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Preface 

Nowadays, facing the insurgence of diet-related chronic diseases has gained more interest 

due to the remarkable shift among consumer diets from traditional and balanced dietary 

patterns to high caloric and ultra-processed foods. Type 2 diabetes (T2D) represents the 

most prevalent non-infective metabolic disorder worldwide responsible for insulin 

resistance and deficiency. Several factors are involved in the progression of T2D, 

hindering its management. Food habits remain the first step for the control and 

modulation of this clinical condition, pushing the food sector toward healthier directions. 

The development of more healthy products led food industries to design innovative 

strategies and food products with promising technological and nutritional properties. 

Appealing approaches are featured by the exploitation of alternative raw ingredients and 

technological processes aimed at the modification of the food composition and structure, 

reducing caloric intake and glycaemic impact. Among all, high-carbohydrate diets are 

strongly associated with metabolic dysregulation and consequently the insurgence of 

T2D. Thus, in high caloric products, the reduction of available carbohydrates for 

digestion became a real challenging point. Multiple strategies were adopted to achieve 

this goal, from the utilization of ingredients with low amounts of available carbohydrates 

to the modification of starch digestibility, and glucose absorption rate.  

Considering the above scientific background, this Ph.D. thesis aimed to study the effect 

of innovative ingredients on the glycaemic response of different cereal-based products, 

with particular concern on the influence of food structures on starch digestibility.  
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Summary 

In recent decades, consumer demands for cereal-based products with low glycemic 

impact and high commercial quality have changed considerably. For this reason, during 

this Ph.D. project, starch availability and product quality were influenced positively at the 

same time by using innovative and functional ingredients. Four starchy products 

characterized by different glycaemic responses were studied, in order to highlight how 

the production process and the final product structure influence starch digestibility. This 

research primarily focused the attention on the relationship between rheological 

properties, microstructure, and in vitro digestion of the food. Strategies to alter the 

glycaemic response of products were obtained by adopting different technological 

approaches, related to common (cooking-extrusion) and alternative (high-pressure 

homogenization) processing and formulation interventions.  

Psyllium, a soluble dietary fibre with interesting health benefits, and oleuropein, an olive-

derived polyphenol, were directly incorporated in pasta and bread products, respectively. 

On the other hand, rice bran, a by-product of the rice industry, and chia flour were both 

subjected to technological treatments and added to expanded snacks and layer cakes, 

respectively.  

Findings showed the possibility to modulate the glycaemic response by altering the food 

structure. In addition, technological processing could be used in combination with 

formulation interventions to enhance ingredient technological properties and 

consequently to reduce the glycaemic impact of carbohydrates. The approach of this 

Ph.D. research highlighted the importance of always promoting high-quality and 

attractive products with healthy properties. 
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“Without libraries what have we? 

We have no past and no future.” 

 

Ray Bradbury 
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CHAPTER 1 - Introduction 

1.1 High-calorie diets and health issues 

In the last decades, especially among developing countries, the consumption of high-

calorie diets widely increased, leading to an increase of several chronic and eating 

disorders. In 2010, the World Health Organization (WHO) states chronic diseases as 

“diseases of long duration and generally slow progression”, accountable for most of the 

worldwide diseases and deaths, especially in Europe (Reinhard Busse, Blümel, Scheller-

Kreinsen, & Zentner, 2010). Nowadays is well known that consuming foods and beverages 

with high-calorie intake might lead to an irregular postprandial rising of blood glucose 

and triglycerides levels that could generate undesired free radicals (ROS) and, in the long 

period, unsafe biochemical reactions (Ghanim et al., 2009).  

Generally, in a regular diet, carbohydrates are the greatest macronutrients contributor to 

the daily caloric intake (Byun, Mayat, Aggarwal, Parekh, & Makarem, 2019). Cereal-based 

products, made from raw and processed carbohydrates, are consumed commonly in large 

quantities, due to their good taste, low cost, and nutritional aspects (Martins, Pinho, & 

Ferreira, 2017). Dietary carbohydrates represent one of the main sources of human 

energy, but in the long period could become a health issue when they are digested and 

absorbed rapidly, and consumed in large quantities, increasing the insurgence risk of 

several degenerative disorders (Barclay et al., 2008). In Europe, North and Latin America 

the consumption of carbohydrates provides 55% of the total energy intake, while the value 

is about 65% and 63% for Asian and African regions, respectively (Dehghan et al., 2017). 

Based on digestion time and composition, carbohydrates can be distinguished in low and 

high quality. Low-quality carbohydrates, such as added sugars and those derived from 

refined grains, provide quick energy because are easily and rapidly digested, but a 

recurrent excessive intake might lead to irregular glucose metabolism and the insurgence 

of type 2 diabetes and obesity disease (Byun et al., 2019; Shan et al., 2019). In contrast, high-

quality carbohydrates, like those obtained from whole grains or legumes, are slowly 

digested, providing a sense of fullness and satiety, essential nutrients, and they help to 

regulate gut microbiota and to prevent several disorders (Byun et al., 2019; Venn & Mann, 

2004).  
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For the all above-mentioned reasons, there is an imminent and effective need to 

regularize and reduce the consumption of low-quality carbohydrates and to promote the 

consumption of high-quality carbohydrates, by developing new strategies or 

implementing the existing ones, capable of realizing and producing functional cereal-

based products with a low glycaemic impact, high sensorial, structural, and nutritional 

qualities accessible to anyone and achievable from the industrial point of view. 

1.2 Carbohydrate and digestion  

Dietary carbohydrates, a class of chemical-defined compounds namely sugars, 

oligosaccharides, and polysaccharides, are the primary source of food energy in the world 

(Cummings & Stephen, 2007). Generally, in foods, carbohydrates are important not only 

as energy sources but also as texturing and flavoring agents, and as dietary fibre (DF) 

constituents (BeMiller, 2018). Starch, the most abundant polysaccharide in plants, 

represents the major form in which carbohydrates are stored in nature. This biopolymer 

is organized in granules of various shapes and sizes depending on the botanical source 

(Pérez, Baldwin, & Gallant, 2009). All cereal grains, including rice, wheat, maize, barley, 

sorghum, and also pulses and tubers, are rich in starch granules characterized by different 

chemical compositions that partially contribute to control starch digestion rate and 

consequently the glucose released in the intestinal tract (Dona, Pages, Gilbert, & Kuchel, 

2010). Starch granule is a complex system with a semi-crystalline structure formed of 

multiple concentric growth rings that involve amorphous and crystalline lamellar regions 

