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ABSTRACT

MULTILEVEL CHARACTERIZATION AND IN VITRO DIGESTION OF
STARCH-BASED FOOD SYSTEMS ENRICHED WITH DIETARY FIBER

Guven, Ozge
Doctor of Philosophy, Food Engineering
Supervisor : Assoc. Prof. Dr. ilkay Sensoy

July 2023, 164 pages

Non-starch constituents may influence the structural, nutri-functional, and
techno-functional properties of wheat starch within food systems. Among these
constituents, dietary fibers (DFs) represent a group possessing various health
benefits, such as reducing the risk of heart disease, diabetes, and certain types of
cancer. Moreover, DFs have been associated with favorable effects on the digestive
system and potentially lower glycemic index. Given these promising benefits, there
is a growing interest in developing products with high fiber content, particularly
within the bakery product industry. The effect of DFs depends on the DF type
(soluble/insoluble) and the processing technology used. Also, additional ingredients
such as lipids and proteins may affect the mechanism of cooking-associated
structural changes in the presence of DFs. Building upon these highlights, the
objective of this thesis was twofold: first, to examine the structural and digestive
characteristics of wheat starch in both the presence and absence of soluble and
insoluble DFs, inulin, and cellulose through the model systems. Subsequently, to
expand the investigation to a product-based study by examining the structural,

quality, and starch digestion properties of psyllium-enriched bread with and without



a commercial emulsifier. Within this context, a broad scope of techniques was used
to examine structural changes of starch, from macro to micro scale. The rapidly
digestible, slowly digestible, and undigestible starch fractions were determined by
in vitro digestion analysis. Also, for the bread system study, quality properties were
analyzed, and a sensory panel was conducted to predict the acceptance of products
by the consumers. According to the model system study and product-based system
study results, specific structural properties were affected upon processing in the
presence of soluble DFs, inulin, and psyllium. Insoluble DF cellulose did not lead to
a change in structure. The psyllium-enriched bread with and without monoglyceride
was acceptable in terms of quality and sensory properties. In addition, DF addition
lowered the rapidly digestible starch content by diluting the amount of starch in the

system.

Keywords: Non-starch polysaccharides, Ordered structure, Crystallinity,

Microstructure, Starch fractions
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DIYET LiFLERI ILE ZENGINLESTIRILMIS NISASTA BAZLI GIDA
SISTEMLERININ COKLU SEVIYEDE KARAKTERIZASYONU VE
IN-VITRO SINDIRIMI

Guven, Ozge
Doktora, Gida Miihendisligi
Tez Yoneticisi: Dog. Dr. Ilkay Sensoy

Temmuz 2023, 164 sayfa

Nisasta harici bilesenler, gida sistemlerinde bugday nisastasinin yapisal, besleyici-
fonksiyonel ve tekno-fonksiyonel ¢zelliklerini etkileyebilir. Bu bilesenler arasinda,
diyet lifleri, kalp hastaligi, diyabet ve belirli kanser tiirleri riskini azaltmak gibi ¢esitli
saglik yararlarma sahip bir grubu temsil eder. Ayrica, diyet lifleri sindirim sistemi
Uzerindeki olumlu ve potansiyel olarak glisemik indeks diistiriicii etkiler ile de
iliskilendirilmektedir. Bu faydalar g6z oniine alindiginda, 6zellikle unlu mamuller
endiistrisinde yliksek lif icerigine sahip tirlinlerin gelistirilmesine yonelik artan bir
ilgi vardrr. Liflerin etkisi, lif tipine (¢0zilinilir/¢oziinmez) ve kullanilan gida isleme
teknolojisine baghdir. Ayrica, lipitler ve proteinler gibi ek bilesenler, diyet lifleri
varliginda pisirme ile iligkili yapisal degisikliklerin mekanizmasini etkileyebilir. Bu
vurgulara dayanarak, bu tezin amaci iki yonliidiir: ilk olarak, bugday nisastasinin
yapisal ve sindirim 6zelliklerini, model sistemler araciligiyla ¢oziiniir ve ¢6ziinmez
diyet lifleri, iniilin ve seliilozun varliginda ve yoklugunda incelemek, ardindan, ticari
bir emilgator iceren ve icermeyen pisilyum ile zenginlestirilmis ekmegin yapisal,

kalite ve nisasta sindirim oOzelliklerini inceleyerek arastwrmayi iirlin bazli bir
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calismaya genisletmek. Bu baglamda, nisastanin makro Olgekten mikro Slgege
yapisal degisimlerini incelemek i¢in genis bir teknik analiz yelpazesi kullanilmistir.
Hizli sindirilebilen, yavas sindirilebilen ve sindirilemeyen nisasta fraksiyonlari,
in vitro sindirim analizi ile belirlenmistir. Ayrica ekmekle yapilan ¢alisma igin kalite
ozellikleri analiz edilmis ve iriinlerin tiiketiciler tarafindan kabul edilebilirligini
arastirmak i¢in bir duyusal analiz paneli yapilmistir. Model sistem ¢aligmasi ve iirlin
bazli sistem ¢aligmasi sonuglarina gore, belirli yapisal 6zellikler, suda ¢ézlinen diyet
lifleri indilin ve pisilyumun varligindan etkilenmistir. Suda ¢6ziinmeyen diyet lifi,
seliiloz, yapida herhangi bir degisime neden olmamistir. Monogliserit iceren ve
icermeyen pisilyum ile zenginlestirilmis ekmegin, kalite ve duyusal 6zellikler
acisindan kabul edilebilir oldugu tespit edilmistir. Ayrica lif ilavesi, sistemdeki

nisasta miktarini seyrelterek hizli sindirilebilir nisasta i¢erigini diistirmiistiir.

Anahtar Kelimeler: Nisasta olmayan polisakkaritler, Diizenli yap1, Kristallik, Mikro
yap1, Nisasta fraksiyonlari
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CHAPTER 1

INTRODUCTION

Although people of various ages widely consume starch-based foods, consuming
calorie-dense products with high glycemic index values is undesirable because they
increase the risk of certain diseases such as diabetes or obesity. Consumers are more
aware of the association of food with health, which increases demand for specifically
formulated healthy food products. An example is dietary fiber-rich foods. Dietary
fibers are macronutrients with many health benefits, such as protection against
certain diseases, increasing the duration of satiety, and helping weight loss. Because

of these benefits, dietary fibers are promising additives for starch-based foods.

Adding fibers to starch-based products may lead to various morphological and
structural changes on both micro and macro bases that affect the overall product
quality, especially the texture. Also, they may have an impact on the digestibility of
starch. In this study, the structural and in vitro digestion properties of fiber-enriched
starch-based products were examined to investigate the following two main

questions:

"How does dietary fiber enrichment affect the morphology, granular and molecular

structure of starch in the food systems?"

"How does dietary fiber enrichment affect the composition of starch fractions

(rapidly digestible, slowly digestible, and undigestible) in the food systems?"

A brief review of the literature is provided in the subsequent sections for the
upcoming chapters, which investigated these questions using both model food

systems (Chapter 2) and real food systems (Chapter 3).



11 LITERATURE REVIEW

1.11 Starch

1.1.1.1  Structural Properties of Starch

The structural properties of starch can be examined at two levels: granular and
molecular. Granular structure defines the surface morphology and internal structure
of granules. Molecular structure defines the molecular composition, arrangement,
and interactions of constitutive molecules, primarily amylose chains, and branched

amylopectin molecules.

From the macro to micro scale, the starch constitutes the following levels of the
hierarchical structures: starch granule, growth rings, crystalline and amorphous
lamellas, blocklets, superhelix, platelet, double helix, amylose, and amylopectin
molecules as shown in Figure 1.1 (Rostamabadi, Falsafi, & Jafari, 2019; Spinozzi,
Ferrero, & Perez, 2020).

Wheat starch granule exists in three forms: large disc-shaped granules, medium size
lenticular/roughly-spherical/oval, and small size lenticular/roughly-spherical/oval
granules, which are A-, B-, and C-type granules, respectively (Huang, Wang, Fan,
& Ma, 2022). A-type granules have a diameter greater than 10 um, B-type granules
have a diameter between 5-10 um, and C-type granules have a diameter size smaller
than 5 um (Cao et al., 2015). The granules which have a diameter smaller than 10 um
are considered B-type accepting C- and B-type-granules have similar properties (Cao
et al., 2015), and A- and B- type granules were found to have different techno- and
nutri-functional properties such as gelatinization/rheological properties and digestive
properties (Chiotelli & Le Meste, 2002; Colussi et al., 2021). The granular size range
of wheat starch was reported to change between 0.5-45 um and ~0.37 - ~52 um
depending on various parameters such as the wheat variety, growing conditions such

as watering regime, etc. (Bemiller, 2019; Dai, Yin, & Wang, 2009).
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Figure 1.1. A schematic representation of starch granules and their internal structure
(Rostamabadi et al., 2019).

The starch granules are formed by the semi-crystalline and amorphous growth rings,
concentric layers (shells) which are generated and extend from the center of the
granule, which is called hilum (Copeland, Blazek, Salman, & Tang, 2009;
Rostamabadi et al., 2019; Sun et al., 2021). After partial hydrolysis, these growth
rings can be visualized by light microscopy, atomic force microscopy, and scanning
and transmission electron microscopy (SEM and TEM) techniques (Pilling & Smith,
2003). The thickness of amorphous growth rings of wheat starch is 60-80 nm (Sun
et al., 2021). According to current knowledge, this region is less-ordered and more
disorganized but still has a uniform structure, which is poorly understood (Sun et al.,
2021). Semi-crystalline growth rings are composed of crystalline and amorphous
lamellas, as shown in Figure 1.1 (Rostamabadi et al., 2019; Sun et al., 2021). The
thickness of semi-crystalline lamellae of wheat starch changes between 9.06 and
9.25nm, and A-type granules have thicker semi-crystalline shells than B-type
granules (Sun et al., 2021).

The semi-crystalline region comprises the ellipsoidal blocklets of size 50-500 nm in

diameter and is formed by super-helices (Spinozzi et al., 2020). The structure of this



semi-crystalline region can be examined by small-angle X-ray scattering (SAXS).
The SAXS patterns are helpful in defining "so-called" aggregate structures
composed of hundreds of units well-packed into crystalline lamellae/platelets
(Spinozzi et al., 2020; Wang et al., 2020). The SAXS measures the electron density
differences Apu (pu-pa) and Ap (pc-pa) where pu, pa, and pc denotes the electron
densities of amylose background region, amylopectin amorphous lamella, and
amylopectin crystalline lamella, respectively (Qiao et al., 2017). The density
difference between the crystalline and amorphous lamellae of amylopectin, Ap,
increases as lamellae ordering increases, resulting in higher scattering intensity. The
peaks originating from these high scattering intensities caused by Ap define the

lamellar structures.

In the semi-crystalline lamellae, the amylopectin chains with more than ten glucose
monomers are organized into double helices and packed into different crystalline
structures (Copeland et al., 2009). There are four types of crystalline structures in
starch: A-, B-, C-, and V-type-crystalline structures. A-type-crystalline structures are
found primarily in cereals such as wheat and rice, while B-type-crystalline structures
are mainly seen in fruit and stem plants like bananas and potatoes (Zhang, Li, Liu,
Xie, & Chen, 2013). The A- and B-type-crystalline structures are represented in
Figure 1.2. C-type-crystalline structure is the mixture of A-type-crystalline and
B-type-crystalline structures. The V-type-crystalline structure stands for the
description of single amylose helices co-crystallized with compounds other than
glucose, such as alcohol, fatty acids, iodine, and dimethyl sulfide (Buléon, Colonna,
Planchot, & Ball, 1998; Zhang et al., 2013). These crystalline structures can be
examined by Wide-angle X-ray scattering (WAXS) and X-ray diffraction (XRD)
techniques. WAXS has a shorter length scale than SAXS, making it appropriate to
determine sub-nanometer dimensions (Olakanmi, Karunakaran, & Jayas, 2023).
XRD is used to study similar length scales with WAXS, and patterns obtained by the
diffraction/scattering angle versus relative intensity plots are used to interpret the

crystalline structure and calculate the relative crystallinity.
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Figure 1.2. A- and B-type-crystalline structures in starch (Chang, Zheng, Zhang, &
Zeng, 2021).

Fourier transform infrared spectroscopy (FTIR) is another method that gives
information about starch crystallography (Huang et al., 2022). FTIR is used to detect
chemical bonds such as hydroxyl groups (-OH), carbonyl groups (C=0), and
glycosidic linkages (-C-O-C-) in starch. These bonds are commonly associated with
the molecular interactions arising from the two main building macromolecules:
amylose and amylopectin (Deeyai, Suphantharika, Wongsagonsup, & Dangtip,
2013; Karwasra, Gill, & Kaur, 2017; Ma & Boye, 2018; Shujun, Wenyuan, Wei, &
Peigen, 2006). FTIR is an excellent tool to reflect the short-range molecular
interactions of starch molecules rather than the long-range order arising from the
helices and their arrangements, which can be examined by the techniques such as
NMR and XRD (Warren, Gidley, & Flanagan, 2016). FTIR is a helpful method to
detect the inter- and intra- molecular interactions associated with amylose and
amylopectin, and interactions such as OH stretching connected to the intramolecular
H bonding and OH bonds resulting from the presence of water molecules (Bangar,
Singh, Ashogbon, & Bobade, 2023).
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Figure 1.3. Structures of (a) amylose and (b) amylopectin (Tester, Karkalas, & Qi,
2004).

The primary and smallest building blocks of starch are two polymers: Amylose
contributes about 20-25%, and amylopectin contributes about 75-80% of a starch
granule while due to some mutations in the biosynthetic pathway,
amylose:amylopectin ratios may differ (Lovegrove et al., 2017; Mahmood et al.,
2017). Amylose structure is a chain in which glucose molecules are bound to each
other by a (1-4) glycosidic linkages, and amylopectin has a branched structure
containing glucose molecules linked through both a (1-4) and o (1-6) glycosidic
linkages Figure 1.3 (Lovegrove et al., 2017).

1.1.1.2  Nutri-functional Properties of Starch

Starch is the primary storage carbohydrate of plants being the major nutritious
component of cereal grains, pulses, tuber, and root crops and the primary energy
source of many other living organisms (Lovegrove et al., 2017; Vilpoux & Santos
Silveira Junior, 2023). It is a vital, high-caloric, satiety-offering nutrient that
provides accessible fuel for the muscles and brain (Martinez, 2021; Vilpoux &
Santos Silveira Junior, 2023). Theoretically, starch is fully digested by the human

digestive system and absorbed in the small intestine (Bojarczuk, Skapska, Mousavi,



& Marsza, 2022). Starch is an easily-accessible nutritive compound and
consumption of low-quality starchy foods, such as ultra-processed products, causes
high demand for insulin, which results in stress in the body, leading to certain
diseases such as type-2 diabetes (Dhital, Warren, Butterworth, Ellis, & Gidley, 2017;
Martinez, 2021). However, it does not mean that starchy foods should necessarily be
avoided; they must only be tailored to increase their nutritional quality.

The starch is classified into three different fractions according to the digestion rate
determined by in vitro digestion protocols (Englyst, Kingman, & Cummings, 1992).
Rapidly digestible starch (RDS) is the starch which is hydrolyzed to glucose during
the first 20 min, slowly digestible starch (SDS) is defined as the portion of starch
which is hydrolyzed between the 20" and 120" min, and resistant starch (RS) is the
starch fraction that remains unhydrolyzed within the first 120 min (Englyst et al.,
1992). RDS, SDS, and RS fractions are associated with packing degree, and as the
structure gets more ordered, the RDS decreases while SDS and/or RS increase. This

relation is schematically represented in Figure 1.4 (Chi et al., 2021).
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According to Pellegrini et al. (2020) main strategies to produce healthier
starchy-products can be classified into three main groups: 1) protection of the
granular/crystal structure and/or to ensure the formation of the retrograded crystal
structure, 2) limitation of the mobilization of the gelatinized-amorphous structure, 3)
protection/formation of the barriers covering the available starch (Pellegrini,
Vittadini, & Fogliano, 2020). These strategies let either of two main
digestion-limiting mechanisms work: i) formation/protection of well-packed starch
structure resistant to the enzyme activity or ii) prevention/slowing down the enzyme
accessibility (Dhital et al., 2017).

1.1.1.3  Techno-functional Properties of Starch

Starch is a primary component of many kinds of food products and has a lot of
techno-functions. Starch's physicochemical, thermal, and microstructural properties
are among the main subjects of the food industry (Franklin et al., 2017). In particular,
starch's gelatinization and pasting behaviors are the main decisive techno-functional
features in the processes in which starch is involved (Franklin et al., 2017). The
structural properties of natural starch depend on the starch source, and the processing

changes these structural properties (Warren et al., 2016).

Native starch is insoluble in cold water since it includes many strong H-bonds;
however, it is solubilized when heated in sufficient water (Mahmood et al., 2017).
During heat treatment, starch loses its crystalline structure by gelatinization and
becomes a hot paste (Qiu et al., 2014). Gelatinization by heat treatment and/or
high-pressure processes is one of the most critical properties of starch in terms of its
use in the food industry (Zhi Yang, Chaib, Gu, & Hemar, 2017). As the starch is
heated in an aqueous medium, granules swell by taking water, and the viscosity of
the suspension increases (Zhi Yang et al., 2017). During the process, starch loses its
natural semi-crystalline granular structure and, depending on the amount of water in
the environment and the treatment applied, it turns into a molten structure or a
polymeric solution (Lionetto, Maffezzoli, Ottenhof, Farhat, & Mitchell, 2006).



Retrogradation is an important starch chemistry phenomenon described as the
recrystallization of starch molecules during the storage of gelatinized starch. Most
of the time, it causes quality loss, leading to undesired changes like syneresis and

staling.

Starch is a widely-preferred techno-functional additive since it has high
biocompatibility, low toxicity, biodegradability, and superior biological properties
(Cui, Guo, & Meng, 2023). The main techno-functions of this ingredient are
thickening, stabilizing, binding, texture modification, moisture retention,
freeze-thaw stability, shear resistance, heat stabilizing, and film formation. The
thickening function of starch comes from its ability to form this viscous solution and
improve the product's flow behavior (Himashree, Sengar, & Sunil, 2022). The
thickening ability of starch is very functional in the food products such as soups,
sauces, desserts, and salad dressings. Secondly, starch is one of the most common
stabilizing agents. Especially in modified forms, starch is a commonly used
polysaccharide-based stabilizing agent in emulsion systems (Apostolidis, Stoforos,
& Mandala, 2023), preventing ingredient separation. Starch may function as an
adhesive binding agent that holds the ingredients together in specific food systems
such as bakeries, patisseries, and meat products (Rostamabadi et al., 2023). As a
texture modifier, starch provides a better eating experience by enhancing mouthfeel
and sensory attributes such as smoothness, creaminess, consistency, etc. (Yang et al.,
2022). Starch improves the quality of the products, contributing to moisture retention
through its high water-holding capacity and preventing the products from drying out
(Dominguez-Ayala, Soler, Mendez-Montealvo, & Velazquez, 2022). It also
enhances the products' freeze-thaw stability, preventing ice crystals formation, which
may cause structural damage (Punia Bangar, Ashogbon, Singh, Chaudhary, &
Whiteside, 2022). The last techno-functional property of starch is the film formation
which can be used to produce bio-degradable, renewable, cost-effective packaging
materials as protective barriers to improve shelf life and enhance appearance (Culi,

Ji, Wang, Xiong, & Sun, 2021). Incorporating starch in food systems also enhances



the food systems' resistance to shear under process (such as dough formation and
extrusion) and provides heat stability (Mohamed, 2021).

1.1.2 Dietary Fibers and Starch

1.1.21  Dietary Fibers (DFs)

1.1.2.1.1 Definition

The term "dietary fiber (DF)" was first defined by Eban Hipsley in 1953 as "the sum
of indigestible constituents that made up the plant cell wall” (Rodriguez, Jiménez,
Fernandez-Bolafios, Guillén, & Heredia, 2006). Later, a more detailed and widely
accepted definition was given by Trowell in 1974, which states that "Dietary fiber
consists of remnants of the plant cells resistant to hydrolysis (digestion) by the
alimentary enzymes of man" and substances such as cellulose, hemicelluloses,
lignin, gums, mucilage, oligosaccharides, pectin, and other associated minor
substances (e.g., waxes, cutin, suberin) were accepted as DFs (Rodriguez et al.,
2006).

According to CODEX Alimentarius (2010), the definition of DF is given as "Dietary
fiber means carbohydrate polymers with ten or more monomeric units, which are not
hydrolyzed by the endogenous enzymes in the small intestine of humans." CODEX
Alimentarius divides DFs into three categories: (1) Edible carbohydrates, which are
naturally found in the food, (2) Carbohydrate polymers, which are produced from
raw edible materials by physical, enzymatic, or chemical methods and which show
a physiological effect of benefit to human health as proved by generally accepted
scientific evidence to competent authorities, (3) Synthetic carbohydrates, showing a
physiological effect of benefit to health as proved by generally accepted scientific

evidence to competent authorities (Capuano, 2016).
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1.1.2.1.2 Benefits of Dietary Fibers

DFs have many physiological effects and benefits to human health, which are listed
as follows:

Prevention of Cancer: DFs have a protective effect against many cancer
types, such as intestinal cancer or breast cancer. The mechanisms cannot be
explained well and are limited to epidemiological studies. However, the
protection against intestinal or colon cancer is attributed to the reduced
interactions between carcinogenic compounds with intestinal mucosa or
intestinal tissues (Thebaudin, Lefebvre, Harrington, & Bourgeois, 1997). In
the case of breast cancer, the loss of estrogens with stool may increase, and the
risk of the disease may decrease (Thebaudin et al., 1997).

