processed meat formulations is espe-
cially practiced where the economical, nutritive, and technological
issues are concerned. Some of the dietary fibers that have com-
monly been used are cellulose, oat fiber, wheat fiber, potato fiber,
carrot fiber, sugar beet fiber, soy and pea fiber [57].

Babiji et al. [58] have reported on the quality assessment of brands
of chicken burgers available in Malaysia without evaluation in
texture profile and sensory analysis. In addition, Ramadhan et al.
[59] studied the quality of commercial chicken burgers currently
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available in Malaysia by evaluating their quality attributes such as
texture and color, and consumer acceptance through sensory evalu-
ation. Results showed that all of the commercial chicken burgers
produced locally in Malaysia are significantly different on several
quality attributes such as chemical composition and textural and
color properties due to variations in formulation. Some brands
contained lower fat and a lesser concentration of cholesterol. The
majority of the chicken burger brands complied with Malaysia’s
food regulations in several aspects such as meat percentage, fat
and protein content. Sensory evaluation showed that the chicken
burger with yellowish color, moderate hardness and chewiness are
preferred by the panelists.

5.4 Postharvest Storage and Processing

5.4.1 Bioactive Compounds Postharvest

The increased intake of fruits and vegetables has been associated
with a reduced incidence of degenerative diseases due to their anti-
oxidant activities [60]. In this sense, the fruit and vegetables have
bioactive compounds or phytochemicals such as vitamins (A, Cand
E), anthocyanins, and other phenolic compounds and carotenoids
which contribute to the antioxidant capacity [61].

Some of the postharvest technology used avoids changes in bio-
active compounds in different fruits and vegetables in cold storage,
modified atmosphere packaging, organic solutions and irradiation.

A food’s bioactive compound is any compound that provides a
health benefit beyond basic nutritional benefits. These compounds
are secondary plant metabolites [62].

The best known and studied activity of the bioactive compounds
is its antioxidant capacities; in addition, these compounds have an
anti-inflammatory activity and may act as regulators of both the
genes involved and the inflammatory, neurodegenerative and car-
cinogenic processes, among others.

It is well known that the bioavailability of the bioactive com-
pounds is different when consumed pure, or within its original
matrix; thus, it must be taken into account that in the same food
several bioactive compounds may interact and have a synergistic
effect [62].

The body has various ways to mitigate or neutralize free radi-
cals and thus protect itself from their harmful actions. In a first line
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of antioxidant defense, we can find antioxidant enzymes such as
superoxide dismutase, catalase, glutathione peroxidase, and so on,
which are able to neutralize reactive oxygen species [63]. In this
regard, it is crucial to note the importance of proper nutrition, as
the enzymes require certain trace elements such as zinc, copper,
and manganese which act as prosthetic groups. In the second line
are included the antioxidants that eliminate free radicals. These
substances are antioxidant vitamins, such as ascorbic acid (vitamin
C), tocopherols (vitamin E), -carotene and other bioactive com-
pounds mainly present in plant foods, such as the phenolic com-
pounds [64].

Most of the antioxidants isolated from higher plants are polyphe-
nols, which show antioxidant properties, as well as antibacterial,
anticarcinogenic, anti-inflammatory and antiviral properties [65].

The total hydrophilic antioxidant activity (H-TAA) was different
during cold storage for some commercial plums, with a high corre-
lation (R?=0.949) between H-TAA and total phenolics, and a lower
relationship with anthocyanins (R?=0.84). The lipophilic total anti-
oxidant activity (L-TAA) behavior was different during posthar-
vest storage for different plum cultivars. The correlation between
L-TAA and total carotenoids was high (R?>=0.88) [66].

The use of modified atmosphere packaging (MAP) in plum cul-
tivars retarded the increases of H-TAA production. The L-TAA had
a significant delay in the plums stored under MAP conditions [67].

The H-TAA levels in pomegranates treated with acetyl salicylic
acid were significantly higher than in controls during storage. No
effect was observed in L-TAA during storage of pomegranates
when acetyl salicylic acid was used [68].

The antioxidant capacity of fresh-cut mango cubes treated with
ascorbic acid, citric acid and calcium chloride solution was signifi-
cantly higher than in controls over the whole storage period [69].

54.1.1 Phenols

Phenolic compounds constitute a large group of secondary metab-
olites widely distributed in the plant kingdom. For the past 10
years, these compounds have received enormous attention from
researchers and food manufacturers. More than 8000 polyphenols
have been identified, and evidence for a role in the prevention of
degenerative diseases including cancer and cardiovascular dis-
eases is emerging [70].
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Low temperature has been found to increase total phenolic con-
tent in pomegranate arils [71], dark-puple and yellow plums [66],
and apples [72], probably due to stimulation of the activity of some
enzymes involved in phenolic biosynthesis by cold storage [73].
But in red strawberry, when compared to white varieties, the total
phenolic content decreased [74].

When plum cultivars were stored under modified atmosphere
packaging, the results revealed that the increases in total phenols
were delayed [67]. This might be due to the effect of low O, and
high CO, in retarding postharvest ripening, as can be inferred
by a reduced ethylene production, fruit softening, color change
and acidity loss [67] and possible delay in phenylalanine ammo-
nia lyase, chalcone synthase or anthocyanidin synthase, the key
enzymes in the biosynthesis pathway of phenolic compounds
[75].

The content of total phenolic compounds in pomegranates
diminished throughout storage in control fruit, while no significant
changes were observed with the use of acetyl salicylic acid under
storage [68].

The total phenolic content on fresh-cut mango cubes treated
with an ascorbic acid, citric acid and calcium chloride solution was
significantly higher than that observed in control cubes during
storage [69].

54.1.2 Anthocyanins

Anthocyanins are the general products of flavonoids’ metabolism,
with their difference from flavonoids residing in the absence of the
carbonyl group(s). They are responsible for the flower, fruit and
leaf color of all angiosperms [76], and are found in greater amounts
in grapes and berries [62].

During cold storage their amounts were similar in different
plum cultivars. The increase in peel anthocyanin was parallel to the
reduction in hue values showing that these pigments contribute to
the color changes associated with the postharvest ripening process
[66]. Similar results have been found in other commodities such as
blueberry [77], raspberry and strawberry [78], fresh prunes [79] and
cherry [80]. Manganaris et al. [81] reported increases in anthocyanin
content in the pulp of “Harrow Sun” plums.

The concentration of anthocyanins was retarded in plums kept
under modified atmosphere packaging conditions, when compared
with the control fruit [67].
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The treatment with acetyl salicylic acid of pomegranates incre-
mented the total anthocyanins in storage for 84 days with respect
to the control fruit [68].

5.4.1.3 Carotenoids

Carotenoids are lipophilic molecules synthesized by plants and act
as color pigments in fruit.

During low temperature storage the levels of carotenoids of only
yellow plums increased, which was correlated to the decrease in hue
color parameter. This carotenoid decrease couldn’t be found in other
plum varieties [66]. The increase in carotenoid content has also been
observed in stored kiwifruit [82], watermelon [83] and sapote [84].

The use of modified atmosphere packaging in plums induced a
delay in the change of total carotenoids during storage [67].

Statistical differences (P<0.05) could not be observed between the
levels of carotenoids in mangos treated with either an ascorbic acid,
citric acid or calcium chloride solution and control samples [69].

The irradiation treatment of early season grapefruit resulted
in significantly (P<0.05) higher levels of B-carotenoid content of
grapefruit before or after storage conditions, when compared to
their initial (0 day) level. On the contrary, in late season fruit, no
effect could be found for the B-carotenoid content of irradiated
grapefruit, before or after 35 days of storage [85]. Sebastido et al.
[86] reported that gamma irradiation also didn’t affect the levels of
B-carotenoid in parsley.

5.5 Conclusion

Although an enormous amount of work has already been done, the
study of functional foods is still at an early stage. Due to its intrin-
sic nature, and the global world in which we’re living, it is felt that
the stakeholders would benefit from a harmonization of the exist-
ing legislation on functional foods’ definition, and health claims on
these products.

A presently ongoing discussion on this deals with the foreseen
European Union’s position on article 13 general function health claims,
which is expected to pass 222 claims, whilst 2000 others will most cer-
tainly be rejected. This will place multinational industries in a dilema:
how to explain to consumers that a FDA-accepted claim (EUA) has
been rejected by the European Food Safety Authority (EFSA).
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Abstract

Food is any solid or liquid material consumed by a living organism for
maintaining life and keeping healthy. Food production is mainly from
land and follows the Good Agriculture Practices. The source of foods
generally derive from plants and animals and basically contain a lot of
nutrition which is good for human health. Plant source foods are rich in
carbohydrate and a good source of dietary proteins, vitamins, minerals
and fiber. Animal source foods are an excellent source of high quality and
easily digested protein and are considered the highest quality available,
as they contain a full complement of essential amino acids. The properties
of foods were basically related to water activity and affected by the treat-
ments of the foods. Processing and preservation will certainly affect food
properties. Food quality, particularly safe and healthy foods, are a priority
for meeting the requirements and expectations of the customer.

Keywords: Food product, production, properties, quality, nutrients

6.1 Introduction

Food is defined as any solid or liquid material consumed by a living
organism to supply energy, build and replace tissue or participate in
such reactions [1]. According to another definition by the FAO/WHO
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Codex Alimentarius Commission, “food is a substrate whether pro-
cessed, semi-processed or raw, that is intended for human consump-
tion and includes drink, chewing gum and any substance that has
been used in the manufacture, preparation or treatment of food.”
Foods are needed everyday because food consumption is a basic
activity necessary for human survival. Basically, people have the
right to expect the food they eat to be safe with enough good nutrient
content so that it is suitable for consumption. It is clearly shown that
some nutrients are a requirement of a food. Food should contain subs-
tances which have a positive effect on humans, especially for main-
taining life and keeping healthy after being consumed, and therefore
consumption of food will certainly guarantee human survival.

Raw foods are mainly from plants and animals, and they will
often be ready for consumption after cooking. However, there has
also been a tradition of eating raw fish in some parts of the world
for a million years. It is accepted that fish can be consumed raw
much better than meat because it contains far less connective tis-
sue. Recently, food preparation from raw materials is made easier
with the availability of processed food. Processed foods have been
altered from their natural state for safety and preservation reasons.
The methods used for processing foods include canning, freez-
ing, refrigeration and dehydration. All these methods sound user-
friendly and safe. However, there are many processed foods that
are not good for our health and should be avoided, i.e., those that
are made with trans-fats, saturated fats, and large amounts of sodium
and sugar. Examples of good processed foods are pasteurized
milk and frozen vegetables. Pasteurized milk is certainly free from
pathogenic bacteria and frozen vegetables preserve their vitamins
and minerals for a long period of time.

This chapter addresses the issues relating to food produc-
tion, properties and quality needed to meet consumer demand.
Properties and quality have been recognized as an important essen-
tial component of food product related to healthy food, because
food spoilage is wasteful, costly and can adversely affect trade and
consumer confidence.

6.2 Food Production

Most production of food comes from land, although there is great
potential for the sea to provide various seafoods. From land, food
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production traditionally is closely related to agriculture and gene-
rally refers to cultivation of plants or crops and rearing of animals.
Their productivity is strongly affected by the genotype of plants
or crops and animals. Food production may follow the direc-
tions of Good Agricultural Practices, as defined by the Food and
Agriculture Organization (FAO) of the United Nations. The term
Good Agricultural Practices can refer to any collection of specific
methods for on-farm production and post-production processes,
which when applied to agriculture, produces results that are in har-
mony with the values of the proponents of those practices. Good
Agricultural Practices may be applied to a wide range of farming
systems at different scales and sites. They are applied through sus-
tainable agricultural methods, such as integrated pest management,
integrated fertilizer management and conservation agriculture.
Furthermore, they also rely on principles that:

1. economically and efficiently produce sufficient, safe
and nutritious food;
2. sustain and enhance natural resources;
3. maintain viable farming enterprises and contribute to
sustainable livelihoods;
4. meet cultural and social demands of society.

6.3 Factors Affecting Production and
Improvement of Food

Food production and its availability depends on several fac-
tors including soil, climate, population, income per capita and
technology.

6.3.1 Soil and Climate

Food production is faced with a very difficult situation related to cli-
mate change all around the world. The impact of climate change is
very severe and one of the impacts is the increase in temperature.
Drought affects all stages of crop growth and development, since
absorption of nutrients from the soil is influenced by temperature
condition and moisture. Soil and climatic conditions including the
physical, chemical and biological properties of soil, rates at which
nutrients are supplied and applied fertilizer affect the growth of crops
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and their product. The deficiency of nutrients needed by crops limits
their growth and production. In many countries in Europe there is a
tendency towards cereal grains yield stagnation and increased yield
variability that may have been influenced by the negative impact
of climatic changes. Consequently, farmers are currently adapting
to climate change, in particular in terms of changing the timing of
cultivation and selecting other crop species and cultivars. Certain
regions suffer from increase incidents of heat waves and droughts
without possibilities for shifting crop cultivation [2]. The physiologi-
cal responses of crops suggest that they will grow faster, with slight
changes in development, such as flowering and fruiting, depending
on the species. Changes in food quality in a warmer and high CO, sit-
uation are to be expected, for example, decreased protein and mine-
ral nutrient concentration as well as altered lipid composition [3].

Increase in temperature will cause severe damage to the physi-
ology, metabolism and the health of animals. A hot environment
impairs production including growth, meat, milk and egg yield and
quality, as well as reproduction performance, metabolic and health
status and immune response. Rising environmental temperatures
pose a greater risk to animal product, in particular meat spoilage
and carcass contamination with E. coli and Salmonella in poultry.
Bos indicus cattle sire lines could lead to produce tougher, less juicy
beef with less marbling [4].

6.3.2 Population and Income Per Capita

Food sufficiency or efforts in overcoming deficiencies in food
quantity and quality are major nutritional challenges globally.
Tremendous increase of human population followed by increases
in per capita have changed food demand in some parts of the
world, putting strong pressure on food production [5]. Per capita
quantity of crop consumption remains relatively constant and
tends to decline across all income levels, while there is a different
situation for livestock products consumption. Per capita consump-
tion of beef, dairy, pork, poultry, eggs and fish continues to increase
among high income levels (Table 6.1).

6.3.3 Technology

Organic farming is a method in agriculture based on ecology and
naturally occurring biological processes. In this technology the
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Table 6.1 Estimated per capita food consumption by food item and per
capita income level.

Real income $ 1500 $ 5000 $ 15,000 $ 25,000
(tons of cereal equivalents per capita per year)

All food 0.56 0.99 1.67 1.94
Crops 0.23 0.25 0.25 0.25
Cereals 0.13 0.13 0.11 0.09
Rice 0.04 0.03 0.02 0.01
Wheat 0.04 0.07 0.07 0.07
Others 0.05 0.03 0.02 0.01
Root crops 0.03 0.02 0.01 0.01
Vegetable oils 0.02 0.03 0.04 0.04
Sweeteners 0.02 0.04 0.05 0.05
Other 0.03 0.03 0.04 0.06
Livestock 0.30 0.69 1.32 1.59
Beef 0.12 0.25 0.43 0.48
Dairy 0.05 0.14 0.31 0.41
Pork 0.02 0.08 0.20 0.26
Poultry meat 0.01 0.06 0.10 0.10
Eggs 0.01 0.02 0.04 0.05
Other 0.09 0.14 0.24 0.29
Fish 0.03 0.05 0.08 0.10

Per capita real GDP (PPP) in 2002 US dollars. Source: Rask & Rask (2011) based
on regression results, FAO and World Bank data from 159 countries (1975-2002).

perception among consumer is that organically produced crops
possess higher nutritional quality. Herencia et al. [6] found that
organic crops showed higher phosphorus and dry matter content
and lower nitrogen and nitrate content than conventional crops.
They also found crops with opposite trends in nutrient content
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depending on the cultivation cycle, which seems to indicate that
conditions in which crops develop have more of an influence than
the type of fertilization. The limitation to fertilization that is applied
in organic farming can lead to an available nitrogen shortage for
plants and possibly less nitrogen content.

The aim to improve the production of food can be directed
towards producing food in a more efficient way with an empha-
sis on quantity and quality improvement. The technology of plant
genetic engineering plays an important role in generating new
plants with better productivity. Genetic engineering can be defined
as the manipulation of plant development structure or composition
by insertion of specific DNA sequence [7]. These sequences may be
derived from the same species or even the same variety of plant.
This may be done with the aim of altering the levels of expression
of specific endogenous genes to make them more or less active, or
to alter when and where in the plant they are switched on or off.
Alternatively, the aim may be to change the biological properties of
the proteins they encode. However, in many cases genes are derived
from other species, which may be plants, animals or microbes, with
the objective of introducing novel biological properties or activities.
Numerous transgenic plants have been generated, including many
crop species. Transgenic plants will have an impact on conventional
breeding programs because they can significantly decrease the time
to develop a new variety.

Functional foods are foods eaten for specified health purposes
because of their rich content of one or more nutrients or non-nutrient
substances which may confer health benefits [1]. Cereals such as bar-
ley and oats are good sources for functional ingredients of soluble
fiber such as (1-3,1-4)-8-D-glucan, referred to as 8-glucan. These
ingredients affect the glycaemic, insulin, and cholesterol response to
foods. The inclusion of 8-glucan in both cereal and dairy-based foods
illustrate their potential as ingredients to manipulate the structure
and texture of those foods. Therefore, 8-glucan from barley, oat and
other cereals represents an important functional ingredient for the
cereal-based food industry [8].

Recent technology in animal reproduction, including multiple
ovulation and embryo transfer (MOET) as well as semen prede-
termined sex, have significantly increased the rate of reproduc-
tion of in farm animals. Sexed semen will contribute to increased
profitability of dairy and beef production. It could be used to pro-
duce offspring of the desired sex from a particular mating to take
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advantage of differences in the value of males and females for
specific marketing purposes [9]. Use of sexed semen in conjuga-
tion with in vitro embryo production is a potentially efficient way
of obtaining offspring of a predetermined sex. There are a number
of issues that appear to influence the success rate of using sexed
semen to produce bovine embryos in vitro, including a reduction
in fertilization rates, lower cleavage rates, blastocyst rates and
pregnancy rate. Large scale transfer of in vitro produced Holstein
embryos to beef recipients is a feasible production scheme [10]. The
use of sexed frozen-thawed sperm was economically viable for the
commercial MOET program in Holstein heifer [11]. The effort in
selecting animals that have been primarily oriented towards pro-
ductive traits, from now on must be oriented toward robustness
and above all adaptability to heat stress [12].

An alternative to eating more whole grains could be to consume
functional cereal products. Functional cereal products are grains,
such as wheat, maize, rice and oats, that have been modified to pro-
vide health benefits over and above basic nutrition or grain that are
similar in appearance to conventional foods; they are intended to
be consumed as part of a normal diet, but have been modified to
aid physiological functions beyond the provision of simple nutri-
tional requirements. Golden rice is genetically modified rice that
produces carotenoids in the endosperm of the grain. Carotenoids
are a group of plant pigments important in the human diet as the
only precursors of vitamin A.

6.3.4 Plant Source Foods

Basically, plants and crops can provide all human dietary macro-
and micronutrients needed to live a healthy life as a vegetarian.
Cereals, fruits and vegetables provide the nutrients in a comple-
mentary basis. Cereal grains are rich in carbohydrates and a good
source of dietary proteins, vitamins, minerals and fiber. However,
the nutritional quality and sensorial properties of cereals are some-
times low or poor if they are compared to that of animal products.
The reasons behind this are the lower protein content, the deficiency
of certain essential amino acids, lysine in particular, the low avail-
ability of starch and the presence of anti-nutrients such as phytic
acid, tannins, and polyphenols. Major cereal grains, wheat and rice,
represent the preferable source of dietary nutrients for humans that
were widely consumed as staple foods in some parts of the world.
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Tabel 6.2 World cereal market (FAQO, 2011).

Year Cereal Wheat Rice
--—-million tonnes---
2001 1907.9 589.3 400.6
2002 1836.6 574.0 380.8
2003 1894.4 561.5 3934
2004 2074.2 632.6 406.9
2005 2052.2 625.5 424.2
2006 2019.8 600.9 428.6
2007 21334 610.7 440.1
2008 2288.6 683.7 458.5
2009 2263.4 685.1 455.9
2010 2239.6 685.2 467.0
2011 2307.0 680.6 478.8

The production based on the report of FAO [13] increased every
year, as shown in Table 6.2, as a result of intensified crop manage-
ment [14].