(Copeland, Blazek, Salman, & Tang, 2009). Chemically, two different glucose polymers 

are the main components of native starch granules: amylose and amylopectin, followed 

by small amounts of proteins, lipids, and minerals. Amylose is a linear macromolecule 

linked by -(1→4) bonds forming predominately single-chain helices, while amylopectin 

represents about 70-80% of the starch composition and is characterized by -(1→6) bond 

branches (4-5%) (Shannon, Garwood, & Boyer, 2009). In the semi-ordered starch 

structure, amylopectin double helices give the crystalline regions, while the amylopectin 

branch points and single helices of amylose form the alternating amorphous lamellae 

(Gallant, Bouchet, & Baldwin, 1997; Pérez & Bertoft, 2010). Native starch granules, typical 

of raw cereals and pulses, are characterized by highly packed and organized structures, 

which may sterically inhibit enzymes access. However, in the presence of moderate heat 
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and high shear or excess water (cooking conditions) starch granules start swelling 

irreversibly, followed by the collapse of the semi-crystalline structure (gelatinization) 

which increase the accessibility to digestive enzymes (Mishra, Hardacre, & Monro, 2012; 

Wang & Copeland, 2013). Undamaged or native starch granules in presence of cold water 

can start swelling reversibly and growing their size by absorbing water due to the 

presence of hydrogen bonds in the amorphous regions, resulting in more open molecular 

structures accessible to amylase enzymes (BeMiller, 2018). The degree of swelling and the 

extent of gelatinization are the major determinants of the susceptibility of starch to 

enzymatic digestion (Wang & Copeland, 2013). 

In humans, starch digestion follows a dynamic two-step model. Figure 1 shows a summary 

of the starch digestion steps that occur in human bodies, including the digestion phase, 

substrates and enzymes involved, and the final products. This metabolic pathway starts 

in the human mouth where the long chains of starch contained in foods meet salivary -

amylases, which degrade long starch polymers in smaller chains and oligosaccharide 

molecules (Van Ruth & Roozen, 2000). Salivary -amylases are helped by the mechanical 

action of mouth chewing during mastication through the shredding of the eaten food in 

small pieces and by the increase of the available surface area for the enzyme activity 

(Woolnough, Bird, Monro, & Brennan, 2010).  

Figure 1 Starch digestion phases. 
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Two major mechanical mechanisms responsible for food disintegration and release of 

nutrients during human digestion were elucidated by Kong & Singh (2009): 

fragmentation in the mouth, and surface erosion in the gastrointestinal tract.  The first 

mechanism occurs when the chewing applied stress is greater than critical stress that 

brings to the breakage of food samples into several small fragments; the latter mechanism 

occurs when the applied stress is lesser than the critical stress and causes rubbing 

movement between food surface and gastric fluid (Kong & Singh, 2009). In the stomach, 

the acid pH inhibits salivary enzymes and promotes enzymatic degradations of lipid and 

protein molecules that further soften food structure. Starch and oligosaccharides 

digestion proceeds in the small intestine where pancreatic -amylases and -glucosidase 

hydrolyze -(1→4) bonds of maltose, maltotriose, and dextrins releasing monosaccharides 

that are absorbed into the bloodstream through specific membrane transporters 

(Lovegrove et al., 2017). The rate of starch digestion depends mainly on the starchy 

structural form that reaches the small intestine, as long or short oligosaccharides chains, 

or as intact resistant starch granules (Mishra et al., 2012). Based on the starch digestion 

rate in the small intestine, Englyst, Kingman, & Cummings (1992) proposed a classification 

of three different starchy fractions. Resistant starch (RS), that is not digested in the small 

intestine but fermented by the microbiota in the large intestine (colon); slowly digestible 

starch (SDS) that is gradually digested in the small intestine; and rapidly digestible starch 

(RDS) that quickly release a large amount of glucose in the small intestine, leading to a 

rapid increase of the postprandial glycemic response (Englyst et al., 1992). Raw foods, 

especially cereals, have high RS/SDS content compared to processed food, where the 

disorganization of the starch structure increases the enzymatic susceptibility of the 

granules, resulting in high RDS content (Magallanes-Cruz, Flores-Silva, & Bello-Perez, 

2017). In the human body glucose is primarily oxidized and stored as glycogen, because 

represent the energy source preferred by tissues and cells. When the total energy intake 

exceed the body energy requirement, glucose metabolism is altered and another pathway 

called lipogenesis, the metabolic way that brings to the conversion of the body glucose 

surplus into fats, is followed (Svihus & Hervik, 2016). Thus, a physiological state caused 

by high-caloric diets is drastically associated with an increased risk of several chronic 

disorders, strokes, and in the long period with mortality (Dehghan et al., 2017; Hardy, 

Garvin, & Xu, 2020). 
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1.3 Glycaemic response, glycaemic index, and 

glycaemic load 

Nowadays, radical changes in the quantity and quality of carbohydrates consumed within 

the diet have received considerable attention. For years, traditional grains and 

conventional cereal-based products have been replaced by products containing more 

refined sugars and processed cereals (Barclay et al., 2008). Carbohydrates, the main 

constituents of these products, play a major role in postprandial glycemia increase after a 

meal (Magallanes-Cruz et al., 2017). However, it has been established that postprandial 

response to a carbohydrate-rich meal is not determined by the amount of available 

carbohydrate alone, but the proportion of proteins, fat, and dietary fibre, as well as the 

food microstructure, can affect the rate of glucose absorption (Ferrer-Mairal et al., 2012; 

Meng, Matthan, Ausman, & Lichtenstein, 2017; Tosh, 2013). Despite that, starch and small 

carbohydrates are still the principal responsible for the increase in the glycemic response. 

Three dietary indicators are used, by the scientific community, to comprehend and study 

the postprandial glycemic response of a food product. 

• The glycemic response (GR) is defined as the indicator of the postprandial blood 

glucose response (in terms of concentration changes), calculated when a portion 

of food or meal that contains carbohydrates is consumed (Augustin et al., 2015).  

This parameter represents the first step to obtain practical information about the human 

response in relation to the consumption of a carbohydrate-based food. As the GR is 

strictly related to human biochemical reactions, this index is affected by several factors: 

the rate of glucose absorption into the bloodstream, the quantity of glucose absorbed, the 

glucose tissue uptake, and the glucose hepatic regulation (Vega-López, Venn, & Slavin, 

2018). The second step to gain information about the human glycemic response is 

represented by another parameter, the glycemic index, that allows quantifying and 

comparing the glycemic response of different starchy-food products. 

