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Preface

Cereals and other “healthy” grains have captured the consumer’s interest in recent
times, with growing health awareness and an increasing motivation for plant-based
eating, thus challenging the cereal processing industry to deliver products without
compromising their healthiness, tastiness, and overall likability. Although cereal pro-
cessing is one of the oldest forms of food processing, a holistic approach to cereal
processing is nowadays needed more than ever before, not only to preserve the health
benefits of cereal grains, but also to increase safety, assure sustainability, and decrease
the carbon footprint, which is possible by coupling alternative processing techniques
with conventional ones.

The concept of healthy grains is based on both the major and minor cereals, and
pseudocereals (also known as gluten-free grains), being important sources of energy
and macro- and micronutrients in the human and animal diets. Healthy grains are
utilized in many food products with high nutritional and biological values, which are
required more and more by consumers with high levels of nutrition knowledge and
healthy food behaviors.

Throughout its 11 chapters, this book provides an overview of recent advances and
innovations, not only those limited to cereal and pseudocereal product development,
but also in processing. Hence, topics such as advances in traditional and innovative
cereal and pseudocereal processing techniques and innovative products thereof and
their functionality, cereal-based animal feed, trends that are driving market demands,
and the consumption of healthy grains, as well as the environmental impact of healthy
grain processing are represented. The contents of this book provide useful informa-
tion not only for researchers, academia and students, but for all stakeholders along
the cereal and pseudocereal value chain — industry, policy makers, civil society, and
retailers — to understand the need for innovation in the cereal and pseudocereal pro-
cessing sector. Once the challenge of innovation is accepted, whether it is continu-
ously incremental or radical, improvements in terms of productivity, cost, speed,
quality, and/or flexibility of production and products are made possible for the
benefit of all.
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Processing Technologies
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1.1 Healthy Grains: What Are They?

Cereal grains have been a principal part of humans’ daily diet, consumed in different
forms and/or products, for many years. Cereals are traditionally utilized as a breakfast
meal or as a main meal of the day, not only to provide carbohydrates, but also to
increase the level of dietary fiber. Nowadays, the increase in awareness of health and
demand for healthy products by consumers are becoming a challenge for the food
industry to develop new and nutritious cereal products. However, when it comes to
nutrition, health, and wellbeing, one might think cereal grains inadequate foodstuffs,
considering that they have been attributed as a major contributor to obesity due to
their high content of easily digestible carbohydrates. Thus, in the early 2000s a decline
in wheat consumption was observed in the USA, attributed to the “low carb” diet
craze. Moreover, protein, iron, zinc, and vitamin A deficiencies are observed in devel-
oping countries with the highest per capita consumption of refined cereal grains,
which are low in micronutrients. On the other hand, a vast number of scientific studies
that have been emerging demonstrate protective positive effects of whole grains
against cardiovascular disease, cancer, diabetes, obesity, and other chronic noncom-
municable diseases, which have resulted in a growing consumption of whole-grain
products (Awika 2011). The consumption of gluten (and “gluten-like”) proteins from
major cereals — wheat (including khorasan and spelt), barley (including malts), rye,
and triticale — as well as gluten-containing food additives (in the form of flavoring,
stabilizing, or thickening agents) and foods contaminated with gluten-containing
products (such as oat) causes gastrointestinal problems and malabsorption syndrome
in approximately 0.5-1.0% of the world’s population, i.e. those diagnosed with celiac
disease (El-Chammas and Danner 2011). Gluten-free diets, although predominantly

Innovative Processing Technologies for Healthy Grains, First Edition.
Edited by Milica Poji¢ and Uma Tiwari.
© 2021 John Wiley & Sons Ltd. Published 2021 by John Wiley & Sons Ltd.



2 CH1 PROCESSING TECHNOLOGIES FOR HEALTHY GRAINS: INTRODUCTION

designed for patients with celiac disease and nonceliac gluten sensitivity, have been
gaining increasing popularity in recent years. A growing demand for gluten-free food
is not only due to the increasing number of diagnosed patients, but also due to the
higher availability of different gluten-free foods in the market (e.g. salty snacks, crack-
ers, fresh bread, pasta, ready-to-eat cereals, baking mixes, cookies, flour, frozen bread/
dough, etc.) and due to the advertising campaigns, press coverage and promotion of
this type of diet (Newberry et al. 2017). As a result, in the period 2004-2011 the sale
of gluten-free products had an annual growth of nearly 28% and in 2012 was close to
US$2.6 billion (Asbran 2017; Remes-Troche et al. 2020). Moreover, a survey con-
ducted in 2015 in the US, whose results were published in the report Gluten-Free
Foods in the US (5th Edition), showed varying attitudes of the population toward
these products. The survey indicated that 36% of respondents consumed gluten-free
products for reasons other than gluten sensitivity: 65% because they thought it was
healthier, 27% because they thought it helped in weight loss, 7% to reduce inflamma-
tion, and 4% to fight depression, whilst only 5.7% of respondents claimed the con-
sumption of gluten-free products due to formal medical conditions (Békés et al. 2017).
Therefore, in recent years the utilization of pseudocereals, being gluten-free, has
captured consumers’ interest and more research is now focused on partial or full
utilization with cereals to produce “healthy” grain products. Furthermore, health and
wellness retail showed growth in healthy products of 3.3% in Asia and the Pacific and
4.2% in the Middle East and Africa (Mascaraque 2018). Similarly, in Europe, the sales
of healthy grain products reached €12.8 billion in 2018, with a projection for the
market value to increase about 6% from the previous year (CBI 2019). Globally, over
the last few years an increase in market demand was observed for products perceived
as more natural and “healthier” — a product group consisting of organic, “free-from?
and naturally “healthy” products (Mascaraque 2018).

1.2 Cereals and Pseudocereals: Production,
Nutritional Value, and Utilization

Cereals (monocotyledonous) and pseudocereals (dicotyledonous) are species that are
taxonomically not closely related to each other, but share certain characteristics, such
as the structure and composition of their kernels, especially in terms of starch and
protein content in approximately the same relative proportions. Moreover, they are
cultivated, harvested, processed, and used in the same manner as cereals (Rosentrater
and Evers 2018).

Although the increasing worldwide demand for pseudocereals in recent years
caused their increased production, they are still considered underutilized feedstock.
Their significance is increasing due to high-quality allergy-free proteins and large
amounts of micronutrients and bioactive compounds, which increases their market
price. Although the worldwide interest in pseudocereals is a relatively recent phenom-
enon, some of the species were cultivated as traditional crops in certain part of the
world for centuries (Rosentrater and Evers 2018). Among pseudocereals, amaranth,
quinoa, and buckwheat are of the highest commercial potential. On the other hand,
traditional cereals are considered major and minor based on the volume of their
production and utilization. Wheat, maize, rice, and barley are classified as major cereals,
while sorghum, millet, oats, rye, spelt, and primitive and wild wheat species are minor
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cereals. The differences between major and minor cereals are not only in the quantity
of production, but also in the nutritional profile, with higher levels of certain antioxi-
dant substances, which makes minor cereals useful in preventing a wide range of
diseases linked with oxidative damage (Akkoc et al. 2019).

According to the Food and Agriculture Organization of the United Nations (FAO)
Statistics Database (FAOSTAT), the total production level of cereal crops worldwide
significantly increased from the year 2000 to 2018. For example, crop production
increased by 80% for wheat, 52% for maize, and 77% for rice, followed by barley,
sorghum, millet, oats, and rye. Similarly, FAOSTAT also estimated pseudocereal pro-
duction of buckwheat decreased slightly, while quinoa production increased over the
18years to 2018 (Figure 1.1). Additionally, FAOSTAT also showed that production
increased by 67 % for quinoa, but reported a significant decrease by 30% for buckwheat
(FAO 2020). However, due to the growing demand to feed the growing world popula-
tion, the estimated world buckwheat utilization is expected to increase to 7 million
tonnes by 2020 (FAO 2020). They predicted that wheat consumption will increase by
12 million tonnes, while world rice utilization will increase to 514 million tonnes in the
year 2019-2020.

The major nutritional components of cereals are starch and nonstarch carbohy-
drates accounting for approximately 87%, while their protein content ranges from 6
to 15% (Goldberg 2003). The major storage proteins present in the cereal grains are
gliadins and glutenins for wheat, oryzenin for rice, zeins for maize, kafirins for sor-
ghum and millet, and hordeins and glutelins for barley, while in oats the main proteins
are albumins and globulins (Kulp and Ponte 2000). Pseudocereal grains mainly con-
sist of starch and proteins accounting for 55-75% (Venskutonis and Kraujalis 2013)
and 12-16% (Mota et al. 2016), respectively. Unlike true cereals, pseudocereals
contain high amounts of essential amino acids, particularly methionine, lysine, arginine,
tryptophan, and sulfur-containing amino acids (Schoenlechner et al. 2008).
Additionally, cereals and pseudocereals also contain good amounts of bioactive
compounds including dietary fibers, phenolic acids, carotenoids, p-glucans, as well as
other phytochemicals such as tocopherols, alkylresorcinols, and flavonoids associated
with the prevention of diseases (Akkoc et al. 2019).
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Figure 1.1 Global production of cereals and pseudocereals from 2000 to 2018. Source: FAO (2020).



4 CH1 PROCESSING TECHNOLOGIES FOR HEALTHY GRAINS: INTRODUCTION

Based on the healthy and nutritive value of cereal and pseudocereal grains, consumers
are attracted toward increasing their consumption of the combination of these grains.
For this reason, the popularity of healthy grains in many countries has gained impor-
tance and researchers are focused on creating new and innovative products.