Prevention of diseases related to the heart and the cardiovascular system:
DFs can reduce the risk of cardiovascular diseases such as coronary heart
disease (Anderson et al., 2009). Both cholesterol and low-density lipoprotein
(LDL) levels in the blood can be reduced, and hepatic cholesterol synthesis can
be inhibited by DFs (Thebaudin et al., 1997). Moreover, DFs exhibit blood
cholesterol attenuation (Prosky, 1999).

Weight management and protection against obesity: DFs support satiety
feeling, help with weight management, and protect against obesity (Anderson
et al., 2009; Prosky, 1999). Epidemiological and physiological studies have
strongly supported the protective effect of DFs against obesity, and the role of
high-level fiber consumption in weight management has been reported
(Anderson et al., 2009).

Protection against diabetes: DF consumption is stated to have the ability to
reduce blood glucose levels (Prosky, 1999). In addition, high levels of DF
intake were reported to decrease the occurrence of diabetes (Anderson et al.,
2009). This phenomenon can be attributed to the incomplete absorption of

nutrients and weight management effects of DFs.
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Protection of the digestive system and prevention of intestinal and gut
disorders: DFs have a protective effect against certain diseases, such as gut
neoplasia, gastroesophageal reflux disease, duodenal ulcers, inflammatory
bowel disease, irritable bowel syndrome, diverticular disease, constipation,
and hemorrhoids (Anderson et al., 2009). Also, DFs promote intestinal
microflora since they are used as prebiotics (Kyung, Young, & Gyu, 2014).
DFs have been well known for their effects of preventing constipation through
their bulking and softening ability, increasing frequency, or improving
regulation of defecation progress (Kyung et al., 2014; Prosky, 1999).
Specifically, insoluble DFs reduce intestinal transit time by increasing the
amount of stool and fecal bulk and softening feces (Prosky, 1999; Thebaudin
et al., 1997).

Other physiological effects related to the digestion of nutrients: DFs,
especially the viscous ones, may slow down or reduce the absorption of
nutrients such as cholesterol, sugar, etc., by thickening the contents in the
intestinal lumen and by slowing down the transport of nutrients through
intestinal walls (Dai & Chau, 2017). It was also reported that they significantly
affect lipid molecules' digestion and absorption by binding bile acids and other
components related to lipid metabolism (Rodriguez et al., 2006). DFs also
affect starch metabolism, and they have been reported to decrease glycemic
index (Ng, Robert, Wan Ahmad, & Wan Ishak, 2017; Thebaudin et al., 1997).

1.1.2.2  Effect of Dietary Fibers on Starch Digestion and Glucose Release

There is increasing interest in investigating the relationship between DFs and

glycemic index. Generally, DFs are thought to decrease starch-based products'

postprandial glucose levels. Several mechanisms may lead to a reduced glycemic

index of products by either decreasing the degree of starch hydrolysis or lowering

nutrient absorption. This section explains the mechanisms behind this phenomenon

based on selected studies from the literature.
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Effect of Digesta Viscosity on Starch Digestion: A study by Dartois et al. (2010)
reported that the hydrolysis of starch decreased due to the increased viscosity of
digestive fluids in the presence of guar gum. In another study, the thickening abilities
of six different types of soluble DFs (guar gum, locust bean gum, fenugreek gum,
xanthan gum, soluble flaxseed gum, DA-100 variety soy soluble polysaccharides)
were compared. The one which thickens the digesta most, xanthan gum, was the
most effective in lowering glucose release (Fabek, Messerschmidt, Brulport, & Goff,
2014). Repin et al. (2016) stated that the increase in viscosity due to fiber addition
affects the amylose hydrolysis rate directly and independently from the fiber
concentration in the sample; the more fiber increases digesta viscosity, the more the

amylose hydrolysis rate decreases.

Effect of Gelatinization on Starch Digestion: When a comparative study was done
between the gelatinization degrees and glycemic indexes of fiber-enriched cookies,
white bread, and shortbread, it was found that both the gelatinization degree and
glycemic index of fiber-enriched cookies were the lowest (Schuchardt et al., 2016).
Lower glycemic index values of fiber-enriched cookies were mainly attributed to
their low starch gelatinization degree (Schuchardt et al., 2016). In another study, the
gelatinization degree of pseudo-cereals and their glycemic indexes were reported,
and the less gelatinized samples were found to have lower glycemic indexes
(Srichuwong et al., 2017). These materials contain fibers and proteins in their
structures in addition to starch, and the glycemic index-lowering effect can be
attributed to both proteins and fibers; however, it was reported that it is not clear
which one is dominant (Srichuwong et al., 2017). Chen et al. (2017) also found that
pullulan reduced starch digestibility since it showed a starch gelatinization inhibitory
effect. On the other hand, it is possible to see studies in which it was seen that DFs
did not affect starch gelatinization in literature (Guo, Yu, Copeland, Wang, & Wang,
2018).

Effect of Fiber Type on Starch Digestion: The effects of soluble and insoluble DFs
on starch digestion have not been well established in the literature. According to a

study on the glycemic index of fiber-enriched cakes by Kyung et al. (2014), insoluble
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DFs reduce the predicted glycemic index more effectively than soluble DFs. On the
other hand, it was also reported that in vitro starch digestibility (or glucose release)
behavior was correlated with only total DF content regardless of whether the
majority is soluble or insoluble fiber (Bae, Jun, Lee, & Lee, 2016). In the same study,
however, it was also reported that soluble DFs had more impact on the rate of starch
digestion (Bae et al., 2016). In summary, various studies in the literature suggest a

diverse range of results, making it hard to have a common conclusion.

Relationship between Fibers, Crystallinity and Starch Digestion: When pullulan
was added to rice starch and characterization analyses were done, pullulan was found
to affect the particle size significantly and retained some compact structure located
in native starch. In the study, in vitro starch digestibility of pullulan-added samples
decreased. It was reported that retained crystallinity might be one reason for reduced
in vitro starch digestion (Chen et al., 2017). Also, the interaction between the
amylopectin layer and added fiber may prevent enzyme penetration, and/or the other
changes in the food matrix may affect starch digestion. However, there has not been
much information on the relationship between morphological and structural

properties and in vitro starch digestion in the literature.

Correlation between invivo and in vitro Studies: There are both in vivo and
in vitro studies which conclude that DFs have a glycemic index-lowering effect (Bae
et al., 2016; Dartois, Singh, & Kaur, 2010; Fabek et al., 2014; Marangoni & Poli,
2008; Ng et al., 2017; Repin et al., 2016; Sasaki, Sotome, & Okadome, 2015;
Schuchardt et al., 2016). It is essential to support the findings of in vitro studies with
in vivo studies. In research in which oat bran and psyllium were used to decrease the
glycemic index of extruded products, a correlation was found between in vivo and

in vitro results (Brennan, Derbyshire, Brennan, & Tiwari, 2012).
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1.2 NOMENCLATURE

DF
FTIR
LDL
RDS
RS
SAXS
SDS
usS
WAXS
XRD

Pa

Pc

Pu

Ap
Apu

Dietary fiber

Fourier transform infrared spectroscopy

Low density lipoprotein

Rapidly digestible starch

Resistant starch

Small-angle X-ray scattering

Slowly digestible starch

Undigestible starch

Wide-angle X-ray scattering

X-ray diffraction

Electron density of amylopectin amorphous lamella measured
by SAXS

Electron density of amylopectin crystalline lamella measured
by SAXS

Electron density of amylose background measured by SAXS
Pc=Pa

Pu-p

15



1.3 REFERENCES

Anderson, J. W., Baird, P., Davis, R. H., Ferreri, S., Knudtson, M., Koraym, A., ...
Williams, C. L. (2009). Health benefits of dietary fiber. Nutrition Reviews, 67(4),
188-205. https://doi.org/10.1111/j.1753-4887.2009.00189.x

Apostolidis, E., Stoforos, G. N., & Mandala, 1. (2023). Starch physical treatment,
emulsion formation, stability, and their applications. Carbohydrate Polymers,
305(November 2022), 120554. https://doi.org/10.1016/j.carbpol.2023.120554

Bae, I. Y., Jun, Y., Lee, S., & Lee, H. G. (2016). Characterization of apple dietary
fibers influencing the in vitro starch digestibility of wheat flour gel. LWT - Food
Science and Technology, 65, 158-163. https://doi.org/10.1016/j.lwt.2015.07.071

Bangar, S. P., Singh, A., Ashogbon, A. O., & Bobade, H. (2023). Ball-milling: A
sustainable and green approach for starch modification. International Journal of
Biological Macromolecules, 237(March), 124069.
https://doi.org/10.1016/j.ijbiomac.2023.124069

Bemiller, N. J. (2019). Starches: Molecular and Granular Structures and Properties.
Carbohydrate Chemistry for Food Scientists. https://doi.org/10.1016/B978-0-12-
812069-9.00006-6

Bojarczuk, A., Skapska, S., Mousavi, A., & Marsza, K. (2022). Health benefits of
resistant starch: A review of the literature, 93(January). Journal of Functional
Foods, 93, 1-11. https://doi.org/10.1016/j.jff.2022.105094

Brennan, M. A., Derbyshire, E. J., Brennan, C. S., & Tiwari, B. K. (2012). Impact
of dietary fibre-enriched ready-to-eat extruded snacks on the postprandial glycaemic
response of non-diabetic patients. Molecular Nutrition and Food Research, 56, 834—
837. https://doi.org/10.1002/mnfr.201100760

Buléon, A., Colonna, P., Planchot, V., & Ball, S. (1998). Starch granules: Structure
and biosynthesis. International Journal of Biological Macromolecules, 23(2), 85—
112. https://doi.org/10.1016/S0141-8130(98)00040-3

16



Cao, H., Yan, X,, Chen, G., Zhou, J., Li, X., Ma, W., & Yan, Y. (2015). Comparative
proteome analysis of A- and B-type starch granule-associated proteins in bread
wheat (Triticum aestivum L.) and Aegilops crassa. Journal of Proteomics, 112, 95—
112. https://doi.org/10.1016/}.jprot.2014.08.002

Capuano, E. (2016). The behaviour of dietary fibre in the gastrointestinal tract
determines its physiological effect. Critical Reviews in Food Science and Nutrition,
57(June), 1549-7852. https://doi.org/10.1080/10408398.2016.1180501

Chang, Q., Zheng, B., Zhang, Y., & Zeng, H. (2021). A comprehensive review of
the factors influencing the formation of retrograded starch. International Journal of
Biological Macromolecules, 186(March), 163-173.
https://doi.org/10.1016/j.ijbiomac.2021.07.050

Chen, L., Tian, Y., Zhang, Z., Tong, Q., & Sun, B. (2017). Effect of pullulan on the
digestible, crystalline and morphological characteristics of rice starch. Food
Hydrocolloids, 63, 383-390. https://doi.org/10.1016/j.foodhyd.2016.09.021

Chi, C., Li, X., Huang, S., Chen, L., Zhang, Y., Li, L., & Miao, S. (2021). Basic
principles in starch multi-scale structuration to mitigate digestibility: A review.
Trends in Food Science and Technology, 109(January), 154-168.
https://doi.org/10.1016/.tifs.2021.01.024

Chiotelli, E., & Le Meste, M. (2002). Effect of small and large wheat starch granules
on thermomechanical behavior of starch. Cereal Chemistry, 79(2), 286-293.
https://doi.org/10.1094/CCHEM.2002.79.2.286

Colussi, R., Dias Antunes, M., Gutkoski, L. C., Vanier, N. L., Zavareze, E. daR., &
Dias, A. R. G. (2021). A- and B-type starch granules from wheat exhibiting weak,
medium, and strong gluten: An investigation of physicochemical, morphological,
and in vitro digestion properties. Cereal Chemistry, 98(3), 547-556.
https://doi.org/10.1002/cche.10395

17



Copeland, L., Blazek, J., Salman, H., & Tang, M. C. (2009). Form and functionality
of starch. Food Hydrocolloids, 23(6), 1527-1534.
https://doi.org/10.1016/j.foodhyd.2008.09.016

Cui, C., Ji, N., Wang, Y., Xiong, L., & Sun, Q. (2021). Bioactive and intelligent
starch-based films: A review. Trends in Food Science and Technology, 116(March),
854-869. https://doi.org/10.1016/j.tifs.2021.08.024

Cui, L., Guo, J., & Meng, Z. (2023). A review on food-grade-polymer-based O/W
emulsion gels: Stabilization mechanism and 3D printing application. Food
Hydrocolloids, 139(January), 108588.
https://doi.org/10.1016/j.foodhyd.2023.108588

Dai, F. J., & Chau, C. F. (2017). Classification and regulatory perspectives of dietary
fiber.  Journal of Food and Drug Analysis, 25(1), 37-42.
https://doi.org/10.1016/j.jfda.2016.09.006

Dai, Z., Yin, Y., & Wang, Z. (2009). Starch granule size distribution from seven
wheat cultivars under different water regimes. Cereal Chemistry, 86(1), 82-87.
https://doi.org/10.1094/CCHEM-86-1-0082

Dartois, A., Singh, J., & Kaur, L. (2010). Influence of Guar Gum on the In vitro
Starch Digestibility — Rheological and Microstructural Characteristics. Food
Biophysics, 5, 149-160. https://doi.org/10.1007/s11483-010-9155-2

Deeyai, P., Suphantharika, M., Wongsagonsup, R., & Dangtip, S. (2013).
Characterization of modified tapioca starch in atmospheric argon plasma under
diverse humidity by FTIR spectroscopy. Chinese Physics Letters, 30(1), 3-6.
https://doi.org/10.1088/0256-307X/30/1/018103

Dhital, S., Warren, F. J., Butterworth, P. J., Ellis, P. R., & Gidley, M. J. (2017).
Mechanisms of starch digestion by a-amylase—Structural basis for Kinetic
properties. Critical Reviews in Food Science and Nutrition, 57(5), 875-892.
https://doi.org/10.1080/10408398.2014.922043

18



Dominguez-Ayala, J. E., Soler, A., Mendez-Montealvo, G., & Velazquez, G. (2022).
Supramolecular structure and technofunctional properties of starch modified by high
hydrostatic pressure (HHP): A review. Carbohydrate Polymers, 291(November
2021), 119609. https://doi.org/10.1016/j.carbpol.2022.119609

Englyst, H. N., Kingman, S. M., & Cummings, J. H. (1992). Classification and
measurement of nutritionally important starch fractions. European Journal of
Clinical Nutrition, 46 Suppl 2(November 1992), S33-50.

Fabek, H., Messerschmidt, S., Brulport, V., & Goff, H. D. (2014). The effect of in
vitro digestive processes on the viscosity of dietary fi bres and their in fl uence on
glucose diffusion. Food Hydrocolloids, 35, 718-726.
https://doi.org/10.1016/j.foodhyd.2013.08.007

Franklin, M. E. E., Pushpadass, H. A., Kumar, B., Kulkarni, S., Muthurayappa, M.,
Kandasamy, R., ... Vellingiri, P. (2017). Physicochemical, thermal, pasting and
microstructural characterization of commercial Curcuma angustifolia starch. Food
Hydrocolloids, 67, 27-36. https://doi.org/10.1016/j.foodhyd.2016.12.025

Guo, P., Yu, J., Copeland, L., Wang, S. S., & Wang, S. S. (2018). Mechanisms of
starch gelatinization during heating of wheat flour and its effect on in vitro starch
digestibility. Food Hydrocolloids, 82(June), 370-378.
https://doi.org/10.1016/j.foodhyd.2018.04.012

Himashree, P., Sengar, A. S., & Sunil, C. K. (2022). Food thickening agents:
Sources, chemistry, properties and applications - A review. International Journal of
Gastronomy and Food Science, 27(July 2021), 100468.
https://doi.org/10.1016/].ijgfs.2022.100468

Huang, J., Wang, Z., Fan, L., & Ma, S. (2022). A review of wheat starch analyses:
Methods, techniques, structure and function. International Journal of Biological
Macromolecules, 203(October 2021), 130-142.
https://doi.org/10.1016/j.ijbiomac.2022.01.149

19



Karwasra, B. L., Gill, B. S., & Kaur, M. (2017). Rheological and structural properties
of starches from different Indian wheat cultivars and their relationships.
International  Journal of Food  Properties, 20(1), S1093-S1106.
https://doi.org/10.1080/10942912.2017.1328439

Kyung, 1., Young, I., & Gyu, H. (2014). International Journal of Biological
Macromolecules In vitro starch digestion and cake quality : Impact of the ratio of
soluble and insoluble dietary fiber. International Journal of Biological
Macromolecules, 63, 98-103. https://doi.org/10.1016/j.ijbiomac.2013.10.038

Lionetto, F., Maffezzoli, A., Ottenhof, M. A., Farhat, I. A., & Mitchell, J. R. (2006).
Ultrasonic investigation of wheat starch retrogradation. Journal of Food
Engineering, 75(2), 258-266. https://doi.org/10.1016/j.jfoodeng.2005.04.015

Lovegrove, A., Edwards, C. H., De Noni, I., Patel, H., El, S. N., Grassby, T., ...
Shewry, P. R. (2017). Role of polysaccharides in food, digestion, and health. Critical
Reviews in Food Science and Nutrition, 57(2), 237-253.
https://doi.org/10.1080/10408398.2014.939263

Ma, Z., & Boye, J. I. (2018). Research advances on structural characterization of
resistant starch and its structure-physiological function relationship: A review.
Critical Reviews in Food Science and Nutrition, 58(7), 1059-1083.
https://doi.org/10.1080/10408398.2016.1230537

Mahmood, K., Kamilah, H., Shang, P. L., Sulaiman, S., Ariffin, F., & Alias, A. K.
(2017). a Review: Interaction of Starch/ Non-Starch Hydrocolloid Blending and the
Recent Food Applications. Food Bioscience, 19(March), 110-120.
https://doi.org/10.1016/j.fbio.2017.05.006

Marangoni, F., & Poli, A. (2008). The glycemic index of bread and biscuits is
markedly reduced by the addition of a proprietary fiber mixture to the ingredients.
Nutrition, Metabolism and Cardiovascular Diseases, 18(9), 602-605.
https://doi.org/10.1016/j.numecd.2007.11.003

20



Martinez, M. M. (2021). ScienceDirect Starch nutritional quality: beyond
intraluminal digestion in response to current trends. Current Opinion in Food
Science, 38, 112-121. https://doi.org/10.1016/j.cofs.2020.10.024

Mohamed, 1. O. (2021). Effects of processing and additives on starch
physicochemical and digestibility properties. Carbohydrate Polymer Technologies
and Applications, 2(August 2020). https://doi.org/10.1016/j.carpta.2021.100039

Ng, S. H., Robert, S. D., Wan Ahmad, W. A. N., & Wan Ishak, W. R. (2017).
Incorporation of dietary fibre-rich oyster mushroom (Pleurotus sajor-caju) powder
improves postprandial glycaemic response by interfering with starch granule
structure and starch digestibility of biscuit. Food Chemistry, 227, 358-368.
https://doi.org/10.1016/j.foodchem.2017.01.108

Olakanmi, S., Karunakaran, C., & Jayas, D. (2023). Applications of X-ray micro-
computed tomography and small-angle X-ray scattering techniques in food systems:
A concise review. Journal of Food Engineering, 342(November 2022), 111355.
https://doi.org/10.1016/j.jfoodeng.2022.111355

Pellegrini, N., Vittadini, E., & Fogliano, V. (2020). Designing food structure to slow
down digestion in starch-rich products. Current Opinion in Food Science, 32, 50—
57. https://doi.org/10.1016/j.cofs.2020.01.010

Pilling, E., & Smith, A. M. (2003). Growth ring formation in the starch granules of
potato tubers. Plant Physiology, 132(2), 365-371.
https://doi.org/10.1104/pp.102.018044

Prosky, L. (1999). What is fibre? Current controversies. Trends in Food Science and
Technology, 10(8), 271-275. https://doi.org/10.1016/S0924-2244(99)00059- X

Punia Bangar, S., Ashogbon, A. O., Singh, A., Chaudhary, V., & Whiteside, W. S.
(2022). Enzymatic modification of starch: A green approach for starch applications.
Carbohydrate Polymers, 287(February), 119265.
https://doi.org/10.1016/j.carbpol.2022.119265

21



Qiao, D., Xie, F., Zhang, B., Zou, W., Zhao, S., Niu, M., ... Zhu, J. (2017). A further
understanding of the multi-scale supramolecular structure and digestion rate of waxy
starch. Food Hydrocolloids, 65, 24-34.
https://doi.org/10.1016/j.foodhyd.2016.10.041

Qiu, S., Yadav, M. P., Liu, Y., Chen, H., Tatsumi, E., & Yin, L. (2014). Effects of
corn fiber gum with different molecular weights on the gelatinization behaviors of
corn and  wheat  starch. Food  Hydrocolloids, 53, 180-186.
https://doi.org/10.1016/j.foodhyd.2015.01.034

Repin, N., Cui, S. W., & Goff, H. D. (2016). Impact of dietary fibre on in vitro
digestibility of modified tapioca starch: Viscosity effect. Bioactive Carbohydrates
and Dietary Fibre, (September). https://doi.org/10.1016/j.bcdf.2016.11.002

Rodriguez, R., Jiménez, A., Fernandez-Bolafos, J., Guillén, R., & Heredia, A.
(2006). Dietary fibre from vegetable products as source of functional ingredients.
Trends in Food Science and Technology, 17(1), 3-15.
https://doi.org/10.1016/j.tifs.2005.10.002

Rostamabadi, H., Bajer, D., Demirkesen, 1., Kumar, Y., Su, C., Wang, Y., ... Falsafi,
S. R. (2023). Starch modification through its combination with other molecules:
Gums, mucilages, polyphenols and salts. Carbohydrate Polymers, 314(April).
https://doi.org/10.1016/j.carbpol.2023.120905