• The glycemic index (GI) is defined as the incremental area under the blood 

glucose response curve of a 50-g (25-g) carbohydrate portion of a test food 

expressed as a percent of the response to the same amount of carbohydrate from 

a standard food (glucose solution or white wheat bread) taken by the same subject 

(FAO/WHO, 1998).  
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The GI represents a feature of the food itself and an effective and reproducible method 

for classifying and distinguishing starchy foods based on the quality of the carbohydrates. 

In terms of the quality of food carbohydrates, two distinct categories can define this 

attribute: high GI foods (GI > 70 on the glucose scale) that contain mainly rapidly available 

carbohydrates (low quality); and low GI foods (GI < 55 on the glucose scale) which contain 

carbohydrates that are slowly digested and absorbed in the intestinal tract (high quality) 

(Augustin et al., 2015). The GI is considered both a standardized GR, because is based on 

an equal amount of available carbohydrate, and at the same time a relative GR since a 

relative referent food is taken into consideration (Augustin et al., 2015). The ISO 

26642:2010 standard method defines the guidelines for the in vivo determination of the GI 

of food products. Although the in vivo models (animals or humans) allow to obtain 

detailed information on food digestion and the relative glycemic response, they are 

generally expensive and sometimes ethically questionable (Dupont et al., 2019). For this 

reason, several in vitro models (static and dynamic) have been suggested in the scientific 

literature. However, a standardized in vitro method for the determination of the GI that 

strictly correlates with in vivo results has not been determined yet due to the highly 

complex replication of physicochemical reactions and physiological responses occurring 

during human digestion, such as pH homeostasis, gastric emptying, and glucose 

absorption rate. In the last decades, different authors have proposed static in vitro models 

to simulate and evaluate the oral-gastro-intestinal behavior of foods and the release of 

their macronutrients in the digestion tract (Brodkorb et al., 2019; Hur, Lim, Decker, & 

McClements, 2011; Minekus et al., 2014). Until now, all the static protocols showed good 

response in terms of cost and reproducibility, but with still strong practical limitations to 

recreate the complexity of the digestive tract compartments. Therefore, the dynamic 

models, more accurate and flexible to replicate food digestion, have been designed and 

fulfilled through the years (Dupont et al., 2019).  After accurate literature research, 

Atkinson, Foster-Powell, & Brand-Miller (2008) listed and published two tables 

containing several food products and their relative GI and glycemic load values, to 

improve the quality and quantity of GI data available for scientific research and clinical 

assessments. 

• The glycemic load (GL) is defined as the product of GI and the total available 

carbohydrate content in a given amount of food (GL = GI x available 

carbohydrate/given amount of food) (Augustin et al., 2015). 
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This third parameter was introduced as an instrument of predicting the GR; it considers 

the GI and the amount of carbohydrate available for digestion in a specific portion of the 

food consumed (Vega-López et al., 2018). 

1.4 Cereal-food structure and digestibility 

Food products contain different chemical compounds (lipids, proteins, carbohydrates, 

vitamins, minerals) heterogeneously dispersed in complex building structures 

(McClements, 2007). Food microstructure has been described as an organized 

architectural system made up of distinct nutrients and elements of different sizes, in 

which structural interactions may define the properties and functionalities of the food 

(Aguilera, 2019). During years, for a better comprehension of the bioaccessibility (fraction 

released upon digestion) and bioavailability (fraction absorbed during digestion) of these 

nutrients, next to food structure definition was provided the food matrix concept. In fact, 

the term "food matrix" is used to identify the overall nutritional compounds involved in 

chemical and physical interactions that directly influence the release, accessibility, 

digestibility of several food compounds during the transition in the gastrointestinal tract 

(Crowe, 2013; Motilva, Serra, & Rubió, 2015). Specifically, the food matrix was defined as 

an essential part of the microstructure, generally represented as a physical region that 

includes constituents of the food (e.g., nutrients, microorganisms, polyphenols) with 

particular properties, which could be released during digestion (Aguilera, 2019). When a 

food product is consumed, its structure undergoes a complex multiscale disassembly 

process, from a macro-scale level in the mouth to a molecular-scale level in the small 

intestine, where nutrients are converted into an appropriate state for absorption 

(Bornhorst, Gouseti, Wickham, & Bakalis, 2016). Therefore, in cereal-based products, 

starch digestion rate and the following release of glucose molecules are strictly related to 

the microstructure and the matrix in which the granules are originally embedded. These 

products are characterized by different microstructures based on several technological 

factors, such as the bulk density, gluten strength, additional ingredients, water content, 

and the technological production process, as illustrated in Figure 2.  
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The resulting food structure will influence the degree of swelling of the starch granules, 

affecting positively or negatively their digestibility, and at the same time will affect the 

physical accessibility to the food matrix by alpha-amylases (Eelderink et al., 2015; 

Peressini, Cavarape, Brennan, Gao, & Brennan, 2020; Wang & Copeland, 2013; Yun, 

Devahastin, & Chiewchan, 2021). 

 

In the case of cereal-based aerated products, density is directly associated with the 

expansion of the dough during proving and baking for baked products, and at the end of 

the extrusion-cooking process for direct expanded snacks. Therefore, product density for 

this food group is related to the retention of gas bubbles within the gluten network 

(Cauvain & Young, 2006; Robin, Dubois, Pineau, Schuchmann, & Palzer, 2011). On the 

other hand, in non-aerated products, such as dry pasta, density is strictly correlated with 

the work pressure inside the extrusion screw-barrel system, which compresses and force 

the dough through small holes in a die, producing the typical compact structure of pasta 

(Pollini, Sissons, Pantò, Nespoli, & Abecassis, 2012).  

Based on the product density and the production process, three different structures with 

different levels of starch digestibility have been recognized, as shown in Figure 3: 

1) highly porous structures, typical of expanded snacks, where extrusion cooking 

involves shear forces, high differential pressures, and high temperatures; and also 

Figure 2. External and internal factors that influence product structure and 

consequently starch digestibility. 
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sponge cakes and bread products, in which the baking process involves high 

temperatures and a leavening agent (generally yeast or baking powder). These 

open structures easily allow digestive enzymes to bind to fully gelatinized starch 

granules (high degree of swelling), with the rapid conversion to glucose molecules 

in the gastrointestinal tract (Cauvain & Young, 2006; Mishra et al., 2012). 

2) medium porous structure: typical of biscuit products, where the baking process 

involves high temperatures and baking powder, but a low amount of water. After 

cooking, the formation of a dense-medium porosity structure and the presence of 

partially gelatinized granules (medium-low degree of swelling), due to the lack of 

sufficient water in the formulation, considerably limit and slow down digestive 

amylases activity (Chevallier, Colonna, Buléon, & Della Valle, 2000; Mishra et al., 

2012; Zhou, Therdthai, & Hui, 2014). 