1.3 Cereal Byproducts for Food and Feed Utilization

The increased demands for sustainability of food production, climate change, and
limited natural resources for food for an increasing global population reaching 10
billion by 2050 impose the need to improve the efficiency of food systems and find
alternative food solutions (Fasolin et al. 2019; Galanakis 2020). One of them is
valorization of byproducts and side streams, and when it comes to cereals and
pseudocereals, they are generated in dry milling, pearling, and malting processes.
These processes generate byproducts in different forms composed of highly valua-
ble compounds, which are most commonly utilized directly as animal feed livestock
with no additional processing costs. Numerous recent studies have shown that cereal
byproducts can be also redirected from animal to human consumption and used
directly, as in the case of cereal brans and germs which can be used as food ingredi-
ents in a wide range of food products as natural sources of fibers and other bioactive
compounds. Moreover, cereal byproducts can be further subjected to fractionation,
extraction, and purification to obtain high added value compounds for food, feed,
and nonfood uses (pharmaceutical, biomedical, cosmetic, etc.) (Dapcevi¢-Hadnadev
et al. 2018; Galanakis 2020). However, whether used for food or animal feed pur-
poses, certain challenges in the valorization of cereal byproducts have arisen related
to safety — the presence of toxic compounds (mycotoxins, heavy metals, and pesti-
cides) and the presence of high amounts of antinutritional factors (Pojié et al. 2018).

A further increase of the efficacy of cereal material utilization can be achieved
within the biorefinery concept of processing which enables the integral valorization of
byproducts to obtain antioxidants, biofuels, bioenergy, bioproducts, and biofertilizers,
as well as improve the technological and nutritional functionality of byproducts for
their further use (Galanakis 2020).

1.4 Challenges in Healthy Grain Processing:
Traditional vs Innovative Processing

The most common cereal and pseudoceral processing operations — dry milling, wet
milling, pearling, malting, and baking — are confined to traditional technologies
characterized by a small pace of innovation. In an era in which innovation is consid-
ered a key driver of economic growth, the innovation of cereal and healthy grain
processing needs to be boosted. Innovation in the cereal processing sector is not only
driven by increasing consumer demands for sustainable, safe, and nutritious high-
value cereal and gluten-free products, but also the need to decrease the environmental
impact of processing by minimizing energy demands and reducing food losses and
waste. For example, traditional milling and baking processes are characterized by the
implementation of incremental innovation, which improved the efficacy of processing,
reduced energy consumption and decreased the need for manpower.
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On the other hand, we are witnessing increasing research dynamics in the field of
innovative process technologies, mainly applied to increase the extraction of bioactive
compounds by means of cell rupture and disrupting or damaging the cellular membrane
(Hernandez-Hernandez et al. 2019). Their implementation in the cereal processing
sector can be perceived through the improvement of product quality, enhancement of
(techno-) functionality, alteration of allergenicity, enzyme deactivation, microbial and
chemical decontamination (removal of pesticides, mycotoxins, and antinutritive factors),
acceleration of heat and mass transfer, control of Maillard reactions, and extension of
shelf-life (Hernandez-Herndndez et al. 2019). Therefore, if they are combined with
traditional cereal processing methods they can provide benefits to consumers, while
companies that have implemented them can maintain or increase their market share and
profitability (Albertsen et al. 2020). However, especially in the food sector, scientific or
technological innovations often encounter mistrust and rejective reactions from consum-
ers, resulting in decreasing acceptance of those innovations. It was found that consumer
acceptance of innovative food products is conditioned by relative advantage, naturalness,
and novelty, but also by discomfort described by insecurity and uneasiness. Therefore, in
order to increase consumer acceptance of food innovations, effective communication
strategies must be applied to reduce existing mistrust (Albertsen et al. 2020). It must be
noted that the majority of innovative processing technologies are still in the research and
development stage, while those already commercialized are barely applied in the food
industry and only on a small scale. Another condition for their higher commercial exploi-
tation is the development of high-capacity industrial-scale equipment (Poji¢ et al. 2018).

1.5 Relevance of this Book

This book, Innovative Processing Technologies for Healthy Grains, aims to address
innovative cereal science and technology and create a knowledge base relevant for
students, educators, researchers, food processors, and product developers by bringing
together essential information on the nutritional and techno-functional properties of
cereals and pseudocereals and processing techniques utilized to deliver final products
in line with consumer expectations. Innovative cereal processing is associated with the
addition of value to raw materials and final products — increasing safety, modification
of technological properties, and better utilization of functional ingredients and
byproducts. Therefore, innovative cereal processing has a huge potential, but also rep-
resents a real challenge for science, industry, and policymakers, and to a certain extent
for consumers, too. The acceptability of novel foods by consumers is a complex and
challenging issue influenced by many factors, including sensory preferences and
personal factors that need to be perceived and overcome as a prerequisite for the
increased acceptance of food innovations.

This book comes at a time when food and nutrition are intertwined with a number
of trends: the trend toward healthful eating patterns, the increasing adoption of plant-
based diets, and the consumption of high-protein foods, as well as “clean” and “free-
from” labelling — all of them being mostly favorable for grain and cereal-based food.
Moreover, this book comes at a time when efforts are made to ensure the sustainabil-
ity of production and the utilization of byproducts, when legislative restrictions limit
the number of fumigants and storage insecticides, and when the safety and technologi-
cal properties of grains are compromised by incidents of extreme weather conditions
as a result of climate change (e.g. mycotoxin contamination).



6 CH1 PROCESSING TECHNOLOGIES FOR HEALTHY GRAINS: INTRODUCTION

Acknowledgment

M. Poji¢ would like to acknowledge the financial support of the Ministry of
Education,Science and Technological Development of the Republic of Serbia
(No. 451-03-68/2020-14/200222).

References

Akkoc, Y., Lyubenova, L., Grausgruber, H. et al. (2019). Minor cereals exhibit superior
antioxidant effects on human epithelial cells compared to common wheat cultivars.
Journal of Cereal Science 85:143-152.

Albertsen, L., Wiedmann, K.-P., and Schmidt, S. (2020). The impact of innovation-related
perception on consumer acceptance of food innovations — development of an inte-
grated framework of the consumer acceptance process. Food Quality and Preference 84:
103958.

Asbran (Associagdo Brasileira de Nutri¢do) (2017). Celiacos: faltam estatisticas e protocolos
no Brasil. https://www.asbran.org.br/noticias/celiacos-faltam-estatisticas-e-protocolos-
no-brasil (accessed 17 June 2020).

Awika, .M. (2011). Major cereals grains production and use and around the world. In:
Advances in Cereal Science: Implications to Food Processing and Health Promotion
(eds. .M. Awika, V. Piironen and S. Bean), 1-13. American Chemical Society.

Békés, F., Schoenlechner, R., and Tomoskozi, S. (2017). Ancient wheats and pseudocereals
for possible use in cereal-grain dietary intolerances. In: Cereal Grains,2e (eds. C. Wrigley,
1. Batey and D. Miskelly), 353-389. Woodhead Publishing.

CBI (2019). The European market potential for healthy snacks with grains, pulses and
oilseeds. https://www.cbi.eu/market-information/grains-pulses-oilseeds/healthy-snacks/
market-potential (accessed 6 July 2020).

Dapcevi¢-Hadnadev, T., Hadnadev, M., and Poji¢, M. (2018). The healthy components of
cereal by-products and their functional properties. In: Sustainable Recovery and
Reutilization of Cereal Processing by-Products (ed. CM. Galanakis), 27-61. Woodhead
Publishing.

El-Chammas, K., and Danner, E. (2011). Gluten-free diet in nonceliac disease. Nutrition in
Clinical Practice 26:294-299.

FAO (2020). FAOSTAT Database: Data on crop production for the year 2000-2018. http:/
www.fao.org/faostat/en/#data/QC (accessed 6 April 2020).

Fasolin, L.H., Pereira, R.N., Pinheiro, A.C. et al. (2019). Emergent food proteins — towards
sustainability, health and innovation. Food Research International 125: 108586.

Galanakis, C. (2020). Food waste valorization opportunities for different food industries.
In: The Interaction of Food Industry and Environment (ed. C. Galanakis), 341-422.
Academic Press.

Goldberg, G. (ed.) (2003). Plants: Diet and Health. The Report of the British Nutrition
Foundation Task Force. Oxford: Blackwell.

Hernandez-Herndndez, H.M., Moreno-Vilet, L., and Villanueva-Rodriguez, S.J. (2019).
Current status of emerging food processing technologies in Latin America: novel non-
thermal processing. Innovative Food Science & Emerging Technologies 58:102233.

Kulp, K. and Ponte, J.G. (eds.) (2000). Handbook of Cereal Science and Technology, 2e.
New York: Marcel Dekker.

Mascaraque, M. (2018). What the new health and wellness data is telling us: a look
into latest trends. https:/blog.euromonitor.com/new-health-wellness-data-look-latest-
trends (accessed 24 April 2020).



REFERENCES 7

Mota, C., Santos, M., Mauro, R. et al. (2016). Protein content and amino acids profile of
pseudocereals. Food Chemistry 193: 55-61.

Newberry, C., McKnight, L., Sarav, M. et al. (2017). Going gluten free: the history and
nutritional implications of today’s most popular diet. Current Gastroenterology Reports
19: 54-61.