Rostamabadi, H., Falsafi, S. R., & Jafari, S. M. (2019). Starch-based nanocarriers as
cutting-edge natural cargos for nutraceutical delivery. Trends in Food Science and
Technology, 88(December 2018), 397-415.
https://doi.org/10.1016/j.tifs.2019.04.004

Sasaki, T., Sotome, I., & Okadome, H. (2015). In vitro starch digestibility and in vivo
glucose response of gelatinized potato starch in the presence of non-starch
polysaccharides. Starch, 67, 415-423. https://doi.org/10.1002/star.201400214

Schuchardt, J. P., Wonik, J., Bindrich, U., Heinemann, M., Kohrs, H., Schneider, 1.,

. Hahn, A. (2016). Glycemic index and microstructure analysis of a newly

22



developed fiber enriched cookie. Food & Function, 7, 464-474.
https://doi.org/10.1039/c5f001137j

Shujun, W., Wenyuan, G., Wei, J., & Peigen, X. (2006). Crystallography,
morphology and thermal properties of starches from four different medicinal plants
of Fritillaria species. Food Chemistry, 96(4), 591-596.
https://doi.org/10.1016/j.foodchem.2005.03.014

Spinozzi, F., Ferrero, C., & Perez, S. (2020). The architecture of starch blocklets
follows phyllotaxic rules. Scientific Reports, 10(1), 1-16.
https://doi.org/10.1038/s41598-020-72218-w

Srichuwong, S., Curti, D., Austin, S., King, R., Lamothe, L., & Gloria-Hernandez,
H. (2017). Physicochemical properties and starch digestibility of whole grain
sorghums, millet, quinoa and amaranth flours, as affected by starch and non-starch
constituents. Food Chemistry, 233, 1-10.
https://doi.org/10.1016/j.foodchem.2017.04.019

Sun, X., Sun, Z., Saleh, A. S. M., Zhao, K., Ge, X., Shen, H., ... Li, W. (2021).
Understanding the granule, growth ring, blocklets, crystalline and molecular
structure of normal and waxy wheat A- and B- starch granules. Food Hydrocolloids,
121(April), 107034. https://doi.org/10.1016/j.foodhyd.2021.107034

Tester, R. F., Karkalas, J., & Qi, X. (2004). Starch - Composition, fine structure and
architecture. Journal of Cereal Science, 39(2), 151-165.
https://doi.org/10.1016/j.jcs.2003.12.001

Thebaudin, J. Y., Lefebvre, A. C., Harrington, M., & Bourgeois, C. M. (1997).
Dietary fibres: Nutritional and technological interest. Trends in Food Science and
Technology, 8(2), 41-48. https://doi.org/10.1016/S0924-2244(97)01007-8

Vilpoux, O. F., & Santos Silveira Junior, J. F. (2023). Global production and use of
starch. Starchy Crops Morphology, Extraction, Properties and Applications (pp. 43—
66). https://doi.org/10.1016/b978-0-323-90058-4.00014-1

23



Wang, H., Xu, K., Ma, Y., Liang, Y., Zhang, H., & Chen, L. (2020). Impact of
ultrasonication on the aggregation structure and physicochemical characteristics of
sweet potato starch. Ultrasonics Sonochemistry, 63(August 2019).
https://doi.org/10.1016/j.ultsonch.2019.104868

Warren, F. J., Gidley, M. J., & Flanagan, B. M. (2016). Infrared spectroscopy as a
tool to characterise starch ordered structure - A joint FTIR-ATR, NMR, XRD and
DSC study. Carbohydrate Polymers, 139, 35-42.
https://doi.org/10.1016/j.carbpol.2015.11.066

Yang, Z., McClements, D. J., Xu, Z., Meng, M., Li, C., Chen, L., ... Jin, Z. (2022).
Carbohydrate-based functional ingredients derived from starch: Current status and
future prospects. Food Hydrocolloids. Elsevier Ltd.
https://doi.org/10.1016/j.foodhyd.2022.107729

Yang, Z., Chaib, S., Gu, Q., & Hemar, Y. (2017). Impact of pressure on
physicochemical properties of starch dispersions. Food Hydrocolloids, 68, 164-177.
https://doi.org/10.1016/j.foodhyd.2016.08.032

Zhang, B., Li, X., Liu, J., Xie, F., & Chen, L. (2013). Supramolecular structure of
A- and B-type granules of wheat starch. Food Hydrocolloids, 31(1), 68-73.
https://doi.org/10.1016/j.foodhyd.2012.10.006

24



CHAPTER 2

STRUCTURAL AND DIGESTIVE PROPERTIES OF WHEAT STARCH IN
THE PRESENCE AND ABSENCE OF INULIN AND CELLULOSE FIBERS
DURING COOKING

21  ABSTRACT

This study investigated the effects of short-chain and long-chain inulins and cellulose
fibers on the structural and digestive properties of wheat starch during the cooking
process. Model wheat starch systems were prepared at different dry matter-to-water
ratios (1:1, 1:2 and 1:4) with or without dietary fibers (DFs) (50:50 DF:starch).
Various analytical techniques, including differential scanning calorimetry (DSC),
X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and
scanning electron microscopy (SEM) were employed to assess the structural
changes. In vitro digestion simulations were conducted to investigate the behavior
of starch digestion in both raw and cooked (90 °C, 10 min) mixtures. The DSC
analysis revealed competition for water between short-chain and long-chain inulins
and starch, although this competition did not impact the gelatinization process during
cooking. The combined use of DSC, FTIR, and XRD provided insights into the
structural changes occurring in starch and inulin at different levels during the
hydrothermal treatment. SEM analysis showed morphological changes in starch and
inulin after the hydrothermal treatment, while cellulose remained unaffected. FTIR
results indicated an interaction between starch and both types of inulin during the
hydrothermal treatment. Cellulose fiber was not affected by the hydrothermal
treatment and did not influence the behavior of starch. The study highlighted the
importance of utilizing different analytical tools to assess changes in food samples
at various scales. Overall, it was observed that although short-chain and long-chain

inulin exhibited a higher water retention capacity and the potential to limit starch
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gelatinization, the duration of the heat treatment was sufficient to ensure complete
gelatinization. Moreover, the structural differences observed through XRD, FTIR,
and SEM analysis between starch with and without inulin fibers did not significantly
impact starch digestibility, except for the dilution effect caused by the addition of
DFs.

Keywords: Thermal processing, gelatinization, carbohydrate digestion,

supramolecular structure, molecular order

2.2 INTRODUCTION

2.2.1 Inulin

Inulin is a water-soluble polysaccharide found in several edible fruit and vegetables.
It comprises oligomeric and polymeric sequences of fructose linked by B(2,1) bonds
(Pourfarzad, Ahmadian, & Habibi-Najafi, 2018; Ye et al., 2018). It also has a chain
terminal consisting of glucosyl moieties linked by a(1,2) glycosidic linkage
(Capuano, 2016). Commercial inulin has different degrees of polymerization (DP),
and inulin can be in a crystalline or amorphous phase (Romano, Araujo-Andrade,
Lecot, Mobili, & GAOmez-Zavaglia, 2018). An amorphous state increased upon

processing inulin using different techniques (Saavedra-Leos et al., 2014).

Inulin has been linked to many health benefits since it is a prebiotic substance that
ferments in the colon and supports the growth of health-promoting bacteria there
(Aravind, Sissons, Fellows, Blazek, & Gilbert, 2012; Kiumarsi et al., 2019). It was
also reported to reduce the cholesterol level in the blood (Kiumarsi et al., 2019).
Although inulin is thought to affect blood glucose levels, it is unclear whether it has
an increasing or decreasing effect since several studies have shown contradicting
results (Schuchardt et al., 2016). Due to its potential health benefits, inulin can fortify

food products. Several studies used it for fortification of bread, pasta, and extruded
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snacks (Foschia, Peressini, Sensidoni, Brennan, & Brennan, 2015; Kiumarsi et al.,
2019; Peressini, Foschia, Tubaro, & Sensidoni, 2015).

222 Cellulose

Cellulose is a water-insoluble dietary fiber found in sea mosses, plants, and some
bacteria, which produce cellulose, and it makes the cell walls of those organisms
along with hemicellulose and lignin (Hemmati, Jafari, & Taheri, 2019). It is a linear
homopolymer whose monomeric units are [-D-glucopyranosyl and are linked
through B(1,4) glycosidic linkage. Partially crystalline cellulose is embedded in the
amorphous region of hemicellulose and lignin (Hemmati et al., 2019; Ventura-Cruz
& Tecante, 2019). The native form of cellulose is insoluble in water. The modified
forms of cellulose, methylcellulose, carboxymethyl cellulose, and microcrystalline
cellulose, which are water-soluble, are incorporated into food systems since they
affect some physical properties such as water mobility and stability (Xiong, Li, Shi,
& Ye, 2017). Although cellulose in its natural form is not generally used as a food
additive, it is abundant in many plant-based foods, and thus, it may exist in many

food systems composed of starch.

2.3 OBJECTIVES

This study aimed to investigate the changes in starch structure and digestibility that
occur after hydrothermal processes in the presence and absence of soluble (inulin)

and insoluble (cellulose) fibers.

24  MATERIALS AND METHODS

Model food systems of wheat starch enriched with inulin and cellulose fibers were
analyzed regarding their structural and digestion properties. Model wheat starch

systems with or without dietary fibers (short-chain inulin, long-chain inulin, and
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cellulose) were prepared at various water concentrations. Differential scanning
calorimetry (DSC), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and scanning electron microscopy (SEM) analyses were
performed to detect structural changes, and in vitro digestion simulations were
carried out to investigate starch digestion behavior in raw and cooked mixtures to
understand the structural and nutri-functional changes at different levels.

24.1 Materials

Materials that were used in the experiments are listed below:
Wheat starch: Commercial wheat starch (Tito, Smart Kimya, izmir, Turkey).

Soluble dietary fiber (inulin): Long-chain inulin: Orafti®HPX or Short-chain
inulin: Orafti®GR (BENEO GmbH, Mannheim, Germany).

Insoluble dietary fiber (cellulose): Cellulose, Jelucel®PF300 (JELU-WERK J.
Ehrler GmbH & Co. KG, Rosenberg, Germany).

2.4.2 Sample Preparation

Samples were prepared according to the experimental design given in Table 2.1. Raw
samples: Starch and DF mixtures were prepared as 50 % starch and 50 % DF on dry
basis. Then, the required amount of distilled water was added to the mixtures to
obtain 1:1, 1:2, and 1:4 (g:mL) dry matter-to-water ratios. The native starch and DF

samples were prepared similarly, using the same water ratios.

Heat-processed samples: Samples containing 30 g dry matter, prepared at room
temperature, were taken into sealable 8x10 cm polypropylene bags. The bags were
placed horizontally between two aluminum plates and cooked in a water bath at
90 °C for 10 min. After cooling for about 30 min at room temperature, they were

frozen at -80 °C for one day before being freeze-dried for 24+1 hours at around
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0.03 mbar in a freeze drier (Alpha 2—4 LD plus, Christ, Germany). Dried samples
were finely ground and passed through a sieve (1 mm, Fritsch) for further analysis.

Table 2.1 Experimental design parameters of the model systems.

Factors Levels

Dietary fiber (DF) type  Short-chain Inulin  Long-chain Inulin  Cellulose

DF concentration

(%, dry basis) 0 (Control) 50
Dry matter : water ratio Low Medium High
(g:mL) (1:1) (1:2) (1:4)

2.4.3 Differential Scanning Calorimetry (DSC)

Thermal properties of wheat starch with and without DFs were investigated with a
differential scanning calorimeter (DSC 4000, Perkin Elmer, Massachusetts, USA).
Table 2.1 was used to prepare the samples. Then, samples containing around 5 mg
dry matter were placed into aluminum pans and equilibrated at room temperature
(~24 °C) for at least 3 hours. The scanning process was executed between 30 °C and
110 °C at a heating rate of 10 °C/min (Bao, Cai, & Corke, 2001).

2.4.4 X-ray Diffraction (XRD)

X-ray diffraction (XRD) analyses were conducted according to the method
described by Chen, Ren, Zhang, Tong, & Rashed (2015) with some modifications.
The diffractograms were obtained by an X-ray diffractometer (Ultima-1V, Rigaku,
Tokyo, Japan) at 40 kV and 30 mA. Diffractograms of raw and powdered cooked

samples were obtained at 1 °/min scanning rate between 4° and 40° (20). The
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measurements were conducted in three replicates. All diffractograms were plotted
with Origin software (OriginPro 2023, OriginLab, USA) using the diffraction angle,
26, versus intensity data transferred from the X-ray diffractometer, and all data sets
were normalized between 0-1. For each sample, a representative diffractogram was
drawn for qualitative analysis using the average of the intensity values from three
replicates corresponding to each angle 20. For quantitative analysis, two-phase and
crystal-defect methods were used.

Crystallinity Calculation by Two-phase Method: The two-phase approach
described by Nara (1978) and Sterling (1960), as cited in Lopez-Rubio et al. 2008,
states that a baseline (amorphous baseline) cutting the upper portion of crystal peaks
separates the crystalline and amorphous regions of XRD diffractogram. To
determine the amorphous baseline, Origin software (OriginPro 2023, OriginLab,
USA) was used, as shown in Figure 2.1-A. The total area between the XRD plot and
amorphous baseline, crystalline area (Ac), and the area under amorphous baseline,
amorphous area (Aa), were calculated using the same software. Relative crystallinity

by two-phase approach RC+p was calculated according to the formula given below:

A %100 Equation 2-1
ActAp

RCTP % =

Crystallinity Calculation by Crystal-defect Method: The crystal-defect method
suggests that crystallites are spread in the amorphous domain contributing to the so-
called amorphous background detected by X-ray scattering (Lopez-Rubio et al.,
2008). It is based on fitting the obtained diffractograms into the Gaussian function
to determine the peak parameters: peak center, peak area, and
full-width-at-half-maximum. The diffractograms were fitted into the Gaussian
function using Origin software (OriginPro 2023, OriginLab, USA) for each sample,
as shown in Figure 2.1-B. The Levenberg-Marquardt algorithm was used to find the
final coefficient values that minimize chi-square. The iterative fitting procedure
terminated when the chi-square value decreased by less than 0.00001 between two

successive iterations. The relative crystallinity (RC) by crystal-defect method
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(RCcp) was calculated using the sum of the areas of the fitted peaks (Arp) and the
area of the amorphous halo (Aaw) according to the formula given below:

RCCD % = Are

x100 Equation 2-2

FPtAAH

A

Crystalline

Intensity (AU)

Amorphous
_+ Halo

Intensity (AU)

5 10 15 20 25 30 35 40 45
20 (%)

Figure 2.1. Representation of the areas and fitted peaks used in the calculation of

crystallinity using (A) two-phase method, (B) crystal-defect method.

2.4.5 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) analyses with some modifications

were performed based on the methods described elsewhere (Ji, Liu, Li, Sun, &
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Xiong, 2018). Raw and cooked samples were scanned between the wavelengths
4000 cm™ and 600 cm™, at 4cm? resolutions, with 256 scans by an FTIR
spectrometer (IR-Affinityl, Shimadzu, Kyoto, Japan) in an attenuated total
reflectance (ATR) mode using a diamond ATR crystal. FTIR-ATR spectra of the
samples were plotted using Origin software (OriginPro 2023, OriginLab, USA). The
analyses were conducted out in three replicates. The spectrum of each sample was
plotted using the wavelength vs. intensity data, and all data sets were normalized
between 0-1. For each sample, a representative spectrum was drawn by averaging
the three intensity values (replicates) corresponding to each wavelength value.

2.4.6 Scanning Electron Microscopy (SEM)

The SEM images were taken by 400F Field Emission instrument (QUANTA,
Holland) at METU Central Laboratory as described elsewhere (Caltinoglu, Tonyals,
& Sensoy, 2013). Samples were placed on spots and covered by 6 nm Au-Pd before

they were scanned at an acceleration rate of 20 kV.

2.4.7 In vitro Starch Digestion

Digestion analyses of the model systems were conducted according to Englyst et al.
(2018), with some modifications described below. Total glucose (TG) determination

was based on Englyst, Hudson, & Englyst (2000).

2.4.7.1  Preparation of Enzyme Solutions

2.4.7.1.1 Enzyme Solution 1 (ES1)

0.6 g of guar (Sigma-Aldrich, G4129) was wetted with 1 mL ethanol and dissolved
in 120 mL of 0.05 M HCI. The addition of pepsin was skipped because the samples

used contained no protein.
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2.4.7.1.2 Enzyme Solution 2 (ES2)

In three 50-ml tubes, 3 g of pancreatin (8xUSP from porcine pancreas, Sigma
Aldrich P-7545) was weighed and mixed with 20 mL of CaCl,. A magnetic bar was
placed in each tube, and then the tubes were mixed by magnetic stirring for 10 min
and occasionally vortex-mixed. The tubes were centrifuged at 1500xg for 10 min at
room temperature (~24 °C). From each tube, 17 mL supernatant was transferred to a
beaker and mixed to have 51 mL of solution. Four mL of amyloglucosidase
(>260 U/ml, Sigma Aldrich A7095) and 2 mL of invertase (Fisher Scientific
10684722) were added to the combined solution. The final solution was mixed by

using a magnetic stirrer. This solution was used within 1 hour after it was prepared.

2.4.7.2  Carbohydrate Hydrolysis

Heat-processed samples were analyzed soon after thermal processing and cooling at
room temperature for 30 min. In 50-mL tubes, samples containing about 500 mg of
available carbohydrates were weighed. Five mL of saturated benzoic acid solution
was added to wet the samples. Ten ml ES1 was added to each tube and incubated at
37 °C for 30 min. After the incubation with ES1, five mL of sodium acetate buffer
(0.5 M) was added to all tubes. The pH value of the blank tube was checked, and
assured that it varied between 5.2-5.35. Five glass balls were added to each tube to
provide mechanical disruption, and 5-mL ES2 was added. After adding the ES2, each
tube was immediately capped, and the content was mixed. This time was recorded
as Oth min. Then the tubes were placed horizontally in a shaking water bath (JSSB-
30 T, JSR, Gongju-City, Korea) parallel to the direction of movement. 0.2 mL
sample was transferred from each tube into 8 mL methanol at the 20" and 120" min
to determine the hydrolysis extent. Glucose contents in the tubes were determined
by a glucose oxidase-peroxidase assay kit (GOPOD, K-GLUC, Megazyme

International Ireland Ltd., Bray, Ireland).
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24.7.3 Determination of Total Glucose

After the carbohydrate digestion procedure, the tubes were vortex-mixed to
homogenize and placed in a boiling water bath for 30 min. At the end of 30 min, the
tubes were vortex-mixed and placed in an ice-water bath. In each tube, 10 mL KOH
solution (7 M) was added, mixed by shaking, and placed in a shaking ice-water bath
parallel to the direction of movement for 30 min. Then, 1 mL of sample was taken
from each tube and mixed with 10 mL acetic acid solution (0.5 M, plus four mL/L
of 1M CaCl; solution). 0.2 mL of previously diluted amyloglucosidase (Sigma
Aldrich A7095) solution (1 mL: 7 mL) was added to each tube. The tubes were
vortex-mixed and placed in a 70 °C water bath for 30 min. At the end of the 30" min.,
tubes were let to cool to room temperature and completed to 50 mL by distilled
water. The content of the tubes was directly analyzed by a glucose oxidase-
peroxidase assay kit (GOPOD, K-GLUC, Megazyme International Ireland Ltd.,
Bray, Ireland).

24.7.4 Determination of Free Glucose

Samples containing ~500 mg of available carbohydrates were weighed into 50 mL
tubes. 5 mL of saturated benzoic acid solution was added to wet the samples. 20 mL
water and 0.25 mL 1 M sodium acetate were added. The dispersed sample was vortex
mixed, and the tubes were placed in a boiling water bath for 30 min. The tubes were
taken from the water bath, vortex mixed, and cooled down. At 37 °C, 0.2 mL
invertase (Fisher Scientific 10684722) was added to each tube and placed in a
shaking water bath at 37 °C for 30 min. In the end, tubes were vortex mixed, and
1 mL sample from each tube was mixed with 2 mL methanol. Glucose contents in
the tubes were determined by a glucose oxidase-peroxidase assay kit (GOPOD, K-

GLUC, Megazyme International Ireland Ltd., Bray, Ireland).
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24.75 Calculation of Starch Fractions

Total starch was calculated as:
TS (g) =(TG-FG) x 0.9

Digestion fractions were expressed as rapidly digestible starch (RDS), slowly
digestible starch (SDS), and undigestible starch (US) as presented below:

RDS (g) = (G20-FG) x 0.9

SDS (g) = (G120-G20) x 0.9

US (g) = (TG-G120) x 0.9

where

FG: g free glucose

G20: g glucose released at 20" min
G120: g glucose released at 120" min
TG: g total glucose.

The results were expressed as percentage of rapidly digestible starch (% RDS),
slowly digestible starch (% SDS), and undigestible starch (% US) based on the
weight of the dry sample (SW) and the total starch measured (TS). In the
calculations, where digestion fractions were expressed relative to TS in the sample,

TS rather than SW were used in the following formulas:
% RDS in SW=(RDS/SW)x100

% SDS in SW = (SDS/SW)x100

% US in SW = (US/SW)x100

where SW is g dry sample weight, and TS is g total starch in the sample.
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2.4.8 Statistical Analysis

One-way ANOVA followed by Tukey’s post-hoc tests was performed to determine
the statistical difference between means when the normal distribution and
homogeneity of variance assumptions were met. In the case of a violation of variance
homogeneity, ANOVA was followed by Dunnet’s T3 test. In the case of a violation
of normality, the Kruskal Wallis test (followed by non-parametric ANOV A multiple
comparison tests) was used. The significance level was 0.05 for all the tests. SPSS
(IBM SPSS Statistics, Chicago, IL, USA) software was used for the analysis.