3) compact structure: typical of pasta products, where the extrusion technology 

involves low temperatures, high pressures, and vacuum conditions. Final cooked 

products are characterized by dense glutinous structures that protect gelatinized 

starch granules from digestive enzymes, reducing the accessibility and the 

available starch surface area (low degree of swelling), retarding food digestion 

(Mishra et al., 2012; Zou, Sissons, Gidley, Gilbert, & Warren, 2015). 

The water content of uncooked cereal-based products is an important factor in the 

modulation of starch digestion. In fact, during the cooking process, the granules need 

abundant available water to swell, in presence of low amount of free water the 

granules will show a low degree of swelling and more compact shapes, resulting in 

less available structures for digestive enzymes. With higher contents of free water, 

starch granules absorb the liquid until losing completely their molecular and 

organizational structure (high degree of swelling), facilitating enzymes penetration 

(Pellegrini, Vittadini, & Fogliano, 2020; Wang & Copeland, 2013). 
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The addition of other ingredients in the formulation, such as proteins, lipids, salt, and 

dietary fibre might reduce starch digestibility, by limiting starch granules swelling and 

protecting the granules from digestive enzymes. Primarily, the presence of additional 

ingredients (endogenous or exogenous) on granules surface sterically inhibits the 

enzymes motility, making difficult the access to the granules and retarding starch 

digestion (Dhital, Warren, Butterworth, Ellis, & Gidley, 2017; Hu et al., 2018; Svihus & 

Hervik, 2016). When added to the formulation, proteins and dietary fibre may create a 

network around starch granules and/or increase matrix viscosity, which may help slow 

down starch hydrolysis (Laleg, Barron, Santé-Lhoutellier, Walrand, & Micard, 2016; 

Peressini et al., 2020; Villemejane, Wahl, Aymard, Denis, & Michon, 2015). Lipids can form 

an indigestible complex with amylose chains or surround starch granules, limiting water 

absorption (hydrophobic surface) and decreasing starch swelling (Roman & Martinez, 

2019; Svihus & Hervik, 2016; Wang & Copeland, 2013).  

Figure 3 Representation of different starchy-based structures with the relative degree of 

starch swelling and digestibility. White circles: air bubbles; yellow circles: starch 

granules (with different degree of swelling); red lines: gluten network. 
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1.5 Strategies for reducing carbohydrates 

glycaemic impact 

In literature, several strategies and mechanisms have been proposed, from the food 

science and technology point of view, to reduce the carbohydrates glycemic impact on 

cereal-based foods (Brennan & Tudorica, 2008; Cleary & Brennan, 2006; Kwon, 

Apostolidis, & Shetty, 2008; Sun, Warren, & Gidley, 2019; Villemejane et al., 2015; Wee & 

Henry, 2020; Wolever et al., 2018). Generally, are technological strategies that focus 

primarily on four different aspects:  

1) the reduction of the content of available carbohydrates for digestion;  

2) the reduction of carbohydrates digestion rate; 

3) the reduction of glucose absorption rate; 

4) the combination of the previous strategies. 

For the food sector, a promising way is characterized by the exploitation of alternative 

food ingredients and processing methods, to modify the composition and the structure of 

cereal-based products in order to reduce the number of available carbohydrates, alter 

starch digestibility, and glucose absorption rate (Bello-Pérez, Flores-Silva, Sifuentes-

Nieves, & Agama-Acevedo, 2021; Pellegrini et al., 2020; Wee & Henry, 2020). In spite of 

that, the addition in starchy products of non-conventional ingredients with potential 

functionality, in terms of textural, sensorial, and beneficial attributes, could frequently 

represent a critical step for the technological feasibility and the final product acceptability 

(Elleuch et al., 2011; Foschia, Peressini, Sensidoni, & Brennan, 2013; Ou, Wang, Zheng, & 

Ou, 2019). Thus, the efficiency of a strategy and/or a combination of two strategies would 

depend firstly on the compatibility between adopted strategies and the food product, in 

terms of cost and suitability, but also on consumer acceptance. In summary, the life cycle 

of a valid strategy has to take into consideration four essential steps: 1) selection of the 

ingredients and/or technological processes to comply with the strategy; 2) preliminary 

laboratory tests to assure compatibility between the strategy adopted and the final 

product quality; 3) industrial-scale tests to investigate practicability and reproducibility of 

the strategy involved; 4) in vivo evaluations on a specific target population (Wee & Henry, 

2020). 
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In Table 1 are presented the main strategies found in the literature for reducing the 

glycemic impact of cereal-based products and the relative mechanisms proposed for each 

approach, type of technological intervention, and the digestion phase involve. The first 

strategy is represented by the reduction of the amount of available carbohydrates for oral 

and intestinal digestion, obtainable by substituting starch fractions with alternative 

ingredients with lower accessible starch granules in the formulation and/or by increasing 

the indigestible resistant starch (RS) content in the product. The second strategy is 

characterized by the reduction of carbohydrates digestion and absorption rate. Using 

unconventional ingredients with direct effects on starch digestion. Reducing starch 

granules swelling and accessibility, increasing the small intestinal lumen viscosity and 

reducing enzymes motility, and then through the inhibition of salivary and intestinal 

digestive enzymes, are the mechanisms proposed to obtain these rate reductions. The last 

strategy is made up by the combination of the two previous strategies where two or more 

distinctive mechanisms might play a key role in lowering the glycemic impact of 

carbohydrates on cereal-based foods.  

Table 1 Strategies proposed for reducing the carbohydrates glycaemic impact with the relative 

mechanisms, type of technological intervention, and digestion phase. 

Strategy Mechanism Intervention Digestion phase 

Reduction of 

available 

carbohydrates 

Using alternative ingredients Formulation Salivary / Intestinal 

Increasing RS content 
Formulation / 

Processing 
Salivary / Intestinal 

Reduction of 

carbohydrates 

digestion and 

absorption rate 

Reducing starch swelling Formulation Salivary / Intestinal 

Increasing viscosity 
Formulation / 

Processing 
Intestinal 

Enzymatic inhibition Formulation Salivary / Intestinal 

Combination of 

two strategies 

Combination of two or more 

mechanisms 

Formulation / 

Processing 
Salivary / Intestinal 

RS: resistant starch. 
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1.5.1 Reduction of available carbohydrates 

