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Preface

Recent epidemiological studies have shown that 1 in 100 people worldwide suffer
from gluten intolerance. The worldwide average of celiac sufferers has been pre-
dicted to increase in the next number of years. This will result in a rapid-growing
market for high-quality gluten-free cereal products. However, due to the unique
properties of gluten, it is a major challenge for food scientists and industries to
manufacturer quality gluten-free products at present.

Additionally, gluten absence results in major complications for product develop-
ers. Currently, many gluten-free products available in the market are of low quality
and limited shelf life, and exhibit inferior mouthfeel and overall acceptability as
compared to the products containing gluten. This presents a major challenge to the
cereal technologist and baker alike, and has led to the search for alternatives to glu-
ten in the manufacture of gluten-free bakery products. This book aims to provide the
possible solutions for the gluten-free product development.

The only treatment for celiac disease is the total lifelong avoidance of gluten
ingestion. Patients have to follow a very strict diet and avoid any products that con-
tain wheat, rye, or barley (some authors also include oats). Avoidance of these cere-
als leads to a recovery from the disease and significant improvement of the intestinal
mucosa and its absorptive functions. Patients with celiac disease cannot eat some
common foods such as bread, pizzas, and biscuits or drink beer. This book also aims
to cover the nutrition aspects of gluten-free products. Since protein is of paramount
importance, this book will also serve to include the alternative protein in gluten-free
product development in form of case study.

The overall aim of this book is to provide the reader a chance to take a journey
through all aspects related to product development for patients suffering from celiac
disease. As such, this book is unique in its form and hopes to represent a technical guide
to the readers working in the related areas. It aims to summarize and critically review the
works and knowledge gained so far in the area of gluten-free product development.

Mumbai, India Navneet Singh Deora
Gurugram, Haryana, India Aastha Deswal
Rourkela, Odisha, India Madhuresh Dwivedi
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Chapter 1
Current Advances in Celiac Disease:
Consequences and Improvement Strategies

Chitrangada Das Mukhopadhyay

Abstract Celiac is a chronic enteric disease resulted from an abnormal immune
response to gluten proteins in patients having a certain genomic constitution. Tissue
transglutaminase enzyme 2 converts the glutamine residues of gluten peptides by
deamidation reaction into glutamic acid, which binds to human leukocyte antigen
(HLA)-DQ2 or -DQ8 molecules and subsequently evokes T cell responses leading
to small intestine inflammation. These events lead to the typical symptoms associ-
ated with celiac disease. Also, wheat proteins are rich in proline content and are
resistant to human pancreatic and gastric enzymes. Different peptidases from micro-
bial and fungal sources can degrade these incompletely digested peptides. While
following a gluten-free diet is the best preventive strategy, a combination therapy by
using proteases or carboxypeptidases from microbial sources for gluten detoxifica-
tion or treatment with tissue transglutaminase inhibitors may also be a good option.
Intestinal epithelial cell lines (Caco-2) may be used as in vitro model to study trans/
paracellular permeability, distortion of intercellular tight junction protein viz.,
occludin, and ZO-1, and rearrangement of actin filaments.

Keywords Celiac - Tissue transglutaminase - Gluten - Enzyme therapy

1.1 Introduction

Celiac disease is an autoimmune disease caused by an intolerance to gluten proteins
(Dewar et al., 2003; Simén et al., 2017; Lo et al., 2003; Cellier et al., 2000; Clemente
et al., 2003). This disease develops in genetically predisposed persons, who upon
ingestion of gluten-rich food such as products of wheat, rye, barley, etc (Lo et al.,
2003). The pathological symptoms include a flattened mucosal layer of small intes-
tinal with uncontrolled epithelial cell proliferation, presence of lymphocytes,
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cryptic hyperplasia, and lesser differentiation of enterocytes (Cellier et al., 2000).
This leads to impaired absorptive function of the small intestine. Gluten contains a
very high amount of proline (15%) and glutamine (35%) . In celiac patients, this
gluten is resistant to normal luminal digestion and becomes toxic to the intestine.
The antigenic property of some epitopes on gluten and their role in disease progres-
sion has been identified. Any structural alteration to this antigenic potential of the
toxic protein may lead to a novel therapeutic pathway. It is now established that
induction of the deamidating activity of tissue transglutaminase (tTG) triggers the
pathogenic immune responses. Gliadin peptide, a part of gluten protein is a good
substrate of tTG. So, enzymatic degradation of the antigenic epitope in toxic pep-
tides coupled with inhibition of tTG activity may become an alternative treatment
strategy for CD patients.

Many of the patients with celiac disease are asymptomatic or have mild symp-
toms. With the advanced diagnostic systems more silent cases are reported which
shows that the prevalence of this disease is much more than thought earlier. This
autoimmune disease is highly prevalent in Western countries (1% of the total popu-
lation in European countries) but also diagnosed to be a serious disorder and increas-
ing importance in Northern India. A stringent gluten-free diet (GFD) can help to
overcome this enteropathy, however cross-contamination, improper labeling con-
tributes to the immune response in patients. An oral dietary supplement may restore
immunological tolerance and represent the ideal cure for celiac disease. In this con-
nection enzymatic hydrolysis of - gliadin of gluten by proteolytic and amylolytic
enzymes coupled with small-molecule inhibition of tTG should be an efficient
therapeutic approach (Lorand & Graham, 2003). In this chapter, an overview of the
disease, its pathological complexities, detection method, prevention, and therapeu-
tic interventions have been discussed in detail.

1.2 Overview of the Disease

Microscopic analysis of the sections of the inner mucosal layer of human small
intestinal from a normal person shows several villi with one layer of columnar epi-
thelial cells having basal nuclei, intraepithelial lymphocytes (IEL), and plasma cells
in the lamina propria of the small intestine generally with villous to crypt ratio of 1:5.

On the contrary, the sections of the specimen from the CD patients are character-
ized by complete loss of villi, plane mucosal layer, having ridges and of the crypt
openings onto the luminal surface, appearance of abnormal squamous epithelial
cells, an increase in the number of lymphocytes and plasma cells infiltrated in the
intraepithelial area and lamina propria, increase in mitoses of crypts. Loss of villi
causes decreased surface area for absorption of nutrients in the small intestine and
patients to suffer from diarrhea, severe weight loss, iron deficiency led anemia,
malnutrition (Clemente et al., 2003; Molberg et al., 2003; Shewry et al., 1992;
Lorand & Graham, 2003; Solid, 2000).
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1.3 Gluten and Gluten-Free Diet (GFD)

Wheat contains 8—-17% protein based on its breeding variety and environmental
makeup. The water-insoluble protein fraction of wheat protein constitutes a visco-
elastic mass, called gluten. Gluten is a complex protein made up of polymeric and
monomeric subunits and constitutes approximately 78-85% of the total wheat pro-
tein rich in proline and glutamine. Gluten is responsible for water absorption capac-
ity, baking quality, viscosity, cohesiveness, and elasticity of the dough (Han et al.,
2013). Gluten is classified into two main fractions viz., gliadin, which is soluble in
aqueous alcohol, and glutenins which are insoluble in the same. Gliadins are mono-
meric proteins (28-55 KDa) and further subdivided as a/p-, y- and o-type based on
their primary structure. Glutenins have high (67-88 KDa) or low molecular weight
(32-35 KDa) peptides connected by intermolecular disulfide bonds (Khosla, 2017).
Gluten proteins are also strongly connected by hydrogen bonds, ionic bonds, and
hydrophobic bonds which confer structural and physical properties of the gluten.
Glutenins provide elasticity, and gliadins provide viscosity to the gluten complex
(Deora, 2017; Daum et al., 1999; Moss et al. 1996; Schuppan et al., 2009; Han et al.,
2013). The gliadins having high glutamine and proline content and humans lack
endopeptidases to cleave intermolecular bonds between them. The incompletely
digested gliadin are immunogenic to CD patients.

1.4 Clinical Symptoms and Possible Mechanism
of Villous Atrophy

CD patients manifest mild to severe intestinal inflammation characterized by an
increase in intraepithelial lymphocytes, infiltration of mononuclear cells from the
subepithelial layer, increase in epithelial mitosis causing total villous atrophy and
crypt hyperplasia. Loss of villi is the histopathologic hallmark of celiac disease.
This may be due to degradation of intracellular tight junction proteins, caspase-
mediated apoptosis, and defect in epithelial regeneration (Kelly et al. 2015;
Butterworth & Louis, 2019; De et al., 2017; Palejwala & Watson, 2000). Briefly, the
sequence of events starts with the ingestion of gluten proteins by the persons having
impaired genetic makeup. HLA-DQ2 and DQS8 heterodimers react with incom-
pletely digested gluten peptides and are presented to CD4+ T cells in the small
intestine (Ciccocioppo et al., 2002; Miura et al., 2005; Marsh & Crowe, 1995;
Lionetti & Catassi, 2011; Gujral et al. 2012; Kelly et al. 2015). The incompletely
digested gluten peptides cross the epithelium by conventional trans paracellular
transport and reach the subepithelial region. Activation of macrophages and den-
dritic cells increased production of IFN I and II and several cytokines in the small
intestine subsequently initiates humoral immunity. The release of matrix metallo-
proteinases can also damage the intestinal mucosa.
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1.5 Factors Causing Celiac Disease

1.5.1 Environmental Factors

This disease is stimulated by the consumption of gluten — a protein found in wheat
endosperm- or of related proteins found in other grains like rye and barley
(Fernandez-Jimenez et al., 2014; Hollon et al., 2015). Abundant gluten protein acts
as an environmental trigger. Removal of gluten from daily diet prevents the autoim-
mune process and again may be restored by the slightest consumption of gluten.
Intestinal tight junctions come apart and allow a large amount of incompletely
digested gluten into the small intestine. An increase in tissue transglutaminase (tTG)
activity acts as an autoantigen. Oats, rice, maize, sorghum, and millet do not activate
the celiac disease. The high proline-containing proteins escape proteolytic digestion
in the human intestine (Gujral et al., 2012; Moss et al. 1996; Arzu, 2010; Dickson
et al., 2006).

1.5.2 Genetic Factors and HLA Class II Genes

CD has a strong association with HLA class II genes on DQ locus (Karell et al.,
2003) for the phenotypic expression of disease. HLA-DQ2 or -DQ8 heterodimers
are relatively common in white populations. Persons homozygous for DR3 results
only DQ2 molecules; but if they are DR3(DR17)/17 heterozygous then 50% of the
DQ molecules are DQ2, and, in those who are heterozygous for DR5/7 or DR3
(DR17)/ other, 25% of the DQ molecules are DQ2 (Margaritte et al., 2004; Ehrmann
et al., 2003; Augustin et al., 2005). Celiac disease is prevalent in DR3 homozygous
or DR3/17 heterozygous genetic makeup.

1.5.3 Binding of DQ?2 to Gluten Peptides

DQ2 molecules have active sites for —ve charges residues. They favor left-handed
poly-proline II helical configuration, similar to that of gliadins. It has been esti-
mated that there are approximately 50 aa in wheat, 60 aa in the rye, and 35 aa in
barley that have the potential to bind with DQ2 or DQS8 and considered to be the
candidate sequences for activating celiac disease (Kim et al., 2004).
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1.6 Importance of tTG

Human (tTG) is an allosterically regulated enzyme involved in cell signaling blood
clotting, wound healing, extracellular matrix formation, and cell adhesion and
motility. tTG causes sequence-specific deamidation of dietary gluten peptides in the
small intestines of CD patients (Marsh & Crowe, 1995). They are found in intracel-
lular as well as extracellular environments of many organs. The catalytically active
form of tTG2 or “open” form can crosslink specific g-glutaminyl and 3-lysine resi-
dues on proteins in the presence of calcium and absence of GTP or GDP and forms
proteolytically resistant covalent bonds. In the reverse condition, TG2 assumes an
inactive/ “closed” form. Human tTG also possesses Ca?*-binding sites, N-terminal
fibronectin association site, and guanosine triphosphate hydrolysis site. In celiac
sprue, peptides derived from dietary gluten are deamidated by TG2 and enhances
their affinity towards MHC, and induces humoral immunity. Inhibition of TG2
activity may be a suitable target for CD therapy.

1.6.1 Modification of Gluten by (TG

The presence of serum antibodies to tissue transglutaminase (tTG) in CD patients
confirms its autoimmune response. tTG is the main autoantigen among the antibod-
ies produced by gluten antigen called endomysial antibodies (EMA) (Dieterich
etal., 1997).tTG favors the formation of isopeptide bonds between the y-carboxamide
group of glutamine residue of a peptide to the e-amino group of a lysine residue or
other biogenic molecules viz., putrescine, spermidine, spermine, and histamine in
low pH. Gluten acts as an exogenous trigger for the production of tTG-specific
autoantibodies in CD patients and also generates other antigenic epitopes by cross-
linking of gliadin peptides to itself and/or to other peptides leading to
autoimmunity.

1.6.2 Role of Intraepithelial Lymphocytes
and Muscular Pericytes

An increase in intraepithelial lymphocytes is a characteristic feature of celiac dis-
ease. Interleukin (IL)-15 plays a major role and is up-regulated by epithelial cells
and cells in the lamina propria in CD patients (Karell et al., 2003; Margaritte-
Jeannin et al., 2004; Myrsky et al., 2008; Naluai et al., 2001; Ploski et al., 1993;
Louka et al., 2002 ; Mazzarella et al., 2003; Kim et al., 2004; Singh et al., 1995; Liu
et al., 2002).
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1.6.3 Auto Antibody-Mediated Disease Pathogenesis

The gluten-induced disease-specific autoantibodies might constitute in CD patho-
genesis. Angiogenesis commences with the formation of the endothelial tube (Kale
et al., 2005; Lorand, 2007). Then mesenchymal cells accumulate surrounding the
endothelial tubes and later differentiates into vascular smooth muscle cells or peri-
cytes. Coeliac disease-specific autoantibodies hinder angiogenesis. CD-specific
autoantibodies inhibit angiogenesis and disorganize the actin cytoskeleton.
Cytoskeletal disarrangement inhibits cell migration, thus the entire vasculature net-
work seen in the small-intestinal mucosa shows abnormality. Overexpression of
TG2 in cells leads to reduced cell migration. The autoantibody deposits have been
identified around the blood vascular system of the liver causing mild liver in CD
patients. Auto-antibodies in the blood vessels of the brain of CD patients suffer from
neurological problems and neuroblast apoptosis (Cervio et al., 2007; Pinkas et al.,
2007; Lai et al., 2010; Lai et al., 2008; Andringa et al., 2004)

1.7 Detection of Celiac Disease

The diagnosis of CD is very important because delayed diagnosis adversely affects
the health and quality of life of patients. The diagnosis of CD requires accurate,
sensitive, simple, specific, and cheaper as well-as non-invasive analytical tools
(Sollid & Lundin, 2009; Stamnaes et al., 2010; Dieterich et al., 1997; Farre, 2014).
CD-specific autoantibody detection in patient serum and saliva may be done using
electrochemical, optic-fiber, piezoelectric biosensors, and POC finger-prick meth-
ods. CD-specific volatile organic compounds (VOCs) in urine and faeces may also
be used as a sample for detection. The most common methods of celiac disease
detection are discussed here.

Blood tests are considered the most important. This includes detection of total
IgA, tTG IgA, and EMA IgA at first. A biopsy of the small intestine can confirm the
findings of the blood test. This is done by endoscopy of the small intestine which is
another most reliable detection method. Because the symptoms of celiac disease
can be varied, it is often undiagnosed or misdiagnosed. Detection of CD-specific
antibodies in blood serum may require additional testing, preferably a DNA test for
an accurate diagnosis. Genetic testing to check the presence of DQ2 or DQ8 genes
are necessary to diagnose CD.
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1.8 Prevention of Celiac Disease

1.8.1 Adherence to GFD

The best option to get rid of CD is adherence to a gluten-free diet life-long. However
complete removal of gluten from the daily diet is difficult. Several other grains like
maize and rice, soya beans, and starch sources are recommended for a gluten-free
diet. Some other options for GFD include tapioca, sorghum, carob, buckwheat, and
millet. The main problem related to a gluten-free diet is the poor taste of gluten-free
products. Additionally, improper food labels, cross-contamination, and lack of
awareness are also related to low compliance. GFD draws social and financial limi-
tations creating a huge impact on family life, workplace. travelling etc (Lerner et al.,
2017; Donaldson et al., 2015; Farre, 2014, Guandalini and Rose, 2012, Lequin,
2005). Also, immunological issues are not influenced by diet. The use of a “natural
gluten-free diet” offers the greatest compliance and the lowest risk of nutritional
imbalance.

1.8.2 Problems in Maintaining a Strict GFD

Gluten is extensively used in the food industry because of its unique viscoelastic
properties discussed earlier in this chapter. CD patients are challenged with several
issues like insufficient information about the disease, food contamination, and
improper food labeling on the packaged food items (Myrsky et al., 2008; Brusca,
2015; Guandalini & Rose, 2012; Hall et al., 2009). Gluten is also present in ice-
creams, sweets, confectionary foods, spreads and seasonings, beer, soups and
sauces, malted beverages, and many more which need to be avoided. The contami-
nation of food with gluten can occur: during milling, preparation of commercial
food products, harvesting, storage, and packaging of grain bags by the farmers
(Cervio et al., 2007; Farre, 2017; Lerner et al., 2017). A team approach, including
patients, family, physicians, and dietician is required to manage CD patients. After
the diagnosis is made, patients should go for nutritional assessment, meal planning,
diet education, and counseling with the social and emotional adaptation to the GF
lifestyle (Garcia-Manzanares & Lucendo, 2011; Saturni et al., 2010; See &
Murray, 2006).

1.8.3 Non-availability of GF (Gluten-Free) Food Products

The number of patients with CD in India is low, thus the commercial production of
GFD is very limited. Production of mainly flour and biscuits are being produced but
quality control is not done (Green & Cellier, 2007; Di Sabatino & Corazza, 2009;
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Zarkadas et al., 2006; Lee et al., 2007). Non-availability of GFD outside their home
environment restricts their travel, occupation, and profession. GF food items are
considerably more expensive than regular gluten-containing food (J.G. Donaldson,
2015; Butler, 2015; Lequin, 2005; Guandalini et al., 2005; Olsson et al., 2008).

1.9 Counselling of the CD Patients Undergoing GFD

1.9.1 Patient Education and Awareness

The management of CD patients involves education of the patients and their fami-
lies about the disease and dietary restrictions, timely visits, consistent supervision,
and guidance of the nutritionist are important. Also, the disease status should be
monitored regularly (Hall et al., 2009; Garcia-Manzanares & Lucendo, 2011;
Saturni et al., 2010; Stevens & Rashid, 2008).

1.9.2 CD Management and Counselling by Dieticians

The dietary counselor should have sufficient knowledge about GF food and food
products. Prescribing GFD and a specific well-balanced diet is necessary (Stevens
& Rashid, 2008; Olsson et al., 2008). The dietician is the most qualified health care
professional to provide nutrition therapy. They have extensive academic and practi-
cal experience including in-depth knowledge of nutrition, nutritional needs, nutri-
tion composition, and food preparation information, and educational factors that
affect the food and nutrition behavior of people (Nasr et al., 2012; Niewinski, 2008).

1.9.3 Celiac Disease Support Groups

Celiac disease support groups provide a platform for patients to discuss their prob-
lems amongst themselves and learn from each other, provides information about GF
products and their availability, but also can act as an advocacy for gluten labeling
and other issues to the Government and regulatory bodies (Green & Cellier, 2007,
Di Sabatino & Corazza, 2009; Zarkadas et al., 2006; Lee et al., 2007). Furthermore,
it has been observed that the adherence to a GFD increases when individuals are
members of a patient support group (Addolorato et al., 2004; Silvester & Rashid,
2010; Leffler et al., 2008 ; Catassi et al., 2007).
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1.9.4 Development of Reliable GFD at a Large Scale

There is a need for large-scale industrial-level production of reliable and affordable
GF food, including choices of food products ranging from snacks, flour, sweets,
ice-creams, and ready-to-eat packets. All GF food products should undergo a qual-
ity check (Lanzini et al., 2009; Akobeng & Thomas, 2008; Haush et al., 2002; Shan
et al., 2002). It is therefore essential that food products, which are available, should
be labeled for gluten content.

1.9.5 Therapeutic Strategies

Different therapeutic strategies and ongoing commercial interventions are dis-
cussed below.

1.9.6 Enzyme Therapy

Incomplete digestion of gluten protein may be digested by some endopeptidases of
microbial origin. Prolyl endopeptidases (PEP), are such enzymes having endopro-
teolytic activity. A two-enzyme cocktail comprised of a glutamine-specific cysteine
protease (EP-B2) that functions under gastric conditions and a PEP, which acts
simultaneously with pancreatic proteases in duodenal microenvironments, is a
potent candidate for celiac sprue therapy (Piper et al., 2004; Marti et al., 2005). Cell
culture-based in vitro analyses, in vivo preclinical assessment, and ex vivo (human)
experimental approaches have confirmed that PEPs can readily cleave proline-rich
gluten peptides, thereby reducing the antigenic burden of gluten (Pyle et al., 2005;
Gass et al., 2005; Wood et al., 2020). Further cleavage at the intestinal surface by
brush-border aminopeptidases and carboxypeptidases may be helpful. The possibil-
ity to formulate an oral enzyme treatment for celiac sprue using PEPs is under
consideration. Enteric-coated pills protect the enzymatic activity from the harsh
conditions of the stomach and rapidly release its contents under simulated duodenal
conditions (Tripathi et al., 2009; Paterson et al., 2007; Molberg et al., 2000; Porta
et al., 1990; Esposito et al., 2003)

1.9.7 Zonulin Antagonists

Zonulin is a 47 KDa protein, overexpressed in intestinal tissue of patients with Cd
compared to healthy normal (Rashtak et al., 2011). This membrane receptor could
induce an increase in intestinal permeability through a tight junction (TJ)
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re-arrangement (Xia et al., 2007; Kapoerchan et al., 2008; Beaurepaire et al., 2009;
Yokoyama et al., 2009) . The exposure of intestinal epithelium to gliadin in CD
patients causes zonulin release from enterocytes through recruitment of MYD-88.
Mucosal CXCR3 expression also increases in active CD but returns to baseline
levels following a gluten-free diet. Gliadin induces a physical association between
CXCR3 and MyD88 in enterocytes (Molberg et al., 2003). AT-1001 is an octapep-
tide inhibitor of paracellular permeability that acts as a competitive agonist of zonu-
lin. AT-1001 has reached phase 2 clinical trial where efficacy and safety are being
tested (Rossi et al., 2012).

1.9.8 TTG Inhibitor

As discussed in previous paragraphs that human tTG-2 plays a very significant role
in CD pathology. Thus inhibition of tTG activity by specific small molecule inhibi-
tors may represent a good therapeutic option . The following criteria should be
considered to synthesize tTG inhibitor.

e tTG activity can be inhibited by developing specific inhibitors targeting the
active site. Inhibitors should be safe and effective.

* An inhibition should limit excessive tTG activity that promotes CD and antago-
nizes tTG cross-linking reaction.

e Lys residues are critical for enzyme function, solubility, protein-protein interac-
tions. Alteration of free Lys-residues may hinder the cross-linking reaction.

* Fluorescent tagging of inhibitor molecule will help in in-vivo image analyses.

1.9.9 DQ2/DQS8 Inhibitor

The MHC protein HLA-DQ2 and DQS8 are two very important pharmacological
targets (Xia et al., 2007; Kapoerchan et al., 2008). Siegel et al designed an aldehyde-
bearing gluten peptide analogue to bind HLA-DQ?2 ligand and a reversible tTG 2
inhibitor based on the HLA-DQ2 crystalline structure.

1.9.10 Other Therapeutic Options

Monoclonal antibodies to proinflammatory cytokines are used for the treatment of
CD patients. They respond to gluten intolerance immediately after gluten intake and
releases IFNy and IL-15, and other cytokines . An in vitro study showed that the
inhibition of interleukin- 15 might have the potential to control CD.
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In Australia, a vaccine for CD was developed which includes peptides account-
ing for T-cell activation to gluten in patients with HLA DQ2-associated CD. These
peptides have been converted into a pharmaceutical formulation capable of induc-
ing immune tolerance in a rodent model (Di Sabatino et al. 2018).

1.10 Indian Scenario of Celiac Disease: Problems
and Challenges

CD emerging in some parts of North India is becoming a major health issue. Many
of the affected persons are not diagnosed. More awareness among healthcare pro-
fessionals and caregivers as well as the general public, accurate and cheap method
of detection may help the patients to proper treatment and counseling. There are a
number of issues, which require urgent attention. Team-based patient management
proper supervision of patients, training of nutritionists, large scale industrial pro-
duction of reliable and affordable GFD, detailed labeling of packaged foods about
the nutritional value and gluten content, variety of palatable gluten-free food may
ease the daily life of CD patients.

1.11 Conclusion

GFD is the common control strategy to control CD. However lifelong maintenance
of a strict diet is a difficult task since gluten is the most common ingredient in the
human diet. The development of a dietary supplement composed of enzymes from
natural sources can lead to an alternative treatment strategy for celiac patients.
Regression of gluten antigenicity and inhibition of tTG mediated crosslinking and
deamidation of gluten epitopes and thus subsequent prevention of gluten interaction
with HLA restricted T cells can help to manage CD. This might inhibit gluten-
specific T-cell response in the small intestine. In celiac patients, tTG reacts with Gln
residues in gliadin to form tTG-gliadin complexes. An enzyme-based therapeutic
strategy has the potential to improve the quality of life of CD patients.
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Chapter 2
Nutritional Aspects and Health
Implications of Gluten-Free Products

Surabhi Pandey

Abstract Celiac disease (CD) is an autoimmune enteropathy arising from the
peculiar immune response to gluten-derived peptide amongst the susceptible popu-
lation. It is evidenced by the chronic inflammation of the mucosal surface and atro-
phy of the intestinal villi, resulting in abnormal absorption of nutrient. The
pathogenesis of CD involves the molecular interaction between gluten peptides,
intestinal epithelium, and T-lymphocyte cells, the activity of the latter being
enhanced by transglutaminase located at the epithelial brush border. Gluten is a
protein that attributes to the viscoelastic properties of dough and enhances the gas
retention and structure of the baked products. It constitutes a composite of cereal
storage proteins including prolamins and glutenins. The toxic prolamins in wheat,
barley, and rye consist of gliadin, hordein, and secalin, respectively. These prola-
mins have a high amount of proline and glutamine that resists degrading in the
gastrointestinal environment, which consequently agglomerate as large peptide
fragments. The toxic protein fragments induce mucosal damage and activate the
T-lymphocyte cells which in turn produces high levels of pro-inflammatory cyto-
kines causing clonal expansion, thus depicting the hallmark of CD. The aim of the
chapter is to discuss the idea of nutritional Aspects of Gluten-Free Products.

Keywords Enteropathy - Prolamines - Celiac diseases - Gluten-free

2.1 Introduction

As per the definition of Codex Alimentarius standards, the term gluten-free (GF)
refers to foods comprising gluten under the permissible value of 20 ppm (Standard,
2007). The key aspect for safe consumption of the GF diet is the absence of gluten
in natural or processed foods. Many of the gluten-containing cereals (wheat, barley,
and rye) and their hybrids (spelt, triticale, semolina, malt, etc.) are restricted for the
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celiac population. Up to now, the only therapy to combat CD, is strict adherence to
a GF diet. GF diet mainly consists of the consumption of GF cereals, pseudocereals,
fruits, vegetables, pulses, meats, and specially produced GF products in which glu-
ten is replaced by GF flours. Commonly used substitutes for the gluten-containing
cereals include rice and corn, followed by sorghum and oats. The use of oats as a
gluten substitute is questionable due to the presence of avenin (storage protein),
however, some studies have confirmed that oats can be well digested by most of the
celiac population, and improves the palatability and nutritional value (Lee, 2009).
Other than that, less commonly grown cereals, also called minor cereals (such as
teff, and millet) and pseudo-cereals which are small grain-like seeds (buckwheat,
quinoa, and amaranth) represent another possibility (Alvarez-Jubete et al., 2010).

Gluten network engulfs the starch granules and prevents its easy access to the amy-
lase, thus slowing down the starch hydrolysis rate in the small intestine. The removal of
gluten from the products increases the postprandial blood glucose level in the body lead-
ing to obesity and metabolic disorders (Scazzina, 2015). Consequently, a major fraction
of celiac patients has shown nutrient deficiencies including that of calorie/protein,
dietary fiber, minerals, and vitamins (Bardella, 2000; Thompson, 2000; Barton et al.,
2007). The incidence of iron and vitamin B12 deficiency in celiac patients varies from
12% to 69%, and 8% to 41%, respectively (Tikkakoski et al., 2007; Dahele & Ghosh,
2001). Several reports showed that GF diets are hyperproteic and hyperlipidic and do
not provide an adequate amount of carbohydrates, calcium, iron, and fiber, resulting in
overweight conditions amongst CD patient. Many of the GF products contain trans fatty
acids and dietary lipids that trigger metabolic imbalance and risk of coronary heart dis-
ease (Lissner & Heitmann, 1995). At the same time, vitamin D deficiency may develop
due to the avoidance of lactose from milk and dairy products, as the CD patients become
secondary lactose intolerance due to the reduced lactase production by the damaged
intestinal villi. However, the severity of the CD related nutrient deficiencies depends on
the several factors such as degree of malabsorption, the severity of intestinal damage,
and length of undiagnosed period for an active CD patient (Ojetti, 2005).

While several studies have suggested that adhering to the GF diet can resolve the
nutrient deficiency (Hallert, 2002; Annibale, 2001), some authors have argued that
following a strict GF diet can mitigate nutritional deficiencies. Henceforth, this
chapter deals with the different aspects of nutritional characteristics of GF ingredi-
ents and the GF products keeping health perspective into consideration.

2.2 Nutritive Profile and Bioactive
of Gluten-Free Ingredients

2.2.1 Major Gluten-Free Cereals

Currently, the most widely used cereal flours for making GF products include rice
(Oryza sativa) and maize or corn (Zea mays) owing to their hypoallergenic charac-
ter, bland flavor, and easy availability (Kadan, 2001). The nutritional composition
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and amino acid profile of gluten-containing, and GF grains suggest that that rice and
corn have lesser protein content and total dietary fiber, while carbohydrate amount
was considerably high. The rice proteins are insoluble due to their hydrophobic
nature, due to which rice flour demonstrates inferior viscoelastic properties during
the baking process. The carbon dioxide produced during fermentation escapes due
to poor protein-starch network, as a result of which the product formed is compact
and brittle with poor sensory qualities (Marco & Rosell, 2008). Maize is a high
energy crop, but at the same time has low levels of essential amino acids such as
tryptophan and lysine and lacks important minerals and vitamins (Foschia, 2016).

Sorghum (Sorghum vulgare), on the other hand, has higher protein content than
rice and comparable to that of maize. At the same time, it consists of a compara-
tively lower carbohydrate than the two former cereals. The release of sugars from
the starch matrix is relatively slower to other cereals, which makes it an ingredient
of interest to diabetic and celiac people. Due to the poor starch and protein digest-
ibility, a pretreatment process is usually carried out to release the components from
the compact complexes (Correia, 2010). These processes include fermentation,
malting, and enzymatic treatment. There has been increased attention in utilizing
sorghum as a sole GF ingredient or in combination with other non-gluten flours. The
major protein fraction present in sorghum consists of globulins and prolamins that
are generally surrounded by starch granules (Marti & Pagani, 2013).

The use of oats (Avena sativa) as a GF ingredient is still controversial as it is
believed that avenins (storage proteins in oats) can trigger up the immunogenic
response. At the same time, others suggest that the immunogenicity depends on the
cultivar consumed. Nevertheless, it has numerous health benefits such as high unsat-
urated fatty acids and dietary fibers mainly B-glucans (Lasa, 2017).

2.3 Minor Gluten-Free Cereals

2.3.1 Millet

Millet is characterized as small-seeded coarse cereal and is the most extensively
studied cereal after rice, corn, and sorghum. They are categorized as the underuti-
lized food in North America and Europe; however, their drought-resistant nature
and low agricultural inputs make them a suitable crop for India, Africa, and China.
The different varieties of millet grown today are Finger millet (Eleusine coracana),
Foxtail millet (Setaria italica), Pearl millet (Pennisetum glaucum), Kodo millet
(Paspalum setaceum), and Proso millet (Panicum miliaceum). Adding to these
advantages, they have a relatively lower glycemic index and exceptional nutritional
benefits (Saleh, 2013). Apart from being a gluten-free alternative, it has been help-
ful for the management of type II diabetes owing to their hypoglycemic properties
(Annor, 2017). They suggested that the presence of lipids, proteins, a-amylase
inhibitors, starch type, and phenolic compounds are the contributing factors to the
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hypoglycemic activity of millets. Most of the millet proteins contain a range of
essential amino acids, with a relatively high quantity of methionine (Singh
et al., 2012).

Pearl millet consists of around 69.1% carbohydrate, 11.4% crude protein, 4.8%
crude fat, 2% crude fiber, and 2.2% ash. Finger millet has many health benefits, a
few of which have been attributed to the presence of phenolics. The nutritional
value of finger millet is marked as 71.52% carbohydrate, 7.44% crude protein, 3.6%
crude fiber, and 3.38 mg/g of calcium. Foxtail millet, on the other hand, has a sig-
nificant amount of lysine which makes them an additional protein source for most
of the cereals (Ragaee et al., 2006). Kodo millet and little millet have fats mostly
containing polyunsaturated fatty acids; are found to have 38% dietary fiber which is
highest amongst other cereals (Hegde et al., 2005). Compared to the protein profile
present in wheat, proso millet contains more essential amino acids such as methio-
nine, leucine, and isoleucine (Kalinova & Moudry, 2006). The highest amount of
protein and crude fiber is found in Proso millet, while finger millet possesses the
highest amount of calcium suitable for fighting anemi (Chethan & Malleshi, 2007,
Sripriya et al., 1997). Along with specific mineral and proteins, millets also contain
dietary fibers such as resistant starch that are needed for the synthesis of short-chain
fatty acids (butyrate) effective in preventing colon cancer. The in-vitro study on
soluble polysaccharides (arabinose and xylose) have proved their prebiotic activity
and wound dressing property (Mathanghi, 2012).

Speaking of micronutrients, millets are an excellent source of f-carotene and
B-vitamins especially folic acid, niacin, and riboflavin. The amount of thiamine and
niacin present in millet is comparable to that of rice and wheat. Besides, millet’s
bioactive constituents complement those present in fruits and vegetables. These
include gallic acid, catechol, cinnamic acid, benzoic acid, ascorbic acid, ferulic
acid, p-coumaric acid, vanillic acid, sinapic acid, chlorogenic acid, proto-catechuic
acid, kaempferol, caffeic acid gentisic acid, salicylic acid, and syringic acid, how-
ever, the concentration of these bioactive compounds vary according to the cultivar
and environmental conditions (Kumar, 2018).

232 Teff

Teff (Eragrostis tef) belongs to the Poaceae family, and is a minor GF cereal pro-
duced in Ethiopia and Eritrea (Eragrostis teff), and exhibit an excellent protein pro-
file (Bultosa & Teff, 2016). Teff seeds are mostly distinguished based on color
(white, red or brown, and mixed) for marketing purposes. The color of the hulled
grains ranges from pale white to dark brown (Belay, 2009). The starch content in
teff (73%) is relatively higher than most of the cereals which makes it a suitable
alternative to wheat (Tatham, 1996). The protein profile of teff is similar to wheat
and higher than rice, maize, sorghum, and millet.

The major storage proteins present in teff are glutelins (44.55%) and albumins
(36.6%) and the rest constitute prolamins (11.8%) and globulins (6.7%) (Tatham,
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1996). Since the teff flour consists of albumin, glutelin, and globulin as the major
protein fractions, it is easily digestible relative to other gluten-free cereal such as
sorghum and maize (Gebremariam et al., 2014).

The mean value of crude fat present in teff is 0.0238%, out of which 72.46% is
unsaturated fatty acids, mainly consisting of oleic acid (32.41%) and linoleic acid
(23.83%) (El-Alfy et al., 2012). The crude fiber content of teff is analogous to that
of millets and higher than rice, wheat, maize, and sorghum. The reason for such
high fiber content is its exceptionally small grain size due to which it is always
milled as whole-grain flour.

Moreover, calcium which helps in bone building and prevention of colon cancer
is present in high amounts in teff. To prevent the issues related to the low calcium
intake, Roosjen suggested that flour should contain at least 150 mg/100 g of calcium
(Roosjen, 2005). Except for teff and finger millet, most of the major cereals such as
rice, wheat, maize, and sorghum fail to fulfill this requirement. Apart from that, teff
has been found reasonable for the sparse occurrence of anemia in Ethiopia. Other
than niacin, riboflavin, and thiamine; teff also contains vitamin B6 (0.482 mg/100 g),
vitamin K (phylloquinone), vitamin A (9 IU), and a-tocopherol (0.08 mg/100 g)
(wet basis) (Zhu, 2018).

Similar to millets, teff exhibits health-promoting effects due to the presence of a
substantial amount of phenolics. The major phenolic compound present in teff
includes ferulic acid (285.9 pg/g), with considerable amounts of cinnamic (46 pg/g),
vanillic (54.8 pg/g), coumaric (36.9 pg/g), protocatechuic (25.5 pg/g), gentisic
(15 pgl/g), syringic (14.9 pg/g) acids (McDonough et al., 2000). These phenolics are
responsible for the antioxidant activity, which helps in the prevention of cardiovas-
cular diseases and cancer (Awika & Rooney, 2004).

2.3.3 Pseudo-cereals

In contrast to monocotyledonous cereals, Buckwheat (Fagopyrum esculentum),
Amaranth (Amaranthus spp.), and Quinoa (Chenopodium quinoa) are dicotyledon-
ous seeds under the family of Poaceae. The common term assigned to them is
pseudo-cereals as they have similar structural and nutritional properties to that of
the true cereals. These pseudo cereals present good opportunities for the production
of GF products as they not only lack toxin prolamins; but are characterized by high
macronutrients and micronutrients including the essential amino acids. Amaranth is
a lens-shaped seed with a diameter varying from 1 to 1.5 mm and weighs around 0.6
to 1.3 mg (Bressani, 1994). The common amaranth species under cultivation are
Amaranthus hypochondriacus, Amaranthus caudatus, and Amaranthus cruentus.
Compared to Amaranth seeds, quinoa seeds are much bigger with a diameter of
1-2.5 mm (Taylor & Parker, 2002). The popular buckwheat varieties are common
buckwheat (Fagopyrum esculentum Moench) and tartary buckwheat (Fagopyrum
tataricum) (Oomah & Mazza, 1996). The nutritional compositions of these pseudo-
cereals from where it can be derived that amaranth and quinoa have the highest
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protein amongst all the cereals. The main advantage of using pseudo-cereals as the
gluten-free ingredient is in the fact that they contain globulins and albumins as the
main protein fractions, with negligible prolamins proteins, the latter being toxic to
the celiac patients(Drzewiecki, 2003). The amino acid present in globulins and
albumins fractions contains a lower amount of proline and glutamic acid than pro-
lamines (Gorinstein, 2002). These pseudo-cereals are a decent source of dietary
fiber; therefore, infusion of these seeds with other gluten-free ingredients can help
to alleviate the dietary fiber deficiency amongst the concerned celiac population
(Alvarez et al., 2009)

Another important nutritional aspect of the pseudo-cereals is the presence of a
high percentage of unsaturated fat such as linoleic acid (50% of the total fatty acid
for amaranth and quinoa, and 35% for buckwheat), oleic acid (25% for amaranth
and quinoa, and 35% for buckwheat), and palmitic acid (Bruni, 2001; Bonafaccia
et al., 2003). The high a-linolenic content (3.8—-8.3%) in quinoa seeds is responsible
for the reduction of biological markers linked to common degenerative diseases
namely, cancer, osteoporosis, cardiovascular, and autoimmune diseases (Ruales &
Nair, 1993)

Furthermore, buckwheat consists of fagopyritols, a soluble carbohydrate which
is a source of D-chiro-inositol, a compound that effectively controls the type II dia-
betes through glycemic index management. The range of fagopyritols present in
buckwheat ranges from 269.4 to 464.7 mg/100 g (Steadman, 2000). The main phe-
nolic compounds present in amaranth seeds are ferulic acid, caffeic acid, and
p-hydroxybenzoic acid (Klimczak et al., 2002). Flavonoids such as glucosides of
flavonol kaempferol and quercetin are abundantly found in quinoa seeds (Dini et al.,
2004). For buckwheat, the main source of phenolics is glucosides of flavonol quer-
cetin, accompanied by glycosides of the flavones luteolin and apigenin (Dietrych-
Szostak & Oleszek, 1999).