Fruits and vegetables are rich in minerals and vitamins which
serve an array of important functions in the body. Vitamin A main-
tains eye health and boosts the body’s immunity to infectious dis-
eases. B-vitamins are necessary for converting food into energy.
Folate, one of the most common B-vitamins, can also significantly
reduce the risk of neural tube birth defects in newborns and con-
tribute to the prevention of heart disease. Vitamins C and E are
important micronutrients in fruits and vegetables that serve as
powerful antioxidants that can protect cells from cancer-causing
agents. Vitamin C, in particular, can increase the body’s absorption
of calcium and iron from other foods. Calcium is an essential mine-
ral for strong bones and teeth, while low iron levels can lead to
anemia, one of the most severe nutrition-related disorders. Many
fruits and vegetables are also very high in dietary fiber which can
help move potentially harmful substances through the intestinal
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tract and lower blood cholesterol levels. Much of the potency of
fruits and vegetables is believed to also come from substances
known as phytochemicals. Phytochemical antioxidants from fruits,
vegetables and legumes can significantly inhibit the development
of cardiovascular disease. Combinations of phytochemical antioxi-
dants from different plant categories such as fruits, vegetables and
legumes may possess complementary cardiovascular disease fight-
ing activities [15].

6.3.5 Animal Source Foods

Animals (livestock) make an important contribution to human wel-
fare, because they provide foods of high nutritive value, includ-
ing milk, meat and eggs. They represent an excellent source of
high quality and readily digested protein [16] which is suitable for
human consumption (Table 6.3) [17]. Protein of animal products is
considered the highest quality available, as it contains a full comple-
ment of essential amino acids and most resembles the amino acids
of the human body in its amino acid composition. The micronutri-
ents in meat have a high level of absorption and utilization by the
body. Beef is a nutrient-rich food, providing good quality protein,
vitamins B-6 and B-12, niacin, iron, and zinc. However, animal fats
have gained the reputation of being less healthy. Beef cattle pro-
duce conjugated linoleic acid (CLA) which is known for its anticar-
cinogenic effects and deposit these compounds in the meat so that
beef consumers can receive bioformed CLA. To increase the CLA
yield in beef it is essential to provide cattle an appropriate substrate
for formation of CLA [18].

Table 6.3 Nutritional benefits and risks of animal source foods
(Neumann et al., 2002).

Benefits Risks
High energy density and low Bacterial food contamination
dietary bulk Zoonotic infections (animal para-
Dietary diversity sites infecting people)
Quality protein Milk substitutes before 6
Micronutrients in bioavailability months of age increases risk
form of disease and may displace
Better maternal nutrition (in breast-feeding
pregnancy and lactation)
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Analysis of global production and consumption of animal
source food showed that supply of animal source food depends
largely on demand. The FAO data show that livestock produc-
tion is growing rapidly, which is interpreted to be the result of the
increasing demand for animal products [19]. The amount of meat
production and consumption in eastern Asian countries, particu-
larly in the northeast and some in the southeast, has grown rapidly
due to the globalization of the food industry and rapid economic
growth of the countries [20]. Poor people everywhere are eating
more animal products as their incomes rise above poverty level
and as they become urbanized [21]. Although there is a great rise
in global livestock production, the pattern of consumption is very
uneven. The countries that consume the least amount of meat are
in Africa and South Asia. The main determinant of per capita meat
consumption appears to be wealth. There has been a rise in the
production of livestock products and this is expected to continue
in the future, particularly in developing countries, with the great-
est increase being in the production of poultry and pigs as well as
eggs and milk [19].

Polkinghorne and Thompson [22] have reviewed the prin-
ciples of world meat standard and grading which is strongly
related to the demand for and requirements of meat. Meat clas-
sification is defined as a set of descriptive terms describing the
features of the carcass that are useful to those involved in the
trading of carcasses; while grading is defined as the placing of
different values on carcasses for pricing purposes, depending
on the market and requirements of traders. Early systems only
needed to describe intact carcasses as the breakdown of the car-
cass into cuts and was done by the buyer of the carcass. Then, key
parameters to describe the characteristics of the carcass changed
to be more detailed to meet the requirements of consumers. There
are several major grading schemes being developed as shown in
Table 6.4. Differences in the priority of beef classification from
selected countries may have resulted from changing consumer
demand for meat. Several factors influencing the changes in
consumer demand for meat include health concerns, changes
in demographic characteristics, the need for convenience, and
changes in distribution and price [23].

Production of animal products is strongly affected by the diet
consumed by the animals. The use of agro-industrial by-products
or novel pasture species has been adopted to reduce feed cost.
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Tannin-containing feeds result in sheep and goat meat of a lighter
color and tend to increase milk yield and protein content, probably
because they protect dietary proteins from ruminal degradation.
Conjugated linoleic acid (CLA) in kid meat can be increased by
feeding animals chopped cactus cladodes. Olive cake silage in lamb
and ewe diets may increase linoleic and oleic content in meat and
milk fat, respectively [24]. Dietary forage, such as grass or legume
hay, appears to facilitate the establishment of microorganisms in
the digestive tract that enhance the formation and deposition of
CLA in the tissues. The provision of modest amounts of grain is
more conducive to CLA synthesis rather than high levels of grain
[18]. In hens, inclusion of humate and probiotics to their diet late in
the laying period increased egg production, reduced mortality, and
improved feed conversion efficiency [25], and supplementation of
dietary microbial phytase 500 U/kg to normal corn-soybean diet
improved egg production [26].

6.4 Food Properties

A food property is a particular measure of food behavior as a mat-
ter; or its behavior with respect to energy; or its interaction with
human senses; or its efficacy in promoting human health and well-
being [27]. An understanding of food properties is essential for
scientists and engineers who have to solve problems, especially in
food production related to consumption. Food preservation and
processing affects the properties of foods in a positive or negative
manner. The influence of water on the physical properties of food is
dependent on the state of water in food which is expressed as water
activity [28]. The water activity (a,) of a food is the ratio between
the vapor pressure of the food itself when in a completely undis-
turbed balance with the surrounding air media, and the vapor
pressure of distilled water under identical conditions. The water
activity increases with temperature.

Processed fruits and vegetables are often low moisture, sugar-
rich foods, characterized by color, flavor and structural properties.
There are relationships between a_ and some important chemical,
physical and structural changes that occur during the processing
and preservation of fruits and vegetables and their derivatives [29].
In food powders, a_ affected heat resistance of microorganisms.
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The factors and mechanism involved in microorganisms’ death or
resistance to temperature in low-water-activity environments were
detected by checking the efficiency of a rapid heating-cooling treat-
ment to destroy microorganisms dried after mixing with wheat
flour or skim milk [30].

6.5 Food Quality

Food quality can be described as the requirement necessary to
satisfy the needs and expectations of the customer [31]. The scope
of discussion on quality is very wide and complex. In agricul-
tural and food products, typical quality parameters are sensory
properties, shelf life, safety, health, nutritional value, crop yield
per area and disease resistance. Shelf life is such an important
requirement it should be of interest to everyone involved in the
food chain, and safe food is a basic human right. There must be
shared responsibility for the availability of safe food for consum-
ers including the government, food industry and consumers
themselves. The government is responsible for regulations and
enforcement, advice to the industry and consumer education.
The food industry has to implement good practices for food pro-
duction related to quality assurance, appropriate technology and
training of managers and food handlers. On the other side, con-
sumers with their expectations and demands for safe food may
be aware of the properties and quality of safe food.

More attention is being paid to the role of food in human health
and in food safety and security [15, 32, 33], and that secondary
metabolite content is a factor which must be considered during
the assessment of agriculture systems. Antioxidants and probiotics
have recently attracted the attention of the consumer and indus-
try because of their potential health benefits. The natural dietary
antioxidants in fruits, vegetables and legumes promote vascular
health. The different food categories possess different bioactive
compounds with various antioxidant capacities. When those foods
are consumed together they may produce synergistic antioxidant
interactions and more positive physiological effects on cardio health
than if consumed alone. The potential of phytochemicals found in
fruits and vegetables, mainly the polyphenol flavonoids including
flavanols, flavanones, flavones, isoflavones and anthocyanin, will
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reduce the risk of cardiovascular diseases [15]. Probiotic microor-
ganisms and the selection of suitable types of cereal grains were
required to produce new cereal-based probiotic foods with suitable
aroma, flavor and pH [34].

Food quality is presented as a system of product requirements,
both the material and immaterial, related to the product itself,
the production context, the product-packaging system, and the
product-market system. There are two sets of approaches for food
quality, which may come from the consumer and the producer.
Consumers express their expectations and needs as requirements
for food products. These requirements must be satisfied by the per-
formance of the food products, which are functional and subjec-
tive. Performance must derive from characteristics of the product,
which are structural and objective. The concept of performance and
characteristics is illustrated in Figure 6.1 [31]. A set of product per-
formance is greatly needed by consumers for their acceptance and
satisfaction.
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Figure 6.1 A dynamic model of food quality. Peri, [2006].
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Abstract

Enzyme preparations have long been used throughout the world
as ingredients in various foods such as cheeses, yogurts, breads,
and alcoholic beverages. In the United States, the Food and Drug
Administration (FDA) is responsible for ensuring the safety of
the use of food ingredients that are either added to food, used in
food processing, or otherwise become a component of food. In
this regard, the FDA uses a science-based approach to evaluate the
safety of the uses of enzyme preparations in food and food pro-
cessing. This chapter discusses the FDA’s regulatory framework
for food ingredients from a historical perspective, and provides the
agency’s current thinking on safety evaluations of enzyme prepara-
tions added to food or used in food processing. This chapter also
discusses how FDA'’s safety evaluations of enzyme preparations
have kept pace with current technologies that are used by enzyme
manufacturers.
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7.1 Introduction

Since ancient times, enzymes have been used in the preparation of
various foods such as cheeses, yogurts, breads, and alcoholic bev-
erages [1]. Although these uses have spanned thousands of years,
scientific understanding of how enzymes function did not formally
develop until the 19th century [1]. One of the earliest observations of
enzyme activity occurred in 1814, when Kirchoff noted the decom-
position of starch by germinated barley [2]. In 1833, the first clear
observance of a specific enzyme-catalyzed reaction was made by
Puyen and Persey, who found that a precipitate from malt extract
contained a heat-stable substance that could convert starch to sugar
[3]. This substance was named “diastase” based on its ability to
separate soluble dextrins from insoluble starch granules [4]. Later,
diastase was renamed malt alpha amylase [4]. Further observations
in the late 19th century elucidated a variety of reactions catalyzed
by enzymes, thereby enhancing knowledge in this area [5].

Given the array of reactions that involve enzymes, it is not sur-
prising that much effort has been dedicated to characterizing their
biochemical nature. To date, there are 3,540 enzymes, many of
whose structures and activities have been identified [5]. Of these,
many are used in food production and processing to achieve a vari-
ety of desired technical effects.

In the United States (U.S.), the Food and Drug Administration (FDA)
is responsible for ensuring the safety of the use of food ingredients that
are either added to food, used in food processing, or otherwise become
a component of food. In this regard, the FDA uses a science-based
approach to evaluate the safety of the uses of enzyme preparations in
food and food processing. A discussion of what constitutes an enzyme
preparation is discussed later in this chapter. This chapter discusses
the FDA's regulatory framework for food ingredients from a historical
perspective and lays out the agency’s current thinking on safety evalu-
ations of enzyme preparations added to food or used in food process-
ing. This chapter also discusses how FDA’s safety evaluations have
kept pace with current technologies used by enzyme manufacturers.

7.2 Regulatory History of Food Ingredients:
Guided by Safety

In 1906, the U.S. Congress passed the nation’s first comprehen-
sive consumer protection law in response to serious abuses in the
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consumer marketplace [6]. This law, named the Pure Food and
Drug Act (the 1906 Act), defined “food” as “all articles used for
food, drink, confectionery, or condiment by man or other animals,
whether simple, mixed, or compound(ed).” The statutes in the
1906 act focused on postmarket surveillance with the intention
of prohibiting the sale to the consumer of harmful or mislabeled
food and drugs [7, 8]. Since the law was limited in scope, many
hazardous foods and drugs continued to be marketed. A pivotal
case occurred when several deaths were reported after the use
of a medical preparation known as “Elixir of Sulfanilimide” in
1937. The resulting public outrage led to congressional action that
allowed for tighter controls over food and drugs. In 1938, Congress
passed the Federal Food, Drug, and Cosmetic Act (1938 Act). The
1938 Act included provisions for premarket safety evaluations for
drugs and enhanced postmarket surveillance for food and drugs
[9, 10]. Importantly, the 1938 Act represented a shift toward pre-
market controls for drugs; however, it did not provide the FDA
with similar authority for foods [8]. Food ingredients could be
placed in the food supply without the FDA’s knowledge or safety
review. According to the 1938 Act, when the FDA questioned the
safety of a food ingredient, the agency was responsible for prov-
ing that the food ingredient was unsafe.

During the early 1950s, a committee led by James Delaney held
hearings to address the use of food ingredients [6]. In a report
based on these hearings, the committee estimated that nearly 840
ingredients were used in food. Of these, only about 420 were con-
sidered safe, and many had never been evaluated for safety. This
report, along with incidents of chemical contamination of food
that occurred in 1954 and 1958, prompted Congress to amend the
1938 Act with the 1958 Food Additives Amendment. The 1958
Amendment gave the FDA the authority to conduct premarket
safety reviews and issue regulatory approvals for “food additives”
[11]. The 1958 Amendment defined food additives as “all sub-
stances...the intended use of which results or may reasonably be
expected to result, directly or indirectly, either in their becoming
a component of food or otherwise affecting the characteristics of
food.” Under the 1958 Amendment, new food additives are consid-
ered to be unsafe for their intended uses until they are proven safe
based on data and other scientific information [12]. Thus, the 1958
Amendment placed the burden of proving safety on the manufac-
turer, and the FDA was tasked with reviewing the safety informa-
tion and making a safety decision.
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Excluded from the food additive definition were “substances
that are generally recognized, among experts qualified by sci-
entific training and experience to evaluate their safety as hav-
ing been adequately shown...to be safe under the conditions of
intended use.” Based on this exclusion, a new concept to food—
the Generally Recognized as Safe (GRAS) paradigm—was cre-
ated. Under this paradigm, any food ingredient that is GRAS
based on a history of safe use in food prior to January 1, 1958 is
exempt from the mandatory premarket safety review and regula-
tory approval required for food additives [13]. Also exempt as
GRAS are food ingredients that have been scientifically shown to
be safe for their intended uses based on publicly available data
and information reflecting the consensus of scientific opinion.

In 1959, the FDA published a list of about 180 food ingredients
whose uses were considered to be GRAS in Volume 21 of the Code
of Federal Regulations (21 CFR), Part 182 (formerly §121.101(d))
[14]. The FDA did not intend for this list to be a comprehensive
one including all GRAS food ingredient uses, as many commonly
used food ingredients such as water and salt had long been rec-
ognized as safe by experts and consumers [6, 15]. Instead, the
agency intended that the list include food ingredients whose uses
were recognized as safe by experts, but were not easily recog-
nized as safe by consumers.

In 1969, a private laboratory conducted animal studies on
cyclamate (a sweetener), which had previously been included
in the GRAS list [16]. The results of the studies suggested that
cyclamate was a carcinogen. This led to a comprehensive review
of the uses of cyclamate in food and prompted the removal of
this food ingredient use from the GRAS list (the Delaney Clause,
which was part of the 1958 Amendment, prohibited the use in
food of any ingredient found to induce cancer in man, or, after
tests, found to induce cancer in animals). The ensuing public
concern over the safety of food ingredient uses considered to be
GRAS led to a presidentially-mandated GRAS review [17]. The
review led to what was termed the GRAS affirmation process.
Under this process, the FDA responded to GRAS affirmation peti-
tions by conducting comprehensive safety evaluations of GRAS
ingredient uses in food. If the FDA concluded that there were suf-
ficient data and information to support the GRAS status of a food
ingredient’s use, then the FDA affirmed the GRAS status of the
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ingredient’s use through notice and comment rulemaking [6, 18].
GRAS-affirmed food ingredient uses were then listed in 21 CFR
Parts 184 and 186.

The GRAS affirmation process proved to be resource-intensive
for the agency. Therefore, in 1997 the agency published a pro-
posal to have a voluntary GRAS notification program replace
the GRAS affirmation process [15]. Under the proposed rule, a
manufacturer may make its own GRAS determination for a food
ingredient use and may then choose to contact the FDA about
the determination by submitting a notice containing the data
and information supporting the manufacturer's GRAS deter-
mination. When a manufacturer submits a GRAS notice to the
FDA describing its conclusion that the use of a food ingredient
is GRAS, the FDA evaluates the submitted data and informa-
tion. The FDA also considers whether the safety data are gen-
erally available (i.e., published in the scientific literature) and
reflect a consensus of scientific opinion. At the conclusion of the
evaluation, the FDA responds to the GRAS notice with a letter. If
the FDA finds that the data and information in the GRAS notice
meet the standards for a GRAS determination, then the agency
responds with a “no questions” letter. If the FDA finds that the
notice does not meet the standards for a GRAS determination,
then the agency responds with a “no basis” letter. These agency
opinion letters differ from the regulations published as part of
the older GRAS affirmation process and after FDA’s safety eval-
uations and premarket approvals of food additive uses.

Importantly, the safety standard for food additive uses and
GRAS food ingredient uses is the same, and, as a matter of prin-
ciple, a food additive use is not safer than a GRAS food ingredient
use [8]. The quality and quantity of data needed to support the
safety of a food additive use and the quality and quantity of data
needed to support the safety of a GRAS food ingredient use are
equivalent. The key element distinguishing GRAS food ingredi-
ent uses from food additive uses is the common knowledge of the
safety data and information. For GRAS food ingredient uses, the
data and information relied on to establish safety must be gener-
ally available and there must be a basis to conclude that there is
a consensus among qualified experts about the safety of the food
ingredient for its intended use [15]. These concepts are graphically
illustrated in Figure 7.1.
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Food ingredient safety evaluation

Food additive petition GRAS notice
(FAP) (GRN)
Evidence Evidence
of safety of safety
Premarket General recognition of safety
review & +
approval by Consensus of safety among qualified experts
FDA
Regulation FDA response
letter

Figure 7.1 Comparison of safety evaluations for food additives and GRAS food
ingredients.

7.3 Scientific Advancement as Part of the
Regulatory History of Enzyme Preparations

Given the wide variety of reactions that enzymes catalyze, enzyme
preparations are commonly used in food processing and in some
instances in food itself. Enzyme preparations share their regula-
tory history in the U.S. with other food ingredients. The technology
with which some enzymes are produced has also been a part of this
regulatory history.

As early as 1969, the FDA had regulated some enzyme prepa-
rations as food additives under 21 CFR Part 173. These are listed
in Table 7.1.

Later, numerous enzyme preparations were affirmed as GRAS in
21 CFR Part 184. These are listed in Table 7.2. The enzyme prepara-
tions listed in these regulatory categories have a wide range of tech-
nical effects and contain enzymes derived from a variety of sources
including plants, animal tissues, and microorganisms (most were
derived from microorganisms). In the past, microorganisms used in
the production of enzyme preparations were either naturally occur-
ring microbial strains or had been improved by selection of sponta-
neous mutants or by traditional mutagenesis.
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As the food processing industry became more sophisticated and
moved toward responding to increased product demand, it was
faced with several challenges. Among these was the impetus to
optimize the chemical attributes of enzymes used in various appli-
cations in the food industry [19, 20, 21]. In addition, there was a
need to develop enzymes that have uniform composition and con-
sistent activity in higher amounts in order to respond to indus-
try needs [1, 22]. The emergence of recombinant DNA techniques
during the 1990s, including gene cloning, protein engineering,
sequencing, and bioinformatics, helped the enzyme manufactur-
ing industry address these challenges. Recombinant enzyme sys-
tems allow for insertion of DNA encoding desired enzymes into
known strains that can be genetically manipulated. One advantage
of using these systems is that some enzyme encoding genes can be
manipulated to produce enzymes that are optimized for the condi-
tions of industrial use. For example, alpha amylase is used in the
production of sweeteners from starch, a process which involves
high temperatures [19]. The native alpha amylase is unstable at
these temperatures. To address this issue, a recombinant form of
the enzyme with a modified amino acid sequence was developed.
This recombinant enzyme has increased thermal stability and other
improved properties. Another advantage of recombinant enzyme
systems is the ability to produce higher enzyme yields. For exam-
ple, chymosin, an enzyme commonly used in the dairy industry,
was historically derived from calf tissues [23]. Genetically manipu-
lated microorganisms were shown to produce recombinant chy-
mosin at higher levels due to lower proteolysis. Reflective of the
emergence of recombinant DNA techniques, in 1991 bovine chymo-
sin derived from Escherichia coli strain K-12 became the first recom-
binant food enzyme to be GRAS-affirmed by FDA in 21 CFR Part
184, Paragraph 1685 [19, 24]. This recombinant chymosin served as
an example of an emerging technology that in the years to follow
would be increasingly used to manufacture enzymes intended for
use in food and food processing.