Poji¢, M., Misan, A., and Tiwari, B. (2018). Eco-innovative technologies for extraction of
proteins for human consumption from renewable protein sources of plant origin. Trends
in Food Science & Technology 75:93-104.

Remes-Troche, .M., Cobos-Quevedo, O.D.J., Rivera-Gutiérrez, X. et al. (2020). Metabolic
effects in patients with celiac disease, patients with nonceliac gluten sensitivity, and
asymptomatic controls,after sixmonths of a gluten-free diet. Revista de Gastroenterologia
de México (English Edition) 85 (2): 109-117.

Rosentrater, K.A. and Evers, A.D. (eds.) (2018). Introduction to cereals and pseudocereals
and their production. In: Kent’s Technology of Cereals, 5¢,1-76. Woodhead Publishing.

Schoenlechner, R., Siebenhandl, S., and Berghofer, E. (2008). Pseudocereals. In: Gluten-
Free Cereal Products and Beverages (eds. E.K. Arendt and F.D. Bello), 149-190.
Academic Press.

Venskutonis, P. and Kraujalis, P. (2013). Nutritional components of amaranth seeds and
vegetables: a review on composition, properties, and uses. Comprehensive Reviews in
Food Science and Food Safety 12:381-411.



Introduction to Cereal
Processing: Innovative
Processing Techniques

Uma Tiwari and Milica Poji¢?

ISchool of Food Science and Environmental Health, Technological University Dublin, City Campus,
Dublin, Ireland
2 Institute of Food Technology, University of Novi Sad, Novi Sad, Serbia

2.1 Introduction

Globally, cereals and their products have become a part of one’s daily diet. Cereals are
edible grains of the family of Poaceae or Gramineae. The largest group within this
grass family, cereals consist of more than 10000 species and are commonly consumed
around the world. Shewry and Tatham (1999) studied the taxonomy of cultivated cere-
als and classified them under different subfamilies: Bambusoideae, Festucoideae,
Panicoideae and Chloridoideae (Figure 2.1).

Many cereals belong to the subfamily Pooideae (also known as Festucoideae), such
as wheat, barley, and rye, belonging to the tribe Triticeae, while oats belong to the
tribe Aveneae. Rice belongs to the subfamily Bambusoideae, while the minor grains
such as finger millet (also known as ragi) and teff are classified under the subfamily
Chloridoideae (Shewry and Tatham 1999). According to the Food and Agriculture
Organisation of the United Nations (FAO) Statistics Database (FAOSTAT) on crop
statistics (FAO 2016), rice, wheat, maize (corn) and sorghum occupy vast harvested
areas compared with other cereal crops. Therefore, they are classified as major cere-
als, as opposed to minor cereals based on their production and utilization levels. For
instance, according to Healthy Minor Cereals (2016), wheat and barley are the most
important cereals while spelt, einkorn, rye, and oats are minor cereals.

The FAOSTAT database shows that the overall production of cereal grains increased
from the year 2018 to 2000 for maize (48.4%), wheat (20%), rice (23%), sorghum
(6%), and barley (6% ). The OCED-FAO Agricultural Outlook (2018-2027) indicates
that global cereal (e.g. wheat, rice, and maize) production will increase by 176 Mha
between 2017 and 2027 Thus, cereal production is indispensable to feeding the growing
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Family | Sub-Family | | Tribe | Species

Bambusoideae

Triticum (wheat)

Hordeum (barley)

Triticeae
Aveneae

Pooideae

Secale (rye)

Avena (oats)
Panicum '

(proso millet) !

Paniceae Pennisetum
(pearl millet)

Setaria

Andropogoneae (foxtail millet) ;

:

|
e
Coix (Job’s tears)
Finger millet
Eragrostis (Teff)

Gramineae
Panicoideae

Chloridoideae

Figure 2.1 Taxonomic relationships of cereals. Source: adapted from Shewry et al. (1992).

population (i.e. 6-8.3 billion by 2030) and world consumption is forecast to increase
from 2.6 to 2.9 billion tonnes (OECD-FAO 2018). Due to the high content of starch,
cereal foods provide high amounts of energy in a diet; this is followed by other major
nutrients such as dietary fiber, nonstarch carbohydrates, and proteins, and minor nutri-
ents. Cereals are utilized in various forms (e.g. bread and bakery products, breakfast
cereals, cookies, porridges, extruded snacks, etc.) around the world and consumed either
partially or fully processed. However, cereals require appropriate post-harvest manage-
ment followed by primary and/or secondary processing to produce suitable end prod-
ucts. Nowadays, researchers working on cereal and cereal products are focussed on the
implementation of innovative processing methods in combination with traditional
methods to achieve healthy and beneficial cereal-based products. Cereal scientists are
moving toward the trend of sustainable production of end or final products with more
nutrients, that are high in functional properties and low in allergenicity, and increase the
safety of the products with processing techniques. Therefore, this chapter provides a
detailed overview of cereal characteristics, grain structure and composition, and pro-
cessing methods with special emphasis on innovative processing techniques.
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2.2 Characteristics of Cereals

The characteristics of cereals vary in terms of the specification of inflorescences, roots,
stem, types of leaves, and kernel structure. The kernel structure is the main character-
istic that determines the mode of processing.

2.2.1 Cereal’s Inflorescences

Inflorescence structure directly affects the yield of grains and it varies with species,
diversity of branching architecture, size, and number of kernels (Kyozuka et al. 2014;
Bommert and Whipple 2018). Cereals such as wheat, rye, barley, and oats have a
spiral arrangement of leaves on the stem while some species consist of alternate leaf
arrangements (Kellogg et al. 2013). In cereals, each flower produces one seed,
depending on the design of the inflorescence (panicle or spike), which controls the
yield of the cereal grains — the panicle inflorescence (rice and sorghum), spike
inflorescence (wheat, barley, and rye), panicle attached to the central axis (oats and
millet), etc. Inflorescences also differ in their arrangements of branches, i.e. short or
long branches. For example, rice has many long branches bearing single spikelets
whereas sorghum consists of short branches bearing two spikelets (Doust 2007;
McSteen et al. 2000; Vollbrecht et al. 2005).

2.2.2 Cereal’s Roots

Gramineae possess two distinct root systems, mainly consisting of primary or seminal
roots and coronal roots. Most cereals, such as rice, wheat, oats, millet, and sorghum,
have both primary and secondary root systems. The root system of rice is generally
shallow and suitable for flooded conditions, while maize has a more complex root
system with an embryogenic primary root (first root) followed by seminal roots, crown
roots and aerial nodal roots (Hetz et al. 1996). The primary roots or seminal roots are
generally intact until the time of harvest, while the coronal root provides stronger
anchorage and prevent the plant falling over. These root systems absorb and secure
uptake of water and nutrients including nitrogen (Aiken and Smucker 1996).

2.2.3 Cereal’s Stems and Leaves

The stems are usually hollow, divided into series of nodes and internodes, elongated in
shape, and grow up to approximately 30-40m long, but this varies with different species.
Inrice, the lower internodes are shorter than the upper internodes, providing greater plant
resistance against waterlogging (Weaver and Zink 1945). As is well known, the stem con-
nects the roots and other parts of the plant, and thus helps the transport of water, minerals,
and sugars. In some rice varieties, aerenchyma tissue formation enables oxygen to be sup-
plied to the roots and root nodules, thus reducing waterlogging. In some cases, the stem
diameter and height also influence the resistance of the plant to waterlogging. The leaves
of the grass family consist of a sheath that encloses the culm and opens out into the leaf
blade, which is long and narrow with blunt tip. For example, sorghum leaf blades are
smaller, flat, and pointed in structure while maize leaves are broader in shape. Moreover,
leaves are arranged alternately on the stem with one leaf per node, allowing the produc-
tion of sufficient carbohydrates during photosynthesis (Weaver and Zink 1945).
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2.3 Kernel Structures

All cereals share the common basic anatomy of a kernel (Alldrick 2017). The anatomy
of wheat and rice kernels is given in Figure 2.2.

Following the fertilization stage, seeds are developed from the ovule and contain
the embryo surrounded by outer layers such as the husk, seed coat (pericarp and
testa), aleurone layers and endosperm. Monocotyledon grains (rice, wheat, barley,
oats, etc.) consist of seeds that contain one cotyledon or one embryonic seed leaf
(Hoseney 1994).The kernel tissue of greatest nutritional significance is the endosperm,
composed of cells filled with nutrients to sustain the embryo during the germination
process. It is well known that cereals are major source of carbohydrates, protein, cer-
tain vitamins, minerals, and phytochemicals, which satisfy energy needs and provide
health benefits for humans (Goldberg 2003). In particular, cereals mainly consist of
carbohydrates in the form of polysaccharides — primarily starch located in the
endosperm (56-74%) and fiber, primarily arabinoxylans, p-glucans, and cellulose
located in the bran layer — followed by protein ranging from 8 to 12% (Koehler and
Wieser 2013). Table 2.1 gives an overview of the major nutrients present in cereals.

2.3.1 Rice

Rice or paddy is covered by a hull or husk, which constitutes about 18-28% of the
weight of the grain, and the caryopsis (also known as brown rice), which constitutes
about 72-82% of the weight of the grain. The caryopsis consists of the outer pericarp

Wheat Rice
—= Awn

Seed coat * Hull

Aleurone layer —= Aleurone layer

—= Endosperm

Pericarp

Groove Seed coat ~ Rice
Nucellus -
Aleuronic layer
» Endosperm

Coleoptile

Plumule

Scutellum » Embryo

X Radicle
Root cap
Coleorhiza * Stalk

Figure 2.2 Structure of wheat (left) and rice kernels (right).
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Table 2.1 Composition of cereals.