2.4 Legumes

Besides pseudocereals, several attempts have been made to utilize legumes (pulses,
in particular) to improve the protein profile and functional characteristics of GF
products. Typically, pulses are categorized into 11 main classes: dry beans
(Phaseolus spp.; Vigna spp.), dry peas (Pisum spp.), dry broad beans (Vicia faba),
dry cowpeas or black-eyed peas (Vigna unguiculata (L.) Walp.), chickpeas or ben-
gal grams (Cicer aretinum L.), pigeon peas (Cajanus cajan L. Mill sp.), bambara
groundnuts or earth peas (Vigna subterranean L.), several varieties of lentils (Lens
culinaris Medik.), vetch or common vetch (Vicia sativa ), and lupins (such as
Lupinus albus L. and Lupinus mutabilis Sweet), as well as minor pulses, including
jack beans (Canavalia ensiformis), lablab or hyacinth beans (Lablab purpureus ),
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winged beans (Psophocarpuster agonolobus ), sword beans (Canavalia gladiata ),
yam beans (Pachyrrizus erosus ), and velvet beans (Mucuna pruriens var. utilis )
(Melini, 2017). These pulses contain a good amount of protein, complex carbohy-
drates, dietary fibers, and micronutrients. At the same time, they contain a high
quantity of polyphenols demonstrating excellent antioxidant property, and other
secondary metabolites including isoflavones, bioactive carbohydrates, polysterols,
saponins, and alkaloids (Roy et al., 2010) Besides, pulses based GF products have
low glycemic index.

The main protein proportion in pulses accounts for about 17-35% of the coty-
ledon weight (dry basis) (McCrory, 2010). Pulse proteins are categorized into four
classes based on their solubility in several solvents i.e. (a) albumins (water-solu-
ble), (b) globulins (soluble in a salt solution), (c) prolamins (soluble in an alco-
holic solution of 70% concentration), and d) glutelins (dissolves in alkaline
solution), of which globulins and albumins constitute the major proportion
(60-80%) of protein fraction (Tiwari & Singh, 2012). Compared to cereal pro-
teins, pulses possess higher levels of leucine, lysine, arginine, aspartic, and glu-
tamic acid, however contain lower amounts of sulfur-containing amino acids such
as cysteine, and methionine. Based on the protein concentration, pulses flours are
available as pulse flour (<65%, db), protein concentrates (>65%, db), and protein
isolates (>90%, db) (Schoenlenchner, 2010).

The carbohydrates in pulses are composed of starch, soluble sugars, and dietary
fibers, which overall account for 55-65% of the whole pulse dry weigh (Boye et al.,
2010). The starch in total constitutes of 22-45% of total carbohydrates, and gener-
ally contains up to 20-30% amylose and 70-80% amylopectin (Maaran, 2014). The
resistant starch present in pulses attributes to the slow glucose release thus, control-
ling the glycemic and postprandial responses (Berrios et al., 2010). Along with that,
they also represent a source of dietary fiber (soluble and insoluble, both), for
instance, the insoluble fiber in chickpeas, lentils, and peas are 75%, 87%, and 89%
(db) (Maaran, 2014).

Furthermore, they are a rich source of niacin, thiamine, riboflavin, pyridoxamine,
pyridoxal, and pyridoxin. High amounts of folates are also present in pulses which
are generally deficient in humans due to complex bonds with other biomolecules.
As a relevant example, beans contain 400-600 pg/100 g of folates which covers
95% of the daily requirement. Chickpeas are also rich in folates and contain a higher
amount than peas (150 vs 102 pg/100 g) (Campos et al., 2010). They also contain a
good amount of minerals such as iron, zinc (highest in beans and lentils), potassium,
and magnesium (highest in cowpea) (Oomah, 2011). Amongst secondary metabo-
lites such as tannins, phenolic acids, and flavonoids, kidney beans and black grams
contains the highest phenolic content. Chickpeas also contain a wide variety of
bioactives including glucosides of flavone, flavonoids, and oligomeric cum poly-
meric proanthocyanidins.
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2.5 Nutritional Interventions in GF Products

The production of baked products from gluten-free ingredients has several associ-
ated challenges. Firstly, the viscoelastic property of gluten is hard to mimic in order
to develop a palatable GF baked product. During baking, gluten plays an important
role in holding the CO, released during proofing, thus giving the product an excel-
lent structure and acceptable volume (Drabinska et al., 2016). The absence of gluten
impairs the dough structure, giving a liquid consistency batter and defected baked
products (Gallagher et al., 2014). For instance, the removal of gluten prevents starch
swelling during cooking of pasta, prevents the biological leavening, and hampers
the texture of bread, whereas for biscuits it has an impact on the elasticity and cohe-
siveness of the dough (Di Cairano, 2018). Another challenge is to maintain an
appropriate nutritional profile for these kinds of products. Frequently, the gluten-
free products are characterized by a high amount of saturated fatty acids and sugars,
and low levels of nutrients such as dietary fibers, calcium, iron, zinc, magnesium,
vitamin B12, and folate. Moreover, GF products often depict a high glycemic index
due to the presence of starchy ingredients. The high GI leads to several metabolic
disorders such as obesity and diabetes (Jnawali et al., 2016; Naqash, 2017;
Vici, 2016).

The most common cereals used as ingredients for GF products are rice and corn
which have certain demerits associated such as poor viscoelastic properties of rice
which hinders gas retention during baking, and inferior textural properties of GF
product when developed using cornflour. On the other side, the protein and starch
present in sorghum are not easily digestible. The high gelatinization temperature of
sorghum flour results in poor quality bread with cracks and large holes in the crumb
(Carcea, 2020). Therefore, substances such as hydrocolloids (guar and xanthan
gums, alginate, carrageenan, hydroxypropyl methylcellulose, carboxymethyl cel-
lulose), emulsifier, isolated proteins (from egg, legumes, or dairy products), or
enzymes (cyclodextrin glycosyltransferases, transglutaminase, proteases, glucose
oxidase, and laccase) have been added during the preparation of GF products to
mimic the property of gluten (Matos & Rosell, 2015) Other interventions, sour-
dough technology, and high hydrostatic pressure being some of them, have been
applied to improve the organoleptic qualities and nutritional properties, conse-
quently (Capriles et al., 2016).

2.6 Baked Products

2.6.1 Biscuits and Cookies

The most commonly employed GF alternatives for biscuit preparation are maize
starch and rice flour. However, these flours give high energy intake but lack many
essential amino acids (lysine and tryptophan) and vitamins. Thus, to surpass the low
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nutrient challenge, different combinations of high-value ingredients have been used
to enhance the nutritional properties, bioactive content, and glycemic index of GF
biscuits. Rybicka and Gliszczynska-Swiglo (2017) suggested that biscuits prepared
using buckwheat chickpea, oats, millet, amaranth, teff, and quinoa had higher min-
eral content than those prepared using potato, maize, rice, and GF wheat starch
(Rybicka et al., 2019). The technological processes such as malting, fermentation,
and germination can impact the overall quality of the biscuit. A relevant example of
this was presented by Omoba et al. (2015) where they used sourdough technology
to improve the nutritional profile of sorghum, pearl millet, and soy-based biscuits.
They observed a moderate increase in phenolic content, consequently raising the
antioxidant activity than the control and a reduction in the concentration of antinu-
tritional phytate. At the same time, the addition of antioxidants, ash, and fibers rich
ingredients can have a negative impact on the optical and sensory quality of GF
biscuits, therefore, giving a darker colored product with a bitter aftertaste (Omoba
et al., 2015).

In addition, the use of low fiber starch such as refined flour induces a high glyce-
mic index in the developed product. It has been observed that the utilization of
wholegrain flour from legumes or pseudo-cereals, and the high moisture thermal
treatments (annealing) can reduce the glycemic index of the product (Rocchetti
et al., 2018; Giubrerti & Gallo, 2018). For example, the biscuits prepared using
tartary buckwheat presented a lower glycemic index (62.8) than that prepared using
rice flour (110.2). Furthermore, the use of malted tartary buckwheat flour can boost
up the antioxidant activity, with a further reduction in the glycemic index value to
57.6 (Molinari, 2018). Likewise, teff flour can also lead to the reduction of GI when
compared with other conventional GF alternatives. The incorporation of soluble
fibers, such as arabinoxylans, guar gum, high molecular weight B-glucan, or psyl-
lium can significantly lower the glycemic index by delaying the gastric functioning
(Scazzina et al., 2013). The carbohydrate present in a food is indicated by the gly-
cemic load, which can be reduced by the increased concentration of non-digestible
carbohydrates like resistant starch, as well as protein content.

Adebiyi (2017) demonstrated that fermentation and malting improved the nutri-
tional characteristics of the pearl millet biscuits; which was pointed out by the
increase in the amino acids, total phenolic and mineral content (Abediyi, 2017).
Another study showed that using germinated flour blends of foxtail, kodo, and barn-
yard millets contained higher protein content, total antioxidant activity, and pheno-
lic content than native blends (Sharma et al., 2016). Teff, on the other side, is
characterized by high protein content, but it lacks gluten which impairs the biscuit
quality. Oats can improve the nutritional properties of the conventional gluten-free
biscuits by partial or full replacement of the GF flour. Incorporation of oats bran in
oats biscuits increased the nutritive values and dietary fiber content (Duta &
Culetu, 2015).

The most studied pseudo-cereal for GF formulations is buckwheat flour which
has a peculiar phytochemicals present called rutin. Some studies have shown that
the incorporation of buckwheat flour with rice or wheat flour has raised the DPPH
radical scavenging activity, mineral content, total phenolic content, and rutin levels
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than those of control biscuits (Sedej, 2011).The addition of quinoa flakes (25%) and
flour (30%) into base material (corn starch) lead to the increment in the dietary fiber
content. The total fatty acids present in quinoa-based cookies were composed of
polyunsaturated fatty acids (60.53%), monosaturated fatty acids (23.41%), and sat-
urated fatty acids (17.45%). The essential amino acids identified were isoleucine,
methionine, threonine, phenylalanine, and valine (Brito, 2015). Chauhan et al.
(2015) compared the GF cookies prepared using native and germinated amaranth
flour, wherein germinated GF biscuits exhibited higher antioxidant activity and total
dietary fiber than raw amaranth flour biscuits (Chauhan et al., 2015).

At the same time, legume flour has been applied in the GF products to increase
their nutritional quality. Sparvoli (2016) used a low anti-nutritional variety of com-
mon beans in combination with maize flour to make low glycemic index nutritive
GF biscuits. The actual glycemic index value of the prepared biscuit was higher
than the predicted one due to the presence of a-amylase inhibitors (Sparvoli, 2016).

2.6.2 Bread

A large section of the human population depends on bread as a staple meal which
serves as a vital source of protein. However, the absence of gluten rendered low
protein bread with poor sensory quality. The average protein value of GF bread is
4.4 ¢/100 g which is significantly less than that of conventional gluten-containing
bread (10 g/100 g) (Do et al., 2014). Using protein isolates and protein-enriched
flour are suitable options to augment the protein content of GF bread; however, they
have an antagonistic impact on the texture and sensory characteristics of bread.
Apart from gluten, the dough’s viscoelasticity changes with the amylose content of
the starch (Kaur, 2015). Rice flour is a common alternative for the replacement of
conventional bread; however, they provide comparatively lower protein
(6.14-7.30 g/100 g) and nutrition (Molina-Rosell & Matos, 2015). Leguminous
flours (soybean, peas, lentils, chickpea, and beans), on the other hand, provide better
protein content and nutritional profile than rice or maize flour. The addition of pea,
chickpea, lentil, or pea flour with rice flour in a 1:1 ratio increased the protein con-
tent of the cake from 6.2 to 8.7 g/100 g. The addition of soy flour to starch of differ-
ent origin (such as cassava, corn, and rice) improved the bread quality, sensory
quality, as well as the nutritional characteristics of GF bread (Taghdir, 2017).
However, the negative aspect of leguminous flour resides in their extremely high-fat
content and presence of anti-nutritional compounds (Molina-Rosell & Matos, 2015).

Pseudo-cereals have similar protein profiles to that of glutinous flours, as a result
of which, the bread developed using amaranth flour has better protein level and
health benefits. According to Kaur (2015) the bread produced using buckwheat flour
showed an optimal balance of amino acids and phenolics, however, the sensory
quality was rated lower than wheat flour. The blend of rice and buckwheat showed
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the potential to increase the textural properties of bread, without the addition of
hydrocolloids (Badiu et al., 2014). In addition, bread prepared using soy/egg/corn
protein isolates (Foschia, 2016; Crockett et al., 2011) egg white solids (Nunes et al.,
2009), whey protein isolates/concentrates were studied for their textural, sensory
properties, and consumer acceptance.

Besides, the addition of dietary fiber to refined flour or starch lowers the glyce-
mic index of the baked products due to improved water-binding ability. Soluble
dietary fibers such as psyllium and guar gum are known to reduce the glycemic
index of GF bread by 40 and 41%, respectively (Scazzina, 2015). Likewise, inulin
reduced the glycemic index of GF bread from 71 to 48 (Segura & Rosell, 2011).
Although these additives are advantageous for the reduction of GI, they concomi-
tantly result in hard bread crumb with poor sensory quality. Another study used the
blend of plantain-chickpea-maize to produce GF bread (Flores et al., 2015).

Apart from the ingredients used, the glycemic index of the baked product also
depends on pre-processing technologies such as enzymatic treatment, germination,
and sourdough fermentation. Enzymatic treatment reduces the susceptibility of
starch to hydrolysis in presence of a-amylase (Dura & Rosell, 2016). It should be
noted that the effect of sourdough technology varies with the type of substrate. For
instance, the application of sourdough technology on sorghum and teff showed the
expected decrease in GI, however using the same technique for quinoa and buck-
wheat resulted in a high glycemic index for the baked product (Wolter, 2014).
Scazzina (2015) pointed out that white sourdough bread had higher fiber and pro-
tein, but a lower glycemic index (52.1) than normal white bread having a glycemic
index of 61.2. Mixed sourdough dough (6% millet, 6% buckwheat, and 21% corn
flour) was formulated and made into a multigrain puffed cake with a moderate gly-
cemic index value of 66.7.

As far as the micronutrient availability of GF products is concerned, studies have
evidenced that most of these products are crafted using highly refined substrates,
which in result supplies very little nutrients (Wolter, 2014; Suliburska, 2013;
Stantiall & Serventi, 2018). Several studies have suggested that the addition of
buckwheat, amaranth, pearl millets, and flaxseeds have been found to increase the
mineral content of the bread. The addition of buckwheat flour (10-40%) in GF
bread composed of corn and potato starch enriched the micronutrient profile of the
bread. The Fe content increased from 42.7 to 54.3 g/100 g and Zn content improved
from 5.7 to 13 g/100 g; however, the major increase of 4 and 9 times was observed
for Cu and Mn, respectively) (Rozylo, 2015). Although the nutritional quality of
blends consisting of teff or pseudo-cereals (amaranth and quinoa) is much better
than wheat flour; their baking properties and sensory characteristic were inferior to
that of the conventional flour. As an example, it was reported that macronutrients
such as fat and protein, as well as the mineral content such as Ca, K, Mg, Fe, Mn,
and Zn were higher for teff, amaranth, and quinoa bread compared to what was
produced using wheat (Rybicka et al., 2019)
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2.6.3 Extrudates

Out of all the gluten-free products, pasta is the most popular product amongst the
gluten-intolerant people (Gimenez, 2016). One of the main nutritional benefit of
pasta is the low GI which controls the body weight, plasma lipid, and blood glucos.
Gluten-free grains (replacing partially or totally) such as rice and corn have been
used to target the specific group of the celiac population. Even though these conven-
tional alternative grains are composed of many macro and micronutrients, they are
not considered sufficient to fulfill all the requirements for essential micronutrients.
Different types of GF flours (sorghum, rice, corn, and potato starch) have been used
for spaghetti preparation, wherein the best results were obtained with a 40:20:40
ratio of sorghum, rice, and potato flour (Giacco et al., 2016; Demirkesen, 2010;
Ferreria, 2016).

Different sources of proteins (egg white, whey, bovine plasma, cowpea, and
lupine) have been incorporated in the GF products to improve their overall nutri-
tional quality and texture (Kumar, 2019; Chapbell et al., 2016; Furlan et al., 2015).
High protein legume (faba, lentil, and black gram) flours were used to develop the
low glycemic index and highly nutritious pasta, with a reduction in the antinutri-
tional compounds such trypsin, a-galactosides, and phytic acids during extrusion
processing. Compared to the commercial cereal pasta, the legume pasta has 2.9-3.5
fold higher protein content, and 1.4—1.6 fold lower starch content. Moreover, legume
flour has better lysine content, while cereal proteins contain more sulfur-containing
amino acids. The anti-nutritional compounds such as trypsin inhibitors,
a-galactosides, and phytic acids experience a decrease during cooking). In addition,
the pasta prepared using soy flour in a combination of defatted almond flour dem-
onstrated 3—5 times higher protein content (33.3-42.1%, db) in comparison to con-
trol pasta (2.8-13%, db) (Laleg, 2016; Martinez, 2017).

Incorporating biotechnological preprocessing such as fermentation and sprout-
ing has been found to enhance free amino acids, minerals, and bioactives.
Fermentation of black gram enriched rice evidenced the enhanced nutritional and
functional properties with further improvement in total phenolic content and anti-
oxidant activity after the extrusion. Another study focused on improving the nutri-
tional characteristics of rice-based pasta by enrichment with fermented or sprouted
sorghum flour. However, the results indicated a drop in protein and starch content
after fermentation and sprouting. The limited starch breakdown in fermented sor-
ghum enriched rice pasta does not lead to foul color or textural changes and appears
to have a beneficial impact on the cooking properties. The decrease in protein con-
tent was attributed to the proteolysis of non-aggregated kafirins, thus, conserving
the proteins necessary to form a stable network in the final product. During sprout-
ing, starch cleavage by amylolytic activity alongside the peculiar protein breakdown
rendered severe impairment in the cooking and nutritional properties of the enriched
product (Rani, 2018; Marengo, 2015).

Satisfactory results have been obtained by blending pseudo-cereals (amaranth,
buckwheat, and quinoa) with corn, soy, oats, and cassava to produce GF spaghetti
(Mastromatteo, 2011; Chillo, 2009; Caperuto et al., 2001; Fiorda, 2013;
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Gungormulsler et al., 2007). Milling treatment was observed to affect the nutritional
profile of the quinoa used for the preparation of oat-quinoa spaghetti. The rise in
amino acids including histidine, leucine, isoleucine, valine, methionine was
observed, while the overall protein and lipid contents were reduced by the factor of
3.5 and 5.4, respectively. Nevertheless, the addition of quinoa guaranteed the
improvement of the amino acid profile for corn protein. Moreover, the teff based
pasta was reported to demonstrate similar textural properties to wheat flour; how-
ever, the overall sensory quality was inferior to the latter. Teff pasta had higher
mineral, fiber content, as well as the low glycemic index (47) than the wheat-based
pasta (65) (Hager, 2013).

On the other hand, using green banana flour-based pasta had inferior nutritional
properties compared to standard pasta. However, the GF pasta prepared using
banana-cassava composite flour has a more resistant starch content compare to sem-
olina based pasta. Egg white and soy protein were incorporated in banana-cassava
based pasta, wherein soy protein gave better protein content than egg protein pow-
der. Furthermore, a study compared the rice, legume, and pseudo-cereal based pasta,
which was shown to have satisfactory phenolics components. It was found that
cooking via boiling reduced the bound to free ratio of phenolic compounds for all
the GF pasta (Zandonadi, 2012; Rachman, 2020; Rocchetti, 2017).

2.7 Conclusions

In a nutshell, the demand for GF products has been increasing immensely which are
majorly prepared using refined flour, however, at the same time their nutritional
profile remains a major challenge. During milling, the minerals present in the bran
and germs are lost which leads to poor nutritional quality in the end product. It has
been observed that inferior micronutrient profile (minerals, vitamins, and bioactive
content) can be improved using amaranth, buckwheat, and quinoa. Using a combi-
nation of different flours and incorporation of sources of protein and dietary fibres
has shown to improve the micronutrients, amino acid profile, and bioactive com-
pounds in the GF products. Different pre-treatments are cooking process have also
been seen to impact the changes in the macronutrients and micronutrients of the GF
products.
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Chapter 3
Gluten-Free Food: Role of Starch

Sandeep Singh Rana and Payel Ghosh

Abstract A rising demand for gluten-free foods is triggered by growing cases of
celiac disease, but also by a trend towards removing all potentially allergenic pro-
teins in a diet. It’s a known fact that gluten elimination impacts the product structure
and texture significantly. It is difficult to alter a gluten-free product recipe that
would offer a product comparable to conventional food. One of the key components
of the gluten-free product is the starch of a specific botanical origin. Additionally,
their properties may be changed by compatible shape and texture-forming ingredi-
ents or additives, including multiple texturizing aids. The function of starch is often
significant in these structures, as its proper choice and Treatment may have a direct
impact on the finished products. An evaluation of the literature identifies starch as a
key component in gluten-free food items. This starch structure shows variations
between different forms of this biopolymer and their effect on the characteristics of
the goods.

Keywords Starch - Gluten-free product - Texture

3.1 Introduction

Increasing competition for GF foods is linked to a rising number of patients living
with the gluten-free diet. Some illnesses, about which the removal of gluten resulted
in better wellbeing, have contributed to a trend of removing it off the diet of health-
ier people having a strong effect on the GF industry. It is found that 20% of US
customers buy GF items (Nijeboer et al., 2013). According to analyses, 65% of
customers purchase these items as they find them to be safe, 27% for weight loss,
11% for health benefits) and remaining for other benefits (Watson et al., 2014). The
total size of the GF industry in the world was to be $6.2 billion in 2018, of which
59% is in the USA alone. According to EU regulations, gluten origins include
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‘wheat (such as spelled and khorasan wheat), rye, barley, oats or their hybridized
varieties, and items thereof,” with certain variations.

According to Regulation pertaining to commission (EC No. 41/2009) items
including ‘ingredients produced of wheat, rye, barley, oats or their cross-breeding
variants that had specifically formulated to minimize gluten’ and containing gluten
content lower than 100 ppm per kilogram may be referred to as ‘very low gluten.
The items called “gluten-free” did not achieve more than 20 mg of gluten per Ib. The
US Food and Drug Administration introduced a similar definition that restricts the
amount of gluten in GF items to 20 ppm (Grain Labeling; Gluten-Free Marking of
Fiorda et al., 2013a). Within these restrictions, starches (corn, potatoes, cassava,
rice) are the major raw materials that may be used in the processing of Gluten-Free
food (Deora et al., 2014, 2015; Brito et al. 2014; Fiorda et al. 2013b; de la Hera et al.
2014; Korus et al., 2015b). A variety of reports have lately been conducted on the
use of hydrocolloids, dietary nutrients, additives, and manufacturing aids appropri-
ate for these processes. (Deora et al., 2014, 2015; Korus et al. 2015a; Marco and
Rosell, 2008).

3.2 Properties of Starch

In several plants, starch is important storage polymers. It is composed of two groups
of proteins, spiraled amylopectin and linear amylose. In both cases, the building
block is the P-D-glucopyranose residue, which forms alpha-1,4-glucosidic bonds in
linear amylose structure and additional P-1,6-glycosidic branches in amylopectin
molecules. Distinctions in the framework of both polymers result insignificant.
Amylose seems to be more resistant to crystallization, or retrograde, whereas amy-
lopectin could be spread in liquid but is much slower, resulting in soft gels and poor
films (Pérez and Bertoft, 2010). Indigenous starch is arranged in granules found in
plants and also in stems. They range in scale (0.1-200 pm) and form is related to the
botanical roots. The partial crystalline structure of starch influences its properties.
This structure is also of paramount importance for the other components apart from
starch which is often used in food processing and other industries. In addition to
direct alteration, starch structures may be changed by the careful collection of com-
ponents, often hydrocolloids, reacting with stabilizing starch.

3.3 Flour

Flours typically consisting of only starch can mostly be utilized for the GF product
development as a substitute for wheat flour. Starch is the main component that spe-
cifically influences the properties of starch, beginning with its outward presence.
Their inclusion in flours greatly influences the profile of nutrition, for example,
starch-based bread that produces many times less protein than comparable products
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with the inclusion of buckwheat or millet flours. The milling operation may modify
the intrinsic behavior of starch. For example, mechanical shearing is known to
impact the behaviors of starch in GF products and thus it becomes important to
understand the aspect of milling for GF application.

3.4 Function of Starch in GF Products

The addition of moisture has a considerable on the properties of the starch. For
example, the viscoelastic behavior, as well as the formation of continuous bonds in
the products, is greatly influenced by the starch properties. The precise relationship
of these structures with GF products depends heavily on the botanical origins as
well as other chemical properties of which can participate in its stabilization. Water
causes starch granules to swell, depending on the origin of starch. Tegge (2004)
suggests that starches in terms of water absorption potential may be classified into
three classes. The heat stability of starch-water systems causes granules to swell,
thus increasing volume and altering other characters. At a considerably lower level
of humidity ends in a modification of the crystalline structure, morphology, chemi-
cal and enzyme sensitivity of the granules (Hoover, 2010).

The higher-water cycle is called rinsing, which often contributes to mechanical
properties being modified (Tester et al., 1998). The starch swelling yields a more
compressed form as thermal treatment of resultant starch commences and mixed
with a minute volume of water that is shown as a consequence of growing resistance
to the mixing during treatment which involves thermal as well as mechanical energy.
Granules growing to disintegrate over those levels. The exact transition parameters
are related to the type of starch granules. For example, structural type, granular
behavior, water level, rate of heating. Amylose leak can also be understood by the
viscosity analysis. In the end stage, starch granulate break, contributing to a tran-
sient decrease in paste viscosity and enzyme sensitivity (Wang & Copeland, 2013).
The early phases of the thermal starch transformation in the water are termed gela-
tinization, whereas the latter are termed gelatinization. However, the use of these
conditions among scientists is not consistent (Xie et al., 2005). It should be noted
that when you cool down the starch, 3D Structure which can attach sizeable quanti-
ties of water meritoriously (Singh et al., 2003). Active cooling contributes to gel-
forming (Pycia et al., 2012). During food storage, the mechanism of accumulation
of the starch collectively termed retrogradation, has a major effect on certain char-
acteristics of foodstuffs (Delcour et al., 2010). Reconnection of molecules of amy-
lopectin via the chemical bonds of hydrogen alters the textural properties of starch
gels. Acceleration can be done by freezing cycles whereby water molecules are
separated from starch additives and hydrogen bonds can be left empty.

Different forms of native starch vary in the propensity to retrogradation, this
phase is inevitable and typically contributes to food quality degradation. In large
part, this describes the extensive usage in different sectors of the food sector. Starch
in storage cells has no impact on plant tissue properties and is not essential to the
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digestion that produces the first responsive starch fractions. During the process of
mastication, fragile cell walls can be certainly damaged, the most amylolytic
enzymes, for example, banana starch, cannot still have starch granules. After physi-
cal or chemical treatment, the role of starch in delivering physical starch character-
istics is increasing. The composition and presence of gelatinized starch, for example,
in potato tuber effects, is the origin of the potato classification (Kaur et al., 2002).
The impact of the thermo-mechanical application on starchy can affect certain gran-
ules and alter their surface characteristics which have direct effects on other proper-
ties that impact the final product. The magnitude of these improvements may be
managed to a large degree by the correct selection of input material.

The varying degree of amylose content in the cornmeal is known to impact the
textual behavior of tortillas and snacks’. Snack from extrusion also requires the cor-
rect choice of raw materials. The expansion and quality of the goods should be sat-
isfactory. Type of the Starch has an important aspect in the development, as its
extent depends directly on the material viscosity. The gas will not be caught if it is
too small, which contributes to an unexpanded error. Expansion is constrained if it
is too powerful (Guy, 2001; Moraru & Kokini, 2003). Cereal having undergone the
operation of fine milling has the presence of a higher surface area. This higher
degree of the surface area creates more water adsorption and serves as the adhesive
for flour pieces along with hydrocolloids, enabling them to establish a clear struc-
tural framework of a bread. Starch and water can not shape a dough alone with suf-
ficient mechanical properties, but the inclusion of even limited quantities of soluble
polysaccharides or proteins enables the creation of a network that is Visco-elastic
and can be modeled and drained in various ways. While the key element influencing
its consistency, conventional pasta is made of wheat durum semolina, there are sev-
eral comparable items dependent on maize. The consistency of starch is especially
relevant in such situations. The above applies in particular to certain Asian noodles,
in which the dough is made exclusively from native starch and starch paste, which
is formulated from about 5% of the total starch (Tan et al., 2009).

Bread is one of the main foodstuffs. Traditionally, the wheat meal may also be
used as food from other grains including rye, rice, or maize. The development of GF
bread is very different as compared to traditional products derived from wheat.
Since gluten protein is absent, a long mixture, which is usually necessary for devel-
oping the protein network, is not necessary for the dough. There can also be
improved water supplements and the usage of batter-like formulae in GF pastry
output is popular. An introduction of enzymes, emulsifiers, and dietary supplements
may bring more modifications. Starch gelatination is important for baking the food.
The variety, in oven conditions, is based on the form of starch: crystalline composi-
tion, amylose material, size, and shape of the granule. Other dough formulation
components could affect the behavior of starch, particularly by altering water avail-
ability. If the gelatinization decreases, the process can be carried out faster when
more water is freed from other dough components after heat. This may in turn influ-
ence the cooling of gelling and retrograde starch.

The function of stirch is generally linked to their viscosity in these low-
concentration systems. Many of those goods are focused on natural starchy goods,
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but those based on modified starches are the most significant industrial items. The
usage of adjusted starches makes for a quicker processing of food, greater viscosity
regulation, and increased product consistency. While it is not appropriate to attach
starch to goods that are built upon certain structural biopolymers including animal
protein, as in many conventional products, it can be used as a bulking agent or
development assist which may avoid water losses. Due to its nature, starch can be
used as a plastic substitute. It involves the production of comestible films and coat-
ings that may be used in specific food divisions (Bertolini, 2009). Starch films may
be used to prolong the shelf life of the drug, to enhance its quality, and to avoid the
mechanical loss or a combination of separate food components. Starch is often used
in jelly development as a simple, recyclable substitute for molds (Radley, 1976).

3.5 Role of Starch in the GF Products

The absence of Gluten makes the role of statch important for the structure building.
GF texture and structure Products, please. Corn, wheat, tapioca, rice, and rice are
the most important sources of starch in these products. Potatoes. Unquestionable
(Capriles & Aréas, 2014). Sorghum, millet, or tef as well as pseudocereals, such as
corn quinoa and buckwheat, are normally used in molten form while corn and rice
are widely used as insulated stomach and flour. Roots, tubers, vegetables, and other
sources, typically as components of composite mixes may also be used. These con-
stituents can be used as an admixture to boost texture, sensory qualities, and the
nutritional value of GF products.

Gluten deficiency contributes instead to liquid batters and can lead to baked
bread with cracking structures, bad color, and other defects in postbaking consis-
tency. The lower amounts of these substances, such as protein, vitamins, minerals,
and dietary fiber, have a greater nutritional value compared with gluten-based
foods fiber.

There are two approaches to the study. Gluten is being modified to eliminate its
toxicity, and gluten-deprived recipes are becoming designed to suit better sensor
and nutritional benefit criteria By fortifying with isolated compounds or incorporat-
ing natural raw materials rich in nutritionally useful ingredients, GF’s nutritional
benefit is increased. Additional GF products with nutrients sometimes contribute to
improvements in the physical-chemical properties of the drug which need extra
precautions during industrial implementation. The attributes of starch-based end
and intermediate items are primarily dictated by the starch characteristics of the
recipe. The starch granules’ relative size which relies on technologies for meal mill-
ing or starch insulation often affects the product’s properties. The source of starch/
meal and the equipment utilized influences granularity, bulking consistency, and
exposure to starch. It affects the manufacturing efficiency of flowering and defines
hydrating and properties of pasting (Abebe et al., 2015). The distribution by the
scale of flour particles affects the characteristics of GF rice cupcakes, according to
Kim and Shin (2014).
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The volume of weakened stutter granules decreases with a decline in particle
size, contributing to decreased water-binding capacitance, solubility, and light-
weight, whereas rough proteins and yellowness thus decline. When the particle size
decreases, the final and reverse viscosities of the rice meal improve. With a given
quantity of cupcakes, the same pattern can be found when their strength and springi-
ness decline as a particle size increases. As particle size increases with homogene-
ity, the air cell sizes decrease. Amylose leaching during starch gelatinization,
according to the scientists, supports building network structure with the egg-white
protein spray. It can also be found that smaller particles (high starch fractions) in
rice cupcakes can develop tiny air cells after baking. As per de la Hera et al. (2013)
decreased rice flour particle size initially affects optimistic basic bread length, but
bad breadmaking efficiency is the best grain. de la Hera et al. (2013) Based on the
depth of the stream, the strongest outcomes are reached for varying particle dimen-
sions. Increases in the basic volume lead to GF commodity texture parameters.

As per de la Hera et al. (2013) the compound granules of the starch partially dis-
solve during kneading and are combined with protein, moisture, and Hydroxypropyl
methylcellulose, to cover starch with relatively larger. Dough formation is influ-
enced by the degree of this disintegration. The strongest baking outcomes may be
achieved when soft rice varieties are used for flour development utilizing red-shaped
Starch granules (Kang et al., 2015). Specific analysis on maize-based bread found
fine flours in CMC systems was low and produced relatively smaller loaves in com-
parison to the with coarser particles. However, for the finished breast consistency,
the function of the maize and method of milling appeared more significant.

For the quality of bread, it is necessary to process starch or starchy content before
making the products. The findings demonstrate clearly that the properties of starch
granules have a significant effect on manufacturing and finished products’
consistency.

3.6 Source of Other Starch

The poor nutritional benefit of GF items promotes enhancement work. The substitu-
tion of essential constituents with nutritionally useful raw materials in such formu-
lations is one of the techniques. In certain situations though, associations with starch
and other device components enhance sensory conditions and increase the product’s
shelf-life. Very commonly, nutrition performance enhancement has been followed
by structural degradation and texture degradation, and the work aims at seeking an
optimal degree of addition to a specific ingredient. The suitability of such
GF-products for processing has been tested for a collection with flours with specific
botanical origins. They contain pseudocereal meal and pseudocereal meal (buck-
wheat, amaranth, quinoa), root, and tuberous meal (cassava, yam). Inputs from
plants like cotton, leather seed, may be collected from flosses and used as ingredients.
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3.7 Modified Starches in GF Products

In addition to the natural food portion of native starch, GF items that include chemi-
cally engineered starches, labeled as a food additive and labeled with “E” numbers.
Due to its developed, durable properties, changed starches can be easily added to
various food systems, without any noticeable degradation of the finished product,
and for the replacement of wheat starches in conventional bakers up to 20%.
According to Miyazaki et al. (2006), its implementation affects water absorption
and the rheological properties of the flour, the degree of the gelatination of starches,
the stiffness, and the staling of the bread.

Also studied in GF goods were modified starches. The rise in the bread amount
was reported owing to systemic improvements correlated with the introduction of
ADA and HDP. The parameter value of the texture was identical to the unit. The
existence of chemical enhanced starch stabilizes the composition of the crumb and
decreases the retrogradation of dissolved starch glucans, and therefore prevents
stalking. The inclusion of cross-linked higher bread hardness may, on the other, be
undesirable (Ziobro et al., 2012; Witczak et al., 2012).

In the processing of GF goods chemically adjusted starches may also be used. In
comparison to the previous community it is known as food components (like native
starch) and ultimately offers the user a ‘safe name.” The effect of hydrothermally
adjusted bean starch on GF bread has been studied by Krupa et al. (2010). We find
that the usage of this component decreases crumb stiffness and retrogradation
enthalpy substantially. Pregelatinized tapioca starch was used as a structural shap-
ing agent in rice meat-based bread by Pongjaruvat et al. (2014). The existence of
batter-like teats made the processing of the teeth less prone to shear. With the appli-
cation of Chemical, enzymatic or physical techniques, maltodextrins produced may
maintain bread texture. They are well-known for their role in delaying bread stalk-
ing. The application of low molecular weight dextrin to wheat bread decreases the
retrogradation of starch, according to Miyazaki et al. (2004) but is not generally
related to a reduction in bread hardiness. In experiments on starch gels’ model sys-
tems, it has been shown that the existence of dextrins increases the gelatinization of
starch and therefore decreases retrograde enthalpy (Durén et al., 2001).

Meal with medium-DE maltodextrins was observed having more water absorp-
tion and dough expansion relative to samples with low-DE maltodextrins. The bread
volume made from flours having a marginal amylolytic activity, particularly with
medium DE, was affected positively by maltodextrins. The partial substitution of
starch bases (grain and potato) with observable DE maltodextrins is an improved
gelatinization temperature and decreased viscosity of the pastes, according to
Witczak et al. (2010). The maltodextrins incorporation has also been found to have
aimpact dough rheological properties. Adrop in bread volume and weak bread con-
sistency, marked by irregular pore shape and thickness is also reported due the pres-
ence of maltodextrins with small DE. The advent of maltodextrins with shorter
chains affected the amount of bread and slow bread stalking. The maximum DE
maltodextrins significantly limit recrystallation of amylopectin. Maltodextrins with
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a high equivalent of dextrose are demonstrated to be used as an anti-staling agent for
GF Broad manufacturing (Witczak et al., 2010). Ferreira et al. (2014), who applied
enzymatically modified rice meal (via alpha-amylase) to baby food formulations,
also conducted studies on hydrolyzed starch in the GF formulation.

3.8 Resistant Starches in GF Products

Growing understanding among consumers of food’s dietary role generates aug-
mented interest in role of starch-resistant enzymes in human dietary tract. Starch
can be divided into fast (FDS) and slow -diagnostic starch (SDS). The non-digesting
component, “strong starch” (RS, Birt et al., 2013; Fuentes-Zaragoza et al., 2011) of
starch and of its partially hydrolysed derivatives that isn’t absorbed in tiny gutes.
This may also be distinguished in different categories. For example, Resistant starch
type 1 is described as intact, physically inaccessible starch in tissues and cells.
Resistant starch type 1 (RS1) Second category (RS2) is a natural, unhealthy starch
produced by human amylases from other plants and third (RS3) is a retrograded
starch generated while handling starch gels (e.g., bread). This is a non-gelatinised
starch. Form 4 (RS 4) contains all chemically transformed starches that due to their
altered composition can not be reached by the enzymes (Oztiirk & Kokse, 2014).
Resistant starch may have multiple essential functions and has a health-friendly
quality. Compared to other dietary fiber fractions, it decreases pressure of food,
enhances satiety and strengthens digestive functions (Fuentes-Zaragozaet al., 2011).

The involvement of food has a beneficial impact on absorption to glucose, which
reduces the blood postprandial level (Birt et al., 2013). Resistant starch may then be
fermented in the bowel after leaving small intestines, providing short chains of fatty
acids, growing pH and controlling microflora production. Pre-biotic formation, pro-
duction and interaction of bacteria in probiotic products are promoted and unneces-
sary microorganisms are removed or decreased (Birt, et al., 2013; Fuentes-Zaragoza
etal., 2011). Itis also reported that starch (resistant) can possibly bind bile acids and
increase sterol excretion resulting in a decrease in blood plasma levels of choles-
terol and triacyl glycerols (Birt et al., 2013; Oztiirk & Kokse, 2014). Large and
bakery items are among the most significant sources of starch in human diet and are
thus supported by the usage of resistant starch. Wojciechowicz-Budzisz et al. (2015)
examined the effects on consistency of wheat dough and bread of retrograded acety-
lated starch (RS4). Their addition to the formulation up to 10% did not substantially
decrease bread quality.

The increased amount of resistant starch also has been observed to deteriorate
meal quality and decrease bread output. The fractional substitution of flour with
resistant amber preparations has been shown to have a major impact on the changes
in rheology of the pudding and to increase its spring, in particular when 15% of the
RS3 is applied. As a consequence, the technical procedure has to be modified and
sufficient water to produce the dough of correct strength used in the formulae. The
effect of wheat flour replacement with adjusted pea starch, providing high RS yield
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and bread consistency was examined by Sanz-Penella et al. (2010). It has been
reported that the RS content improved dramatically, with no adverse effects on the
rheology of dough and acceptability of the bread at quantities up to 20%. Therefore,
the retrogradation rate of amylopectin was high. Research has also been performed
on GF food to determine the effect of resistant starch on the consistency of starch-
based items. The results of maize/potato starch substitution in GF bread formulation
with maize and tapioca-resistant starch preparations were studied by Korus
et al. (2009).

Bread with RS was defined in contrast to regulation by softer crumb. Specific
studies also indicate that introducing chemically modified starch (increasing RS4
level) dramatically affects dough rheology, increases the consistency of bread and
reduces crumb strength, and boosts its elasticity in quantities up to 15%. Upon
applying high amylose maize starch, however, no beneficial results were found
(Witczak et al., 2012; Ziobro et al., 2012; Tsatsaragkou et al., 2014).

The existence of starch (resistant) has no impact on the firmness of crumb but
greatly enhances its elasticity, particularly at the introduction of 15% of rice meal.
Adding carob flour could contribute to more improvements. The effect of RS prepa-
ration on GF cookies is dependant upon rice flour and tapioca starch (Tsatsaragkou
etal., 2015). The incorporation improved elasticity and thinner batters of coke. The
special amount of cakes decreased to 15% RS, as the degree of RS rose. Similar
porosity, the number of pores, and an improvement in the average diameter of pore
have been seen by crumb grain analysis with-RS concentration. In formulations
with increased amounts of RS, cake crumb stayed weaker throughout the transport.
Sensorial assessment of cakes shows that all formulas are approved, often with the
cake that includes 20% RS. Ren and Shin (2013) investigated the impact of resistant
starch (RS4) on the properties of dough and consistency of typical rice cookies. The
findings indicated that the dietary fiber proportion of the final items was increased.
In comparison, swelling strength, solubility, water binding capability, and all gluing
viscosities decreased with an increase in RS4 material. The satisfaction check found
that the additional RS4 color and overall consistency were the best when 10% of the
RS4 was applied.