2.5 RESULTS AND DISCUSSION

25.1 Changes in Thermal Transition Properties

Thermal transition parameters of wheat starch with and without the dietary fibers
(DFs) at the predetermined water contents were summarized in Table 2.2. The
enthalpy data was presented in two formats to also demonstrate the impact of dilution
on enthalpy values. Due to the restricted water content, the gelatinization enthalpy
utilized by wheat starch at the lowest water concentration (1:1) was low. At the same
water ratio (1:1), no transition peak was seen for the short-chain inulin (inulinSC)
and long-chain inulin (inulinLC)-added starch samples. Both inulin and starch have
a high affinity to water molecules, so there was a competition for water between
inulin and starch (Krystyjan, Ciesielski, Khachatryan, Sikora, & Tomasik, 2015). On
the other hand, cellulose-added samples revealed comparable transition enthalpy
values, 1.97+0.51 J per g starch (Table 2.2). This indicated that added cellulose did
not compete for water with starch. The enthalpy value, 0.99+0.26 J per g sample,
revealed the dilution and further confirmed no competition since one-half of the

sample was diluted by cellulose (Table 2.2).
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At higher water ratios (1:2 and 1:4), only the inulinLC-added samples showed lower
transition enthalpies (J/g starch) compared to starch samples, but inulinSC-added
samples did not (Table 2.2). InulinSC showed a transition peak around starch
gelatinization temperature at 1:2 and 1:4 water ratios in DSC thermograms (data not
shown). Hence, at these high-water ratios, calculated transition enthalpies
(J/g starch) for the starch inulinSC mixtures could reflect the energy used for both
inulinSC and starch transitions, masking the limiting effect on gelatinization. Hence,
it could be stated that inulinSC and inulinLC inhibited the gelatinization at low (1:1)
water concentrations and limited the gelatinization to some degree at higher water
concentrations by limiting the absorption of water by starch molecules. The increase
in gelatinization peak temperatures at 1:2 and 1:4 water ratios for inulinSC and
inulinLC-added samples indicates the delay in gelatinization caused by the soluble
DFs. On the other hand, cellulose, as a water-insoluble DF, did not significantly

affect the thermal properties of wheat starch (Table 2.2).

Wheat starch samples with or without DFs were expected to be gelatinized entirely
after being heated at 90 °C for 10 min at the studied water ratios (1:1, 1:2, and 1:4).
DSC observations of cooked samples (90 °C, 10 min) at the lowest (1:1) water ratio
confirmed these expectations. There was no peak around the gelatinization
temperature on the thermograms for the cooked starch with or without DFs (data not

shown), demonstrating that wheat starch was completely gelatinized after heating.

2.5.2 Changes in Nanostructure and Crystallinity by X-ray Diffraction (XRD)

Figure 2.2 presents the X-ray diffraction (XRD) patterns of raw and cooked wheat
starch with and without DFs, while Figure 2.3 displays the XRD patterns of raw and
cooked DFs. These figures allow for the assessment of structural changes resulting
from interactions between wheat starch and DFs, without the interference of DF self-

interactions.

Wheat starch showed an XRD pattern with a main unresolved diffraction doublet at
around 17°-18° and single peaks at around 15° 20°, and 23° (Figure 2.2-A). This

pattern was attributed to the typical A-type crystalline structure of starch (Aravind,
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Sissons, Fellows, et al., 2012; Karwasra et al., 2017). Previous studies suggested that
the peak at around 20° is a VV-characteristic peak of endogenous starch- (amylose-)
lipid complex (Guo et al., 2018; Li, Zhang, Xie, & Chen, 2019; Wang et al., 2017,
Yang et al., 2019; Zhang et al., 2013). Diffraction peaks of wheat starch disappeared
after cooking, except for some residual peaks observed in the samples cooked at the
lowest water ratio (1:1), indicating the presence of some residual crystallinity Figure
2.2-A). Interestingly, despite differential scanning calorimetry (DSC) analysis
showed complete starch gelatinization after cooking (90 °C, 10 min), residual
crystallinity was still evident in XRD diffractograms of the wheat starch samples

cooked at the low water ratio (1:1).

The XRD diffractogram of the raw starch-inulinSC mixture showed the typical peaks
of the A-type starch crystalline structure above the signals of the inulinSC, but not
as clearly defined peaks as seen for the raw starch (Figure 2.2-B). This is because
the amorphous pattern of the inulinSC hindered the crystalline pattern of wheat
starch. As depicted in the Figure 2.2-B and Figure 2.3-A, the XRD pattern of raw
inulinSC alone showed a broad, amorphous pattern with a peak at around 20°, as
previously reported in the literature (Aravind, Sissons, Fellows, et al., 2012). After
hydrothermal treatment, the XRD pattern of the starch-inulinSC mixture changed.
Some peaks belonging to starch disappeared indicating the gelatinization of starch,
while new diffraction peaks at around 8°, 12° between 16°-17°, 18°, 22° and 24°
appeared especially at the 1:1 water ratio (Figure 2.2-B). These newly formed peaks
were also observed in the pure inulinSC after cooking at low water ratios (Figure
2.3-A). The XRD pattern of inulinSC cooked at 1:1 water ratio showed diffraction
peaks at around 8°, 12°, between 16° & 17°, 18°, 19°, 22°, 24°, 26°, 27°, 28°,
between 30° & 31°, 32°, 34°, and 38° (Figure 2.3-A).

The XRD pattern of inulinSC cooked at 1:1 ratio resembled that of raw pure
inulinLC (Figure 2.3-B), indicating that the newly formed crystalline structures were
a result of aggregation of inulinSC molecules. Similar observations of new
diffraction peaks in pasta samples fortified with inulin were previously reported

(Aravind, Sissons, Fellows, et al., 2012). The intensities of the newly formed peaks
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in the starch-inulinSC mixture cooked (1:1 water ratio) decreased or disappeared
entirely with increasing water concentration (Figure 2.2-B). The formation of the
crsytalline structure in pure inulinSC was minimal at the highest cooking water ratio
(2:4), where the inulinSC molecules were almost completely solubilized (Figure 2.3-
A).

Raw inulin with a higher degree of polymerization (DP) was stated to show
crystalline diffraction peaks (Aravind, Sissons, Fellows, et al., 2012). As DP
increases, the semi-crystalline structure of inulin becomes predominant (Ronkart et
al., 2007). Various types of inulin samples had shown different XRD patterns with
peaks at around 17°, 29°, 40° and 13°, 17°, 20°, 22°, 23°, indicative of the crystalline
structure (Apolinario et al., 2017; Aravind, Sissons, Fellows, et al., 2012). The XRD
pattern of inulinLC displayed a semi-crystalline pattern (Figure 2.3). There were
distinct peaks at around 8°, 12°, 16°, between 17°-18°, 19 °, 21°, and 24° with several
other small peaks. The raw starch-inulinLC mixtures displayed a combination of raw
starch and raw inulinLC XRD patterns, with the starch peaks mostly obscured by the
inulinLC signals (Figure 2.2-C). After hydrothermal treatment, the relative
intensities of the peaks decreased as the water ratio increased, where the pattern was
still visible at the highest water ratio (1:4). The slightly visible peak (15°) belonging
to A-type starch disappeared after the hydrothermal treatment, while the crystal
regions attributed to inulinLC also decreased in intensity with increasing water
concentration, indicating a transition towards a more amorphous structure (Figure
2.2-C). Similar observations were made for pure inulinLC samples cooked at the

same water ratios (Figure 2.3-B).

The raw starch-cellulose mixture exhibited peaks of cellulose and the typical A-type
polymorph patterns together (Figure 2.3-D). Raw, pure cellulose showed three
prominent diffraction peaks at around 16°, 22°, and 34° (Figure 2.3-D and C). The
peaks were assigned as the characteristic peaks of lignocellulosic materials, which
were previously determined at 15.4°, 22.7°, and 34.5° by El Halal et al. (2015). The
starch peaks were mostly hidden behind the cellulose responses (Figure 2.2-D). After

heat treatment, the slightly visible starch peaks were lost due to starch gelatinization,
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while no observable change in the cellulose structure was observed. This lack of
change in the cellulose nanostructure was consistent when pure cellulose samples

were cooked at the same water ratios (Figure 2.3-C).

The calculated relative crystallinity (RC) values for the samples were presented in
Table 2.3, using two methods: the two-phase and crystal-defect approaches. These
values represented the combined crystallinity of both the starch and the added DFs
in the raw starch-DF mixtures (Table 2.3 and Figure 2.2).

The RC values of the starch samples, as determined by both methods, decreased after
cooking (Table 2.3). However, despite the presence of a few small peaks in the XRD
diffractograms for the samples cooked at a water ratio of 1:1 (Figure 2.2), neither
calculation method indicated a statistically significant difference in the RC of the
starch samples due to the difference in water ratio.

The RC values of the raw starch-inulinSC mixture were lower (24.13+0.61,
22.20+1.12) than that of pure starch (37.15+2.95, 34.04+2.88), as determined by both
the two-phase and crystal-defect methods, respectively. This difference in
crystallinity could be attributed to the amorphous structure of inulinSC. The
crystal-defect method did not reveal any change in the RC values of starch-inulinSC
mixtures after cooking. However, according to the two-phase method, the
crystallinity of the mixture cooked at a water ratio of 1:1 was higher compared to
both the raw mixture and the mixtures cooked at higher water ratios (Table 2.3). In
these samples, while the starch lost its crystalline structure and gelatinized during
cooking, the inulinSC component formed aggregates, which were observed as new
crystalline peaks in the diffractograms, especially at the low water ratio of 1:1
(Figure 2.2-B).
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Table 2.3 Relative crystallinity (RC) values of the samples calculated by two
approaches using XRD diffractograms: the two-phase method & crystal-defect

method.
Dry matter : Water RCtr %0 RCcp %
(gr:mL) Two-phase Crystal-defect
- 37.15+2.95% 34.04+2.882
Starch 1:1 17.73+1.03° 22.93+1.04°
1:2 17.93+1.06" 19.26+0.89°
1:4 18.87+0.66" 19.90+2.45P
- 24.13+0.61° 22.20+1.122
. 1:1 27.51+1.042 23.42+6.062
Starch-InulinSC 1:2 22.87+1.48°  21.08+2.25°
1:4 22.42+0.76° 20.94+3.46°
- 38.7711.621 43.9713.642
. 1:1 31.99+0.372 25.45+0.86
Starch-InulinL.C 1:2 27.76+2.19%  23.16+1.79
1:4 24.99+0.38° 19.68+0.77¢
- 35.65+1.752 34.46+0.532
Starch-Cellulose 1:1 31.30+0.88° 37.25+2.382
1:2 32.45+0.74%® 38.76+2.50?
1:4 32.63+1.90% 38.26+1.80?

Results are mean + SD (n=3). Significantly different values in the same box for each
DF by different letters (a, b, ¢) (p<0.05).

The RC of the starch-inulinLC mixture, as determined by both methods, decreased
after cooking (Table 2.3). The diffractograms revealed that after the heat treatment
intensity of crystalline peaks of starch-inulinLC mixture decreased with increasing

water ratio.

The RC values of the starch-cellulose mixtures obtained from the two approaches
showed different results. The two-phase method indicated a decrease in RC after
cooking at a water ratio of 1:1, whereas the crystal-defect method did not reveal any
significant change in RC after cooking (Table 2.3). XRD diffractograms of the
starch-cellulose mixtures revealed a small difference between the raw and the

mixture cooked at 1:1 water ratio.

44



The divergent RC values obtained by the two methods highlight the differences in
their assumptions and calculation sensitivities (Table 2.3). The two-phase method
assumes the presence of two distinct phases, crystalline and amorphous, not
considering the intermediate crystals in the samples (Ahmed et al., 2022; Ma &
Boye, 2018). However, this assumption is often invalid for polymeric structures like
starch and complex or multicomponent food systems. In the case of starch-DF
mixtures, overlapping diffraction peaks from different phases could have introduced
inaccuracies in the results obtained using this method. The crystal-defect method, on
the other hand, assumes ideal crystal structures in the samples, which may result in
reduced accuracy when determining the crystallinity in samples like starch that
possess semi-crystalline structure. The crystalline regions of starch are not perfectly
ordered or uniform, and they coexist with amorphous regions. This could result in
reduced accuracy because the low-quality intermediate crystals represented by the

fitted peaks are considered perfect crystalline structures in RC calculations.

2.5.3 Changes in the Molecular Orders in Starch Measured by Fourier

Transform Infrared Spectroscopy (FTIR)

The observed characteristic IR bands of raw starch and corresponding band
assignments reported in the literature were summarized in Table 2.4. Among these
bands, 860 cm™, 929-930 cm™, 1076 cm?, 1105 cm™?, 1124 cm™ and 1149 cm™ did
not show dramatic changes after hydrothermal treatment of pure starch at all water
ratios (Figure 2.4-A). We can conclude that the modes (see Table 2.4) related to those
IR bands did not change or were slightly affected by the hydrothermal treatment.
Upon hydrothermal treatment of the starch, the most dramatic changes observed
were the decreased relative intensity of the band at 997 cm™ and the increased
relative intensity of the band at 1016 cm™ (Figure 2.4-A). These changes were
previously reported as an indication of a change in the ordered structure and an
increase in the amorphous portion (Deeyai et al., 2013; Warren et al., 2016). The

decrease of the band at 997 cm™ is related to the loss of intramolecular hydrogen

45



bonds between hydroxyl groups at the C-6 position or the loss of the structure of
branched chains formed by hydrogen bonds at the positions of C-6 and C-1 in
amylopectin (Li et al., 2020). Hence, the band change at 997 cm™ is accepted as the
change in the short-range order of the double helix (Su et al., 2020). The intensity
decrease of the band at 997 cm™ and the increasing intensity of the band at
1016 cm™ indicate the increase in the amorphous starch portion (Deeyai et al., 2013).
Therefore, we can conclude that as the band around 1016 cm™ intensified, the region
belonging to the amorphous structure increased (Table 2.4). The band at 1043 cm™
is sensitive to the crystalline structure of starch (Table 2.4). This band became non-
detectable upon hydrothermal processing, showing the loss of ordered structure
(Figure 2.4-B). In this study, after hydrothermal treatment of pure starch, the
intensity of the bands at 997 cm™ and 1043 cm™ decreased, and the intensity of the
band 1016 cm™ increased, showing that the short-range order of the pure starch

decreased.

For raw inulinSC, observed IR bands were 821 cm™, 867 cm?, 931 cm?, 989 cm,
1020 cm?, 1058 cm™ (a shoulder), a hump around 1103 cm™ and 1110 cm™?, and a
shoulder at 1161 cm™ (Figure 2.4-B). For the uncooked starch-inulinSC mixture, the
bands at 860 cm™, 929 cm™, 997 cm?, 1012 cm™?, 1043 cm™ (a shoulder), 1076 cm™?,
1103 cm?, and 1147 cm™ were observed (Figure 2.4-B). Those bands are a mix of
bands from starch and inulinSC, with some bands hiding and others shifting due to
interaction. For raw inulinLC, observed IR bands were 817 cm?, 873 cm?, 933 cm?,
985 cm™, and 1026 cm™, with a hump around 1103 cm? and 1110 cm? and a
shoulder at 1161 cm™ (Figure 2.4-C). For the raw starch-inulinLC mixture, the bands
at 860 cm™, 931 cm?, 997 cm?, 1014 cm?, 1043 cm™ (a shoulder), 1076 cm™, and
1147 cm™ were observed (Figure 2.4-C). Similarly, those bands are a blend of bands
from starch and inulinLC, with some bonds hiding and others shifting due to

interaction.
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Table 2.4 Band assignments for infrared spectra of starch: The observed IR bands

and corresponding band assignments given in the literature.

1150

molecules that possibly interact with
other components through hydrogen
bonding

*Coupling of C-0O, C-C, and O-H bond
stretching, bending, and asymmetric
stretching of the C-O-C glycosidic
bridge

Observed | Corresponding | Band assignment Reference
IR Band IR band in the
(1/cm) literature 1/cm)
860 860 *CH2, CH bending and deformations (Karwasra et al.,
*C-0-C symmetrical stretching 2017; Ma & Boye,
2018)
929-930 Between 928- *skeletal mode vibrations of a-1,4 (Kizil, lIrudayaraj,
930 glycosidic linkages (C-O-C) & Seetharaman,
2002)
997 Between 994- *intramolecular hydrogen bonding of (Capron, Robert,
1000 the hydroxyl groups at C-6 Colonna, Brogly, &
*C-0-H bending vibrations and CH2- Planchot, 2007; Ma
related modes & Boye, 2018; Xie,
*molecular order and crystallinity Li, Chen, & Zhang,
region of starch polymers 2019; Zhang et al.,
*water-sensitive and related to 2013)
intramolecular hydrogen bonding of
hydroxyl groups
1016 Between 1016- | *Indication of amorphous structure (Deeyai et al.,
1022 *Characteristic disorder phase 2013; Karwasra et
*C-0 bond stretch of C-O-C in starch al., 2017; Ma &
*Vibration of C-H Boye, 2018; Shujun
*C-0-H bending vibrations et al., 2006)
1043 Between 1043- | *The valley in this region shows the (Capron et al.,
1047 characteristic of short-range order. 2007; Deeyai et al.,
*Indication of molecular order and 2013; Ma & Boye,
crystalline structure of starch polymers | 2018; Warren et al.,
*C-0-H bending modes in linter and 2016)
granular starch samples
*CH2-related modes
1076 1080 *1080 - the coupling of C-O, C-C,and | (Hu, Li, & Zheng,
O-H bond stretching, bending, and 2019; L6pez-Baron
asymmetric stretching of the C-O-C etal, 2018; Ma &
glycosidic bridge Boye, 2018)
*Vibration of C-O-H bending
*Characteristic peaks of starch
molecules that possibly interact with
other components through hydrogen
bonding.
1105, 1124 | 1105 & 1125 *C-0, C-C stretching with some C-OH | (Ma & Boye, 2018)
contributions
1149 Between 1148- | *Characteristic peaks of starch (Lbpez-Baron et al.,

2018; Ma & Boye,
2018)

47




Following the hydrothermal treatment, the bands at 997 cm™ for both inulinSC- and
inulinLC-added mixtures shifted slightly to the right, while the bands at 1012 cm™
for starch- inulinSC and 1014 cm™ for starch- inulinLC mixtures shifted slightly to
the left, showing some interaction between starch and the inulin fibers (Figure 2.4-
B&C). The shoulder at 1043 cm™ in the raw mixtures became invisible, similar to
pure starch samples, showing loss of starch crystallinity. The bands at 821 cm™ and
817 cm* belonging to inulins become visible. The band at 1076 cm™ belonging to
starch did not change. The small band at 1103 cm™ related to starch and inulins
became invisible after hydrothermal treatment for all water levels. This was also
observed for the starch without fiber. This band shows C-O and C-C stretching with
some C-O-H contributions (van Soest, Tournois, de Wit, & Vliegenthart, 1995), and
the band loss shows a change in the modes related to starch structure. Another change
that occurred in both starch-inulin mixtures after the hydrothermal treatment was the
change of the band at 1147-1149 cm, which was a visible peak in raw mixtures and
turned into a shoulder after hydrothermal treatment (Figure 2.4 B&C). This band
remained the same after hydrothermal treatment of starch without DF (Figure 2.4 B).
The band characterizes the coupling of C-O, C-C, and O-H bond stretching, bending,
and asymmetric stretching of the C-O-C glycosidic bridge in starch and is related to
the interaction of starch with other components through hydrogen bonding (Lopez-
Baron et al., 2018; Ma & Boye, 2018). The change of this band in starch-inulin
systems showed that inulin addition led to a change in those modes after
hydrothermal treatment. Both inulinSC and inulinLC had similar short-range order

with starch and showed similar interactions with wheat starch.
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Figure 2.4. FTIR-ATR spectra of raw and cooked samples (Left: Between
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The raw cellulose showed IR bands at 896 cm™, 964 cm™ (a shoulder), 987 (valley),
1029 cm?, 1049 cm, 1103 cm? (valley), and 1161 cm™ (Figure 2.4 D). For the raw
starch-cellulose mixture, the bands at 860 cm®, 896 cm™, 999 cm?, 1016 cm™,
1047 cm? (shoulder), 1076 cm?, 1103 cm?, and 1153 cm?® were observed,
indicating a combination of bands coming from both starch and cellulose with some
bonds shifted due to interaction (Figure 2.4 D). The reduction of the relative intensity
at the 1047 cm™ band position for the mixtures heated at low water ratios and the
disappearance of the band for the samples heated at higher water ratios showed the
loss of crystalline structure with increasing water content. But most of the changes
due to the gelatinization of starch were not visible due to the interference of bands

originating from cellulose.

FTIR analysis showed that starch gelatinization led to the loss of short-range order
for both starch with or without DFs. Investigation of the peaks for pure and mixed
samples before and after the treatment showed that even though wheat starch was
completely gelatinized after the hydrothermal treatment, the starch showed some
interaction with both types of inulins and did not show much interaction with

cellulose fiber.

2.5.4 Morphological Changes Observed by Scanning Electron Microscopy

Images of the wheat starch and DFs before and after the hydrothermal treatment
showed that during the hydrothermal treatment, starch and inulin fibers went through
a transition while cellulose stayed unchanged (Figure 2.5-A, B, C). Inulins were
completely degraded upon hydrothermal treatment. Cellulose structure remained

unchanged at all water levels (Figure 2.5-D).
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When the wheat starch-DF mixtures were heated, the interaction of inulinLS and
inulinLC with gelatinized starch could be seen (Figure 2.5-E&F). Comparing the
images of starch with and without DF showed that the morphologies of the heat-
treated starch-inulinSC (Figure 2.5-E) and starch-inulinLC (Figure 2.5-F) mixtures
were different from the heat-treated pure starch (Figure 2.5-A) and starch - cellulose
mixtures (Figure 2.5-G) for each water level. The smooth and large pores of
gelatinized starch could be seen in the cellulose-added blends distinctly but not in
starch-inulinSC and starch-inulinLC mixtures (Figure 2.5-E, F, G) since both inulins
have undergone a change similar to starch gelatinization. During the heating process,
inulin and starch structures were destructed together and formed an integrated

structure.