Cereals Crude Crude Ash Crude Digestible Starch Total Total
protein fat (%) (%) fiber CHO (%) (%)  dietary  phenolics
(%) (%) fiber (%) (mg/100g)

Wheat 10.6 1.9 1.4 1 69.7 64 12.1 20.5

Maize 9.8 4.9 1.4 2 63.6 62.3 12.8 2.91

Brown 7.3 2.2 1.4 0.8 64.3 77.2 3.7 2.51

Rice/

Paddy

Barley 11 3.4 1.9 3.7 55.8 58.5 15.4 16.4

Sorghum 8.3 3.9 2.6 4.1 62.9 73.8 11.8 43.1

Pearl Millet 11.5 4.7 1.5 1.5 63.4 60.5 7 51.4

Oats 9.3 5.9 23 23 62.9 52.8  15.4 16.4

Rye 8.7 1.5 1.8 2.2 71.8 68.3 16.1 13.2

(Source: FAO 1999; Saldivar 2003)

layer (1-2%), the aleurone layer or bran (5%), the germ or embryo (2-3%), and the
starchy endosperm (89-91%). The aleurone layer, which encloses the embryo, has one
to five cell layers, being thicker at the dorsal surface than the ventral surface. Generally,
the aleurone layers are thicker in short-grain than in long-grain rice, and the starchy
endosperm is the whitest portion of the rice caryopsis (Juliano and Tuafio 2019). Milling
of rice removes the outer cover by dehusking (removal of husk) and polishing (removal
of bran), producing the edible endosperm (white polished rice) for human consump-
tion. The dehusking process also removes the different layers of rice and thereby
removes quantities of fat, carbohydrates, protein, and fiber, influencing the nutritional
value of rice (Fernando 2013). The more that polishing given to the rice grains, the
more that fats, proteins, thiamine, and other vitamin-rich compounds are removed.

2.3.2 Wheat

The wheat kernel consists of three main anatomical parts: the bran (seed coat), the
endosperm and the embryo (germ). Generally, the germ comprises about 2-3% of
the kernel, the bran 13-17%, and the starchy endosperm makes up about 83-85% of
the kernel’s weight (Pomeranz 1982). The aleurone layer is the outermost layer of the
endosperm, generally attached to the outer coat, which in successive grinding and
sieving operations in an industrial roller mill ends up in tail-end break and reduction
flour mill streams or attached to bran particles (Poji¢ et al. 2014). Milling separates
these layers from the wheat kernel prior to the production of refined flour. Generally,
the inner bran layer is high in protein, fat, and minerals, and the outer layer of the bran
is high in cellulose and hemicelluloses. Wheat germs are also good sources of vitamins
B and E, minerals, lysine, and unsaturated fatty acids.

2.3.3 Maize

The maize kernel consists of the pericarp, the hull or bran, the germ or embryo, the
endosperm, and the tip cap, a conical structure of dead tissue where the kernel joins
the cob. The maize kernel has a relatively larger germ than other cereals, placed in the
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lower portion of the endosperm. The endosperm represents approximately 70-86% of
the kernel and contains mainly starch (876%) and protein (8% ). Maize germ ranges
from 7 to 22% of the kernel and consists of high levels of lipids (18-41%), protein
(12-21%), and starch (6-21%), but it is also rich in unsaturated fatty acids, tocopherols,
tocotrienols, and carotenoids (FAO 1992; Navarro et al. 2016). Moreover, the maize
kernel also contains phytate, acting as an endogenous toxic compound and antinutri-
tive factor in monogastric species that are not able to utilize a large amount of miner-
als (Humer et al. 2015). The corn kernel is flattened, wedge-shaped, and broader at the
apex end than at the point of attachment to the cob. Maize kernels are processed by
dry milling to produce primary products such as brewers’ grains, snack food grits, and
flour, and wet milling to obtain corn starch and a wide assortment of byproducts such
as corn bran, germ meal, and corn protein meal (FAO 1992; Papageorgiou and
Skendi 2018).

2.3.4 Barley

Barley kernels are spindle-shaped, comprising the caryopsis (one-seeded fruit)
covered by the hull or husk. The hull or husk represents 10-13% of the dry weight of
the kernel, but this might vary with the dehulling process, which may remove up to
20% of the kernel weight. The endosperm cell walls are mostly composed of p-glucan
(70%) (Tiwari and Cummins 2009). The aleurone layer contains cells in two or three
layers, depending on cultivars. The caryopsis consists of the pericarp, the seed coat, the
germ or embryo, and the starchy endosperm, accounting for 80% of the total grain
weight. The barley embryo is generally located at the end of the caryopsis on its dorsal
side. “Hull-less” barley has a loosely attached hull that falls off during harvesting and
threshing (the removal of grains from the chaff) (Evers and Millar 2002).

2.3.5 Oats

Oat caryopses (groats or kernels) are similar to those of wheat and barley, and com-
posed of the bran, the endosperm and the germ. The caryopsis and the hull account for
65-75% and 25-35% of the whole kernel respectively. The oat germ is located on the
dorsal side of the caryopsis so that it is partly covered by the lemma, which comprises
about 2-3 leaf shoots of the plumule and about 2-3 rudimentary roots of the radicle
(Welch 2012). The bran comprises layers of tissue and aleurone cells located in the outer
layers of the groat, whereas the endosperm (55-80%) is located inside the wall layers
of the groat and composed of starch, protein, lipids, and the major concentration of
pB-glucans (Tiwari and Cummins 2009).

2.3.6 Rye

Rye grains are arranged in a zigzag fashion on the rachis and are covered with a
lemma, a palea, and a glume. On maturity the grains fall off easily during threshing.
The grains are usually grayish-yellow in color with a shrivelled and rough surface. Rye
kernels are composed of 86.5% starchy endosperm, followed by the bran (10%) and
the germ (3.5%). During the milling process, the bran and germ of the rye kernel are
separated from the endosperm and milled into flour (Bushuk 2004).
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2.3.7 Sorghum

The three principal anatomical components of the basic sorghum kernel are the pericarp,
the germ, and the endosperm, which account for 6, 10, and 84 % of kernel weight, respec-
tively. However, these proportions vary with different sorghum cultivars. The endosperm
is the largest part of the kernel and has a comparatively poor mineral and oil content. The
endosperm contributes mainly to the kernel’s protein (80%), starch (94%) and B-com-
plex vitamin (50-75%) compositions, whereas the germ contains 68% of the minerals,
75% of the oil and 15% of the protein of the whole kernel (FAO 1995). Therefore, pro-
cessing leads to removal of the outer pericarp, increases the relative protein level, and
reduces the cellulose, lipid, and mineral content in the grain. For example, Alvarenga
et al. (2018) demonstrated the effects of milling sorghum into various fractions to pro-
duce animal feed with a good protein content. They concluded that mill-feed fractions
contained a higher level of crude protein (13.4% ) compared with flour (9.68% ), indicat-
ing the potential benefits of utilizing the milling fraction for human and animal feed.

2.3.8 Millet

Millet kernels comprise about 7-10% pericarp, 15-21% germ, and 70-76%
endosperm. Four major millet species are pearl millet, foxtail millet, proso millet,
and finger millet. The pericarp of pearl millet is strongly attached to the seed
(caryopsis), whereas in proso, finger, and foxtail millets the pericarp is attached to one
point on the seed. The endosperm of millet is divided into the peripheral, outer, hard
endosperm and the inner, floury endosperm, while the germ constitutes up to one third
of the pearl millet caryopsis. The relative proportions of the endosperm and germ in
millet are about 4.5 : 1,1.e. the germ constitutes ~20% of the weight of the whole kernel
(FAO 1995). The distribution of the total amount of protein within the pearl millet
grain is 60% in the endosperm, followed by 31% in the germ, and 9% in the pericarp.
The protein content in pearl millet is in the range 8-23%, while proso millet contains
11-13% protein (Lestienne et al. 2005; Serna-Saldivar and Rooney 1995).

2.4 Processing of Cereals

In order to derive the nutritional benefit from cereal grains and increase their digest-
ibility and palatability they must be subjected to a certain type of processing involving
one or a combination of different mechanical treatments — threshing during which the
outer seed coats are removed, milling during which the particle size is reduced and
grain converted into a flour of some type, and/or thermal processing (e.g. cooking,
roasting, or baking).

The anatomy of the cereal kernel also affects the types and routes of contaminants (e.g.
mycotoxins, pesticides, or heavy metals) and endogenous toxic compounds presenting a
potential hazard when consumed. Although the level of endogenous toxic compounds in
cereals is low, two compounds of interest are phytate and tannins. Their anatomical dis-
tribution depends on the type of cereal grain: phytate is found to be predominantly
located in the germ of maize, the aleurone layer of wheat, and uniformly distributed
through millet (Alldrick 2017). The need to make grain digestible and palatable, but also
safe for consumption, conditioned the development of novel process technologies as one
of the mitigation strategies to reduce the risk of contamination (Alldrick 2017).
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Although cereal grains are structurally different and are harvested in different
seasons, the general post-harvest treatments and processing regimes are applicable to
most of them. Between harvest and consumption, cereals are subjected to a number
of processing stages, which can be divided into:

1. Cereal grain storage, which includes preparative operations on harvested grain for
safe storage such as threshing, pre-cleaning the grain mass, drying, and segregation;

2. Primary processing, which includes further cleaning, grading, removing the husk or
reduction of the size, milling and sieving, tempering, parboiling, and soaking; and

3. Secondary processing, which includes all processing operations that transform the
grains into edible products, such as fermentation, baking, puffing, flaking, frying,
and extrusion.