The inclusion of flours rich in this fraction may also contribute to the increase in
resistant starch, and therefore dietary fiber, in GF items. The results rheology of
dough and bread properties of the introduction of buckwheat flame by 30% and
50% were studied by Wronkowska and Soral-Smietana (2008). The amount of
amylase-resistant starch was found to be higher, apart from the growth of protein
and minerals. Dough dilution and decrease in viscosity are induced by the addition
of buckwheat meal. The bean meal was the source of resistant starch in GF spaghetti
dependent on rice starch in another research (Giuberti et al., 2015). While after this
supplement the overall starch and RDS and SDS fractions decreased (an improve-
ment for protein, ash, and overall fiber has been found), it has been supplemented
by substantial RS rises of around 30%. In the introduction, the introduction of flour
was found to improve the optimal cooking period and water absorption without
impacting cooking loss. Properties in shape. The Green Plantain Flour product used
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by Sarawong et al. (2014) was used for the manufacture of GF Bread from a com-
bination of rice and GF Wheat Starch.

The findings suggest that such an improvement in quantities of up to 30% will
have an appropriate consistency for finished goods and greatly increase the resistor
starch content. Besides, the authors developed and refined technical parameters and
applied water to achieve the full amount of bread and soft and porous butter.

3.9 Conclusion

In GF products, starch and its derivatives play a substantial function, like modifiable
starches. Without gluten, the key structure and function part of several structures is
starch. The usage of various flours contributes to the goods in nutrients: calcium,
vitamins, and minerals. GF products may contain starch adjusted with chemical,
physical or enzymatic treatment in addition to natural starch. We usually play a
crucial role in enhancing the texture properties and avoiding harassment. Preparations
for resistant starch boost GF crop nutritionally. In the GF industry, the high vari-
ability of starch types is still insufficient, leading to more research on recipes that
contain customized starch mixes for GF products with high quality.
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Chapter 4
Role of Microbial Fermentation
in Gluten-Free Products

R. Anand Kumar and Winny Routray

Abstract Gluten intolerance is one of the significant symptoms associated with dif-
ferent health disorders, which has become an increasing concern worldwide. A glu-
ten-free diet is considered a curative product for the problem, which has been steadily
increasing in the market. Gluten plays a key role in developing gluten-containing
products with desired attributes. Elimination of gluten in staple food is not an easy
task and it is difficult to provide the gluten-free product with similar characteristics
as gluten-based products. Gluten-free products are produced from gluten-free cere-
als with different kinds of additives that modify the product according to the desired
properties. Gluten-free cereals such as rice, sorghum, maize, and corn are some of
the raw materials that are the major replacement cereals for producing gluten-free
products. Fermentation is also an avital step in the preparation of the gluten-based
product for attaining optimum texture and sensory properties. Sourdough fermenta-
tion is an important process employed in the fermentation of gluten-free products for
creating resemblance with the gluten-based product. Lactic acid bacteria species
have been mostly used in the fermentation process to produce gluten-free products
of equivalent quality. Enzymes are also utilized in the production of non-gluten
products such as gluten-free beer. The major drawbacks of gluten-free products
include the cost of production, nutritional deficiency, and lack of simpler methods to
produce the final products. Lack of nutrients in gluten-free products is due to the
replacement of raw materials that can be recovered by the incorporation of nutrients
from different sources such as vegetables and grains containing vitamins, minerals,
and high-level dietary fiber. The modification of physical, chemical, and aromatic
properties by the incorporation of additives also influences the final product quality.
The future market scenario mainly depends on the adaptation of new lifestyle diets
by the respective consumers for the respective abnormality and disease.
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4.1 Introduction

Gluten-free products, low-carb diets, and low-fat diets have become some of the
most common and important terms used in the new dietary diaspora, where the
trend of gluten-free diet consumption is increasing worldwide, attributed to the
increased consciousness about health and dietary lifestyles. The market value of
gluten-free products has been anticipated to reach 6.47 billion USD by 2023, which
was 4.48 billion USD in 2018 (Markets, 2018). In the Indian market, it is expected
to reach 189 million USD by 2024. It was 8.62 million USD in 2018 (Markets,
2019). Baked products are some of the most commonly consumed gluten-free prod-
ucts in the diet, wherein gluten-free coconut cookies and choco-chip cookies are
some of the popular products in the Indian market and possibly throughout the
world (Markets, 2019). Furthermore, e-commerce is one of the major players in the
market of gluten-free products, which has given a common platform for the local
and global manufacturers and augmented the selection of products for the consum-
ers, combined impacting the market and the consumer wellbeing.

Gluten intolerance is one of the major concerns in recent days. Also, celiac dis-
ease is one of the commonly observed autoimmune diseases, mainly caused due to
genetic disorders and environmental factors. It can be identified through gastroin-
testinal symptoms and extraintestinal manifestations (Torres et al., 2007). The dis-
ease is triggered mainly due to consuming food that contains gluten such as food
made of wheat, barley, oat, and rye. Symptoms of celiac disease include bloating,
vomiting, and diarrhea (Skerritt et al., 1990). There is also another condition called
non-celiac gluten sensitivity, which incurs similar symptoms such as bloating, gas,
abdominal pain, weight loss due to malabsorption, anemia, and fatigue (Murray
et al., 2004; Ghadami, 2016). Celiac disease occurs due to particular genes, includ-
ing HLA — DQ2 and DQ8 Haplotype. Allergens present in wheat protein have been
characterized by a food IgE-mediated allergy. The important allergen and main
toxic component present in wheat gluten are w5-gliadin that induces anaphylaxis
(Balakireva & Zamyatnin, 2016). The untreated celiac disease leads to osteoporosis,
epilepsy and genetic problems such as Turner syndrome, Down syndrome and IgA
deficiency (Ghadami, 2016).

Fermentation of food enhances the flavor and nutritional quality of food, where
microorganisms play a vital role. Since, Louis Pasteur observed lactic acid fermen-
tation in 1857 and 1837, and proposed that yeast is responsible for the conversion of
sugars into ethanol and carbon dioxide, which are some of the main components
contributing to the physicochemical properties of fermented products, the fermenta-
tion process has been diversified and has become an innate unit-operation for the
processing of various food products. Egyptians, 4000 years ago, fermented the
dough for the preparation of bread, which is currently available in different versions
as a major staple food all over the world. Wheat bread, beer, pasta, cakes, cookies,
and similar pastries are some of the fermented products containing gluten as one of
the main raw materials. Furthermore, currently, different other fermented products
are also available in the market. Sauerkraut is produced through the fermentation of
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cabbage, wherein the present method of sauerkraut fermentation was developed by
Vaughn (1981).

The market value of the baking industry is expected to be 17 billion USD by2022,
which was about 13 billion USD in 2017 worldwide. In India, the market value was
7.22 billion USD in 2018 (India 2020). India is the second-largest producer of bis-
cuits and is expected to reach a market value of 12 billion USD in 2024. The market
value of beer was 593 billion USD in 2017. It is expected to reach 685 billion USD
in 2025. In India 13 billion USD is the current market value of beer (Statista, 2020).
Hence, based on the popular consensus regarding baked and fermented products, it
can be deduced that the demand for gluten-containing fermented and baked prod-
ucts will also further grow. However, attributed to the negative effects and health
complications observed in cases of consumption of gluten-containing products, the
development of gluten-free products is being continually encouraged.

This chapter has summarized different aspects and considerations for the devel-
opment of gluten-free products, the microorganisms involved in the fermentation of
gluten-free products, properties of these products, and the corresponding process
and composition modifications required for obtaining consumer acceptable prod-
ucts, which have also been simultaneously briefly compared with the gluten-
containing products. Prospective future perspective of the gluten-free products and
challenges encountered for successful development of the acceptable products has
also been discussed.

4.2 Different Currently Available Gluten-Free Products
with Fermentation

4.2.1 Traditional and Non-traditional Products Derived
Jrom Gluten-Containing Grains

Traditionally a wide array of gluten-containing products have been available, which
are still some of the major sample subjects of studies. For the past many centuries,
several baked products have been developed with different flavors. Gluten is the
most important constituent in baked products, which can deform, stretch and trap air
molecules inside the dough, useful for the production of bread and other similar
fermented products. Bread is a major traditional product that is made of raw mate-
rial containing gluten. Controlling bulk fermentation is the most important factor
for the quality of bread (Cauvain, 2015). Cakes are batter-based and chemically
leavened products and currently, there are several varieties of cakes, which have
been developed through variation of formulation of the ingredients. The pasta vari-
eties include macaroni, vermicelli, lasagna, spaghetti, and noodles. Semolina wheat
is a major raw material for manufacturing pasta. Pizza, which is originally from
Italy and is a flat leavened bread with different kinds of toppings, is produced from
hard wheat flour, where dough develops a gluten network for entrapping carbon
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dioxide. Empanada is another food item, which can be combined with paneer and
prepared using refined wheat flour, milk powder, shortening agent, yeast, and salt;
this is also available inspired and sweet forms (Mallikarjuna, 2013). The tortilla is
produced from wheat flour, shortening agent, salt, baking powder, and other essen-
tial additives with water, wherein the dough structure is maintained by gluten
matrix. Gluten is a major factor for the development of a good quality product with
desired texture and shelf stability (Alviola et al., 2008). Biscuits, cookies, and
crackers are some of the other major products produced from refined wheat flour.

Though wheat-based gluten-containing products are the most commonly avail-
able products in the market other gluten-containing grains, from which several
products have been developed include rye, barley, and triticale (a hybrid and rye).
Barley has higher dietary fiber (2-11% f-glucan) than wheat (0.5-1%) (Feng et al.,
2005) and has been recognized as a healthier alternative. Barley bread is made from
80 % of the whole meal barley flour and 20% of white wheat flour. These bread are
consumed as part of breakfast by the healthy participants and have been assessed for
glucose tolerance effect. It was found that insulin level was maintained at lower
quantity for the participants (Ostman et al., 2002). Rye bread is prepared in four
varieties such as endosperm rye bread, whole-grain rye bread, whole-grain rye
bread with lactic acid, and rye bran bread. These products have a significant effect
on maintaining low blood glucose levels and stimulated low insulin (Rosén
et al., 2009).

Apart from the regular popularly available gluten-based products, there are also
several other products developed through fermentation. Fermentation of cracker
dough has been observed to modify the protein network, wherein fermentation of
dough is followed by cutting and sheeting (Zydenbos et al., 2004). In a different
study, barley was used for enriching Tarhana with high p-glucan content, which is
traditionally a fermented product prepared from the mixture of wheat flour and
yogurt, and has originated from Turkey (Erkan et al., 2006). Awad and Salama
(2010) added fermented barley in cheese produced from buffalo milk and buttermilk
powder, to develop a product similar to the labneh-fermented (Greek Yoghurt)
product.

There are also several traditional and non-traditional beverages derived from
gluten-based grains. American rye whiskey is an important fermented alcoholic
beverage product of rye grain. It has unique characteristics compared to other whis-
keys, and are dry and spicy (Lahne, 2010). The raw spirit produced from the grains
such as rye and wheat has been used for the manufacturing of the Vodka after recti-
fication of the spirit (Lachenmeier et al., 2003). Benzoxazinoids is introduced in the
barley-fermented beer by the addition of rye or wheat malt. Itis a nitrogen-containing
secondary metabolite compound, which has a positive effect on health including
weight reduction, central nervous system stimulatory, antimicrobial, and immune-
regulatory effects (Adhikari et al., 2015; Pihlava & Kurtelius, 2016).
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4.2.2 Gluten-Free Products Developed
Jrom Gluten-Free Grains

Cereals not containing gluten include rice, maize, sorghum, and millets, which are
alsousedfor the production and formulation of gluten-free products. Correspondingly,
celiac patients can consume gluten-free pasta made from buckwheat flour
(Alamprese et al., 2007). Channa flour, soy flour, sorghum flour, and whey protein
concentrate are the raw materials for producing gluten-free pasta (Susanna &
Prabhasankar, 2013; Gao et al., 2018). These cereals have been considered as the
major replacements of gluten-containing raw materials for producing gluten-free
diets. In gluten-free biscuits, refined wheat flour is replaced by other raw materials,
which should consist of not only starch but also the equal amount of protein frac-
tions as present in the original recipe with wheat. Gluten-free biscuits produced
from starch contain raw materials such as corn, rice, millet, potato, and buckwheat,
mixed with fat like palm oil, low and high-fat dairy powder. The quality of biscuits
is comparable to wheat flour biscuits when it is prepared with rice, soya, corn, and
potato with high fat powder (Gallagher, 2008).

Different non-traditional food commodities have also been developed as healthy
alternatives by several research groups, with enhanced sensory properties. Gluten-
free empanada and pies were developed from cassava starch, dry egg, whey protein
concentrate, gums, and water by Lorenzo et al. (2008). The addition of gum pro-
duced dough that had high elasticity properties and lesser hydration. These proper-
ties were reported as almost similar to the gluten-containing dough used in industries.
Sorghum flour was used by Winger et al. (2014)for preparing gluten-free tortilla by
hot press procedure, where sorghum flour completely replaced the wheat flour, and
xanthan gum, baking powder, citric acid, sugar, monoglycerides, shortening agent,
salt, and water were used for the preparation of tortillas. Rice-based muffins have
also been prepared by adding different protein sources such as soy protein isolate,
pea protein isolate, casein, egg white protein, which were compared with samples
containing wheat gluten, for the assessment of samples win terms of conventional
muffin properties. Muffins with pea protein isolate were found to be softer; whereas,
casein containing muffin was harder. The texture quality of the muffin was greatly
dependent on the protein sources (Matos et al., 2014).

Malting and brewing of gluten-free cereals such as sorghum, rice, and maize, is
a common process for producing alcoholic beverages (Zweytick & Berghofer,
2009). Sake is an alcoholic beverage manufactured from rice and water. Sake is
traditionally produced in Japan with steamed rice. The broken rice from the milling
industry is also used for producing beer, wherein the sweet taste of rice beer changes
to sour when sorghum is added to it; the taste is acceptable after successful organo-
leptic assessment (Phiarais & Arendt, 2008). There are several other low alcoholic
beverages such as Braga, darassum, cochate (Phiarais & Arendt, 2008), and uphutsu,
which is a traditional beer brewed using Pearl millet in Mozambique (Pelembe
et al., 2002; Phiarais & Arendt, 2008).
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4.2.3 Gluten-Free Products Derived
Jrom Gluten-Containing Grains

The gluten content in bread is reduced by sourdough fermentation. Sourdough fer-
mentation has been proven to be ideal for improving the shelf life and nutritional
value of bread, where after mixing water with flour, the mixture is fermented with
yeasts and lactic acid bacteria. The metabolic activities of the corresponding micro-
organisms (Lactobacilli) in the sourdough cause positive effects, including fermen-
tation of lactic acid, proteolysis, production of exo-polysaccharides, and
antimicrobial compounds synthesis (Corsetti & Settanni, 2007). Sourdough fermen-
tation helps in reducing the glycemic index of the bread (Scazzina et al., 2009).
Physio-chemical properties of the dough correspondingly modify, as sourdough
fermentation also causes higher resistance to deformation after gelatinization of the
batter (Schober et al., 2007).

Refined triticale flour has been used for bread making and other baked products.
Triticale flour does not produce good quality dough due to low gluten content, high
levels of alpha-amylase activity, and inferior gluten strength. These limitations have
been overcome by mixing at low speed, shorter fermentation times, and blending
with wheat flour to produce bread with acceptable quality by Naeem et al. (2002).
Onwulata et al. (2000) also used triticale flour to produce extruded high fiber snacks
and a nutritious bar containing 20-40% wheat and oat bran. However, oriental noo-
dles manufactured from triticale flour possessed poorer properties, including the
greyish color of noodles caused due to high ash content in flour creating an undesir-
able property (Shin et al., 1980).

Worldwide, there are several products developed from gluten-containing grains,
which possess lower concentrations of gluten attributed to the fortification with
other components. Miso is a Japanese product prepared by fermentation of barley
and soybeans with Aspergillus oryzae, and the corresponding thick paste-like Miso
product is a regular diet of the Japanese people. Routine consumption of miso has
been reported to decrease the risk of gastric cancer (Murooka & Yamshita, 2008;
Hirayama, 1982). However, due to the high level of salt, it possesses the risk of
blood pressure (Kawano, 2007). A modified version of Tempeh (Indonesian soy
product) is produced employing barley, wherein Rhizopus oligosporous and
Lactobacillus plantarum are used for the fermentation process to produce barley
tempeh (Feng et al., 2005).

Based on the above-mentioned sections, it can be observed that fermentation
improved the quality of products, both with gluten and without gluten. Hence, it can
be deduced that fermentation is an important and essential processing method for
the development of gluten-free products, which are derived through reduction of
gluten in products derived from gluten containing grains and products derived
through formulation with gluten free grains.
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4.3 Properties of the Products to Be Considered

The quality of products, including bread, biscuits, pastas, etc. mainly depends upon
the raw material and processing methods. There is no individual characteristic that
can be used for the sole identification of the quality of the product. There are many
properties to be considered that decides the final quality of the product.

4.3.1 Compositions and Chemical Properties

Traditional compositions and preferred gluten-containing products are generally
affected by the component flour properties. Gluten network formation is the major
process in bread making. The protein content of the flour determines the bread qual-
ity, where higher protein content enables to trap the carbon dioxide and retains the
greater volume of bread. Dough properties such as specific volume, spread ratio,
color, smoothness, texture depend on the protein quality (Zhu et al., 2001). Yeasts
are available in different forms and the major type of yeast used in the baking is the
baker’s yeast (Saccharomyces cerevisiae) (Bell et al., 2001). Yeast feeds on sugar to
release carbon dioxide (Ali et al., 2012) and produces carbon dioxide during the
fermentation process for leavening of bread dough. Adding fats like margarine
increases the carbon dioxide retention in the dough. Also, attributed to the formation
of hydrogen peroxide by yeast, the dough becomes more elastic. However, insuffi-
cient hydration of dough leads to incomplete formation of gluten network (Faridi &
Faubion, 2012); hence, textural properties of dough are modified through the
amount of water added (Cauvain & Young, 2007). Salt controls the fermentation
process by strengthening the network formed by gluten and increase of the effect of
lipid peroxidation reaction (Toyosaki & Sakane, 2013).To improve the product
quality, additives like oxidizing agents, reducing agents, emulsifiers and enzyme
active materials are also added (Cauvain, 2015). Emulsifiers such as sodium stear-
oyl lactylate, lecithin and distilled monoglycerides are also used in bread making.
Similarly, other products including biscuits and cookies are also produced with
flour, sugar, fats and oil.

In gluten-free breads, soya flour is used to replace protein content and starch is
added through rice and maize, which replace the essential amylopectin content
(Taghdir et al., 2017). Eggs are often added to the gluten-free compositions as an
emulsifier, which also contains proteins that enable strong cohesive viscoelastic
films that are necessary substrates to trans glutaminase for the formation of stable
foaming (Moore et al., 2006). Gluten-free cookies have also been made by using
germinated amaranth flour, which has high antioxidant activity and total dietary
fiber content (Chauhan et al., 2015).

Apart from regular compositions with other grains for starch and protein replace-
ment, supplementary additives are also added with bioactive and textural properties.
In a separate study, gluten-free rice muffins were developed using black carrot
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pomace dietary fiber concentrate and xanthan gum, which demonstrated higher
water and oil absorption capacity and consequently increased flour paste viscosities
(Singh et al., 2016).

Fermentation of gluten-free materials with microorganisms and sourdough fer-
mentation in baked goods also enhances functional properties such as an increase in
free amino-acid concentration, increase in antioxidant activity (Gobbetti et al.,
2014; Curiel et al., 2015), and increase in mineral (free Ca**, Zn**and Mg*") avail-
ability (Di Cagno et al., 2008).

4.3.2 Physical Properties

Based on the available reports and scientific papers, it can be concluded that some
of the different desirable physical properties required for the bakeries and confec-
tioneries and other related food products include textural properties such as hard-
ness and fracturability values (Kadan et al., 2001), loaf volume and color (Sciarini
et al., 2010) of the product.

During the past decade, different gluten-free grains have been used to prepare
bread. In gluten-free bread, during fermentation, CO, is released due to the absence
of the gluten network, which influences the specific volume, oven spring, and other
characteristics of bread. This contributes to the gas retention properties and water
absorption properties. Hence, the absence of gluten leads to bread with low volume
and dense structure (Ayo, 2001). In bread made with rice flour (wherein amylopec-
tin is a major component, which imitates the gluten properties), milled defatted
bran, yeast, sugar, and salt, the hardness, and fracturability value are tenfold higher
than the whole wheat bread. The values of properties, such as springiness, cohesive-
ness, and chewiness have been observed to reduce in whole rice bread during the
storage period. Rice bread was not found to be acceptable for sandwich preparation
by Kadan et al. (2001), as the rice bread is more brittle in nature. In a different study,
Sciarini et al. (2010) prepared gluten-free bread with different formulations consist-
ing of a combination of rice, corn, and soy, wherein the loaf volumes of the gluten-
free bread were found to be lower than the conventional wheat bread. Furthermore,
the addition of soy flour (10%) to the rice bread reduced the crumb hardness of the
gluten-free bread, and the addition of cornflour darkened the color of the crust of the
rice flour bread; however, the color was less dark than the normal wheat bread.
Gluten-free donut have also been made with a combination of regular rice flour,
pre-gelatinized rice flour, and reduced vanilla content in the ingredient mix. Xanthan
gum and methylcellulose were added for replacing gluten. Methylcellulose had
increased the L* and b* values in the crust color of the donut and a* value remains
the same as the wheat donut (Melito & Farkas, 2013). In the case of cookies pre-
pared with amaranth- oat composites significant water holding capacity was demon-
strated (Inglett et al., 2015).

In pasta, strong gluten is necessary for maintaining products with less sticky
properties and enhanced textural properties (Padalino et al., 2016). However, to
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achieve better sheeting properties, there is a need for weaker gluten and better
extensible dough, as gluten matrix plays a vital role in providing desirable proper-
ties of the product. In gluten-free pasta, the desirable physicochemical properties
are obtained by the application of additives, including hydrocolloids, proteins, and
enzymes (Padalino et al., 2016). Similarly, in pizza, appearance, texture, and taste
are important physical properties identified by a consumer, wherein the quality of
pizza mainly depends on the characteristics of the dough, controlled by the leaven-
ing process. Gluten-free pizza is prepared with potato starch, wheat starch, maize
starch, cornflour, rice flour, gums, and emulsifiers. Elastic properties of gluten-free
dough were observed to increase with the amount of water and hydrocolloid in the
flour mix (Onderi, 2013).

Other functional properties often considered during product development from
gluten-containing and gluten products include emulsification, foaming, fat absorp-
tion, and thickening, which vary extensively with different compositions.
Emulsification has been reported to decrease with an increase in soy protein content
in the flour blends, which has been further reduced with pea protein content in the
ingredient (Tomoskozi et al., 2001).

Apart from the blends of different grains, the addition of different specific chem-
ical additives and modifiers also affect the physical properties of the corresponding
developed products, which include hydrocolloids, gums, and enzymes.
Hydroxypropyl methylcellulose (HPMC) has been reported as one of the best
replacements for gluten and it has been observed to enhance the properties of bread,
including volume, moisture content, and decrease of the hardness of bread (Hager
& Arendt, 2013). However, enzymes such as transglutaminase have been observed
to decrease the foaming stability and foaming activity attributed to the increase in
molecular activity as observed in the case of rice flour-based gluten-free product
development (Marcoa & Rosell, 2008; Marco et al., 2007). Other additives and
supplements have been discussed in detail in Sect. 4.6.

4.3.3 Aromatic Properties

The different aromatic components which contribute towards the traditional aro-
matic properties of the gluten-based products include ethyl acetate, ethyl butanoate,
diacetyl, dihydrocoumarin, butyric acid, decanoic acid, benzaldehyde, vanillin, and
propylene glycol, which are further modified with different additional additive com-
ponents (Pozo-Bayén et al., 2006). The pyrazines and 2-acetyl-1-pyrroline are the
most significant compound for producing the desirable aromatic properties of bread
(Pacynski et al., 2015). 2-acetyl-1-pyrroline and methyl propanal are key odorants
in the baguette crust (Cho & Peterson, 2010). In wheat bread crumb (E) —2-Nominal
is responsible for green tallow odor. Y — Nonalactone is responsible for the coconut-
like aroma and (E, Z)-2,6- non-adienal leads to cucumber-like aroma in bread.
2-Pentylfuran is formed during baking due to the process of fermentation, Maillard
reactions, and lipid oxidation. 2-Pentylfuran is aromatic factor responsible for the
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floral fruity notes in the wheat bread crumb (Pico et al., 2017). In the rye bread
crust, 3-methyl butanal is aroma producing factor.

Further addition of other gluten-free grains, such as oats, as an extra adjunct,
provides modified flavor properties. In a study on assessment and improvement of
the gluten-free bread aroma, about 33 volatile compounds detected in GC-MS from
the gluten-free bread prepared using a bread mix made available by Glutenex
(Pacynski et al., 2015). The volatile compounds identified included alcohols, alde-
hydes, ketones, pyrazines, and furans. However, pyrazines have been reported to be
absent in gluten-free bread, which is traditionally found in wheat flour bread.
Incorporation of precursors like proline in combination with glucose or fructose in
gluten-free bread has been reported to enhance the aromatic properties by produc-
ing acetyl pyrazine. Furthermore, the presence of other components such as methi-
onal has also been identified in gluten-free bread. In a different study by Annan
etal. (2003), during the production of kenkey (staple dish of West Africa and Ghana)
from maize dough, about 76 aromatic compounds were identified within the period
of the fermentation process. Esters like Ethyl acetate and Ethyl lactate were also
produced in higher concentrations during the fermentation period of 2 days.

Hence, it can be observed that significant changes occur in the physiochemical
and aromatic properties, during the production of gluten-free products; however,
products with desirable properties can be obtained through the controlled formula-
tion of food ingredients and additives.

4.4 Microbial Strains Useful for Gluten-Free Products

4.4.1 Traditional Microorganisms (Benefits
and Characteristics)

Gluten-containing fermented food items are some of the oldest developed and con-
sumed grain-based food commodities; hence, a wide array of microorganisms is
used for the synthesis of these. Saccharomyces cerevisiae is the most commonly
used microorganism for the fermentation of bread dough and has also been employed
in the production of wine. Lactic acid bacteria (LAB) has also been used for fer-
menting wheat and rye flour dough and traditional LAB strains reduce toxic and
anti-nutritive factors in cereals (Holzapfel et al., 2006). The corresponding strains
have been observed to remove stachyose, raffinose, and verbascose from soy-based
products, which are the main cause of flatulence and intestinal cramps in case of
higher oligosaccharides content (Dworkin et al., 2006; Holzapfel et al., 2006).
S.boulderi and pombe are also some of the yeast used in the fermentation of tradi-
tional beverages, including white grape wine, cashew wine, red grape wine, banana
beer, date wine, tepache, jackfruit wine, palm wine, and colonche (Battcock, 1998).
The other fermenting bacterial species for producing several locally available exotic
products from gluten-based cereals are Leuconostoc, Pediococcus and Lactobacillus
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(Blandino et al., 2003), which have been often employed for the production of boza,
dhokla, hamanatto, kecap, shoyu, and kenkey.

Fermentation also increases the bioavailability of mineral constituents and con-
tributes towards the development of better organoleptic and aromatic properties.
Application of the above-mentioned organisms has been mainly associated with the
aromatic properties; however, other physiochemical properties are also affected by
the fermentation methods and the chosen microorganism. Gamel et al. (2015) fer-
mented with three different dough-making processes leading to the straight, sponge,
and sourdough. The bread prepared from straight and sponge dough had higher
molecular weight and decreased § glucan content compared to sourdough, which
was attributed to the fermentation of dough with microorganisms such as yeast and
lactic acid bacteria in sourdough bread leading to lower pH (4.2—4.6), wherein high
acidity in dough maintained the molecular weight of p-glucan and decreased the
activity of degrading enzymes of pB-glucan (Bhatty, 1992). However, an increase in
fermentation time decreased the molecular weight of B-glucan and viscosity in the
bread, as increased fermentation time leads to greater contact time with degrading
enzymes. Due to enzyme degradation of amylose and amylopectin during fermenta-
tion of wheat starch, a reduction in molecular weight of wheat and amylose has also
been observed (Nowak et al., 2014).

Fermentation has also been associated with an increase in the content of bioac-
tive compounds such as phenolics, as often observed in the cases of alcoholic bever-
ages. Fermentation with Cornus Officinalis has been observed to increase phenolic
compounds from 441.06 to 496.00 mg/L in wines. An increase in the amount of
gallic acid observed during the fermentation process has been correlated with
metabolites produced by yeast (Zhang et al., 2013).

4.4.2 Microorganisms Utilized in Gluten-Free Products

Lactobacillus plantarum has been used for producing gluten-free bread, consisting
of buckwheat flour, cornstarch, soy flour, and xanthan gum through the method of
sourdough fermentation. L. Plantarumalso produced antifungal compounds that
enabled shelf life extension of the bread (Moore et al., 2008). It produces acetic acid
from pentose sugar and lactic acid from hexoses. In sorghum flour pentose sugar
content is very low as compared to hexoses; hence, lactic acid production is higher
during the sorghum flour fermentation (Schober et al., 2007). Instant dry yeast has
also been used for the preparation of gluten-free bread from rice and maize flour.
Aspergillus oryzae and yeast have been used to produce gluten-free bread from the
rice flour by Hamada et al. (2013), where the batter was fermented at 38 °C
for 60 min.

In a different study, Lactobacillus reuteri and Weissella cibariawere used for the
production of fermented sorghum and quinoa flours for further food applications.
The fermentation process produced fructo-oligosaccharides and gluco-
oligosaccharides. Lactobacillus buchneri released hetero polysaccharides, which
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significantly controlled the rheology properties of sorghum sourdough, according to
a study by Galle et al. (2011). In a separate study, Leuconostoc argentinum,
Pediococcus pentosaceus, and Weisella cibaria were the species identified for the
fermentation of oat sourdough for preparing oat bread, wherein Lactobacillus
coryniformis was also identified and shown to cause a higher reaction rate during
the fermentation process at 37 °C (Hiittner et al., 2010). In the case of sorghum
fermented for the towga production, which is a traditional Tanzanian lactic acid
fermented gruel, lactic acid bacteria are the predominant microorganism, which
also leads to the production of various flavor compounds (Zannini et al., 2012).
Select lactic acid bacteria can also be used for enriching the gluten-free products
with y-Aminobutyric acid, which is a major non-protein amino-acid acting as an
“inhibitory neurotransmitter of the central nervous system” (Coda et al., 2010).In a
separate study by Di Cagno et al. (2008), Lactobacillus plantarum and Lactobacillus
sanfranciscensis LS40 and LS41were used for the fermentation process of gluten-
free flour, where the gluten content decreased from 400 ppm to 20 ppm.

Hence, though lactic acid bacteria have been extensively exploited for the devel-
opment of gluten-free products, several other bacterial strains have also been identi-
fied and employed for gluten-free product development.

4.5 Processing Methods and Apparatus Employed in Case
of Gluten-Free Product Development

Sourdough technology is a traditional method used for the production of wheat and
rye breads, wherein overall the process consisted of mixing flour with water fol-
lowed by fermentation using lactic acid bacteria and yeast, causing the release of
lactic and acetic acid and producing sour-tasting end product (Chavan & Chavan,
2011). Lactic acid bacteria are applied in desired proportions for enhancing volume,
texture, nutritional value, and flavor along with the enhancement of the shelf life of
the bread. Although the standard method of sourdough production is a simple
method, researchers have modified and optimized the process parameters for achiev-
ing different targets in the case of the production of gluten-free products. During a
study by Moore et al. (2008) on the development of sourdough preparation method
from gluten-free flour mixture, cultures of Lacto bacillus were inoculated at 1%
concentration levels in 40 ml of broth, which was incubated for 1 day at 30 °C and
was centrifuged (4000 rpm for 5 min) to prepare concentrated harvested culture.
This extracted strain was again dispersed in 1 ml of broth and mixed with water fol-
lowed by mixing with flour, after which, the well-mixed batter was incubated at
30 °C for about 24 h.

Most of the processing methods and apparatus used in gluten-free product devel-
opment are similar, the part that varies most is replacing the raw material, and inclu-
sion of new additives for the development of the product that is equivalent to the
gluten-based product. Extrusion processing has been used for enriching gluten-free
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products with high-level dietary fiber. Processing conditions of the extruder consid-
ered by Stojceska et al. (2010) included feed rate of 15-25 kg/h, barrel temperatures
at hopper side as 80 °C and 80-150 °C at die point along with screw speed between
200 and 350 rpm. During this study, the product from the die output was cut using
a knife attached at the end of the die, wherein the product was later cooled and left
at room temperature, and subsequently packed. The process was similar to the pro-
cessing of pasta, spaghetti, and other similar products obtained through the extru-
sion process, with enhanced nutritional value through the addition of different
sources of raw materials (Stojceska et al., 2010; Zhang et al., 2011). Apparatus used
for this process was a co-rotating twin-screw extruder with a barrel diameter of
37 mm and an L/D ratio of 27:1. The diameter of the die was 4 mm and a volumetric
feeder was used for feeding the dry mixture (Stojceska et al., 2010).

Germination and enzymatic treatment of the respective grains and their corre-
sponding extracts have also been employed for the enhancement of nutritional value
and decrease of gluten concentrations, which are also useful processes for produc-
ing gluten-free products. In a different study by Knorr et al. (2016), barley was
germinated using a proofing cabinet during the batch process, after which the steep-
ing process was carried out for producing gluten-free beer through peptidase treat-
ment. After germination, malt was extracted from sprout, which was followed by
the milling process. Milled malt was extracted with water using a magnetic stirring
process, which was subsequently filtered and the filtered extracts were concentrated
using a rotary evaporator set at 50 °C and 65 mbar. The final product was obtained
at the concentration of 40° brix, wherein, the final enzyme active malt extract was
used for the production of beer. Beer was also produced using barley malt and hop
pellets by fermenting for 7 days using yeast at 10 °C, where secondary fermentation
processes were carried for 4 weeks at 4 °C after the addition of wort, which was
incubated with enzyme active malt extract (10% (v/v)) at 50 °C for 1 day (Knorr
et al., 2016). Enzyme treatment in the production of gluten-free beer is essential.
Enzyme hydrolyses the peptide linkages (peptide sequences are responsible for pro-
ducing the celiac disease) that occur during downstream processing of proline resi-
due. Beers have also been produced from gluten-free cereals such as sorghum, corn,
millet, and rice (Hager et al., 2014).

4.6 Additives and Modifiers Used for Gluten-Free Products

4.6.1 Different Additives and Modifiers

Different kinds of additives, such as emulsifiers, enzymes, and hydrocolloids have
been used for the development of gluten-free products (including breads), which are
also useful for enhancing the quality of the final product. Hydrocolloids have been
increasingly used in bread making process. These compounds act as additives to
slow down the retrogradation of starch and are also used for the replacement off at,
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for the enhancement of viscoelastic properties and texture. These components bind
water molecules and contribute towards the maintenance of the quality of the prod-
uct during storage. The quality of bread produced from rye flour was enhanced
through the addition of guar gum and carboxymethyl cellulose (CMC) by Ghodke
Shalini and Laxmi (2007). Other components extensively employed in product
development include the emulsifiers such as diacetyl tartaric acid ester of mono-
glyceride and sodium stearoyl 2-lactylate, enzymes such as glucose oxidase and
o — amylase, and other hydrocolloids like xanthan gum, carboxymethyl cellulose,
carrageenan and alginate (Sciarini et al., 2012).

Microorganisms are mainly added for fermentation during product development;
however, in many cases, they are also added for fortification. LAB has demonstrated
antifungal activity and these microorganisms have been reported to prevent the stal-
ing of bread; hence, application of these organisms can be proposed as a better
alternative for chemical preservatives (Lowe & Arendt, 2004). Specifically targeted
extracts can also be prepared, which demonstrate beneficial properties. The
Amaranthus seeds extract contain peptides that have been reported to demonstrate
antifungal activity, wherein it was observed that the substrate significantly retarded
the growth of Penicillium roqueforti for 21 days of storage (Giuseppe Rizzello et al.,
2009); hence, the addition of these extracts in the composition of gluten-free prod-
uct formulation can also be further extensively exploited.

4.6.2 Modification of the Chemical and Biological Properties
of the Gluten-Free Products Attributed to the Additives

Chemical and biological additives modify the physio-chemical properties of the
raw, intermediary and final products, affect the storage life as well consumer accept-
ability of the final products. Furthermore, the extent of the effect is also affected by
the combination of the effects of individual components and effects of other pro-
cessing and surrounding factors, where the final product properties are the resultant
of the amalgamation of all the different factors.

Chemical properties of the products and their overall makeup, significantly
affected by the additives, include the chemical and physical structures/ transforma-
tions, intermediate conversions, bonding and stability of the components. HPMC
and starch hydrolyzing enzymes have been observed to reduce amylopectin retro-
gradation (Barcenas & Rosell, 2007) in the corresponding compositions such as
rice-based breads (Gujral et al., 2003a, b).Transglutaminase, which is another help-
ful additive, has the capability of linking proteins originated from different sources.
Transglutaminase has been used in gluten free bread by Moore et al. (2006), which
consisted of soy, egg and skim milk powder, wherein transglutaminase helps in
forming stable protein network without the gluten compound. The protein network
helps in developing the good quality gluten free bread with desirable loaf volume,
crumb characteristics and texture.
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Stability at different stages of processing and storage are also significantly
affected by the components and their proportions. Xanthan gum and pectin have
been reported to improve cooking stability (Kohajdova et al., 2009),whereas, cal-
cium propionate used for preventing fungal growth at time of bread storage (Tosh
etal., 2012). Inulin is a prebiotic compound digested by colon bacteria, which at 5%
concentration with oligosaccharide syrup and chicory flour has been observed to
decrease the staling rate for 3 days, as reported by Korus et al. (2006). It also
retarded rate of crumb hardening and subsequently improved the loaf volume.
Enzymes like a — amylase and cyclodextrin glycosyl transferase extracted from
Bacillus species reduced staling rate of rice bread (Gujral et al., 2003a, b). Similarly,
the components produced by the microorganisms during the process of fermenta-
tion not only affect the physiochemical and sensory properties relevant for the prod-
uct quality in terms of consumer acceptance, but also the storage quality of the
developed product through the production of disparate biochemicals. Bacteriocin
produced by lactic acid bacteria has been observed to delay the growth of Aspergillus
Sflavus and Aspergillus niger in the gluten free cereal product called agidi (Dike &
Sanni, 2010).

The different additives also contribute towards further enhancing the health ben-
eficial effects of these gluten-free products. Inulin has been observed to enhance the
dietary fiber content in the gluten free foods, which subsequently enhances the
digestive health of the consumer (Korus et al., 2006). Also, in other cases, essential
health beneficial components are enriched through fortification of the additives.
Folate content is very low in gluten free product compared to gluten containing
product and it is essential to maintain the concentrations of folate and other vitamins
in the diet for maintaining good health. Hence, for the development of gluten free
products, pseudo-cereals like quinoa and amaranth species can be included, where
these components can provide ten fold higher concentrations of folate as compared
to other cereals such as spring wheat (Schoenlechner et al., 2010). There is need of
vitamin and mineral source to be added in gluten free product, as it provides less
concentrations of these nutrients as compared to conventional diet.

4.6.3 Modification of Physical Properties of the Gluten-Free
Products Attributed to the Additives

Physical properties of the developed gluten-free products are significantly affected
by the absence of gluten, as discussed in the previous sections. However, consumer
acceptability of these products can be significantly improved through the addition
of modifiers improving the physical properties of these products.

Stability of dough is an essential qualitative entity for the indication of flour
strength. Incorporation of hydrocolloids like carrageenan, xanthan gum and
hydroxy-propyl methylcellulose (HPMC) has been observed to improve the stabil-
ity of wheat dough at the time of proofing (Sahraiyan et al., 2013). Hence, firmness
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of breadcrumb has been observed to reduce through the addition of k-carrageenan
or HPMC. Addition of HPMC has also led to the reduced hardening of the bread,
enhanced specific volume index and width/height ratio. In a different study, addition
of 2% xanthan gum reduced porosity of the bread that provided good textural qual-
ity of bread (Lazaridou et al., 2007). Crumb elasticity of the gluten free bread
improved by adjunct of CMC, pectin and xanthan gum that improved textural prop-
erties (Arendt et al., 2008). Furthermore, Schober et al. (2005) observed increased
loaf volume and crumb hardness for the bread produced from sorghum with addi-
tion of xanthan gum, wherein increase in crumb hardness was as an undesirable
quality of the bread, which demonstrated the occurrence of negative effects of fac-
tors as well in certain cases. Addition of hydrocolloid in bread with 65% water also
led to inferior properties such as dense crumb structure, low specific volume and
high firmness, which could be recovered by the addition of higher water content
(Sciarini et al., 2012). Hence, though there are negative effects of absence of gluten
and certain additives, through optimized combination of different components, the
desirable properties of the commodities can be retrieved and/or achieved.