The enzyme preparations with GRAS claims that have not been
questioned under the FDA’s GRAS Notification Program are listed
in Table 7.3 [25]. Notably, all of the enzymes listed in this table are
microbially-derived, and enzymes from recombinant microorgan-
isms are the subjects of nearly half of these GRAS notices. FDA’s
evaluations of these notices demonstrate that the agency’s scientific
and regulatory evaluative framework is flexible, addressing both
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conventionally-produced enzyme preparations and those produced
using advanced technologies.

7.4 Safety Evaluation of Enzyme Preparations

In its review of submissions for enzyme preparations, the FDA con-
siders the identity of the enzyme (including the enzyme source),
the manufacturing process and composition, intended use and
technical effect, estimates of dietary exposure, and relevant safety
studies. In general, the same safety considerations apply to all
enzyme preparations. However, additional information pertaining
to genetic modification of the enzyme source is expected in submis-
sions for recombinant enzyme preparations [26].

7.4.1 Identity of the Enzyme

A description of an enzyme’s identity can include: the accepted
name, systematic name, Enyzme Commission (EC) number
according to the recommendations of the International Union of
Biochemistry and Molecular Biology [5], other names by which
the enzyme may be classified, and a CAS registry number, if avail-
able. The EC number is used to classify an enzyme based on the
reaction(s) it catalyzes, and the CAS registry number is a unique
numeric identifier that links a substance to specific chemical infor-
mation [27]. The physical and chemical properties that define
an enzyme include its activity, substrate specificity, and the key
reaction(s) catalyzed by the enzyme. Other properties that may
be used to identify an enzyme include specific activity, molecular
weight, amino acid sequence, and stability and activity as a func-
tion of temperature and pH, if available. The primary structure of
the enzyme can be modified via chemical or genetic methods. Such
an alteration can affect enzyme performance under the intended
conditions of use, as in the case of the modified alpha amylase dis-
cussed earlier.

Information on the source of an enzyme is another key com-
ponent relating to the enzyme’s identity. The enzyme prepara-
tions that the FDA has reviewed for safe use in food have been
derived from a wide variety of sources. These include animal
tissues (e.g., porcine and bovine livers), plants and plant prod-
ucts (e.g., pineapple, papaya, barley, and fig), and bacteria and
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fungi. Enzyme sources should comply with the principles out-
lined in the monograph “Enzyme Preparations” (section “Other
Requirements”) of the 6% (2008) or current edition of the Food
Chemicals Codex (FCC) [28]. These principles are discussed in
subsequent paragraphs.

When animal tissue is used as an enzyme source, the tissue should
comply with the applicable U.S. meat inspection requirements and
should be handled in accordance with good hygienic practices [29].
Under the Federal Meat Inspection Act of 1906, the United States
Department of Agriculture has jurisdiction over meat and meat prod-
ucts. When plant material is used as an enzyme source, components
of the material should not leave harmful residues in the finished
food under normal conditions of use. Examples of enzymes derived
from animal tissue and plant material are included in Table 7.2. Since
the vast majority of enzyme preparations produced in the industry
and reviewed by the FDA are from microbial sources, the remain-
der of this section will focus on the safety evaluations of microbially-
derived enzyme preparations [22].

When an enzyme is derived from a microorganism, the produc-
tion microorganism must be well characterized and demonstrated
to be nonpathogenic and nontoxigenic [20, 22]. Characterization of
the source microorganism generally include relevant information
about the microorganism’s taxonomy, morphology, and growth
characteristics.

A discussion of the source microorganism’s taxonomy usually
includes information about the organism’s origin and isolation, as
well as information about its taxonomic classification. The field of
microbial classification is continuously evolving. In the past, many
microorganisms were classified according to their morphological
characteristics. However, applications of gene-based analyses have
resulted in the reclassifications of microorganisms at the species and
genus levels. For example, Bacillus stearothermophilus was recently
reclassified as Geobacillus stearothermophilus using 16S rRNA gene
sequencing and bioinformatic analysis, among other methods [30].

Information about the production microorganism’s morphol-
ogy may include microscopic observations such as cell shape
and colony appearance. The discussion of the microorganism’s
growth characteristics may include information about its growth
requirements.

It is generally accepted that pathogenic microorganisms would
not be used in the production of enzymes intended for use in
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food [20]. A nonpathogenic microorganism is “one that is very
unlikely to produce disease under ordinary circumstances [22].”
The nonpathogenic nature of a microorganism is often demon-
strated using information about its natural occurrence in food or
prior industrial use. For example, Bacillus licheniformis strains are
common in soil, and as such can be found in cereals and other agri-
cultural products. Consequently, spores of the microorganism are
commonly found in processed or dried foods, as well as in herbs
and spices [31]. Additionally, B. licheniformis has been used to pro-
duce several enzyme preparations that have been reviewed by the
FDA (see Tables 7.1-3). In cases where production microorganisms
are not commonly found in foods and do not have prior industrial
uses, studies conducted using animal models may be used to dem-
onstrate the nonpathogenic nature of the microorganism.

A nontoxigenic microorganism is “one which does not produce
injurious substances at levels that are detectable or demonstrably
harmful under ordinary conditions of use or exposure [22].” It is
widely understood that some microbial strains (mainly fungal
strains) normally considered to be nontoxigenic are capable of pro-
ducing toxins when cultured under certain growth conditions. For
example, Aspergillus oryzae strain A1560 can produce low levels of
mycotoxins when cultured in certain media. However, the strain
has been genetically modified to eliminate the pathways involved
in mycotoxin production. Many other commercial strains have
been modified in this manner. In some cases, the growth conditions
for fungi that are capable of producing mycotoxins can be adjusted
and monitored to minimize or eliminate mycotoxin synthesis. For
example, published reports show that mycotoxin production by A.
niger can be minimized by controlling the fermentation conditions
[32]. When applicable, such adjustments to the growth conditions
should be discussed to support the safety of the fungal enzyme
source. Also, appropriate analytical tests should be conducted and
specifications set to assure that enzyme preparations intended for
use in food do not contain mycotoxins at unsafe levels.

Once a microorganism is shown to be nonpathogenic and non-
toxigenic, it may either be used in enzyme production as is or
may be used to develop other production microorganisms via
recombinant DNA techniques or classical mutagenesis. If the
microorganism is used in the development of other production
microorganisms, a discussion of the modifications is necessary for
FDA'’s safety evaluation.
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In the case of genetically modified (also referred to as genetically
engineered) microorganisms (GMMs), thorough characterization
of the introduced DNA sequences, as well as the source(s) of the
sequences is important. All introduced sequences should be iden-
tified, including genes encoding the enzyme and any selectable
markers, and regulatory DNA sequences. The introduced sequences
may be derived from laboratory-adapted organisms, organisms
sampled from the environment, or may be generated from a pool
of genes from various sources. The “donors” of the DNA sequences
should be well-characterized as described above.

In some cases, the enzyme-encoding genes themselves may
be modified by classical mutagenesis techniques such as ultra-
violet radiation or chemical mutagenesis. This was the case for
the previously-described recombinant alpha-amylase that had
improved thermostability, which was critical for its use in the pro-
duction of sweeteners.

Regardless of the techniques used to modify the production
microorganism or the enzyme itself, all approaches and steps
involved should be described in a submission to FDA.

7.4.2 Manufacturing Process and Composition

Enzyme preparations should be produced in accordance with the
current good manufacturing practice (cGMP) [33]. When enzyme
preparations are obtained from microorganisms, the details of the
fermentation process should be described. This includes all steps
and controls necessary to maintain the proper growth conditions,
and assure the purity and genetic stability of the culture. Some
enzymes are isolated from the cellular mass (e.g., chymosin), while
most enzymes are secreted to the fermentation broth and subse-
quently purified and concentrated. All of the procedures used to
isolate the enzyme from the cellular material or the fermentation
broth should be described, including chemical and physical treat-
ments and quality controls. All materials used in the fermentation
and subsequent downstream processing (including antifoaming
and flocculating agents, if used) should be identified as suitable for
use in food processing.

It is important to distinguish the enzyme itself from the enzyme
preparation which it is a component of. The active enzyme respon-
sible for the intended technical effect is the functional component of
an enzyme preparation. Enzyme preparations may contain a blend
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of two or more active enzymes. For the manufactured enzyme to
successfully catalyze a given chemical reaction during food pro-
cessing or in the final food, other components may be required.
These typically include formulating agents intentionally added to
the preparation such as diluents, preservatives, stabilizers, or other
substances suitable for use in food. These ingredients are added to
the enzyme to stabilize and adjust the enzyme activity and prevent
microbial contamination. An enzyme preparation may also contain
the residues of compounds used in the manufacturing process (e.g.,
fermentation medium) or cellular constituents derived from the
production microorganism.

Since the enzyme is the active component of an enzyme prepara-
tion, it is important to know how much enzyme is present in a prep-
aration. This information is critical for estimating dietary intake of
the enzyme. The total organic solids (TOS) of an enzyme prepa-
ration refers to the sum of all organic compounds in the enzyme
preparation derived from the enzyme source and manufacturing
process including the enzyme. The percent TOS is calculated as
follows:

(%) TOS=100-A-W-D

where: A = % ash, W = % water, D = % diluents and other formula-
tion ingredients.

All enzyme preparations used for food processing should con-
form to specifications for purity as outlined in the monograph,
“Enzyme Preparations” of the 6th (2008) or current edition of the
Food Chemicals Codex (FCC) [28]. Conformance to set specifi-
cations for enzyme preparations used in food processing should
be shown by relying on analysis of several manufacturing lots.
Standard analytical methods (such as those described in the FCC)
used to meet the specifications should be referenced. If used, non-
standard methods (such as those established internally by the man-
ufacturer) should be validated and described. The enzyme activity
in the final enzyme preparation should be measured and the unit of
enzyme activity should be defined.

74.2.1 Intended Use(s) and Technical Effect(s)

The technical effect(s) of the enzyme as well as its intended use(s)
and use level(s) in foods should be described. It is also important
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to discuss whether the active enzyme is likely to be present in the
final food or will be inactivated or removed. The identity and safety
of the products of the enzymatic reaction should also be discussed,
if appropriate.

7.4.2.2 Estimates of Dietary Exposure

An estimate of dietary exposure to the enzyme preparation should
be discussed as a component of an overall safety assessment.
Enzyme preparations are used in food processing at very low lev-
els and often are removed from the final food or inactivated. For
example, enzymes used in processing starch into glucose or high
fructose corn syrup are removed during purification of the syrup.
Also, enzymes used in baked goods are inactivated by high temper-
atures during baking. Although most enzyme preparations are not
expected to be carried over in their entirety to the final food, they
may still be present at residual levels and should thus be assessed
for safety. Even if the enzyme preparation is removed from food,
the residual level of the enzyme in TOS, “as consumed” should be
estimated if possible.

It is generally accepted that the estimated daily intake (EDI) of
the enzyme preparation is calculated on the basis of TOS. It would
be optimal to use the level of TOS in the final food. However, in
most instances it is not possible to estimate the TOS content in food.
For this reason, the EDIs for enzyme preparations are usually calcu-
lated on the basis of TOS use levels, i.e., the levels of TOS added to
food or used in the production of food ingredients. This approach
substantially overestimates exposure to enzyme preparations.

7.4.2.3 Toxicological Considerations

The need for toxicological assessment of an enzyme in an enzyme
preparation should be established on a case-by-case basis. For
example, enzymes derived from sources with a history of safe
use in the production of other enzyme preparations or food ingre-
dients may not require the same level of toxicological testing as
enzyme preparations derived from uncharacterized sources in
order to demonstrate safety. If toxicological testing of an enzyme
is conducted, the test article is usually the enzyme concentrate
from the manufacturing process before the addition of the formu-
lation ingredients. The content of TOS of the tested concentrate
is determined and used to derive the no observed adverse effect
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Table 7.4 Toxicological tests typically provided in enzyme
submissions to FDA.

Test Type Toxicological Endpoints
Genotoxicity

Bacterial Reverse Mutation Assay Mutagenicity

(Ames Test)

Chromosomal Aberration Test Clastogenicity

Gene Mutation Test Mutagenicity
Short-term

14-day repeat dose feeding study Range finding

28-day repeat dose feeding study Range finding

90-day subchronic study NOAEL determination
Irritation

Acute dermal irritation Local irritant potential
Acute ocular irritation Local irritant potential

level (NOAEL) calculated as TOS per kilogram bodyweight per
day. The safety margin is then calculated by dividing the NOAEL
by the EDI calculated on the basis of TOS. The toxicological tests
used to confirm safety of enzymes in most enzyme preparations
are listed in Table 7 4.

7.4.2.4 Enzyme Preparations Containing Allergenic Ingredients

If an enzyme preparation contains proteins derived from a major
food allergen, the enzyme preparation may fall under the provi-
sions of the Food Allergen Labeling and Consumer Protection Act
of 2004 (FALPCA), unless it is granted an exemption from aller-
gen labeling as a result of a petition or a notification. According to
FALCPA, a major food allergen is defined as one of the following
foods and ingredients that contain protein from them: milk, egg,
peanuts, tree nuts, soybeans, wheat, fish, and Crustacean shellfish.
The food source names of the major food allergens are milk, egg,
peanuts, the specific type of tree nut (e.g., almonds), soybeans,
wheat, the specific species of fish (e.g., flounder) and the specific
species of Crustacean shellfish (e.g., crab). More information on
food allergen labeling requirements may be found in the FDA guid-
ance documents for food labeling and nutrition [34].

The assessment of an enzyme that is derived from an allergenic
food or has a potential to cause an allergic reaction when consumed



REGULATORY ASPECTS OF FOOD INGREDIENTS 223

should include information that is consistent with the current views
of the scientific community. Considerations included in this assess-
ment may include the enzyme source, a comparison of the amino
acid sequence of the enzyme to the amino acid sequences of all
known allergens, susceptibility of the enzyme to pepsin digestion,
and other relevant information, if available.

7.5 Conclusion

Enzymes are ubiquitous in nature and have been used in foods
and in food processing for millennia. In response to changes in
consumer demand, new developments in molecular biology and
manufacturing technologies have paved the way for faster, more
efficient routes in food enzyme manufacturing and in the produc-
tion of food using enzymes. These new developments have also
allowed for adjustment of enzyme properties to manufacturing
conditions and production of enzyme preparations that contain
lower levels of undefined contaminants from the production pro-
cess. The FDA has continuously adjusted its regulatory procedures
to keep up with these evolving technologies. However, regardless
of the technology used to manufacture food enzymes, safety has
been and will always remain at the core of the FDA’s evaluations.
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Abstract
Food is usually one of the main sources of exposure to toxic and essential
metal compounds. However, nutritional and toxicological properties of a
chemical element critically depend on the form in which it occurs in food.
As a consequence, trace element speciation, particularly for toxic trace
elements, is nowadays considered to be the main interest to ensure food
safety, and it is becoming an important need worldwide for industrial
quality control and regulatory implementation. Furthermore, since trace
element bioavailability is highly variable among chemical forms, specia-
tion analysis is essential to estimate nutritional quality. In order to achieve
this toxicological and nutritional analysis in foods, robust analytical meth-
ods with well-established procedures for food sampling and sample treat-
ment are required to assure the identity of the different chemical species.
In this chapter, an introductory discussion on the issue of trace elemen-
tal speciation in food is given. General aspects demonstrating the great
relevance that elemental speciation is having in different fields, such as
toxicology and nutrition, are critically commented on and discussed.
Special emphasis is placed on the species of toxic heavy metals and met-
alloids (such as arsenic, mercury, tin, chromium, and cadmium) and on
the species of essential elements (such as iron, selenium, cobalt, and zinc)
occurring in food. Additionally, the impact of industrial food processing
and domestic preparation on element speciation and bioavailability in
foodstuff is briefly commented on. Lastly, a summary of mostly relevant
and applied analytical methods and techniques to develop speciation
studies in different foods is exposed.
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8.1 Introduction

Life sciences obtain more and more benefits from the development
of novel analytical methods. At present, and on the subject of trace
element determination, this refers to the identification, separa-
tion and quantification of different chemical forms (species) under
which a chemical element can occur in biological systems, envi-
ronment and food. Thus, the word “speciation” has become very
popular and it is commonly utilized in those studies related to trace
elements [1-6]. This concept is extremely relevant within nutri-
tional and contamination studies as it generates crucial information
regarding the bioavailability and toxicity of an element. Moreover,
speciation studies have demonstrated that these two properties for
a specific element depend not only on its chemical nature, but also
on its chemical forms and combinations with other more complex
molecular structures [5, 7-9]. Some classical examples mentioned
in the literature are as follows:

¢ The higher toxicity of Chromium Cr® as compared to
Cr® is due to its high bioavailability [10].

* The easiness of organic Mercury (Hg) species to be
transported through cell membranes with the conse-
quent bioaccumulation in living organisms, such as
fish, thus leads to magnification of Hg in the human
food chain [11].

* Although Se has been widely recognized as an essen-
tial nutrient for humans, its toxicity is definitively
linked to the type of inorganic or organic species
occurring in food [6].

Widely accepted definitions of elemental speciation, along with its
related terminology, have already been reported by the International
Union for Pure and Applied Chemistry (IUPAC) as follows [12]:

Chemical species. Chemical element: specific form of an element
defined as to isotopic composition, electronic or oxidation state,
and/or complex or molecular structure.
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Speciation analysis. Analytical chemistry: analytical activities
of identifying and/or measuring the quantitities of one or more
individual chemical species in a sample.

Speciation of an element. Speciation: Distribution of an element
amongst defined chemical species in a system.

Despite these definitions, many times it is not possible to specifi-
cally evaluate the concentration of individual elemental species in a
given sample due to insufficient chemical stability, conversion to a
different chemical form, changing of oxidation state, etc. Therefore,
when total elemental speciation analysis is not achieved, the term
“fractionation” is employed and defined as follows:

Fractionation. Process of classification of an analyte or a group
of analytes from a certain sample according to physical (e.g., size,
solubility) or chemical (e.g., bonding, reactivity) properties.

Trace elements speciation, particularly for toxic trace ele-
ments, is nowadays considered to be of main interest to ensure
food safety, and it is becoming an important need for industrial
quality control and regulatory implementation by many coun-
tries around the world. Therefore, the evaluation of total level of
trace elements does not guarantee the safety of foods, since spe-
cies often differ considerably in their adverse effects, which can
range from beneficial to highly toxic. The effects on living organ-
isms by essential trace elements, such as iron (Fe), selenium (Se) and
zinc (Zn), and traditional toxic elements, for example As and Hg, are
defined by their total levels and species distribution in food. In fact,
food authorities have drawn attention to the need of establish-
ing proper dietary requirements and upper safe intake limits for
essential elements and tolerable dietary intake levels for poten-
tially toxic trace elements. On the other hand, since trace element
bioavailability is highly variable among chemical forms as well as
total levels in food, speciation analysis is essential to ensure food
safety and to evaluate nutritional quality. Therefore, the role of
speciation analysis is becoming an increasingly important tool in
defining and assuring food safety and nutritional requirements. In
order to accomplish these aims, speciation in foods requires robust
analytical methods with well-established procedures for food
sampling and sample treatment which assure the identity of the
different chemical species. However, the availability of standard
procedures for trace element speciation is still an important issue
within speciation studies, which is illustrated considering the lim-
ited number of existing certified reference materials as compared
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to the broad spectrum of food matrixes to be currently analyzed
by most routine laboratories.

In this chapter, an introductory discussion to the issue of trace
elemental speciation in food is given. General aspects demon-
strating the great relevance that elemental speciation is having for
different fields, such as toxicology and nutrition, are critically com-
mented on and discussed. Furthermore, a summary of mostly rel-
evant and applied analytical methods and techniques to develop
speciation studies in different foods is exposed.

8.2 Implications of Toxic Elements Speciation for
Food Safety

Food safety depends not only on the determination of total levels
but also on the speciation of trace elements occurring in foodstuffs.
Thus, the biochemical and toxicological properties of a chemical
element critically depend on the form in which it occurs in food
[13, 14]. Elements can exist in various chemical valence states,
forms, and compounds. Some species of an element may have a
radical impact on human health (even at extremely low concen-
trations), therefore, the total element concentration becomes of
little value in determining the impact of the trace element. The
identification and quantification of elemental species provides
information about bioaccumulation, detoxification, and other
toxicological implications [13-15]. Bioavailability and metabolism
are often highly variable between different chemical forms of the
same element, thus, speciation provides an understanding of how
the absorption and bioavailability of elements can be reduced for
toxic elements.

Human exposure to metal compounds in the general environ-
ment is usually greater through food and drink than through air
[16]. Elemental species can be present in food due to anthropogenic
or natural sources. In the first case it is a result of external con-
tamination because of environmental pollution, food processing
or leaching from packaging materials. In the second case it results
from an endogenous synthesis by a plant or an animal (methyl-
mercury or organoarsenic species) [17]. The role of elemental spe-
ciation and speciation analysis in human health hazard and risk
assessment is critical for several toxic heavy metals and metalloids
like arsenic (As), Hg, tin (Sn), Cr and cadmium (Cd). For these
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entire elements, some considerations regarding their sources, pres-
ence in food and toxicity are reviewed in the following sections.