The principal primary cereal processing operation is milling, which is classified in
two categories: dry and wet milling. Dry milling separates the outer fibrous materials
and germ from the starchy endosperm to obtain semolina, grits and flour (in the pro-
cessing of wheat, rye, and maize), but it also refers to pearling in which the seed coat
(testa and pericarp) and aleurone and subaleurone layers are removed by abrasion to
obtain the polished grain (in the processing of rice, oats, and barley). Wet milling is
applied for the production of starch and gluten (in the processing of wheat and maize)
(Papageorgiou and Skendi 2018). All of these processing steps are characterized by a
slow pace of innovation due to the utilization of traditional technologies. Today, inno-
vation is considered a key driver of economic growth; the innovation performance of
cereal and healthy grain processing needs to be boosted. Several innovative process-
ing technologies have emerged which can be coupled with traditional cereal
processing technologies to increase the quality and safety of the grains, to minimize
the changes to or loss of nutritional composition and sensory attributes, to increase
the sustainability of production and to decrease the amount of byproducts (Figure 2.3).
Given that traditional cereal processing has already been extensively represented in
the literature, this chapter will address only emerging innovative processing solutions
for cereals and other healthy grains and their products.

2.5 Innovations in Post-harvest Processing

2.5.1 Irradiation of Cereal Grains

The utilization of ionizing radiation (e.g. x-rays or y-rays) in the post-harvest treat-
ment of cereals mainly refers to the disinfection of grains with pathogens such as
Salmonella, Campylobacter, Escherichia coli, and viruses, and the disinfestation of
grain mass (Bhattacharjee and Singhal 2016). The application of irradiation as an
alternative technology to fumigation with ethylene oxide should be noted, due to the
remaining toxic residues (Arvanitoyannis and Stratakos 2010).

2.5.2 0zone Technology in Post-harvest Cereal Processing

Due to strong the oxidant properties of ozone, ozone treatment is considered an eco-
friendly and cost-effective food processing technique applicable in the cereal industry
as an effective agent for (i) the fumigation of stored grains, (ii) microbiological
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Figure 2.3 Innovative processing technologies in the cereal value chain.

disinfection, (iii) the treatment of mycotoxin-contaminated cereals, and (iv) the modi-
fication of the physico-chemical properties of the major components of cereals (e.g.
starch and protein). However, ozone treatment may influence the color, storage, and
germination capacity of the grains, as well as the rheological and textural properties of
the products thereof (Tiwari et al. 2010; Zhu 2018). Granella et al. (2018) reported the
application of ozone technology along with drying in the post-harvest processing of
naturally contaminated wheat seeds. The beneficial effect of ozone treatment (ozone
exposure for 45 minutes and drying at an air temperature of 50 °C) was reflected in a
total reduction of the fungal count of 92.86%, i.e. a reduction from 1.87 to 0.13 cfu/g,
during which the physiological qualities of the wheat grains — germination, vigor, and
electrical conductivity — were not affected. Since fungal contamination of grains is
often associated with mycotoxin production, it was shown that ozonization was an
effective treatment for the inactivation of Fusarium graminearum and the reduction
of deoxynivalenol contamination when grains were exposed to 60 mmol/mol of ozone
for 120 minutes (Savi et al. 2014), as well as the reduction of zearalenone and ochra-
toxin A in contaminated corn (Qi et al. 2016).

The authors noted small changes in color (whiteness increased while yellowness
decreased) and fatty acid content following ozone treatment of 180minutes (Qi
et al. 2016). The effective applicability of ozone technology for the degradation of
pesticide residues in stored grains was demonstrated by several authors, where the
degradation efficiency was directly proportional to the period of exposure: pirimiphos-
methyl residues (Freitas et al. 2017), deltamethrin and fenitrothion (Savi et al. 2015),
and bifenthrin and pirimiphos-methyl residues (Savi et al. 2016). The potential of ozo-
nation in controlling the enzymatic activity of wheat flour in its fluidized state was
demonstrated by Piechowiak et al. (2018).
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2.5.3 Cold Plasma Technology in Post-harvest Cereal
Processing

The utilization of cold plasma technology within the cereal production chain has a
twofold character: for effective bio-decontamination and for eco-innovative transfor-
mation of the techno-functional properties of grain and grain-based products (Los
et al. 2017). The bio-decontamination of microorganisms, mycotoxins and pesticides is
based on the generation of reactive oxygen and nitrogen species that can react with
the contaminants on the surface of the cereal (Los et al. 2017; Wielogorska et al. 2019).
So far, highly variable efficacy has been reported in terms of the decontamination of
mycotoxins, being dependent on a number of factors, such as the nature of gases,
plasma exposure time, and the formation of byproducts and their toxicity. However, a
detrimental influence of cold plasma treatment on cereal matrixes (especially those
rich in antioxidants and lipids) is possible, affecting their nutritional composition.
Therefore, more research is needed to determine the balance between the possible
detrimental effects on the nutritional composition of cereals and the beneficial effect
of their detoxification (Wielogorska et al. 2019).

2.6 Innovations in Primary Cereal Processing
2.6.1 Dry Milling of Cereals

Dry milling (roller or abrasive milling), as a traditional process, could be considered as
having low innovation potential because the basic principle of dry milling — sequential
processes of particle size reduction and separation — has not changed in over decades.
For instance, by successive grinding and sieving operations, the gradual fragmentation
of wheat kernels occurs, resulting in a partial separation of bran, germ, and starchy
endosperm. However, roller mills are usually applied to wheat and corn, while abra-
sive milling techniques are applied to barley, rice, and other cereals due to strong
adherence of their hull to the pericarp (Poji¢ et al. 2014).

2.6.1.1 Roller Milling Traditional milling industries have been developing with
incremental innovations that imply the application of more efficient roller mills and
automation (Bock and Sweley 2018). Innovation in the dry milling sector is not fre-
quent, but it still exists. A patented process for the production of ultrafine-milled
whole-grain wheat flour (with particle sizes less than or equal to 150 pum) by a com-
bined process of roller and gap milling enables flour to be obtained with the full
nutritional value of wheat kernels, while retaining the texture of refined wheat flour
(Arndt and Korolchuk 2014; Korolchuk 2008).

Another innovative solution applicable in roller milling is the integration of accel-
erating-breaking rollers, which have a larger diameter than those within the grain
guiding hopper, to enable high-speed milling (Kértesz 2009).

2.6.1.2 Other Milling Methods Conventional grain processing by roller milling is
often associated with the loss of the nutritional value of the whole cereal kernel.
Therefore, certain novel processing techniques have been proposed to improve the
quality of the milling products while preventing nutritional losses in an eco-friendly
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manner (Singh et al. 2015). Milling procedures that involve the utilization of different
types of mills result in flour of the desired quality for the desired end purpose. The
application of burr and blade mills is suitable for obtaining coarse flours; pin, hammer,
and turbo mills are suitable for obtaining fine flours; while jet mills are suitable for
obtaining ultrafine flours (Lee et al. 2019). These grinding methods are more suitable
for grinding cereal kernels other than wheat, and novel cereal-based raw materials,
such as germinated cereals. Jet milling is a high-air-pressure milling technique in which
powder microparticles are obtained with a relatively narrow particle size distribution
(Lazaridou et al. 2018). In a jet milling process it is possible to obtain fine and ultrafine
flour fractions with particle sizes of d, <21 pm and d, <12 um respectively. The reduc-
tion of flour particle size in a jet milling process affects the level of damaged starch and
the content of water-soluble arabinoxylans, but does not affect their molecular struc-
ture and apparent peak molecular weight. Moreover, the reduction of flour particle
size by jet milling affects the rheological behavior of dough and dough-handling prop-
erties, enabling the production of a specific end-use flour. The change in rheological
behavior of dough was reflected in an increase in the dough’s resistance to deforma-
tion, elasticity, and zero shear viscosity. With the decrease in flour particle size, the
dough became harder with higher consistency, more sticky and gummy, and exhibited
longer half relaxation time, lower relaxation rate, and higher elongational viscosity
(Lazaridou et al. 2018).

2.6.1.3 Micronization Ultrafine grinding, also known as micronization, is per-
formed to increase the accessibility of the bioactive compounds from the ground
material. The novelty of the micronization process in contrast to traditional dry milling
is that the entire cereal kernel is processed without any byproducts. A similar process
was utilized for the enrichment of barley flours with p-glucans, alkylresorcinols and
phenolic compounds (Ferrari et al. 2009; Gomez-Caravaca et al. 2015).

2.6.2 Novel Fractionation Methods

2.6.2.1 Air Classification Micronization is sometimes combined with an air clas-
sification process, in which the resulting flour particles are separated into different
fractions according to the size and density. Obtaining a fraction with a higher content
of the compounds of interest is possible, by varying some of the air classification
parameters, such as air flow rate. Ficco et al. (2018) demonstrated the utilization of air
classification to obtain anthocyanin-rich fractions of durum and soft pigmented
wheats. They reported a significant reduction in the estimated glycaemic index follow-
ing the incorporation of the durum fractions in bread making. Likewise, a similar tech-
nique was utilized to obtain protein-enriched barley ingredients, as demonstrated by
Silventoinen et al. (2018).