4.6.4 Modification and Enhancement of Aromatic Properties

Modification of aroma and flavor greatly depends on the raw material, type of starter
cultures, fermentation and baking conditions. Change in raw material from wheat to
other similar ingredients leads to lack of aromatic compounds such as pyrazines and
2-acetyl-1-pyrroline, which were originally present in gluten based products
(Zehentbauer & Grosch, 1998). These limitations of aroma can be overcome by
manual addition of different kinds of amino acids and sugar pairs to the raw materi-
als before processing. In order to produce aroma, pairs of precursor compounds for
targeted aroma were added by Pacynski et al. (2015), including proline/glucose,
leucine/glucose, proline/fructose, ornithine/fructose and cysteine/rhamnose. Also,
incorporation of high level of sodium chloride (1.5-3%) has been associated with
decrease in the amount of 2-phenylethanol, a compound causing smell of yeast
(Raffo et al., 2018). Addition of different grains and their corresponding composi-
tional proportions can also lead to different aromatic profiles of the products. In a
study by Wolter et al. (2014), where buckwheat, quinoa, sorghum, teff and wheat
breads, quinoa and sorghum flour (and teff crumb) were observed to produce
“cooked potato and pea” like and “cooked tomato and pea” like odors, respectively.
Overall, the different additives and their corresponding concentrations used for pro-
ducing aroma is based on the consumer likeability and preference.
Microorganisms employed during the different unit-operations of the product
development have also been associated with development of various aromatic com-
pounds. Increase in amount of yeast during the preparation of the product has been
observed to enhance the production of 2-acetyl-1-pyrroline and methional. These
compounds have been identified as the main factors responsible for causing roast
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like aroma (Zehentbauer & Grosch, 1998). In a different study by Wolter et al.
(2014), Weissella cibariahas been observed to produce the ‘popcorn —like roasty’
aroma in gluten-free breads . Quinoa flour was observed to produce ‘cooked potato
and pea’ like and ‘cooked tomato and pea like odour produced for sorghum and teff
crumb (Wolter et al., 2014).

4.7 Future Perspectives

4.7.1 Combined Benefits of Fermentation
and Gluten-Free Compositions

Gluten free diet has less fiber compared to the normal diet. Hence, food technolo-
gists and dieticians have been increasingly recommending the consumption of glu-
ten free baked products with the addition of dietary fibers. The ancient grains like
amaranth seeds have higher beneficial effects that satisfy the requirement for wheat
replacement (Fornal, 2000); however, there is a need for the optimization of the
fermentation process for newer as well as non-traditional raw materials. Established
methods such as fermentation and extrusion are being further optimized to obtain
high quality gluten-free products. Fermentation increases digestibility and absorp-
tion of nutrients, which is also one of the low-cost preservation methods (Beyene
and Seifu). The process also detoxifies the products and provides better textural
properties. Gluten free composition in fermented products provides the combined
effect of fermentation benefit and gluten free raw materials used in the product
(Chojnacka, 2010).

Subsequently, these benefits are further increased through the addition of other
novel and non-traditional components; studies on these topics have also increased
recently. The incorporation of bee pollen in gluten free bread has been observed to
increase total carotenoids, proteins, minerals, soluble and bio-accessible polyphe-
nols and antiradical activity at all levels (2-5%) (Conte et al., 2020). Most of these
bioactive components have added benefits, which include both primary and second-
ary metabolic functions. Carotenoids are the precursor of vitamin A and provide
protection against most of eye-related chronic diseases (Rodriguez-Concepcion
et al., 2018; Johnson, 2002). Dietary polyphenols are essential for the maintenance
of gut health and balance of gut microbiota. It enhances the growth of beneficial
bacteria and prohibits pathogenic bacteria (Cardona et al., 2013). They also provide
other beneficial effects including antioxidant activity and effectiveness against sev-
eral other chronic disorders such as diabetes, different cancers, neurodegenerative
and ocular disorders (Orsat & Routray, 2017).
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4.7.2 Possible Future Market Scenario

Gluten free diets can be used for the treatment of medical conditions such as bowel
syndrome, arthritis, dermatitis, diabetes mellitus and other neurological disorders
(Wahnschaffe et al., 2007; Badsha, 2018; Sanchez-Albisua et al., 2005). Many con-
sumers choose gluten free diet for their healthier life style. Gluten free products
have been recognized as high quality products. An increase in number of consumers
for gluten-free diets has led to novel products and corresponding process develop-
ment to achieve the various qualities of the products based on consumer demand
and acceptability. Hence, it can be deduced that gluten-free diets have to be designed
and prepared, according to the different medical conditions observed in people
along with consumer demand. For example, for diabetic consumer, gluten-free diet
with a low glycemic index should be developed. In accordance with the medical
conditions, the ingredients and the processing techniques employed in the manufac-
turing process will be different for obtaining the final desired product. It is expected
that in the future, gluten free cereal-based probiotic products will achieve huge
growth in market and these products will target consumers with either or both the
gluten and lactose intolerance.

4.8 Conclusions

Attributed to the higher growth rate in industrialization and urbanization, there is a
large demand for processed foods. Food consciousness in consumers has increased
which has also led to higher consumption of gluten free food products. Gluten con-
centration influences a wide range of properties subsequently affecting the overall
final product quality. There is a need for the supplementation of multiple ingredients
to replace the single wheat flour and to avoid the gluten introduction in the product
manufacturing process. Hydrocolloids are important additives required for the pro-
duction of good quality gluten-free products. Both, starch-based and protein-based
ingredient are necessary for the formulation of gluten-free products; hence, the
addition of the old grains and a wide array of other raw materials for the replace-
ment of wheat flour is essential, wherein the old grains and other dietary additives
will have higher nutritional value and satisfy the dietary needs. Most of the lactic
acid bacteria generate bacteriocins that can be used for the replacement of chemical
preservatives. Also, new microorganism strains have to be produced with help of
genetic engineering for achieving further innovation in this sector and further opti-
mization of the parameters of the fermentation process is also necessary to achieve
high-quality gluten-free food products. Further research is also required to analyze
the consequences of consuming a gluten-free diet containing additives such as xan-
tham gum, HPMC, and other similar components that help in providing good qual-
ity gluten-free diet.
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Chapter 5
Functionality of Alternative Proteins

in Gluten Free Product Development: Case
Study

Mahipal Singh Tomar, Sumit Sudhir Pathak, and Rama Chandra Pradhan

Abstract Coeliac disease (CD), dermatitis herpetiformis (DH), non-coeliac gluten
sensitivity (NCGS), and gluten ataxia (GA) are some of the most important prob-
lem, auto-immuno, and lifelong intolerance disorders in human. These disorders are
found by the ingestion of gluten in our body. Gluten is mostly present in wheat,
barley, rye, and other related grains. Replacement of gluten in our diet is the best
method to reduce the chances the coeliac disease. Gluten replacement presents a
major technological challenge, as it is an important protein that creates the structure
required to formulate to bake the food of high quality. The functionality of non-
gluten protein is the major limitation in the development of gluten free products.
Finding of alternative protein is great demand in gluten free food markets. The
selection of appropriate protein for gluten-free product is a great challenge for food
industry. The current chapter focuses on the uses of alternative proteins to replace
gluten. As well as studies related to the functionality and nutritional qualities of
these alternative proteins are also discussed.

Keywords Coeliac disease - Gluten-free - Zein - Casein - Whey protein -
Chickpea - Bread

5.1 Introduction

Coeliac disease (CD), dermatitis herpetiformis (DH), non-coeliac gluten sensitivity
(NCGS), and gluten ataxia (GA) are some of the important, auto-immuno and
lifelong intolerance disorders found by the ingestion of gluten in our body. It is
mostly seen in genetically susceptible or peoples suffering from gluten
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intolerance. The Prevelencing of CD continuously increasing and almost it affected
0.5-1% of the worldwide population (Gujral et al., 2012; Deora et al., 2014). This
gluten intolerance problem leads to the destruction of the villous structure of the
small intestine and instigates the inflammatory problem. Gluten is a proteinous mix-
ture of wheat (commonly consumed food), rye, barley cereals, and some varieties of
oats. Gluten is made of different prolamins fraction, which is rich in prolamins and
glutamine amino acids. Higher proline content in gluten, make it extremely resistant
to proteolytic degradation inside of the gastrointestinal tract. Gliadin is another
amino acid in gluten that is insoluble in water. And it is responsible for the most
adverse health effects since it is a toxics factor for CD patients (Wieser, 1996). To
reduce the effect of gluten on peoples and their adverse health effect, need a require-
ment of several high-quality non-gluten products. Hence researchers are more
focusing on Gluten-Free product development. Presently, the consumption of glu-
ten-free diet is alone one treatment for CD (Deora et al., 2015; Jerome et al., 2019).
Functionality of non-gluten protein is the major limitation in development of non-
gluten products. It has been great demand for finding alternative protein sources for
the replacement of gluten and which should exhibit similar or more functional and
nutritional properties to gluten. The current chapter focuses on the uses of alterna-
tive proteins to replace the gluten. As well as study related to the functionality and
nutritional qualities of these alternative proteins are also discussed.

5.2 Protein Sources Other Than Gluten

5.2.1 Cereals

Recent research support that idea of the functionalizing of non-wheat cereal pro-
teins to imitate the viscoelastic nature of gluten is a promising field in the area of the
development of gluten-free products (Deora et al., 2014). Cereal technologists
around the world have successfully solved the problem of elimination of gluten
from bread, biscuits, and other bakery products (Pradhan et al., 2021). Among all
gluten-free products, bread is the most complex and commonly used baked product.
The reason behind of complexity of bread is due to the role of gluten protein in the
development of the bread matrix (Jerome et al., 2019). Rice flour is the most com-
monly used cereal flour for gluten-free bread making. It is also most suitable for
various gluten-free products i.e. pasta, muffins, etc. due to its white color, easily
digestible, and low prolamins content make it suitable for the patient suffering from
coeliac disease. Various properties of products like the texture, appearance, and vol-
ume are improved and created by the use of different additive i.e. hydrocolloids,
enzyme, protein acids, and emulsifiers. Storage protein of cereal is a good alterna-
tive for gluten replacement. Amino acid composition of zein and kafirin contains
less percentage of prolamins and glutamine and it has unique properties like gluten
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for gluten-free product formulation. And it has been a great demanded research area
for gluten-free product development.

5.2.2 Zein

Zein is the storage and functional properties of maize. Maize protein consists of
8-11% of whole weight, and zein is one of the major proteins found in the maize
kernel. Zein protein is highly soluble in alcohol i.e. ethanol, ketones, glycerol solu-
tion but insolvable in water. Based on solubility and structural differences, zein
protein is fractionated in four subclasses (Esen, 1987): o, and B-zein are major pro-
tein, Y and d-zein are minor protein (Deora et al., 2015). a—zein is the highest
(71-85% of total protein) protein composition of all zein subclasses (Lending &
Larkins, 1989). Due to the presence of a large number of hydrophobic amino acid
such as alanine, leucine, phenylalanine, and proline, a—zein significantly shows the
hydrophobic properties (Gianazza et al., 1977).

Zein proteins have the ability for development of wheat (gluten) like dough and
which has been successfully explored to produce gluten-free bread for CD sufferer’s
patient (Andersson et al., 2011; Jeong et al., 2017). At room temperature, zein pro-
tein is not able to form viscoelastic nature like wheat gluten, but higher temperature
made it functional. Glass transition temperature of zein protein plays a vital role in
the formation of viscoelastic nature. a—zein has the capability to the formation of
viscoelastic properties, if the temperature of mixing and tempering was 35 °C and
which is above the glass transition temperature (28 °C at >20 moisture content ) of
zein. Viscoelastic material formation capability of zein protein can suggest because
of non-covalent interaction between low molecular weight protein, and in the case
of gluten is due to physical and chemical interaction of very high molecular protein
(Smith et al., 2014). Viscoelastic properties of zein can also be modified by certain
additive or modification to the protein themselves. This improvement in zein protein
is possible either in alone protein or with the addition of co-protein.(Andersson
et al., 2011) revealed that zein protein alone could not imitate the similar character
of gluten dough but adding of hydrocolloids significantly improves the rheological
and structural properties of zein dough. Zein protein dough shows a similar function
to a wheat dough. By measurement of hyperbolic flow contraction of zein-starch
dough with hydrocolloids shows the high extension viscosity. And this dough is best
suitable for gluten-free bread development. During the baking process of dough,
hydrocolloids supplemented zein-starch bread evolved the improved bread height,
volume, and fine structure.

Development of dough by zein-rice starch mixture with amylose content is a
possible alternative for the gluten-free product (Jeong et al., 2017). High amylose
content in zein-rice paste exhibited great pasting and elasticity. And this mixture
was suitable for the preparation of gluten-free noodles. Prepared noodles showed a
firm texture.
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5.2.3 Kafirin

Kafirin is the storage protein of sorghum and it shows great potential in the research
area of alternative protein sources for gluten-free products. Sorghum endosperm
contains 77-82% kafirin of total protein (De Mesa-Stonestreet et al., 2010). Kafirins
are classified as prolamins and they also contain a high amount of glutamine and
proline. It is insoluble in water and highly solvable in alcohol. The hydrophobic
capacity of kafirin is higher among average protein and wheat’s prolamins (Deora
et al., 2015). Oom et al. (2008) found that kafirin protein has the capability for the
formation of viscoelastic dough as wheat gluten. Strain hardening and extensive
viscosity of kafirin protein were similar to wheat flour dough. They also revealed
that kafirin dough exhibited adequate rheological properties for the development of
gluten-free porous bread. Heat treatment of sorghum flour also affects achieving a
higher volume of gluten-free cake and bread during the baking process (Marston
et al., 2016).

5.3 Dairy and Poultry

In the recent year, applications of milk and egg protein have been increased in
gluten-free food markets. Both ingredients can be used for alternative protein source
in non- gluten product development. Incorporation of these alternative proteins
improved the nutritional quality and structure of the non-gluten product. Casein,
whey protein, and egg albumin protein provide the strength to gluten-free products.

5.3.1 Whey Protein

Whey protein concentrate (WPC) are extensively used dairy protein in research
field of non-gluten products. The percentage of whey protein is 20% of total protein
in milk (De Wit, 1990). Essential amino acid score of whey protein is higher than
egg and soy protein. It is also considered as natural food additives for thickening
functionality and as an alternative thickeners of starch and hydrocolloids (Resch &
Daubert, 2002). Rheological properties of dough can be modify by addition of WPC
in to dough paste (Lupano, 2003). van Riemsdijk et al. (2011) used the whey protein
particle of meso-structured as a substitute of gluten for bread development. This
structure of protein was selected based on Gluten free bread prepared by whey pro-
tein showed the strain hardening structure. Crumb structure of developed bread was
similar to wheat bread (van Riemsdijk et al., 2011). Author also concludes that
formulation of more or another protein with additives can improve the properties of
the non-gluten bread. Volume of whey powder formulated bread was higher than the
vital gluten based bread. Even small of whey amount (2.5%) was sufficient for large
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volume bread. Whey protein isolate enhanced the emulsifying properties, gelling
behavior, and gelatinization of rice starch (Marcoa & Rosell, 2008). Ungureanu-
Tuga et al. (2020) developed the gluten free pasta with whey powder and grape peel.
Incorporation of whey powder in pasta paste improved the texture and sensory char-
acteristics of pasta. Whey protein also enhanced the microstructure of pasta.

5.3.2 Casein

Casein is a major milk protein and its percentage is highest approximately 80% of
total milk protein. Casein is obtained by precipitation of milk at 4.6 pH, supernatant
portion is called whey and another substance of precipitated milk is casein protein
(Liang & Luo, 2020). It is commonly used as a binding agent for many food product
developments. It comes under the group of phosphoproteins (Deora et al., 2015).
Most important function of casein protein is used as an ingredient for structure
building agents. They can be used in solid and semisolid food material to provide
mechanical strength and improved textural properties. Proteins are also used as a
thickening agent to boost the consistency and stability of developed food products
(Chan et al., 2007; Deora et al., 2015). Caseinate is another important casein-based
ingredient. Based on the emulsifying and foaming functionality of caseinate, it can
be used to improve the properties and functionality of dough and paste for gluten
free products (Luo et al., 2014). A combination of sodium caseinate and whey pro-
tein improved the quality of gluten free pasta of pearl millet (Kumar et al., 2019).

5.4 Egg Protein

Eggs are common food additives for food product development. In recent years, its
application is increasing for gluten free product developments. Egg proteins are
highly functional protein, and can be incorporate for gluten free dough formation
(Ziobro et al., 2013; Crockett et al., 2011; Pico et al., 2019). Egg white protein is
good alternative source for gluten. Based on functional properties i.e. foaming char-
acteristics, improvement in crumb structure can replace the gluten from bakery
products. For example, egg protein helps in the improvement of dispersion capabil-
ity and stabilization of gas bubbles in the non-gluten dough system (Deora
et al., 2015).

Egg albumin and whey protein with parboiled rice were used for the develop-
ment of non-gluten pasta (Marti et al., 2014). The addition of protein significantly
reduced the roughness of uncooked pasta. These proteins can be used as texturing
agents in gluten free pasta production without addition of chemical agents. During
pasta development, hydrophobic interaction and disulfide bond between rice starch
and protein make the pasta stable. During the cooking of pasta, the formation of a
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disulfide interprotein bond takes place and result in significantly enhanced textural
and structural properties of products (Marti et al., 2014).

Matos et al. (2014) developed the muffins with various protein sources. The
emulsifying activity of rice flour was effectively increased by the addition of egg
albumin. The best appearance of muffins was observed in the case of egg albumin
and casein protein. The incorporation of egg white protein increases the height and
volume of muffins. The author also found that animal-source protein produced
chewy, springy, and more cohesive muffins than vegetable protein.

5.5 Legumes

Legumes are the plant seed in the family of Leguminosae. It is one of the most
prominent sources of food protein. Primarily, legumes are grown for human con-
sumption and but also for livestock feeding. Legumes are a good alternative and
supplement grain for cereals based food products. Due to the presence of higher
content of essential amino acid i.e. arginine, aspartic acid, lysine, glutamic acid, in
legume, it can provide well sufficient diet with consumption of other cereals (Deora
et al., 2015; Minarro et al., 2012). Leguminous protein also has functional proper-
ties that play major role in the formation and processing of food (Boye et al., 2010).
Legume protein has been used in development of various food product i.e. bakery
product, soup, and several ready to eat snacks. Nutritional benefits of legume con-
sumption suggest it’s for alternative of gluten flour to the development of non-gluten
food products (Mifiarro et al., 2012).

Addition of legume flour or protein explored as a substitute for nutritional qual-
ity improvement as well as physical attributes and overall qualities of gluten free
products (Crockett et al., 2011; Mifiarro et al., 2012; Foschia et al., 2017; Pico et al.,
2019). The functional properties of soy protein and pea protein isolate were used to
make and developed various gluten free products (Deora et al., 2015).

5.6 Soya Protein

Soybean is one the most commonly grown and used oilseed. It is also rich source of
protein and its percentage approximately 40% of total weight (Sharma et al., 2014).
Also of a higher content of protein, the nutritional value of this protein is high. Its
protein digestibility-corrected amino acid score is also in the region of egg white
protein (Deora et al., 2015). Due to foam stabilization capacity of soya protein iso-
lates, its incorporation in gluten free products are studied (Marcoa & Rosell, 2008;
Crockett et al., 2011; Miiarro et al., 2012).

Rice flour-based muffins were developed by (Matos et al., 2014) with the addi-
tion of various gluten free protein sources for modification of properties of non-
gluten muffins. The addition of soya protein isolates significantly increases the
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storage modulus of developed batter. It also altered the textural properties of baked
products. In addition, its incorporation also modified viscosity and elastic compo-
nent of the rice based batter, and results in inducing the hardening effect. In study of
(Crockett et al., 2011), addition of soya protein increased the crumb structure and
volume of bread. Soya protein and hydroxypropyl methylcellulose as an ingredient
for rice flour bread development produced the bread with similar porosity like wheat
gluten (Srikanlaya et al., 2018).

5.7 Carob Seed Germ Protein (Caroubin)

Caroubin is separated from the carob germ powder. Carob is evergreen flowing tree
in the legume family of Fabaceae. Carob tree commonly cultivated for its edible pot.
Germ of carob seed is rich source of protein and it’s known as Caroubin. It is a
mixture of great amount of protein number which varies in their size and degree of
polymerization, ranging from one million to several thousands of molecular weight.
Physico-chemical properties of this protein are thoroughly similar to gluten protein
of wheat (Feillet & Roulland, 1998). Caroubin is not similar to wheat gluten but its
function behaves like in the manner of wheat gluten (Smith et al., 2012). Due to the
presence of disulfide bond between the high molecular proteins, caroubin germ
flour produced a similar dough like wheat flour (Smith et al., 2012). And also the
rheological properties of developed dough were similar to the gluten dough. The
concentration of carob powder and water give significant viscoelastic characteristics
of dough (Tsatsaragkou et al., 2014). Appropriate ratio of both parameters can pro-
duce dough with equilibrium viscosity and elasticity.

5.8 Chickpea Protein

Chickpea is one of the most consumable and important legume crops in Indian
states. India is the highest production county of chickpea around the whole world.
Chickpea plays a leading role in world food safety by resolving the problem of
deficiency of protein in our daily diet (Kaur & Singh, 2007; Merga & Haji, 2019).
Chickpea is a common and good source of protein and carbohydrate, and quality of
protein is better than other legume crops such as pigeon pea, green gram, and black
gram. Chickpea contain almost 40% protein of total mass. Due to such amount of
protein, make it unique legume for food consumption. Besides protein content, it
also has potential health benefits for reducing the cardiovascular, cancer, and dia-
betic risks (Kaur & Singh, 2005). Chickpea protein has various functional protein
such as emulsifying and foaming characteristics (Boye et al., 2010). Due to func-
tional properties, good nutrional qualities, and excellent baking capabilities of
chickpea protein, it is good alternative protein source for gluten free products (Boye
et al., 2010; Kaur & Singh, 2007; Aguilar et al., 2015). Addition of chick pea flour
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significantly increases the specific volume as well as storage modules of bread
(Aguilar et al., 2015). The incorporation of chickpea flour with tiger nut flour can
replaced the emulsifier and shortening agents for non-gluten-free product
development.

5.9 Pseudocereals

The dicotyledonous plants which resemble the true cereals in their functions and
composition are called pseudocereals. These pseudocereals can be classified as
legumes, oilseeds, cereals and nuts, etc. Now a day’s these pseudocereals are grab-
bing the attention of researchers to use them in gluten free product formulations
since they have many health promoting effects as well as they possess lot of pro-
teins, fibers, calcium and iron. If these pseudocereals are used for the formulation of
gluten free product, there will no need to fortify the product by external addition of
the minerals. Hence the usage of pseudocereals will make the product gluten free
and will improve its nutritional quality (Alvarez-Jubete et al., 2010; Aghamirzaei
et al., 2013).

Due to the high nutritional value and absolute free from the toxins while it pos-
sesses a considerable amount of protein. Majorly the amaranthus, quinoa and buck-
wheat are pseudocereals used for the formulation of gluten free products (Ballabio
et al., 2011). In the studies conducted by many researchers, they have concluded
that buck wheat and quinoa possesses high quality of protein which has good digest-
ibility, balanced efficiency ratio. The protein from these sources resembles the qual-
ities similar to milk proteins (Ranhotra et al., 1993; Repo-Carrasco et al., 2003).
Some studies also showed that amaranth and quinoa are rich in bioactive compounds
such as y- and p-tocopherol as well as polyunsaturated fatty acids - high linolenic:
linoleic acid ratio (Comino et al., 2013).

5.9.1 Amaranth

The amaranthus belongs to Amaranthaceae family; it has more than 60 species
which are grown across globe. Amaranthus cardates is one of those 60 species
which is selected and used majorly for consumption. It is widely grown in Peru and
other South American countries (Caballero et al., 2003). Amaranthus cruentus is
grown in Guatenmala while Amaranthus hypochondriacus in Mexico. In India the
pseudocereal of amaranth is widely consumed during fasting. It is very rich source
of calcium, magnesium, and iron. It improves the hemoglobin in the blood. It is also
high in protein content. The amino acids composition in the amaranthus is well bal-
anced than other cereals and grains. The major parts of the protein present in ama-
ranthus are albumin and globulin while prolamines are in lesser proportions. It also
comprises with vitamins such as riboflavin, tocopherol (Ballabio et al., 2011; Chand
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& Mihas, 2006). In the study conducted by (Gambus et al., 2002), the amaranthus
flour was used in the preparation of bread to replace the gluten. At 10% replacement
the nutritional properties were improved as compared to the standard composition
while the sensory properties remained unaffected.

5.9.2 Quinoa

The quinoa botanically known as Chenopodium quinoa belongs to the amaranthus
family. Quinoa is a pseudocereal which was a staple food from the ancient civiliza-
tions of Andes in South America. But now a ways it grown all across globe in all
continents of Europe, Africa, and Asia etc. the quinoa has a similar appearance like
oil seeds and possesses high oil content hence it can also be classified as pseudo-oil
seed. The quinoa is available in different variety of colors such as white, red, purple,
and black (Saturni et al., 2010; Vega-Gélvez et al., 2010; Bhargava et al., 2006). The
proteins from the quinoa resemble very similar functional properties to that of milk
protein. The quinoa protein completes the nutritional value since its protein pos-
sesses a high biological value of 83%. It is possible due the presence of combination
of essential amino acids which provides it good functional properties. It also con-
tains minerals in good proportions making it valuable for the human consumptions.
The mainly found minerals are magnesium, manganese, iron, zinc and calcium
(Repo-Carrasco et al., 2003; Vega-Gdlvez et al., 2010). From the various studies
conducted by researchers, food technologists (Zevallos et al., 2012; Mikinen et al.,
2013). It can be concluded that quinoa is safe for the replacement of gluten to pro-
duce and formulate gluten free product by using alternative proteins. The lower
concentration of oat malt less than 1%, improved the bread volume and crumby
structure (Mékinen et al., 2013). The complete in vivo characterization of the devel-
oped gluten free product by using the alternative proteins should be done in order to
understand its digestibility and the reactivity.

5.9.3 Buckwheat

The buck wheat belongs to polygonaceae family and caryophyllales order while
botanically it is classified as fruit. But it is consumed in the form of grain or flour.
The buck wheat is toasted before grinding it to flour. Since, the buck heat has
reported some allergy cases in korea, Europe and japan (Panda et al., 2010). The
toasting of buck wheat will denature the allergen compounds. There are two types/
species of buckwheat which are widleychoosen for the human consumption namely
Fagopyrum esculentum or common buckwheat and Fagopyrum tartaricumor tartary
buckwheat. The Fagopyrum tartaricum is largely cultivated in Asian countries
(Ikeda, 2002; Skrabanja et al., 2004). Buckwheat is a rich source for dietary fiber,
vitamins, essential minerals, trace elements, rutin. The major factor for choosing the
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buckwheat for gluten replacement is its favorable amino acid sequence composition
which is desirable to improve the protein quality of newly developed gluten free
formulation for any product (Panda et al., 2010; Dunmire & Tierney, 1997). Hence
buckwheat can be a suitable option to replace the gluten.

5.10 Functionality of Proteins

Apart from the gluten’s textural properties and its effect, there are various other
properties exhibited by the protein known as functional properties which govern the
physical, chemical, organoleptic and nutritional properties of any product. Valuable
dimensions have imparted by the functional properties of the protein to the various
products in terms of its product's texture, appearance, taste as well as nutrition. The
functionalities of protein include solubility, emulsification, foaming, water holding,
and oil holding capacity, gelation, surface hydrophobicity, etc. which are described
in detail as follows.

5.10.1 Solubility

The index of protein functionality can be measured from the solubility which can be
estimated by the aggregation and denaturation of protein. The improvement in the
functionality of protein can be achieved by improving its solubility (Chobert et al.,
1988a). Since some product require soluble protein and some require insoluble pro-
tein. The solubility of protein depends on the various factors such as temperature,
pH, isolectric point etc (Chobert et al., 1988b). The solubility of protein plays an
important role in the replacement of gluten in the products such as soup powders,
instant soups and curries mixes which are having a major component of wheat flour
and soy bean flour. In such products the protein solubility is desirable (Mutilangi
et al., 1996). Hence such soluble protein can be replaced by the whey protein and
whey protein isolates which are soluble in water. While the proteins in the bakery
products must be insoluble to impart the textural and rheological properties. The
gluten protein is responsible for the structure of bakery products (Garrett & Hunt,
1974). The caseinate protein from milk and some soy proteins which are insoluble
can be used as an alternative for gluten in the bakery products . But before replacing
the gluten by caseinate and soy protein its rheological properties are to be checked.
Both the soluble and non-soluble proteins are important in respect to replace the
gluten as per their utility in the final product possessing desirable properties.



5 Functionality of Alternative Proteins in Gluten Free Product Development: Case Study 83
5.10.2 Emulsification

Emulsification is a property where the oil water interfaces are hold together to form
an emulsion. The emulsion quality of the protein is measured from its water-oil
holding and binding (Turgeon et al., 1992). The interaction at the surface of oil and
water at their surfaces are studied to know the emulsification property. The emulsi-
fiers are measured for the emulsification activity, emulsion forming capacity and the
stability of formed emulsion (Nakai et al., 1980). These properties of emulsion
depend on the molecular structure of the protein molecule. The whey protein from
milk and soybean protein, their molecular structure is different, hence both exhibits
different emulsion properties. As a result they may find various applications as per
the product suitability. The soy bean proteins are considered as one of the best pro-
teins possessing best quality of emulsification quality, hence it can be used an alter-
native protein to replace the gluten.

5.10.3 Foaming

The foaming property is a unique property exhibited by protein generally in the
products such as marshmallows and other edible foams. The molecular properties of
the protein are related to the foaming characteristics (Kitabatake & Doi, 1982). The
capacity to form foam and its stability are the important parameters to check these
foam characteristics. The peptide linkages of amino acid sequences numbering
from 101-145, 107-153, and 107-145 are important for the formation of superior
quality of foam (German & Phillips, 1994). Foams are generally comprised of two
phases a continuous aqueous phase and another dispersed gaseous phase. For
obtaining food quality foam, segmental flexibility which is unfolding of bonds at
the interfaces of the molecular secondary interactions of charged and polar groups
is very important (Althouse et al., 1995). The soybean protein and whey protein are
mainly used for their foaming property. The protein molecules present in these pro-
teins possess a strong tendency to form the dimers, trimmers, and high order pep-
tide- peptide linkages that are necessary for the generation of foam (Cheftel et al.,
1985). Where gluten protein molecules have fewer tendencies to form such linkages
and ultimately the low-quality foam is obtained. Hence, these alternative proteins
can be used very well in place of the gluten for their better foaming
characteristics.
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5.10.4 Surface Hydophobicity

The functional properties of the protein are impacted by the structural characteris-
tics which are used to evaluate the protein conformation while can be measured by
the surface hydrophobicity of the protein molecules (Nakai et al., 1980). The pro-
tein molecules are susceptible to heat treatments, resulting into the surface hydo-
phobicity. The heat treatments given to the protein molecules may result in the
denaturation and hydrolysis giving rise to two separate effects (Kato et al., 1983)
have studied these effects in the research conducted by him. In the research he con-
cluded that, when the good co-relations are established between the surface tension,
emulsifying activity, interfacial tension of the proteins present in the sunflower,
rapeseed and soy bean. Due to the presence of the shorter amino acid chains and
secondary structures, this surface hydophobicity is affected. The properties of the
protein molecules are important for the formation of structures in the bakery prod-
ucts, foams, gels, confectionary products etc. the surface hydophobicity is an impor-
tant parameter to study for the gluten and non-gluten proteins.

5.10.5 Gelation

The formation of gel by the entrapment of water molecule with the minimum syn-
erisis is the gelation property which is generally referred to the structural strength of
the product. When the protein-protein interaction increases with the water, it results
in the formation of gel (Matsumoto & Hayashi, 1990). The products’ mechanical
strength and its viscoelastic properties can be determined from the gel strength. The
gel formation and the gel strength may depend on the various extrinsic factors such
as pH, ionic strength, temperature etc. The environmental conditions govern the gel
characteristics; the characteristics includes such as firmness, rate of gelation, trans-
parency of gel and its microstructure (Aguilera, 1995). The gel forming characteris-
tics of the protein can be used as a replacement for the gluten. Many of the
researchers have replaced the gluten by using various gums such as moringa seed
gum, guar gum, gum arabica, gum gatti etc. Gum binds all the ingredients well
(Kitabatake & Doi, 1993). But there are certain disadvantages of using the gum as
replacement of gluten. The gum binds all ingredients but imparts stickiness to the
product and increases the calorie content. Gum can’t provide the desired springiness
to the product. Hence protein can be suitable option to replace both gluten and gum.
The protein possesses both the properties i.e. to hold and bind all ingredients
together as well as it can impart the desired springiness to the product. The gel
forming property of protein will improve the bonding and interactions; it will help
to improve the texture of product. The protein will impart good structure and
strength to the product. It also adds benefits by improving the protein content of the
product.
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5.10.6 Water Holding Capacity

The protein water interactions are one of the important characteristics which govern
the water bounding and extent of water holding (Fevzioglu et al., 2012). The rheo-
logical properties of the bakery products are governed by the water holding capacity
of protein molecules. The caseinate and f-lactoglobulin are water-insoluble proteins
and possess some similar characteristics to that of gluten (Kinsella et al., 1989). The
water holding capacity of protein influences the textural and structural properties of
any product. When the water holding capacity of non-gluten protein increases and
solubility decreases, such protein molecule can provide similar rheological proper-
ties as of gluten (Kneifel & Seiler, 1993). As discussed caseinate and p-lactoglobulin
can be alternative to replace the gluten in the bakery products since desired func-
tionality can be obtained.

5.10.7 Oil Holding Capacity

The oil holding property of protein is the most important property for the production
of bakery products. Cakes, biscuits, crackers, cupcakes, donuts, muffins, etc. prod-
uct requires fats as a compulsory ingredient to impart the softness. The fluffiness,
springiness of these bakery products depends on the protein and the oil holding
capacity of the protein. The protein molecules hold the oil in therewith to provide
the desired softness. Oil holding plays an important role in the formation of emul-
sions, foams, and their stability (Gauthier et al., 1993). Hence when the gluten-free
product has to be developed, it should be kept in mind the proteins from soybean
can be alternative to gluten, since they possess more oil holding capacity. The oil
holding capacity of proteins will govern the softness of the product as well it is also
responsible for the flavor holding.

5.11 Strategies for Replacement of Gluten

When the gluten protein has to be replaced, several combinations of the protein
from various sources can be used. The functional properties of the protein can be
altered and modified to obtain the best results and superior quality products. The
functionalities of these proteins can be altered by using different processes such as
as enzymatic modification, high-pressure modification, cross linking of proteins,
ultrasound treatment to proteins. These processes can be termed as strategies for the
replacement of gluten and are discussed as follows.
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5.11.1 Enzymatic Modification

The functionality of the proteins can be enhanced by the usage of enzymatic modi-
fication in order to achieve the desired properties, which can be used as alternative
protein in place of gluten. The enzymatic modification is done by altering the amino
acid chain sequence which will yield into the desired functionality of the specific
protein. The enzymatic modification can be achieved by proteolysis, it is also termed
as peptide linkage hydrolysis (Panyam & Kilara, 1996). The mechanism of the
enzymatic modification can be seen by three different effects occurring in the pro-
tein molecule. There is decrease in the molecular weight of protein molecule, an
increase in the ionizable groups while hydrophobic groups are concealed as a result
of enzymatic modification (Kim et al., 1990). All of these results into the improved
solubility reduced surface hydophobicity, increment in the gelation, foaming and
emulsification capacity of the proteins. While carrying out enzymatic modification
of the protein, the enzyme specificity is one of the key factors affecting the modifi-
cation as well resulting in the faults in achieving the functionality of the protein
(Whitaker, 1977). The other factors affecting the modification process are pH,
isolectric point, ionic strength, protein denaturation, enzyme concentration, tem-
perature. The molecular size of protein, specific amino acid sequence, structure of
protein molecule will govern the functionality of protein (Casey et al., 1991). To
achieve the desired functional properties, such as emulsification, foaming. Surface
hydophobicity, water holding, oil holding and flavor binding capacity of the protein
molecules can be modified enzymatically in order to utilize them as a replacement
for gluten. The enzymatic modification of protein finds potential option to improve
protein functionality which can be alternative to be used in place of gluten.

5.11.2 High Pressure Modification

The functionality of the protein can be modified by the application of high pressure.
(Messens et al., 1997) have successfully carried research on the modification of the
functional properties of proteins from the milk, egg, soy and meat proteins by the
use of high pressure. The high pressure modification process carried at a pressure of
1000 mPa can confront the protein to modify resulting in desirable changes in its
functional properties. The mechanism for modification can be explained as, since
the high pressure is applied; the volume of the protein molecule decreases due to the
compression of the internal cavities. It also results in the rupture of covalent bond
interactions and establishment of new intra and inter molecular bonds within the
protein molecules. As a result of these secondary, tertiary and quaternary protein
molecules are stabilizes. In the research conducted by (Puppo et al., 2004) it was
found that the hydophobicity of the protein can be reduced by using high pressure.
The pressure of 150 mPa can be applied to stabilize the hydrophobic interactions
between the protein molecules. This will contribute to enhancing the water holding
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capacity of the protein. 200 mPa pressure can be used for the hydrophobic interac-
tion stabilization of secondary, tertiary protein molecules. From the study of (Singh
& Ramaswamy, 2015) it was included that the f-lactoglobulin present in the casein-
amilk protein can be modified for its gel-forming capacity. The interactions between
the B-lactoglobulin and a-lactoglobulin can be improved; resulting in an improved
gel-forming capacity. The high pressure can also be applied to whey proteins as
well. The emulsification efficiency of soy protein has been improved due to the
application of high pressure.

5.11.3 Cross-Linking of Proteins

The food biopolymers play an important role in the formation of effective structure
in the bakery products. The cross-linking of protein is an important tool to alter the
structure of the protein molecule by which the functional; properties will be
enhanced. The cross-linkage of protein molecules may be achieved by the enzy-
matic treatment and non-enzymatic Maillard reaction. The enzymes used for the
cross-linking are transglutaminase, tyrosinase, lactases, peroxidase, and sulthydryl
oxidase (Buchert et al., 2010). The specificity of cross-linking the proteins is
affected by the enzymatic catalyst and the mild reaction conditions. The reaction
condition includes temperature, pH, isolectric points etc. the disulphide linkages
govern the thermo-rheological properties of dough (Gerrard, 2006). The cross link-
ing can be achieved by the heat treatment, enzyme treatment, ultrasound treatment,
which will create the intentional inter and intra molecular bonding of sulfhydryl
groups of cysteine in the protein molecules. The creation of cross linking may lead
to enhanced stability of the protein and will resist to proteolysis (Matheis &
Whitaker, 1987). The cross linking of the disulphide’s in the protein will strengthen
the stability, firmness of protein and also enhances the viscoelastic properties. The
cross linking of the proteins may also enhance the digestibility and reduces the
allergenicity of the protein (Thalmann & Lotzbeyer, 2002). The non—globular pro-
teins may be more susceptible for the cross linking while the cross linking in globu-
lar proteins may enhance its properties and functionality may be altered. The
modified protein by cross linking may be used in place of gluten for development of
gluten free product. The modified protein by cross linking will exhibit the similar
characteristics to that of gluten due the cross linking and network formation. The
cross-linking is a cost-effective and rapid tool which can be used for the modifica-
tion of protein with good efficacy.
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5.11.4 Ultrasound Treatment to Proteins

Ultrasound treatment is a new, safe, and one of the effective methods utilized for the
modification of the functionality of the protein. The mechanism of the ultrasound
modification is based on the shear stresses and turbulence created by the high-
intensity ultrasound (Jambrak et al., 2009). The ultrasound treatment given to soy-
bean protein has to yield good results for the viscosity and elastic characteristics
which were recorded on the stress rheometer by (Arzeni et al., 2012). The impact of
high-intensity ultrasound treatment was studied by (Riener et al., 2009). In the study
conducted by (Mishra et al., 2001) egg protein, whey protein, and whey protein
isolate were treated at 750 W, 20 kHz frequency and 20% amplitude. The satisfac-
tory changes in the gelation, solubility and viscosity are closely related to the modi-
fication done on the molecular level of the protein molecule. Thus the functional
properties of the protein are widely affected by the ultrasound treatment which
makes ultrasound as a potential option to alter the functionality of protein and mak-
ing it suitable for the further development of the desired gluten free product.

5.12 Gluten Free Products

The gluten free product available in market are enlisted in the Table 5.1, comprising
with the alternative proteins.

5.13 Challenges for Gluten Replacement

When gluten is replaced from any product, it is necessary to check the functional,
nutritional and organoleptic properties of the product and protein. The gluten pro-
tein influences all of these properties of the product. Hence the replacement of glu-
ten by an alternative protein can face these challenges, which are discussed as
follows.