8.2.1 Arsenic

Arsenic occurs in food as inorganic, as well as organic, compounds.
Toxicity varies greatly between individual species. In general,
organic As compounds are significantly less toxic than inorganic
As compounds. Mobility in water and in body fluids largely deter-
mines species toxicity. It is reported that the toxicity conforms to
the following order (highest to lowest toxicity): arsines > inorganic
arsenites > organic trivalent compounds (arsenooxides) > inorganic
arsenates > organic pentavalent compounds > arsonium com-
pounds > elemental As [18, 19]. For organic species, generally, the
toxicity decreases as the degree of methylation increases [20].

People have always been exposed to As from food, drinking
water and other sources. As occurs naturally in rocks and soil.
However, the mining industry and industrial effluents contrib-
ute greatly to its spread in the environment. As its trioxide, As is
used in large quantities in the manufacture of glass to eliminate a
green color caused by impurities of Fe compounds. Furthermore,
elemental As is sometimes added to lead and special alloys to
harden them [14, 15].

Total As levels are very high in the marine food chain due to
bioaccumulation phenomenon. Marine organisms with the highest
concentrations of As are fish and crustaceans [13]. Nevertheless, a
high number of organic As species found in seafood, such as arseno-
betaine and arsenocholine, are considered to be nontoxic. Likewise,
the transformations that As undergoes in marine food chains are
still being studied. For example, arsenobetaine is thought to be the
final metabolite of As in food chains, although it is not present in all
fish species [13]. Seafood is followed by meat and grain based on
As concentration. Generally, lower total concentrations have been
found in fruits, vegetables, and dairy products [15]. Moreover, high
contents of inorganic As have been found in meat, poultry, and
cereals [15]. As species commonly found in food are presented in
Table 8.1.

Classical syndromes of chronic As exposure include hyperkera-
tosis, corns, and warts on the feet (blackfoot) and hands. Exposure
to inorganic As in drinking water is associated with health risks
related to the duration and level of exposure, particularly above
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300 pg L. Acute poisoning is associated with vomiting, bloody
diarrhea, abnormal heart rhythm, esophageal and abdominal
pain, and sometimes death because of cardiopulmonary collapse.
As may be an indirect carcinogen [14, 16], the US Environmental
Protection Agency (EPA) recently reduced the standards for As
in drinking water from 50 pg L' to 10 pg L™ [21]. In contrast to
adverse effects of As, small amounts of the metal may be essential
to the body. Approximately 10 to 50 pg g"' might be necessary to
maintain homeostasis of the body. Also, As (arsenic trioxide) has
been used successfully to treat patients with acute promyelocytic
leukemia (APL) [14].

8.2.2 Mercury

Hg is one of the most toxic elements impacting human health.
Because of its high bioaccumulation, Hg is among the most highly
bioconcentrated trace metal in the human food chain. For example,
predatory fish can have up to 106-fold higher Hg concentrations
than ambient water and up to 95% of this Hg can be in the form of
methylmercury [15, 22]. The chemical form of Hg controls its bio-
availability, transport, persistence, and impact on the human body
[15, 16]. All Hg species are toxic, while organic Hg compounds are
generally more toxic than inorganic species [22].

Thenervoussystemis highly sensitive to all forms of Hg. Exposure
to high levels of metallic, inorganic, or organic Hg can permanently
damage the brain, kidneys, and a developing fetus. Methylmercury
and metallic Hg vapors are more harmful than other forms, because
these forms reach the brain quickly [14, 16]. Effects on brain func-
tioning may result in irritability, shyness, tremors, changes in vision
or hearing, and memory problems. Methylmercury is toxic to cere-
bral and cerebellum cortices, causing focal necrosis of neurons and
destruction of glial cells. In addition, methylmercury is a known
teratogen. Short-term exposure to high levels of metallic Hg vapors
may cause lung damage, nausea, vomiting, diarrhea, increases in
blood pressure or heart rate, skin rashes, and eye irritation [14, 23,
24]. Research studies in animals have shown that mercuric chloride
increases several types of tumors in rats and mice, while methyl-
mercury has caused kidney tumors in male mice [14].

Hg emissions from both anthropogenic and natural sources are
mainly in the form of elemental Hg (Hg®) which constitutes >99%
of the total Hg in the atmosphere [25]. However, their residence



TrACE ELEMENT SPECIATION IN Foop 235

time in the air is very short (minutes) and they are rapidly removed
by deposition processes due to their high surface activity and water
solubility [22]. Biogeochemical transformations can lead to Hg spe-
cies in the oxidation states I and II. Most inorganic Hg* compounds
are sparingly soluble in water. In contrast, inorganic Hg** forms
complexes or compounds with inorganic and/or organic spe-
cies (e.g., [HgCl ]*>; [Hg**-DOC], DOC: dissolved organic carbon;
HgS), depending on the local chemical environment. Inorganic
Hg?* also undergoes biomethylation, resulting in the formation of
monomethylmercury (MMeHg; CH,Hg*) and dimethylmercury
(DMeHg; (CH,),Hg). These reactions are reversible with demethyl-
ation facilitated by microorganisms and/or photolytic decomposi-
tion. All of these species are highly mobile [26].

The EPA has set a limit of 2 pg L in drinking water. On the other
hand, the US Food and Drug Administration (FDA) has set a maxi-
mum permissible level of 1 part of methylmercury in a million parts
of seafood (1 mg kg™) [14].

823 Tin

Sn is one of the essential elements at trace levels involved in vari-
ous metabolic processes in humans. It may be introduced into food
either as inorganic or as organotin compounds. Most of the inor-
ganic Sn compounds are nontoxic because of their low solubility
and absorption [27]. However, organic Sn compounds are mostly
toxic [15].

Canned foods, such as tomato sauce and fruit juices, are known
to contain high concentrations of Sn. Other sources of Sn are
cereal grains, dairy, meat, vegetables, seaweed, and licorice. When
inorganic Sn is introduced to foodstuff, there is a possibility of it
turning into an organic Sn compound [28]. Additionally, dietary
exposure to organotin compound may result from the consump-
tion of organotin-contaminated meat and fish products. The butyl-
tin and phenyltin compounds accumulate within the marine food
chain, eventually accumulating in aquatic food products such as
fish, oysters, and crab.

There has been growing concern about the significance and tox-
icity of this element. It is reported that Sn**, as stannous chloride, is
readily taken up by human white blood cells and can cause dam-
age to DNA [29]. By contrast, Sn** is not taken up by cells, so it does
not cause DNA damage or inhibit stimulation of DNA synthesis in
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cells [29]. The gastrointestinal absorption of soluble Sn salts is only
a few percent of the ingested dose. In chronic exposures, bone is
the major storage organ for Sn, and its biological half-life in bone
is approximately 100 days. The excretory routes of Sn compounds
may vary depending on the type of Sn compounds and the mode
of exposure. High intakes of inorganic Sn compounds can cause
abdominal pain and anemia [27]. Short-chain alkyltin compounds
such as trimethyl and triethyl tins are well absorbed from the gas-
trointestinal tract, whereas long-chain alkyltin compounds are
not much absorbed. The toxicity of organotin compounds differs,
depending on their physicochemical properties. Alkyl and aromatic
Sn compounds are neurotoxins. Triethyltin can cause encephalopa-
thy and cerebral edema [27]. Organotin compounds can penetrate
cell membranes because of their lipophilicity and cause damage to
the cell membrane, interrupt oxidative phosphorylation, and dam-
age mitochondria. They can inhibit synthesis of heme oxygenase,
and can be immunotoxic and genotoxic [27]. There is no definite
evidence that inorganic or organic Sn compounds can cause car-
cinogenic or teratogenic effects, although in a few studies effects
have been reported. Tributyltin and triphenyltin are implicated in
endocrine disruptions, and hence, cause reproductive failure in
marine organisms [27].

Sn is widely used in industry. Sn compounds are used in food
packaging, in some veterinary formulations, in marine antifouling
paints on the hulls of ships, in wood preservation, as a stabilizer for
polyvinyl chloride, as fungicides for crops, and as electrochemical
catalysts. Sn is a component of many soils and may be released in
dust from windstorms, roads, and farming activities. Other sources
of Sn are processes such as burning of waste or burning of fossil
fuels (coal or oil) [16, 17].

8.2.4 Chromium

Cr is extensively used in the chemical industry as a catalyst, pig-
ment, and other applications such as metal plating. As a result,
different species of Cr can be released into the environment (soil,
surface, and ground waters) and are then available to humans
[15, 30].

Cr can exist in several chemical forms, presenting oxidation num-
bers between 0 and 6+. However, trivalent and hexavalent Cr are
the stable states occurring in the environment. Cr** compounds are
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essential at trace levels in humans, playing a role in the metabolism
of glucose and certain lipids, mainly cholesterol. However, it has
been demonstrated that Cr** is capable of eliciting eczema at low
concentrations and of causing DNA damage in cell-culture systems
[31]. Because of the high oxidation potential and the capacity to pass
through biological membranes, Cr®* compounds are approximately
100-fold more toxic than Cr* salts for both acute and chronic expo-
sure [14]. Cr® has been recognized as a highly toxic species which
is classified as a human carcinogen by the EPA and a class I human
carcinogen by the International Agency for Research on Cancer
(IARC) [30]. The toxicological disparity between Cr* and Cr® is
associated with the chemical properties of each species, which also
determine the stability, mobility, and bioavailability of these species
in the environment [32].

Concentrations of Cr vary considerably in foodstuffs. Thus, high
concentrations of Cr can be found in meat and vegetables. On the
other hand, unrefined sugar, white fish, vegetable oil, and fruit
contain smaller amounts. Generally speaking, concentrations are
reported from non-detectable to approximately 0.5 mg kg! wet
weight for various food items [17].

Furthermore, water is considered one of the most important
sources of metal exposure in the normal diet. The Cr concentra-
tion in rivers and lakes is usually between 1 and 10 pg L7, a frac-
tion of which may be in the hexavalent state. Drinking water, in
general, contains higher amounts of Cr than river water. The most
frequently found Cr species in river water are chromate (CrO,*),
cationic hydroxo complexes (Cr(OH)* and Cr(OH),*, etc.) and
organically bound or colloidally sorbed Cr* [16].

8.2.5 Cadmium

Cd is mainly present in foodstuffs as inorganic Cd salts because
organic Cd compounds are unstable [14]. Cd can be found in all
types of food, and particularly high amounts occur in organs of cat-
tle, seafood, and some mushroom species. This metal is found in all
parts of food plants, but in animals and humans it is found in liver,
kidney, and milk. Absorption of Cd from food varies and depends
on age, nutritional status, and genetic factors. Adults accumulate
less Cd than children. Cd absorption increases when the calcium
(Ca) or Fe status is poor. Due to its low excretion rate (biological
half-life=0-30 years), Cd accumulates in the body [33]. Exposure
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to high levels of Cd affects the liver and the erythropoietic system.
Cd irritates the stomach, leading to vomiting and diarrhea. Chronic
exposure to Cd produces kidney damage and bones become fragile
and break easily [14, 34]. Animal studies have shown a relationship
between Cd in the drinking water and hypertension, Fe-deficient
blood, liver disease, and nerve or brain damage. Studies on humans
and animals that had high intakes of Cd did not show an increase in
cancer. The JARC has determined that Cd is probably carcinogenic
to humans. The EPA has determined that Cd is a probable human
carcinogen by inhalation [35].

Cd has been widely distributed in the environment due to exten-
sive industrial use. Cd may be electrolytically deposited as a coat-
ing on metals, chiefly Fe on steel, on which it forms a chemically
resistant coating. Alloys of Cd with lead and zinc (Zn) are used as a
solder for Fe. Cd salts are used in photography and to manufacture
fireworks, rubber, fluorescent paints, glass, and porcelain. Cd sul-
fide is also employed in photovoltaic cells [14].

8.3 Elemental Species and Its Impact on the
Nutritional Value of Food

Food is the primary source of essential elements for humans. To
exert an effect, essential elements must be bioavailable from food,
i.e., available both for absorption and for subsequent utilization by
the body. On the other hand, essential elements can also be toxic
if taken in excess. The margin between deficiency and toxicity can
be narrower for some elements (Fe and Selenium (Se)) than for
others (cobalt or Zn). A better understanding of the predominant
chemical forms of trace elements in foods and their bioavailability
would assist those who have to make decisions concerning food
safety, dietary requirements, nutritional quality evaluation, and
legislation.

8.3.1 Selenium

Se is an essential trace element for man and animals. It is an integral
part of the antioxidant enzymes (gluthatione peroxidase and iodo-
thyronine deiodinase) which protect cells against the effects of free
radicals formed during normal oxygen metabolism. Se is also pres-
ent in the so-called Se-proteins, for which the biological functions
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are still to be elucidated. The range between adequate Se and tox-
icity is narrow: 0.1 mg kg* and 2 mg kg™ of diet, respectively [36].
Even though Se status is determined by dietary intake, its bioavail-
ability and toxicity are defined by Se speciation in the diet.
Accumulated evidence on animals and epidemiological stud-
ies indicates an inverse relationship between Se levels/consump-
tion and risk of several cancers, particularly lung, breast, colorectal
and prostate cancers [37—41], and other diseases such as diabetes
[42]. The anticarcinogenic property and ability to support synthe-
sis of Se-enzymes depend on speciation. Most experiments have
employed inorganic forms of Se or organic Se from yeast or gar-
lic (e.g., Se-methylselenocysteine (MeSeCys)). Several Se-synthetic
forms (e.g., ebselen, benzyl selenocyanate) have also been shown to
be effective. However, it is difficult to assess which products may
have a beneficial effect against cancer, since there is a wide variation
in the content of Se in foodstuffs. The most frequently consumed
food generally has a low Se content. Nuts, particularly Brazil nuts,
offal and seafood provide the highest yields. There is also consid-
erable variation in Se content in cereals and grains from region to
region, depending upon the extent to which Se is available in soils.
Generally speaking, little information exists on the proportional
levels of the various organic and inorganic forms of Se in food. The
Se content and species of both plant and animal provisions depend
on environmental conditions, in particular, the quantity and spe-
cies of Se to which the animal/plant is exposed, and with the
biosynthetic pathways involved in Se assimilation by plants and
how these species are metabolized in animals. Selenate (SeO,*) is
the most predominant inorganic form found in both animal and
plant tissues. Selenomethionine (Se-Met) and smaller amounts of
selenocysteine (Se-Cys) are the predominant forms of Se found in
cereal grains, soybeans, and grassland legumes. MeSeCys is the
predominant form of Se present in Se-accumulating plants and
in Se-enriched vegetables, such as garlic, broccoli, onions, and
wild leeks. On the other hand, the evidence on the species of Se in
dietary sources of animal origin is still scarce. The predominantly
organic form of Se in animals is Se-Cys. In fish, SeO,* and selenite
(Se0,*) have also been detected and there appear to be large differ-
ences between fish species in relation to selenoproteins. Se-yeast is
produced by fermenting yeast in a Se-enriched medium when the
Se becomes organically bound to yeast components. A considerable
variability also exits in products described as Se-yeast, frequently
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used for supplementation, which is reflected in the species compo-
sition. Thus, Se speciation varies with yeast strain and is still not
clearly understood.

Absorption of Se is not homeostatically regulated and is not
believed to be affected by nutritional status. Although most dietary
Se is absorbed efficiently, the retention of organic forms is higher
than that of inorganic ones [43]. This difference is undoubtedly
due to the ability of Se-Met from digested organic Se sources to be
absorbed through the same enzyme transport system and incor-
porated in place of methionine (Met) into tissue proteins, erythro-
cytes and plasma albumin, where it can act as a Se store though it
becomes available to the body only upon turnover of tissue pro-
teins. On the other hand, SeO,* seems to be absorbed through pas-
sive diffusion in the small intestine while SeO,* is thought possible
to share the same pathway as sulfur. More research into the absorp-
tion process as it relates to chemical form and into other factors
affecting absorption (positive or negative interactions) is needed.

On the other hand, Se toxicity episodes in humans are scarcer
than symptoms of deficiency. The signs of Se intoxication are: respi-
ratory problems, skin infections, enzymatic systems inhibition,
chromosomic aberrations, etc.

8.3.2 Iron

Fe is the most abundant transition metal in the human body (4-5
g in a human adult of 70 kg weight), and its deficiency is the most
frequent nutritional problem in the world. It is an essential element
required for growth and survival because it is involved in a broad
spectrum of essential biological functions such as oxygen transport,
electron transfer and DNA synthesis.

In man, dietary Fe intake consists of two components: heme Fe
(as present in red meat) and non-heme or inorganic Fe (as in veg-
etables, cereals, etc.). Inorganic Fe is present in the diet as either
the ferrous (Fe**) or the ferric (Fe**) species. Food non-heme Fe is
in high molecular weight species, hence digestive release of Fe is
important for Fe absorption. At neutral pH and in the presence of
oxygen (physiological conditions), Fe** is rapidly oxidized to Fe**
that can then precipitate as Fe hydroxide (therefore poorly bioavail-
able). Numerous diet compounds strongly affect the absorption of
dietary Fe. Phytate, polyphenols, Ca, and some proteins present in
milk, egg and soybean inhibit Fe absorption [44]. On the other hand,
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vitamin C and muscle tissue enhance Fe absorption, primarily by
reducing Fe** to Fe?*, thus inhibiting the formation of poorly solu-
ble Fe compounds [44]. Non-heme Fe is absorbed early in digestion
mainly in the duodenum, where low pH favors solubility of Fe.
Further down the intestine it is likely that formation of insoluble
Fe** complexes reduces bioavailability. Unlike inorganic Fe, heme
Fe is highly bioavailable, well absorbed, and there is little influence
on its absorption by other dietary factors. The intact Fe-porphyrin
is transported across the intestinal brush border membrane.
Calculations of heme and non-heme Fe and dietary manipulations
of these two categories are believed to offer the means to improve
the Fe nutritional status.

Since mammals are not equipped with mechanisms for the excre-
tion of excess Fe, chronic Fe overload is associated with the slow
progression of failure of various organs including the heart, liver,
and pancreas, and in the absence of effective therapies may result
in early death.

8.3.3 Cobalt

Cobalt (Co) is the only essential oligoelement that needs to be sup-
plied in a particular form, that is, cobalamins, to be physiologically
active. Cobalamins are molecules with a corrinoid nucleus formed
by four pyrrolidine rings and a Co atom coordinated with four
nitrogen atoms. Cobalamins are one of the most complex naturally
occurring coordination compounds and participate as a co-enzyme
in an important series of biological reactions and transformations.
They are essential nutrients for cells and their deficiency produces
delayed growth. Four common and naturally occurring cobalamins
are cyanocobalamin (vitamin B ), hydroxocobalamin (vitamin
B,,,); 5’-deoxyadenosylcobalamin (coenzyme B, )); and methylco-
balamin (methylcoenzyme B,)), important coenzymes involved in
methylation processes [45]. Most of the Co ingested by humans is
inorganic, and vitamin B, represents only a small fraction. Human
dietary intake of Co is highly variable, generally between 5 and 50
pg day™. So far, no other physiological role of Co was demonstrated
in humans.

Vitamin B,, is exclusively synthesized by certain bacteria.
Therefore, in humans, most of the vitamin B, is obtained from
dietary sources. Vegetables contain inorganic Co but little or no
vitamin B, [45]. The main sources of vitamin B, in food are beef
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liver and kidney [46]. In well-balanced diets, the obtained amounts
of vitamin B,, are normally quite sufficient and meet the recom-
mended daily allowance (2.4 pg day™ for adults) [47]. Nutritional
imbalance (especially among vegans), malabsorption syndromes,
and other gastrointestinal problems are the main causes of vitamin
B,,deficiency. Its deficit primarily gives rise to pernicious anemia. In
some elderly patients, neural and mental symptoms may develop
prior to the appearance of hematological problems [48].

8.34 Zinc

As part of a large number of enzymes, Zn acts as a stabilizer of
the molecular structure of cellular constituents and membranes.
It plays an essential role in some processes of genetic expression
and participates in the synthesis and degradation of carbohydrates,
lipids, proteins, and nucleic acids. Zn deficiency can thus provoke
health disorders in humans, such as growth retardation, delay in
sexual and skeletal maturation, retarded growth and development,
low immunity, poor healing, dermatitis, low physical work capac-
ity, abnormal neuro-psychological functions, and other abnormali-
ties. Its deficit is also associated with other pathologies such as
rheumatoid arthritis, chronic giardiasis, and tumors.