Over the years, the reduction of available carbohydrates in cereal-based foods has 

become one of the most common strategies to reduce their glycemic index. In Table 2 are 

reported the mechanisms and the types of interventions, proposed in literature in the last 

decade, to reduce the amount of carbohydrates available for digestion in several cereal 

products. Two mechanisms are the principle responsible for this glycemic reduction: the 

use of alternative ingredients and the increase of the resistant starch content. Substituting 

starch-rich flours with alternative ingredients, such as whole grains, pulses, and flours 

obtained from seeds, represents the main and easiest mechanism adopted to reduce 

indirectly the glycemic index of products containing cereals. As a matter of fact, all these 

nontraditional ingredients are characterized by a lower amount of available starch 

granules, and higher content of dietary fibre, resistant starch, and proteins in comparison 

with the processed cereal grains (Alasalvar, Chang, Bolling, Oh, & Shahidi, 2021; Borneo 

& León, 2012; Brummer, Kaviani, & Tosh, 2015; Chung, Liu, Hoover, Warkentin, & 

Vandenberg, 2008; Hernot, Boileau, Bauer, Swanson, & Fahey, 2008). On the other hand, 

increment of the resistant starch fraction in cereal products has received great interest 

from the food scientists, for its potential physiological benefits (antidiabetic and 

hypocholesterolemic effects) and distinctive functional properties (Baixauli, Salvador, 

Martínez-Cervera, & Fiszman, 2008; Fuentes-Zaragoza, Riquelme-Navarrete, Sánchez-

Zapata, & Pérez-Álvarez, 2010). Resistant starch refers to the fraction of starch that is not 

hydrolyzed in the small intestine during digestion, but which is fully or partially 

fermented in the colon, acting as a prebiotic substance (Zaman & Sarbini, 2016). Five 

different classes of RS have been widely recognized in literature: type 1 RS, which is found 

typically in nature as physically protected and entrapped in whole seeds or grains; type 2 

RS, represented by raw starch granules with B- or C-type polymorphic structures, typical 

of unripe banana, raw potato, and high amylose corn starch; type 3 RS, or retrograded 

starch; type 4 RS, the chemically modified starch; and type 5 RS, represented by starch 

granules that contain lipid-amylose complexes (Yun et al., 2021). Generally, type 1 and 2 

RSs are naturally included in common cereal-based products when RS-containing 

alternative ingredients are used in the formulation (Agama-Acevedo, Islas-Hernández, 

Pacheco-Vargas, Osorio-Díaz, & Bello-Pérez, 2012; Bajka et al., 2021; Liu et al., 2019), while 

the other types are usually produced or formed by chemical reactions, complexation 

mechanisms, and retrogradation reactions (Tian & Sun, 2020).  
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Type IV RS is commonly obtained from different starch sources through long chemical 

reactions and then commercialized as a novel ingredient for conventional foods (Roman 

& Martinez, 2019). Starch retrogradation and lipid-amylose complexes could be realized 

directly in starchy products, by using cold temperature and fats or oils, respectively, or 

these RSs can be separately produced and then added to the product as functional 

ingredients (Hasjim et al., 2010; Lau, Zhou, & Henry, 2016; Lu, Venn, Lu, Monro, & Rush, 

2017). 

Table 2 Summary of the main interventions and mechanisms proposed in the recent literature to 

reduce available carbohydrates for digestion. 

Product Intervention Mechanism Results Reference 

Bread 
CWF partially 
substituted with 
chickpea powder 

Using an alternative 
ingredient (rich in 
type I RS)  

The substitution 
decreased in vitro and in 
vivo glycaemic 
potential 

Bajka et 
al. (2021) 

Bread 

CWF partially 
substituted with 
maize starch 
complexed with 
palmitic acid 

Inclusion of type V 
RS 

The substitution 
decreased in vivo 
glycaemic potential 

Hasjim et 
al. (2010) 

Bread 
Addition of fats 
and oils 

The supplement 
increased type V RS 
content 

The addition decreased 
in vivo glycaemic 
potential 

Lau et al. 
(2016) 

Bread 
CWF partially 
substituted with 
purple yam 

Using an alternative 
ingredient (rich in 
type I RS) 

The substitution 
decreased in vitro 
glycaemic potential 

Liu et al. 
(2019) 

Cookie 

CWF partially 
substituted with 
unripe banana 
flour 

Using an alternative 
ingredient (rich in 
type II RS) 

The substitution 
decreased in vitro 
glycaemic potential 

Agama-
Acevedo 
et al. 
(2012) 

Noodles 
Addition of fatty 
acids 

The supplement 
increased type V RS 
content 

The addition decreased 
in vitro glycaemic 
potential 

Kang et al. 
(2021) 

Pasta 
DWS partially 
substituted with 
resistant starch 

Inclusion of type IV 
RS 

The substitution 
decreased in vitro 
glycaemic potential 

Aribas et 
al. (2020) 

Pasta 
DWS partially 
substituted with 
sorghum flour 

Using an alternative 
ingredient (rich in 
type I RS) 

The substitution 
decreased in vitro 
glycaemic potential 

Khan et 
al. (2014) 

Rice Cold storage 
The technological 
process increased 
type III RS content 

The process decreased 
in vivo glycaemic 
potential 

Lu et al. 
(2017) 

CWF: common wheat flour; DWS: durum wheat semolina; RS: resistant starch. 
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1.5.1.1 Using alternative ingredients 

The partial substitution of wheat flour with alternative ingredients represents the most 

widespread way to produce products with a low glycaemic impact. Although the high 

number of commercially available alternative ingredients, the addition into starchy 

products remains an important and critical step for the food industry, in order to produce 

sensorial acceptable cereal foodstuffs with good technological and nutritional properties 

(Bresciani & Marti, 2019; Elleuch et al., 2011; Foschia et al., 2013; Rakhesh, Fellows, & 

Sissons, 2015). Raw alternative ingredients, such as pulses and whole grains flours,  are the 

preferred source of non-digestible compounds, such as dietary fibre, and resistant starch, 

used to manufacture products characterized by low glycemic index values. Adding 

ingredients rich in type 1 and 2 RS have been widely investigated in the scientific literature 

in several cereal-based products. Wheat flour was partially substituted in bread with type 

1 RS from chickpea powder (Bajka et al., 2021) and purple yam flour (Liu et al., 2019), and 

in biscuits with type 2 RS from unripe banana flour (Agama-Acevedo et al., 2012), to 

decrease the glycemic response of these products. Similar nutritional findings were found 

by Khan, Yousif, Johnson, & Gamlath (2014) after the partial replacing of durum wheat 

semolina with sorghum flour (rich in type 1 RS) in pasta product, as reported in Table 2. 

For type 1 RS the inaccessibility for digestive enzymes consists in the physical restriction 

within the intact plant cell wall, that detains amylase from permeating inside and 

attacking the granules (Roman & Martinez, 2019). Regarding type 2 RS, instead, the highly 

crystalline and compact structure (absence of pores and channels) are the main factors 

limiting enzymes digestion in the gastrointestinal tract (Dhital et al., 2017).  