5.13.1 Nutritional Challenges

Now a day’s consumers are aware of the product they are consuming. Whether the
product is nutritionally rich, does it contains essential nutrients is checked by the
consumer before purchasing it. Since the gluten is replaced from the products, it has
created nutritional imbalance. Limited numbers of evidences are available regard-
ing its nutritional inadequacies (Kinsella, 1982). These nutritional deficiencies can
be fulfilled by the combination of two or more proteins from varying sources. These



5 Functionality of Alternative Proteins in Gluten Free Product Development: Case Study 89

Table 5.1 Gluten free products prepared from alternative proteins

S.N. | Product name Alternative protein References

1. |Bread Whey protein Storck et al. (2013)
Soybean protein isolates Crockett et al. (2011)
Maize protein Fevzioglu et al. (2012)
Albumin Schoenlechner et al. (2010)
Soy protein isolates, Pea protein, Ziobro et al. (2013)
lupine
Carob flour (Caroubin) Tsatsaragkou et al. (2014)

2. |Pasta Casein + Egg whites Sozer (2009)
Egg albumin Marti et al. (2014)
Whey protein Kumar et al. (2019)
Whey protein+ Grape peel+ corn Ungureanu-Iuga et al. (2020)
starch

3. Cupcake Amaranth + egg protein Egorova and Reznichenko

(2018)

4. | White sauce Soy bean protein Gularte et al. (2012)

5. | Muffins Pea protein, Soy protein isolates Matos et al. (2014)
Casein Hubbell et al. (2007)
Chick pea protein Herranz et al. (2016)

6. | Donuts Egg protein + Whey + casein Melito and Farkas (2013)

7. | Bakery products | Peas protein isolates Mariotti et al. (2009)

8. | Fermented Pea protein + soy bean protein Marco and Rosell (2008)

products isolates
9. | Crackers Buckwheat + protein isolates Sedej et al. (2011)
10. | Noodles Zein + Rice flour Jeong et al. (2017)

combinations of the alternative proteins which have replaced the gluten are having
some of the important essential amino acids such as lysine, and tryptophan.
(Thompson, 1999), which are missing in the gluten fractions. Thus the new alterna-
tive protein combinations can fulfill the nutritional demands of the protein. Along
with it, gluten-free products can be fortified with iron, niacin, folate, riboflavin, and
thiamine (Thompson, 2000). The replacement of gluten by the combination of pro-
teins brings a challenge to keep the glycemic index or the calorie count in the limit.
If the glycemic index or the calorie goes beyond the limits, the replacement is
of no use.

5.13.2 Functional Challenges

The gluten protein provides the essential structure building property to the product.
This structural property of gluten is one of its important functional properties. It
also governs the visco-elasticity of the dough. The gliadin and gluten in ratio pres-
ent in the gluten are responsible for these functional properties. In gluten-free
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products, it is a major challenge to replace gluten by the alternative protein to pro-
vide similar resembling functional properties (Smith et al., 2014). The loaf volume
of bread, softness of cakes, muffins and cupcakes, the springiness of noodles, spa-
ghetti, and pasta; all of these are the functional properties imparted by gluten. The
consumer is habitual to consume these products due to its functional properties. If
the gluten is replaced by the alternative protein and it does not meet the similar
characteristics of functional properties imparted by gluten, the product will fail and
will not meet consumer satisfaction.

5.13.3 Organoleptic Challenges

When the gluten-free product is developed, organoleptic factors should be always
considered to obtain a product which is having similar properties to that of gluten-
containing products. The most important property imparted by the gluten is its tex-
ture; the people are habitual to the texture of gluten imparted in various products
such as cakes, biscuits, bread, cookies, etc. (De Wit, 1998). The organoleptic char-
acteristics of any product are judged by color, flavor, texture, appearance, taste, etc.
Making the gluten free product of the similar sensory characteristics is one of the
most important organoleptic challenges faced by the researcher (De Wit, 1990).
Where the consumer has an impact of the taste, texture, color and flavor of the glu-
ten based product, denies the acceptance of the product. The perfect combination of
the alternative source of protein which will provide perfect texture, structure, prod-
uct appearance, taste, color is most important and difficult challenge faced by the
researchers. In case of breads, the gluten free bread should possess same loaf vol-
ume as that of gluten containing; the gluten free cakes should impart same softness
as that of gluten containing cakes; the gluten free sauces, and premixes should pro-
vide same consistency, visco-elastic properties and appearance to that of gluten
containing.

5.14 Conclusion

The development of gluten-free products by using alternative protein is not a straight
and easy process. It involves many steps and complex processes. Many of the food
technologist, researchers, and scientists are working on the molecular chemistry of
the non-gluten proteins to produce a perfect combination which will impart the
functional as well as nutritional properties to the newly developed gluten-free prod-
uct. In products such as breads, biscuits, cookies, and cakes many of the researchers
have found out a perfect combination of alternative proteins which are providing
similar characteristics to gluten in terms of texture, structure of product, taste, over-
all appearance and enhanced with more nutritional properties.
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Chapter 6
Regulatory and Labelling

Murakonda Sahithi and Madhuresh Dwivedi

Abstract Gluten in food is the major health concern for Gluten-intolerant people
worldwide for many years. This can be minimized by the avoidance of gluten in the
diet as it does not have a cure. The control and management of gluten in food have
been recognized by many countries as an important food safety concern and risk
management problem in recent years. Many nation governments and organizations
have implemented laws, policies, regulations for the manufacturers, retailers, and
marketers to indicate the label “gluten-free” on the package to communicate, con-
trol and manage the existence or non-existence of gluten in food. The regulations
for gluten-free are designed to specify no adverse level of gluten (below 20 ppm)
than fully gluten absence. Numerous countries such as South Africa, the united
states, Canada, Europe, China, Japan, India, and Australia, etc., have issued “Gluten-
free” regulations. The regulation for “Gluten-free foods” differs from the country.
The public should know the regulations and labels of the organization to avoid the
mis-consumption of “Gluten-free “foodstuffs”. The word “Gluten-free” on labeling
is provided by quantitatively detecting the gluten content by standardizing methods
of Analysis like enzyme-linked immunoassay (ELISA). The regulations are the cor-
porative linkage between the government, industry, and consumer.

Keywords Gluten-free - ELISA - Retailer

6.1 Introduction

The significance of diet and nutrition in food to prevent numerous health concerns
was not established up to many centuries. The toxicity caused by food allergen-
gluten and gluten intolerance in people leads to health issues such as celiac disease,
dermatitis, gluten ataxia, herpetiformis, intestinal problems which leads to anemia,
diabetes, cancer has been recognized internationally in recent years and became
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serious health concern worldwide (Ahmad et al., 2019; Cornicelli et al., 2018;
Tovoli et al., 2015). Moreover, these health issues directly cause an economic bur-
den and indirectly causes loss of cost due to less productivity and more diseases.
The major health concern is gluten in food for many people which can be mini-
mized by avoidance of gluten in the diet as it does not have a cure (Sharma et al.,
2015). Even though gluten-free food is manufactured, the contamination i.e. food
adulteration can be caused anywhere from farm to fork-like milling, processing,
cross-contact machinery during manufacturing, retail outlets, common utensils used
in households ultimately leads to a health concern (Dudeja et al., 2016; Tripathi
et al., 2017; Rifna et al., 2019).

The control and management of gluten in food have become an important food
safety concern in recent years. Hence, it’s essential to enable the consumer to dif-
ferentiate between gluten and gluten-free food and make health preferences. The
clear indication of the presence of gluten and gluten-free in certain foods is required
for gluten-intolerant people. This felt the need to start the regulatory process to
achieve food safety by determining of an optimum standard of ingredient content in
the food. The awareness of the need of regulation and food allergens came in period
1990s, but the implementation of regulation globally came in the 2000s (Astley,
2019; Lee et al., 2014). The regulations assist the manufacturer to communicate,
control and manage the existence or non-existence of gluten in food. The numerous
countries such as South Africa, united states, Canada, Europe, China, Japan, India,
UK and Australia etc. has recognized the importance of the polices, regulations and
standard for the safety of gluten-sensitive people (Haraszi et al., 2011).The regula-
tion of food label differs with the country. The regulations are established to certify
that the anyallegation on a food label is obvious and verified by scientific verifica-
tion (Duttaroy, 2019). The regulation for labeling requirement has also been manda-
tory for the awareness of ingredients causing allergies as it provides the consumer
the information to communicate and choose whether it is suitable for consumption
or not (Popping & Diaz-Amigo, 2018). The regulation aims to provide the assur-
ance of consumer protection about food information. The consumer has the oppor-
tunity of opting between the bundle of quality attributes labeled on the package
(Martini et al., 2019; Rostami et al., 2017; Sainsbury et al., 2018).

Furthermore, different organizations have been developed for identifying the
approaches for gluten-free standards and set label regulations. These organizations
have focused on delivering information to avoid food that triggers gluten reaction in
gluten-tolerant people (Gendel, 2012; Madhuresh et al., 2013). The regulations are
the corporative linkage between the government, industry, and consumer
(Desmarchelier & Szabo, 2008). The chapter showcases the regulations standards of
different organizations and labeling requirements for gluten-free food.
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6.2 Regulatory and Labelling for ‘“Gluten-Free’’ Foods

Regulations for “gluten-free” are designed to indicate no adverse level of gluten
other than fully gluten absence (Akobeng, 2008). The regulation enforcing regard-
ing the term Gluten-free on labeling is provided by quantitatively detecting the glu-
ten content by standardizing methods of Analysis. The reliable methods for
quantification and detection of gluten are mandatory to certify the safety of gluten-
free foods. There are many methods for quantification and detection of gluten like
enzyme-linked immunoassay (ELISA) which is mostly accepted technique as per
regulations followed by many countries and other detection methods include poly-
mer chain reaction (PCR) for DNA quantification, MS for gluten protein detection,
HPLC, potentiometric electron tongue, optical biosensor, etc., (Alimentarius, 2003;
Laube et al., 2011; Rosell et al., 2014; Sharma et al., 2015; Thompson &
Méndez, 2008).

The standards and regulations set by national and international bodies should be
strictly followed while developing or manufacturing gluten-free food. The regula-
tions have been adopted for many products such as snacks, baked products, Extruded
products, food especially processed to reduce gluten content, restaurant food, etc.,
for gluten-free foods (Ahmad et al., 2019; Navarro et al., 2017; Jerome et al., 2019).
The regulatory standards and policies set for the Gluten-free products need to be
followed along with the existing well-recognized food safety management bodies
like “Good manufacture practices (GMP)” and “Hazard analysis critical control
point (HACCAP)” to identify, prevent and control the food issues for best products
(Laube et al., 2011; Petruzzelli et al., 2014). The knowledge of ingredients gluten
content and use of the gluten-free certified ingredients by manufacturers in the food
chain should be aware for manufacturing gluten-free products (Muraro et al., 2014;
Mishra et al., 2020). There are many organizations for gluten-free standards like
Codex Alimentarius Commission, Food and Drug Administration, European
Commission, etc., and there are many third-party organizations like US Gluten-free
certification organization (GFCO), celiac support organization, etc., that work with
government policies for gluten-free products (Casper & Atwell, 2016). There is
significant variation among the emerged regulatory framework of organizations
irrespective of international and scientific collaboration on gluten issues. Effective
avoidance of gluten depends upon information acquired from food labels, people
having complete and precise information on substance in food (Gendel, 2012). The
organizations for Gluten-free regulations require a written plan for food safety
guidelines that includes processing practices, tolerant level of gluten, food label,
misleading policies, recall options, etc., for the product (Crawford, 2019;
Desmarchelier & Szabo, 2008). Codex Alimentarius international food standards
are the regulatory standards from which most of the countries adopt the policies and
standards for gluten-free labeling and gluten quantitative detection (Lee et al., 2014).
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6.3 Codex Alimentarius International Food Standards

The implementation of Codex Alimentarius commission standards (CXS 118-1979)
of “world health organization (WHO)” and “Food and Agricultural Organization
(FAO)” for gluten-free products was developed during 1976. The law is modified in
1983 and 2015 and revised in 2008, defined the products as “Gluten-free Foods”
(Arentz-Hansen et al., 2004; Bustamante et al., 2017; Jnawali et al., 2016). This
standard has identified “Gluten” as the protein from oats, barley, rye, wheat, or else
crossbreed type and “prolamins” as a fraction from gluten i.e. gliadin from wheat;
secalin from rye; hordein from barely and also avenin from oats (Commission, 2008).

The scope of this standard is to apply for the dietary function of gluten-sensitive
people, food that has been developed, manufactured, or processed. The products
well-defined by the standard are: “Gluten-free foods™ as gluten content should not
exceed above 20 mg/kg or 10 mg/Kg gliadin in food produced from (1) Ingredients
other than oats, barley, rye, wheat, or else crossbreed grain varieties. (2) ingredients
i.e. oats, wheat, barley, rye, or crossbred grain varieties that are processed particu-
larly to remove gluten; “Foods particularly processed to lower gluten content to
level >20 to 100 mg/kg” as food distributed or traded to consumer-produced from
ingredients rye, barley, oats, wheat or grain crossbred varieties and treated to
decrease the gluten content of food to content >20 to 100 mg/kg i.e. gluten content
of food should not be above 100 mg/Kg (Hager et al., 2014; Haraszi et al., 2011; Lee
et al., 2014; Mattioni et al., 2016; Vassiliou, 2009). The food manufactured to avoid
the contamination of gluten should follow the guidelines of good manufacturing
practice (GMP). The nutritional content of original food such as vitamins, minerals
should provide approximately equal dietary content even though the gluten content
of food is substituted or processed (Commission, 2008).

The guidelines for gluten-content analyzing techniques in food are also stated in
codex standards. The quantitative detection of gluten content in food should follow
the immunologic or other technique that has the same specificity or sensitivity.
These methods should be calibrated and validated with reference material and have
has a detection limit of 10 mg/kg or less according to the technical standard. The
relevant methods that can be used for detection are R5 Mendez Enzyme-linked
immunoassay (ELISA) or DNA technique (Commission, 2008).

6.4 Labelling Regulations

The following codex“Gluten-free food™ labeling is applied in addition to the guide-
lines of the “General labeling of prepacked food” and “General Standard for the
Labelling of and Claims for Prepackaged Foods for Special Dietary
Uses”(Commission, 2008).
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1. For the products having gluten content less than 20 mg/kg, the word “Gluten-
free” can be designated on the product close to the product title (Bustamante
et al., 2017).

2. For the products having a gluten content of about 20—100 mg/Kg which are spe-
cially processed they are not gluten-free products. Hence, for such products, the
nature of the product should be designated close to the product name.

3. The food or product which is naturally gluten-free can be indicated with the term
“this food is by its nature gluten-free”” on the package but the terms “special
dietetic” or special dietary” or any more equivalent labels should not be indi-
cated so that the consumer is not misled by the labeling provided.

6.5 Food and Drug Administration (FDA)

The Food and Drug Administration (FDA) of the united states has claimed the food
label “Gluten-free” regulation in August 2014 (Jnawali et al., 2016) in which this is
the first regulation in the united states for “Gluten-free foods”. The “Department of
Health and Human Services (HHS)” was addressed by*“Food Allergen Labeling and
Consumer Protection Act of 2004 (FALCPA)” to approve and define the term
“gluten-free” for practice in FDA-regulated foods labeling. The regulation was
started such that “Gluten-free” labeled food provides a clear trustful standard for
gluten-sensitive people to manage their health. The final rule was issued in 2013 for
“Gluten-free foods” labeling and recently final was issued on August 12, 2020, for
“Gluten-free” labeling of Fermented or hydrolyzed foods. The August 29, 2020,
revised rule has established compliance regulations for hydrolyzed, distilled, and
fermented foods in which the fermentation or distillation should do for gluten-free”
ingredients only as there is no analytical method for detecting gluten content in the
fermented or hydrolyzed sample. Hence, the FDA inspects the records given by the
manufacture of “Gluten-free” ingredients used for claiming the label “Gluten-free”.
In the united states, it was estimated that three million people are affected due to the
consumption of gluten. The FDA stated that according to the regulation, the manu-
facture is responsible for not misleading and fulfilling all guidelines furnished by
regulation (FDA, 2014).

According to FDA, the foods can be labeled “Gluten-free” for the products
which comply with the following specifications (FDA, 2014):

1. The gluten content in the foods should be less than 20 ppm (Ahmad et al., 2019).

2. The food produced should not include the ingredients related to wheat, barley,
rye, or grains of crossbreed.

3. The food should not include ingredient is not processed to exclude gluten con-
tent from the ingredients obtained from grains.

4. The food should not include ingredients obtained from grains that are processed
to exclude gluten but have a gluten content of food above 20 ppm.
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The specifications met by the food can be labeled by the terms “Gluten-Free”;
“no gluten”; “without gluten”; “free of gluten” that are regulated by the FDA which
is manufactured gluten-free food or naturally gluten-free food.

The FDA regulation is applied for restaurant food including other processed food
cereals, bread, grain-based foods, pasta, beverages. The FDA is associated with
national and local government for the gluten-free food in restaurants. Beer can bear
the label “gluten-free” if it is manufactured from Gluten-free grains or ingredients
treated to exclude gluten before fermentation for 21 CFR 101.91 enforcement. The
food imported to the united states should meet the regulation requirement for the

“Gluten-free” label (FDA, 2014).

6.6 European Union Standard

The European Union follows the regulations of the Codex Alimentarius Commission
standards. The European Union has issued “Commission Regulation (Ec) No
41/2009” for labeling for people who are gluten-intolerant in the year 2009. The
regulation guidelines are revised later in the next following years as “Regulation
(EU) No 1169/2011”; “Regulation (Eu) No 1155/2013”; “Regulation (Eu) No
828/2014” and has been implemented July 20, 2016. Regulation (EU) No 1169/2011
is for the information of the presence or absence of gluten in food for gluten-
sensitive people (Popping & Diaz-Amigo, 2018). The regulation is given by the EU
in agreement with the acceptance of the “committee on the food chain and animal
health”. The scope of the standard is the same as the codex standard i.e. for gluten
intolerant people, the standard is to apply for the dietary function of gluten-sensitive
people, food that has been developed, manufactured, or processed. The regulatory
information about “Gluten-free foods” given by food operators should not be misled
or appropriately provided to the consumer (European commission).

According to the EU document, the grains or grain-derived ingredients contain-
ing gluten are reported to be Rye, barely, Wheat (Triticum species); the oats grain
may exclude as it may not cause-effect to all intolerant people. The statement such
as “Commission Directive 2006/125/EC” has set a regulation that the “Gluten-free”
should be indicated on infant food and cereal-based food for the infant and young
children below age six. The term “no-gluten” or “Gluten-free” could be labeled for
the food that has a gluten content below 20 mg/Kg (Casper & Atwell, 2016),
(European Commission). The regulation guidelines are given by Commission
Regulation (Ec) No 41/2009 are:

1. The foods produced from ingredients from oats, rye, barley, wheat, or crossbred
grain varieties and processed particularly to decrease gluten content of food
should not have a level over 100 mg/kg and those foods could be indicated as
“Very Low Gluten”.

2. The word “Gluten-free” can be indicated on foods having content below
20 mg/kg.
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3. Gluten content should not exceed 20 mg/kg for the foods having oats for gluten
intolerant people, to avoid cross-contamination with other gluten-containing
grains the food should be processed.

4. The label “Gluten-free” is applicable for the ingredients having gluten content
below 20 mg/kg which is used as a substitute for the oats, wheat, barley, rye, or
their grains of crossbreed.

The “Association of European celiac society (AOECS)” for the food having glu-
ten content <20 mg/Kg has licensed the usage of label symbol “Cross-grain” as a
quality mark (Bustamante et al., 2017).

6.7 Canada Regulations

The Canadian population affected by celiac disease due to gluten is estimated to be
3,40,000 people or 1% of the population. The “Health Canada” of Government of
Canada has issued their first labeling regulation for “Gluten-free foods™” in 1995.
The “Health Canada” and “Canadian Food Inspection Agency (CFIA)” work with
the industrial food manufacturers, distributors, importers, consumer associations for
the effective labeling of Gluten-free, food allergens added in prepacked food for
Gluten-intolerant people. The CFIA has implemented regulatory guidelines for
allergen control like cross-contamination in the industry. Division 24, Food and
Drug regulation (FDR) of Canada has issued a regulation for the usage of the label
for “Foods of special dietary use” in which section B.24.018 issued on August 4,
2012, is regulation for the “Gluten-free food”. According to the regulation, it states
that “The food is banned to package, sell, package or promote if food holds any
gluten protein or improved gluten protein, including a fraction of gluten protein
fraction” (Health Canada, 2012).

The scientific regulation by Health Canada for designating the label “Gluten-
free”, the food should contain gluten content below 20 mg/Kg which is manufac-
tured under good manufacturing practices without any cross-contamination. Health
Canada 2015 has declared that people with gluten-sensitive disorders should not
consume regular oats that have not been processed (Allred et al., 2017). The “list of
ingredients” or “contains” label should be declared on the food if the food contained
gluten is intentionally added to food even though if it is added at a small quantity
(Casper & Atwell, 2016). In some cases, the term “Gluten-free” can be included if
the food undergoes recognized effective processing step to remove the gluten con-
tent in cereal-derived food. The detection of the gluten content of food and pro-
cessed food can be done by analytical method Enzyme-linked immunoassay
(ELISA) R5 Mendez technique that is assessed as an effective method by Health
Canada (2012).

The Canadian celiac association is a federally registered organization also asso-
ciated with a certification program for “Gluten-free foods”. This organization helps
in promoting the healthiness of people suffering from diseases like celiac or other
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gluten- intolerance by providing information and regulatory guidelines. The gluten
content threshold level is the same as issued by Health Canada i.e. less than 20 ppm
(Health Canada, 2012).

6.8 Indian Regulation

Celiac disease and gluten- intolerant disorder has posed a public health concern and
has estimated to affect 6-8 million people (Deora et al., 2014; Makharia et al.,
2011). The food safety and standard, Act 2006 has started to reduce food adultera-
tion and bring food safety in the country. The regulations by food safety and stan-
dards, Government of India has issued gazette regulation by “Food product standards
and food additive” and “Food packaging and labeling” for “Gluten-free food”.
Regulatory labeling for gluten-free packaged food came into existence for product
identification and to avoid contamination by “Food Safety and Standard Regulation
(FSSR)” in 2011. The “Ministry of Health and Family Welfare (MoHFW)” in 2016
implemented new regulatory guidelines for ‘Gluten-free food™.

According to regulations, the term “Gluten-free foods” should be indicated for
the foods having gluten content <20 mg/Kg whereas “Low-Gluten” for the foods
having gluten content 20—-100 ppm. The foods which are naturally gluten-free can
claim the “This food by its nature gluten-free” label. The foods rice, millets, ragi,
legumes, and pulses and product should not be contaminated with wheat or their
respective ingredients can have the label “Gluten-free” containing gluten content
below 20 mg/Kg. The “Low-gluten” for the food contains ingredients from rice,
ragi, millets, oats, barley, rye, maize, wheat, legumes, and pulses which have gluten
content between 20 and 100 ppm. The “Food packaging and labeling”, 2016 of food
safety and standard should provide a warning as “the food indicated as low gluten
may poses hazard for people with celiac disease” (Dudeja et al., 2016).

6.9 Other Regulatory Labelling for “Gluten-Free Food”

The wheat-containing “Gluten” is one of the fourteen food allergens. In 1993, a
codex committee was formed for the development of regulatory guidelines for food
labeling of allergens and in 1999, a codex general standard for the labeling of pre-
packed was issued. Numerous regulations, laws, labeling has been implemented by
countries for the allergens control are mostly based on European commission or
codex standards (Gendel, 2012; Watson, 2013). In Japan by Japanese law, allergen
labeling is compulsory and cereals such as wheat, buckwheat are among them. The
japan government in 2006 for labeling has recommended analytical method
“Polymerase chain analysis” for the detection of Allergen in wheat, buckwheat and
has regulated that allergen protein should be below 10 mg/Kg to indicate the label-
ing (Akiyama et al., 2011). Brazil health authority in 2002 has issued a law that all
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food products including beverages should indicate the gluten absence or presence
from the rye, wheat, oats, barley, and their grain derivatives. The government has
launched recently 2015, guidelines to help people with gluten intolerance and celiac
disease (Mattioni et al., 2016). According to the Brazil regulation, the food possible
to cross-contamination should be declared when the gluten ingredients are not
intentionally added and the unintentional trace amounts to be avoided by the GMP
and allergen management control are not adequate to avoid. It is mandatory for the
warning “contain Gluten” if there is knowledge of cross-contamination by the
cereal-grains or their grain derivatives (de Almeida, 2016; Pinto et al., 2020). The
“Celiac disease foundation-AssociazioneltalianaCeliachia (AIC)” of Italy is a non-
profit organization for celiac disease people as they gluten-intolerant people as
2,00,000 people are suffering from Gluten-intolerance by reports of Italian Health
Ministry. The “National health system” of Italy provides 140 Euros/month for the
“Gluten-free” products developed for Gluten-sensitivity people (Cornicelli et al.,
2018) (AssociazioneltalianaCeliachia). The Argentina country regulation has low-
ered the threshold level to 10 ppm for the indication of “Gluten-free” label.
According to regulation of chapter 17 Article 1383 of “Argentina Food code”, food
that is naturally free of gluten are “Gluten-free foods” and should follow GMP to
avoid cross-contamination to products (Navarro et al., 2017). The Australia and
New Zealand regulation are regulated in the Food standard codes of their country
for “Gluten-free foods” labeling. According to their regulations, the label “Low
Gluten” can be designated to foods that have gluten content less than 200 ppm while
the “Gluten-free” can be given to foods prepared with no-gluten ingredients derived
from even oats (<3 ppm) even that been hydrolyzed or malted (Canberra, 2017).

6.10 Misleading of Regulation

The countries are doing a huge effort for developing and following guidelines as per
the regulations. Even though, there is a chance of misleading of the regulation inten-
tionally or unintentionally. The gluten content more than threshold level even in less
gluten quantity has a huge impact on the health of gluten-sensitive people. A study
by (Verma et al., 2017) has estimated the level of contamination in certified “Gluten-
free” food and naturally gluten-free products by a random collection of a sample
from the Italian market which resulted that 9% of the samples have gluten content
more than 20 ppm. (Halmos et al., 2018) has also experimented percentage of adul-
teration in Gluten-free products as part of the survey program of Food Act 1984 by
a collection of samples from food outlets in Melbourne, Australia, and has analyzed
that 6% of Gluten-free samples have more than 20ppm gluten. Hence, the regula-
tions must take active and immediate action on the food products that are violated
from the rules to avoid such contamination for people. In some cases, the “Gluten-
free” logo cross-grain on the package is misused by some manufacturers as they
don’t have the official license and place logo on the package without proper analysis
of the product leading to a huge risk for the health of gluten-intolerant people as
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they face the problem for identification of “Gluten-free” product (Bartczak et al.,
2017; Grabowicz & Czaja-Bulsa, 2019; Silvester et al., 2016).

Some organization of different countries has issued some immediate actions if
the “Gluten-free” product is misleading the regulations. According to the regulatory
action of FDA, the individual can report a problem to FDA regarding the misman-
agement of food or label if it is against the regulation. It has issued that individuals
intolerant to gluten who have suffered from illness or injury due to the consumption
of the certified food should seek medical care and report the problem to FDA (2014).
In some cases, withdrawal of the product is requested to be done with proper proce-
dure of investigation of adulteration if the gluten content of product are above
20 ppm or below 100 ppm and for the gluten content above 100 mg/Kg, the product
is recalled (Dudeja et al., 2016). The Canada government, Health Canada recalls the
product from market and warning to the public is given. In another case of violation
of the Section B.24.018 FDR if the gluten content is above 20 ppm, the Health
Canada enforcement with CFIA can recall the product (Health Canada, 2012).
“Food Safety and Standard Regulation (FSSR)” of India has also the provision to
recall the product if it there is food adulteration.

6.11 Conclusion

The different Nations government and organizations have taken different approaches
for the regulatory labelling of “Gluten-free” foods for the Gluten-intolerant people
as it is significant problem worldwide. The respective country or organization is
responsible for the development of strict guidelines for the manufacturers, retailers,
and marketers to indicate the label “Gluten-free” on the package without any viola-
tion of regulations. Many countries follow the regulations of “Codex Alimentarius
commission standards”, Food and Drug Administration (FDA) and European union
(EU) commission. These regulations have issued the label “Gluten-free” for the
food containing gluten-content below 20 ppm and also indicate the absence or pres-
ence of gluten as most Gluten-intolerant people are sensitive to even a small quan-
tity of gluten. The organizations must assist the people to avoid the food that
provokes the health issue as consumption of Gluten food can cause mild to severe
health problems to Gluten-sensitive people. The public should know the regulations
and labels of the organization to avoid the mis-consumption of Gluten-free prod-
ucts. There is an increase in consumption of “Gluten-free foods” due to the health
consciousness and raise in the population of people suffering from Gluten-
intolerance in the world. The cost of the “Gluten-free food” is higher than normal
food as the “Gluten-free food” sometimes requires special processing for the
removal of gluten. The organizations should effectively take preventive measures to
reduce the contamination and misleading of the sample. Even though many meth-
ods for quantitative detection of gluten content has been invented only a few meth-
ods like ELISA, DNA is recommended for analysis by many “Gluten-free”
organizations. Hence, more effective, rapid, and cost-effective methods for
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detection of samples such that detection of gluten can be done in the in-line process
of industry or by the consumers while purchasing. A few countries like India, the
US, Ireland, Canada, Brazil, etc., have only issued regulations for gluten-intolerant
people but the health issue of gluten-intolerance and celiac disease has also been in
many other countries. Hence, the remaining countries should take risk management
procedures for the people suffering from Gluten-intolerance.
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Abstract Celiac disease is one of the most continuous perpetual food prejudices
prompted by ingestion of gluten protein from various foods such as wheat, barley,
rye, oats, etc. The accessibility of the various analytical methods is extremely
important to determine the presence of gluten in the food matrix to guarantee the
affluence of gluten delicate people. Along with it in accordance to Codex, foods
having below 20 mg gluten/kg can only be considered under a gluten-free label.
This also sets standards for the analytical methods in gluten detection. The present
chapter deals with the chemical constituents, toxicity, and tolerance limit of gluten
protein along with the importance of gluten-free foods, gluten labeling, and risk
management. However, the main objective is to discuss the various gluten detection
methods, their applicability, challenges, and influencing factors. Removal of gluten
is necessary to increase the availability of gluten-free food products which greatly
depends on the selection and standard of the detection method. Thus, to ensure the
consumption of gluten-free food products the detection method of gluten must be
monitored carefully.
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7.1 Introduction

Coeliac disease is a typical issue among populaces (from 0.1% to >1.6%) of many
nations. This long-lasting ailment is activated by a protein fraction called gluten
available in the wheat, barley, rye, and oats instigating distinctive harm to the small
bowel mucosa (Sandberg et al., 2003). Gluten is a mixture of gliadins and glutenins.
Wheat, barley, rye comprise 8—15% of protein, and gluten is the main protein among
others (Rosell et al., 2014). Though oats were considered harmful for coeliac
patients, but clinical research and in vitro trials have been demonstrated which man-
ifested oats to be endured by the vast majority of the coeliac and other aged patients
(Sandberg et al., 2003).

Gluten plays a significant role in food preparation because of its inimitable phys-
icochemical and functional characteristics. Gluten is usually used during the mak-
ing of dough as a thickener to improve the texture, water binding capacity, fat
binding capacity, and extensibility in various foods (Sharma & Rallabhandi, 2015).
However, due to the expanded consciousness among people with coeliac disease,
gluten affectability, and allergic effect, the demand for gluten-free (GF) foods has
increased exponentially (Sharma et al., 2015), because the lone treatment for coe-
liac disease and other gluten-related diseases is the strict following of a lifetime
consumption of GF food. Food items marked as GF food must comprehend below
20 mg gluten/kg (Lee et al., 2014). According to the US Food and Drug
Administration (FDA), gluten-free food items should not contain any gluten-
containing grain or any ingredients derived from gluten-containing grains without
decreasing the gluten content below 20 mg gluten/kg (Lee et al., 2014). But, univer-
sally there is no such agreement regarding the limit of gluten content in gluten-free
foods, such as according to the Spanish Federation of CD Patients Associations
gluten-free foods should not contain more than 10 mg/kg of gluten for consumer
safety. So far a general guideline is available regarding the analytical technique
issued by Codex Standard that gluten should be separated from the food items using
60% ethanol followed by quantification using gluten detection method (Wieser,
2008). However, there are particularly some sensitive patients who can face symp-
tomatology after the digestion of an insignificant quantity of gluten that makes all
the minimum limiting points inadequate, set by different authorities throughout the
world (Amaya-Gonzélez et al., 2015).

Nevertheless, gluten can also accidentally get acquainted with food because of
cross-contamination of inalienably gluten-free grain with gluten-containing grains
during harvesting, transportation, or storage. Simultaneously, cross-contamination
may happen during processing and manufacturing, when utilizing the same equip-
ment and machinery. The inadvertent presence of gluten in GF items might be
acceptable for maximum consumers yet can bring extreme reactions in gluten-
sensitive people (Sharma et al., 2015). Therefore, it is essential to evaluate the glu-
ten content in food items for labeling and marking consistency and customer safety.
However, various researches demonstrated that it is hard to measure gluten for
monitoring and quality control purposes, particularly after processing and cooking



7  Gluten Detection in Foods 113

(Skerritt & Hill, 1990). Gluten contains a few intermolecular disulfide bridges,
those of which get opened during the time of heating, and then the intermolecular
cross-linking appears after ensuing cooling. The subsequent macromolecular aggre-
gates oppose ethanolic extraction and consequently get away from detection
(Mothes & Stern, 2003).

Different investigative techniques are utilized to measure the gluten traces for
assuring food safety. These are like; enzyme-linked immunosorbent assay (ELISA),
polymerase chain reaction (PCR), lateral flow devices (LFD), matrix-assisted laser
desorption/ionization-time of flight mass spectrometry method (MALDI-TOF), lig-
uid chromatography-mass spectrometry (LC-MS/MS), sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS PAGE), antibody analysis, size exclusion
chromatography, biosensors, etc. All these methods contrast extensively as for their
cost, affectability, and explicitness. All the measuring techniques apart from PCR
distinguish either entire or part of the gluten protein, whereas PCR recognizes the
gene encoding gluten protein (Sharma & Rallabhandi, 2015). Though, all the cur-
rent gluten detection techniques do not relate to the least necessities of affectability,
selectivity, and exactness of a gluten reference. Till today, it has not been conceiv-
able to develop the finest and precise gluten detection techniques, and scientists
from all over the world continuously searching for an accurate gluten detection
method for more than the last two decades (Wieser, 2008).

Keeping in view the above points the main aim of this chapter is to elaborately
explain the various available gluten detection techniques, along with their precision,
selectivity, and sensitivity as well as extraction procedure, detection method, and
compatibility. Simultaneously, for a clear understanding of the readers, an effort has
been made to briefly discuss about the chemical constituents, poisonousness and
threshold limit of gluten, the importance of gluten-free foods, and gluten labeling
and risk management. However, the main focus was to present the state-of-the-art in
the area of importance of gluten detection and is intended to be used as a specialized
reference chapter by industry people and academicians.

7.2 Chemical Constituents of Gluten Proteins

Gluten is a storage protein. According to Osborne’s 1924 classification, based on
solubility there are four types of storage proteins. They are albumins, globulins,
gliadins or prolamins, and glutenins (Shewry, 2009). Albumin is water-soluble,
globulin is salt soluble, gliadin or prolamins is aqueous alcohol soluble, and glute-
nin is either acid or alkali-soluble. Wheat, rye, and barley are considered the rich
and major source of gluten, and the starchy endosperm of the seed of these grains is
the storage house of gluten. Gluten acts as a source of carbon, nitrogen, and sulfur
at the time of seed germination, apart from this there is no other known biological
role of gluten proteins (Shewry & Halford, 2002). Gluten alludes to a heterologous
group. Gluten is a high mixture of proteins and made out of gliadin and glutenin
protein fractions. Gliadin comprises 30—40% of total proteins, whereas glutenins
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comprise around 45% of total proteins. However, the content of soluble and insolu-
ble glutenin varies from 9.5% to 14.9% and 24.6% to 26.7%, respectively (Zili¢,
2013). The name of gliadin varies from source to sources such as gliadin for wheat,
secalin for rye, hordein for barley, and avenin for oats. However, in general, gliadin
is known as prolamin (Sharma et al., 2014). Along with gliadins and glutenins, glu-
ten contains hundreds of other protein fractions, which are basically monomers,
polymers, or internally connected disulfide bonds (Zili¢, 2013).

The structure and functionality of gluten mainly depend on cystenine. Cystenine
is one of the minor amino acids present (~2%) in gluten protein (Wieser, 2003).
Based on structure gliadin and glutenin are totally different. Gliadins are mono-
meric in the structure having 30-70 kDa molecular masses (Lee et al., 2014) and
glutenins are large polymeric. Subdivisions of gliadins are a- (30-41 kDa), y-
(42-51 kDa), and o- (52-74 kDa) gliadins, whereas the content of w-gliadins is
extremely inconstant in various wheat cultivars and mainly depends on fertilization.
Molecular masses of various o- gliadins (i.e. ®5-, wl-, and ®w2-gliadins) varies
between 30 and 74 kDa (Mothes & Stern, 2003; Zilié, 2013). On the other hand
subdivisions of glutenins are low molecular weight (LMW) glutenins and high
molecular weight (HMW) glutenins. High molecular weight glutenin is again
divided into x-type high molecular weight glutenins (75—-120 kDa) and y-type high
molecular weight glutenins (75-120 kDa). In general, the size of low and high
molecular weight glutenins varies from ~270-330 residues long and ~ 650-800
residues long, respectively (Haraszi et al., 2011). High molecular weight glutenin
(20-30% of total proteins) and low molecular weight glutenin further are divided
into four different subgroups. The subgroups are A, B, C, and D. Subgroup A comes
under high molecular weight glutenin, and subgroups B, C, and D come under low
molecular weight glutenin. The molecular weight of subgroups B, C, and D varies
in between 42 to 51 kDa, 30 to 41 kDa, and 52 to 74 kDa, respectively (Zilic’, 2013).
Subgroups B and C are the main constituents of low molecular weight glutenin and
comprise around 60% of total low molecular weight glutenin. Despite all these vari-
ous subunits and their size ranges, the actual size of the largest glutenin polymers is
yet to discover. Therefore, glutenin proteins are considered the largest protein mol-
ecules in nature (Wrigley, 1996). This size variation of glutenin proteins affects the
quality of the end products (dough) such as viscoelasticity and strength. Monomeric
gliadins and polymeric glutenins are the rich sources of asparagine, glutamine, and
arginine but the concentration of essential amino acids such as lysine, tryptophan,
and methionine are very less (Shewry, 2007). However, better food preparedness
and baking nature of bread mainly depend on a higher proportion of monomeric and
polymeric gluten protein (Park et al., 2006).
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7.3 Perniciousness of Gluten Proteins Around the World

Celiac disease is a typical immune system provocative disease with both hereditary
and ecological segments; it is basically a cell-intervened immune system ailment
that is known to be evoked by gluten mostly in hereditarily inclined people. Celiac
disease is one of the chronic diseases, being evaluated to influence around 1% of the
world population, in spite of the fact that this number could be thought little of
attributable to challenges in diagnosing this immune system issue (Denham & Hill,
2013). The indications of these issues may fluctuate, contingent upon singular
affectability and illness seriousness (Sharma et al., 2015). Symptoms of celiac dis-
ease may include diarrhea, iron deficiency, nausea, loss of weight, stunting, abdomi-
nal pain, etc. (Lee et al., 2014). Apart from celiac disease, 0.2-0.5% of the world
population faced other food allergy-related issues due to gluten protein (Zuidmeer
et al., 2008).

Research showed that out of two main fractions of gluten i.e. gliadin and glute-
nin, gliadin fraction is more toxic. All the gliadin fractions (o-, Y-, and w- gliadins)
were found toxic through in-vitro and in-vivo experiments, whereas proof regarding
the toxicity effect of glutenin is still inadequate. However, research showed that
high molecular weight glutenin intensifies celiac disease similar to gliadin (Wieser,
2003). Previously celiac disease was viewed as an uncommon issue, influencing
mostly the people of European countries, and in earlier days diagnosis of celiac
disease purely depended on small intestinal biopsy. But the development of various
specific testing tools such as antigliadin, antiendomysium, and anti-transglutaminase
antibodies with the passage of time started showing that celiac disease is more vul-
nerable than it was believed. A colossal number of studies have as of late indicate
that celiac disease is one of the long-lasting disease influencing humanity every-
where throughout the world, and celiac disease is not only affecting people in
Europe and developed countries even people from developing countries such as
India, North Africa, and the Middle East are also affected by this lifelong disorder
(Catassi & Yachha, 2016). Celiac disease may remain in the human body in silent
form and only can be detected by serological testing (Catassi et al., 1996) indicating
that many celiac patients are being undiagnosed without serological screening.
Celiac disease is increasing and becoming a common disease in developed and
developing countries and interestingly the exact reason behind such increment is
still unknown. Previously in developing countries, celiac disease was underesti-
mated due to lack of awareness, infrastructure for diagnosis, and a misconception
that celiac disease does not exist in developing countries. But the development of
medicinal science day by day is showing that celiac disease is increasing in develop-
ing countries also. An increasing trend towards adopting the western food habit may
be one of the reasons behind the increasing graph of celiac disease in developing
countries, though this is not the only reason. To control celiac disease, developed
countries have started giving more emphasis on gluten-free diets from long back,
but treatment and control in developing countries are becoming more difficult as the
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diagnosis is a difficult task. So it is always better to give more emphasis on local
gluten-free cereal products such as millet, manioc, rice, etc. (Catassi & Yachha, 2016).
Sporadically celiac disease has become a serious ailment, portrayed by various
chronic diseases, and in many developing nations, it may increase in the coming
days. To fight this disease and to save the maximum number of people diagnosis is
very essential. Therefore, there is a need to increase the rate of diagnosis mostly in
developing countries as well as the awareness regarding the severity of the disease.
Simultaneously, the development of a cost-effective diagnosis technique could alto-
gether diminish the grimness and mortality rate related to the untreated disease.