In the water-soluble fraction from fruits and vegetables, Zn is
mainly bound as species with lJow molecular weight (LMW) non-
carbohydrate compounds, smaller than 5 kDa [49]. On the other
hand, high molecular weight (HMW) Zn-containing substances
larger than 100 kDa were detected in wheat, oats, and nuts [50, 51].
The major Zn species found in pumpkin seeds and Brazil nuts in
the water-soluble fraction were identified as isoforms of the water-
soluble sulfur-rich 25-albumin, known as storage proteins [52], and
Zn-glutathione in oxidized form (612 Da), indicating that glutathi-
one may play a role as a Zn-binding ligand [50, 53]. More Zn is
available from animal and fish sources as these high-protein foods
contain amino acids which bind to Zn and make it more soluble.
In meat, over 70% of soluble Zn was associated with two compo-
nents having molecular weights of 65 and 35 kDa [54]. Studies of
Zn in cow’s milk determined that most of the Zn was associated
with HMW fractions, whereas Zn in human milk was associated
with LMW fractions [55]. Almost all investigations found Zn-citrate
(present in LMW fraction) to be the predominant Zn species in
human milk. Several species present in HMW fraction, found of
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minor importance, were Zn-lactoferrin, Zn-casein, Zn-albumin,
and Zn-o-lactalbumin. The high bioavailability of Zn in human
milk is believed to be linked to Zn-citrate [56].

Anumber of factors influence the absorption of Zn from the diet,
which occurs in the small intestine. It ranges from less than 10 to
more than 90%, with an average of 20-30%. Several compounds
present in foods such as phytates, oxalates, fiber and Ca, bind Zn
and reduce the amount available for absorption. Food additives
and chemicals such as ethylenediaminetetraacetic acid (EDTA),
usually employed in food processing, can also reduce Zn absorp-
tion. Competition for absorption occurs between Zn and other ele-
ments, such as copper (Cu), Fe and Cd. Whole grains are a better
source of Zn than refined grains as they have the ability to pro-
duce enzymes that can destroy phytic acid. It has been found that
increasing intake of vitamins such as Vitamin C, E and B, and min-
erals such as Mg can increase Zn absorption in the body.

Concerning toxicity, poisonous effects of Zn are rare as exces-
sive absorption is usually prevented by abdominal pain, nausea
and vomiting caused by very high doses (around 200 mg). Other
symptoms include dehydration, lethargy, anemia and dizziness.
Long-term use of doses above 150 mg have been reported to cause
secondary deficiency of Cu, the suppression of immune function
and decreased levels of HDL cholesterol which can lead to heart
disease. Excessive use of supplements during pregnancy may be
harmful to the fetus.

8.4 Elemental Species in Food Processing

Industrial food processing and domestic preparation have a great
influence in element speciation and bioavailability in foodstuff.
These processes are responsible for the chemical composition of
the final ready-to-eat product and may greatly affect element con-
tent [4]. A high number of factors can produce a significant altera-
tion of food chemical composition: chemical reactions between
species, interaction with the container and equipment material,
microbiological activity, temperature, pH, light action, long-term
storage, etc. [4, 57]. It is very important to consider the influence
of these factors as they can cause species interconversion or losses.
For example, thermal treatment would cause denaturation and
precipitation of metalloproteins and decomposition of original
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metallobiomolecules [58]. However, the extent of element species
alteration varied with the nature of the element and stability of
the element species [13, 57]. Analytical development in speciation
analysis now makes it possible to quantitatively evaluate alteration
of individual elemental species during processing of several foods
[58]. However, very little research has been done in this area.

The effect of cooking temperatures on chemical changes in
organic As species in seafood was studied by Devesa et al. [59]. The
results obtained by the research group show that, in all the types
of seafood studied (sole, dory, hake, sardine, and raw), TMA*
appeared after cooking, possibly because heating facilitates decar-
boxylation of AB to TMA*. Koplic et al. have described changes
of solubility and fractions of soluble species of eight elements
investigated by size exclusion chromatography (SEC) coupled to
ICP-MS in the course of soaking and boiling peas [58]. The analy-
ses by SEC/ICP-MS showed identical element species in soaked
and original peas. Thus, they have concluded that soaking does
not change the stability of the original elemental species. On the
other hand, considerable alterations of elemental contents have
occurred as a result of pea boiling. Most of the Co, nickel (Ni) and
molybdenum (Mo) contents (approx. 80%) and a half of the Cu
content were dissolved. Lower amounts of the element were lib-
erated in water in the cases of phosphorus (P), Zn (approx. 40%),
Fe (27%) and manganese (Mn) (<10%) during pea boiling. The
amounts of soluble (i.e., extractable to Tris~-HCl) compounds of
Mn, Cu, Fe, Zn, Mo and P in the boiled peas were decreased com-
pared to values in the original peas. In the case of Mn, the boiling
makes this element in peas almost completely insoluble. They have
hypothesized that this could be caused by denaturation of original
Mn-containing biomolecules or liberation of the metal ions and
formation of insoluble inorganic compounds such as MnQO,. In
another work, Koplic et al. have studied the effect of technologi-
cal processing and the maturity stage of seeds on the content and
speciation of P and trace elements in peas [60]. They have arrived
at some conclusions: the blanching of green peas practically did
not change either the total amount or chemical speciation of ele-
ments but boiling did; high molecular mass species of all elements
were diminished. However, the low molecular mass species of Co,
Ni, Zn and Mo mostly persisted and could be considered as stable
against thermal treatment. Speciation of Cu was changed during
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mature pea storage. If the peas were stored as meal or powder,
Cu was readily relocated from original species to more stable low
molecular mass species.

Furthermore, Crews et al. have studied the effect of cooking in
Se speciation and bioavailability [61]. They have investigated Se in
cooked cod and in enzyme extracts of cooked cod following sim-
ulated gastric and gastrointestinal digestion. Se speciation of the
extracts by HPLC-ICP-MS enabled identification of only 12% of total
Se as SeO,*, while the remaining Se eluted at a different retention
time from that of any other Se standard measured (Se-Met, Se-Cys,
sodium SeO,* and sodium SeO,*). However, as the retention time
was close to that of Se-Met, they suggested that Se-containing
species were organic rather than inorganic. Previously, the same
approach was applied by Crews to investigate Cd speciation in
cooked pig kidney [62]. A metallothionein-like protein containing
20% of the total Cd and able to survive cooking and in vitro gastro-
intestinal digestion was identified.

Very recently, Hart et al. have studied the retention of Se spe-
cies during processing and production of flour and bread using
Se-enriched wheat grain as raw material [63]. An average of 80%
of the total Se present in Se-enriched whole meal/white flour was
Se-Met, and after bread production the Se-Met content was still the
largest proportion (78%) of the total extractable forms of Se. They
did not detect a large reduction in Se-Met content after the pro-
cessing and production of bread. Other Se species identified in the
Se-enriched flour and bread included Se-Cys (5%), MeSeCys (3%),
Se0,” (5%) and SeO* (4%). They have concluded that bread has
the potential to provide a suitable increase of intake of bioavailable
Se by Se-deficient populations. Changes in the chemical form of Se
during the manufacture of a Se-enriched sourdough bread for use
in human nutrition were also studied by Bryszewska et al. [64].

In recent years, research involving speciation has been growing
rapidly. However, the application of trace element speciation analy-
sis to evaluate chemical species alteration for a specific food and
an industrial process are still scarce. These kinds of studies could
be very useful and should be further developed and intensified
in order to improve food processing, thereby ensuring the safety
and nutritional quality of food. Including the chemical form of the
element renders the information gained through careful analysis
much more valuable.
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8.5 Potential Functional Food Derived from
Health Benefits of Elemental Species

Functional or medicinal food refers to any healthy food claimed to
have a health-promoting or disease-preventing property beyond the
basic function of supplying nutrients. These foods provide health
benefits due to certain physiologically active components, which
may or may not have been manipulated or modified to enhance
their bioactivity. Although many of the nutritional compounds in
functional foods are either naturally present or added during pro-
cessing, some may be the result of agricultural breeding techniques,
including conventional crossbreeding and food biotechnology.

8.5.1 Selenium

The interest in Se as a food supplement and its marketing to the
public has increased in recent years. Development and commer-
cialization of organic forms of Se has initiated a new era in the
availability of Se-enriched products. Some strategies used for this
purpose were the result of using Se for soil fertilization or breeding
techniques, and supplementation of food staples such as flour. In
general, eggs and meat are considered to be good sources of Se in
the human diet. It has been shown that egg Se content can easily be
manipulated to produce increased levels, especially when organic
Se is included in a hen’s diet at levels that provide 0.3-0.5 mg kg
Se in the feed. Se-enriched chicken, pork and beef can also be pro-
duced when using organic Se in the diet of poultry and farm ani-
mals [65-69].

Se is present in soil (naturally or due to anthropogenic activi-
ties) and can enter the food chain through plants. Some plants have
the ability not only to grow in the presence of elevated levels of
Se, but also to accumulate its species. The antioxidant and anticar-
cinogenic properties attributed to some selenocompounds justify
the increased interest in growing Se-enriched vegetables, which
represents an important source of this element in the human diet.
The highest chemopreventive activity was observed in vegetables
from Allium genus such as garlic, onion and ramp. Therefore, these
plants are mostly used to study the uptake, incorporation and
distribution of Se [70]. The major compounds found in the plant
samples enriched with Se** were Se-Met, selenocystine (SeCys,),
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MeSeCys and derivatives such as y -glutamyl-Se-methylselenocys-
teine (y-Glu-MeSeCys) [70]. Recently, lentils have been proposed as
a fortified food with Se, Fe and Zn [71]. Other plants that may accu-
mulate Se include broccoli, several species of mushroom, various
algae, multiple Brassica species, and Brazil nuts [72].

In addition, genetic engineering technology offers considerable
potential for increasing the uptake of Se from soils and incorpo-
rating the mineral into nontoxic compounds in the edible parts of
plants. In recent years, research studies based on genetic engineer-
ing reported that plants which normally do not accumulate Se can
be transformed to incorporate more Se from soil and convert it to
nontoxic MeSeCys as compared to wild type plants [73, 74]. Thus,
Se at appropriate concentrations would be safe for the plant and for
human consumption. After genetic modification, the accumulation
of Se organic forms, particularly MeSeCys and y-Glu-MeSeCys,
may also be increased, which has been shown for the Indian mus-
tard (Brassica juncea) [70].

It should be kept in mind that Se is toxic at levels only a little
greater than those required in a healthy diet, therefore caution is
warranted with supplementation and increased intakes.

8.5.2 Iron and Zinc

As mentioned in Section 8.3, Fe deficiency anemia is one of the
most widespread nutritional disease in the world [75]. Fe and Zn
are trace minerals that can be deficient in human diets, especially
where meat is not consumed. For this reason, the enrichment of
primary foods, especially those consumed in poor countries, is
one of the top priorities in international agricultural and nutri-
tion research. In rice-eating populations, Fe and Zn deficiencies are
caused by insufficient dietary intake, absorption inhibitors (such as
phytate), and lack of absorption enhancing factors for Fe (such as
ascorbic acid).

In the baby food industry, Fe is frequently added to dairy-based
beverages, and regularly helps to reduce the problems associated
with Fe deficiency [76]. In order to keep organoleptic properties,
research has focused on optimizing the Fe compounds used in for-
tification, promoting their inclusion in the food while improving
the bioavailability of this micronutrient [77]. Notable successes
have been achieved by microencapsulation of Fe salts [78-80] or a
combination of such salts with other protective compounds such
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as phytase [81]. In order to reduce phytate concentration, and thus
increase non-heme Fe absorption, phytase was successfully added
to wheat bread rolls and soymilk [82]. Another approach recently
reported was the development of a transgenic rice in cell culture
that expressed the gene for human lactoferrin, a milk protein that
binds Fe [83]. Recombinant lactoferrin may be a functional alterna-
tive to human lactoferrin in infant formula and provide another
way to improve Fe availability for infants. The most common
Fe-fortified foodstuff is wheat flour, where Fe is added to grains
during the milling of flour [84]. Experimentally, foods which can
be good vehicles for Fe such as sugar, salt and soy sauce have also
been successfully enriched [77].

In cereals, many trace minerals are stored in the husk and subse-
quently lost during milling and polishing [85]. Therefore, strategies
to increase the Fe content of cereals and grains face the challenge of
targeting Fe storage in a form and location in the plant where it will
be bioavailable when consumed. In order to potentially improve Fe
nutrition in rice-eating populations a genetically modified rice was
proposed with an increased Fe content, rich in phytase, cysteine-
peptide and B-carotene [86]. The bioavailability of Fe in transgenic
rice varieties containing the Fe storage protein, ferritin, was shown
to be as good as ferrous sulphate, commonly used in Fe supple-
ments [87, 88]. Fe content in the transgenic rice seeds was up to
threefold greater than in non-transgenic control plants. Aromatic
rice tends to have the highest Fe levels and several varieties have
been successfully crossed with elite rice lines having excellent agro-
nomic characteristics and grain qualities. The high-Fe rice which
was developed is currently being tested for Fe bioavailability and
effects on Fe nutrition status in the Philippines.

Fe transport and uptake in plants is carefully regulated. Fe trans-
porter proteins in transgenic plants have been shown to increase
Fe uptake into roots when Fe is deficient [89]. However, the same
transporters also transport toxic metals such as Pb or Cd. There is
a possibility of engineering plants with the ability to take up desir-
able minerals while excluding toxic and undesirable ones. Since Fe
and Zn levels tend to be present together in many plants, genetic
modification of selected varieties to further increase Fe content
might also improve Zn levels.

Increasing the Zn content of cereals and grains, especially where
soils are low in Zn, may be an effective way to improve human
nutrition and at the same time increase plant yields. Recent
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biotechnological studies, suggest that increasing the production of
Zn transporter proteins may be one approach to increase the Zn
content of cereals [90]. Fermented milk is a very interesting vehicle
for Zn fortification. However the effects of added Zn on the sensory
properties of foods should be tested in the combination of vehi-
cle-fortificant at fortification levels. Moreover, previous work has
demonstrated that probiotics enhanced Zn bioavailability, and that
Zn gluconate stabilized with glycine (suitable to be used in techno-
logical processes of industrial food fortification) combined with a
probiotic has similar bioavailability compared to Zn sulfate (which
is very reactive to the nutritional matrix and changes the color and
taste of several foods) [91].

8.6 Analytical Methods for Food Elemental
Speciation Analysis

One of the main reasons for the tremendous development of ele-
mental speciation studies has been the advances in instrumenta-
tion. The continuous search for lower and lower detection limits in
atomic spectrometry and mass spectrometry, allows passing over
of the barrier between trace total element and element species.
Nowadays, for trace element speciation it is generally necessary
to use a combination of efficient separation techniques and highly
sensitive detectors, coalescing them into hyphenated techniques.
The evolution and advantages (mainly high degree of automation,
good reproducibility and short analysis time) of the hyphenated
techniques have made these approaches the preferred tool for spe-
ciation studies. A summary of different analytical techniques and
hyphenation strategies are shown in Figure 8.1. Likewise, a com-
plete overview on elemental speciation hyphenated techniques
was made by Cornelis ef al. in 2003 [92]. Thus, only a brief introduc-
tion to the most popular analytical techniques used for elemental
speciation analysis will be presented throughout the following sec-
tions of this chapter.

8.6.1. Species Separation

The most common separation techniques are gas and liquid chro-
matography (GC and LC respectively). However, other separation
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Figure 8.1 Hyphenated techniques for trace element speciation analysis in food.

techniques such as capillary and gel electrophoresis (CE and GE
respectively) are also employed. Non-chromatographic methodolo-
gies for species determination, its evolution and development, were
extensively reviewed [93-95]. The choice will depend on the chemi-
cal properties of the species, the available skills and infrastructure
in the laboratory, and, last but not least, the available resources.

8.6.1.1. Liquid Chromatography

In this separation technique, the sample is introduced into a chro-
matographic column filled with a stationary phase while a liquid
mobile phase is continuously pumped through the column. The
analytes interact to a different extent with the stationary phase and
the mobile phase, thus determining the time of residence of each
analyte in the column. Usually, the stationary phase is a chemi-
cally modified silica or polymer. LC has emerged as one of the most
popular separation techniques for elemental speciation analysis
due to its versatility: depending on the chemical characteristics of
the species of interest, both the stationary and mobile phase can be
altered to achieve the desired separation. The majority of LC sepa-
rations performed currently are part of a subset of LC known as
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high performance liquid chromatography (HPLC). The stationary
phase of HPLC columns has small-diameter particles (3-5 pm) and
the mobile phase is pumped under increased pressure. Depending
on the type of stationary phase employed in the separation, HPLC
separations can be classified as size exclusion chromatography,
ion exchange chromatography, affinity chromatography and nor-
mal and reversed phase chromatography [96]. Different strate-
gies for species determination are the addition of ion pair reagents
(reversed phase ion pair chromatography) or surfactants (micellar
chromatography) to the mobile phase. Among element-specific
detection methods, inductively coupled plasma mass spectrometry
(ICP-MS) is probably the most widely used LC detection method
for elemental speciation analyses because of its superior sensitivity
and because it is easily interfaced to LC systems [97]. Nowadays, it
is also possible to couple an LC system to a soft ionization system,
such as electrospray mass spectrometry (ES-MS), in order to obtain
structural information.

8.6.1.2 Gas Chromatography

Unlike LC, only volatile and thermally stable species qualify for
separation by GC. Very few compounds satisfy these requirements,
but fortunately the analyst can resort to chemical reactions known
as “derivatization,” thus transforming non-volatile compounds
into volatile and thermally stable ones. Packed column GC was the
first chromatographic technique to be applied for elemental specia-
tion, offering an improved separation of the analytes through inter-
action with the highly stable columns, combined with separation
on the basis of their volatility. Packed columns, however, lack the
necessary resolution and cannot be routinely applied. Most exten-
sively employed is the cryogenic trapping and sequential thermal
desorption from packed columns. This method is not very selective,
but unstable compounds can be preserved for a long time before
desorption and analysis. An improvement of resolution is achieved
with GC with capillary columns. However, the limiting factors of
its employment are their very small loading capacity and the dif-
ficulty of coupling to detectors. Electron capture detector (ECD)
has been applied for species determination, but it cannot ensure
specific detection. On the other hand, due to their high elemental
sensitivity and selectivity, atomic spectroscopy detectors are per-
fectly suited for elemental speciation analysis by GC. Moreover, the
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matrix influence can be reduced or completely eliminated. Due to
the extremely high sensitivity and selectivity, speed and multiele-
mental capabilities, the most common detector is ICP-MS, followed
by ICP-Optical emission spectrometry (ICP-OES).

8.6.1.3 Capillary Electrophoresis

CE is less mature but offers exciting possibilities for speciation
analysis owing to its high separation efficiency, the nanoliter
sample requirement, and the absence of packing susceptible to
interact with metal species and to affect speciation originally
present in samples [98, 99]. Moreover, CE analysis is faster than
an LC separation. The principle of separation by CE is based on
differences in the electrically driven mobility of charged analytes,
similar to conventional electrophoresis. A high-voltage electrical
field (typically 20-30 kV) is applied along an open tube column
with a small internal diameter [99]. Different separation modes
can be selected in CE: capillary zone electrophoresis (CZE), with
separation on the basis of the charge/mass ratio; capillary iso-
electric focusing (cIEF), based on the isoelectric point; capillary
isotachophoresis (cITP), based on analyte conductivity; and
micellar electrokinetic capillary chromatography (MECC), based
on hydrophobicity.

CE can be used as a primary or secondary separation technique,
for example after HPLC, when it is referred to as a two-dimensional
technique. Even though the very small sample volume could be
considered as an advantage, the concentration detection limits are,
as a consequence, generally two orders of magnitude worse than
those for LC separations. Moreover, the high voltage, the buffer/
electrolyte composition and nature of additive can alter the integ-
rity of elemental species. Taking into account the very small load-
ing capacity of CE, the two-dimensional approach will yield far
more interesting results, bringing the high resolution of CE to its
full potential. The detection systems hyphenated with CE are ultra-
violet (UV) detection for molecular but nonspecific information,
ICP-MS for elemental and isotopes information or electrospray ion-
ization tandem mass spectrometry (ESI-MS/MS) for molecular and
structural information. Recently, CE-MS for biospeciation analysis
was critically reviewed by Timerbaev [100]. CE analysis offers high
resolution and high speed, and it is easily adaptable for automation
and quantitative analysis.
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8.6.1.4 Gel Electrophoresis

The field covered by gel electrophoresis (GE) for elemental spe-
ciation consists of charged biomacromolecules to which a metal
or semi-metal is bound, covalently or not. Compared to CE, it is
an efficient and rapid separation method for complex mixtures; it
allows detection with radiotracers; it can be two-dimensional; the
amount of material is larger, allows an off-line identification; and
the material is always available for further studies. There are prac-
tical limitations due to the small amount of material that can be
brought onto the gel, and, consequently, the limit of detection of the
species [101]. Even though GE remains a semiquantitative method,
its resolution is unsurpassable for protein separation. The first pre-
requisite during the separation procedure is the preservation of the
elemental species. This is not evident, considering the nature of the
many reagents needed to operate GE. When the metal is covalently
bound, denaturing conditions can be used during electrophoresis.
This is not the case for more weakly bound elements, for which non-
denaturing conditions or native electrophoresis should be applied
in order to prevent the loss of the basic structure of the complex
and stripping of the metal [102]. Other critical parameters are the
choice of buffer and pH. The method can be hyphenated with pow-
erful detection methods, such as laser ablation dynamic reaction
cell ICP-MS for elemental detection or matrix-assisted laser desorp-
tion/ionization (MALDI) MS for molecular detection [102]. A more
tedious way, but reliable for quantitative measurements, consists
of cutting out zones of separated proteins in the gel and measuring
the element off-line with ICP-MS by using electrothermal vaporiza-
tion (ETV) as the sample introduction system [103], or direct deter-

mination through electrothermal atomic absorption spectrometry
(ETAAS).