2.6.2.2 Electrostatic Separation FElectrostatic separation appears to be a superior
dry classification method to air classification, and can also be coupled with ultrafine
grinding (Sibakov et al. 2014). The principle of electrostatic separation is based on
charging the material to be separated by tribo-electrification, then introducing it into
an electric field, where the material is separated depending on the acquired charge.
Sibakov et al. (2014) demonstrated obtaining the p-glucan-enriched fractions from oat
bran, which were electrostatically separated from particles rich in arabinoxylan.
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Although ultrafine grinding and electrostatic separation represent energy-demanding
technologies, they do not require any liquids or solvents to obtain enriched compo-
nents, which is considered environmentally friendly. Moreover, they are more efficient
techniques than conventional fractionation methods such as sieving and air classifica-
tion, which allow p-glucan fractions up to 20-25% concentration to be obtained, com-
pared with 42.2-48.4% after one or two successive electrostatic separations (Sibakov
et al. 2014). Hemery et al. (2011) demonstrated the utilization of electrostatic separa-
tion to obtain purified fractions from wheat bran, where particles rich in highly
branched and cross-linked arabinoxylans from the pericarp were separated from par-
ticles rich in f-glucan, ferulic acid, and para-coumaric acid from the aleurone cell walls.
The most positively charged fraction represented was 34% of the initial bran and con-
tained 62% of the ferulic acid present in the initial bran.

2.6.3 Alteration of the Techno-functional Properties
of Cereals and Flours

2.6.3.1 Irradiation Technology Apart from microbiological effects, irradiation
causes side effects on nutritional, rheological, and textural properties, by affecting
starch, proteins, and other biomolecules (pectins, cellulose, or added hydrocolloids)
(Arvanitoyannis and Stratakos 2010; Bhattacharjee and Singhal 2016). Thus, gamma
irradiation appeared to be a useful technology applicable to the modification of the
physico-chemical and functional properties of cereal flours in order to obtain targeted
raw materials for the production of specific bakery products like breads, biscuits, and
cookies (Bashir et al. 2017; Bhat et al. 2016).

Irradiation causes the physical modification of starch molecules and the breaking of
hydrogen bonds within starch molecules. Thereby, the starch molecules are cleaved
into smaller polysaccharide units and the viscosity of the irradiated starches is reduced.
The extent of starch damage depends on irradiation doses, being visually undamaged
at low doses of irradiation, but severely damaged at higher doses of irradiation
(100kGy). Doses of radiation typically applied in cereal industries for phytosanitation
purposes are within the range of 0.15-0.50kGy (Ravindran and Jaiswal 2019).
However, changing physico-chemical properties requires higher irradiation doses.
Bashir et al. (2017) demonstrated changes to the physico-chemical, thermal, and func-
tional properties of whole wheat flour induced by y-irradiation, as well as the proper-
ties of starch extracted after irradiation. The changes to physico-chemical properties
from y-irradiation were reflected in decreases in pasting parameters (peak viscosity,
final viscosity, setback, and breakdown values) and increased freeze-thaw stability,
water solubility, and water absorption capacity, while a decreasing trend was observed
in case of syneresis. Similar changes to the pasting properties of oat starch extracted
from oat seed irradiated by 5, 10, 15, and 20k Gy were reported (Mukhtar et al. 2017).
Irradiation also influenced changes to syneresis, solubility index, swelling index, and
light transmittance values in comparison with nonirradiated counterparts. Irradiation
influenced the formation of ridges on the surface of starch granules, as well as causing
a significant improvement in antioxidant activity in the extracted starches (Mukhtar
et al. 2017). Improvements in antioxidant activity in pigmented brown rice flour were
observed by Sultan et al. (2018) at irradiation doses of 2, 5 and 5kGy. By applying
y-irradiation doses of 2.5 and 5kGy to whole wheat flour, Bhat et al. (2016) deter-
mined decreases in water and oil absorption, swelling power, and emulsion capacity,
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and increases in the water solubility index, emulsion stability, foaming capacity, and
stability. Lee et al. (2013) demonstrated the formation of resistant starch in corn starch
with different amylose content (e.g. normal, waxy, and high-amylose corn starch) when
irradiated at 5, 10, 25, and 50kGy. The increase in resistant starch content was noticed
with the lowest radiation dose of 5kGy, being most pronounced at doses of S0kGy. It
was found that the irradiation-induced resistant starch content was most evident in
waxy corn starch, followed by high-amylose corn starch and normal corn starch.

2.6.3.2 0zone Technology The potential of ozonation for controlling the enzy-
matic activity of wheat flour in its fluidized state was demonstrated by Piechowiak
et al. (2018). Ozonization decreased the total activity of amylases, proteases, and
lipases, while increasing the activity of lipoxygenases. This can serve as a starting
point for the development of solutions in milling and baking plants where ozoniza-
tion can be coupled with pneumatic transport and/or raw material dosing. Moreover,
to eliminate the usage of chemicals with an oxidizing effect commonly used for flour
quality standardization, ozonization may be applied as an alternative to the chlorine
or potassium bromate treatment of soft wheat flour for cake- and/or bread-making
(Chittrakorn et al. 2014; Sandhu et al. 2011). Ozonization of flour resulted in a
higher number of crumb cells and larger bread loaf volumes when optimal treat-
ment conditions were selected (36 minutes; and 2, 4.5, and 9 minutes of ozone expo-
sure, respectively) (Sandhu et al. 2011). Obadi et al. (2018) reported improvements
in properties such as the specific volume, color, and crumb cell numbers of bread
produced from ozonized wheat flour. Gozé et al. (2017) demonstrated the effects of
ozone on the molecular properties of wheat grain proteins and consequently on the
bread-making quality of the flours thereof. Due to the action of ozone, a significant
reduction in the sodium dodecyl sulfate (SDS)-solubility of the wheat prolamins
was observed, due to the formation of new intermolecular S S bonds and other types
of intermolecular covalent crosslinks, and changes in secondary structure. They
observed changes in the rheological properties of dough, such as an increase in the
tenacity of the dough and a decrease in the extensibility of the dough. Likewise, the
ozone treatment of wheat seeds showed no physico-chemical modification of starch
or changes in its molecular structure, except that a slight increase of carboxyl groups
was reported with increasing ozonation (Gozé et al. 2016). On the other hand, ozo-
nation caused a decrease in the pasting temperature, decreasing the retrogradation
tendency and increasing the gelatinization percentage of wheat starch (Catal and
Ibanoglu 2014). Bai et al. (2017) indicated the potential of ozonated water for pro-
cessing semi-dried buckwheat noodles: when used as an ingredient of the noodles,
the initial total plate count was reduced by 47%, thus extending the shelf life with
acceptable sensorial properties. Additionally, study by Obadi et al. (2018) reported
that bread made from wheat flour ozonized for 15 minutes was fresher than a con-
trol sample of bread stored under the same conditions, due to the lower relative
starch crystallinity.

2.6.3.3 Cold Plasma Technology One of the eco-innovative transformations of the
techno-functional properties of cereals and cereal products is based on the alteration of
the secondary structure of proteins induced by exposure to cold plasma treatment. It was
observed that dielectric-barrier-discharge atmospheric-pressure cold plasma (DBD-ACP)
induced changes in the structural and functional properties of strong and weak wheat
flours, reflected in changes in the rheological properties of dough. DBD-ACP treatments
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induced increases in the viscoelasticity of the dough depending on the applied voltage
and treatment time, while an improvement in the dough strength and optimum mixing
time for both weak and strong wheat flours was observed (Misra et al. 2015). Likewise,
the inactivation of destructive endogenous enzymes was also reported (Tolouie
et al. 2018). Furthermore, they observed changes in the secondary structure and the
release of amino-acids, with increases in the glutamic acid, asparagine, serine, histidine,
threonine, y-aminobutyric acid, tryptophan, isoleucine, phenylalanine, and proline con-
tent, with the cold plasma treatment of short and long grain rice flour (Pal et al. 2016).
The effects of low pressure plasma treatment on parboiled rice flour were reflected in
the improvement of the flour hydration and gel hydration properties, and the induce-
ment of crosslinking in the flour and depolymerization of the starch (Sarangapani
et al. 2016). They also observed that plasma treatment induced a decrease in the amyl-
ose content, a change in the amylose to amylopectin ratio and an increase in the gelati-
nization temperature. When plasma was applied to the cereal germination process, it
decreased the germination time, while maximizing the content of bioactive phyto-
chemicals (Yodpitak et al. 2019).

2.6.3.4 Ultrasound Technology Ultrasound technology uses sound waves at a fre-
quency of 20kHz, inducing a cavitation phenomenon, which increases the porosity of
the treated material by inducing microstructural changes and the formation of micro-
fissures (Poji¢ et al. 2018). Durak et al. (2016) demonstrated the utilization of ultra-
sonication to inactivate the proteolytic enzymes in suni-bug-damaged wheat, which
appeared to be a successful treatment for this purpose. Along with decreasing the
proteolytic activity of the bug-damaged wheat, sonication did not affect the quality of
the sound wheat. The study noted that a significant increase in the sedimentation
values and the wet and dry gluten content was obtained, depending on the sonication
time. Additionally, they also reported that the total free amino acid and free proline
content in the samples decreased with sonication time. Kaur and Gill (2019) demon-
strated the utilization of high-intensity ultrasonic treatment for the physical modifica-
tion of starch from different cereals. It was shown that ultrasonication increased the
swelling power and solubility of the starches, increased the levels of rapidly digestible
starch and resistant starch, and caused surface and microstructural changes without
compromising the overall integrity of the starch granule. The potential of ultrasonica-
tion to loosen the treated matrix and form micropores was utilized to treat brewing
rice, affecting more rapid water absorption and hydration and decreasing hardness
(Li et al. 2019). Ultrasonic-treated rice exhibited a higher water binding capability,
shorter cooking time and better degree of gelatinization in comparison to untreated
rice. Ultrasound technology appeared to be very useful in upcycling cereal byproducts
and the extraction of bioactives, proteins, and arabinoxylans from brans and germs
(Jiang et al. 2019; Roth et al. 2019; Wen et al. 2019). While treating the matrix to
increase the extraction yield of the compound of interest, the ultrasonic treatment is
able to alter the secondary and tertiary structures of proteins and enhance the expo-
sure rate of hydrophobic amino acids (Wen et al. 2019). Furthermore, the potential of
high-intensity ultrasound (20-100kHz) to alter the allergenicity of several foods has
been demonstrated (Li et al. 2016; Shriver and Yang 2011), but its potential to alter
the allergenicity of cereals has yet to be demonstrated.