7.4 Gluten-Free Foods and Its Importance

Gluten-free diets originated back in 1941 to protect people from celiac disease. Till
now ailment from various health problems such as obesity, bowel syndrome, and
inflammation along with its number of characteristic factors such as organoleptic
properties, sensorial attributes availability of variety, and various nutritional impli-
cations of a gluten-free diet has significantly raised the sales and consumption of
these products (Xhakollari et al., 2018; Sharma et al., 2014). It has also been
observed that the nutritional inference of a gluten-free diet is always better than
other diets because it helps in relieving symptoms like gastrointestinal healing;
gluten-related disorders such as osteoporosis in females, metabolic bone disease,
etc. As gluten-free items are high in fat, sugar, sodium compared to other products
so it produces a very good mouthfeel.

Celiac disease is a multi-system disorder and a gluten-free diet is the only treat-
ment for this disorder, therefore, it is very significant to understand the importance
of a gluten-free diet (Niewinski, 2008). Analytical methods used for gluten detec-
tion should have sensitivity so that it can provide information about daily gluten
amounts that can be tolerated by the patients. Demands of gluten-free diets are not
only increasing due to celiac patients but also consumers think a gluten-free diet is
the healthier option. However, gluten-free products are mostly consumed by celiac
disease people. Food products having the profile of free from gluten are products
that do not exceed 20 mg/kg of gluten in the food items. Nonetheless, non-celiac
people also prefer the gluten-free diet because the other members of the family hav-
ing a celiac patient can inherit the disease. So, to stop the symptoms, from starting
itself gluten-free diet is preferred. It has been found that a gluten-free diet contains
devoid of many micronutrients such as iron, niacin, magnesium and they are not
typically fortified while processing gluten-free products so it is always preferred to
have products which are naturally gluten-free (Newberry et al., 2017). So, we can
say that the current therapy of celiac disease is a gluten-free diet and consumers can
prefer the gluten-free diet for the ailment of various diseases. Further consumer
knowledge, attitude towards gluten-free diet has preferably increased. So, the food
industry and researchers should notably think about the increase of gluten-free
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products or products with low gluten and also the development of gluten-detection
methods.

7.5 Gluten Labeling and Risk Management

Customers are dependent on the labeling of food products at the time of buying with
some particular specifications and a list of ingredients. Labeling is highly important
for information regarding the nutritional values of the product as well as regarding
the risk factors of the product for various groups of people. Labeling about the glu-
ten content is extremely important for gluten intolerable people or celiac patients.
To manage the risk factor of gluten, various regulatory bodies have made it manda-
tory to label the quantity of gluten on gluten-free foods and it is extremely important
to quantify and label the gluten content from a consumer safety point of view.
Because the various level of gluten found responsible for a different kind of toxicity
for some people. 20 ppm of gluten mostly considered the threshold limit for gluten-
free foods (Sharma et al., 2015). Though worldwide this limit is not a fixed limit as
already discussed earlier in this chapter. In earlier days detection of gluten and
labeling of gluten content was specified for specific food products or only for single
ingredient-based food products. Therefore, information regarding the gluten con-
tent of complex food products is very limited to date, which is a serious threat to risk
management practice (Sharma et al., 2015). Unavailability of efficient and proper
detection methods, chances of cross-contamination, and finally negligence towards
proper labeling basically increases the risk factors for gluten intolerance people. A
survey conducted by Sharma et al. (2015) in the United States showed 1.1% of
gluten-free labeled food products contained more than 20 ppm gluten. As there is no
specific treatment for celiac disease or gluten intolerance and avoidance of gluten-
containing food is the only way out for celiac patients and gluten intolerance peo-
ple, therefore, availability and accuracy of evidence on labeling is the only option to
get the information regarding the food product that they want to buy. To make the
labeled information understandable by all the consumers irrespective of educational
qualification, there is a need to introduce simple, hassle-free technique using local
languages to explain the information regarding the ingredients of the food products
and the risk factors such as gluten label for various kinds of consumers has become
extremely necessary from present situation point of view. However, the accessibility
and clarity of labeled data regarding the availability of allergic food ingredients and
their risk factors that are purposefully utilized and added in a food item have been
improved essentially over the last two decades (Hattersley et al., 2014). But more
strictness and monitoring are required on guidelines and implementations of gluten
content labeling in gluten-free foods especially in developing countries to minimize
the risk of celiac and other gluten allergic diseases for the betterment of the future
generation.
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7.6 Various Gluten Detection Techniques

Many analytical methods have been developed to trace gluten for making it safe for
human consumption and which follows the regulations laid by Codex Alimentarius.
Gluten detection is similar to food allergen detecting techniques but the critical
point for gluten detection is the follow-up of the correct standard. The standards are
representative of the gluten proteins to be analyzed and therefore, there should be
standard methods which can be followed for the gluten detection in the food sam-
ples. Therefore various detection methods are employed depending on different cri-
teria and requirements. Some of the most commonly used gluten detection
techniques have been discussed in this chapter along with their working principle
and application.

7.6.1 Immunological Methods

These techniques have grown with years since 1985 for the determination of prola-
min protein and have also faced many provocations for accurately measuring the
prolamin content in food. An ideal antibody use for the detection of gluten should
act as a reliable indicator for the detection of toxic cereal proteins. Immunological
methods are widely used but the result shows very poor reproducibility because of
using different standards and protocols. Use of ELISA (Enzyme-Linked Immuno
Sorbent Assay) is recommended by the Codex for gluten analysis in a frequent man-
ner. New techniques such as immune sensors, immune blotting or immune magnetic
beads, and multiplex immunoassay are also being developed which is discussed in
the latter part of this chapter.

7.6.2 Antibody Analysis

A healthy system of our body is protected against foreign materials or allergens or
pathogens continuously with the help of a highly sophisticated and complex net-
work known as antibodies. It includes both cellular and hormonal responses which
can be changed to produce a specific antibody for a specific target choice. These are
proteins having types of isotopes such as (IgA, IgH, IgG, IgE, IgD) and is used as
immunoassays. These antibodies with which they bind are known as epitope with
the amino acids. So, it is important to identify the type of epitopes because the
analysis of the protein of the processed food depends on this feature (Harlow &
Lane, 1988, 1998; Howard & Betell, 2000).

There are basically two types of antibodies namely; monoclonal antibodies and
polyclonal antibodies. Monoclonal antibodies are produced by injecting the target
molecule in the immune system called immunization, in which the antibodies are in
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an in vivo system. Various practices are done to slow the release of the antigen and
to boost the immune system for producing antibodies with the help of adjuvant
which is mixed with the antigen while injecting. Selecting animal species to pro-
duce antibodies depends on whether to produce polyclonal or monoclonal antibod-
ies. For example: mice are used to produce monoclonal and rabbits and sheep are
used to produce polyclonal antibodies. Every animal is given doses in micrograms
in the range of 2—4 weeks intervals for proper immunization. After immunization,
the final sera-containing antibody is removed by the removal of the blood cells and
fibrinogen. Polyclonal antibodies are complex mixtures of antibodies with different
specificities. Whereas, monoclonal is with single specificity and these are if required
purified and used for further immunoassay (Diaz-Amigo, 2010).

Monoclonal antibodies are mostly used over polyclonal as it has several advan-
tages over polyclonal antibodies, they have an unlimited supply of consistent affin-
ity and specificity. Cross-reactions with prolamins do not occur (Skerritt & Hill,
1990). Skerritt et al. (1985) studied the cereal samples such as bread wheat which
was prepared for the assessment and monoclonal antibodies production. The strips
were developed using techniques and were incubated which resulted in the appear-
ance of a blue-purple spot that showed antibody binding to cereal protein. Different
extractants and antibodies were used for the study and the monoclonal antibodies
used for the study were later conjugated and purified. This showed that the use of
direct antibody conjugates gave suitable results for detecting gluten present in
foods. This way various antibodies were raised against several prolamin zepitopes.
However, these depend on the antibody specificity and can be obtained using the
SDS page and immunoblotting which also depends on the choice of food extractant
(Skerritt et al., 1985).

In monoclonal antibody, the antibodies are produced using the hybridoma tech-
niques, and the cereal products such as wheat, barley, oats, etc. are coated over
plates following ELISA protocol and then the antibodies of interest are added and
measured according to their binding to the food samples (Zhang et al., 2019). The
development of hybridoma techniques has made easy detection of gluten in the
foodstuffs in both processed and unprocessed foods (Skerritt & Hill, 1990). It has
been seen that PN; antibodies recognize distinctly the a-gliadin and monoclonal
401.21 which reacts with HMW glutenins. It is not possible to separate glutenin and
gliadin but the glutenin content possesses celiac toxicity. So, recognition of glutenin
is necessary. So this can be suggested that various antibodies detect different sub-
types of gluten protein to a different degree. So, gluten detection depends on the
antibody and the used reference material.

7.6.3 ELISA Techniques

ELISA is an immunochemical analysis that has the maximum application as a
determination method in food. ELISA is sensitive to gluten in the range of mg/kg
and because of its ease of usage and rapid results facilitates the manufacturers to use
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ELISA onsite. These give quantitative results and are used for routine check-ups of
foodstuffs. ELISA detects epitopes within the group of prolamins and uses a correc-
tion factor to estimate the gluten content. According to Codex, correction factor 2 is
applied (Slot et al., 2016). Several ELISA has been developed for extraction, detec-
tion, and quantification of the food allergen. But it has been found that in most cases
potential cross-reactivities with the source antisera have led to low significance
(Besler, 2001).

ELISA is based on the principle of detecting antibodies that are covalently linked
with an enzyme such as horsedish peroxidise, alkaline phosphatase which generates
a colored chemiluminescent or fluorescent product (Scherf & Poms, 2016). ELISA
serves as a dominant protocol for most of the prepared commercial kits used for
food allergens determination in raw and processed foods and beverages. It is usually
done using a microtiter plate and spectrophotometer and other standard laboratory
equipment but the testing is expensive and often leads to delay in acquiring results
(Weng et al., 2016). The common ELISA employs antibodies such as R5 and G12
monoclonal antibodies and MorinangaMIoBs as polyclonal antibodies against glu-
ten proteins. The Skerrit antibody rose against the gliadin and also detects HMW
glutelins. RS antibody is raised against rye secalin and binds to QQPFP, QQQPP,
LQPFP and QLPFP epitopes in a/p-w, y- gliadins (Panda & Garber, 2019). ELISA
is based on different antibodies raised against different prolamins sequences and
fractions. This assay can detect food regardless of the type of food (Rosell et al.,
2014). Chemical modifications of gluten can change the molecular properties which
in turn, the epitopes get changed which affect ELISA detection. For example: y
irradiated gliadin has shown high immunoreactivity with ELISA (Kanerva et al.,
2011). Protein hydrolysis can also partially or completely change the immunoreac-
tive epitopes (Leszczynska et al., 2003; Sharma & Rallabhandi, 2015). The first
polyclonal antibody reliable sandwich and competitive ELISA was developed by
Windemann et al. (1982) against gliadin and a- gliadin. So, there are two types of
ELISA used for the gluten analysis such as Sandwich ELISA and Competitive ELISA.

7.6.4 Sandwich ELISA

The principle of sandwich ELISA is to capture antibodies that are immobilized on
the microtiter plate or wells are coated with bovine serum albumin, tween 20, and
the gluten extract or food extract. The sample aliquots contain the antigen which is
to be analyzed and incubated which leads to forming of antibody-antigen complex.
The detection antibodies used are enzyme-labeled which on incubation binds with
the antigen. So, the antigen gets sandwiched by the antibodies. The unbound enzyme
antigen is washed out and the addition of enzyme-substrate gives a color changed
end product which is measured spectrophotometrically. The measurement can also
be taken using the dot blot visualization (Slot et al., 2016). The absorbance mea-
sured is directly proportional to the sample antigen calculated on the basis of refer-
ence protein and a calibration curve is formed. The antigen here should have a
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minimum of two epitopes as they separate when they bind to both antigen and
enzyme-labeled antigen. SoHence, ELISA is only suitable for large antigens.
Therefore, it has been observed that in hydrolyzed products such as sourdough
using sandwich ELISA gives the inappropriate result (Wieser, 2008). Sandwich
ELISA is used for both unheated and heated foods for gliadin detection. However,
sandwich ELISA cannot detect the small fragments of prolamins (Haas-Lauterbach
et al., 2012). The AOAC approved sandwich ELISA based on w- gliadin monoclo-
nal antibodies. This was developed by Skeritt and Hill (1990). Upon cooking or
processing the w- gliadin fraction does not get denatured. w- gliadin assay can be
used for both thermal and non-thermal proteins. But the disadvantage of w- gliadin
ELISA is it does not accurately detect the prolamins. It has been found that this
assay underestimates gliadins from durum wheat and overestimates prolamins from
triticale and rye and greatly underestimates hoerdin. In addition, as it is sandwich
ELISA it requires two epitopes so when a protein is hydrolyzed it breaks apart and
two necessary epitopes can get lacked, and therefore analysis is not accurate.

In 2006, Codex endorsed sandwich R5 ELISA based on R5 monoclonal antibody
against celiac toxic epitope QQPFP and some of the closely related sequences. The
advantage to this R5 ELISA is that it detects all the wheat gliadins fractions and
barley hordeins and prolamin was also detected using R5 sandwich ELISA. So, RS
Sandwich ELISA is best suited for detecting gluten contamination only by intact
proteins instead of hydrolyzed proteins (Thompson & Méndez, 2008). But one criti-
cism found by Kanerva and Sontag-Strohm (2006) that it overestimates barley hor-
dein. This monoclonal immunoassay is used to recognize the toxic pentapeptide
epitope which is conserved in different cereal varieties. The epitope is used for
detecting gliadin in cereals. Heat treatment does not cause any change in the epitope
due to its linear and short structure which permits the measurements of gluten quan-
titatively even in foods that are cooked by the use of RS antibody (Immer & Haas-
Lauterbach, 2010).

Sandwich ELISA is the most used method where the antibody gets adsorbed into
the solid phase and then it binds itself with the free gluten antigen. Following the
antibody-antigen reaction, another antibody labeled enzyme is produced from the
other species of the same specific antigen which is used for the determination of the
captured sample protein. The more the antigen will be bounded the more will be
enzyme-dependent color reaction will take place. To detect the trace amounts the
ELISA sensitivity may be augmented by the use of biotinylated secondary antibod-
ies and streptardin conjugated with peroxidize (Besler, 2001).

The most commonly used ELISA method is the sandwich RS ELISA for gluten
protein detection. This ELISA has the limit of quantification of 1.56 ppm of gliadins
(Rosell et al., 2014). This RS ELISA system was developed based on the reference
of gliadin which is highly promising in terms of extraction, sensitivity, and low
detection limits. It is a robust test with repeatability and reproducibility. At present
this is the most used ELISA with a monoclonal antibody kit for gluten detection.
The R5 ELISA monoclonal antibody was obtained by the immunization against -
secalins (Mothes & Stern, 2003).
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7.6.5 Competitive ELISA

Competitive ELISA can be used for small-size antigens with one epitope. This
assay contains three components namely; antibody immobilized labeled antigen, a
limit quantity enzyme-labeled antigen, and unlabelled antigen of the sample. When
they are mixed with the labeled and unlabelled antigen they compete with the lim-
ited number of antibody binding sites. Unbound antigens are then washed off and
enzyme substrate is added for the colored end product. The greater the sample anti-
gen the faint will be the color enzyme-labeled antigen. Calibration curve and refer-
ence protein help to quantify the gluten protein (Wieser, 2008). Competitive ELISA
can detect the small peptide fragment of prolamins in highly processed foods.
Competitive ELISA shows the measured above the line of quantification which
proves it to be an appropriate ELISA. Competitive ELISA based on R5 and G12
antibodies are used for the detection of the hydrolyzed gluten. But these cannot
distinguish between various fermented foods; they target gliadin but do not properly
estimate glutenins which also contain immunopathogenic sequences (Haas-
Lauterbach et al., 2012).

Competitive ELISA equipped with a kit having a microtiter plate where the well
of the plate is coated with gliadin as antigen and peroxide labelled R5 antibody is
added and incubated for 30 min. The absorbance obtained is inversely proportional
to prolamins concentration in the sample. The result of the assay is expressed in
ppm, equivalents to the peptide. The relation between the prolamin fragments varies
and therefore conversion factor into gliadin cannot be applied (Immer & Haas-
Lauterbach, 2010). These can provide rapid results, inefficient to give sophisticated
results, competitive ELISA is easy to handle and they are suitable for routine analy-
sis than the sandwich system.

Competitive ELISA can determine gluten such as beer, starch, or syrups. A com-
petitive R5 ELISA was used to determine the gluten of hydrolyzed foods and being
successfully used. It is not compatible with all extraction methods but it can be
extracted with ethanol extraction and that prolamin extraction is only possible using
ethanol extraction (Thompson & Méndez, 2008). Competitive ELISA has a limit of
quantification of 0.3 mg gluten/kg and reproducibility of +£3.6% (Wieser, 2008). It
can extract all the native proteins but not the processed ones. The combination of R5
competitive ELISA with enzymatic digestion of prolamins provides a reliable quan-
titative determination for the partially hydrolyzed gluten (Haraszi et al., 2011). The
first competitive ELISA was designed by Friis in 1988 with the help of polyclonal
antibody against the gliadins but it gave negative results in rye and barley, so later
on a pre-incubation step was included while before raising the polyclonal antibody
to overcome this issue. The major problem related to this type of assay is the inap-
propriate quantification of the hydrolyzed gliadins (Immer & Haas-Lauterbach,
2010). According to Scherf and Poms (2016), competitive ELISA may be used for
proteins that are intact and having small size antigen (gluten peptides) because it
requires a single binding site. The mostly used RIDSCREEN gliadin competitive
assays to determine gluten has 922 pg of the peptide (Scherf & Poms, 2016). This
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technique is not compatible with cocktail extraction solution, but combining it with
UPEX (Universal Prolamin and GlutelinExtractant solution) leads to complete glu-
ten analysis. This assay is highly sensitive and reproducible having high repeatabil-
ity with a detection limit of 0.44 ppm of gliadin (Rosell et al., 2014). Mena et al.
(2012) combined competitive RS ELISA with UPEX and found it accurately deter-
mined gluten in all foods, including heat-treated and hydrolyzed foods.
Simultaneously, it was observed that it goes well with both sandwich and competi-
tive ELISA which proves UPEX solution combined with competitive ELISA a
found a reliable way of detection (Mena et al., 2012).

7.6.6 Multiplex Inmunoassay

Multiplex immunoassay enables multiple allergen detection which reduced time,
the complexity of measurement, labor requirement as well as improves the automa-
tion and ease of use when compared with the ELISA method (Wieser, 2008).
Multiplex immunoassay has the capability to detect the deamidated gliadin and pep-
tides together. The multiplex assay can analyzes samples for 14 different types of
food allergens, having 7-8 major groups of gluten. Two different extraction meth-
ods were used to generate the analytical samples. The sensitivity and apparent limit
of detection is <5 g/ml of food allergen and gluten (Cho et al., 2015). It is actually
combining antibodies against the epitopes which are mostly related in a single
detection method. So, the possibility of negative results decreases. Multiple gliadin
antibodies such as R5 and G12 were used to detect the hydrolyzed food that is speci-
fied by these two antibodies. Multiplex immunoassay is sensitive enough to detect
gluten in various fermented hydrolyzed foods which give a unique profile of appar-
ent gluten concentration. The profile obtained using multiplex immunoassay shows
two things such as the different ratio of gluten content in the fermented food sample
and secondly the quantity of those proteins. This assay is capable to classify the
food on the basis of type and degree of germination or gluten hydrolysis. Also, it can
help in choosing the appropriate hydrolyzed gluten standard of compared digestion
and similar peptidial composition. This ability may skew identification and enable
or give accurate quantification of gluten and also help in possible immunopatho-
genicity (Panda et al., 2017).

Gomaa and Boye (2013) investigated the detection of gluten using a flow cytom-
eter which is a type of multiplex immunoassay which helps in multiple allergen
detection and found that its ease of use and automation reduce the extraction time
compared to the ELISA. Pedersen et al. (2018) used multiplex immunoassay to
detect the gluten and observed cross-reactivity provides multi antibody profiling
and detects new analytes. However, the correlations would be only possible if the
type and number of reference material are expanded. Though multiplex immunoas-
say development has numerous advantages over ELISA, still it is suffering obstacles
when compared with ELISA kits such as antibody specificity, extraction proce-
dures, and availability of materials for reference. Simultaneously, multiplex
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immunoassay required suitable antibodies for prolamin and glutelin, essential to be
raised against the cereal-specific immunogenic epitope. Multiplex immunoassay
requires high specificity because the cross-reactions in gluten-containing cereals are
common. Also, the extraction procedure should be taken care of as the procedure
should be able to extract both prolamin and glutelin peptides from the food sample
due to the different solubility properties of prolamin and glutelin. An extra extrac-
tion step is required to be included to extract the relevant peptides as compared to
the ELISA kits. In the immunochemical methods so far, reference material was
required to be created. In the case of multiplex immunoassay also reference material
for gliadin and glutelins are required to be created along with the reference of pro-
lamin and glutelin for rye and barley. To detect the harmful epitopes using multiplex
immunoassay highly specific antibodies are required to mix the epitopes and it
should be modified by chemical treatments and for this reason, such type of material
is very difficult to be standardized (Slot et al., 2016).

7.6.7 Lateral Flow Device and Dipstick Devices

Apart from the immunochemical devices, demand for rapid and easy to use tests to
detect the traces of gluten in food and cereals has increased (Immer & Haas-
Lauterbach, 2010). Therefore, immuno chromatographic assays such as dipsticks
and lateral flow devices (LFD’s) are in use for getting rapid results (Melini & Melini,
2018). These kinds of devices provide qualitative results within a short duration of
time (Scherf & Poms, 2016). However, these devices are less sensitive than other
antibody assays but at the same time, they are inexpensive and required a small
amount of samples for analyzing purposes (Cao et al., 2017). These devices are
based on the principle of the presence of an inline fixed antibody conjugated with
colored nanoparticles. Mostly sandwich-type method is used for getting the results
in processed and unprocessed products. They are commercially available and are
based on the R5, G12, and Skerrit monoclonal antibodies and a few on polyclonal
antibodies (Melini & Melini, 2018). Where, LFDs are used for onsite testing at the
manufacturing facility to control programs and perform hazard analysis and critical
control point (HACCP) detection from storage of raw material to final product.
Whenever a quantitative result of a single sample is required, the use of LFD’s is
recommendable. Basically, LFDs are rapid strip platform based test which detects
the epitope of the prolamins group to estimate the gluten content like ELISA (Slot
et al., 2016). On the other hand, sample extract flows by the dipsticks due to capil-
lary action and reaches the antibody-covered zone followed by color is formed
showing the presence of gluten. These devices can be used for swab tests for con-
taminants surface and to check the level of gluten contamination in raw and pro-
cessed materials (Scherf & Poms, 2016). The sensitivity of commercially available
gliadin dipstick is enough for gluten analysis (Immer & Haas-Lauterbach, 2010).
These are designed in a sandwich format which gives a specific and reliable result
and this sandwich type format uses two epitopes of an antigen. The LFD’s and
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dipsticks when designed in competitive format rely on a single epitope and gives a
positive response by decreasing the intensity of the test bind that means if anything
which inhibits the background binding appears to give the positive response. As a
result, the limit of detection values for this competitive format is always higher
which means it is less sensitive. An advantage for competitive is that it has the abil-
ity to reflect celiac spreading biological activity which requires only a single
immune pathogenic site, which makes competitive less likely to give negative
results with fermented and hydrolyzed foods. But the disadvantage is that they have
higher variances of the zero responses, but these can be optimized by optimizing the
concentration of antigen immobilized on the surface and concentration of the detec-
tion antibody to concentrate on the target sample (Cao et al., 2017). Other than
ELISA, these devices are always on demand because of their user-friendliness, rap-
idness of testing, and ability of onsite analysis, but the drawback is that they are
qualitative or semi-quantitative, therefore, more researches are required to impro-
vise their performance (Panda & Garber, 2019).

7.6.8 Immunosensor

An alternative to ELISA, immunosensors are devices which are combined with a
biological component like an antibody or antigen and a physicochemical transducer.
Immunosensors are made by using a robust piezoelectric transducer and photonic
immobilization technique those are cheaper in cost. There is an interaction between
antigen and antibody which gives signal generated due to physical or chemical
changes and the fluorescent enzymes. Immunosensors are cost-effective, rapid min-
iaturized, and useful for onsite analysis (Scherf & Poms, 2016). Currently, numer-
ous immunosensors are being developed by researchers for gluten detection in
foods. A GMR (Giant Magneto Resistive) sensor array was developed to detect the
gliadin contamination of gluten-free products with less limit of detection (Melini &
Melini, 2018). A label-free gliadin immune sensor had been developed by changing
the frequency of quartz crystal microbalance chips with gold nanoparticles on the
surface (Chu et al., 2012). Another electrochemical immune sensor was developed
with the facility of use and disposal. It is combined with the modified SPCE (Screen
Printed Carbon Electrodes) and carbon CNFs (Carbon-based NanoFluorides) with
proper immune recognition support. The CNFs and SPCE will improve the sensitiv-
ity of the immune sensor and also provide an efficient surface for the recognition of
gliadins proteins in food (Marin-Barroso et al., 2019). A competitive magneto
Immuno sensor was made using gliadin coupled with fossil activated magnetic
beads and incubating along with peroxidase-conjugated anti-gliadin polyclonal
antibodies for the detection of the gliadin (Laube et al., 2011). Combining of anti-
gliadin polyclonal antibodies immobilized on electrode surface using dithiolself-
assembled monolayers monoclonal antibody raised against the celiac toxic peptide,
and an alkaline phosphatase-conjugated mouse antibody allowed the detection of
gliadin in food samples by using differentiated pulse voltammetry (Nassef et al.,
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2008). A disposable electro immunochemical with server printed carbon electrodes
for detection of IgA and IgG and anti tTG (tissue Trans Glutaminase) autoantibod-
ies is used. Screen-printed carbon electrode was modified with monohybrid struc-
ture and for simple adsorption, tTG was immobilized generating high stability
immune sensor. The analytical signal was based on the anodic redissolution and
enzyme-generated cyclic voltammetry and following the same method, the screen
printed electrodes were modified using adsorption depositing gold nanoparticles
(DGP) generating sensor surface. Real serum samples were successfully assayed
and the results were cross-checked using an ELISA kit. The deposited gold nanopar-
ticles antibody gave high specificity for celiac disease symptoms (Neves et al.,
2012). The electrochemical detection can be done within 1 min and complete within
half an hour which is much less than the other methodologies. Apart from all these
it has proved to be user-friendly, sensitive, and gives selective determinations. The
electrochemical sensors can detect the biomarkers of celiac disease. All the elec-
trodes invented required a very low sample volume without compromising the sen-
sitivity. It successfully operates against anti-gliadins, anti-TG, anti-DGP, antibodies
in a multiplex system (Martin-Yerga & Costa-Garcia, 2014). Commercially avail-
able immunosensors give useful onsite analysis but the only disadvantage is that
they are usually qualitative in nature (Panda & Garber, 2019).

7.6.9 Western Blot

Immunological western blot helps to tackle the low sensitivity system and two-
dimensional gel electrophoresis methods. R5, G12 or anti cells, T-gliadin, and a-20
antibodies are used during the time of detection (Melini & Melini, 2018). This
immune blot analysis uses sodium dodecyl sulphate polyacrylamide gel electropho-
resis (SDS-PAGE) for fractional procedures. The western analysis gives informa-
tion regarding antigen size when it is compared to the standard support. For
preliminary identification purposes generally, antibodies such as R5-sand, G12 —
sand, Skerrit, and monoclonal antibodies are used to detect or visualize the proteins.
The only band visualized was from10 to 25 pg/ml gluten standards. The R5 and G12
antibodies detect gliadins and Skerrit detect glutenins and the monoclonal antibod-
ies and also detect the glutenin and gliadins both. Though these results are consis-
tent with extensive hydrolysis of the gluten still immune pathogenic peptides are
found present in the food samples (Cao et al., 2017). Western blot was not found
efficient enough and also less sensible for quantifying gluten in food samples. In
order to solve this problem, after transferring every protein in one dimensional
SDS- PAGE (where it was electronically transferred on a polyvinyl difluoride mem-
brane) first proteins were adsorbed, and then the antibody was added to get the
confirmation of the gluten content in food. Western blot can separate the proteins
and can detect the gluten proteins according to their size and this generally should
be used as a confirmatory test to ELISA. Therefore, the western blot is not a recom-
mended method to quantify gluten but it can only be used for confirmation purposes
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(Rosell et al., 2014). Western blot has more drawbacks than advantages such as it is
less sensitive and not commercially available and requires expertise and also gives
qualitative results (Panda & Garber, 2019).

7.7 Other Methods

Various other approaches were made for the successful detection of the toxic pep-
tides present in food samples. The efficiency of these electrophoresis methods is
dependent on the extraction methods which will probably help to explain the over-
laps of the protein fraction during the analysis (Bean & Lookhart, 2000). The proper
way of extraction is followed to avoid the problem and to improve the resolution of
the protein profiles (DuPont et al., 2005; Wieser, 2008).

7.7.1 Electrophoresis Methods

SDS-PAGE (Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis),
A-PAGE (Acid Polyacrylamide Gel Electrophoresis), IEF (Iso Electric Focusing),
and FZCE (Free Zone Capillary Electrophoresis) are the methods that come under
the electrophoresis method.

SDS-PAGE depends on the separation by size and is used for qualitative charac-
terization of all proteins of cereals due to the detection issues (Bietz & Wall, 1972;
Kolster et al., 1992). The detection of prolamin content in oats and rice and the
HMW-GS of wheat and barley are done by using SDS-PAGE (Payne et al., 1979;
Lookhart & Wrigley, 1995). For larger polymers such as wheat glutenins, multi-
stacking electrophoresis is developed for better separation purposes (Khan &
Huckle, 1992).

A-PAGE method is based on the charge density of protein and is used for finger-
printing. A-PAGE is generally used for the separation of a-, B-, y-, and w- gliadins
for wheat, hoerdins for barley, prolamins for rice and avenins for oats, respectively
(Lookhart & Wrigley, 1995; Woychik et al., 1961).

IEF depends on different isoelectric points of protein fractions and they are sepa-
rated from immobilized pH gradient. This is generally used for the separation of
storage proteins and along with that, it uses strong solubilizing agents such as chao-
tropic like urea and thiourea for protein solubility which is difficult to maintain
during IEF separation (Righetti & Bosisio, 1981).

FZCE is basically working on the basis of protein difference charge density
which produces analogous separation such as A-PAGE. But FZCE has various limi-
tations and problems so it is not favorable (Werner et al., 1994; Bean &
Lookhart, 2000).
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7.7.2 Chromatographic Techniques

HPLC (High-Performance Liquid Chromatography), RP-HPLC (Reversed-Phase
High-Performance Liquid Chromatography), and Ultra-High-Performance Liquid
Chromatography (UHPLC) are the chromatographic techniques.

One-dimensional HPLC is used for the separation of cereal proteins. RP-HPLC
is also used for the characterization of protein size, polymorphism of protein, and
biochemical characteristics. RP-HPLC along with gel electrophoresis gives
improved characterized of cereal protein. On the other hand, UHPLC can be cou-
pled with medium or high-resolution detection techniques. This technique reduces
the even time of the chromatography significantly (Haraszi et al., 2011).

7.7.3 Immunoanalytical Techniques

Double immunodiffusion technique, dot immunoblotting technique, and rocket
immunoelectrophoresis (RIE) are the immunoanalytical techniques. These methods
include the use of monoclonal and polyclonal antibodies. Double immunodiffusion
is a method that allows differentiating between identical and non-identical sample
proteins. Yman et al. (1994) showed the applicability of this technique and its ease
of procedure while detecting gluten in pasta and buckwheat products. However, this
technique is not very popular because of its low sensitivity, higher time consump-
tion, and it can only be used for quantitative measurements. On the other hand dot
immunoblotting is a recent method for the detection of the food allergen. In this
technique, the samples are spotted over a polyester cloth which is already pre-coated
with antibodies against the allergen protein and this is immune detected using a
secondary antibody. This method is highly sensitive and also inexpensive (Besler,
2001). Whereas, RIE is an old method that includes an antibody with gel where
sample proteins move according to so their electrophoretic ability until the antigen-
antibody complex gets precipitated into gel building rockets at a constant antigen-
antibody ratio. Though this method is reliable, specific, and sensitive the major
problem arises during the gel preparation and immune staining procedure, and
because of that RIE is rarely used for detection purposes (Besler, 2001).

7.7.4 Non-immunological Methods

There are various quantitative methods for prolamin detections complementing the
immunological systems by using an antibody. Non-immunological includes the
genomic and proteomic methods which do not include any use of an antibody. There
are alternatives to confirm the results of the immunological methods especially dur-
ing the time of complex food analysis.
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7.7.5 Proteomic Based Methods

The proteomic method in the field of gluten detection complements well with other
techniques for the analysis of gluten. Proteomic methods can be applied to foods
already having a low level of gluten protein. Proteomic approach is based on two
components, separation of protein and identifying the proteins. Proteomics is a tool
to separate, characterize and identify and also relate it with various cereal qualities.
Proteomics has proven itself to be effective in protein identification and due to this
toxic protein identification has increased. Mass spectrometry is one of the important
tools used for its high sensitivity for the identification, characterization, and quanti-
fying the cereal protein. MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization
Time of Flight Mass Spectrometry Method) was the first method used for the detec-
tion of toxic prolamins followed by the LC-MS/MS (Liquid Chromatography-Mass
Spectrometry) method.

7.7.6 MALDI-TOF

In proteomics, identifying protein by mass spectrometry method and replacing the
traditional technologies like the sequencing technology and introducing soft ioniza-
tion techniques such as protein mass spectrometry is well to do techniques. MALDI-
TOF works based on the principle of MALDI by generating ions from solid phase
samples in high vacuum by using short laser pulses. They are accelerated using the
electric field into a TOF mass analyzer. The flight time is directly proportional to the
mass of the analyte and therefore the analytes used can be calibrated using the
known mass. MALDI can be also coupled with an ion trap and quadrupole analyzer,
other than TOF. It is a more sensitive method for protein identification which also
involves the enzymatic digestion of proteins. The direct identification and molecular
mass determination of protein without afore separation can be achieved using
MALDI-TOF-MS. Gliadin quantification in processed and unprocessed food is car-
ried out using MALDI-TOF-MS, altogether with the screening of the toxic cereal
prolamins. MALDI-TOF can easily distinguish between prolamins of different ori-
gin even if they are present in complex food matrix (Haraszi et al., 2011). MALDI-
TOF-MS ionization essentially produces mono charge ions and therefore they do
not require any deconvolution step. This is an emerging alternative technique which
can characterize storage proteins because of its robustness and ability to ionize
intact proteins and also can tolerate the contaminate present used for gluten extrac-
tion, but this is not directly hyphenated with LC (Alves et al., 2019).

MALDI-TOF is used to determine the molecular proteins. This can simultane-
ously measure mass proteins without any chromatographic purification within few
minutes in the low picomol range. MALDI-TOF can be divided into three divisions.
They are binding analyte matrix, ionization and desorption using a laser, and sepa-
ration and detecting using a mass spectrometer. The sample dissolved in the solvent
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and mixed with an analyte put in a metal plate and dried in the vacuum. Laser light
is fired, whereupon the sample gets ionized and is carried in the vapor phase. The
ions are accelerated using voltage impulses and separating in accordance with their
mass, charge ratios by measuring time. MALDI-TOF was the first proteomic tech-
nique used for the evaluation of intact gluten proteins in the sample. Gliadin, seca-
lin, hoerdin, and avenins from wheat, rye, oat, and barley respectively taken from
cultivars showed the characteristic profiles within the range of 20,000-40,000 M,,
determining the presence of a small amount of gliadin even after 2 steps of extrac-
tion. The detection limit of MALDI-TOF is always high (Dostalek et al., 2009).
Camafeita and Méndez (1998) worked on MALDI-TOF/MS to detect avenins from
the cereals and they found it is suitable to detect avenin from oats, which is not pos-
sible using ELISA. Altogether MALDI-TOF is a highly valuable non-immunological
method for the detection and quantification of gluten in foods.

However, MALDI-TOF-MS can be used only for semi-quantitative measure-
ments due to its insufficient sensitivity and low accuracy for high mass. These draw-
backs can be overcome by using the HPLC separation detection (LC-MS/MS)
method (Scherf & Poms, 2016). Therefore, TANDEM combines with HPLC is used
to increase the detection power (Immer & Haas-Lauterbach, 2010). Simultaneously,
this tool does not have high specificity of gliadin determination in wheat as well as
MALDI-TOF-MS is an expensive tool and requires trained personnel for its
operation.

7.7.7 LC-MS/MS

LC-MS/MS is a proteomics-based technique which is used for the routine check-up
of the food samples. It has the ability to detect various species based on multiple
markers with multiple points of confirmation as a result it gives fewer negative
results and because of its specificity, it has the capability of differentiating between
multiple peptide markers (Shefcheck & Musser, 2004; Hernando et al., 2008; Lock
et al., 2010). There are basically two approaches present in LC-MS/MS namely,
untargeted and targeted approaches. The untargeted approach gives a comprehen-
sive profile of the proteome sample and the targeted approach selects the specific
molecule (Saghatelian & Cravatt, 2005). One of the most important points of
LC-MS/MS is that it can determine and differentiate various peptides or proteins
from various products. LC-MS/MS is sensitive and versatile and allergens can eas-
ily be detected using multi-methods. Earlier for enzyme digestion purposes, trypsin
was used in LC-MS/MS during gluten profiling. At present some peptide markers
such as pepsin, chymotrypsin are found unique and being used as an alternative to
detect wheat gliadin proteins. However, this method takes a longer digestion time
and labeling chemistry is done for better characterization. LC-MS/MS uses several
peptide markers with multiple M2Ms for every peptide to specify the presence of
gluten in the sample. LC-MS/MS has the ability to detect gluten even in processed
foods. ELISA kits have failed to detect allergens due to the processing changes and
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changes of the protein structure in processed food which does not allow the anti-
body to bind and lead to negative results, but LC-MS/MS can overcome this issue.
LC-MS/MS can be linked with genomics as well as to improve the knowledge of the
gene responsible for the expressive allergenic proteins. LC-MS/MS has been used
as a complementary tool to confirm the results produced using ELISA and to check
the immunogenic peptides (Scherf & Poms, 2016). THE current LC-MS/MS method
needs a four-time dilution of the sample before putting into the system to get the
result. Due to the presence of multiple markers for gluten variety which gives mul-
tiple point configurations of gluten, time requirement and chances of false result in
LC-MS/MS is very less (Lock, 2014).

Liao et al. (2017) in their studies shows that LC-MS/MS can detect the hoerdin
from a gluten-free beer with a high degree of identification. LC-MS/MS can com-
bine with HPLC chromatography with a mass spectrometer where HPLC can digest
the peptides on the basis of properties such as size change, hydrophobicity, etc. and
also removes the extra salts, buffers from the sample because these molecules can
greatly influence the data generated by LC-MS/MS.LC-MS/MS coupled with a
mass spectrometer is one of the most important tools used to identify and quantify
the immunoreactive cereal proteins (Alves et al., 2017). This coupling chromato-
graphic separation and mass spectrometer detection techniques (LC-MS/MS)
allows a large number of sampling in a short duration of time. Data generated by
LC-MS/MS is large and it requires computational analytical effort to process the
data in a systematic and comparative way in order to give a practical application
(Victorio et al., 2018). Simultaneously, LC-MS/MS can be used as a confirmation
method for various situations and certain levels. Therefore, LC-MS/MS has the
future for the confirmation purpose rather than screening.

Though LC-MS/MS has many advantages over ELISA it also has some draw-
backs such as enzyme choice for gluten hydrolysis can influence the results and
converting this gluten from peptide is challenging. Simultaneously, LC-MS/MS is a
very expensive tool and requires trained personnel along with expensive and spe-
cialized instrumentation (Alves et al., 2019).