2.5.5 Changes in In vitro Starch Digestion Behavior

The results were presented in two forms to examine the impact of dilution on the
digestion fractions: In the first form, the digested fractions were expressed as a
percentage of the total dry sample weight (SW), while in the second form, the
fractions were expressed as a percentage of the total measured starch (TS) in the
samples. The findings revealed that the cooking increased the rapidly digestible
starch (RDS) fractions and decreased the slowly digestible starch (SDS) fractions in

all wheat starch samples, regardless of the presence of DFs (Table 2.5).

The addition of DFs to wheat starch led to a reduction in the measured percentage of
RDS in the total dry samples, both for cooked and raw samples, as shown in Table
2.5. However, when the digestion fractions were normalized and presented as a
percentage of TS in the samples, the data indicated that adding DFs to wheat starch
did not result in any significant differences in the RDS, SDS, or undigestible starch
(US) fractions. The effect of dilution was considerable, especially at this level of DF
addition. However, when the data were normalized, it was observed that the addition
of inulinSC and inulinLC or cellulose did not cause any significant changes in the

digestion fractions of wheat starch (Table 2.5).
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There were many in vitro and in vivo studies reporting the effect of soluble and
insoluble fibers like inulin and cellulose fibers on the starch digestibility of products
such as breakfast cereals and pasta (Aravind, Sissons, Egan, & Fellows, 2012; Atac
& Sensoy, 2022; Bilgic & Sensoy, 2022; Ferreira, Capriles, & Conti-Silva, 2021,
Foschia et al., 2015; Raungrusmee, Shrestha, Sadiq, & Anal, 2020; Ronda, Rivero,
Caballero, & Quilez, 2012; Sevilmis & Sensoy, 2022; Sozer, Cicerelli, Heinio, &
Poutanen, 2014; Stewart & Zimmer, 2018). While the comparison between different
processing and analysis methods, as well as the ingredients used, can sometimes
make it challenging to make direct comparisons, it is generally recommended to

incorporate DF for the purpose of designing healthier products.

The findings highlighted the impact of dilution on starch digestion. In the context of
product development studies, incorporating DFs can be considered as a promising
approach to reduce the consumption of rapidly digestible starch. Therefore, the
utilization of DFs in product formulations holds promise as an effective strategy to

improve the nutritional profile and health outcomes associated with starch digestion.

26  CONCLUSION

Thermal analysis using differential scanning calorimeter (DSC) indicated that there
was competition for water between short-chain inulin and long-chain inulin and
wheat starch. However, the prolonged heat treatment applied in the study (10 min)
was longer than the DSC procedure, and as a result, this competition did not impact

the gelatinization of starch during cooking.

The combination of DSC, FTIR, XRD data, and SEM images provided insights into
the structural changes occurring in starch and short-chain and long-chain inulin at
various levels during hydrothermal treatment. FTIR results suggested an interaction
between wheat starch and both types of inulin during the hydrothermal treatment.
Cellulose fiber was not affected by the hydrothermal treatment, and it did not have

any impact on wheat starch during this process.
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The study highlighted the importance of utilizing different analytical tools to assess
changes in food samples at different scales. Overall, it was observed that although
short-chain and long-chain inulin exhibited a higher water retention capacity and
could potentially limit starch gelatinization, the duration of the heat treatment was
sufficient to ensure complete gelatinization. Furthermore, the structural differences
observed through sensitive techniques such as XRD, FTIR, and SEM analysis for
starch with and without inulin fibers did not significantly affect starch digestibility,
except for the dilution effect caused by the addition of fibers.
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2.7 NOMENCLATURE

An

AnH

Ac

Arp

ATR
AU
ANOVA
DF
DP
DSC
ES1
ES2
FG
FTIR
G20

G120

InulinLC
InulinSC
RDS

RC

The amorphous area, area under the amorphous baseline
obtained from XRD plot (two-phase method) (AU)

The area of amorphous halo obtained by Gaussian fitting
(crystal-defect method) of XRD plot (AU)

The crystalline area, area between the XRD curve and
amorphous baseline obtained from XRD plot (two-phase
method) (AU)

The sum of the fitted peak areas obtained by Gaussian fitting
(crystal-defect method) of XRD plot (AU)

Attenuated total reflectance

Arbitrary unit

Analysis of variance

Dietary fiber

Degree of polymerization

Differential scanning calorimetry

Enzyme solution 1 used in in vitro digestion analysis
Enzyme solution 2 used in in vitro digestion analysis

Free glucose (g)

Fourier transform infrared spectroscopy

Glucose released up to 20" min during carbohydrate
hydrolysis step of in vitro digestion (g)

Glucose released up to 120" min during carbohydrate
hydrolysis step of in vitro digestion (g)

Long-chain inulin

Short-chain inulin

Rapidly digestible starch

Relative crystallinity
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RCcp
RCrp
SDS
SEM
SW
TG
TS
usS
XRD
20
AH

Relative crystallinity calculated by crystal-defect method
Relative crystallinity calculated by two-phase method
Slowly digestible starch

Scanning electron microscopy

Sample weight (g)

Total glucose (g)

Total starch (g)

Undigestible starch

X-ray diffraction

Diffraction angle (°)

Phase transition (gelatinization) enthalpy (J/g)
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CHAPTER 3

EFFECTS OF PSYLLIUM FIBER AND MONOGLYCERIDE ADDITION
ON BREAD STRUCTURE, QUALITY, AND STARCH DIGESTIBILITY:
A COMPREHENSIVE INVESTIGATION

3.1 ABSTRACT

In this study, a soluble dietary fiber (DF), psyllium, and a commercial monoglyceride
(MG), composed of mainly monopalmitin and monostearin, were incorporated in
pan bread to investigate the effects of those ingredients on baking, quality, sensory,
structural, and in vitro starch digestion properties. There were two psyllium addition
levels: 2% and 5 %, and the samples were prepared either with or without MG

addition at a 1 % level.

Pasting analysis was done before bread-making. Psyllium increased the peak and
final viscosities of wheat flour. Adding MG delayed the pasting process and
increased peak temperature and time, while it did not affect the peak viscosity. The
pasting procedure was interrupted, and cryo-scanning electron microscopy
(cryo-SEM) images were taken at three stages of the pasting procedure: when the
paste reached pasting, peak, and final temperatures of wheat flour. Psyllium was
found to undergo a similar disintegration with starch. MG delayed the gelatinization

of starch granules, and the preserved granules could be observed.

A broad scope of structural analysis techniques was used to investigate the changes
in the structural properties of freeze-dried bread powders after baking. Complexing
index (CI) analyzed amylose-lipid complexes (ALCs) between wheat starch and
MG, formed in both presence and absence of psyllium, revealing that psyllium
prevented ALC formation to some extent, which was confirmed by differential
scanning calorimetry (DSC). Small-angle and wide-angle X-ray scattering (SAXS

and WAXS) analyses showed that the non-starch components affected the
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long-range order of starch without affecting the relative crystallinity significantly.
Fourier transform infrared spectroscopy (FTIR) analyses did not show significant

changes in the short-range order.

The sensory analysis results showed that consumers could accept
psyllium fiber-added bread with and without MG as regular pan bread with minor
changes in quality. Psyllium fiber decreased the rapidly digestible starch (RDS)
fraction by causing dilution of starch in the product. At the MG levels used in this
study, there was no profound effect of MG on the digestibility of starch, despite its

successful complexation with starch.

Keywords: Bakery products, Techno-functional properties, Physicochemical

properties, Amylose-lipid complexes, Arabinoxylan

3.2 INTRODUCTION

3.2.1 Bread

Since consumers are more conscious about the relationship between food and health,
the demand for healthy and high-nutritional products has increased in recent years.
For this reason, manufacturers producing bakery products, the most common product
group of starch-based foods, are redesigning their products to gain an advantage over
their competitors. They focus on products enriched in terms of vitamins, minerals,
protein, fiber, etc. content and products with high nutritional value with low fat and
sugar content (Sirbu & Arghire, 2017). The best target product group for lowering
the glycemic load in the diet is foods having high sugar, glucose, and starch contents,
which provide high energy and contribute significantly to the glycemic load
(Avbersek Luznik, Lusnic Polak, Demsar, Gasperlin, & Polak, 2019). Bread is one
of the first products coming to mind when it comes to foods that contain high

amounts of starch. Although the form of bread varies depending on the era and
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geography, bread has been a superior food product consumed for centuries, alone or
as a companion of different foods worldwide.

Wheat bread was traditionally made with refined flour, where bran and embryo parts,
which are rich in dietary fiber (DF), fructans, and phenolics, were discarded during
the milling. However, DF and bioactive components play a significant role in healthy
bread production (Benitez et al., 2018).

Previous studies have shown that daily DF intake can be increased by adding DF to
the bread formulation (Arufe et al., 2017; Belghith Fendri et al., 2016; Sirbu &
Arghire, 2017). The addition of DF to the bread can also have a reducing effect on
the glycemic index. It has been observed that the rapidly digestible starch and starch
digestion rate may decrease by 12 % - 14 % in wheat bread enriched with inulin and
oat bran compared to the control samples (Borczak, Sikora, Sikora, Kapusta-Duch,
& Rosell, 2015).

DF addition to bread products alters bread's physical properties and texture quality.
This affects the maximum fiber amount that can be added to bread. In a study where
bread is enriched with maltodextrin, pectin, and inulin fibers, it was observed that
the maximum ratio of the fiber mixture to flour was 30 % for the production of bread

with acceptable quality characteristics (Arufe et al., 2017).

There are three main bread-making steps: 1) Mixing and kneading: flour, water,
yeast, sugar, salt, and other ingredients are mixed and kneaded. Meanwhile, the
gluten network is formed, and the dough traps air. 2) Fermentation: As a result of the
utilization of glucose by the yeasts, gas cells are formed with the formation of carbon
dioxide and ethanol; also, dough volume increases. 3) Baking: Starch gelatinization
occurs, and gluten proteins form a cross-linked network (Pareyt, Finnie, Putseys, &
Delcour, 2011). The complex chemical and enzymatic reactions occur at all those
steps, significantly impacting bread's sensory and nutritional properties (Benitez et
al., 2018). Among those quality characteristics of bread, freshness, color, texture,
and chewing properties, and also flavor, which is formed as a result of chemical

reactions such as Maillard and caramelization reactions, are the main properties
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perceived by consumers (Gellynck, Kihne, Van Bockstaele, Van de Walle, &
Dewettinck, 2009).

3.2.2 Psyllium Fiber

The word “psyllium” is commonly used to describe Plantago genus plants (Nie, Cui,
& Xie, 2018). The word also describes the dietary fiber “psyllium” made from seed
husk or the leaves of the Plantago plants, and among ~250 Plantago species,
Plantago ovata Forsk is the most famous psyllium plant with a wide range of uses
(Belorio, Marcondes, & Gémez, 2020; Franco, Sanches-Silva, Ribeiro-Santos, & de
Melo, 2020).

Psyllium fiber is a highly branched, non-digestible non-starch polysaccharide
composed of two main monomers: arabinose and xylose (Franco et al., 2020; Guo,
Cui, Wang, & Christopher Young, 2008; Nie et al., 2018). The xylose molecules
form a backbone through B(1,3) and B(1,4) linkages, and this backbone is substituted
with arabinose forming arabinoxylans (Guo et al., 2008; J. Kang, Guo, & Cui, 2021).
The monomers galactose, rhamnose, glucose, mannose, galacturonic acid, and
glucuronic acid are the other monomers found to exist in psyllium structure in
different previous studies (Guo et al., 2008; J. Kang et al., 2021; Nie et al., 2018).

Both leaves and the seeds of the psyllium plants had been widely used in traditional
folk medicine systems, like Ayuverda in India, for years (Franco et al., 2020; Nie et
al., 2018). Psyllium is helpful in the prevention and treatment of various digestive
system problems such as constipation, irritable bowel syndrome symptoms,
abdominal pain, diarrhea, inflammatory bowel disease-ulcerative colitis,
hemorrhoids, and colon cancer with its laxative and antitumor effects, and it also
enhances the immune system (Belorio et al., 2020; Franco et al., 2020; Nie et al.,
2018; B. Singh, 2007). Apart from those benefits, psyllium is a good nutrition to
fight against metabolic syndrome: It decreases the cardiovascular disease risk by
showing a hypocholesterolemic effect and reduces the serum lipid levels, and it may
prevent diabetes and obesity by regulating insulin and glucose rates and increasing
the satiety duration (Franco et al., 2020; J. Kang et al., 2021; Nie et al., 2018)
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For all those health benefits, as a non-caloric ingredient that does not undergo
digestion within the small intestine, psyllium fiber attracts pharmaceutical and food
industries (Franco et al., 2020; Harris et al., 2023; Nie et al., 2018; Singh, Deuvi,
Sharma, & Sharma, 2022). The active fraction of the highly branched acidic
arabinoxylans in psyllium leads to the formation of a viscous gel in the presence of
water, and most of the health benefits of psyllium are attributed to this gelling ability
(Franco et al., 2020; Noguerol, Marta Igual, & Pagan, 2022). In some applications,
such as the production of gluten-free and low-meat foods, psyllium may provide
technological advantages in producing new foods as a texture modifier that improves
the sensory properties (Franco et al., 2020; Nie et al., 2018). However, its extremely
hydrophilic nature makes incorporating this promising ingredient into the formula a
stiff challenge and may lead to an unpleasant slimy mouthfeel (Kale, Yadav, &
Hanah, 2016; X. Kang et al., 2021).

3.2.3 Lipids and Amylose-lipid Complexes (ALCs)

Although there is no universally accepted definition for the term lipid, lipids are
defined as "biological compounds which are soluble in organic solvents, but which
are mostly water-insoluble " (Belitz, Grosch, & Schieberle, 2009). Also, the
American Society of Fat Chemists describes lipids as "fatty acids (FA), their
derivatives, and biosynthetic or functionally related substances with these
compounds™ (AOCS Online Lipid Library; quoted by Pareyt et al., 2011). In
addition, the term lipid is a term that covers the whole family of fats and oils found
in animals and plants and the family of phospholipids such as lecithin and sterols
such as cholesterol (Marcus, 2013). Lipids are divided into two groups, "simple
lipids" and "acyl lipids," according to acyl group characteristics. Simple lipids are
free fatty acids, isoprenoid oils, and tocopherols. Acyl lipids are mono-, di- and
triacylglycerols, phospholipids, glycolipids, diol lipids, waxes, and esters of sterols
(Belitz et al., 2009).

Lipids are also divided into two groups according to their neutrality or polar

properties: Neutral lipids are fatty acids with more than 12 carbons, mono-, di-,
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tri-acylglycerols, sterols, and sterol esters, carotenoids, waxes, and tocopherols.
Polar  (amphiphilic) lipids are glycerophospholipids, glyceroglycolipids,
sphingophospholipids, and sphingoglycolipids (Belitz et al., 2009).

Fats and fatty acids are an integral part of the human diet contributing to growth and
development and providing energy. Each lipid component in the diet is critical in

maintaining physiological balance and health (Nantapo et al., 2015).

Dietary lipids, one of the most important macronutrients for humans, provide the
body with essential fatty acids, important fatty acids which builds cell membrane,
phosphoglycerides, and fat-soluble micronutrients such as vitamin E, squalene, and
phytosterols (Gropper, Smith and Groff, 2009; Gunstone, 2002; quoted by Ye, Cao,
Li, Xu, & Liu, 2020). In addition to enriching the nutritional quality, lipids, which
are one of the main components of foods, are very important in terms of preserving
the aroma, formation of the desired texture of food, and creating a specific feel and
aroma in the mouth (Belitz et al., 2009). Lipids, which provide food products with
desired flavor, richness, smoothness, and crispness, also prevent the foods from
drying out, ensure that the liquids are heated above the boiling point, and contribute

to the formation of feelings of satiety or satisfaction (Marcus, 2013).

Lipids from wheat or added separately to the bread formulation provide lubrication
and integration of air into the dough. They help to hold the gas during fermentation,
stabilize the foam and gas cells, and form the amylose-lipid complex (ALC), which
also stabilizes the gas cells during cooking; some lipids contribute to the formation
of gluten network (Pareyt et al., 2011). Lipids provide ventilation functions and
modulation of heat transfer during bread making process and help create desired
texture properties (Manzocco, Calligaris, Da Pieve, Marzona, & Nicoli, 2012).
Although the performance of lipid components in bakery products is closely related
to their physical properties, both fats and oils are widely used in whole wheat bread
production to increase bread volume and improve softness (Buddrick, Jones,
Hughes, Kong, & Small, 2015; Manzocco et al., 2012). Lipids can delay the bread
staling (Copeland et al., 2009).
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The amylose and lipid (fatty acids, lysophospholipids, and monoglycerides)
complexes in starch-based foods can significantly affect starch's structural properties
and functionality. For example, due to this complexation in pasta products, the
solubility of starch in water decreases, the rheological properties of pasta change,
swelling capacity decreases, gelatinization temperature increases, retrogradation is
delayed, or sensitivity to enzymatic hydrolysis decreases (Copeland et al., 2009).
The formation of these complexes and their effects on the starch properties are
related to the lipid concentration in the formulation (Annor, Marcone, Corredig,
Bertoft, & Seetharaman, 2015). Lipids in the matrix can inhibit the hydration of
amylopectin chains, inhibit gelatinization, or delay retrogradation; thereby, they can
affect starch digestibility (Henry, 2009).

Lipids, as is known, are hydrophobic food components. The hydrophobic
components form complexes by being stabilized within the amylose helix, which is
formed due to the Van der Waals forces between hydrogen atoms attached to
adjacent carbons (Kaur & Singh, 2016). When amylose forms a complex with lipids,
resistant starch forms, and the resulting structure can resist hydrolysis (Ai, Hasjim,
& Jane, 2013; Kaur & Singh, 2016). There are three types of ALCs: amorphous type
I, crystalline type Ila, and type Il, (Gelders, Duyck, Goesaert, & Delcour, 2005).
These complexes with different structural features may differ in their sensitivity to
enzymatic hydrolysis (Ai et al., 2013; Gelders et al., 2005). Amorphous type | is the
most sensitive structure to enzymatic degradation, while crystal type 1y is the most
resistant (Copeland et al., 2009).

3.3 OBJECTIVES

This study aimed to see how adding a soluble dietary (psyllium) and a lipid
component (a commercial emulsifier mostly made of monoglycerides) affected

wheat bread’s structural, quality, and starch digestion properties.
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3.4 MATERIALS AND METHODS

3.4.1 Materials

In this study, commercial wheat flour (Epi B type 55) supplied by Brabomills NV
(Antwerpen, Belgium) was used in all experiments. The flour had the following
properties:  13.9£0.5 g moisture/100 g flour,  11.53+0.06 g protein/100 g flour,
0.92+0.04 g fat/100g flour, 0.540+0.003 g ash/100 g flour. Psyllium fiber
(min 95 % purity) was from Tunckaya Kimyevi Maddeler Tic. ve San. A.S.
(Istanbul, Turkey). Vandemoortele (Ghent, Belgium) supplied the commercial
monoglyceride blend in powder form. The monoglyceride (MG) had the following
lipid composition: 97.3 % monoacylglycerol, 1.7 % diacylglycerols, 0.8 % glycerol,
and 0.2 % fatty acid. The most monoacylglycerol composition was monopalmitin
(43.1 %) and monostearin (53.6 %). The rest of the MG composition comprises

monolaurin, monomyrstin, monoheptadecanoin, and monoarachidin.

3.4.2 Pasting Properties

Flour samples were prepared using the same proportions as in Table 3.1 for bread
formulations but with only wheat flour, psyllium, and MG. Pasting experiments
were conducted by a AR 2000ex Rheometer (TA Instruments, New Castle, Del.,
USA) equipped with a starch pasting cell and the starch pasting rotor. The gap was
5500 pm during the measurement. First, 3 g of wheat flour or wheat-psyllium flour
mixture was weighed into the canister. Then, 1 % MG was added on top of the flour
sample for MG-added systems. Finally, 25 mL of water was added to achieve a
12 % wi/v flour sample/water ratio, and the mixture was intensively stirred with a rod

before the pasting procedure was applied.

A standard method (AACC Intl. 1999) was used for pasting: First, pre-shear at
960 rpm, and 50 °C was applied for 10 seconds to mix the dispersion homogenously.
The subsequent steps were as follows: Mixing (1 min, 160 rpm, 50 °C), heating from
50 °C to 95 °C at a rate of 5 °C/min at 160 rpm, holding (5 min, 160 rpm, 95 °C),
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cooling from 95 °C to 50 °C at a rate of 5 °C/min at 160 rpm, and stirring (2 min,
160 rpm, 50 °C). Pasting properties were determined from the time vs. viscosity data
recorded at 2-seconds time intervals where pasting temperature and pasting time are
the temperature and time at which the viscosity starts to increase; peak viscosity is
the first maximum viscosity value that makes a peak, and peak temperature and peak
time are the temperature and time at the peak viscosity. The holding strength is the
minimum value to which viscosity drops after the peak viscosity is reached; the
breakdown is the difference between the peak viscosity and the holding strength;
final viscosity is the viscosity value which is reached at the end of the pasting
process; setback from the peak is the difference between the final viscosity and peak
viscosity; and the total setback is the difference between the final viscosity and the

holding strength.