2.6.3.5 High-Pressure Technology High-pressure processing (HPP) is one of
the emerging processing technologies utilized in the cereal industry for the inhibi-
tion of the growth of foodborne pathogens, using pressures from 400 to 900 MPa
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(Alcazar-Alay and Meireles 2015). Although the main initial utilization of high pressure
was for food preservation, it was recently identified for its potential to change the
functional properties of food biopolymers — particularly proteins and starches. HPP
can induce the denaturation, aggregation, or gelation of proteins, depending on the
protein system, the treatment temperature, the duration and amount of applied pres-
sure, and the protein solution conditions (e.g. pH and ionic strength) (Ahmed 2016;
Pei-Ling et al. 2010; Tattiyakul and Rao 2016). HPP can induce the gelatinization of
starch depending on the source of the starch, the crystallinity type (A-, B-,or C-), and
the starch concentration and suspending media, as well as the pressurization tempera-
ture and time (Hu et al. 2017; Yang et al. 2017). At an applied pressure of <800 MPa,
it was found that A-type starches (e.g. wheat and normal maize), as well as those with
a lower amylose content (e.g. waxy maize), are more susceptible to HPP than B-type
starches (e.g. potato) and those with a higher amylose content (e.g. amylomaize)
(Yang et al. 2017). HPP can be employed in the starch industry for physical modifica-
tions and modification of the gelatinizing properties of starch. Zhu and Li (2019)
demonstrated the utilization of HPP to modify the physico-chemical properties of
quinoa flour. With HPP in the range of 500-600 MPa the peak viscosity, gel hardness,
gelatinization enthalpy, and in vitro starch digestibility of quinoa flour decreased,
while water solubility increased. -Cappa et al. (2016) showed the applicability of HPP
in slowing down the staling process of gluten-free breads when the main ingredients,
corn starch and rice flour, were treated with pressure of 600 MPa for 5Sminutes at
40°C. The potential of high-pressure processing to promote the formation of struc-
ture in gluten-free products and improve the functional properties of gluten-free
breads was demonstrated. By applying 200,400 or 600 MPa treatments on buckwheat,
white rice, and teff batters (40g/100g) for 10minutes, their rheological properties
were altered and affected by HPP-induced starch gelatinization and protein polym-
erization due to thiol/disulfide-interchange reactions relevant to white rice and teff
batters, while buckwheat batter, due to the absence of free sulfhydryl groups, did not
exhibit the crosslinking mechanism (Vallons et al. 2011). Kalagatur et al. (2018) dem-
onstrated the utilization of HPP to control the growth and level of deoxynivalenol
and zearalenone in maize grains. They observed a complete reduction in colony-
forming units, deoxynivalenol, and zearalenone when maize grains were subjected to
a pressure of 550 MPa for 20 minutes at a temperature of 45 °C.

2.6.3.6 Microwave Technology Microwave technology has been successfully uti-
lized on a commercial scale in the meat and fruit and vegetable processing industries,
as well as in the production of ready-to-eat meals (Sumnu and Sahin 2005). However,
the utilization of microwave technology in cereal processing, although reported in
some studies, is still developing. Mahroug et al. (2019) applied microwave technology
on wheat kernels and flour to remove gluten celiac immunotoxicity. However, the
authors noted that microwave treatment triggered the disaggregation of gluten and
the secondary structure of gluten, affecting the extractable gliadins, but not the
extractable glutenin content. Hence further research may be required to understand
the process of microwave treatment on gluten and its effect on celiac patients. In
another study, Gianfrani et al. (2017) applied the R5-antibody-based Enzyme-Linked
Immunoabsorbant Assay (ELISA test) after microwave treatment on wet wheat ker-
nels, and found that the reduction of gluten was up to 20 ppm. They also confirmed
that the conformational modifications, reducing the alcohol solubility of gliadins and
altering the access of the R5 antibody to the gluten epitopes, was induced by micro-
wave treatment. Padalino et al. (2019) utilized the microwave treatment of hydrated
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durum wheat kernels for pasta production, which in turn induced the denaturation of
gluten proteins, mainly gliadins. This increased the exposure of further free sulfthydryl
groups and hence caused weak protein network organization during pasta processing.
These changes negatively affected the rheological behavior of the dough and conse-
quently may have influenced the quality of the final product and modified the senso-
rial properties to a small extent.

2.7 Innovations in Secondary Cereal Processing
2.7.1 Innovations in Bioprocessing

2.7.1.1 Fermentation Fermentation belongs to a group of traditional technolo-
gies used to improve the shelf life and sensory properties of cereal products. The utili-
zation of certain fermentative microorganisms increased the ability to manage the
fermentation process and enhance the nutritional and health properties of the final
product (Gobbetti et al. 2010; Lamsal and Faubion 2009) The fermentation of cereals
(e.g. wheat and rice) improves their nutritional value, reflected in an increase in essen-
tial amino acids (e.g. lysine, methionine, and tryptophan), an increase in the availabil-
ity of B vitamins, a decrease in the carbohydrate content, some nondigestible poly- and
oligosaccharides and antinutrients (e.g. phytates, tannins, and polyphenols). Due to
the formation of the several volatile compounds that contribute to a complex blend of
flavors during fermentation, the flavor of fermented cereal products is enhanced
(Karovicovd and Kohajdova 2007). Although this is a highly traditional process, due
to increasing consumer demands for nondairy probiotic, prebiotic, and symbiotic
products, innovative nondairy fermented functional food products are emerging.
Innovation in this sector implies the utilization of nanoscience and nanotechnological
techniques to create specific bioactive nanoparticles for the creation of fermented
cereal beverages (Salmerén 2017).

Recently, fermentation biotechnology has been applied to cereal byproducts derived
from the dry and wet milling industries (e.g. germ and bran), the brewing industry (e.g.
brewers’ spent grain), the baking industry, and the starch industry (Verni et al. 2019).
When cereal bran and germ, brewers’ spent grain, and other byproducts of the cereal
industry are subjected to fermentation processes, an increase in mineral content, vita-
min bioavailability, protein content and digestibility, peptide and free amino acid con-
tent (especially lysine), and fiber and phenolic content (especially hydroxycinnamic
and ferulic acid) are noticeable. The fermentation process can be coupled with enzy-
matic treatment for more extensive breakdown of the cell walls. In that sense, the
fermentation of wheat with sourdough lactobacilli and fungal proteases has proven
effective for the elimination of gluten celiac immunotoxicity (Gobbetti et al. 2019;
Stoven et al. 2012). The complete hydrolysis of gluten in wheat flour can be achieved
by specific combinations of lactobacilli and fungal proteases. The lactobacillus-treated
wheat sourdough can be mixed with gluten-free flours (e.g. oat, millet, and buckwheat
flours) to produce a bread of acceptable texture similar to that of wheat sourdough
breads that does not increase intestinal permeability when consumed by coeliac
patients (Gobbetti et al. 2019).

When the fermentation process of wheat bran with selected microbial strains
(Lactobacillus brevis and Kazachstania exigua) is combined with enzymatic treatment
(xylanase, endoglucanase, and p-glucanase), the microstructure of the bran is altered,
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reflected in the increased solubility of arabinoxylans. Moreover, the fermentation of
wheat bran by lactic acid bacteria and endogenous proteases increases the concentra-
tion of peptides and free amino acids, together with increasing the in vitro digestibility
of proteins and the bioaccessibility of phenolic acids, especially hydroxycinnamic acid
and ferulic acid, which is esterified with arabinoxylans. When wheat germ is subjected to
fermentation there is a decrease in the aldehydes responsible for the perception of ran-
cidity, as well as in alcohols, ketones, furanones, lactones, and other volatile compounds
occurring in lipid oxidation. During the fermentation of wheat bran a decrease in lipase
activity and increase in free amino acids, especially lysine, is noticeable (Verni et al. 2019).