7.7.8 Genomic Based Methods

The genomic approach is a type of non-immunological method employed for the
detection of offending food ingredients. ELISA, immunosensor, western blotting,
LFD’s all these immunological methods use antibody-antigen technique for the
detection of food allergens. Whereas, genomic method basically relies on the ampli-
fication of DNA present in the food sample. This method serves as a marker to
detect the food allergen. Polymerase chain reaction (PCR) is the only genomic
method used till date to detect the gluten contents of food materials. PCR detects the
specific DNA fragments in which primers are used to get the specificity that facili-
tate the amplification of the DNA. This DNA is species-specific and works as a
marker to detect the food allergens of a particular food substance.
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7.7.9 PCR

PCR is an alternative approach to ELISA and used for the quantification and identi-
fication of genetically modified organisms (GMO), pathogens, food allergens, etc.
It is a common and recent DNA-based technology that became important when
directives for GMO products got implemented. PCR generally targets the DNA of
the allergens in the finished product (Popping, 2009). In PCR a very definite area of
DNA is amplified by the primers. Primers are short stretches of DNA that bind
selectively with the corresponding DNA which is to be amplified. These primers are
protracted by using an enzyme called Taq Polymerase by the addition of nucleotides
to make fragments of DNA. This technique continues several times to double the
number of copies of the DNA fragment and it has been found that 30 numbers cycle
can generate 10° copies of DNA fragments. Then the result is separated using elec-
trophoresis according to their size. The gel used is stained with a few fluorescent
dyes so that when it intercalates with DNA it glows orange under ultra-violate (UV)
light. Choice of primers is one of the important tasks to avoid false-positive results
and it is generally performed to select the gliadin DNA (Besler, 2001).

At the time of using the PCR method cereal samples or the food products are
selected and prepared and then the genomic DNA extraction is done. Then, the tar-
get gluten DNA sequence was selected for amplification. PCR is carried out and the
products are purified. The sequencing reactions are performed by the primers using
a PCR mixture containing the PCR buffers, NTP’s (Nucleoside Triphosphates), and
units of Taq polymerase. Thermal cycles such as denaturation of DNA followed by
30 cycles of denaturation then annealing followed by extension step are performed.
Primers pair used for the amplification are selected based on their specificity. The
amplified fragments are examined using electrophoresis in a 1.5% agarose gel for
staining and carried out in a buffer. It was then visualized under UV light and a digi-
tal image was obtained (Martin-Fernandez et al. 2015; Debnath et al., 2009).

Real-time PCR (RT-PCR) is the most commonly used PCR technique for the
detection of allergenic foods. The RT-PCR does not include the use of gel in product
detection. RT-PCR uses a specific probe with a reporter and quencher dye attached
which joins the region flanked by oligonucleotides and primers and the enzyme
reaction. The proximity of the quencher suppresses the fluorescence. During ampli-
fication, the 5" exonuclease activity cleaves the hybridized probe and separates the
dyes which results in an increase in fluorescence proportional to the amount of
specific PCR product. The cycle number required until the fluorescence level dye is
used to calculate the quantitative data (Poms et al., 2004). Real-time PCR makes the
difference as they are based on melting curve analysis and specific for the cereals.
In real-time PCR, gel electrophoresis is not used instead it is performed in a closed
capillary for amplification which eliminates the risk of contamination. Real-time
PCR based on melting curve analysis is less time-consuming with no requirement
of gels and it can be used as a confirmatory tool in case of equivocal results since
the melting behavior of PCR reflects the length and nucleotide sequence content.
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But the problem with RT-PCR is it requires much expensive laboratory equipment
than the conventional methods.

PCR is complementary to ELISA so both PCR and ELISA give reliable positive
results and PCR allows identifying the positive results because there are no antibod-
ies cross-reactivity (Immer & Haas-Lauterbach, 2010). While comparing applica-
tions of PCR with ELISA it has been found that PCR is more suitable for allergen
quantification in complex food because PCR can detect the presence of DNA but
not the protein, therefore the possibility of negative results are less as well as PCR
have the advantages for rapid test development within 7-10 days if the DNA
sequence is known, whereas, ELISA can take months for the same job. PCR relies
on a simply defined DNA sequence while ELISA depends on animal antibody
which require constant quality and stability. It has been found that PCR-ELISA
combines the high specificity of the DNA-based method with a simple and eco-
nomical ELISA method. The DNA fragment is amplified and bound to the surface
of the microtiter well after denaturation of the DNA sequence probe is hybridized.
The probe is a protein hapten labelled DNA fragment which is detected by the
ELISA reaction and the quantitative data can be determined (Poms et al., 2004).
Along with these advantages, PCR is cost-efficient, specificity is very high, and it
can detect a very low amount of DNA by amplifying the analyte (gene-encoded
allergenic protein). However, PCR has some disadvantages also such as PCR is a
qualitative assay, PCR uses DNA and DNA does not dissolve in hydrophobic solu-
tion as protein does. PCR is more time-consuming and equipment-intensive than
ELISA. Simultaneously, if DNA extracted from the food gets degraded then ampli-
fication becomes difficult followed by the failure of detection.

7.8 Novel Methods

In recent years various novel methods for gluten detection were reported such as
magnetic beads, microarrays, multianalyte profiling, aptamers, etc. Magnetic beads
use antigliadin polyclonal antibody-coated with magnetic beads which are used to
detect gliadin present in food samples. These antigliadin polyclonal tagged liposo-
mal nano vesicles encapsulated with fluorescent colour dye where IMBs (Immuno
Magnetic Beads) gliadin forms sandwich complex followed by fluorescence detec-
tion. This immunoassay showed good recovery precision and sensitivity when the
food samples (both processed and unprocessed food) were tested and the gliadin
concentration or its fragments were determined and the results matched with RS
ELISA (Chu & Wen, 2013). These magnetic beads have the combined advantage of
separation by magnetic beads and assays with sensitivity and robustness of detec-
tion. Reagents are used for rapid onsite and screen out the analysis of gliadin in
foodstuff. Low cost, user-friendliness, mini size and compatibility, and mass fabri-
cation possibilities make this technology attractive to be used for the rapid onsite
analysis of food samples (Laube et al., 2011).
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Microarrays are the multiplex lab chip-based device and the chip is incubated
with capture agents such as fluorescent dye-labeled antibodies for gluten detection
purposes. Microarrays are based on the immobilization technology of gliadin and
chymotrypsin digested gliadin and fluorescent-labeled glutamine binding protein.
Microarrays seemed promising but not yet tested (Cimaglia et al., 2014).

Multianalyte profiling is based on magnetic particles contain fluorescent dyes
having different color codes. The proteins and peptides are conjugated to the surface
and detection use specific antibody with phycoerythrin. This multiplex technique is
used in 96 well microplates to detect 14 different food-based gluten. This device
showed high sensitivity and specificity as well as labour requirement and time for
analysis is less and also they are cheaper in cost. The cross-reactivity profiles of this
device are clarified but still, further researches are required (Scherf & Poms, 2016).

Aptamers are a novel receptor for gluten detection which has now emerged pro-
foundly. These are short DNA or RNA oligonucleotides that can detect a huge num-
ber of ligands with high specificity and selectivity. They are not much prone to
thermal denaturation and they can be easily modified using any marker functional-
ities. They are generally raised against immune dominant peptides known as 33-mer.
Aptamers targets complex foods that are present with a dissociation constant (K,) in
the nanomolecular range. The target molecules are highly specific because they can
easily differentiate between closely arranged protein targets as well as aptamers are
versatile and they can be performing against many targets (Osorio et al., 2019). The
aptamers show neither negative false nor false-negative results. Its low value for
reliable determination (3 mg/kg) would protect the sensitive celiac disease. This can
be considered a step forward to limit the threshold of the labeled food in gluten-free
countries up to 20 mg/kg value (Lépez-Lopez et al., 2017). Malvano et al. (2017)
developed a new label-free impedimetric aptasensor for gluten detection based on
immobilized aptamer (Gli 1). They modified it with PAMAM (Poly amidoamine-
Dendrimer) which increased the sensitivity of the gluten detection limit to 5 ppm.
An aptamer called gli 4 against 33 mer peptide was put in an electrochemical
aptamer-based assay using magnetic practices followed by an examination of
gliadin-containing samples were obtained (Amaya-Gonzalez et al., 2015).

As discussed earlier aptamers assays are recent development methods for gluten
quantification and it is still in a growing stage but it will undoubtedly advance. The
detailed study and advancements may lead to modifying the aptamers with improved
affinity and combination of aptamers with various nanomaterials such as carbon
nanotubes with great variety and an easy to use tool for gluten detection will increase
the acceptability of aptamers in near future (Miranda-Castro et al., 2016).

7.9 Variables and Challenges Influencing Gluten Detection

Scientists and researchers around the globe have developed various gluten detection
techniques in the last decades. However, along with advantages, analytical methods
developed to date have some limitations, as these developed methods cannot fully
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ensure affectability, selectivity, and exactness of a gluten reference. Hence, the
advancements of analytical methods are required to develop for more sensitivity,
reliability, accuracy, and cost-effectiveness (Miranda-Castro et al., 2016). Challenges
to gluten detection are uniquely popularised due to the growing consumer demand
for a gluten-free diet as gluten is directly linked to the celiac disease suffered by
people all over the world which can be called gluten intolerance and for them, the
only effective treatment is eliminating gluten completely from the diet (EI Khoury
et al., 2018). Consumer expectation has urged the food industry to develop analyti-
cal tools for gluten detection and also to produce a gluten-free diet. Therefore, there
is a challenge for bakers, cereal researchers, and other industry people to produce
gluten-free products without compromising the overall quality such as structure,
texture, sensory qualities, and shelf life as that of gluten-containing products
(Toufeili et al., 1994).

Gluten replacement is only possible if gluten can be easily detected and extracted
from a food sample. Although epitopes (responsible for celiac disease) have been
detected using the available analytical methods, still the structural complexity and
polymorphism of gliadin proteins are required to be identified which is big a chal-
lenge for the researchers. Safety to gluten-free foods can only be identified by pro-
viding or developing more reliable methods of analysis. The current acceptance of
RS antibody ELISA and PCR are effective detection techniques but more sensitive
and robust methods are required for the detection of gluten (Rosell et al., 2014).
Available gluten detection methods work based on the quantification of alcohol-
soluble prolamin fraction of gluten whereas the alcohol insoluble glutenin fraction
is most of the times not targeted, whereas, both of the protein (prolamin/gliadin and
glutelin) are containing immunogenic harmful peptides. Calculation of prolamin/
gliadin factor is done by multiplying factor 2, based on the assumption that prola-
min/gliadin and glutelin ratio is 1 and because of that and for some other errors most
of the times the gluten content is overestimated which is a serious threat for celiac
patients. Therefore, there is a need to develop a more sensitive, specific, robust tech-
nique for error-free suitable routine analysis purposes (Scherf & Poms, 2016).

7.10 Conclusion

The diseases and problems related to gluten have increased worldwide. Celiac dis-
ease is the prime pathological problem suffered by people due to gluten protein
intake. The epitope concerned with celiac disease is recognized as the gliadin and
glutenin and these fractions together form gluten. The complexity and polymor-
phism of these protein structures are difficult to identify. Currently, various coun-
tries around the world have passed resolutions and set a threshold limit for gluten-free
and low gluten foods which are necessary to mention in the labeling of the food
products. This will help the consumers to make safe food choices. Safety on gluten-
free food is possible by providing reliable methods for gluten detection and
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quantification, whereas, it is still difficult to detect and extract gluten from food
products mainly after processing.

However, a number of major improvements and advances in the analytical tech-
niques of gluten since the last few decades have been observed. These improve-
ments have certainly helped with the gluten-free labeling of the products which will
ultimately help in increasing the food choices of celiac people. The current tech-
niques employed and the legal compliance test gives the sensitivity required to fol-
low codex limits up to 20 mg/kg. The globally permitted method is the ELISA
method for the determination of gluten. Whereas competitive ELISA-based RS anti-
body, monoclonal antibody method, G12method, and A1 method are also effective
for the gluten determination. However, techniques such as ELISA along with PCR
are facing problems like the detection is not possible for hydrolyzed food and it
requires special extraction and tests. The proteomics method which is an alternative
to PCR and ELISA has proved their specificity and sensitivity for food safety but
they are expensive and required trained personnel for operation. Novel methods
such as aptamers, microarrays are one of the processes of improvement for higher
sensitivity and lower cross-reactivity and these techniques are growing fast as ana-
lytical tools. Novel methods with passing years are developing but still, they are
suffering from the drawbacks of sensitivities and specificities as well as a further
reduction in labour cost, infrastructure cost and recommendation from the Codex is
also mandatory and should be taken care of.

Besides many drawbacks and advantages, all the above-mentioned methods and
techniques for gluten detection require a large advancement to estimate gluten of
the specific amount present. In the future, more advancements of these methods can
be concerned for developing a collaborative method that will have all the advan-
tages of the analytical methods employed till now. The use of the methods and its
detection process mentioned in this chapter will give the readers a basic concept
regarding the on-going methods employed and also help the forthcomings to develop
a gluten-free diet and guide the world to have a better future by demolishing any
type of diseases related to gluten and its risk factors.
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Novel Approaches in Gluten-Free Bread
Making: Case Study
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Abstract Celiac disease is the most commonly reported human chronic gastroin-
testinal disease. The unique effectual therapy for victims with celiac disease is to
pursue a diet free of gluten strictly. Currently, the rising occurrence of celiac dis-
eases encourages global attentiveness for diverse favored gluten-free products.
Therefore, the increasing requirement for high-quality gluten-free bread from natu-
ral compounds is increasing the want for novel approaches in gluten-free bread-
making. Nevertheless, baking devoid of gluten, the chief component for bread
texture, quality, and structure, is a great confront for every confectioner and cereal
researchers. Various methods have been used to comprehend and develop a gluten-
free bread system by monitoring various starch properties, flour sources, additives,
and the use of technology or synergistic effect of these elements. Few works
intended to evaluate or progress gluten-free bread technical or dietary attributes,
whereas others aimed at manifold objectives. Some studies applied food science
elements to develop the sensory property of gluten-free bread, mutually with nutri-
tional aspects. Henceforth, the important focus of this book chapter is to confer the
new approaches for gluten-free bread improvements in the past few years, including
sourdough, the role of hydrocolloids, innovative techniques, and nutritional
enhancement.
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8.1 Introduction

Celiac disease is a dreadful autoimmune disease spotted by enduring intolerance to
compounds says gliadin, hordein, secalin, and avidins in wheat, barley, rye, and oats
respectively, owing to genetic characteristics (Mohammadi et al., 2014). Celiac dis-
ease leads to immunologically related inflammatory damage of the mucosa layer in
the small intestine that results in malabsorption of essential food ingredients and
gastrointestinal problems (Kagnoff, 2005). Presently, works have revealed that
celiac disease attacks mostly half percent of the global populace. The sole present
remedy is a lifetime complete elimination of gluten and other associated prolamines
from a daily diet. In before years, European Union formulated a guideline explain-
ing that gluten-free foods that are composed of naturally gluten-free compounds
should only hold gluten in an amount less than 20 ppm (Demirkesen et al., 2010;
Deora et al., 2014). Gluten is the chief structure forming compound in wheat bread
that gives out the dough its distinctive rheological properties and baking quality.

Contrast to bread dough with gluten compound, in gluten-free bread dough the
stereoscopic structured protein-starch complex is absent, and they are majorly pre-
pared from refined flour or unadulterated starches (e.g. corn starch, rice flour). To
permit the starch-rich compounds to completely gelatinize through baking and to
enhance the viscosity and thus improve the gas-holding property, significantly
greater water contents are essential in gluten-free formulations. This considerably
alters the dough consistency towards a batter which negatively modifies the produc-
tion parameters and the final bread quality. Henceforth owing to its inimitable func-
tionality, the substitution of gluten stands to be challenging. Furthermore, the
distinctive attributes of wheat gluten make it cumbersome to discover raw ingredi-
ents, or additives, which could completely substitute it and currently, many gluten
products accessible in the market have reduced dietary properties, penurious taste,
and poor quality (Mustalahti et al., 2010; Tripathi et al., 2017). Various approaches
have been used to assist in processing and improve gluten-free bread attributes. The
majority of been these was based on applying multifaceted formulations comprising
of a grouping of various additives and ingredients, so as to imitate the gluten struc-
ture. Regardless through various works, no single baking additive was significantly
found capable to replicate the gluten network to its full potential yet (Niewinski,
2008; Mishra et al., 2020).

During the last few years, the addition of new substitutive ingredients involving
starches, fibers, proteins, emulsifiers, enzymes, and gluten-free flours (Lopez-
Tenorio et al., 2015; Tsatsaragkou et al., 2014; Wronkowska et al., 2013; Ziobro
et al., 2016), was found promising in improving dough rheological characteristics,
aiding processing parameters and improving the nutritional profile. More lately,
novel approaches say sourdough fermentation, physical treatments, prebiotic
gluten-free bread, and partial baking technology (Basso et al., 2015; Stefanska
et al., 2016; Jerome et al., 2019) have been demonstrated to be a favorable alterna-
tive substitute to develop gluten-free bread of significant quality. This chapter
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focuses on the novel approaches that have been undertaken towards the develop-
ment of high-quality gluten-free bread.

8.2 Sourdough in Gluten-Free Bread Baking

Sourdough is a blend of flour and water agitated with yeast and lactic acid bacteria
(LAB), that decide its properties with respect to aroma and production of acids. The
application of sourdough has an extended tradition in the baking of rye and wheat
bread (Génzle et al., 2008). In particular, fermentation developed by lactic acid
bacteria is a precondition for rye bread preparation, as it enhances the dissolution of
rye pentosans, which decide the rye bread texture, structure, and this also ceases the
activity of amylase (Alvarez-Jubete et al., 2009). When added in measured propor-
tions, sourdough improves texture, volume, and health aspects by enhancing the
shelf life of bread by protecting it from mold spoilage. These affirmative effects are
related to the metabolic behavior of sourdough-resident microbes, like exopolysac-
charides (EPS) production and release of antimicrobial compounds (De Vuyst &
Vancanneyt, 2007).

The use of sourdough is an old method that has been applied for a long time and
is achieving attention over again. Few judges it therefore to be a “novel” methodol-
ogy (Moroni et al., 2009). In recent days consumers who insist on clean labels have
rerouted the center of study in identifying alternative tools that permit the develop-
ment of elevated quality of gluten-free bread without the use of additives. Decreasing
food additives quantity could decrease extreme ingredient price and eliminate the
occurrence of few allergens in the final baked product. Current investigations
revealed that when applied in the correct ratio, sourdough can be used to tackle the
majority of the issues related to the baking of low-quality gluten-free bread, whilst
being and echo friendly and cost effectual (Cappa et al., 2016). The positive prop-
erty is related to the occurrence of few by-products produced from LAB, say anti-
microbial molecules, EPS, volatiles, and lactic acid which are formed at the process
of fermentation. Dough acidification could also trigger few endogenous flour chem-
ical molecules such as enzymes which can later makes bread crumb softer. The ratio
among acids is necessary, as it determines the texture and structure of bread (Arendt
et al., 2007). The acetic acid and lactic acid also increase the shelf life of bread, as
it prolongs staling by disturbing retrogradation of starch.

With respect to the microbial constituents, works emphasized the significance of
choosing suitable starter strains for the preparation of gluten-free sourdoughs, as
every microorganism cannot adjust evenly to the identical raw compound. Microbial
growth can also get affected by the accessibility of carbohydrates, lipids, nitrogen
content, and percentage of free fatty acids, in addition to the buffer capacity and
enzymatic activity in the substrate (Moroni et al., 2010). Nevertheless, the property
and superiority of the raw ingredient are not the sole properties that assess the sour-
dough microbiota. Parameters such as dough yield, fermentation temperature, time
and autochthonous culture also influence the end constituents of the sourdough
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(Arendt et al., 2007; Rifna et al., 2019). L. Plantarum and Lactobacillus fermentum,
strain commonly separated from gluten-free sourdoughs from, rice, amaranth, and
teff (Moroni et al., 2009). Between LAB used, Lactobacillus plantarum is the main
reported in gluten-free sourdoughs prepared from quinoa, rice, and amaranth
(Moroni et al., 2010). The authors identified that the above strain released organic
acids (lactic acid) which were antifungal (Moore et al., 2008), and enhanced firm-
ness of crumb and staling level of gluten-free bread prepared with the refined flour
(Moore et al., 2007). The use of sourdough was identified to enhance the textural
properties as studied by (Houben et al., 2010). Likewise, (Jekle et al., 2010) reported
that the incorporation of amaranth sourdough appreciably affected the rheological
characteristics of amaranth batters and these effects were reliant on the quantity of
sourdough added used in fermentation process.

Another work explained that sorghum sourdough fermented with most lactoba-
cillus strain improved final bread nutritional value by depressing the polyphenolic
activity (Svensson et al., 2010). As aforementioned, the microbiota in sourdough
will assess the dough attributes regards to the aroma, acidification, and leavening.
Few LAB strains release EPS that increase the elastic characteristic of batter, but
also enhance the structure and bread shelf-life. The major general EPS employed
are fructan, levan, and dextran. Sourdough is an important assuring technique to be
used at the time of gluten-free bread preparation as it enhances concurrently nutri-
tional and sensorial final bread attributes. Important is the assortment of suitable
starter strains that should be cautiously selected for every particular raw ingredient.
Notably, four important parameters are dependable for the supremacy of lactic acid
bacillus strains: the compliance of sugar metabolism, pH, fermentation temperature,
and the release of the antimicrobial molecule. These parameters will donate to the
perseverance of the superior cultures and could make certain a reproducible and
restricted ratio of sourdough microbiota and guarantee an even final bread quality.

8.3 Aeration Strategies

To evaluate different aeration methods the level of gas entrapment has to be defined
which is often challenging. The different methods and formulas which have been
employed to describe the amount of air in the dough will be discussed below about
their applicability for gluten-free dough. Various methods have been demonstrated
to identify the gas entrapment of bread. The chief objective of these techniques is to
know how the gas is dispersed among the continuous phase. It has been reported
that two different dough samples holding equal gas content can possess dissimilar
crumb textures, owing to the dissimilarity regarding the size distribution and their
primary bubble sizes (Chin & Campbell, 2005). The dullness and volatility of dough
create complications to identify the arrangement and the characteristics of formed
gas bubbles. As the gluten-free dough is regularly more flowing and less elastic
when compared to dough out of wheat, disproportionation and buoyancy could play
a greater part in its foam constancy. Henceforth, appropriate technologies for
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assessing gas bubbles all through processing in the gluten-free dough are manda-
tory. However various aeration methods, applied for gluten-free bread are
described below.

8.4 Biological Aeration

To attain a fine crumb grain structure with a large volume, the bubble amount and
size added at the process of mixing have to enhance uniformly in the succeeding
processing steps. For this reason, biological aeration using microorganisms, say
yeast, is suitable, as it constantly releases carbon dioxide until the neighboring cir-
cumstances are positive. The amount of carbon dioxide developed relies on the
viability of the chosen microorganism, ionic strength, pH, temperature, substrate,
humidity, and the availability of the nutrients. The ensuing development of bubbles
at the process of proofing and baking can be modeled (Chiotellis & Campbell,
2003). To produce an accurate computation of the dispersion of carbon dioxide into
air bubbles it seems demanding to monitor its quantity in the liquid dough state.
From the outcomes, it was estimated that the end bubble dimension relies on the
original size at the commencement of the fermentation process (Chiotellis &
Campbell, 2003). This explains the significance of the primary mixing methods for
creating minute nuclei with a fine size distribution. An appropriate model valid to
gluten-free dough might be beneficial for understanding the correct option of bak-
ing and fermentation process.

8.5 Chemical Aeration

Another strategy for better aeration of gluten-free bread is the application of chemi-
cal raising compounds as a substitute or in couple to baker’s yeast. Alike to biologi-
cal leavening, the aeration using chemical agents relies on the amount of carbon
dioxide generated and the capability of the gluten-free dough to hold the gas. In the
case of wheat bread, the use of chemical raising agents is very limited, they are used
for numerous gluten-free foodstuffs in addition to added microbes. Segura and
Rosell (2011) evaluated gluten-free bread procured from the market which inte-
grated chemical raising agents. Confirmative, (Sinelli et al., 2008) demonstrated
that added chemical agents are frequent in wheat and gluten-free bread composi-
tion. It is noteworthy to cautiously select the kind, combination baking powder with
the precise characteristics and necessities of the product in mind. Henceforth, it is
startling that to date no valid research works concerning the correct alternative of
chemical leavening substitutes are developed.
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8.6 Physical Aeration

Chemical and biological aeration are generally followed by an agitating process that
pretends a particular role for the ensuing bubble distribution. With respect to the
quantity and arrangement of original gas nuclei, the rate of the successive bubble
development and constancy at the period of baking gets affected. This could be the
major significant objective for an alteration of conventional processing steps to the
necessities of gluten-free dough. In early 1962, a substitute for conventional knead-
ing was introduced, by coupling elevated speed mixing using the addition of vac-
uum (Cauvain & Young, 2006). As this method permits for an indirect inflection of
bubble sizes by altering the head pressure, there could be possible for an amend-
ment to the necessities of gluten-free dough. Massey et al. (2001) identified that an
augment of the vacuum at the process of mixing boosted aeration and decreased the
bubble dimensions. In this work though, the enhanced gas volume was owing to the
development of the bubbles after pressure release and not owing to improved gas
retentiveness. Usually, pressure development creates fine bubbles that enlarge as
fast as the pressure is set free which could retain ingredients and process time.
Cheng (1992) demonstrated a patented technique to join a mixer and an ultrasonic
bath for an enhancement of cake batter aeration using acoustic cavitation. The aera-
tion with aid of ultrasound was studied as a superior technique for aeration of batter
at the laboratory level, whereas its incorporation at the industrial level could strongly
increase operating expenses (Chin et al., 2015). In general, the adaption of the aera-
tion strategies discussed for gluten-free bread seems to be a potential tool. However,
future experiments that evaluate the effect of mixing and the gas volume fraction
non-destructively on gluten-free dough need to be developed.

The most used tool for evaluating aeration strategies in food molecules is the
application of the image analysis technique. With respect to the cake batter, a
charge-coupled device camera was coupled with microscopy for monitoring gas
bubbles (Hicsasmaz et al., 2003). Through another work, researchers examined
physically divide samples of gluten-free frozen dough under cryo-scanning electron
microscopy for better resolution (Trinh et al., 2013). Authors found that freezing
affected the density of dough and also cell arrangement was reported to be distorted
(Campbell & Mougeot, 1999). Later, (Trinh et al., 2013) demonstrated that starch
granules could have been misplaced at the period of fracturing operation and their
remaining could be misguided for air bubbles. A synopsis involving works applying
microscopy has been provided by (Campbell & Martin, 2012), who explained sig-
nificant variations regards to the bubble sizes (35-112 pm), gas volume fraction
(3.5-10%), and a robust correlation on the experiential slice thickness of gluten-free
products. Confocal scanning microscopy aids a three-dimensional revelation of the
grain structure of bread dough after streaking particular ingredients (Jekle & Becker,
2011). For the gas bubble assessment, the ingredients of the neighboring medium
have to be examined. Inadequately colored samples result in producing smaller
bubbles, which can forge the outcome (Richardson et al., 2002). Similarly, interac-
tions among dyes, gluten-free dough, and normal dough molecules could have an
impact on the observable texture. Gas bubbles of bigger size (500-2000 pm) are
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complicated to observe through computer scanning microscopy as they hold the
majority or the entirety of the visible region.

8.7 Nutritional Enhancement

Dietary fibers have been extensively considered for their functional properties in
gluten-free bread composition, with regards to their water fastening property, fat
mimetic properties, gel-forming capacity, and textural effects (Wang et al., 2017).
Researches were performed to study the impacts of insoluble fibers on the sensorial
property of gluten-free bread (Utrilla-Coello et al., 2013). Dough consistency and
pasting characteristics of starch were also found to be affected fractionally by incor-
poration of fiber (oat bran) (Aprodu & Banu, 2015), due to their significant water-
binding ability to present dough rheology and gelatinization of starch for gluten-free
bread making (Demirkesen et al., 2010).

The addition of starch and soluble fiber compounds may lower the glycemic
response of gluten-free bread that is significantly advantageous for folks with con-
current celiac disease and diabetes. Preparing composition with functional fibers for
example psyllium and p-glucan have been researched widely as a remedy to aid
regulation of gut and reduce serum low-density lipoprotein cholesterol values
(Gunness & Gidley, 2010).

Prebiotics says oligofructose, resistant starch, and inulin are the most commonly
studied functional dietary fibers for gluten-free bread preparation. As per (Capriles
& Aréas, 2013), gluten-free bread with a high percentage (4—12%) of inulin-type
fructans (ITFs) exhibited specific volume less than 10%, whilst noticing a turn
down higher than 10%. The authors recommended that ITFs could develop a gel
arrangement and hold carbon dioxide similar to few hydrocolloids. Various degrees
of polymerization of inulin also produce a significant impact on the bread quality.
Usually, a reduced degree of polymerization of inulin has robust effects compared
to superior ones (Ziobro et al., 2013). Resistant starch develops numerous func-
tional properties and could not only lower the food energy but also improves diges-
tive properties and final bread properties (Witczak et al., 2016). Furthermore,
resistant starch does not affect the bread crumb firmness whereas enhances its rheo-
logical properties particularly, porosity and elasticity (Tsatsaragkou et al., 2014).

8.8 Changing Flour Functionality Through
Physical Treatments

Gluten-free flour could be physically altered using various particle size categoriza-
tion and milling techniques. On one side these physical treatments are used to stabi-
lize gluten-free flour and enhance shelf life whereas on the other side novel
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functionalities are developed. Henceforth, the flour developed after these physical
treatments varies in its properties, say thickening capacity, water binding ability,
pasting properties, emulsifying characteristics, and chemical activity towards pro-
teins, enzymes, and others.

8.8.1 Particle Size Classification

In this approach, (Kadan et al., 2008) and (Araki et al., 2009) demonstrated that the
milling process affected the broken starch and particles of refined flour and hence-
forth the bread volume was greatly affected. Through the above work, the authors
observed a significant negative trend among broken starch and a specific volume of
the final bread. On the other hand, the authors must incorporate wheat gluten into
the bread recipe, so that outcomes cannot be entirely extrapolated. Whereas, (de la
Hera et al., 2013b) observed that as there was a decrease in particle size of refined
flour the specific volume also decreased for gluten-free flour. This impact was cred-
ited to the characteristics of dough at the fermentation process, as dough prepared
with flours were barely capable of preserving gas released, which could be owing to
the structural variations demonstrated among various doughs. Nevertheless, varia-
tions in the broken starch between the flours categorized through sieving were
diminutive and, contrary to the outcome expected, the best portion was that which
exhibited a reduced percentage of damaged starch (de la Hera et al., 2013a).
Henceforth, the starch damaged itself could not elucidate these variations on gluten-
free bread volume.

By working on semi-dry milled refined flours accessed through air classifica-
tion, (Park et al., 2014) demonstrated that the superior portions produced bread of
reduced volume, though a reduced starch percentage (<5%) was existing. In gen-
eral, it has been demonstrated with rice flour that, finer flours baked bread of
reduced specific volume (de la Hera et al., 2013c). Also, regards to oat bread, oat
flours possessing coarse particles, restricted damage to starch and ended up pro-
ducing superior quality oat bread (Hiittner et al., 2010). Henceforth it can be con-
cluded that there is an obvious impact of refined rice flour particle size on the
baking of gluten-free bread. On the other hand, further studies applying various
kinds of gluten-free flours and various milling techniques are obligatory to confirm
the above findings. From a nutritional viewpoint, the suitable combination could
be incorporating a reduced volume and increased hardness of bread (De La Hera
et al., 2014). Henceforth, apart to particle dimensions, hydrations of dough also
have to be considered for modulating the hydrolysis of gluten-free breads and
other similar foods.
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8.8.2 Grinding and Air Classification

Once refined gluten-free flour is obtained, this could be exposed to various physical
treatments to attain flours with diverse functionality and dietary formulation. The
most exciting physical treatments are fine grinding (micronization) followed by air
classification. This physical treatment involves decreasing the particle dimensions
of flour significantly, that would alter flour functionality and formulate them highly
appropriate for diverse processes.

Oat flours allow preparing breads of greater volume, reduced hardness and better
sensory properties regards to breads baked by numerous other gluten-free flours
(Hager et al., 2012). The superiority of oat breads may be enhanced if those flours
are selected with better particle dimensions, decreased broken starch and protein
percentage (Hager et al., 2012). The enzymatic alteration of their organic com-
pounds could also be positive (Flander et al., 2011). Contrasting other gluten-free
flours, oat flours possesses an elevated protein percentage, warranting studies for
air-classification in future works. In this regards, oat cereal holding various protein
percentage and particle dimensions could be accessed using fine grinding and air-
classification, being the premium fractions that possess increased protein percent-
age (Wu & Stringfellow, 1995). B-glucan percentage in this part is also varied.
Henceforth these portions should have a varying attribute in making of gluten-free
bread, a phase that should be proceeded in detail as no present works regards to this
exist. A numerous works on application of micronization and air classification in
pea flours and legume flours have also been performed (Patel et al., 1980; Tyler
etal., 1981). However, most of these works are chiefly based on the functional char-
acteristics of these portions. Works on the addition of gluten-free flours to products
are also very limited or void. On contrary, the integration of starches and protein is
frequent in bread or cookie preparation, thus aforementioned flours can be an
appealing alternative owing to their attribute of not involving artificial chemicals
and ingredients.

8.8.3 Role of Hydrocolloids in Gluten-Free Breads

Additives for example hydrocolloids, enzymes and proteins are most commonly
used in preparation of gluten-free bread with the objective of enhancing the visco-
elastic attributes and end bread quality. Hydrocolloids are recently applied to
enhance the rheological characteristics of gluten-free doughs and batters (Lazaridou
et al., 2007), as they possess enormous prospective to structure three-dimensional
polymer complex in solutions (Arendt et al., 2008). Various works have been con-
ducted on the utilization of numerous hydrocolloids; say cellulose, guar gum, locust
bean, hydroxypropril-methyl-cellulose and xanthan in gluten-free bread composi-
tion (Ahlborn et al., 2005; McCarthy et al., 2005; Moore et al., 2008). Respect to the
other additives and refined flours used, particular hydrocolloids could affect to great
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percentage the bread volume and crumb texture of the baked bread, in which methyl
celluloses was identified to be the most effectual amongst all (Lazaridou et al.,
2007; Schober et al., 2007). Hydrocolloids are also significantly applied to enhance
binding water capacity, dough viscosity, textural property, volume and end quality
of bread (Mir et al., 2016). Methyl cellulose and xanthan gum are the widely applied
hydrocolloids in gluten-free flour formulation owing to their their capability to
advance the product quality (Hager & Arendt, 2013). Other hydrocolloids say CMC,
guar gum, and locus bean gum are also most commonly applied in gluten-free bread
dough preparation. However presently, numerous other hydrocolloids namely
sodium carboxymethyl cellulose, cress see gum and (NaCMC) (Raeder et al., 2008)
have also been recommended as novel gluten replacements that ensured promising
baked bread quality. However, it was also observed that half-baked breads showed
decreased volumes and increased crumb appearances, and elevated hardness. The
incorporation of hydrocolloids, in peculiar CMC, partly mitigated the produced
negative effect.

8.8.4 Prebiotic Gluten-Free Bread

The rising consumer insist for foodstuffs which are not only delicious and healthful
but also offer health aspects have encouraged studies on prebiotics. The enormous
application of inulin in the food industries is regards on its functional properties.
Inulin is of enormous concern for the progress of healthy food products as it con-
comitantly communicates to an wide array of consumer necessities (Stephen et al.,
2017). Inulin is the most commonly researched functional components in gluten-
free breads (GFB) affecting constructively the sensorial and characteristics of final
bread and prolonging the shelf life (Capriles & Aréas, 2013). Nevertheless, as the
proteins present in gluten-free refined rice flours are usually incapable to hold gases
at process of fermentation and baking henceforth, the enzymes were widely used to
enhance the superiority of gluten-free breads by encouraging protein complex and
elastic nature by protein cross-linking. The most widely employed prebiotics in
gluten-free bread preparation is microbial transglutaminase — TG which aids in
protein-connecting (Lee et al., 2005; Ziobro et al., 2016).

Prebiotics say oligofructose, resistant starch and inulin are the most commonly
studied functional dietary fibers for gluten-free bread preparation.

As per (Capriles & Aréas, 2013), gluten-free bread with high percentage (4—12%)
of inulin-type fructans (ITFs) exhibited specific volume less than 10%, whilst notic-
ing a turn down higher than 10%. The authors recommended that ITFs could develop
a gel arrangement and hold carbon dioxide similar to few hydrocolloids. Various
degrees of polymerization of inulin also produce significant impact on the bread
quality. Usually, reduced degree of polymerization of inulin has robust effects com-
pared to superior ones (Ziobro et al., 2013). Resistant starch develops numerous
functional properties and could not only lower the food energy but also improves
digestive properties and final bread properties (Witczak et al., 2016). Furthermore,



8 Novel Approaches in Gluten-Free Bread Making: Case Study 151

resistant starch does not affect the bread crumb firmness whereas enhances its rheo-
logical properties particularly , porosity and elasticity (Tsatsaragkou et al., 2014).

8.9 Conclusion

In answer to a global growing occurrence of celiac disease in individuals, the
requirement to propose celiac disease patients with significant quality and extensive
multiplicity of gluten-free baking food products is a plight. Nevertheless, the non-
existence of gluten, whose existence decides the comprehensive appearance and
textural attributes of bread making products, makes it a scientific dispute. This book
chapter discusses numerous alternative resources, functional components (incorpo-
rated independently or in combination), and technologies that can produce gluten-
free bread of enviable quality. Literature demonstrates that an imperative objective
is to mimic the gluten-network by conjunction numerous components, from which
hydrocolloids possess a decisive part. As well crosslinking enzymes have been pro-
gressively studied. In the future, additional research and investigations warrants to
be focused on the detection and relevance of further novel gluten replacements and
the development and popularization of the coeliac-safe wheat. Study on amalgama-
tion of these outlooks must be performed to remark the impending synthetic impacts
and produce gluten-free bread and other products with attributes resembling those
of wheat breads. Conversely, elementary understanding about these baking substi-
tutes on product superiority, consumer approval and shelf life has yet to be consid-
ered in more detail.
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Chapter 9
Overview of the Gluten-Free Market

Rewa Kulshrestha

Abstract Recent trends and consumer insights suggest that the market for gluten
free products will continue to rise globally. The technological advancement with
reference to the gluten detection method will help to create the global awareness of
the celiac disease and this would bring the radical change in the market as well the
rise of demand among the consumers. This chapter aims to disucss the insight of
gluten free market.

Keywords Gluten-Free Market - Bakery - Nutrition

9.1 Introduction

As per latest insight, various reports suggest that the global gluten-free products
market size is estimated for USD 5.7 billion in 2020 and is projected to reach USD
8.3 billion by 2025 at the rate of CAGR of 8.1% ( CAGR). The market is driven by
the mounting prevalence of celiac disease and trends in towards health. Over the last
decades, it has been witnessed that globally companies in the area of gluten free
sector are experiencing greater demand from consumers with intolerance towards
gluten. This trend will definitely continue to rise and overall rapidly move up
the market.
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9.2 TImpact of COVID-19 on the Current Market Size
and Forecast

The COVID-19 pandemic is expected to bring some negative impact on the global
impact primarily due to importing and exporting the end products, owing to the
limited international trading activities (Miranda et al. 2014). However, we are opti-
mistic that post-pandemic, the market for gluten-free products is projected to wit-
ness an upward growth trend, owing to the rise in consumers preferring gluten-free
and other free-from foods, as a result of a shift in the consumption lifestyles towards
healthier eating (Table 9.1).

9.3 Market Dynamics — Drivers and Opportunities

With the advent of better and more reliable diagnostic methods, we are able to wit-
ness and capture celiac disease data. This data captures the prevalence of celiac
disease worldwide which will in turn boost the market of gluten free products in
coming decade. Thus, in terms of drivers, more simple and reliable diagnostics
methods will create more opportunities in the space of gluten free product develop-
ment and global outreach. Another reason for upwards market growth will also be
due to increased incidence of non-celiac gluten sensitivity as well as other related
inflammatory diseases, and autoimmune disorders. This is supported by active par-
ticipation of various government campaigns worldwide.
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Table 9.1 List of global companies in gluten free space
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. The Kraft Heinz Company (US),

. The Hain Celestial Group Inc (US),

. General Mills (US),

. Kellogg’s Company (US),

. ConAgra Brands Inc (US),

. Hero AG (Switzerland),

. Barilla G.E.R Fratelli S.P.A (Italy),

. Quinoa Corporation (US),

O 0 N N R W~

. Freedom Foods Group Limited (Australia)

. Koninklijke Wessanen N.V (Netherlands)

U .
— O

. Raisio PLC (Finland),

—_
3]

. Dr Schir AG/SPA (Italy)

—_
[S¥]

. Enjoy Life Foods (US)

—_
~

. Farmo S.P.A. (Italy)

15. Big OZ (UK)

16. Alara Wholefoods Ltd (UK)

17. Norside Foods Ltd (UK)

18. Warburtons (UK)

19. Silly Yaks (Australia)

20. Seitz Glutenfrei GMBH (Germany)

21. Bob’s Red Mill (US)

22. Kelkin Ltd (Ireland)

23. Amy’s Foods (US)

24. Golden West Specialty Foods (US)

25. Prima Foods (UK)

26. Katz Gluten Free (US)

27. Genius Foods (UK)

28. Chosen Foods LLC (US)

29. BFree (Ireland)

30. Mickey’s LLC (US)

31. Rachel Pauls Food (US)

32. Gee Free LLC (US)

33. Fody Foods (Canada)

34. Gluten-free Prairie (US)

35. Gluten Free Cornwall (UK)

36. Feel Good Foods (US)

37. Canyon Bakehouse LLC (US)

38. Barr Necessities (US)

39. Avena Foods Limited (Canada)

40. Complete Start (US)
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9.4 Challenges

If we globally analyze the nutritional information about the gluten free products,
one of the concern is the lack of adequate fibers in the products (Gallagher, 2009;
Rosell & Matos, 2015). This ultimately leads to the alignments of the digestive
system. We need Gluten-free products lacks an adequate amount of dietary fibers,
resulting in constipation and other ailments of digestive system. We need to address
this challenge in the near future to further uplift the market of gluten free products
globally.