3.4.3 Cryo-scanning Electron Microscopy (cryo-SEM) Analysis

Cryo-scanning electron microscopy (Cryo-SEM) analysis was performed on the
samples collected at three stages of pasting. The same pasting procedure outlined in
Section 3.4.2 was applied to all samples. Samples were taken at the pasting, peak,
and final temperatures of the control sample (wheat flour) by stopping the process at
62 °C, 92 °C, and 50 °C, respectively. The samples were immediately placed on the
sputter and vitrified using liquid nitrogen. Frozen samples were fractured using a
PP3000T cryo-transfer system (Quorum Technologies Ltd., East Sussex, UK)
at -140 °C. Before visualization, wheat flour, and pastes were sublimated for 15 and
35 min, respectively. The samples were examined under vacuum using a JSM-7100F
TTLS LV TFEG-SEM (Jeol Europe BV, Zaventem, Belgium) at 3 keV.

3.4.4 Farinograph Analysis

A Farinograph (Farinograph-E, Brabender GmbH & Co. K.G., Duisburg, Germany)

with a mixing bowl of 300 g was used to determine the amount of water to be added
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to the dough of each bread formulation. The farinograph analysis was based on the
International Association for Cereal Chemistry (ICC) standard method no. 115/1
(Gratzer, 2018). Water absorption capacity, which refers to percent (%) water
required to achieve maximum consistency at 500 Farinograph units (FU), was
determined based on the farinograms. The corresponding water amounts for each
formulation were provided in Table 3.1.

3.45 Baking and Sample Preparation

Six different bread formulations used in the study were listed in Table 3.1. Bread
samples were prepared as described by Debonne et al. (2017) with slight
modifications. All ingredients were mixed in two steps in an SPI-LAB Bench Spiral
Mixer (VMI Linxis Group): The tool speed and bowl speed were kept at 75 rpm and
15 rpm, respectively, for 3 min during the first step. For the next 4 min, the dough
was mixed at 150 rpm tool speed and 25 rpm bowl speed. During this mixing
procedure, time vs. temperature and time vs. power data were recorded by the
recording system of the mixer. The dough temperature after mixing was 27+1 °C.
The dough was placed as a bulk in a proofing cabinet (Panimatic) at 30 °C and
80-90 % relative humidity. Then, it was divided into 400 g pieces and rounded
(Brabender Rounder) for 15 seconds. The loaves were placed on an oven plate and
proofed for 30 min at 30 °C and 80-90 % relative humidity. Following the second
fermentation, the loaves were elongated and rolled out 12 times on a rolling plate
with a roller. The elongated dough pieces were rolled up and placed in a greased
bread tin. After shaping, the final proofing step lasted 65 min at 30 °C and 80-90 %
relative humidity. The shaped loaves were placed in preheated oven (MIWE
aeromat, FB12, oven type 4.64; external dimensions: width = 90 cm; depth = 85 cm;
height = 71 cm, Peeters bvba, Lanaken, Belgium) with a constant steam supply at
the highest ventilation speed. The baking process temperature-time values were as

follows:
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Fourteen min at 230 °C; with 240 ml steam supply during the first 2 min, 13 min at
200 °C, and three min at 190 °C with the steam valve open to release the steam.

The breads were cooled to room temperature in the bakery environment. The loaves
used in quality assessment were stored in plastic bags at room temperature (~22 °C)
and analyzed on Day 1 and Day 4. For the structural characterization analyses, only
the crumbs were of interest. The loaves of bread were sliced into slices with 9 mm
thickness, and the crumb was separated from the crust by chopping, put in plastic
bags, frozen at -20 °C and freeze-dried (Vaco 5-D, Zirbus, Bad Grund/Harz,
Germany) for at least 48 h, powdered by a coffee grinder, and sieved (300 pum). The
final moisture content of powders was 3-4.5 g water/100 g sample, and they were

kept at -20 °C until they were further analyzed.

Table 3.1 Bread formulations.

Sample Flour Psyllium MG Water Salt Malt Yeast Asigg:'glc
@) ©) @) ©) @ ©) (mg)
CONTROL 100 - - 59 15 0.23 1 5
MGB 100 - 1 58.6 1.5 023 1 5
PSY2B 98 2 - 68.1 1.5 0.23 1 5
PSY5B 95 5 - 87.1 15 0.23 1 5
PSY2MGB 98 2 1 67.9 15 0.23 1 5
PSY5MGB 95 5 1 87.1 15 0.23 1 5
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3.4.6 Quality of Bread Samples

3.4.6.1 Physical Properties

The weights of the dough and bread were measured (+0.01 g) using a balance
(KERN & SOHN GmbH, Balingen, Germany), and the baking loss was determined
by using the following equation:

Weight before baking-Weight after baking
Weight before baking

Equation 3-1

A Volscan Profiler 600 (Stable Micro Systems, Surrey, United Kingdom) was used
to measure the volume of loaves of bread. Specific volume was determined by
dividing the volume of each bread loaf by the weight of each bread loaf. The water
activity of the samples was determined using a water activity meter (Novasina
LabMaster-aw, Lachen, Switzerland) on Day 1 and Day 4. The color parameters (L*,
a*, b*) of the crust and crumb of freshly prepared loaves of bread were determined
using a colorimeter (CM700d/600d, Konica Minolta, Tokyo, Japan). The AE values
were determined according to Equation 3-2, where ,*, A, A’ represent the color

values of the control (wheat) bread’s crust and crumb.

% % % N .
AE= (L-Li) +(a"-a’) +(b"-by) Equation 3-2
3.4.6.2 Image Analysis

The images of bread slices were captured using a digital flatbed scanner (HP Scanjet
2400, California, USA). A digital imaging processing pipeline was implemented in
Python programming language (version 3.4) using the Skimage library (version
0.11.3) to analyze the bread images, and the data were processed by the protocol
described in Debonne et al. (2018). First, the background was discriminated from the
slices. The generated image was used to identify the center of mass of each slice.

Then, a square region of 600x600 pixels was selected around the center of mass and
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cropped for further analysis. This technique provided a standardized method to
eliminate the possible effects of “distance to center” on crumb structure. The cropped
images were transformed into a grey scale and thresholded using the Otsu method,
giving a binary image that separates gas cells from the bread matrix. The threshold
method’s morphological opening was also applied to eliminate overestimating the
number of large gas cells, which can occur when identifying distinctly separate gas
cells as single cells due to small bridges between them.

3.4.6.3  Texture Profile Analysis (TPA)

The hardness, springiness, cohesiveness, chewiness, and resilience of the samples
were determined using a texture profile analysis (TPA) on a Texture Analyzer (TA
XTplus, Stable Micro Systems, Surrey, United Kingdom) with a 5 kg load cell. The
loaves of bread were sliced into 9 mm thickness right before the analysis. Three
slices of bread were assembled on the platform. A cylindrical metal probe with a
diameter of 35 mm was used. The analysis used a 40 % compression with a test speed

of 1.7 mm/s.

3.4.7 Sensory Analysis

A sensory test was conducted to evaluate product acceptance among consumers.
Blind-labeled tests were performed in the Ghent University Sensolab by an untrained
panel. The panel was designed so that participants were given half slice of each
sample (a total of 6 samples) at the beginning of the panel, as shown in Figure 3.1.
They answered demographic questions first, and then they were asked about how
well they felt. After that, they answered two types of questions for each sample one
by one. First, the panelists were asked to rate the attributes (overall quality,
appearance, color, smell, flavor, texture) on a 9-point-hedonic scale. In the second
part, the panelists answered rate-all-that-apply (RATA) questions about the

following attributes: grey color, dark crumb, large pores, baked odor, baked flavor,
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wheaty odor, wheaty flavor, off-flavor, salty, bitter, soft, chewy, moisty, sticky, dry,
dense, doughy mouthfeel, breaks apart easily.

Figure 3.1. The set up for the sensory evaluation panel.

All hundred participants were feeling well and were not sick during the panel.
Nobody was gluten intolerant or allergic to wheat. Furthermore, the average level of
hunger was 47 out of 100, and the average age was 26. Besides, one-third of the

assessors are male, with the remaining two-thirds female.

According to bread consumption frequency, 45 % of the people eat bread daily, 21 %
4-6 times per week, and 16 % 2-3 times per week. Consequently, more than 80 %
consume bread several times per week. Regarding bread preferences, 34 % of the
participants prefer white bread the most, while 27 % prefer multigrain bread,
21 % prefer brown bread, and 15 % prefer whole wheat bread. The rest 3 % of the

participants indicated other alternative bread types as their first choice.
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According to 51 % of the participants, the flavor is the most important aspect of
bread, followed by the texture (36 %). Finally, 11 % of people think that healthiness,
which means a high fiber content, vitamins, and minerals, is a critical bread

characteristic influencing their purchasing decision.

A high-fiber diet is important for the majority of participants. 42 % agree, and 45 %
strongly agree with the statement. Moreover, 40 % of sensory assessors agree, and
38 % strongly agree to buy fiber-rich bread instead of regular bread, but only if the
price is the same. People would be less willing to buy fiber-enriched bread if the
price were higher, and 27 % of the assessors agreed or strongly agreed to buy it at a
higher price. Overall, the panelists are interested in tasting fiber-enriched bread for

health reasons.

3.4.8 Complexing Index

lodine solution preparation: Two grams of potassium iodide and 1.3 g of iodine (1)
were dissolved in 50 mL of distilled water for about two hours. Then the final volume

was increased to 100 mL using distilled water.

Two grams of freeze-dried powdered crumb sample were mixed with 25 mL of
distilled water. The mixture was vortex-mixed and centrifuged for 15 min at
3000 rpm. 500 pL of supernatant was mixed thoroughly with 2 mL iodine solution
and 15 ml distilled water. The absorbance value of the mixture was read at 690 nm
against distilled water. The complexing index (Cl) was calculated using
Equation 3-3 where for each MG, PSY2MG, and PSY5MG sample, the
Absorbancecontrol Values were taken as the absorbance values of CONTROL, PSY2,

and PSY5 samples, respectively.

CI %=(Absorbance . -Absorbanceg,mplc)/Absorbancecoyiror Equation 3-3

t
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3.4.9 Differential Scanning Calorimetry (DSC)

The thermal properties of freeze-dried and powdered bread samples were examined
using a differential scanning calorimetry (DSC) instrument (Q1000, TA Instruments,
New Castle, Del., USA). Sample powders were mixed with distilled water (1:3 wi/v,
dry basis) to ensure that the powder took up all water before being transferred to the
DSC pan to have 3.5+0.5mg dry matter. The scanning process was executed
between 20 °C and 120 °C at a heating rate of 5 °C/min. The peak temperature,
gelatinization enthalpy of starch (AHgelatinization), and dissociation enthalpy of the
amylose-lipid complex (ALC) (AHaLc) were determined using Trios V5.1.1
software (TA Instruments, New Castle, Del., USA).

3.4.10 Small-angle and Wide-angle X-ray Scattering (SAXS and WAXES)

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) measurements
were conducted with a Xeuss 3.0 Compact Q-Xoom (Xenocs, Grenoble, France)
system. A GeniX3P (Cu) beam delivery system was used as the radiation source. A
two-slit collimation system performed the beam collimation. Scattering data were
collected with an Eiger 2 R 1M detector (Dectris, Baden, Switzerland). The
sample-to-holder distances were 360 mm and 55 mm, respectively, and the exposure
times were 10 min and 1 min for SAXS and WAXS. This corresponded to the
evaluation of a combined SAXS and WAXS region of approximately
0.02 < q< 3.5 A, Powdered samples were compressed to a thickness of 1 mm and
placed in the sample holder. An empty powder holder was used as the background
for data correction procedure, performed with XSACT 2.4 software (Xenocs,

Grenoble, France).

The one-dimensional SAXS intensity distributions of the samples were plotted using
Origin software (OriginPro 2023, OriginLab, USA). The plot was generated by
plotting scattering vector (q) against intensity (I) values on log-log scale. To improve

the distinction between peaks, Lorentzian correction was applied using XSACT 2.4
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software (Xenocs, Grenoble, France). WAXS data sets were normalized between 0-1
using Origin software (OriginPro 2023, OriginLab, USA) and scattering angle (20)
vs intensity plots were generated. All SAXS and WAXS measurements were done
as five replicates, and the representative plots were obtained from the average

intensity values of the five measurements corresponding to each q or 26 value.
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Figure 3.2. Representation of the areas and fitted peaks used in the calculation of

crystallinity using (A) two-phase method, (B) crystal-defect method.

The WAXS patterns were further processed, and the relative crystallinity (RC)

values were determined by employing two methods: two-phase method and
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crystal-defect method, as described in section 2.4.4. The differentiation of
amorphous and crystalline areas using the two-phase method was demonstrated for
raw wheat starch in Figure 3.2-A. Figure 3.2-B depicts the representative fitted curve
for raw wheat starch, obtained by applying the crystal-defect method. The scattering
patterns were fitted with a Gaussian function using the same procedure described in
section 2.4.4.

3.4.11 Fourier Transform Infrared Spectroscopy (FTIR)

The powdered samples were analyzed using a Fourier transform infrared
spectrometry (FTIR) instrument (Bruker Vertex 70, Leipzig, Germany) in attenuated
total reflectance (ATR) mode. The scanning was performed at a resolution of 1 cm™
with 20 scans using a diamond ATR crystal. The spectral range covered wavelengths
between 4000 cm™ and 400 cm. The analyses were carried out in three replicates.
The spectrum of each sample was generated by plotting the wavelength versus
intensity data. To facilitate comparison, all data sets were normalized within the
range of 0-1. For each sample, the three intensity values obtained from the replicates
corresponding to each wavelength were averaged, and a representative spectrum was

obtained.

3.4.12 In vitro Starch Digestion

Digestion analyses were conducted according to Englyst et al. (2018) with some
modifications. The sample tube preparation procedure was the same for both the free
glucose (FG) and carbohydrate hydrolysis assays: 1-1.3 g of thawed bread sample
containing 500 mg of digestible carbohydrate was weighed into 50-mL tubes and
wetted with 5 mL of saturated benzoic acid solution. Wheat flour was analyzed
alongside the bread samples to validate each replication, and an empty tube was used
as a blank. The total glucose (TG) determination procedure was based on Englyst,
Hudson, & Englyst (2000).
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3.4.12.1 Determination of Free Glucose (FG)

Twenty mL water and 0.25 ml of 1 M sodium acetate (pH 4.5) solution were added
into each sample tube and vortex-mixed. After incubation in a boiling water bath for
30 min, the tubes were vortex-mixed and cooled to 37 °C. 0.2 mL invertase (Fisher
Scientific 10684722) was added. The tubes were horizontally placed on an orbital
shaker (85 rpm) in a thermostatic cabinet (37 °C). In the end, 1 mL sample was taken
from each tube and mixed with 2 mL methanol. This mixture was centrifuged at
3500 rpm (Rotina 380R, Hettich, Tuttlingen, Germany), the glucose amount was
determined with the GOPOD-based glucose analysis kit (MEGAZYME, Ireland),
and the free glucose (FG) value of each sample was calculated.

3.4.12.2 Carbohydrate Hydrolysis

Ten mL ES1 (described below) was added to each sample tube. The tubes were
incubated in a thermostatic cabinet at 37 °C for 30 min. 5 mL of 0.5 M sodium
acetate solution was added to each tube. The pH value of the blank tube was checked,
and for all replications, it varied between 5.2-5.35. Five glass balls (1-cm diameter)
were placed in each tube after 30 min pepsin digestion. Five mL of ES2 (described
below) was added to each tube, well-mixed, and placed on an orbital shaker (85 rpm)
at 37 °C. At the 20™ and 120" min, 0.2 mL sample was transferred to tubes
containing 8 mL of methanol. The tubes were centrifuged at 3500 rpm (Rotina 380R,
Hettich, Tuttlingen, Germany) for 5 min, and the glucose content was determined by
a GOPOD-based glucose analysis kit (MEGAZY ME, Ireland). The glucose amount

measured at the 20" and 120" min was recorded as G20 and G120, respectively.

3.4.12.2.1 Preparation of Enzyme Solution 1 (ES1)

0.6 g of guar gum (Sigma Aldrich G4129) was wetted with 1 mL ethanol, and

120 mL 0.05 M HCI was added to this mixture. The resulting solution was mixed
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homogeneously. 0.6 g of pepsin (Fisher Scientific 11428712) was added slowly

while the solution was mixed.

3.4.12.2.2 Preparation of Enzyme Solution 2 (ES2)

Three g of pancreatin (8xUSP from porcine pancreas, Sigma Aldrich P-7545) was
weighed into each of three 50-mL tubes and mixed with 20 mL of CaCl. (0.1 M)
solution. A magnetic bar was put into each tube and shaken occasionally for 10 min
by vortex-mixing. Tubes were centrifuged at 3500 rpm (Rotina 380R, Hettich,
Tuttlingen, Germany) for 10 min after removing magnetic bars. From each tube, 17
mL of the liquid was taken, and the liquid contents of 3 tubes were combined. Four
mL amyloglucosidase (>260 U/ml, Sigma Aldrich A7095) and 2 mL invertase
(Fisher Scientific 10684722) solutions were added to the final solution. After mixing
homogeneously, the solution was placed in a 37 °C water bath and used within

60 min.

3.4.12.3 Determination of Total Glucose (TG)

After 120 min digestion, the sample tubes were vortex-mixed and placed in a boiling
water bath for 30 min. At the end of 30 min, the tubes were vortex-mixed and placed
in an ice-water bath. In each tube, 10 mL KOH solution (7 M) was added and placed
in a shaking ice-water bath parallel to the direction of movement for 30 min. Then,
1 mL of sample was taken from each tube and mixed with 10 mL acetic acid solution
(0.5 M) and four mL of 1 M CaCl: solution. In each tube, 0.2 mL of previously
diluted (1 mL to 7 mL) solution of amyloglucosidase (Sigma Aldrich A7095) was
added and mixed. The tubes were placed in a 70 °C water bath for 30 min. At the end
of 30 min, tubes were cooled to room temperature and completed to 50 mL by
distilled water. The content of the tubes was directly analyzed by a glucose oxidase-

peroxidase assay kit (GOPOD, K-GLUC, Megazyme International Ireland Ltd.,
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Bray, Ireland) after centrifugation at 3500 rpm (Rotina 380R, Hettich, Tuttlingen,
Germany). The results were recorded as total glucose (TG) values.

3.4.12.4 Calculation of Starch Fraction

RDS (g) = (G20 - FG) x 0.9
SDS (g) = (G120 - G20) x 0.9
US (g) =(TG-G120) x 0.9

TS (g) = 0.9 X (TG-FG)

RDS, SDS, US and TS are rapidly digestible, slowly digestible, undigestible and
total starch; FG, TG, G20, and G120 are free glucose, total glucose, glucose released
at the 20™ min, and glucose released at the 120" min, respectively. The starch
conversion factor used in the calculations is 0.9. The results were presented as the
amount of starch fraction (RDS, SDS, US) per 100 grams of TS, and the amount of
RDS per 100 g of bread on both dry and wet bases.

3.4.13 Statistical Analysis

One-way ANOVA followed by Tukey’s post-hoc tests was performed to determine
the statistical difference between means when the normal distribution and
homogeneity of variance assumptions were met. In the case of a violation of variance
homogeneity, ANOVA was followed by Dunnet’s T3 test. In the case of a violation
of normality, the Kruskal Wallis test (followed by non-parametric ANOVA multiple
comparison tests) was used. The significance level was 0.05 for all the tests. SPSS

(IBM SPSS Statistics) software was used for the analysis.
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3.5 RESULTS AND DISCUSSION

3.5.1 Pasting Properties

Psyllium (PSY) and monoglyceride (MG) showed distinct effects on the pasting
behavior of wheat flour (Figure 3.3). Psyllium addition mostly increased viscosity,
whereas MG addition resulted in both lateral shifts and an increase in viscosity in
the pasting curve. As the viscosity of all mixtures slowly increased at the beginning
of the process, there was not a meaningful increase or decrease in the pasting time
or temperature for the psyllium and MG-added samples as compared to the control
(Table 3.2). Deviations from the control sample began as the samples approached
their peak temperatures at 9.5" and 11.1% min. (Figure 3.3). Added psyllium caused
an increase in peak and final viscosities, where increasing the psyllium level caused
a further increase (Figure 3.3 & Table 3.2). This was due to stronger gel-like
structure formation capacity of the psyllium, leading to higher viscosity (Belorio et
al., 2020). In addition, small peaks were observed for psyllium-containing samples
during the cooling step at around 88 °C (17" min). This behavior was also related to

the gelling properties of psyllium.

The addition of MG delayed the pasting process, requiring higher peak temperature
and time and caused a reduction in the peak viscosity (Figure 3.3 and Table 3.2). The
peak time and temperature delays were due to the lipid layer formed at the surface
of starch granules and amylose-lipid complexes (ALCs) formed (Chao et al., 2018;
Karkalas et al., 1995). During the heating phase, MG started to melt and act as a
surface-active agent forming a lipid layer at the granular starch surfaces of starch.
The lipid layer and the ALCs, which started to form at the surface, could limit the
diffusion of water for starch granules to absorb. They could reduce heat transfer,
resulting in starch swelling and gelatinization at a higher temperature, and a delay in
pasting (Gerits et al., 2015). Lower peak viscosity of wheat flour paste compared to
the control sample due to added MG was because of the lubrication function of the
molten MG. However, this effect was not observed when psyllium was incorporated

into the MG-added flour systems. The viscous nature of psyllium dominated those
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systems' viscosity. Added MG increased the setback viscosity and the final viscosity
at the end of the cooling step, and the increase was higher than the increase caused
by the psyllium (Figure 3.3 and Table 3.2). Setback viscosity is used to evaluate the
retrogradation ability of starch in principle. However, in this study, MG and psyllium
dominated the setback viscosity. The observed rise in final viscosity upon lipid
addition could be attributed to the formation of ALCs, a phenomenon that has been
widely established in previous studies (Cai et al., 2021; Chao et al., 2020).
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Figure 3.3. Pasting curves of wheat flour with and without psyllium (PSY) and
monoglyceride (MG).