1.5.1.2 Increasing resistant starch content 

Nowadays, the ability of RS to resist digestion in the small intestine with the following 

fermentation in the large bowel for the production of beneficial short-chain fatty acids 

(SCFA) and the ability to modulate postprandial blood-glucose level has stimulated, 

during years, food scientists and consumer interest (Dupuis, Liu, & Yada, 2014; Tian & 

Sun, 2020). Increasing the resistant starch content in cereal-based products could 

represent a valid alternative to the reformulation of these products with unconventional 

ingredients to reduce the glycemic impact of available carbohydrates, as seen in the 

previous paragraph.  
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Generally, the RS content is increased in three different ways: through retrogradation 

reactions, chemical modifications induced by chemical compounds, and complexing 

amylose chains with lipids (Roman & Martinez, 2019). Retrogradation is the phenomenon 

behind the formation of type 3 RS. When a cereal product is cooked or heated in excess 

water, starch granules start swelling and losing the semi-ordered structure (irreversible 

phase transition), facilitating enzymes accessibility after the meal ingestion (Wang & 

Copeland, 2013). However, upon cooling, the gelatinized starch granules undergo random 

reorganization phenomena originating retrograded starch granules, which are resistant 

to digestion due to the orderly and crystalline structure (Ashwar et al., 2016). Nevertheless, 

retrogradation as a strategy to reduce starch digestibility present several limitations. This 

phenomenon is often considered as a detrimental effect of storage, related to worsening 

of starchy foods quality, due to staling and syneresis mechanisms, and the consequent 

loss of typical sensory attributes (Wee & Henry, 2020). Retrograded starch is directly 

formed in the final product, as a consequence of a cooling process, or externally produced 

and then added as a functional ingredient to the formulation. A recent study evaluated 

the effect of cold storage on parboiled rice, the authors observed that the formation of 

retrograded starch granules helped to lower the glycaemic response of rice (Lu et al., 2017). 

Meanwhile, Ashwar et al. (2016) used a combined autoclaving-retrogradation treatment 

to prepare type 3 RS from rice starch, with highly ordered and packed structures, 

potentially useful for lowering the glycemic index of cereal-based products. Chemically 

modified type 4 RS can be mostly generated through oxidation, etherification, 

esterification, or dextrination reactions, which originated new functional groups and/or 

cross-linked boundaries within starch chains, making them resistant to amylase enzymes 

(Dupuis et al., 2014; Roman & Martinez, 2019). Type 4 RSs from several botanical sources 

were applied as good starch replacements in different cereal-based product formulations 

(Escobar-Puentes et al., 2019; Hsieh, Wang, Xu, Seib, & Shi, 2020; Miller & Bianchi, 2017; 

Miller, Jeong, & Maningat, 2011). Recently, cookies (Stewart & Zimmer, 2017) and pasta 

(Aribas, Kahraman, & Koksel, 2020) products supplemented with phosphodiester cross-

links potato starch and phosphorylated cross-linked wheat starch, respectively, showed a 

significant reduction in the postprandial glycaemic response, due to the inaccessibility of 

the modified starch granules. The last category of RS is represented by the starch in which 

amylose chains have complexed with lipid compounds, forming new structures not 

accessible and recognizable by amylase enzymes.  
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These reactions could occur during hydrothermal processes when native or added lipids 

are present in the formulation (Roman & Martinez, 2019). The effect of different types of 

lipids and fatty acids on bread (Lau et al., 2016) and noodles (Kang et al., 2021) formulations 

were studied. In both cereal products, incorporation of lipid compounds resulted in the 

formation of type 5 RS which significantly decrease the glycaemic response of the 

products, as summarized in Table 2. In another work, a high-amylose maize starch was 

complexed with palmitic acid and then added to a white bread formulation due to its 

higher crystallinity and resistance against digestive enzymes (Hasjim et al., 2010). 

Currently, new scientific researches have shifted the attention from traditional starch-

lipid complexes (binary system) to novel lipid-starch-protein complexes (ternary system) 

with promising effects on functional and textural features of products, including starch 

digestibility (Wang et al., 2020). In addition, emerging self-assembled starch V-type 

complexes, such as starch-glycerol, starch-proteins, and starch-polyphenols, showed 

interesting potential beneficial effects on health, with a particular focus on the 

management of type 2 diabetes (Gutiérrez & Tovar, 2021). Unfortunately, limited data are 

available in the scientific literature. 

1.5.2 Reduction of carbohydrates digestion and absorption 

rate 

When a new mechanism is being developed to reduce the glycemic index of food rich in 

carbohydrates, the evaluation of starch digestion kinetics became extremely important 

since the extent and hydrolysis rate, and then the absorption rate will affect the 

postprandial response of cereal-based products (Dhital et al., 2017; Dona et al., 2010). The 

carbohydrate digestion rate is considered as the amount of starch digested by amylase 

enzymes, after a meal, as a function of time (Englyst, Englyst, Hudson, Cole, & Cummings, 

1999; Zou et al., 2015). Several factors could influence the rate of carbohydrate digestion, 

such as the characteristics of starch granules (i.e., morphology, amylose content, degree 

of swelling) (Dhital et al., 2017; Wee & Henry, 2020), the presence of physical barriers 

around starch granules, that slowdown or prevent enzymatic digestion (i.e., inclusion of 

DF, compact structure, strong gluten) (Dhital et al., 2017; Laleg et al., 2016; Zou et al., 2015), 

the intestinal viscosity, which may reduce enzymes motility (inclusion of soluble DF) 

(Villemejane et al., 2015; Wolever et al., 2018), and the presence of exogenous or 
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endogenous inhibitors capable to limit enzymes activity by competitive or uncompetitive 

reactions (i.e., polyphenols, proteins) (Dona et al., 2010; Goh et al., 2015; Sun et al., 2019). 