In the article, we have attempted to present the data for the gluten free Bread and
Pasta which currently holds the prime categories for the growth of gluten free mar-
ket globally.

9.5 Bakery Market — Gluten Free

Bakery products as per current market dynamics has one of the is largest share for
the year 2020. Figure below presents the market dynamics across the global for the
bread and bread related products in the retail market. With the rise in global celic
disease, in proportion the market for the gluten free bread will also witness upward
trends since customers would look for alternative to wheat based bread and bakery
products (Foschia et al. 2016; Amanda topper 2017; Grandview research 2020)
(Figs. 9.1 and 9.2 and Tables 9.2 and 9.3).
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Fig. 9.1 Asia Pacific (APAC) Retail Market Overview: Bread & Bread Products, 2020
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break Base: bubble size is based on market volume (kg); CAGR is based on market growth in value
over the last five years in local currency

Source: Mintel Market Sizes

9.6 Gluten-Free Pasta Market Outlook — 2025

Apart from the bread segment, gluten free pasta market is also rapidly growing
(refer to figure below) . Current estimate suggest that the market was around $909.8
million in 2017 and by 2025 it is projected to reach $1,289.2 million with the
impressive CAGR of 4.5%. Various key food manufacturers strategize on coming
up with free-from food products that cater to the requirement of food intolerant
consumers owing to the growth in concern of the consumers about the ingredients
in the food. Gluten-free pasta is one of these which eventually triggers gluten-free
pasta market growth in terms of value sales (Fig. 9.3).

9.7 Conclusions

In conclusion, the market for gluten free products will continue to rise. With recent
advancement in science and technology and better methods to detect gluten intoler-
ance, the market would continue to expand. Bakery and pasta segment would con-
tinue to lead the space of gluten free market. Innovation around bakery and pasta
would drive the market to greater heights. However, we would need better and nutri-
tious products that is designed by keeping consumer’s requirement in mind.
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Table 9.2 List of gluten free bread along with countries

Sr. | Product Company Market Price | g

1 | Gluten-Free Masterbaker’s Classic Dr. Schir Germany 3.48 350
White Bread Slices

2 | Gluten-Free Masterbaker’s Vital Grain | Dr. Schir Germany 3.48 350
Bread

3 | Rice Almond Gluten Free Bread Food For Life Panama 9.5 680

Baking

4 | Gluten-Free Cereal Bread with Dr. Schir Italy 4.61 330
Sourdough, Millet and Quinoa

5 | Gluten-Free Rustic Soft Bread Slices | NT Food Italy 3.15 | 165

6 | Gluten-Free American Sandwich NT Food Italy 4.66 | 240
Bread

7 | Gluten-Free Classic Bread with Dr. Schir Italy 4.07 330
Sourdough, Millet and Quinoa

8 | Gluten-Free Bread Mix Dr. Schir Slovenia 5.21 | 1000

9 | Gluten-Free Toasted Bread Slices NT Food Italy 3.74 225

10 | Gluten-Free Cereal Bread with Dr. Schir France 4.09
Leaven, Millet and Quinoa

11 | Gluten-Free Focaccia Bread with Dr. Schir Norway 5.28 200
Rosemary

12 | Gluten-Free Maestro Vital Bread Dr. Schir Czech 3.86 |350

Republic
13 | Mix B Gluten-Free Bread-Mix Dr. Schir Slovenia 5.78 | 1000
14 | Gluten-Free Cereal Bread Dr. Schir Czech 231 300
Republic

15 | Gluten-Free Bread Mix Dr. Schir Spain 4.5 1000

16 | Organic Gluten-Free Focaccia Bread | Schnitzer Netherlands 5.2 | 110

17 | Organic Gluten-Free Rustic Bread Schnitzer Netherlands | 6.98 | 500
with Amaranth

18 | Gluten-Free Cereal Bread Dr. Schir Italy 4.22 300

19 | Gluten-Free Focaccia Bread with Dr. Schir Germany 3.47 1200
Rosemary

20 | Gluten-Free Rustic Sourdough Bread | Conad Italy 2.77 300
Slices

21 | Gluten-Free Toasted Bread Slices Dr. Schir Italy 5.64 |86.7

22 | Gluten Free White Soft Bread Slices | NT Food Italy 3.38 300

23 | Gluten Free French Loaf Artisan Williams-Sonoma | USA 14.95 1 459.27
Bread Mix

24 | Organic Gluten-Free Cereal Panini Dr. Schiir Spain 4.49 165
Bread

25 | Triple Seeded Farmhouse Gluten-Free | Genius Foods Netherlands | 4.39 | 535
Bread

26 | Gluten Free Baker’s Bread Dr. Schir Germany 3.8 300

27 | Gluten Free Bread Mix NT Food Italy 6.6 | 1000

(continued)
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Sr. | Product Company Market Price | g

28 | Gluten Free Master Baker’s Dr. Schir Germany 3.18 300
Multigrain Bread

29 | Gluten-Free Multigrain Buckwheat Dr. Schir Poland 2.72 250
Bread

30 | Homemade Gluten Free Coffee Cake | Williams-Sonoma | USA 16.95 | 538.65
Quick Bread Mix

31 | Gluten-Free Bread B Mix Dr. Schir Italy 2.14 500

32 | Gluten Free Mix B Bread-Mix Dr. Schiir Hungary 491 | 1000

33 | Gluten-Free Wholewheat Bread Mix | NT Food Italy 5.67 | 1000

34 | Gluten-Free Toasted Bread Slices Dr. Schir Italy 52 |86.7
with Cereals

35 | Gluten-Free Sourdough Bread with Dr. Schir Germany 3.8 240
Cranberries and Lingonberries

36 | Gluten-Free Toasted Bread Dr. Schir France 3.37 150

37 | Gluten Free White Soft Bread Slices | NT Food Italy 2.51 | 165

38 | Gluten-Free Soft Seeded Sliced Bread | Dr. Schir Slovakia 2.51 |250

39 | Gluten Free Mix B Bread-Mix Dr. Schir Denmark 7.08 | 1000

40 | Gluten Free Buckwheat Bread Dr. Schir Serbia 5.17 | 240

41 | Gluten-Free Spiced Apple Quick Williams-Sonoma | USA 17.95510.3
Bread Mix

42 | Gluten Free Crostini Bread Dr. Schir Israel 8.23 150

43 | Gluten-Free Multi-Grain Vital Bread | Dr. Schir Netherlands |3.69 | 350

44 | Gluten-Free Bread with Raisins Food For Life Mexico 10.78 | 680

Baking

45 | Gluten Free Soft Seeded Sliced Bread | Dr. Schir Morocco 3.02 | 250

46 | Organic Gluten-Free Rustic Bread Schnitzer Germany 5 500
with Amaranth

47 | Gluten-Free Crostini Bread Dr. Schir Italy 3.37 | 150

48 | Master Baker’s Gluten-Free Dr. Schir Switzerland | 4.72 | 300
Multigrain Sliced Bread

49 | Gluten Free Classic White Sliced Dr. Schir Switzerland | 4.72 | 300
Bread

50 | Gluten-Free Whole meal Bread Mix | NT Food Czech 5.29 1000

Republic

51 | Gluten Free Wholegrain Oat Bread Bauck Spain 3.95 500
Mix

52 | Organic Gluten-Free Quick Bread Bauck Spain 4.52 1500
Mix

53 | Gluten Free Black Bread Mix Bauck Spain 3.95 500

54 | Gluten-Free Dark Sourdough Bread | Dr. Schir Denmark 4.53 350

55 | Gluten-Free Country Bread Dr. Schir Germany 3.31 275

56 | Gluten-Free Panbauletto Sliced Bread | NT Food Czech 3.5 300

Republic
57 | Gluten Free Mix B Bread Mix Dr. Schir Netherlands |2.54 | 500
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58 | Gluten-Free Light Bread Rolls Genius Foods Germany 4.51 320
59 | Gluten-Free Hamburger Bread Dr. Schiir Morocco 53 |75
60 | Gluten Free Sliced Sesame Bread Schnitzer Switzerland | 4.73 | 250
61 | Gluten-free Homemade Bread Dr. Schir Brazil 5.14 240
62 | Gluten Free Sandwich Bread with Dr. Schir Norway 5.01 400
Seeds and Chia
63 | Gluten Free Dark Sandwich Bread Dr. Schir Norway 5.35 400
with Sourdough
64 | Gluten-Free Pangette Sliced Bread NT Food Czech 4.46 | 340
Republic
65 | Gluten Free Buckwheat Bread Dr. Schir Turkey 4.22 240
66 | Gluten-Free Ciabatta Bread Dr. Schir Morocco 5.18 |50
67 | Gluten Free Black Bread Bauck Poland 4.1 500
68 | Gluten-Free Country Bread Dr. Schir Czech 4.42 240
Republic
69 | Gluten Free Country Bread Dr. Schir Croatia 4.44 240
70 | Homemade Gluten Free Spiced Pecan | Williams-Sonoma | USA 16.95510.3
Pumpkin Bread Mix
71 | Gluten Free White Bread Genius Foods Germany 4.38 1400
72 | Homemade Gluten Free Pumpkin Williams-Sonoma | USA 17.95510.3
Cheesecake Quick Bread Mix
73 | Gluten-Free Panbauletto Sliced Bread | NT Food Czech 441 350
Republic
74 | Gluten-Free Sliced Cereal Bread Genius Foods France 5.28 400
75 | Gluten-Free Homemade Bread Slices | NT FOOD Italy 11.63 | 300
76 | Gluten-Free Wholemeal Bread Slices | NT FOOD Italy 11.63 | 340
77 | Gluten-Free Brown Sliced Bread Dr. Schir Slovakia 2.32 250
78 | Gluten-Free Multigrain Country Dr. Schir Germany 3.49 |250
Bread
79 | Gluten Free Country Bread Dr. Schir Switzerland | 4.21 | 240
80 | Gluten Free Country Bread Dr. Schir Germany 3.44 1240
81 | Gluten-Free Wholegrain Oat Bread Bauck Germany 4.46 500
Mix
82 | Gluten Free Quick Bread Mix with Bauck Germany 4.46 500
Seeds
83 | Gluten-Free B-Bread Mix Dr. Schir Switzerland | 5.96 | 1000
84 | Gluten-Free Homemade-Style Bread | Dr. Schiir Italy 442 1240
Slices
85 | Gluten-Free Bread Flour Mix B Dr. Schir Italy 5.97 1020
86 | Gluten-Free Bread Sticks with Dr. Schir Spain 1.54 |15
Buckwheat
87 | Gluten Free Country Bread Dr. Schir Denmark 6.4 240
88 | Gluten-Free Sandwich Bread Dr. Schir Austria 4.33 1400

(continued)



9 Overview of the Gluten-Free Market 165

Table 9.2 (continued)

Sr. | Product Company Market Price | g

89 | Gluten-Free Bread Sticks with Dr. Schir Spain 2.86 |52
Spreadable Cocoa Cream

90 | Gluten-Free Black Bread Mix Bauck Germany 4.56 | 500

91 | Gluten Free White Bread Dr. Schir Mexico 5.7 300

92 | Gluten-Free White Bread Dr. Schir Morocco 2.18 200

93 | Gluten Free Ciabatta Bread Dr. Schir Chile 5.54 |50

94 | Gluten Free Mix B Bread Mix Dr. Schir Netherlands |5.22 | 1000

95 | Gluten Free Granary Sandwich Bread | Dr. Schir Germany 4.36 | 400
with Chia

96 | Gluten-Free Kornspitz Bread Rolls Dr. Schir Austria 274 |70

97 | Gluten-Free Wholewheat Panfette NT Food Croatia 6.62 |85
Sliced Bread

98 | Gluten-Free Maple Pecan Quick Williams-Sonoma | USA 16.95/510.3
Bread Mix

99 | Organic Gluten Free Sunflower Bread | REMA 1000 Norway 3.67 | 250

100 | Organic Gluten Free Maize Bread REMA 1000 Norway 3.79 250
with Amaranth

101 | Gluten Free Multigrain Country Dr. Schir Germany 3.38 |250
Bread

102 | Mix B Gluten Free Bread Mix Dr. Schir Hungary 5.48 | 1000

103 | Gluten-Free Sweet Bread Rolls with | Dr. Schir Italy 392 |55
Chocolate Drops

104 | Gluten Free Sliced Bread Dr. Schir Switzerland | 4.95 |350

105 | Gluten-Free Panfette Sliced Bread NT Food Czech 4.06 |75

Republic

106 | Gluten-Free Rosette Bread Rolls Dr. Schir Italy 4.79 |58

107 | Gluten-Free Bread with Sesame Schnitzer Costa Rica 52 250

108 | Gluten-Free Rustica Bread + Fiber Dr. Schiir Turkey 4.69 225

109 | Gluten-Free Homemade Bread Dr. Schir Turkey 6.93 | 240

110 | Gluten-Free Sliced White Bread Dr. Schir Turkey 6.1 200

111 | Gluten-Free Meyer Lemon Quick Williams-Sonoma | USA 14.95510.3
Bread

112 | Gluten Free Focaccia Bread with Dr. Schir Germany 3.17 |66
Rosemary

113 | Gluten-Free Bread Sticks with Cocoa | Dr. Schir Poland 1.35 |52
Cream

114 | Gluten Free Bread Mix Dr. Schir Croatia 5.67 | 1000

115 | Gluten-Free Sliced Bread with Raisins | Genius Foods France 4.59 400

116 | Gluten-Free Hamburger Bread Rolls | NT FOOD France 32 180

117 | Gluten-Free Multigrain Bread Dr. Schir Norway 491 300

118 | Maestro Classic Gluten-Free Bread Dr. Schir France 3.7 300

119 | Gluten Free Whole Wheat Bread Dr. Schir Mexico 7.95 350

120 | Gluten Free Classic Sliced Bread Genius Foods Portugal 4.69 | 400

121 | Gluten Free Multigrain Bread Dr. Schir Denmark 5.71 300
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122 | Gluten-Free Dark Sliced Bread Dr. Schir Finland 3.54 350

123 | Gluten Free Sweet Cinnamon Apple | Williams-Sonoma | USA 12.95 | 498.96
Quick Bread Mix

124 | Gluten-Free Wholegrain Oat Bread Bauck Denmark 5.84 | 500
Mix

125 | Gluten Free Bread Mix Dr. Schir Denmark 7.81 | 1000

126 | Gluten Free Dark Bread Mix Dr. Schir Denmark 9.06 | 1000

127 | Gluten-Free Hamburger Bread Dr. Schir Italy 3.81 |300

128 | Gluten-free Cereal Bread Dr. Schiir Spain 2.99 300

129 | Gluten Free Classic Bread Dr. Schir Italy 3.49 300

130 | Maestro Vital Gluten-Free Cereal Dr. Schir France 4.31 350
Bread

131 | Gluten-Free Panini Bread Rolls Dr. Schir Spain 2.83 |75

132 | Gluten-Free Rustic Bread Flour Dr. Schir Spain 5.68 | 1000

133 | Organic Gluten-Free Corn Bread with | Schnitzer Germany 49 1250
Sunflower Seeds

134 | Gluten-Free White Bread Slices Dr. Schir Spain 2.87 300

135 | Gluten Free Panini Bread Rolls Dr. Schir Germany 3.31 |75

136 | Gluten-Free Rustico Bread Dr. Schir Hungary 2.51 |225

137 | Gluten-Free Sliced White Bread Dr. Schir Hungary 2 200

138 | Gluten-Free Sliced Bread Dr. Schir Hungary 3.58 240

139 | Gluten-Free Honey Corn Bread Mix | Williams-Sonoma | USA 12.951493.29

140 | Gluten Free Pumpkin Chocolate Williams-Sonoma | USA 15.95510.3
Chunk Quick Bread Mix

141 | Gluten-Free Multigrain Sour Dough | Dr. Schir Netherlands | 4.03 |350
Bread

142 | Gluten-Free Homemade-Style Bread | Dr. Schir Italy 5.05 |240
Slices

143 | Gluten-Free Brown Rice Bread Food For Life Mexico 6.86 | 680

Baking

144 | Gluten-Free Sweet Bread Loaf Dr. Schir Italy 5.11 370

145 | Gluten-Free Rustico Bread Dr. Schir Denmark 4.58 225

146 | Gluten-Free Rice Almond Bread Food For Life Mexico 12.29 | 680.4

Baking

147 | Gluten-Free Wholegrain Oat Bread Bauck Germany 500
Mix

148 | All Natural Gluten Free Rice Millet | Food For Life Singapore 9.37 680
Bread Baking

149 | Gluten-Free Sliced White Bread Genius Foods France 6.03 | 400

150 | Sesame Flavored Organic Gluten Free | Schnitzer Netherlands | 4.62 | 250
Bread

151 | Gluten-Free Bread with Cereals Dr. Schir France 4.41 1400

152 | Gluten Free White Bread Dr. Schir Brazil 3.6 200

153 | Gluten Free Cereal Bread Dr. Schir Spain 4.41 300

(continued)
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154 | Organic Gluten Free Rustic Bread Schnitzer Germany 6.01 |250
with Amaranth
155 | Easy Bake Gluten-Free Black Bread | Bauck Spain 9.36 |475
with Black Rice
156 | Gluten Free Happy Quinoa Bread Arctis Germany 6.83 | 600
Tiefkiihl-
Backwaren
157 | Gluten Free Sporty Seed-Coated Arctis Germany 6.83 | 600
Bread Tiefkiihl-
Backwaren
158 | Gluten Free Toast Bread Arctis Germany 5.96 | 600
Tiefkiihl-
Backwaren
159 | Gluten Free Sunny Sunflower Bread | Arctis Germany 6.83 | 600
Tiefkiihl-
Backwaren
160 | Gluten Free Country Bread Arectis Germany 6.7 400
Tiefkiihl-
Backwaren
161 | Gluten Free Activity Bread Arctis Germany 7.1 400
Tiefkiihl-
Backwaren
162 | Gluten-Free Toasted Bread Slices Dr. Schir France 5.85 |83
163 | Gluten-Free Multigrain Rustic Bread | Dr. Schir Brazil 4.35 225
164 | Gluten-Free Piadina Flat Bread Dr. Schiir Italy 4.89 |80
165 | Gluten-Free Classic Baker’s Bread Dr. Schir France 4.42 300
166 | Gluten Free Rose-Shaped Bread Rolls | Dr. Schér Italy 5.02 |58
167 | Gluten Free Spiced Pecan Pumpkin Williams-Sonoma | USA 14.951510.3
Quick Bread Mix
168 | Organic Gluten-Free Golden Bread Schnitzer Finland 478 | 125
Rolls
169 | Organic Gluten-Free Sesame Bread Schnitzer Finland 4.59 250
170 | Gluten-Free Multigrain Bread Dr. Schir Russia 8.03 |225
171 | Gluten-Free Brioche Bread Dr. Schir France 5.17 370
172 | Gluten-Free Sliced Bread Dr. Schir Italy 4.1 240
173 | Gluten Free White Bread Country Life Australia 6.7 520
Bakery
174 | Gluten-Free Multigrain Bread Dr. Schir Germany 4.06 | 300
175 | Gluten-Free Oven Baked Bread Dr. Schir Italy 6.15 |300
176 | Quick and Light Gluten Free Bread Bauck Germany 6.27 |475
Mix
177 | Naturally Gluten-Free Rustic Bread | Dr. Schir France 491 | 400
178 | Naturally Gluten-Free Buckwheat Dr. Schir Finland 5.76 |50

Bread Sticks
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179 | Gluten Free White Bread Country Life Australia 43 510
Bakery
180 | Gluten Free White Sandwich Bread Kinnikinnick USA 57 567
Foods
181 | Gluten-Free Sandwich Bread Dr. Schir Austria 5 400
182 | Wheat & Gluten Free Brown Rice Food For Life USA 4.99 14253
Bread Baking
183 | Gluten Free Fruit Bread Country Life Australia 4.66 510
Bakery
184 | Gluten Free White Bread Buns Dr. Schir Hungary 3.18 200
185 | Naturally Gluten-Free Bread Dr. Schir Austria 3.5 400
186 | Gluten Free Bread Range Unavailable Netherlands |3.6 | 400
187 | Gluten-Free Bread Rolls Country Life Australia 3.39 360
Bakery
Table 9.3 List of gluten free pasta along with countries
Price
Sr. | Product Company Market Dollar | g
1 100% Natural Gluten-Free Pol-Foods Hungary 3.17 500
Cannelloni Pasta
2 | Organic & Gluten-Free Penne | Ancient Harvest USA 3.69 272.16
Pasta
3 | Gluten Free Fusilli Pasta Lidl Sweden 1.49 500
4 | Gluten Free Tagliatelle Pasta | REMA 1000 Norway 3.82 250
5 | Organic Gluten Free Fusilli REMA 1000 Norway 3.28 500
Pasta
6 | Organic Gluten Free Lentil REMA 1000 Norway 3.28 250
Fusilli Pasta
7 | Gluten Free Fusilli Pasta Andriani Tunisia 1.63 340
8 | Organic Brown Rice Gluten San Remo Indonesia 3.02 250
Free Penne Pasta
9 | Organic Brown Rice Gluten Pastificio Mennucci Indonesia 3.02 250
Free Spaghetti Pasta
10 | Gluten Free Angel’s Hair Pasta | Dr. SchSr Morocco 3.37 250
11 | Gluten-Free Anellini Pasta Dr. SchSr Slovenia 2.35 250
12 | Gluten-Free Tagliatelle Pasta | Barilla Norway 3.83 300
13 | Gluten-Free Fusilli Pasta Barilla Norway 391 400
14 | Organic Gluten Free Twist Pates Grand’Mere France 242 250
Pasta
15 | Original Gluten Free San Remo Macaroni Indonesia 3.02 350
Fettuccine Pasta
16 | Gluten Free Fusilli Pasta Nachiogel foods for Al | Egypt 4.51 350
Mashreq
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17 | Gluten Free Chickpea Risoni | Alimentos El Dorado | Ecuador 2.7 250
Pasta

18 | Organic Gluten Free Penne Dr. SchSr Austria 3.13 350
Pasta

19 | Gluten-Free Tortiglioni Pasta | Barilla/Barilla G. e Morocco 5.01 400

R. Fratelli

20 | Gluten-Free Full Taste Pastificio Lucio Portugal 3.25 400
Spaghetti Pasta Garofalo

21 | Gluten Free Penne Rigate Barilla/Barilla G. e Spain 2.55 400
Pasta R. Fratelli

22 | Gluten Free Vegetable Mix Healthy Generation Ukraine 1.65 300
Pasta Spirals

23 | Organic Gluten-Free Armida Italy 2.8 250
Buckwheat Maccheroni Pasta

24 | Organic Gluten-Free Sottolestelle Italy 2.86 340
Tortiglioni Multigrain Pasta
with Quinoa

25 | Organic Gluten-Free Probios Italy 2.98 340
Multigrain Penne Pasta

26 | Organic Gluten-Free Probios Italy 2.98 340
Multigrain Fusilli Pasta

27 | Organic Gluten-Free Probios Italy 2.98 340
Multigrain Sedanini Pasta

28 | Organic Gluten Free Brown PGR Health Foods Netherlands | 5.06 500
Rice Pasta Fantasia

29 | Organic & Gluten-Free Rotini | Ancient Harvest USA 3.29 226.8
Pasta

30 | Organic Gluten Free Red Ital Passion France 3.88 250
Lentils Penne Pasta

31 | Gluten-Free Spaghetti No. 5 Pasta Berruto Ethiopia 4.05 400
Pasta

32 | Gluten-Free Tri Colour Corn | Aldi Australia 2.14 500
& Vegetable Pasta Shells

33 | Gluten Free Penne Pasta Kaufland Poland 0.76 500

34 | Gluten Free Green Pea Pasta | Waitrose UK 2.56 250

35 | Gluten Free Penne Pasta Bioalimenta Germany 3.88 500

36 | Gluten Free Corn and Rice Valle Roveto UK 4.39 250
Tagliatelle Pasta GlutenFree Srl

37 | Gluten Free Penne Pasta Dr. SchSr Poland 5.09 1000

38 | Gluten-Free Penne Rigate Barilla/Barilla G. e Poland 2.07 400
Pasta R. Fratelli

39 | Gluten Free Spaghetti Pasta Fits Mandiri Indonesia 1.96 180

40 | Gluten-Free Cauliflower Tribe 9 Foods USA 5.69 255.15

Linguini Pasta
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41 | Gluten Free Corn Fusilli Pasta | Sam Mills Mexico 3.92 500

42 | Gluten-Free Penne Rigate Pastificio Riscossa Kenya 3.68 340
Pasta No. 27

43 | Gluten-Free Ridged Penne Barilla/Barilla G. e Chile 3.58 400
Pasta R. Fratelli

44 | Gluten Free Spaghetti Pasta Scamark France 1.52 400

45 | Gluten Free Penne Rigate Preferisco Foods Canada 3.56 500
Pasta No. 136

46 | Organic Gluten-Free Cereal Dr. SchSr Spain 2.8 350
Penne Pasta

47 | Gluten Free Rice, Corn and Colombina Colombia 1.74 250
Quinoa Penne Pasta

48 | Gluten-Free Spirali Pasta Pastificio R.E.M. Egypt 5.33 340
No. 50

49 | Gluten Free Penne Pasta Leader Price - DLP Ivory Coast | 3.09 500

50 | Original Gluten Free Penne San Remo Macaroni Indonesia 2.99 350
Pasta

51 | Original Gluten Free Spaghetti | San Remo Indonesia 2.99 350
Pasta

52 | Gluten-Free Quinoa Spirals Orgran Health & Guatemala 5.19 250
Pasta Nutrition

53 | Gluten Free Organic Brown Chacha Thai Thailand 1.51 225
Rice Pasta

54 | Gluten-Free Corn and Rice Molino di Ferro Canada 3.75 250
Lasagna Pasta

55 | Gluten-Free Ridged Penne Barilla/Barilla G. e Italy 1.65 400
Pasta R. Fratelli

56 | Gluten Free Macaroni Pasta Etablissement Algeria 1.2 300

Manseur.M

57 | Gluten-Free Spaghetti Pasta Lidl Hungary 1.24 500

58 | Gluten Free Tortiglioni Andriani Sweden 2.95 250
Buckwheat Pasta

59 | Gluten Free Split Peas Fusilli | Biovence France 3.76 250
Pasta

60 | Gluten Free Chickpea Spiral | Biovence France 3.56 250
Pasta

61 | Gluten-Free Fusilli Pasta Molinos R’0 de la Argentina 1.61 500

Plata

62 | Gluten-Free Penne Corn Pasta | Pol-Foods Russia 1.71 250

63 | Gluten Free Organic Red Rice |Perfect Earth Foods UK 4.99 225
& Chia Pasta

64 | Gluten Free Anellini Pasta Dr. SchSr Poland 1.79 250
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65 | Gluten Free Fusilli Pasta Dr. SchSr Poland 1.36 250

66 | Gluten Free Spaghetti Pasta Preferisco Foods Canada 4.28 500
No. 104

67 | Gluten Free Fusilli Pasta No. | Preferisco Foods Canada 4.28 500
1107

68 | Gluten Free Cereal Penne Dr. SchSr Poland 3.38 350
Pasta

69 | Gluten Free Pennoni Pasta Storico Pastificio Italy 3.24 400
with Legumes and Cereals Garofalo

70 | Gluten Free Fusilli Pasta with | Storico Pastificio Italy 3.24 400
Legumes and Cereals Garofalo

71 | Gluten-Free Pea Pasta Pasta d’Alba Finland 5.39 250

72 | Organic Gluten Free Organic Larder UAE 5.94 300
Buckwheat Penne Pasta

73 | Gluten-Free Gnocchetti Pasta | Primaly Italy 6.24 400
with Spinach

74 | Gluten-Free Mini Pasta Shells | Molinos del Mundo Peru 4.02 400

75 | Penne Gluten Free Pasta with | Riviana Foods USA 2.49 283.5
Cauliflower, Fava Beans &
Rice Flour

76 | Gluten-Free Organic Probios Germany 2.78 250
Buckwheat Penne Pasta

77 | Gluten-Free Organic Rice Probios Germany 2.78 400
Pasta

78 | Gluten Free Egg Tagliatelle Ocram UK 4.29 250
Pasta

79 | Gluten-Free Penne Pasta Dr. SchSr Netherlands | 3.56 500

80 | Gluten-Free Tagliatelle Pasta | Organico Realfoods UK 5.21 250

81 | Gluten Free Fusilli Pasta Molino Andriani Bangladesh | 7.67 400

82 | Gluten-Free Rice & Corn Riso Scotti Brazil 2.68 250
Penne Pasta

83 | Gluten-Free Wholegrain Rice | Dialcos Spain 32 400
Spaghetti #20 Pasta

84 | Corn, Brown Rice and Quinoa | Pastificio Lucio Brazil 4.16 400
Gluten-Free Spaghetti Pasta Garofalo

85 | Gluten-Free Caserecce Pasta | Arte & Pasta Italy 7.11 400

86 | Gluten Free Brown Rice, Kroger USA 2.79 226.8
Quinoa & Cauliflower Fusilli
Pasta

87 | Gluten Free Red Lentil & Kroger USA 2.79 226.8
Quinoa Fusilli Pasta

88 | Gluten-Free Penne Pasta with | NORMA Germany 1.43 500

Corn Flour
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89 | Original Gluten Free Penne San Remo Macaroni Thailand 3.27 350
Pasta

90 | Gluten Free Fusilli Pasta Califood Lebanon 2.62 500

91 | Gluten-Free Dino Pasta Morrisons UK 0.59 250

92 | Gluten-Free Penne Pasta Scamark France 1.52 400

93 | Gluten-Free Corn and Rice Valle Roveto UK 4.56 250
Pasta GlutenFree Srl

94 | Gluten Free Mezze Penne Rummo Hong Kong, |4.5 400
Rigate No. 28 Pasta China

95 | Gluten Free Spaghetti No.2 Pastificio Riscossa Egypt 5.38 400
Pasta

96 | Gluten-Free Chickpeas Risoni | Alimentos El Dorado | Colombia 2.72 250
Pasta

97 | Gluten Free Fusilli Pasta Coop Trading Norway 1.87 340

98 | Penne Rigate Gluten Free Andriani India 2.81 400
Pasta

99 | Gluten Free Brown Rice Wegmans Food USA 1.99 453.6
Spaghetti Pasta Markets

100 | Gluten Free Brown Rice Wegmans Food USA 1.99 453.6
Fusilli Pasta Markets

101 | Gluten Free Brown Rice Penne | Wegmans Food USA 1.99 453.6
Pasta Markets

102 | Gluten Free Brown Rice Wegmans Food USA 1.99 453.6
Elbows Pasta Markets

103 | Gluten Free Brown Rice and | Wegmans Food USA 2.29 453.6
Quinoa Spaghetti Pasta Markets

104 | Gluten Free Fusilli Pasta Pol-Foods Poland 1.07 500

105 | Gluten Free Casarecce Pasta Mamma Flora UK 7.04 400

106 | Gluten-Free Fusilli Pasta Organico Realfoods UK 4.49 250

107 | Gluten Free Fusilli Pasta Netto Denmark 1.48 500

108 | Gluten-Free Penne Rigate Pastificio Riscossa Brazil 3.58 340
Pasta No. 27

109 | Gluten-Free Spaghetti No. 2 Pastificio Riscossa Brazil 4.32 400
Pasta

110 | Gluten Free Pasta with Riviana Foods Puerto Rico | 2.68 283.5
Cauliflower Penne, Fava Beans
& Rice Flour

111 | Organic Gluten Free Buckweat | Alb-Gold Teigwaren Poland 2.61 250
Fusilli Pasta

112 | Gluten-Free Fusilli Pasta Dr. SchSr France 3.49 500

113 | Gluten-Free Egg Tagliatelle Nutrition & SantZ. France 4.14 250
Pasta

114 | Gluten-Free Penne Pasta Aldi Hungary 3.37 500
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115 | Gluten Free Penne Pasta Pol-Foods France 1.31 500

116 | Corn and Rice Gluten-Free Dialcos Poland 3.23 400
Caserecce n0.37 Pasta

117 | Gluten Free Tagliatelle Pasta | Bezgluten Poland 1.05 250

118 | Gluten Free Tortellini Pasta Dr. SchSr Switzerland |4 250
Filled with Raw Ham

119 | Gluten Free Spaghetti Pasta Pol-Foods UK 1.26 500

120 | Gluten Free Penne Rigate Barilla/Barilla G. e Hungary 2.97 400
Pasta R. Fratelli

121 | Organic Gluten-Free Green Fabijanski Poland 3.09 250
Pea Penne Pasta

122 | Gluten-Free Elbow Pasta HammermYhle Germany 2.61 500

123 | Gluten-Free Brown Rice Eurospital Italy 3.21 250
Fusilli Pasta

124 | Gluten Free Fusilli Pasta Lidl France 1.42 500

125 | Gluten-Free Spaghetti Pasta Organico Realfoods UK 4.85 250

126 | Gluten-Free Alphabet Shaped | Pol-Foods Germany 2.52 400
Pumpkin Pasta

127 | Gluten-Free Beetroot Pasta Pol-Foods Germany 2.52 400
Animals

128 | Gluten-Free Bucatini Pasta Pol-Foods Germany 2.19 400

129 | Gluten-Free Alphabet Shaped | Pol-Foods Germany 2.52 400
Tomato Pasta

130 | Gluten-Free Animal Shaped Pol-Foods Germany 2.52 400
Tomato Pasta

131 | Gluten-Free Animal Shaped Pol-Foods Germany 2.52 400
Pumpkin Pasta

132 | Gluten Free Penne Pasta Bioalimenta Germany 3.91 500

133 | Gluten-Free Organic Brown Jovial Foods USA 4.19 340.2
Rice Farfalle Pasta

134 | Wild Mushroom Gluten-Free | Dave’s Gourmet USA 11.45 722.93
Pasta Sauce

135 | Gluten-Free Maccheroni La Fabbrica della Pasta | Italy 3.59 500
Rigati Pasta di Gragnano

136 | Gluten-Free Gems Pasta BiAglut Italy 3.01 250

137 | Gluten Free Fusilli Pasta ICA Sweden 1.54 500

138 | Gluten Free Casarecce Pasta | ICA Sweden 1.65 500

139 | Gluten Free Konjac Flour Calorie Watchers Poland 2 385
Tagliatelle Pasta

140 | Gluten Free Fusilli Pasta Pasta Lensi UK 2.17 400

141 | Organic Gluten Free Rice Fabijanski Poland 1.03 225

Gemelli Pasta

(continued)
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Table 9.3 (continued)
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Price
Sr. | Product Company Market Dollar | g
142 | Gluten-Free Lasagne Pasta Barilla/Barilla G. e Germany 3.33 250
R. Fratelli
143 | Corn, Brown Rice & Quinoa | Pastificio Lucio Germany 443 400
Gluten Free Casarecce Pasta Garofalo
144 | Gluten-Free Animal Shaped Pol-Foods Germany 2.21 400
Pasta
145 | Gluten Free Green Pea Penne | Sam Mills Germany 3.13 250
Pasta
146 | Gluten-Free Red Lentil Penne | Sam Mills Germany 3.13 250
Pasta
147 | Gluten-Free Black Bean Penne | Sam Mills Germany 3.13 250
Pasta
148 | Gluten-Free Fusilli Pasta DM Drogerie Markt Czech 2.63 400
Republic
149 | Gluten Free Rice, Corn and Colombina Colombia 2.07 250
Quinoa Spaghetti Pasta
150 | Gluten Free Rice, Corn and Colombina Colombia 1.93 250
Quinoa Fusilli Pasta
151 | Gluten-Free Tagliatelle Pasta | Barilla/Barilla G. e France 2.68 300
R. Fratelli
152 | Organic Gluten Free Artisan Peregrine Trading UK 6.2 250
Pasta Red Lentil Tagliatelle
153 | Gluten-Free Tagliatelle Pasta | Nutrition & SantZ UAE 9.99 250
154 | Gluten-Free Vegetable Rice Orgran Health & Netherlands | 3.59 250
Spiral Pasta Nutrition
155 | Gluten-Free Tagliatelle Pasta | Bioalimenta Brazil 4.36 250
156 | Gluten Free Spaghetti Pasta Dr. SchSr Argentina 3.02 250
No. 5
157 | Gluten Free Fusilli Pasta Dr. SchSr Argentina 3.02 250
No. 24
158 | Gluten Free Penne Pasta Dr. SchSr Argentina 3.02 250
No. 21
159 | Gluten-Free Maccheroni Pasta | Semper Finland 3.86 500
160 | Gluten-Free Rotini Pasta Free to Eat Panama 4.99 227
161 | Gluten Free Fusilli Pasta Pastificio Attilio India 4.32 400
Mastromauro Granoro
162 | Gluten Free Fusilli Pasta DM Drogerie Markt Germany 2.66 400
163 | Gluten-Free Angel Hair Pasta | Rainbow Mountain Peru 4.19 250
164 | Gluten-Free Chia Spaghetti Alimentos El Dorado | Peru 4.07 250
Pasta
165 | Gluten-Free Rice Spaghetti Alimentos El Dorado | Peru 2.99 250
Pasta
166 | Gluten-Free Royal Quinoa Alimentos El Dorado | Peru 4.07 250

Spaghetti Pasta

(continued)
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Price

Sr. | Product Company Market Dollar | g

167 | Gluten-Free Corn Spaghetti Alimentos El Dorado | Peru 2.99 250
Pasta

168 | Gluten-Free Fusilli Pasta Scamark France 1.69 400

169 | Gluten-Free Royal Quinoa Alimentos El Dorado | Argentina 3.11 250
Fusilli Pasta

170 | Gluten Free Tagliatelle Nests | San Remo Australia 3.46 250
Egg Pasta

171 | Gluten Free Organic Chia Chacha Thai Australia 4.11 225
Pasta

172 | Gluten Free Organic Chia Chacha Thai Australia 4.11 225
Pasta

173 | Gluten-Free Penne Pasta Kaufland Croatia 1.95 500

174 | Gluten-Free Penne Rigate Molino di Ferro Netherlands | 2.4 250
Pasta

175 | Penne Rigate Gluten Free Pastificio Antonio Estonia 3.52 400
Pasta Pallante

176 | Gluten Free Gnocchetti Pasta | Organico Realfoods UK 4.45 250

177 | Gluten-Free Ricotta & Spinach | Bofrost Austria 12.3 500
Tortelli Pasta

178 | Gluten Free Quinoa Spirals Orgran Health & Australia 2 250
Pasta Nutrition

179 | Gluten Free Organic Brown Chacha Thai Australia 4.21 225
Rice & Chia Pasta

180 | Gluten Free Organic Red Rice | Chacha Thai Australia 4.21 225
& Chia Pasta

181 | Organic Gluten Free Spirelli | Naturata Spain 3.14 250
Rice Pasta

182 | Gluten-Free Corn Spaghetti Lidl Poland 0.78 500
Pasta

183 | Gluten-Free Corn Fusilli Pasta | Lidl Poland 0.78 500

184 | Gluten-Free Tortiglioni Pasta | Barilla/Barilla G. e Greece 2.44 400

R. Fratelli

185 | Organic Gluten Free Artisan Peregrine Trading UK 6.19 250
Rice & Quinoa Tagliatelle
Pasta

186 | Gluten Free Organic Rice Pad | Chacha Thai Thailand 1.54 225
Thai Pasta

187 | Bread, Pizza, Pasta and Cakes |Lidl Italy 2 500
Gluten-Free Baking Mix

188 | Gluten Free Fusilli Pasta Kroger USA 2.99 340.2

189 | Gluten-Free Rice Pasta Spirals | Orgran Health & Australia 2.79 250

Nutrition
190 | Gluten-Free Fusilli Pasta Lidl Czech 1.32 500
Republic
191 | Gluten-Free Chia Fusilli Pasta | Alimentos El Dorado | Argentina 2.96 250
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GLOBAL GLUTEN-FREE PASTA MARKET
BY REGION

EUROPE
NORTH AMERICA _—

The dominates the global Gluten-free Pasta market
and is expected to retain its dominance throughout the
forecast period.

Fig. 9.3 Global gluten free pasta market by region
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