CONTROL, MG, PSY2, PSY5, PSY2MG, and PSY5MG represent the control
mixture, mixtures with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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3.5.2 Cryo-scanning Electron Microscopy (Cryo-SEM) Images

The images depicted the delay in pasting when compared to the control wheat flour.
At the time when the control sample reached its peak viscosity, the granular starch
structures disappeared (Figure 3.4-A2); however, granular structure traces could still
be seen in the MG-added samples (Figure 3.4 -D2, E2, F2 ). The images supported
the pasting data, claiming that MGs served as a surface coating, inhibiting water
absorption and swelling of the starch granules, causing the pasting delay. The
absence of starch granules in the only psyllium-added samples (Figure 3.4-B2, C2)
at the control’s peak time and temperature also confirmed the pasting results
indicating that psyllium did not delay starch gelatinization. The viscosity increased.
Psyllium and starch granules both lost their intact structures to contribute to the
formation of a gel-like matrix, resulting in a peak viscosity higher than the control
(Table 3.2).
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'CONTROL

PSY2MG

PSYSMG

Figure 3.4. Cryo-SEM images of the wheat flour paste with and without psyllium
(PSY) and monogylceride (MG) at the pasting stages of the wheat flour.

CONTROL, MG, PSY2, PSY5, PSY2MG, and PSY5MG represent the control
mixture, mixtures with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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3.5.3 Dough Mixing

Because psyllium has a higher water-holding capacity than wheat flour (Bilgic &
Sensoy, 2022), substituting flour with psyllium required more water to achieve
500 FU. Water requirements for psyllium-added formulations increased by 15 % and
47 %, respectively, at 2 % and 5 % psyllium-addition levels (Table 3.1). Increasing
the water content of psyllium-added dough formulations made them runnier. The
data showed that psyllium-added samples required less power for mixing (Figure
3.5-A, B). On the other hand, MG addition did not affect the power requirement for
mixing (Figure 3.5-C, D, E) because the water content was the same as the control
dough (Table 3.1).
A _ — fC___ — "

PN s =

24 — e =

And ™ 5
ﬁ""\‘ ﬂwf/ ;"'w;'-,“fl]rf"\“w'",.vf\hrf\“fh \nﬂ‘ W\r‘ wg :‘

2 .
HadA f
; ; o A A otrai
Bi I/“ wu\,w\umﬂ P

8 ‘V 1a0

6 { = D -

; e W'&inﬂvj R

o F 20

0 60 120 150 o 00 360 o X

30 fneeed w o § Mﬂ‘.}\f"‘\-’\;’\vf\f""kﬁw/‘ W

x B |

% P EE——— ] J

24 =2 e . e

:; - 220 —

20 . "
e wz = E
TT;._. H W N Wi ’\ [N A h /IU\ g E ———
513 rvM}Qdﬂi\ﬁi\Jﬂ}F\ y ‘./\Yf rr-\,r " 140 £

]: r ) ) Lo .: . " i;

6 J 4 : {‘&W&MMN ot s

! = o0 5 10

. RIS :

o F — ) ) ) i : P

u 50 120 180 240 300 360 420 " . . " .
Time (sec) e
=CONTROL MGB PSY2B =PSY35B =PSY2MGB =PSY5MGB

Figure 3.5. The temperature and power versus time data during the dough mixing
step. Comparison of (A) CONTROL, PSY2B and PSY5B; (B) MGB, PSY2MGB
and PSY5MGB; (C) CONTROL and MGB; (D) PSY2B and PSY2MGB; (E) PSY5B
and PSYMGB.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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3.5.4 Quality of Bread Samples

3.5.4.1  Physical Properties of Bread

In the psyllium added samples, substituting dietary fiber for part of the wheat flour
and therefore adding more water (Table 3.1) reduced the amount of gluten in the
formulations. It weakened the dough; height measurements before baking confirmed
this weaker dough development for psyllium-added samples compared to control
(Table 3.3). As a result, the specific volumes after baking were low (Table 3.3). The
volume increase is determined by the growth of gas cells entrapped in the gluten
network. The expansion of gas cells entrapped in the gluten network determines the
volume rise. The percentage increase in bread height was similar across all samples,
demonstrating that added ingredients had no additional adverse effects. The baked
bread weights and baking loss ratios were similar for all samples (Table 3.3). Baking
loss occurs as a result of water vaporization during the baking process. This showed
that psyllium-added dough samples with more water than control and MG-added
bread dough samples lost a similar amount of water during baking. The findings
demonstrated that psyllium, owing to its high water-holding ability, resulted in

loaves with more water and less dry matter, and hence less starch.

Water activity measurements also supported the high water-holding capacity of
psyllium, all samples had similar water activities (Table 3.4). Storage for four days

did not affect the water activities of the bead samples significantly (Table 3.4).

Psyllium had a dark greyish color, and when incorporated in white bread
formulation, it somehow darkened the loaves of bread at the higher level of
substation (5%) (Table 3.5). Change in color, DE, was highest for the samples with
highest psyllium substitution level (5 %). MG addition did not cause significant color

change as the added MG amount was minimal, 1%.
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Table 3.3 Height, specific volume, weight, and baking loss of the bread loaves.

Before

Baking After Baking
5 —
Height Height Incr/gase f/%?ﬁ'rzg Weight  Baking Loss
(mm) (mm) . . 3 (9) Ratio
in Height  (cm°/g)
CONTROL 103+6% 115+4% 1145° 4.2+0.2*  333+2*  0.167+0.006°
MGB 106+6° 118+5? 1246° 4.3+0.28  332+4*  0.170+0.011°
PSY2B 99+4® 109+4P¢ 10+52 3.8+0.1°¢  333+2*  0.169+0.006°
PSY5B 90+3% 101+6% 13+5° 3.4£0.2°  332+#3*  0.170+0.006%
PSY2MGB 9743 11043 1246° 3.9+0.1"  334+2%  0.166+0.005°
PSY5MGB 8641 98+4¢ 14442 3.3+0.1°  331+2*  0.173+0.006%

Results are mean £ SD (n=24 (CONTROL group); n=16 (experimental groups).
Significantly different values in the same column are followed by different letters (a,
b, ¢, d) (p<0.05). CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB
represent the control bread, breads with 1 % MG, with 2 % psyllium, with 5 %
psyllium, with 2% psyllium-1% MG, and with 5% psyllium-1% MG,
respectively.

Table 3.4 Water activity of the bread crumb on the first and fourth days of baking.

Water Activity
Dayl Day4

CONTROL 0.961+0.001°A 0.962+0.001°A
PSY2B 0.9660.0012A 0.965+0.00%°
PSY5B 0.972+0.001%4 0.970+0.001%4
MGB 0.963+0.001%A  0.964+0.0012A
PSY2MGB 0.965+0.001%A  0.964+0.0012A
PSY5MGB 0.971+0.00224 0.970+0.00124

Results are mean + SD (n=6 (CONTROL group); n=3 (experimental groups). For
each property, significantly different values in the same column are followed by
different letters (a, b) (p<0.05). For each property, significantly different values in
the same row are followed by different letters (A) (p<0.05). CONTROL, MGB,
PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the control bread, breads
with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 % psyllium - 1 % MG,
and with 5 % psyllium - 1 % MG, respectively.
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Table 3.5 Color properties of crust and crumb.

Crust Color Crumb Color
L* a* b* AE L* a* b* AE
CONTROL 52+44® 17412 33+2% - 73+4® 0.4+0.3° 15+2* -

MGB 53+2°  16.4+0.7% 33+1* 3+1° 78+2% 0.440.1° 15+1°% 5x2°
PSY2B  49+4®° 158+0.5% 31+2% 5+3° 73x2% 1.4+402° 15+1° 2+1°
PSYSB 4243  14.740.4% 25+3° 13+4° 64+2° 2.0+0.2° 12+1° 9+2°
PSY2MGB  51+2®  153+0.4% 31+1% 4+1° 73x2® 15+0.2° 15+1° 2+1°
PSYSMGB 45+2™ 13.9+0.7° 26+1° 11+2° 652" 2.1+0.2° 12+1° 8+2°
Results are mean £ SD (Crust: n=12 (CONTROL group), n=6 (experimental
groups); Crumb: n=9 (CONTROL group), n=6 (experimental groups)).
Significantly different values in the same column are followed by different letters (a,
b, ¢) (p<0.05). AE values show color deviations from the control bread’s crust and
crumb. CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent
the control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with
2 % psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.

3.5.4.2 Image Analysis

The number of gas cells and the area occupied by gas cells in the bread samples were
compared using image analysis. Figure 3.6 depicts a representation of bread slice
images. The total number of gas cells was similar among the samples, with only
PSY2MGB showing slightly more gas cells than the control bread (Figure 3.7-A).
Percentage areas occupied by gas cells were also similar across the samples, with
only PSY5B and PSY5MGB having a slightly higher percent area occupied by gas
cells compared to control (Figure 3.7-B). This could indicate the presence of large

gas cells in those samples.

The cell size distribution was consistent across all bread samples. The majority of
the gas cells were in the [0, 500] cell size range (Figure 3.8). All had very few or no
gas cells within the [5000, 1000000] size interval (Figure 3.8), and these large cells
occupied a small percentage of the surface area (Figure 3.9). The uniformity of the

gas cell distribution indicated that the slices of bread were of acceptable quality.
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PSY2MGB o PSYSMGB
Figure 3.6. The pictures of bread slices used in image processing.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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Figure 3.7. (A) Total number of gas cells in 600x600 pixel? area and (B) percent

relative area occupied by gas cells in the 600x600 pixel? area.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.

3.5.4.3  Texture Profile Analysis

The hardness of the psyllium- and MG-added breads did not differ significantly from
the control bread, according to the texture profile analysis results (Figure 3.10). The
hardness of the breads increased after four days of storage, indicating bread staling.
The adhesiveness of PSY5B and PSY5SMGB was significantly higher than that of
the control and MGB, indicating strong adherence to the palate. The structures
became sticky due to their high psyllium and water content. The adhesiveness of the

breads was not affected by the 4-day storage. The addition of psyllium and MG did

100



not affect springiness. Only PSY2MGB and PSY5SMGB?’s springiness, or elastic
recovery, decreased slightly during storage. The samples’ cohesiveness, which is
important during mastication, did not differ statistically from the control; however,
storage reduced the cohesiveness of all samples. The decrease in cohesiveness

indicates bread staling, which makes crumbling easier.

Psyllium or MG addition did not affect gumminess and chewiness, whereas storage
increased gumminess and chewiness in all samples, making them rubbery. Only the
resilience of PSYSMGB was higher than the control’s. Storage reduced the
resilience, or mechanical strength that allows samples to return to their original shape
when compressed, of all samples, indicating a loss of freshness. In conclusion,
psyllium or MG-added samples had comparable textural quality with the control
bread. Only in the adhesiveness was there a significant change due to the presence
of psyllium, which forms a sticky gel with water, and this was for the sample with

the higher level psyllium substitution.
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Figure 3.10. The texture properties of breads. The values of texture properties

corresponding to the boxplot representation (left) are shown on the right.

Results are mean + SD (n=8 (CONTROL group); n=4 (experimental groups). For
each property, significantly different values in the same column are followed by
different lowercase letters (a, b) (p<0.05). For each property, significantly different
values in the same row are followed by different capital letters (A, B) (p<0.05).
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355 Sensory Analysis

The first part of the sensory analysis showed that all breads' texture, smell, taste, and
general liking degree were comparable (Figure 3.11-A). Although PSY5B and
PSY5MGB had lower color and appearance liking degrees than the other samples,
their scores were still high (Figure 3.11-A).

In the second, more detailed questionnaire, apart from “grey color, dark crumb, large
pores, baked flavor, baked odor, moisty, sticky, and dry,” the panelists rated most
attributes similarly for all the bread samples. Higher “grey color” and “dark crumb”
scores for PSY5B and PSY5MGB among the panelists (Figure 3.11-B) matched well
with the color analysis, which demonstrated that PSY5B and PSY5MGB with high
fiber content produced grey and darker colors (Table 3.5). The panelists gave higher
scores to the attribute “large pores” for PSY5B and PSY5SMGB than the other
samples (Figure 3.11-B); however, image analysis data (Figure 3.8 & Figure 3.9) did
not correlate well with the panelists' perception. The PSY5B and PSY5MGB had
higher "moisty"” and "sticky" attribute scores and lower "dry" attribute ratings. This
showed that the participants perceived the effects of psyllium’s high water-holding

capacity when the level was high.

Overall, the sensory analysis showed that MG addition did not affect the acceptance
rate of the bread or did not change the perception of specific attributes. Although
5 % psyllium caused some discomfort, the overall acceptability was unaffected. The
findings suggest that products with psyllium fiber could have a place on the market

without consumer rejection.
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Figure 3.11. The spider plots of the (A) 9-point-hedonic test and (B) attributes rated

on a 5-point scale.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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3.5.6 Complexing Index (Cl) and Differential Scanning Calorimetry
(DSC)

The complexing index (CI) was calculated assuming that the starch component
bound by lipids does not bind iodine (Guraya, Kadan, & Champagne, 1997). The
MG-added bread (MGB) samples gave the most starch that did not bind iodine,
resulting in the highest ClI % (Table 3.6). The results demonstrated that the MGB
produced the highest significant quantity of starch lipid complex during baking. It
was seen that the presence of psyllium hindered the bonding of lipids with starch
(Table 3.6). Cl % decreased as psyllium concentration increased. Psyllium might
attract/entrap MG, preventing it from binding to starch. Another possibility might be
that the viscous nature of psyllium gel prevented MG from penetrating the
hydrophobic cavities of starch molecules (Mallikarjunan, Deshpande, & Jamdar,
2021).

Psyllium and MG-added breads (MGB, PSY2B, PSY5B, PSY2MGB, and
PSY5MGB) showed higher values of AHgelatinization than CONTROL after baking,
indicating more ungelatinized starch remaining (Table 3.6). The addition of MG
resulted in an increase in the energy required for the transition during gelatinization
(AHgelatinization). As depicted in Figure 3.12 MG-added samples (MGB, PSY2MGB,
and PSY5MGB) showed sharper transition peaks compared to control and only
psyllium-added breads (CONTROL, PSY2B, and PSY5B) (Table 3.6). Further, the
transition peaks of breads without MG, occurring at around 55 °C, shifted to 57 °C
when MG was present. The melting point of thermally processed MG used in this
study was around 68 °C (Appendix —D1). Thus, this shift and sharpness of the peaks
of MGB, PSY2MGB, and PSY5MGB indicated the presence of ungelatinized starch
residues and the melting of uncomplexed MG simultaneously. Additional peaks
observed for MG-added breads around 100 °C corresponded to the melting of ALC
(Table 3.6).
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Figure 3.12. DSC thermograms of freeze-dried bread powders. The dashed arrows

show the gelatinization peak, and the solid arrows show the ALC peaks.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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3.5.7 Small-angle and Wide-angle X-ray Scattering (SAXS and WAXS)

Small-angle X-ray scattering (SAXS) was used to evaluate the long-range order of
the samples together with wide-angle X-ray scattering (WAXS). One-dimensional
SAXS intensity distributions of samples were depicted on a log-log scale (Figure
3.13-A). The Lorentzian correction was performed to differentiate the peaks and to

obtain structure factor (a) values (Figure 3.13-B).

SAXS data obtained from the analysis of wheat flour showed a broad peak at
0~0.74 nm™ (Figure 3.13-A and B). A broad range of starch varieties from different
botanical sources were reported to be characterized by a scattering peak around
0.6-0.7 nm™ (Blazek & Gilbert, 2010; Tang, Li, Wang, Dhital, & Lu, 2019; Wang et
al., 2023; Zheng, Tang, Xie, & Chen, 2022). The presence of this particular peak was
considered as evidence for the existence of semi-crystalline lamellar stacks, which
exhibit a periodic arrangement (Li et al., 2022; Ma & Boye, 2018; Wang et al., 2023).

The appearance of a scattering peak indicates long-range order, and the position of
the peak was correlated with the average thickness of alternating lamellae (Blazek,
Gilbert, & Copeland, 2011). The peak at g~0.74 nm™ was related to the starch, the
main component of wheat flour, composed of alternating crystalline and amorphous
layers with 8.5 nm average repeat distance calculated by Braggs law: d=2n/q. A
second shoulder-like peak at g~1.46 nm™ was also observed for wheat flour. This
second peak was previously reported as a second-order reflection in starch granules
or a new level of organization; however, it is currently not well-defined as the first
reflection in the literature (Lopez-Rubio, Htoon, & Gilbert, 2007; Salman et al.,
2009; Zhang et al., 2013). The corresponding Bragg distance of the second peak is
4.3 nm?, letting it be seen as a reflection of crystalline lamellae related to the

amylopectin crystalline region (Zhang et al., 2013).

108



10%3 10%3

10% A 1 B 1 3
« PSYSMGB « PSYSMGB "
« PSY2MGB 10% « PSY2MGB t.
104 < PSYSB « PSYSB
T z PSY2B s 2 PSY2B
?r: e - MGB E)t - MGB
10 = : ‘g‘ « CONTROL ~ « CONTROL
2 L .!h = Wheat Flour = -‘?10"- »  Wheat Flour
§ il . + Psyllium - g + Psyllium is
é = Monoglyceride é *  Monoglyceride  F .

\
\

/A

10° 10°
0.1 0.1
o~ 5 .
2 <]
2 e
= z
g 8 4
2 1 =
= 5
| e Y
0.1 1 0.1 1
q (1/nm) q (1/mm)

Figure 3.13. SAXS patterns of raw materials and freeze-dried bread powders: (Al)
1D SAXS patterns; (A2) 1D SAXS patterns after offsetting the curves and (B1)

Lorentz-corrected 1D SAXS profiles; (B2) Lorentz-corrected 1D SAXS patterns
after offsetting the curves.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.
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Table 3.7 Peak positions of semi-crystalline lamellae of wheat flour and freeze-dried
bread powders obtained from Lorentz corrected SAXS patterns

Peak Position (1/nm)

peakl1 Opeak2 Opeak3 (1]
Wheat Flour 0.74+0.04 nd 1.46+0.022 3.48+0.05
CONTROL nd nd 1.51+0.052 3.78+0.10
MGB nd 1.30+0.012 1.51+0.032 3.92+0.07
PSY2B nd nd 1.43+0.112 3.89+0.05
PSY2MGB nd 1.29+0.012 1.50+0.032 3.82+0.06
PSY5B nd nd 1.53+0.06% 3.790.09
PSY5MGB nd 1.28+0.022 1.48+0.06% 3.86+0.06

Results are mean = SD (n=10 (CONTROL); n=5 (Wheat Flour and experimental
groups)). Significantly different values in the same column are followed by different
letters (a, b) (p<0.05). CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and
PSY5MGB represent the control bread, breads with 1 % MG, with 2 % psyllium,
with 5 % psyllium, with 2 % psyllium - 1 % MG, and with 5 % psyllium - 1 % MG,
respectively.

SAXS curves of bread samples did not show any peak around 0.74 nm* (Figure 3.13
& Table 3.7), although they all contained wheat flour. During a heat-moisture
treatment, like baking, the compact architecture of starch gradually changes to a
linear arrangement of amylose and amylopectin molecules caused by the energy-
induced disruption of double helices (Teng, Chen, Wu, & Campanella, 2021). The
disruption of molecular structure and the side chain of starch granules connected via
the hydrogen bonds results in the loss of lamellar structure. The difference in electron
density between amorphous and crystalline amylopectin lamellae was removed by
gelatinizing the wheat starch in the bread samples (Ma, Zhang, Jin, Xu, & Xu, 2022).
On the other hand, the bread samples showed a very small peak at ~1.43-1.51 nm™,
indicating the presence of scattering structures that resemble those found in wheat
flour at a similar position. Since the intensities of those peaks were very low, the
structures leading to that scattering peak were hardly stacked, i.e., they have a very
low degree of order or a very low number of semi-crystalline lamella (Blazek &
Gilbert, 2010; Blazek et al., 2011). Some starch crystallites may remain after the heat

process in limited water conditions (Liu et al., 2022). Thus, the crystallites
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originating from the secondary structures may have remained intact during the
baking process. The transition enthalpies observed in the differential scanning
calorimetry (DSC) thermograms (Figure 3.12) might represent the phase change of

those structures.

The MG had a perfect crystalline structure showing a sharp scattering peak at
~1.3 nm? (Figure 3.13). This first-order reflection from the MG was also observed
in SAXS patterns of MG-added breads. This shows that after baking, the melted MG
was either partially aggregated back to its lamellar structure or the interaction
between the MG and starch resulted in a packing structure in which the ALCs were
formed.

A typical power law decay region was observed in the low g values (between
0.1-0.5 nm™) for all samples (Figure 3.13). This region can be used to determine the
fractal structure, which describes the self-adjoint geometry calculated from the slope
of the g versus I curve on log-log scale. The slope was denoted by a. When 3 < a < 4,
surface roughness is responsible for the scattering (surface fractal), and when
1 < a < 3, the structure is defined as “mass fractal” (Huang et al., 2022). A value of
a around 2 indicates a smooth material surface. All bread samples had surface
fractals due to rough surfaces, which could have resulted from grinding the samples
into powder, according to measured a values (Table 3.7). In the case of wheat flour,

these surface fractals were due to non-starch materials in the wheat flour.