8.6.2 Species Detection: Elemental and Molecular

Only the most sensitive detectors are suitable for speciation analysis
in order to avoid extensive preconcentration steps. Since the trend
is to go for online, hyphenated techniques, the most convenient
elemental detector for online coupling is ICP-MS. However, due
to its high cost, it is certainly worthwhile to consider other meth-
ods such as atomic absorption spectrometry (AAS), atomic fluores-
cence spectrometry (AFS) and optical emission spectrometry (OES).
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Additionally, molecular detectors and electrochemical methods are
powerful tools for speciation analysis.

8.6.2.1 Atomic Absorption Spectrometry (AAS)

Although flame AAS (FAAS) can operate continuously and thus
can be used online with separation techniques, it cannot provide
the necessary sensitivity for elemental speciation in most cases
[104]. On the other hand, even though ETAAS shows higher sensi-
tivity, it cannot be operated continuously over long periods of time,
making online methods based on ETAAS less popular for elemental
speciation purposes than ICP-MS. When species can be converted
to hydrides, such as is routinely done for Hg, Se, As, Sn, Pb and
Sb, hydride generation AAS (HG-AAS) is a very interesting, sen-
sitive and inexpensive detection technique. Furthermore, the AAS
technique with a quartz tube atomizer is a very sensitive, specific,
rugged, and comparatively inexpensive detector for GC. Online
solid-phase extraction coupled with ETAAS has also been explored.
Finally, cold vapor AAS (CV-AAS) is the most widely used tech-
nique for Hg detection.

8.6.2.2 Atomic Fluorescence Spectrometry (AFS)

When species can be converted into hydrides, then atomic fluores-
cence spectrometry becomes a very economical elemental detection
technique. It is, however, necessary to keep in mind that the conver-
sion of elemental species into hydrides does not occur to the same
extent and at the same rate for all species and elements. However,
it is an excellent alternative to more expensive detectors such as
ICP-MS in the case of highly toxic elements (i.e., Hg and As).

8.6.2.3 Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES)

Among techniques for emission spectrometry, the most common
is ICP-OES, which is also referred to as ICP-atomic emission spec-
trometry (AES). Elemental speciation based on the plasma source
has the advantage of accepting the continuous flow of the HPLC
eluent and is therefore easier to hyphenate. This technique offers
the most remarkable advantages: multielemental speciation analy-
sis and detection of both metals and nonmetals. The disadvantages
are the overall inefficiency of the nebulizer and the sensitivity of
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plasma to be extinguished upon introduction of mobile phases with
high organic solvent concentration. The poor tolerance of plasma
sources to common mobile phases, such as ion pair reagents, limits
the applicability of ICP-based techniques. The fact that many ion
exchange chromatography elutions are not isocratic (i.e., the elu-
tion is effected under variable, usually increasing, ionic strength)
requires special protocols to circumvent the problem of varying
analyte response during the elution [105].

8.6.2.4 Inductively Coupled Plasma Mass Spectrometry
(ICP-MS)

Based on the measurement of m/z ratios, ICP-MS offers extremely
low detection limits, a wide linear dynamic range, multielemental
capabilities, and a high sample throughput for almost all elements.
This is due to the very high degree of atomization in the plasma
at about 7000 K. This extreme temperature makes it far superior
as an atomization source than an electrically-heated graphite tube
with temperatures at only 2273 K. However, one of the main dis-
advantages of the ICP-MS technique is nonspectral and spectral
interferences. The former can be fairly easily solved by sample
dilution, application of standard additions or isotope dilution for
calibration. On the other hand, there exist two modern and major
tools to reduce spectral interferences. The first is the dynamic
reaction cell, which allows chemical reactions in a collision cell so
that interfering isobars are neutralized or analyte is transformed
into another, heavier polyatomic compound. Another very reli-
able, most universal, but very expensive tool to eliminate isobaric
interferences is high-mass resolution ICP-MS [106]. Hyphenation
of ICP-MS is achieved through the coupling of ICP-MS to a sepa-
ration technique, normally a chromatographic one. HPLC works
well online with ICP-MS, due to the compatibility of the chromato-
graphic effluent and the liquid flow rate required for stable pneu-
matic nebulization. Similar difficulties due to the influence of the
eluent on the plasma can be anticipated and need careful consider-
ation, as mentioned in the previous section on ICP-OES [97, 106].
GC coupled with ICP-MS offers a higher resolving power and 100%
introduction efficiency, allows more stable plasma and gives rise
to less spectral interference. However, it can be employed only for
sufficiently volatile and thermally stable compounds. CE-ICP-MS
combines high separation efficiency with the sensitivity of ICP-MS
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and can be considered as the most important and recent trend in the
field of hyphenated techniques [100].

8.6.2.5 Molecular Detectors

In order to complement the species characterization, it is becoming
extremely important to employ in parallel a molecule-specific detec-
tor to obtain structural molecular information about the species under
study [107]. Molecular MS offers unique advantages for the identifica-
tion of metabolites at the sub-nanomolar levels. The preferred method
of ionization has been ESI, although the use of fast atom bombard-
ment (FAB), atmospheric pressure chemical ionization (APCI) and
MALDI were also reported [108]. They offer soft ionization of metal-
containing species followed by MS for the precise determination of
the molecular mass of the original species and that of the individual
fragments. One of their main drawbacks is that frequently an exten-
sive sample clean-up is needed in order to obtain high sensitivities.

8.6.2.6 Electrochemical Methods

Electrochemical methods are based on the measurement of electri-
cal signals associated with the molecular properties or interfacial
processes of chemical species. These methods are simple and inex-
pensive, directly transforming the desired chemical information
(concentration, activity) into an electrical signal (potential, current,
resistance or capacity). However, the two major drawbacks in the
application of these techniques to complex real-world samples have
been the lack of selectivity of electrochemistry and the susceptibil-
ity of the electrode surface to fouling by surface-active materials in
the sample. Town et al. have recently reviewed the electroanalytical
techniques applied for the quantification of various oxidation states
of an element, its organometallic species, or metal complexes in equi-
librium with each other [109]. The authors concluded that the ideal
is to perform in situ measurements with minimal sample perturba-
tion. Despite its many difficulties, the sensitivity of electroanalytical
methods makes them very powerful tools for many applications.

8.7 Conclusions

Food is usually one of the main sources of exposure to toxic trace
elements and on the other hand the main route for incorporation of
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essential elements into the human body. However, the sole infor-
mation of total content of trace elements in food does not provide
a complete picture of the potential toxicological effects caused by
its ingestion or the real benefits of essential elements consump-
tion. The importance of trace element speciation to evaluate and
assure safety and nutritional quality of food is being increasingly
recognized. Despite the fact that several analytical methods for
speciation studies have been developed, particularly for food,
much work is still needed in order to fully evaluate food safety
and quality. Thus, the lack of validated speciation methods and
certified reference materials are key issues to be solved for correct
implementation of trace element speciation as a means to assure
food safety.

Finally, accurate information regarding trace element speciation
in food allows the industry to improve its manufacturing processes
and preservation approaches, design novel and healthier nutri-
tional supplements, and give consumers a useful tool to make the
right decision at the time of choosing a healthy food.
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Abstract

Food packaging is essential for preserving food during the period between
production and ultimate consumption. Considering the current problems
associated with food production, such as global warming, rising demand
for food, occasioned by increased population, reduced arable land, compe-
tition between food and fuel production, it is necessary to adopt measures
aimed at reducing food losses. Nanotechnology applied to packaging
emerges as an effective alternative to minimize losses and increase food
security. Nanomaterials confer greater chemical, physical and biological
resistance to packaging, and increase food shelf life. Moreover, packaging
represents an environmental problem after use since it is produced from
petroleum-based polymers, and is nonrenewable and non-biodegradable.
It also contributes to the vast amount of waste disposal as well. In this con-
text, the development of packaging based on renewable and biodegrad-
able materials such as starch and cellulose, is critical to the sustainability
of the food system. Due to the technological problems of the matrices,
nanomaterials play a fundamental role in obtaining biodegradable pack-
aging with efficiency similar or superior to traditional packaging. In this
chapter we will present an overview of recent scientific studies related
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to obtaining bionanocomposites for application in food packaging, espe-
cially in films, considering its properties and relations between different
nanomaterials and matrices. The toxicological aspects of bionanocompos-
ites are also briefly discussed.

Keywords: Bionanocomposites, food packing, polysaccharide films,
nanoreinforcements, food nanoparticle additives, nanocrystals, nanofi-
bers, toxicology, surface modification

9.1 Introduction

With the new awareness in searching for the use of environmen-
tally friendly products and new applications, the production of bio-
degradable packaging has proven very promising and important
for the future of a more sustainable world. Much of the world’s
packaging is derived from synthetic polymers. The polymers are
formed by repetition of a large number of units linked together.
By changing the type of unit, or how to arrange these units in the
polymer, materials with very different properties are obtained. Due
to its high physical and chemical stability, the durability means that
after being discarded, it remains for a long time in the environment,
with the degradation time on the order of 100 years. In addition,
its decomposition can lead to harmful substances such as furans
and phthalates, among others, that affect human health and the
environment. This fact increases environmental pollution, which is
one of the factors that is contributing to global warming. In order
to reduce the environmental impacts resulting from the accumula-
tion of plastics derived from synthetic polymers, research is being
developed in the production of packaging polymers derived from
renewable sources that degrade over time through natural mecha-
nisms. These compounds, called polymers, can be easily found in
nature within the group of polysaccharides (e.g., starch, cellulose),
proteins (e.g., soy protein isolates, gelatin), polyesters (e.g., poly-
hydroxyalkanoates, PHAs), among others. Materials obtained only
with the raw material properties are unsatisfactory. To this end,
some additives are needed for the polymer matrix to improve its
mechanical properties (tensile strength, elongation, and modulus),
water absorption (solubility, vapor barriers, swelling), and mor-
phology (homogeneity, porosity). With further studies, the possibil-
ity is also opened to add package active agents with antibacterials,
antivirals, and antioxidants, among others, called active packaging.
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In this review, special attention will be given to bionanocomposites
with natural fillers obtained from plants, and modifications aimed
at their applications in novel biodegradable packaging.

9.2 Natural Biopolymer-based Films

Biopolymers’ naturally occurring polymers can be divided into two
classes: natural biodegradable polymers (produced by biological
systems such as animals, plants and microorganisms), and biode-
gradable synthetic polymers (derived from biological precursors
producing amino acids, sugars, and natural oils) [1]. To be called
a biodegradable material it should be completely degradable by
living microorganisms and/or enzymes, generating natural com-
pounds such as CO,, water, methane, and hydrogen [2, 3, 4]. Many
studies are being carried out within the group of natural polymers,
with emphasis on proteins and polysaccharides, because studies
indicate that good film-forming properties exhibit satisfactory val-
ues of the barrier to gases, as well as low cost and feasibility of
material [5, 6]. However, the permeability water vapor is often high
due to the hydrophilic character of the polymer. To this end, studies
are being conducted in the production of films based on proteins
and polysaccharides in order to improve the quality of packaging
for food preservation.

One of the most widely used techniques in the development of
biofilms is called casting, which uses the preparation of a colloidal
solution of the macromolecule without additives, and the imple-
mentation of this solution on a suitable medium, followed by drying
under controlled conditions. The formation of films begins with the
formation of the gel, involving inter- and intramolecular crosslinks
between polymer chains, forming a rigid three-dimensional matrix
in the presence of solvent. After drying polymer films are obtained.
The formulation of films needs the use of at least one component
capable of forming a structural matrix with a sufficient cohesive-
ness. Only high molecular weight polymers, owing to their suffi-
cient cohesive strength and capacity for coalescence, can produce
such film structure. The degree of cohesion of the polymer matrix
affects film properties such as density and compactness, porosity
and permeability, flexibility and brittleness [7]. The uniform dis-
tribution of polar groups along the chain increases cohesion by
interchain hydrogen bonds and ionic interactions. In general, the
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cohesion is achieved with polar polymers, long chains and crystal-
line structures. In this section, natural biopolymer films with poly-
saccharides and proteins, and natural fillers and active agents are
discussed.

9.2.1 DPolysaccharide Films

Polysaccharides are natural polymers of carbohydrates, formed by
the union of numerous monosaccharides with the structural formula
C (H,O,) such as glucose C,H,,O,. Starch is one of the most abun-
dant polysaccharides in nature and can be found in corn, wheat, cas-
sava, rice, yams and potatoes [8, 9]. Starch has unique features like
films and coatings that present possibilities for physical or genetic
chemical modification [9]. These properties are due to its composi-
tion with two types of glucose: amylose and amylopectin, which has
different proportions depending on their botanical origin.

The starch is located in the cells of plants and is stored in the
form of granules. These granules of native starch have hydro-
philic properties, but its processing is impaired, because its melt-
ing temperature is above the temperature of degradation. Due
to its low cost and high availability, starch has been extensively
studied in order to be modified or mixed with other chemicals
to improve its processing and produce a versatile family of bio-
plastics (Figure 9.1). To improve its properties, starch has been
modified by chemical methods in order to replace OH groups
of amylose and amylopectin by ether or ester groups producing
modified starches [10].

According to Lu et al. [11] the application of starch in the prepa-
ration of biofilms is based on the chemical, physical and functional
amylose to form gels and films. The amylose molecules in solution,
due to their linearity, tend to be oriented parallel, nearly enough
for them to form hydrogen bonds between adjacent hydroxyl poly-
mers. As a result, the affinity of the polymer for water is reduced
which produces opaque films and less brittleness. This occurs when
starch is subjected to heat in aqueous solution, where the hydrogen
bonds of the amorphous region are disrupted, causing destruction
of molecular order and irreversible changes in its properties, such
as crystallization [11].

According to Lawton [12], depending on the source, starch has
different properties attributed to the amylose in the starch con-
tent; which ranges from 18-30%, and higher amylose content
has improved properties [12]. However, due to their hydrophilic



BronanNocoMPOSITES FOR NATURAL Foop PACKING 269

Figure 9.1 SEM micrograph of vegetable and bacterial celluloses and the fragile
fractured surface of TPS filled with VC and BC: (A) vegetable cellulose; (B) bacterial
cellulose; (C) and (D) TPS/VC composites (5 wt. %); (E) and (F) TPS/BC composites
(5 wt. %). Reproduced with permission [10] Copyright © 2009, Elsevier Ltd.

character, these films have low barrier properties to water vapor but
also have low permeability to gases such as CO, and O,. Mechanical
property is also a limiting factor, compared with synthetic films; it
has limited flexibility because starch has strong polar bonds that
create brittleness. Cellulose derivatives, chitosan, alginate, pectin
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and carragenan are other examples of polysaccharides which are
important features in the production of films [13].

Yu et al. reported that some films of polysaccharides when
applied in the form of gels may decrease moisture loss of certain
foods, which evaporates before the dehydration of coated foods.
It can also promote the effective protection of food on the changes
caused by oxygen action [14]. Despite several advantages, proper-
ties obtained in films of polymers limit their production on a large
scale. To this end, surveys are being conducted to improve their
properties with different additions to the polymer matrix, making
them competitive with conventional synthetic polymers.

Chitin is the second most abundant natural polymer in nature
which is found in the shell of crustaceans, cuticles of insects, and
cell walls of fungi [15, 16, 17]. Chitin has bacteriostatic and fun-
giostatic activities, which are favorable for promoting rapid der-
mal regeneration and accelerating wound healing (Figure 9.2) [18].
However, applications of chitin have been limited due to its insolu-
bility in water and in most common organic solvents.

Chitosan is a polysaccharide obtained by alkaline deacetylation
of chitin [18, 19]. This polymer has interesting properties, including
biodegradability, bioadhesiveness, bacteriostatic, fungistatic and
haemostatic activities [18]. Besides, its chemical structure allows
the introduction of desired properties into chitosan by its chemical
modification or its conjugation with other polymers [18, 19].

9.2.2 Protein Films

Proteins are polymers of complex structure, which are synthesized
by living organisms through the condensation of several molecules
of a-amino acids. There are a diversity of proteins found in nature,
due to variable combinations of amino acids giving them differ-
ent activities and properties. The protein derived from soybeans
has become a big focus in the production of biodegradable films
for their suitability as adhesives, plastics, among others, creating
the possibility of producing films from renewable sources with-
out causing damage to the environment. The soy protein isolates
is made up of different structures formed from a set of different
amino acids [20]. This can change the spatial structure of noncova-
lent intramolecular bonds, causing the opening of the polymer and
producing greater interactions between chains of amino acids giv-
ing greater stability to the polymer matrix and allowing interactions
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Figure 9.2 Chitosan for Wound healing Applications (a) Ag nanoparticles-
chitosan dressing group; (b) Ag-sulfadiazine group; (c) chitosan film group.
Reproduced with permission [18]. Copyright © 2009, Elsevier Ltd.

with other molecules to improve the properties of the films. Other
proteins such as zein, derived from corn, wheat gluten protein,
and animal proteins such as collagen, gelatin, casein, and whey are
being studied for the formation of films [21, 22]. Zein protein has
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a hydrophobic character due to the high concentration of nonpolar
amino acids, which produces hard and transparent films with sta-
bility to moisture and heat.

9.2.2.1 Polysaccharide and Protein Interactions

Mixed systems of globular proteins and polysaccharides have been
widely used to control the structure, texture and stability of food
products [23, 24]. Also, the interaction between natural polymers of
different chemical structure through hydrogen bonding or that are
electrostatic in nature may reinforce the mechanical properties of
the materials obtained from such mixtures.

The major forces responsible for polymer interactions are elec-
trostatic in nature but other common interactions such as hydrogen
bonding or hydrophobic interactions may be significant in the sta-
bilization of the interactions [25, 26].

Depending on the polymer's characteristics (molecular weight
polysaccharide/protein ratio and charge density), and on the solu-
tion conditions (pH, ionic strength, total concentration), the associa-
tion of biomacromolecules may result in the formation of a complex
or a phase separation [27].

9.2.2.2 Composite Films — Functional Materials

Scientists and industry stakeholders have already identified
potential uses of nanotechnology in virtually every segment of the
food industry (Figure 9.3), from agriculture (e.g., pesticide, fertil-
izer or vaccine delivery; animal and plant pathogen detection; and
targeted genetic engineering) to food processing (e.g., encapsula-
tion of flavor or odor enhancers; food textural or quality improve-
ment; new gelation or viscosifying agents) to food packaging
(e.g., pathogen, gas or abuse sensors; anticounterfeiting devices,
UV-protection, and stronger, more impermeable polymer films) to
nutrient supplements (e.g., nutraceuticals with higher stability and
bioavailability). Undeniably, the most active area of food nanosci-
ence research and development is packaging: the global nano-
enabled food and beverage packaging market was 4.13 billion US
dollars in 2008 and has been projected to grow to 7.3 billion by
2014, representing an annual growth rate of 11.65%. This is likely
connected to the fact that the public has been shown in some stud-
ies to be more willing to embrace nanotechnology in “out of food”
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Figure 9.3 Nanotechnology has applications in all areas of food science,

from agriculture to food processing to security to packaging to nutrition and
neutraceuticals. Some potential applications are shown here. The applications
which will be reviewed in this article are those in the orange quadrant, which are
the most likely to be marketed in the near term. Reproduced with permission [29]
Copyright © 2011, Elsevier Ltd.

applications than those where nanoparticles are directly added to
foods [28, 29].

Bioactive food ingredients, or so-called nutraceuticals, are a
new class of food supplements with biological added value, con-
taining prophylactic and therapeutic agents for the improvement
of human health. The active agents are antioxidants (enzymatic or
non-enzymatic), different kinds of vitamins, essential fatty acids,
phospholipids, minerals, phytochemicals, etc. A wide variety of
delivery systems has been developed to encapsulate functional
ingredients with recent applications in polysaccharide and protein,
like edible films using nanolamite films. However, many bioactive
compounds have a lot of unsaturated bonds in their molecules, and
they need to be protected against oxidation and degradation under
several conditions [30].