2.7.1.2 Enzyme-assisted Processing of Cereals The application of enzymes in
cereal processing has increased in the last few years, mainly for improving the process-
ing behavior or properties of cereal foods. For example, microbial enzymes are com-
monlyused—hemicellulases and cellulases, which hydrolyze the complex polysaccharides
of cereal cell walls (e.g. arabinoxylans, p-glucans, and cellulose). The exogenous applica-
tion of enzymes on whole cereals for easier transformation of insoluble cell wall poly-
saccharides without nutrient loss was proposed as an alternative to the mechanical
and chemical polishing of cereal grains, which intensifies the research in this area.
However, due to the high costs associated with the production, storage, and transporta-
tion of enzymes, the scaling-up of this solution is still not realized (Singh et al. 2015).
Biotechnological concepts have also been applied to grain processing to modulate the
properties of the grains such as taste, texture, and shelf life, with limited detriment to
nutritional value (Singh et al. 2015). The combination of enzymatic treatment and wet
milling can be utilized for the fractionation of valuable fractions from cereal brans (e.g.
wheat, barley, and oat brans, and rice polish), which maximizes the extraction rate of
valuable cell wall components and aleurone cells from bran (Coimbra et al. 2012). In
the first phase of this process, physical separation of the main bran fractions occurs, i.e.
the insoluble phase (the pericarp and the aleurone layer), the germ-rich fraction, the
residual endosperm fraction and the soluble sugars. In the second phase of this process,
the previously cleaned bran is physically separated from the main fractions, i.e. the
insoluble phase (the remaining cell wall components), the protein-rich fraction, the
soluble hemicellulose, and the oligosaccharides.

Enzyme technology can be used for the modification of the constituents to pro-
duce health-related compounds such as soluble high-molecular-weight dietary fiber
(e.g. endoxylanase), prebiotic arabinoxylo-oligosaccharides (e.g. endoxylanase),
resistant starch (e.g. amylases, debranching enzymes, and/or transferases), and bioac-
tive peptides (e.g. endoproteases). Moreover, the utilization of enzymes makes it
possible to obtain high-quality gluten-free food products by inducing crosslinking
(e.g. transglutaminases and oxidases) (Goesaert et al. 2008), and the modification of
the immunogenic sequences of gluten to avoid recognition by the immune systems
of coeliac patients (Cabrera-Chavez and Calderén de la Barca 2010; Fucifios
et al. 2019).

Scherf et al. (2018) demonstrated the utilization of an enzymatic treatment for glu-
ten degradation in the creation of high-quality gluten-free products, predominantly
applicable when gluten-free wheat, rye, and barley flours are incorporated in gluten-
free formulations. The utilization of plant, fungal, bacterial, animal, or engineered
peptidases is recommended to degrade gluten proteins and peptides into harmless
fragments and obtain food products with a low celiac disease immunoreactive
response. Moreover, the modification of gluten to decrease CD-immunoreactivity
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may be achieved by crosslinking using microbial transglutaminase. Mohan Kumar
et al. (2019) demonstrated the utilization of the prolyl endoprotease of Aspergillus
niger to induce the cleavage of the proline-rich sequences and degradation of wheat
flour gluten, whereby the wheat flour gliadin content was reduced up to 90-95%. The
enzymatic modification of gluten in wheat flour by the prolyl-endopeptidase of
Aspergillus niger for use as a supplement in bread with a blend of raw and popped
amaranth seeds was demonstrated by Heredia-Sandoval et al. (2016). They observed
that bread supplemented with the 80% amaranth blend appeared to have 99% less
immunogenic gluten than the wheat bread, thereby confirming the utilization of
enzymes as an effective way to obtain gluten-reduced breads.

2.7.2 Innovative Cereal Extrusion

Extrusion is a food processing technique utilized for multiple applications — in the
production of breakfast cereals, snacks, protein processing, confectioneries, and
animal feed foods (Arribas et al. 2019). Traditional extruded products are mainly
composed of cereals and different starches. Innovation in extrusion is based on the
incorporation of alternative ingredients in the extruded product formulations to
improve the nutritional and sensory quality, as well as to increase the nutritional
value of the raw material. These alternative ingredients encompass whole cereal and
pulse grains and fiber-rich byproducts of cereal, fruit, and vegetable processing
(Oliveira et al. 2018). However, their incorporation is a challenging technological
task due to their adverse effects on the expansion index, bulk density, and texture,
especially hardness and crispness (Oliveira et al. 2018). Alonso dos Santos et al.
(2019) demonstrated the utilization of agricultural byproducts (from rice, passion
fruit, and milk processing) in the formulation of extruded gluten-free breakfast cere-
als. The resulting product was rich in total, soluble, and insoluble dietary fiber, which
affected the product with decreased expansion and a dark color. Arribas et al. (2019)
demonstrated obtaining an innovative gluten-free expanded snack product from
carob fruit, pea, and rice blends. Furthermore, Masatcioglu et al. (2017) demonstrated
the potential of extrusion cooking to significantly increase the enzyme-resistant starch
type 3 content in high-amylose starches without the need for gelatinization, debranch-
ing and heat-moisture storage cycles. Extrusion technology has proven useful for
ensuring cereal safety and the reduction of mycotoxins and antinutritional factor
levels (Nikmaram et al. 2017; Ryu et al. 2019). The achieved reduction of ochratoxin
A in oats and rice by twin-screw extrusion processing were in the range of 40-43%
and 78-82% respectively. The addition of baking soda improved the reduction of
ochratoxin A in oats, but not in rice due to the formation of a nontoxic ochratoxin A
isomer (Ryu et al. 2019).

2.7.2.1 3D Printing Technology Another innovation that is closely related to
extrusion technology is 3D printing technology, employed for innovative food design,
and when it comes to cereals, cereal-based products of the desired shape, dimension
and nutritional content (Severini et al. 2016). Unlike conventional food extrusion
cooking, extrusion-based food printing comprises a digitally-controlled extrusion pro-
cess to build up complex 3D food products layer by layer and obtain a product of
better quality at low environmental cost (Severini et al. 2016; Sun et al. 2018).
Considering the extrusion mechanisms utilized in food printing, three types of
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extrusion are utilized: syringe-based extrusion, air-pressure-driven extrusion, and
screw-based extrusion. Moreover, according to the temperature, food printing utilizes
room temperature extrusion, hot-melt extrusion, and hydrogel-forming extrusion,
where room temperature extrusion is applicable to cereal processing for pasta print-
ing using classical recipes (durum wheat semolina and water), dispensing sauce onto
the surfaces of pizzas, cookies, and graphical decoration (Sun et al. 2018).

The key device in extrusion cooking is an extruder, consisting of a single/twin rotat-
ing screw located within a barrel, within which pre-ground and conditioned ingredi-
ents are converted into viscoelastic fluid under the influence of mechanical and
thermal energy. Pressurized material is texturized and shaped in a die at the end of
the extruder due to the pressure difference between the extruder and the atmos-
phere. The resulting product is well-cooked, shelf-stable, and ready for packaging.
Unlike a conventional extruder, the key device in 3D printing is the extrusion-based
food printer, consisting of a multi-axis stage and one or more extrusion units. The
extrusion process in food printing is a digitally controlled process, able to build up
complex 3D food products layer by layer. The loaded material is pushed out of the
nozzle in a controlled manner — the material stream is moved according to a prede-
fined path until the deposited layers are bonded to create a coherent solid structure
(Sun et al. 2018). The printability of the dough is dependent on the rheological prop-
erties and microstructure of the dough. Dough of a higher viscoelastic modulus,
higher loss factor, and higher complex viscosity and yield stress is characterized by
good printability (Zhang et al. 2018).

Severini et al. (2016) demonstrated the utilization of 3D printing to obtain cereal-
based snacks and hence its relevance to obtaining “personalized food products.”
Zhang et al. (2018) demonstrated obtaining cereal-based food structures containing
probiotics by 3D printing. Severini et al. (2018) also demonstrated the utilization of
3D printing to obtain cereal-based snacks enriched with edible insects — ground larvae
of yellow mealworms (7enebrio molitor) as a novel source of proteins.

2.7.3 Innovative Baking

In order to meet the increasing environmental challenges and achieve a higher energy
efficiency in baking, different technological solutions for baking purposes have been
developing. In that sense, a combination of several energy sources (e.g. forced con-
vection, irradiation, microwave, etc.) and their optimization is emerging and being
applied to baking oven design (Papasidero et al. 2016). Ayub et al. (2018) proposed
and designed a solar bakery unit and applied it to cookie baking. The solar baking
system provided promising results in terms of the baking time, baking quality (good
appearance), and energy utilization rate, being in the range 25-75%. The overall
exergy efficiency of the system was found to be around 60%. The obtained results can
be improved further by the optimization and control of baking conditions. Rondeau-
Mouro et al. (2019) and Grenier et al. (2019) proposed an innovative baking method
that utilizes low baking temperatures (<105°C) and partial vacuum conditions
(—20kPa). Those baking conditions resulted in a higher oven rise (28% compared to
16%) and a lower crumb density than were reached by baking in a commercial con-
vection oven at atmospheric pressure. Moreover, the utilization of a partial vacuum
appeared to be a way to modify the gas fraction within the dough before the crust sets.
Therefore, this method of baking appeared to be particularly suitable for baking
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gluten-free bread (Rondeau-Mouro et al. 2019). Rastogi (2019) overviewed the
advantages of infrared (IR) baking over conventional baking in terms of a reduced
baking time, more uniform baking, lower quality loss, versatility, simpler and more
compact equipment, and energy savings. Moreover, the IR-baked products were of
improved nutritional quality and more acceptable to the consumers.

2.8 Conclusion

Cereal processing has become an essential process prior to consumption; therefore
this chapter has provided an understanding of cereal morphology, structure, and pro-
cessing techniques with a special focus on the innovative processing of cereal grains.
In recent times, traditional methods have been slowly replaced with modified and new
techniques for processing cereal grains. For many countries, the sustainable processing
of cereal grains with reduced losses and the higher productivity have become essential
requirements. This demand creates a huge challenge for the food industry to adapt
new and innovative techniques to process the cereal gr