The crystalline structure of starch in the samples was revealed by wide-angle X-ray
scattering. The typical A-type pattern in wheat flour shows a main unresolved
diffraction doublet at around 17°-18° and single peaks at around 15°, 20° (very slight),
and 23°, as reported in previous studies (Aravind, Sissons, Fellows, et al., 2012;
Karwasra et al., 2017). The baking process completely changed the WAXS pattern
of the starch in wheat flour, showing that the semi-crystalline structure was turned
into an amorphous structure for the baked bread samples. The peaks of wheat flour
and control bread samples were numbered, and dashed lines were drawn to guide the

reader through the following discussions (Figure 3.14). A peak around 20° (Peak5 of
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control bread) was seen in the patterns of all bread samples. There are many studies
claiming that this peak at around 20° is a V-characteristic peak of endogenous starch
(amylose) - lipid complex (Guo et al., 2018; Li, Zhang, Xie, & Chen, 2019; Wang et
al., 2017; Yang et al., 2019; Zhang et al., 2013). It was hard to evaluate the ALC

complexes by looking at the WAXS patterns because the so-called V-characteristic
peak was also seen in the samples without MG.

— PSY5SMGB
—— PSY2MGB
——PSY5B
PSY2B
MGB
—— ——CONTROL
—— Wheat Flour
Psyllium
—— Monoglyceride

Intensity (AU)

5 10 15 20 25 30 35 40
20 (deg)

Figure 3.14. WAXS patterns of raw materials and freeze-dried bread powders.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.

The position, area, and full width at half maximum (FWHM) values of WAXS peaks

determined by implementing Gaussian peak-fitting were presented in Table 3.8. The

112



amorphous halo was defined as “peakl10” for wheat flour and “peak7” for the
powdered bread samples. The changes in the position of the peaks indicate the
changes in lattice size. A few peaks showed slight shifts from the control bread
sample. At the highest psyllium addition level with MG (PSY5MGB), peak1 shifted
to the left, indicating the increase in lattice size (Table 3.8 & Figure 3.14). peak3's
peak position shifted to the right for PSY2B, PSY5B, and PSY5SMGB (Table 3.8 &
Figure 3.14). This shift occurred due to the signals reflecting molecular chain spacing
in the psyllium structure, which probably had smaller lattice sizes. The position of
peak4 was also affected by the addition of psyllium, indicating that the represented
lattice sizes were bigger than the control bread sample.

FWHM values of the peaks show the lattice size and orientation uniformity. Smaller
FWHM means that the lattices having similar sizes are uniformly distributed, and as
FWHM gets bigger, the lattice becomes non-uniform. For peak2, PSY5MGB had a
smaller FWHM than the control bread sample. This shows that there was a crystalline
residue represented by a relatively uniform lattice which was probably structured
during bread baking in the presence of psyllium and MG. A similar result was
observed for peak3 of PSY2B and PSY5B, indicating that the crystalline lattices of
psyllium represented at this position have better uniformity than those of the control
sample. When MG had been incorporated, the uniformity of lattices coming from
psyllium was lost to a small extent for peak3. Similarly, for peak5, FWHM was
significantly higher for PSY2MGB than PSY2B.
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Relative crystallinity (RC) values calculated by the two methods, two-phase (RCtp)
and crystal-defect (RCcp), indicated that all bread samples had lower RC than raw
wheat flour (Table 3.9). Both method did not reveal any differences due to added
psyllium or MG. For the crystal-defect method, although there were same samples
showing small differences in the individual peak areas (Table 3.8), the RC values of

the samples were not significantly different (Table 3.9).

Table 3.9 Relative crystallinity (RC) values of wheat flour and freeze-dried bread

powders calculated by two-phase and crystal-defect methods with WAXS data.

RCtr % RCcp %

Two-phase  Crystal-defect
Wheat Flour 11.8+1° 40.9+5.6°
CONTROL 5.5+0.4° 16.2+2.0°
MGB 5.4+0.4° 15.0+0.8°
PSY2B 5.6+0.5° 15.4+1.6°
PSY5B 5.6+0.2° 15.8+1.5°
PSY2MGB 5.6+0.5° 16.2+1.3°
PSY5MGB 5.9+0.5° 15.7+1.2°

Results are mean £ SD (n=5). Significantly different values in the same column are
followed by different letters (a, b) (p<0.05). CONTROL, MGB, PSY2B, PSY5B,
PSY2MGB, and PSY5MGB represent the control bread, breads with 1 % MG, with
2 % psyllium, with 5% psyllium, with 2 % psyllium-1% MG, and with 5 %
psyllium - 1 % MG, respectively.

In general, it was seen that WAXS suggests minor crystalline structures, which did
not form well-defined stacks. Although there was a partially lost semi-crystalline
pattern observed by WAXS, the only well-defined alternating lamellar structure in
bread powders was related to the MG aggregates. It was also previously reported
that when there was no scattering peak in the SAXS region, sheets of crystallized
ALCs without forming ordered stacks may be observed by WAXS (Blazek &
Gilbert, 2010). When all aspects of SAXS and WAXS results were evaluated
together, the two-phase non-particulate system was suitable to describe the bread

systems produced in this study. This model suggests that the system consists of one
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phase composed of domains with sharp interfaces (the small starch crystallites or
sheets of crystallized ALCs) randomly distributed in a second phase (the fully
gelatinized portion of the starch) (Blazek et al., 2011).

3.5.8 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is sensitive to the double-helical
order, i.e., short-range order, which contributes to the crystallinity of native starch
(Lu, Ma, Chang, & Tian, 2021; Zhang et al., 2013). The loss of the band around
1043 cm™ and the changes in the bands around 997 cm™ and 1016 cm™ seen in bread
samples when compared to wheat flour indicated the loss of ordered double helices
after baking (Figure 3.15). The relative intensities of the band at 997 cm™ decreased,
and the relative intensities of the band at 1016 cm™ increased. The intensity decrease
of the band at 997 cm™ indicates the loss of intramolecular hydrogen bonds between
hydroxyl groups at the C-6 position or the loss of branched chains structures formed
by hydrogen bonds at the C-6 and C-1 positions in amylopectin, (Li et al., 2020; Su
et al., 2020; Warren et al., 2016). The increasing intensity at 1016 cm™ indicates the

increase in the amorphous starch portion (Deeyai et al., 2013).

The high-intensity peaks of MG (1700 cm1, 2845 cm™, and 2915 cm™) were slightly
noticeable in MG-added breads, confirming the presence of fatty acids in the system
(Figure 3.15). The peak at around 2845 cm™ corresponds to the carbonyl group’s
vibration, and the peak at around 2915 cm™ indicates the asymmetric stretching of

the —CH2- group (Cervantes-Ramirez et al., 2020).
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Figure 3.15. FTIR spectra of raw materials and freeze-dried bread powders.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1 % MG, with 2 % psyllium, with 5 % psyllium, with 2 %
psyllium - 1 % MG, and with 5 % psyllium - 1 % MG, respectively.

3.5.9 In vitro Starch Digestion

To allow for standardized comparisons and to distinguish the effect of dilution
caused by inclusion of psyllium and excess water in certain samples, the starch
fractions were reported in three different ways: Firstly, the rapidly, slowly and
undigestible starch fractions (RDS, SDS, and US) were expressed as a proportion of
100 g total measured starch (TS) in the samples. Secondly, the RDS fractions were
provided per 100 g of bread on a dry basis. Lastly, the RDS fractions were also
presented per 100 g of bread on a wet basis (Table 3.10).

Starch in the wheat flour used in bread dough becomes very digestible after baking,

as RDS/TS values increased from 21 % to 69-79 % in the bread samples (Table

117



3.10). The decrease in SDS/TS values supported this change. During baking, starch
gelatinized, became accessible to enzymes, and was digested easily. In its native
form, the crystalline structure of starch shows more resistance to hydrolysis. The
bread-making procedure is a harsh and high-temperature process that destroys the

starch structure and makes the starch sensitive to enzymatic hydrolysis.

Table 3.10 Rapidly digestible starch (RDS), slowly digestible starch (SDS), and
undigestible starch (US), fractions of the bread samples.

g starch fraction g RDS
/100 g total starch /100 g bread
RDS SDS uUs dry basis  wet basis

CONTROL 77+4% 844 14422 53142 35+32
MGB 79+8%  8+5% 12457 51+52 3432
PSY2B 7778 9x5%  13+7° 51+52 32432
PSY5B 73+6% 15+6° 11+2° 45+4% 26+2P
PSY2MGB  76+5% 11+£3% 12+4° 50+22 31+12
PSYSMGB  69+4% 17+8% 14+7° 42+3° 2442P
Wheat Flour 21+2 578 2247 1742* 14+1*

Results are mean £ SD (n=5). Significantly different values in the same column are
followed by different letters (a, b, ¢) (p<0.05). CONTROL, MGB, PSY2B, PSY5B,
PSY2MGB, and PSY5MGB represent the control bread, breads with 1 % MG, with
2 % psyllium, with 5% psyllium, with 2 % psyllium-1% MG, and with 5%
psyllium - 1 % MG, respectively. *Results were reported per 100 g wheat flour, on
dry and wet basis.

The standardized representation (as a proportion of total starch) gave higher RDS
fraction values for wheat flour and bread samples compared to other representations
(Table 3.10). This was because these fractions were calculated based on the total
available starch in the samples, discarding the other components. When these
standardized calculations were used to compare the digestibility of bread samples, it
was seen that psyllium addition had no statistically significant effect on any starch

fractions at the studied substitution level (2 and 5 %).
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On the other hand, a comparison of RDS fractions of the breads on a dry weight basis
showed that PSY5MGB had a lower RDS fraction than the control bread. This result
revealed that psyllium-added samples could give lower RDS fractions due to the
dilution of wheat flour by psyllium. Further, comparing the RDS values on a wet
weight basis showed that PSY5B and PSY5MGB had lower RDS fractions. This
result revealed the effect of dilution on reducing RDS fractions due to excess water
added to psyllium-added doughs (Table 3.10). Using different data presentation

methods revealed the importance of dilution effect.

Several in vitro and in vivo studies have shown that starch hydrolysis occurs slower
when lipids are added to the systems and formed ALCs (Kaur & Singh, 2016). It is
claimed that the resistance against enzymatic hydrolysis increases as the degree of
polymerization of the amylose in starch increases, the length of the oil chain
increases, and the temperature of complexation increases (Gelders et al., 2005). This
means that food processing parameters can affect starch digestion in products that
contain both starch and lipid. It also has been suggested that the starch digestibility
and the glycemic index reducing the effect of lipids may be associated with various
factors such as the delay in gastric emptying, higher insulin response, lower glucose
absorption, and low amylase enzyme accessibility (Henry, 2009). In a study
investigating the effects of corn oil, soy lecithin, palmitic, stearic, oleic, and linoleic
acids on the digestion of various starches, it was found that all lipids reduced the
enzymatic hydrolysis rates of corn starch, tapioca starch, and high amylose corn
starch (Ai et al., 2013). In that study, in the presence of oleic acid, the enzymatic
hydrolysis rates of corn starch and tapioca starch decreased by 10 %. In the study,
complexes formed of starches cooked in the presence of fats gained resistance to
digestion, and as a result, the digestibility rate decreased. In a study investigating the
effect of oleic, linoleic, and palmitic acids on in vitro digestion of different types of
millet starches, it has been observed that all these fatty acids, especially oleic acid,
decreased the hydrolysis rate of starch (Annor et al., 2015). In another study,

precooked foxtail millet starch samples were produced in the presence of oleic,
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linoleic, and palmitic fatty acids, and the fatty acid addition led to a decrease in
in vitro digestibility (Jin, Bai, Chen, & Bai, 2019).

In this study, however, the starch digestion rate did not decrease after MG addition.
In most studies investigating the effect of lipids on starch digestion, the complexes
were isolated and then exposed to the digestion procedure. Since only the complexed
molecules were processed, the results show that lipid addition lowers the digestion
rate. In our study, on the other hand, the real product went through the digestion
procedure. The results showed that the formed ALCs was insufficient to significantly
impact the starch digestion when MG was added at a level of 1 %.

In summary, the results of the study indicated that the addition of psyllium at levels
up to 5% did not have a significant impact on starch digestion when the available
starch content in the samples was kept constant. This finding was consistent with the
data obtained from DSC, which showed that the incorporation of psyllium and MG
at the tested levels did not alter the gelatinization process during baking. However,
it was observed that the inclusion of additional ingredients could potentially dilute
the wheat flour present in the samples, resulting in a decrease in the proportions of

digested fractions.

3.6 CONCLUSION

Through a comprehensive investigation utilizing various characterization techniques
from the macro- to nano-scales, it was observed that the addition of psyllium and
monoglyceride (MG) had an impact on dough formation and various properties of
the final bread. Structural analysis, combined with quality and sensory evaluations,

as well as digestion analysis, provided valuable insights at various interest levels.

Pasting and cryo-scanning electron microscopy (cryo-SEM) analyses demonstrated
that MG effectively created a barrier on the surface of starch granules, leading to
delayed gelatinization. Psyllium, being a gel-forming material itself, further

increased the viscosity of gelatinized starch and formed stronger pastes. Due to the
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high water-holding capacity of psyllium, dough samples with psyllium required
additional water, which weakened the dough structure. However, these
modifications did not significantly affect most physical properties of the bread,

which exhibited high quality with a uniform structure.

The addition of psyllium and MG influenced several structural properties.
Amylose-lipid complexation was observed in all samples with MG. However, the
presence of psyllium prevented the formation of these complexes, and their
occurrence decreased with increasing psyllium content. Structural analysis,
small-angle and wide-angle X-ray scattering (SAXS and WAXS) revealed that the
well-ordered structure of wheat flour was lost after baking. Nonetheless, certain
crystallites originating from starch remained intact, and the addition of MG resulted
in the formation of new crystallites, indicating the presence of amylose-lipid
complexes, as observed in complexing index and differential scanning calorimetry
(DSC) thermograms. The molecular interactions induced by MG were detected

through Fourier transform infrared (FTIR) analysis.

Measured adhesiveness was slightly high for 5 % psyllium-added samples, and it
was perceived by sensory panelists as “sticky”. Additionally, the sensory panelists
observed variations in parameters such as color, wetness, and doughy mouthfeel.
However, these sensory attributes did not have a significant impact on the overall

acceptance of the product.

The starch digestion rate was not significantly affected by psyllium addition when
the results were evaluated on the available starch basis. This outcome aligned with
the findings from the DSC analysis showing similar gelatinization degrees for all

samples.

Psyllium was successfully incorporated in wheat bread at levels up to 5 % with good
acceptability scores from the sensory panelists. However, minor quality
improvements expected from MG addition were not observed at the studied level.
Psyllium shows a promise as an ingredient to produce lower glycemic index bread

by diluting the starch content through its water-holding capacity.
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3.7 NOMENCLATURE

ALC
ATR
ANOVA
AU

Cl
Cryo-SEM
d

DF

DSC
ES1

ES2

FG

FTIR

FU
FWHM
G20

G120

L*, a*, b*

MG
PSY

RDS
RC
RCcp

Amylose-lipid complex

Attenuated total reflectance

Analysis of variance

Arbitrary unit

Complexing index

Cryo-scanning electron microscopy

Bragg’s distance (hm)

Dietary fiber

Differential scanning calorimetry

Enzyme solution 1 used in in vitro digestion analysis
Enzyme solution 2 used in in vitro digestion analysis

Free glucose (g)

Fourier transform infrared spectroscopy

Farinograph unit

Full width at half maximum of a fitted WAXS peak

Glucose released up to 20™ min during carbohydrate
hydrolysis step of in vitro digestion (g)

Glucose released up to 120" min during carbohydrate
hydrolysis step of in vitro digestion (g)

Scattering intensity (AU)

Color space values expressing lightness, red, green, blue and
yellow

Monoglyceride

Psyllium

Scaterring vector (nm™)

Rapidly digestible starch

Relative crystallinity

Relative crystallinity calculated by crystal-defect method
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RCrp

SDS

TG

TPA

TS

us

AE
AHgelatinization
AHaLc

o

Relative crystallinity calculated by two-phase method
Slowly digestible starch

Total glucose (g)

Texture profile analysis

Total starch (g)

Undigestible starch

The difference of color from a reference color state
Gelatinization enthalpy (J/g)

Amylose-lipid complex dissociation enthalpy (J/g)

fractal structure, the self-adjoint geometry calculated from the

slope of SAXS curve
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CHAPTER 4

CONCLUSIONS

This study showed that non-starch components inulin, cellulose, psyllium, and
monoglyceride (MG) (composed of mainly monopalmitin and monostearin) have
various effects on wheat starch in terms of structural, nutri-functional,
techno-functional, quality, and sensory properties. Among those changes, the
structural changes can be counted as the precursor of the last three. A broad scope of
techniques was used to examine the structural changes, from macro to micro scale,
including SEM, DSC, SAXS, WAXS, XRD, and FTIR. Gelatinization is a unique
structural change specific to starch and predominates structural properties. Thermal
processing used in the study led to gelatinization and, consequently, the loss of

ordered structure of starch.

The mechanisms which change the structural properties of starch during cooking in
the presence of non-starch components are not simple, and it is hard to make a
generalized conclusion. However, dietary fibers and monoglycerides showed
different effects on the native structure of wheat starch. Also, soluble dietary fibers,
inulin, and psyllium had profound effects, while cellulose did not show significant
changes. Soluble dietary fibers used in this study, inulin, and psyllium, showed a
similar disintegration pattern with wheat starch upon hydrothermal treatment and
bread-making process. Specific changes were observed in inulin and psyllium
structures, while cellulose preserved its fibrous structure after cooking. During the
disintegration process, soluble fibers and starch interacted, forming new structures.
This indicated that soluble fibers were more effective in changing starch structure
when processed together with starch since they can compete for water and interact
with starch which was previously suggested in literature widely. Monoglyceride led
to a delay in starch gelatinization, and it complexed with starch. There was evidence
that psyllium also interacted with the monoglyceride similarly to starch when

psyllium and monoglyceride were incorporated into the system.
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In vitro starch digestion results can be reported on different bases. The calculations
of results need to be specified clearly to eliminate the misinterpretation of those
results. In this study, the starch fractions, RDS, SDS, and US, were reported on both
available total starch basis and sample weight basis. When the results were calculated
on the available total starch basis, there was no significant change in the starch
digestion rate. However, when the fractions were reported on sample weight basis,
there were significant decreases in RDS. It concludes that the decrease in starch
digestion rate was due to the dilution effect of the fibers.
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APPENDICES

A. Differential Scanning Calorimeter (DSC) Thermograms of the Wheat

Starch with or without Inulin and Cellulose
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Figure A.1. DSC thermograms of the untreated wheat starch with or without inulin

and cellulose heated from 30 °C and 100 °C.
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B. Farinograms
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Figure A.2. The farinograms of different bread formulations.

CONTROL, MGB, PSY2B, PSY5B, PSY2MGB, and PSY5MGB represent the
control bread, breads with 1% monoglyceride, with 2% psyllium, with 5% psyllium,
with 2 % psyllium - 1% monoglyceride, and with 5 % psyllium - 1% monoglyceride,

respectively.
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C. The Result Table of Sensory Analyses

Table A.1 The numerical liking degrees and rate all that apply (RATA) analyses
results of sensory analyses

CONTROL MGB PSY2B PSY2MGB PSY5B PSY5MGB

Liking Degree

Overall 6122 6122 6+12 6122 6+22 6122
Appearance 6+12 722 6+1%® 6+1?2 5+2°¢ 6+2°¢
Color 6+22 722 6+12 6+1?2 5420 5420
Smell 6+12 6+12 6+12 6+1?2 6+22 6122
Flavor 6+22 6122 6+12 6+1?2 6+22 6122
Texture 5+22 6122 6122 6+22 6+22 6122
RATA
Grey Color 0.1£0.52 0.1£0.6* 0.5+1.12 0.6£1.12 3+2P 3#2P
Dark Crumb 0.2+0.7° 0.1+0.6° 0.4+1.1% 0.3+0.9° 1+22 1+28
Large Pores 1+1P 1+1P 1+1P 1420 2422 2422
Baked Odor 1+22 1+22 1+12 1+22 1+22 1+1°
Baked Flavor 1422 1423 142 1423 1+1° 1+1°
Wheat Odor 1+22 1+22 1+12 1+12 1422 1+1°
Wheat Flavor 1+22 1+22 1+22 1+22 1422 1+1°
Off Flavor 0.31£0.92 0.3£1*  0.5%1.22 0.4+12 0.7£1.52 0.5+1.18
Salty 0.8+£1.42 0.9£1.52 1+1.42 0.8£1.32 0.7£1.32 0.9£1.42
Bitter 0.3£0.92 0.3£0.8* 0.3+0.92 0.4+1.12 0.5x12 0.4x12
Soft 2+22 2+22 2422 2+28 2+28 2+28
Chewy 2+22 2+22 2422 2+28 2+28 1+28
Moisty 0.8+1.4%¢ 0.9+1.5°¢ 0.9+1.4°¢  (0.9+1.5%¢ 2+28 1422
Sticky 0.7£1.42 0.6£1.28 0.8+1.4% 0.6x£1.22 1+1.52 0.9£1.42
Dry 1+22 1+2%  0.8+1.4%®  0.9+1.5% 0.4+1.1°  0.4+0.9°
Dense 0.6£1.32 0.6£1.32 0.9+1.5° 0.7£1.32 0.9£1.52 0.8+1.42
M%‘L‘:%?gel 0.9+15*  08+15° 08415  08+14% 120 1422
Breaks Apart

X 0.6+1.4° 0.5+1.2* 0.6+1.3*  0.5+1.3*  0.7+1.4* 0.9+1.6*
Easily

Results are mean = SD (n=100). Significantly different values in the same column
are followed by different letters (a, b, c) (p<0.05).
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D. Differential Scanning Calorimeter (DSC) Thermogram of Pure
Monoglyceride (MG)
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Figure A.3. Thermal transition properties of pure MG.
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