The driving force for adsorption of a substance to a surface
depends on the nature of the surface and the nature of the adsorbing
substance. The force itself could be electrostatic, hydrogen-bond-
ing, hydrophobic interactive, thermodynamically incompatible,
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and so on, but it would usually be electrostatic attraction of oppo-
sitely charged substances [31].

9.3 Modification of Film Properties

The introduction of polymeric and filler additives is intended to
improve certain characteristics of the films produced by the poten-
tial change in physical and/or mechanical properties, and gener-
ates the possibility of production of active packaging.

9.3.1 Natural Nanoreinforcements

Composites represent a class of materials where two or more sub-
stances are combined to display unique properties that are not likely
to be obtained from its individual components. When at least one
of the constituent phases of the composite has dimensions on the
nanometer scale, it is now called nanocomposite. Nanocomposites
can be formed by combining different materials, like inorganic-
inorganic, organic, or organic-organic (being in the latter case, also
called hybrid materials). It is from this scale size that effects can
be observed in material properties. Responsible for the emergence
of these different properties in nanostructures are: 1) the surface
effects, and 2) the effects of quantum confinement [32]. The uni-
form dispersion of these nanoparticles can lead to a high interfacial
area between the constituents; in addition to a large interfacial area,
the distance between the nanoelements begins to approach the
molecular dimensions in extremely low amounts of nanoparticles.
This large interfacial area and nanoscopic dimensions between the
constituent polymer nanocomposites differ from traditional com-
posites and loaded plastics. On the other hand, the spatial confine-
ment of charge carriers in nanomaterials provides very significant
variations in optical and electronic properties due to changes in the
density of electronic states. The arrangement of the constituents is
critical in determining the behavior of the material. Conceptually,
the spatial arrangement of nanoparticles of different shapes
(spherical, cylindrical or flat) in positional arrangements (1-, 2- or
3-dimensions) with various degrees of orientation will be manifest
in a variety of systems [33].

Nanocomposites show properties very different from ordi-
nary composites. A great variety of material has been tested for
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production of nanocomposites. The search for biodegradability and
reduction of environmental impact lead to the concept of bionano-
composites, on which all components are from a renewable source.
Since the discovery in the early 1990s that dispersion of clay min-
eral nanoparticles in a polymer matrix significantly improved the
mechanical properties of the material [34], a high demand began
for so-called nanocomposites or, that is, composites in which at
least one of the phases presents with nanometric dimensions. The
presence of a phase composed of nanoparticles or nanofibers gives
these materials very different characteristics from those of the
composite components that come in dimensions on the order of
micrometers or larger. Various types of materials, both organic and
inorganic, have been tested in the production of nanocomposites.
Among them, we can include clay minerals [33, 35, 36] and cellu-
lose fibers obtained from plants [37, 38]. The latter are given special
attention because they are biodegradable and renewable, with less
impact on the environment than their synthetic counterparts [39].

9.3.2 Cellulose-based Nanoreinforcements

Cellulose is a polymer of long chains that is found in most plants
and can also be produced by bacteria. The cellulose ethers and
esters are cellulose derivatives that are most known and sold today.
The plant cellulose fibers of nanoscale materials have been recently
discovered, and are widely explored for technologies in bionano-
composites with numerous applications.

Cellulose fiber plants and their composites with cellulose nanofi-
bers have offered a highly attractive line of research in recent years.
The cellulose nanofibers have generated great interest as a source
of nanofillers because of their sustainability, accessibility, and also
because of their large surface area relative to the volume, which gives
the composite excellent mechanical, electrical and thermal properties.

Cellulose fibril morphology is part of the composition of the
fibers. Over the past few years, several researchers have been
involved in investigating the exploitation of natural fibers as load-
bearing components in composite materials [40]. The use of com-
posite materials has increased due to its low price relative to its
recyclability and the fact that they can compete well in terms of
strength per weight of material.

Natural fibers are considered natural compounds consisting
mainly of cellulose fibrils embedded in a matrix of lignin. The
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cellulose fibrils are aligned along the length of the fiber, which cre-
ates maximum tensile and flexural strength, and provides rigid-
ity. The efficiency of building with natural fibers is related to the
nature of cellulose and its crystallinity [41]. The structure, micro-
fibrillar angle, the crystal cell dimensions, defects and chemical
composition of the fibers are the most important variables that
determine the general properties of the fibers [42]. Generally, the
tensile strength and modulus of fiber increases with increased
fiber content, which in turn depends on the vegetable fiber which
has been extracted. This implies that each type of plant can gen-
erate microfibers with different characteristics and applications.
Polymer composites with wood fiber are being used in a large
number of applications such as platforms, docks, window frames
and molded panel components [43]. It has been reported that $750
million of polymer composite wood fibers were produced in 1999.
Statistics show that the production of these compounds in 2001
increased to 1 billion dollars. In the last three decades, consid-
erable research has been engaged in finding an alternative fiber
to replace asbestos in building products and automotive brakes.
Asbestos is a naturally-occurring mineral fiber commonly used as
a reinforcing material in construction and automobile brakes. It
produces dust that comes off vehicle brakes and mineral process-
ing industries causing disease in thousands of human beings and
other animal species, and its residue is toxic to the environment.
Australian studies focused on natural fibers, and so the fibers of
wood pulp were used as a replacement for asbestos in industry
[44]. Also other researchers have explored the use of other fibers
(bamboo, hemp, eucalyptus, sisal and coconut) as a substitute for
asbestos [45, 46]. As these fibers are inexpensive and readily avail-
able, the energy required for the processing of these composites is
low, biodegradable and nontoxic, and they have been shown to be
great as a substitute for asbestos.

Cellulose can be chemically modified to produce derivatives
that are widely used in different industrial sectors, in addition to
conventional applications. For example, in 2003, 3.2 million tons of
pulp were used as feedstock in the production of regenerated fibers
and films, in addition to cellulose derivatives, which are still used
as coatings, laminates, optical films and absorbents [47]. Moreover,
these cellulose derivatives can be found as additives in building
materials and also in foods, pharmaceuticals and cosmetics.
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Nowadays, cellulose nanofibers obtained from plants have their
field of application with other biocompatible and biodegradable
materials producing nanocomposites suitable for medical, textile
and natural composite applications. Pineapple and banana fibers
have a higher cellulose content, which is related to the relatively
higher weight of the fruit they support. Other fiber sources such
as corn stover, bagasse, wheat, rice and barley straw, all contain
nearly the same amount of cellulose. Fibers in these examples sup-
port relatively smaller weights in comparison with bananas and
pineapples [48, 49]. These compounds have high cellulose stiff-
ness and strength combined with biodegradability and can be
used in applications such as food packing, blood bags and barrier
materials [50].

9.3.2.1 Factors Affecting Performance of Cellulose
Nanoreinforcements

Agronomic factors such as crop variety, seed density, soil quality,
fertilization, location of the plantation, climate and weather condi-
tions, and timing of the harvest (age of the plant) affect final fiber
quality and their overall properties [51]. The mechanical properties
of plant fibers do not only depend on the factors mentioned.

The cellulose of natural fibers contains different natural sub-
stances such as lignin and waxes. The fibers are made up of cel-
lulose microfibrils with lignin. The physical properties of natural
fibers are basically influenced by the chemical structure such as
cellulose content, degree of polymerization, orientation, and crys-
tallinity, which are affected by conditions during growth of plants
as well as extraction methods used. More importantly, the fiber
separation process significantly determines fiber quality and its
mechanical properties.

A major disadvantage of cellulose fibers is their highly polar
nature, which makes them incompatible with nonpolar polymers.
Also, the poor resistance to moisture absorption makes the use of
natural fibers less attractive for exterior applications. The result-
ing properties of nanocomposites with cellulose fibers have been
reported to be strongly related to the dimensions and consequent
aspect ratio of the fibers, as well as to geometric and mechanical
percolation effects [52, 53]. Aspect ratios are related to the origin of
the cellulose used and whisker preparation conditions [54].
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9.3.2.2 Improving Compatibility between Cellulose Nanofibers
and Hydrophobic Matrices

Strongly polarized cellulose fibers are not compatible with hydro-
phobic polymers. The compatibility and dispersability of fiber
and matrix can be improved by physical methods, like plasma
technique and chemical methods, like mercerization and coupling
agents. Some chemical and natural compatiblizations have brought
great results with polymer properties in final applications [55, 56].

Dusfrene et al. changed the surface of cellulose whiskers with
N-Octadecyl isocyanate (C H, NCO), and significant differences
were reported according to the nature of the nanoparticle and
amount of nanofillers used as reinforcement. It was also proven
that the chemical treatment clearly improves the ultimate proper-
ties of the nanocomposites [57].

9.3.2.3 Applications and Effects on Polymer Matrices

Plant-based cellulose nanofibers have generated a great deal of
interest as a source of nanometer-sized fillers because of their sus-
tainability, easy availability, and related characteristics such as a
very large surface-to-volume ratio, high-tensile strength, high stiff-
ness, high flexibility, good dynamic, mechanical, electrical and ther-
mal properties as compared with other commercial fibers [58]. The
reinforcement is regarded as a nanoparticle only when at least one
of the dimensions is lower than 100 nm. The use of nanoreinforce-
ments in the polymer matrix has been predicted to give improved
properties compared to polymers and micro composites based on
the same fibers [59]. Therefore, it is of great interest to examine the
possibilities of cellulose-based nanofibers as reinforcing elements.
In this scope, in the automotive industry cotton fibers embed-
ded in the polyester matrix were used in the body of a car in East
Germany. Daimler-Benz has been exploring the idea of replac-
ing the glass fibers in natural fibers in automotive components
since 1991. A subsidiary of Mercedes-Benz pioneered this concept
with a project in this area titled the “Beleem project” based in Sao
Paulo. In this case, coconut fibers were used in commercial vehi-
cles over a period of nine years. Mercedes also used natural fiber
in the door panels of its vehicle class in 1996. In September 2000,
Daimler Chrysler also began to use natural fibers for its produc-
tion of vehicles. Almost all major car manufacturers in Germany
(Daimler Chrysler, Mercedes, Volkswagen, Audi Group, BMW, Ford



BroNaANoOCOMPOSITES FOR NATURAL Foop PackIiNG 279

and Opel) now use biocomposites in various applications. Several
plant-based cellulose fibers, like curuaua fibers, banana fibers and
pineapple fibers, have been tested with significant results,.

Deepa et al. showed that banana nanofibers obtained from steam
explosion had its cellulose content increased from 64% to 95% due
to the application of alkali and acid treatments; and surface mor-
phological studies using SEM and AFM revealed that there was a
reduction in fiber diameter during the steam explosion followed by
acid treatments [60].

In this scope, nanofibers from pineapple leaves are special
because they have shown many entanglements, very hygroscopic
with various characteristics desired for biomedical applications,
such as high crosslinking, uncomplicated chemical structure and
nontoxicity [61]. Besides this, pineapple leaves also showed high
chitinase activity with antifungal activity relative to other tropical
plants, because they adapt to stronger light and dry climate, and it
is believed that chitinases derived from leaves of pineapple exhibit
unique characteristics [62]. Recently, one study has presented an
evaluation of the developmental toxicity of pineapple-leaf extract
in rats. This study concluded that orally administered EPL is safe
in rats during embryonic development. The present developmental
toxicity study has proven the safety of orally administered pine-
apple leaf in the embryos, which is beneficial to the development
and dissemination of pineapple leaf [63]. In Brazil, pineapple is one
of the contributors to the agricultural economic activity of the coun-
try, and has the potential to produce about 19,600 tons of fiber from
about 1011 leaves produced on 58,794 ha.

Cellulose nanofibers were added to improve tensile proper-
ties, water vapor permeability, and glass transition temperature
of mango puree films [64]. Tensile strength increased (4.09 to 8.76
MPa) with the increase in CNF concentration from 0% to 36%. It
was proposed that due to the formation of fibril network within
the matrix, there was an effective increment in tensile strength, and
Young’s modulus, especially at higher concentrations of CNF. The
addition of CNF was also effective in improving water vapor bar-
rier of the films (2.66 to 1.67 g.mm/kPa.h.m?2). The water vapor per-
meability was significantly decreased when CNF was incorporated
at loadings of at least 10% (10 g/100 g).

Recently, processed nanobiocomposites were produced with
cellulose nanoparticles and glycerol plasticized-starch; the ten-
sile strength increased from 3.15 to 10.98 MPa when CN content
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increased from 0 to 5 wt.%, and water vapor permeability decreased
from 5.75 x 10 to 3.43 x 10" gms"'Pa™. The improvements in
these properties may be attributed to the good interaction between
CN filler and GPS matrix because of the similar polysaccharide
structures of cellulose and starch [65].

Another type of cellulose that is produced by bacteria, have
attracted researchers because of major applications in the medical
field. However, new research using bacterial cellulose-like addic-
tives in polymer composites are growing. Narkato et al. produced
bacterial cellulose composites with excellent mechanical strength
of cellulose membranes impregnated in phenolic resin at a pres-
sure of 100 MPa. The authors credited these results to the tapes that
have uniform size, are extremely thin and are packaged in cellulose
microfibrils arranged linearly [66].

Simonsen et al. developed a bionanocomposite based on thermo-
plastic starch and bacterial cellulose nanofibers. The bacterial cellu-
lose was obtained from Acetobacter xylinum cultures [67]. Cassava
starch and glycerol were used for the production of thermoplastic
starch films. X-ray diffractometry of the films showed the devel-
opment of starch crystallinity induced by the fibers, which may
contribute to improve mechanical properties. Electron scanning
microscopy of the disrupted films showed good adhesion between
fiber and matrix and good dispersion of the nanofibers.

Hisano developed a new biocomposite based on hydrated BC
membranes, and PU resins were prepared. An improvement of the
interface between the BC and the PU resin was obtained from the
solvent exchange process [68]. Results obtained by FTIR revealed
the presence of main bands of urethane bond and disubstituted urea
in the biocomposites. Additionally, the observed reduction of the
hydroxyl band (3500 cm™) suggests an interaction between the BC
and the NCO-free groups in the resin. The biocomposites presented
a noncrystalline character, while the thermal characterization indi-
cates a significant increase in the glass transition temperature.

Mixing a polymer solution and a BC suspension followed by
solvent casting is another common method used to prepare BC
nanocomposites. Due to the synthesis and nature of thermoplastic
polymers, this approach has been more common for preparing BC/
thermoplastic nanocomposites and has involved both natural and
synthetic polymers.

Dammstrom et al’s preparation of the BC/xylans nanocom-
posites consisted of first homogeneizing the bacterial cellulose in
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a blender after which the xylan solutions were added in different
ratios, and the blends were allowed to interact for 30 min and solu-
tion casted [69]. Xylans were found to aggregate on BC to produce a
laminated structure. Besides this, the incorporation of xylans in the
composites reduced the tensile strength of homogenized bacterial
cellulose from ca 110 MPa to 65 MPa in nanocomposites containing
50% xylans. However, Young’s modulus increased from ca 4 GP to
6.5 Gpa when the xylan content increased to 30% after which the
modulus was found to decrease again.

Chitosan has also been used in several works to create BC/chi-
tosan nanocomposites. While it has been shown that incorporation
of chitosan in the culture medium of bacterial cellulose leads to
the incorporation of N-acetyl glucosamide into the cellulose chain,
other studies [70, 71] have shown that true nanocomposites can
be formed by immersing a purified BC pellicle in a chitosan solu-
tion followed by solvent casting. The resulting nanocomposites
were considered ideal for wound dressing applications. Chitosan
lowered the mechanical properties of the membrane from a tensile
strength of 74 MPa to 54 MPa while elongation at break increased
from 6.8% to 7.4%.

Tomé et al. [72] produced modified bacterial cellulose membranes
with tailored properties in regards to their surface and barrier prop-
erties. It was prepared by controlled heterogeneous esterification
with hexanoyl chloride.

Grande ef al. [73] developed self-assembled nanocomposites of
cellulose synthesized by Acetobacter bacteria and native starch.
Potato and corn starch was added into the culture medium and
partially gelatinized in order to allow the cellulose nanofibrils to
grow in the presence of a starch phase. The BC-starch gels were hot
pressed into sheets that had a BC volume fraction higher than 90%.
Structural properties determined by XRD and ATR-FTIR showed
that the crystallinity of BC was preserved in spite of the presence
of starch; hence, the mechanical properties of the nanocomposites
showed no significant decrease.

Bacterial cellulose has shown very promising characteristics
for reinforcement material for composites with optical functions.
Recently, a paper entitled “Optically Transparent Composites
Reinforced with Bacterial Cellulose Nanofibers,” reported that
the characteristics of the composite formed, such as transparency
and low coefficient of expansion, are due primarily to networks
of chains of semicrystalline nanofibers produced by the bacterium
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Acetobacter xylinum [74]. Ifuku ef al. obtained acetylated BC sheets
to enhance the properties of optically transparent composites of
acrylic resin reinforced with the nanofibers [75].

9.3.3 Starch Nanocrystals/Starch Nanoparticles

Starch is one of the most promising natural polymers because of its
inherent biodegradability, overwhelming abundance and renew-
ability. It is composed of a mixture of glycans that plants synthe-
size and deposit in the chloroplasts as their principal food reserve.
Starch is stored as insoluble granules composed of a-amylose (20-
30%) and amylopectin (70-80%) [76]. a-Amylose is a linear polymer
of several thousands of glucose residues linked by a(1—4) bonds.
The a-glycosidic bonds of o-amylose cause it to adopt a helical con-
formation (left-handed helix) [76]. Amylopectin consists mainly of
o(1—4)-linked glucose residues, but it is a branched molecule with
o(1—6) branch points every 24 to 30 glucose residues on average.
Amylopectin molecules contain up to 106 glucose residues, making
them some of the largest molecules in nature [76].

First of all, it is important to clarify the terms commonly used.
Starch crystallites, starch nanocrystal, microcrystalline starch, all
refer to the crystalline part of starch obtained by hydrolysis but to
a different extent (from the most to the least). It has to be distin-
guished from starch nanoparticles, which can be amorphous. Most
reinforced materials present poor matrix-filler interactions, which
tend to improve with decreasing filler dimensions. The use of fill-
ers of a nanometric scale produces nanocomposites with new prop-
erties. Nanoparticles have proportionally larger surface area than
microparticles, which favors the filler-matrix interactions and the
performance of the resulting material [77].

Only a limited number of articles concerning starch nanocrystal
production have been published during the past decade. Most of
them relate to the use of acid hydrolysis, and even though a variety
of starch sources have been used, they all refer to the same two
processes: 1) Dufresne et al.’s process using HC], and 2) Angellier et
al.’s optimization of the process using H,SO, [78].

In the most recent studies, new processes have been tried out
to produce starch nanoparticles by i) precipitation of amorphous
starch by Ma et al. [79] and Tan et al. [80], ii) combining complex
formation and enzymatic hydrolysis by Kim and Lim [81] yielding
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Vel type nanocrystals (i.e., complexed with lipids), and iii) micro-
fluidization by Liu et al. [82].

Starch has been extensively investigated as a choice material
for food packaging applications due to its wide availability and
low cost [83, 84]. The addition of inorganic materials and synthetic
polymers [85] has been proposed to improve water resistance of
starch. More recently, blends of starch with nanoclays have been
investigated. MMT addition reduced water uptake of starch films,
possibly due to the tortuous structure formed by the exfoliated
clay. Recently, a starch/ZnO-carboxymethylcellulose sodium
nanocomposite was prepared using ZnO nanoparticles stabilized
by carboxymethylcellulose sodium (CMC) as the filler in glycerol
plasticized-pea starch [86].

Plasticizers showed differents results; because of decreased exfo-
liation in starch-MMT nanocomposites but increased film properties
in thermoplastic starch-starch nanocrystals, the storage modulus of
the composite material increases, with respect to the unfilled film,
by 470% at 50°C, while the permeability increases by 70%.

Yue et al. obtained organic-soluble starch nanocrystal (SN); the
acetylated starch nanocrystals could reduce their surface energy
and showed good solubility in organic solvents such as acetone,
chloroform and ethyl acetate. Also, the acetylated starch nanocrys-
tals exhibited unique hydrophobicity [87].

9.3.4 Chitin/Chitosan Nanoparticles

Chitosan is a cationic polymer obtained from chitin comprising
copolymers of B(1—4)-glucosamine and N-acetyl-D-glucosamine.
Chitin is a natural polysaccharide found particularly in the shell of
crustaceans, cuticles of insects and cell walls of fungi, and is the sec-
ond most abundant polymerized carbon found in nature [88, 89].