Among starch features that cannot be controlled by food scientists except for choosing 

different starchy sources, granules morphology (size and shape), surface characteristics, 

amylose content, and the molecular structure play an important role in affecting starch 

digestion kinetics. Generally, smaller granules present more available surface area to bind 

digestive enzymes than the large granules (Capriles, Coelho, Guerra-Matias, & Arêas, 

2008; Kaur, Singh, McCarthy, & Singh, 2007). In addition, more open granule surfaces 

(presence of holes and channels) and the absence of protein or lipid on the surface allow 

more easy access of salivary and intestinal amylase to starch inner chains, increasing its 

digestibility (Dhital et al., 2017). The content of amylose in native starch granules depends 

on the botanical origin (14-31%), which is mainly related to different enzymatic activities 

during the polymer biosynthesis process. Amylose glucose chains present a small surface 

area per molecule compared to that of amylopectin, and a more compact spatial 

arrangement, due to the presence of hydrogen bonds within the chains, making them 

more resistant to digestive enzymes (Singh, Dartois, & Kaur, 2010). Starch granules, based 

on the botanical source, can present different polymorphs related to the packing of 

amylopectin double helices and degree of crystallinity: dense packing type-A structure 

(typical of cereal starches), high amylose type-B structure (typical of tubers and fruits), 

and type-C structure made from a combination of the previous two (typical of pulses and 

roots) (Dome, Podgorbunskikh, Bychkov, & Lomovsky, 2020; Sarko & Wu, 1978). Type-A 

polymorphic starches own short amylopectin helices and a lower degree of crystallinity 

in comparison with the longer and stable helices of type-B and -C, resulting in more 

accessible structures for digestive enzymes (Singh et al., 2010).  

After digestion, hydrolysis products (monosaccharides, i.e., glucose) in the small intestine 

are absorbed in the bloodstream and directly transported to organs and tissues to be used 

as instant energy or stored as glycogen (Svihus & Hervik, 2016). The glucose absorption 

rate is defined as the amount of glucose molecules that are absorbed by SGLT1 active 

transport in the apical membrane of intestinal cells, as a function of time (Gromova, 

Fetissov, & Gruzdkov, 2021). Increasing the lumen viscosity, by using ingredients with 

strong gelling or water-binding properties in the formulation (i.e., dietary fibre), remains 

the best mechanism to reduce the glucose absorption rate and to regulate the level of 

blood glucose avoiding hyperglycemia phenomena (Grundy et al., 2016; McRorie & 

McKeown, 2017). In Table 3 are reported the mechanisms and the types of interventions, 



 

 27 

proposed in literature in the last ten years, to reduce carbohydrates digestion and 

absorption rate in the gastrointestinal tract. 

 

Table 3 Summary of the main interventions and mechanisms proposed in the recent literature to 

reduce carbohydrates digestion and absorption rate. 

Product Intervention Mechanism Results Reference 

Biscuit 
Addition of apple 
pomace 

Reducing starch 
swelling  & 
increasing viscosity 

The addition 
decreased in vitro 
glycaemic potential 

Alongi et 
al. (2019) 

Bread 
Addition of 
polyphenol-rich 
baobab fruit 

Enzymatic inhibition 
The addition 
decreased in vitro 
glycaemic potential 

Coe et al. 
(2013) 

Bread 
Addition of 
pumpkin flour 

Reducing starch 
swelling  & 
increasing viscosity 

The addition 
decreased in vitro 
glycaemic potential 

Ge et al. 
(2021) 

Bread 
Addition of green 
tea catechins 

Enzymatic inhibition 
The addition 
decreased in vitro 
glycaemic potential 

Goh et al. 
(2015) 

Bread 
Addition of 
anthocyanin-rich 
extract  

Enzymatic inhibition 
The addition 
decreased in vitro 
glycaemic potential 

Sui et al. 
(2016) 

Cake 
Addition of red 
seaweed powder 

Increasing viscosity 
The addition 
decreased in vitro 
glycaemic potential 

Huang et 
al. (2021) 

Oatmeal 
Addition of oat 
bran 

Increasing lumen 
viscosity 

The addition 
decreased in vivo 
glycaemic potential 

Wolever et 
al. (2018) 

Pasta 
Addition of barley 
β-glucans 

Reducing starch 
swelling  & 
increasing viscosity 

The addition 
decreased in vitro 
glycaemic potential 

Chillo et al. 
(2011) 

Pasta 
Addition of 
different DF 

Reducing starch 
swelling  & 
increasing viscosity 

The addition 
decreased in vitro 
glycaemic potential 

Foschia et 
al. (2015) 

Pasta 
Addition of 
different SDF 

Reducing starch 
swelling 

The addition 
decreased in vitro and 
in vivo glycaemic 
potential 

Peressini et 
al. (2020) 

Snack 
Addition of 
different SDF 

Increasing lumen 
viscosity 

The addition 
decreased in vitro 
glycaemic potential 

Brennan et 
al. (2012) 

Snack 
Addition of insect 
powder 

Reducing starch 
swelling  

The addition 
decreased in vitro 
glycaemic potential 

Azzollini et 
al. (2018) 

DF: dietary fibre; SDF: soluble dietary fibre. 
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1.5.2.1 Reducing starch swelling 

Starch swelling and the consequent loss of crystallinity and molecular organization are 

the principal determining factors of the susceptibility of cooked starch to digestive 

amylases (Wang & Copeland, 2013). Since the swelling is a physical phenomenon in which 

the granules require available water and free space to swell, two mechanisms were 

proposed for reducing the degree of starch swelling: water competition and starch 

entrapment. The addition of ingredients, such as dietary fibre or proteins, to create a 

strong network around starch granules capable of subtracting space and/or competing for 

free water limiting granules swelling, and at the same time physically protect starch from 

the enzymatic attack, is well documented in the scientific literature and summarized in 

Table 3 (Alongi, Melchior, & Anese, 2019; Azzollini, Derossi, Fogliano, Lakemond, & 

Severini, 2018; Chillo, Ranawana, & Henry, 2011; Foschia, Peressini, Sensidoni, Brennan, 

& Brennan, 2015b; Ge, Wu, & Chen, 2021; Lu et al., 2020; Pellegrini et al., 2020; Peressini et 

al., 2020).  

1.5.2.2 Enzymatic inhibition 

Digestive enzymes are responsible for macronutrients hydrolysis in the gastrointestinal 

tract. The inhibition of amylase enzymes represents an effective mechanism to slow down 

starch digestion and glucose absorption, controlling the postprandial glycemia (Barrett, 

Farhadi, & Smith, 2018; Sun et al., 2019). In medicine, several drugs have been already 

used to inhibit amylases and to manage the hyperglycemia state after the consumption of 

food products rich in available carbohydrates (Bashary et al., 2019). For the food sector, 

the inclusion of different natural ingredients in cereal-based products with potential 

amylase inhibitory effects offers an attractive approach to control and limit starch 

digestion. Among these ingredients, polyphenols from tea extracts, wine, cereals, and 

phenolic acids, showed the most interesting inhibitory results (Barrett et al., 2018; Kwon 

et al., 2008; Malunga, Thandapilly, & Ames, 2018; Oh et al., 2015; Sun et al., 2019). Recently, 

the glycaemic potential of bread fortified with green tea catechins (Goh et al., 2015), 

anthocyanin-rich extract from black rice (Sui, Zhang, & Zhou, 2016), and polyphenol-rich 

baobab fruit extract (Coe, Clegg, Armengol, & Ryan, 2013), was studied, as reported in 

Table 3. All the mentioned studies showed inhibitory activity towards amylase enzymes, 

resulting in slower carbohydrates digestion rate. Considering further ingredients, 

cellulose an insoluble DF typical of plants (Dhital, Gidley, & Warren, 2015), and pectin a 
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soluble DF (Bai et al., 2021), have demonstrated in vitro an attractive potential to inhibit 

amylase activity by binding this enzyme through a linear mixed-type inhibition 

mechanism and non-competitive inhibition, respectively.  