The isolation of chitosan fibers and its subsequent processing
produce nanoparticles, hydrogels, nanofibers and scaffolds with
different surface chemistry and surface morphology, and each one
is chosen depending on its application. Nowadays, principal chito-
san applications are in biomedical and food packing applications
[90, 91]. Lu, Weng, and Zhang [92] prepared chitin whiskers by acid
hydrolysis of chitin. Sriupayo et al. [93] added chitin whiskers to
chitosan films, and observed that the whiskers improved chitosan
tensile strength in bionanocomposite.
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Another processing alternative is nanoparticles. Chitosan
nanoparticles can be obtained by ionic gelation, where the posi-
tively charged amino groups of chitosan form electrostatic inter-
actions with polyanions employed as crosslinkers, such as
tripolyphosphate [94]. Chitosan/tripolyphosphate nanoparticles
were prepared and incorporated in hydroxypropyl methylcellu-
lose films. Chitosan concentration for nanoparticle preparation was
2.14 and 3.15 mg/mL, and tripolyphosphate concentration was 0.3
and 0.6 mg/mL. The mechanical properties, water vapor perme-
ability, thermal stability and scanning electron microscopy of the
films were analyzed. The authors showed that chitosan nanopar-
ticles tend to occupy the empty spaces in the pores of the matrix,
increasing the collapse of the pores thereby improving film tensile
properties and water vapor permeability.

Starch and chitosan are abundant naturally-occurring poly-
saccharide. Both of them are cheap, renewable, nontoxic, and
biodegradable [95]. The starch/chitosan blend exhibits good
film forming property, which is attributed to the inter- and intra-
molecular hydrogen bonding that formed between amino groups
and hydroxyl groups on the backbone of two components. The
mechanical properties, water barrier properties, and miscibility of
biodegradable blend films are affected by the ratio of starch and
chitosan [96].

Chang et al. [97] produced glycerol plasticized-potato starch (GPS)
that was combined with CNP to prepare all-natural nanocomposites
by casting and evaporation. The morphological, structural, thermal
and mechanical properties of the nanocomposites were evaluated by
electron microscopy, X-ray diffraction, dynamic mechanical thermal
analysis, and tensile tests. At low loading levels, CNP was uniformly
dispersed in the GPS matrix and had good interaction between the
filler and matrix, which led to improvements in the tensile strength,
storage modulus, glass transition temperature, and water vapor bar-
rier properties of the GPS/CNP composites.

Chitosan is also a bioadhesive material. The adhesive proper-
ties of chitosan in a swollen state have been shown to persist well
during repeated contacts of chitosan and the substrate [98] which
implies that, in addition to the adhesion by hydration, many other
mechanisms, such as hydrogen bonding and ionic interactions
might also have been involved. Moreover, chitosan exhibits a pH-
sensitive behavior as a weak poly-base due to the large quantities
of amino groups on its chain.
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Chitosan dissolves easily at low pH while it is insoluble at higher
pHranges. The mechanism of pH-sensitive swelling involves the pro-
tonation of amine groups of chitosan under lJow pH conditions. This
property has held chitosan to be widely investigated as a delivery
matrix. Crosslinking is often used to tailor chitosan-based materials
properties. The most common crosslinkers used to crosslink chitosan
are dialdehydes such as glyoxal [99] and glutaraldehyde [100].

9.3.5 Plant-Protein Nanoparticle

Biopolymers such as proteins, lipids or polysaccharides are com-
monly used to encapsulate drugs in order to protect them from rapid
degradation by environmental stress. Nanoparticles can be formed
from a variety of materials, including synthetic polymers and bio-
polymers, such as proteins, lipids and carbohydrates. Natural mac-
romolecules from vegetable sources appear to be a very promising
alternative to synthetic polymers, mainly in food packing applica-
tions. They can also be prepared under soft conditions, without
the use of toxic organic solvents or materials. Recently there has
been research on the use of storage proteins from pea (legumin and
vicilin) and wheat (gliadins) used as a structural material to pre-
pare nanoparticles and their possible applications [101].

Plant proteins are characterized by their three-dimensional orga-
nization. Two classes can be distinghed: fibrous proteins composed
of polypeptide chains joined together along a linear axis, and glob-
ular proteins composed of one or several polypeptide chains rolled
up to give a three-dimensional structure. Globulins are the main
storage proteins in pea seeds and are complex molecules with an
amino acid composition similar to albumins. However, their solu-
bility needs an electrolyte medium. On the other hand, glutelins
are the main storage protein of wheat, and glutelins cannot be dis-
solved in any solvents, due to their high molecular mass and the
presence of disulfide bonds [102].

Several methods have been reported in the literature for the prep-
aration of nanoparticles from protein raw materials. Coacervation
or controlled desolvatation methods have been developed using
solvent or electrolyte as the coacervation agent or by adjusting
the pH or ionic strength. In the coacervation methods promoted
by solvents, the first step consists of dispersing macromolecules in
an adequate solvent, then adding the mixture to a second solvent
which is a nonsolvent of the macromolecules [103].
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Animal derived proteins used in commercial applications are
mainly casein, whey protein, collagen, egg white, and fish myo-
fibrillar protein [104]. Plant-based proteins under consideration
include soybean protein, zein (corn protein), and wheat gluten
[105, 106]. Compared with nonionic polysaccharide films, protein
films have better oxygen barrier properties and lower water vapor
permeability [107]. However, serious concerns remain regarding
their performance in food packaging, including their high modu-
lus, high-water adsorption, and high gas permeability. Significant
efforts have been made to improve the properties of various pro-
teins applying nanocomposite technology, mainly using nanoclays.

Whey protein has received significant attention as edible film and
coating material. Sothornvit and Krochta [108] reported the forma-
tion of whey protein transparent films, which also acted as an oxy-
gen barrier. TiO, was added to form a nanocomposite with improved
antimicrobial properties. Mill [109] has developed a promising pho-
toactivated indicator ink for in-package oxygen detection based
upon nanosized TiO, or SnO, particles and a redox-active dye (meth-
ylene blue); this detector gradually changes color in response to even
minute quantities of oxygen, as shown in Figure 9.4. Soy protein has
been of great interest to researchers for its thermoplastic properties
and its potential as a biodegradable plastic. However, because of
its poor response against moisture and high rigidity, its biodegrad-
ability has not been exploited effectively [110]. Similarly to starch,
soy protein is also blended with plasticizers to overcome brittleness.
However, the use of plasticizers further decreases barrier properties.

Zein, a relatively hydrophobic protein found in corn kernels, is
known to form films easily [111]. Zein is used in the food industry
as a coating agent and has shown potential as biodegradable poly-
mer [82]. However, zein products, although less water sensitive
than other biopolymers, still shows high-water vapor permeability
and low tensile strength when compared with commodity poly-
mers. As was the case for other biopolymers, its inherent brittleness
may be ameliorated by the use of plasticizers which, on the other
hand, further decrease water vapor and gas barrier properties.

9.3.6 Plasticizers

Plasticizers are defined as compounds added to other materials
under certain conditions to modify some physical and mechanical
properties. Low volatility plasticizers can be added to give flexibil-
ity to a polymer film [113].
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(@) (b)

(c) (d)

Figure 9.4 Photographs of two typical blue-coloured UV-activated oxygen
indicators with the formulation: MB/TiO,/TEOA /HEC, one placed inside

and the other outside a plastic package flushed with CO, and sealed. In (a) the
package had just been sealed and the two indicators are blue. The two indicators
were then bleached by a short (2.5 min) burst of UVA light (b). The indicator
outside the package regained its original colour within minutes, whereas, 48

h later, the indicator inside remained bleached (c). Finally, upon opening the
package, the indicator within regained its original colour in response to the
ingress of oxygen (d). Reproduced with permission from [109]. Copyright © 2005,
Royal Society of Chemistry.

The reduction of intermolecular forces between polymer chains
as a result of the cohesion facilitates the elongation of the film and
decreases its glass transition temperature, but that reduces the bar-
rier properties against gases, vapors and solutes. The addition of
these plasticizers increases the mobility of polymer chains and thus
gas permeability. The most commonly used plasticizers are mono-
saccharide, disaccharide and oligosaccharide in addition to the
use of polyols. The choice of plasticizer used should be performed
according to the compatibility with polymer and solvent [114].

Biofilms derived from proteins and polysaccharides generally
havelow elasticity and are brittle, and theintroduction of plasticizers
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has been a great alternative to solve this problem. Plasticizers are
substances with a high melting point and low volatility, which
should be compatible with the polymer to ensure its efficiency.
The most widely used plasticizers in film-based proteins and poly-
saccharides are polyols such as glycerol and sorbitol, which have
good interaction with the polymer due to its structure and hydro-
philic character [115]. The increase in the amount of plasticizer can
also lead to an increase in permeability to gases hydrophilic film,
because it reduces the density of the molecules, facilitating the dif-
fusion of gases through the material.

9.3.7 Clays

Clays are natural materials of earthy texture and fine grain, and
their particles are constituted of lamellar or fibrous clay minerals.
These clay minerals are hydrated silicates with a lJamellar structure
of the tetrahedron SiO, arranged in the hexagonal form, mainly by
condensed layers of aluminium [116].

A large group of interest is the smectite clays composed of alu-
minum, magnesium, iron, sodium and calcium. This type of clay
is plastic and has very high-water retention. Furthermore, they
are known as swelling clays due to their ease of separation and
lamellar volume increase. The plates are irregular and no more
than 1 mM [117].

This type of clay has a negative total charge on its surface result-
ing from the interaction of clay minerals known as isomorphic
substitutions. This charge is neutralized by the presence of a cat-
ion located in the interlayer space, if this cation is sodium clay it is
known as sodium clay smectite [116].

The interest in this material is exactly because of its expansive
behavior that allows for the incorporation of other components in
the interlayer space. Montmorillonite (MMT) in its natural state is
hydrophilic, and through a process of exchange of cations, usu-
ally Na + is changed to be easier due to the monovalent or cation
organic, usually an alkyl ammonium (surfactant). This method is
known as organophilization [117].

This treatment of the clay is essential to decrease surface energy
and to obtain a good dispersion and exfoliation of clay in the poly-
meric matrix, and only after organophilization does clay change its
interface and allows for its dispersion in a polymer matrix nano-
composite [118].



BroNANOCOMPOSITES FOR NATURAL FooD Packing 289

Clay, as potential filler, has been chosen for improving the prop-
erties of TPS in such applications [119, 120]. It has been shown that
both the tensile strength and the elongation at break of TPS were
increased with the presence of smallamounts (less than 5%) of sodium
montmorillonite [121]. In addition, the decomposition temperature
was increased while the relative water vapor diffusion coefficient
of TPS was decreased [122]. Recently, starch/clay nanocomposite
films were obtained by dispersing montmorillonite nanoparticles
via polymer melt processing techniques [123]. Mechanical charac-
terization results show an increase of modulus and tensile strength.
In addition, the conformity of the resulting material samples with
actual (2005) regulations and European directives on biodegradable
materials was verified by migration tests [123].

Lin et al. [124] reported on a novel method for the preparation of
a chitosan/montmorillonite nanocomposite using a solvent casting
method. First, they prepared potassium persulfate (KPS), interca-
lated MMT by dissolving purified MMT in 0.5% KSP, and freeze-
dried the mixture and pulverized it to KPS-MMT powder (less than
75 pm). A chitosan solution (1 wt %) was prepared separately by
dissolving chitosan (degree of deacetylation = 85%) in 0.17 M acetic
acid. After removing the non-exfoliated MMT, solutions were cast
to form a film of a chitosan/MMT nanocomposite. TEM images of
the chitosan/KPS-MMT nanocomposite films showed that partially
and fully exfoliated MMTs were observed with the layers flattened
out in parallel to the surface.

Xu et al. [125] prepared chitosan-based nanocomposite films
with Na-MMT and Cloisite 30B using a solvent casting method.
Structural properties tested using XRD and TEM indicated that the
nanoclay was exfoliated along with the chitosan matrix with small
amounts of Na-MMT, and that the intercalation with some exfolia-
tion occurred with up to 5 wt% Na-MMT.

Chen and others [126] investigated the mechanism of interac-
tion between soy protein and MMT clay by correlating structure
and properties. The surface electrostatic interaction between the
soy protein (+ charged) and the MMT layers (- charge), as well as
the hydrogen bonding between the -NH and Si-O groups, were
understood to be the interacting mechanism for the protein/ MMT
system. Such a mechanism resulted in the improved mechanical
strength of the nanocomposite. Young’s modulus (E) increased
from 180.2 to 587.6 MPa with an increase of the MMT content from
0-20 wt%.
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Dean and Yu [127] also prepared soy protein-based nanocom-
posite films and tested their microstructure and mechanical prop-
erties. They prepared the nanocomposite films by blending 400 g
of water with 400 g of glycerol followed by adding 60 g of Cloisite
Na+, after which the mixture was treated with a point source ultra-
sonic device for one hour. This mixture was combined drip-wise 'to
1200 g of soy protein isolates (Profam 974, Archer Daniels Midland)
using a high speed mixer for five minutes, then extruded using a
twin-screw extruder (Theysohn 30) at the set temperature of 140°C.

9.3.8 Active Agents

In order to produce biodegradable plastics, innovations such as
active packaging to preserve the quality and safety of food are nec-
essary. This idea is based on the principle of the interaction of prod-
uct packaging with the observable need of each food.

Along with the incorporation of several active agents, research is
also found on the application of biosensors, conducting polymers,
properties with antimicrobial effects, antioxidants, flavors, pig-
ments, vitamins, among others [128, 129]. Olyveira et al. obtained
polymer nanocomposites using Ag/TiO, nanoparticles as an anti-
microbial agent [130]. The results showed that incorporation of
silver/titanium dioxide particles on composites obtained systems
with different dispersions. The Ag/TiO, particles showed uniform
distribution of Ag on TiO, particles as observed by SEM-EDX,
and antimicrobial tests according to JIS Z 2801 shows excellent
antimicrobial properties. In addition, Costa et al. obtained a new
biocomposite with natural antimicrobial properties using the elec-
trospinning technique [131]. This bionanocomposite has pineapple
nanofibers and natural antimicrobial extract. SEM images showed
equal distribution of pineapple nanofibers. DSC and TGA showed
higher thermal properties and changes in crystallinity of the devel-
oped bionanocomposite.

9.4 Environmental Impact of Bionanocomposites
Materials

Nanomaterials used in the cultivation, preparation, storage and
packaging of food and drink has enabled the obtainment of products
with better characteristics, such as materials for the controlled release
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of medicines and agrochemicals, containers with higher mechanical
strength and antimicrobial properties, smart packaging capable of
preserving food for longer periods of time, among others [132].

On one hand these materials are a breakthrough in technology
that ensure the supply of food and materials, on the other hand,
questions have been raised about the safety to human health and
the environment as a result of these materials [133]. Consequently,
studies have been conducted to obtain information on the charac-
teristics of the nanoparticles and their relationship with adverse
health effects in order to establish subsidies for the development
of standards and regulatory parameters for nanoparticle use [134].

Considering the diverse applicability of the nanoparticles (NPs),
their release into the environment will increase the extent that its
use increases. The NPs have multiple routes of entry into the envi-
ronment, including domestic and industrial solid and liquid waste,
accidental spills, and atmospheric emissions. These routes allow
the wide dispersion of NPs in the environment [134]. The fate and
transport of nanoparticles in the environment are very important
for safety assessment. The toxic effects of NPs are determined by
their availability and reactivity with organic matter. The availabil-
ity and reactivity of NPs are modulated by many parameters which
affect the physico-chemical properties of these particles, such as
the geochemical pathway during their transport, association with
other chemical species, deposition, adsorption, change in redox
state, environmental conditions (e.g., pH, ionic strength, salinity),
and others. Thus, the environmental impact should be evaluated
for each type of nanomaterial [133, 134].

9.4.1 Safety and Toxicology

Nanotechnology is increasingly being used in agriculture, food
processing, and food packaging. Nanomaterials as nanoparticles,
nanoemulsions and nanocapsules are found in agricultural chemi-
cals, processed foods, food packaging and food contact materials,
including food storage containers, cutlery and chopping boards
[132]. Despite rapid developments in food nanotechnology, little is
known about the occurrence, fate, and toxicity of NPs [135].
Nanoparticles represent a toxicological challenge issue. The size
and shape of NPs regulate their toxicity. It is known that the smaller
the particle, the larger the specific surface area, which leads to the
higher reactivity of NPs and increase their interaction with the cell
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membrane [133, 134]. Miller and Senjen (2010) discussed how much
a particle needs to be nanosized in order to show the desired char-
acteristics (e.g., antimicrobial) and, at the same time, be enough
of a size to not show cytotoxicity [132]. According to Garnett and
Kallinteri (2006), particles < 300 nm in size can be taken up into
individual cells, leading to damage effects, and < 70 nm is able to
enter into the DNA structure [136]. Thus, more research is needed
to find the size to reach the equilibrium between working proper-
ties and toxicity. The NPs toxicity is also influenced by chemical
composition, shape, surface structure and charge, catalytic behav-
ior, and particle aggregation [137, 138, 139].

Nanotechnology for food packing is based on organic and inor-
ganic nanomaterials added into a polymer matrix. Nanoparticles
such as metals and metal oxides, cellulose nanofibers, chitin and
chitosan, and exfoliated clay are used as mechanical reinforcing,
barriers to gas diffusion, and antimicrobial additives [140].

Clay nanoparticle toxicology data is still lacking, as are develop-
ments in strategies to detect and categorize clay and other nanopar-
ticles in complex food matrices [29]. One study determined that
exfoliated silicate nanoclays exhibited low cytotoxicity and geno-
toxicity, even when part of a diet fed to rats (measured acute oral
toxicity, median lethal dose, LD50 > 5700 mg/kg body weight
under the conditions probed) [141, 142] .

Polysaccharide nanoparticles such as cellulose nanofibers and
nanowiskers are known to be usually nontoxic materials, acting
as reinforcing agents. In the toxicological study, it was reported
that nanofibers derived from cotton (white, green, and brown)
and curaua could cause alterations in plant cells and be geno-
toxic in animal cells (human lymphocytes and mouse fibroblasts).
However, the ruby cotton nanofibers did not present a genotoxic
effect on plant and animal cells [143]. This fact demonstrates that
the toxicity needs to be determined for each type of nanomate-
rial, and the toxicity behavior cannot be generalized for a specific
class of material. In addition, this also indicates that even though
the nanofibers toxicity cannot lead to cell death, the nanoparticles
can affect genetic material. This is potentially dangerous since
damage to the DNA cannot be repaired properly, causing health
issues [143].

Nanoparticles of Ag, ZnO, TiO, and SiO, are commonly used in
food plastic wrapping, in a polymer-based nanocomposite. These
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NPs present excellent UV blocking and gas diffusion barrier, but
the main characteristic of their use is antimicrobial action [135].

Mechanisms of NPs-biologic interaction explain the excellent
antimicrobial behavior of metal and metal oxide. They include dis-
solution and release of toxic ions, disturbance of electron/ion cell
membrane transport activity, oxidative damage through catalysis,
lipid peroxidation or surfactant properties, and production of reac-
tive oxygen species (ROS) [133].

ROS are considered mainly responsible for the NPs toxic effects,
leading to secondary process that can cause cell damage or death.
In addition, ROS are produced by ZnO and TiO2 due to their semi-
conductor property, confirming their highest antimicrobial behav-
ior [133, 144].

9.4.2 Biodegradability and Compostability

Food packaging materials are the express source of pollution, due
to the high amount disposed of in the environment in the world.
The problem is aggravated once these materials are usually made
from nonbiodegradable and nonrenewable sources, such as petro-
leum-based polymers [132].

Biocomposite materials based on starch, cellulose and chitin/chi-
tosan are biodegradable, being a suitable alternative to the petro-
leum-based polymer materials for food packaging [145]. However,
these materials are more sensitive to physico-chemical degradation
and suitable to be attacked by microorganisms. Thus, additives are
incorporated in these materials to increase their mechanical, chemi-
cal and biological resistance.

Nanoparticles are increasingly used as an additive in food pack-
aging and food contact materials due to their antimicrobial prop-
erty [135]. After use, these materials need to be discarded in the
environment. The effect on the biodegradability and compostabil-
ity is related to the microbial toxicity of NPs.

The biodegradation process occurs through microorganisms.
The use of antimicrobial additives (e.g., Ag, TiO,, ZnO, and
Si0,) in large scale may be hazardous to the microbes in the
environment [144, 146]. Thus, the biodegradation process will
be severely compromised, and it may be completely inhibited,
affecting the decomposition of these materials in the landfill and
composting units.
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9.5 Conclusions and Future Perspectives

Bionanocomposites have very strong future prospects because of
their degrability and better mechanical properties with filler in
nanometric sizes. However, a better choice in polymer matrices
or knowledge between proteins and polysaccharides is necessary.
Biopolymers and their inherent brittleness may be ameliorated by
the use of plasticizers which, on the other hand, further decrease
water vapor and gas barrier properties. Nowadays, such problems
have been solved with the addition of clay and new applications
with protein and polysaccharide nanoparticles. Otherwise, active
agents appear to have a very bright future for a wide range of
applications.
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