1.5.2.3 Increasing viscosity 

Food matrix and intestinal viscosity are important factors in the limitation of starch 

hydrolysis and modulation of the postprandial glycaemic response. Among the food-

grade ingredients, soluble dietary fibre represents the best choice to increase bolus and 

lumen viscosity, and consequently slow down amylase enzyme activities. Since dietary 

fibers are not digested in the upper gastrointestinal tract but fermented in the large bowel, 

they are able to increase the viscosity during all phases of digestion (oral, gastric, and 

intestinal), to slow down the transit of the food, and to reduce enzymes motility (Anderson 

et al., 2009; Mackie, Bajka, & Rigby, 2016; Villemejane et al., 2015). In Table 3 are reported 

a few examples of works in which the authors added soluble fibre to different cereal-

based formulations to reduce the glycaemic response of the products and attributed this 

mechanism to the viscous effect of soluble fibre. Wolever et al. (2018) incorporated 

increasing doses of oat-bran rich in β-glucans to instant oatmeal and found a significant 

positive correlation between viscosity and attenuation of the in vivo glycaemic response. 

Recently, wheat flour in sponge cake was partially substituted with a red seaweed powder 

rich in soluble dietary fibre. The authors recorded a decrease in glucose released during 

the in vitro digestion of enriched-cake samples, mainly caused by differences in the flow 

behavior index between digestas (Huang, Zhao, Mao, Chen, & Yang, 2021). 

Generally, plant-based ingredients are sources of a wide variety of dietary fibre, both 

insoluble and soluble polysaccharides (Elleuch et al., 2011). The ongoing research of novel 

ingredients rich in beneficial soluble fibre with antidiabetic potential has shifted the 

attention of food scientists on the physical conversion of insoluble fibre to soluble 

polymers. Several physicochemical treatments have been used in literature to modify 

fibre solubility, including extrusion, ultrasound and high-pressure treatment, chemical 

and enzymatic reactions (Elleuch et al., 2011; Menis-Henrique, Scarton, Piran, & Clerici, 

2020; Spotti & Campanella, 2017). In addition, Zhang, Bai, & Zhang (2011) showed that 

extrusion of oat-bran rich in soluble DF increased the molecular weight of soluble β-

glucans, resulting in higher viscous capacity compare to the untreated sample.  
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1.5.3 Combination of two strategies 

Nowadays, the combined application of two strategies and multiple mechanisms to 

reduce the postprandial glycaemic response of cereal-based products has become more 

frequent in the food science and technology sector thanks to the efficacy of this 

experimental approach. Some recent examples of these applications, with the relative 

type of interventions and mechanisms, are reported in Table 4.  

Table 4 Scientific works in which two strategies and multiple mechanisms were applied to reduce 

the postprandial glycaemic response of starchy foods. 

Product Intervention Mechanisms Results Reference 

Bread 
Addition of 
quinoa 
leaves flour 

• Increase RS content 

• Enzymatic inhibition 

The addition 
decreased in vitro 
glycaemic potential 

Swieca et 
al. (2014) 

Bread 
Addition of 
salmon fish 
powder 

• Starch-lipid complex 

• Protein network 

The addition 
decreased in vitro 
glycaemic potential 

Desai et al. 
(2019) 

Noodles 
Addition of 
different tea 
extracts 

• Enzymatic inhibition 

• Starch-polyphenols 
complex 

The addition 
decreased in vitro 
glycaemic potential 

Xu et al. 
(2019) 

Pasta 
Addition of 
mushroom 
powder 

• Starch-lipid complex 

• Enzymatic inhibition 

The addition 
decreased in vitro 
glycaemic potential 

Lu et al. 
(2018) 

Snack 
Addition of 
mushroom 
powder 

• Increase RS content 

• Fibre network 

• Enzymatic inhibition 

The addition 
decreased in vitro 
glycaemic potential 

Lu et al. 
(2020) 

RS: resistant starch.  
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AIM & CASE STUDIES 

This research aimed to explore and investigate new strategies to decrease the in-vitro post-

prandial response of cereal-based foods and to study the relationship between 

rheological properties, microstructure, and starch digestibility. 

In this Ph.D. thesis, a four-step experimental procedure was set up by performing in 

sequence the following independent tests on the proposed cereal-based products. 

 
A1) Bibliographical research on innovative ingredients and/or technological 

interventions with potential beneficial effects for the reduction of the in-vitro post-

prandial glycemic response of starchy products. 

 
A2) Evaluation of the effect of selected ingredients and/or technological interventions on 

dough rheological properties and microstructure of different cereal-based products, by 

using: farinograph analysis, rheological and mechanical tests, optical microscopy, 

scanning electron microscopy.  

 
A3) Evaluation of the effect of selected ingredients and/or technological interventions on 

physicochemical, functional, and sensory properties of different cereal-based products, 

by studying water holding capacity, antioxidant, sensory, and textural-mechanical 

properties. 

 
A4) Evaluation of the effect of the food structure on starch digestibility, by using 

standardized in-vitro protocols to simulate the gastrointestinal food digestion fate and 

chromatography analysis to quantify the glucose released during time. 

 

In Table 5 are shown the case studies proposed for this Ph.D. project, the types of 

innovative technological interventions (formulation or processing), and the relative 

hypothesized mechanisms. The research of this thesis focused its attention on four 

common cereal-based products with different starch digestibility levels, considering 

extruded snacks, white bread, and cakes as high glycemic index (GI) products, while pasta 

is generally classified as a medium-low GI product (Atkinson et al., 2008). These products 

were supplemented with rice bran, psyllium soluble fibre, olive-derived oleuropein, and 

a high-pressure treated chia powder, as well described and reported in Table 5. 
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Table 5. Case studies developed within the Ph.D. project. 

Study 
case 

Intervention  
Mechanism proposed Section 

Formulation Processing  

Snacks 
Rice bran 
addition 

Cooking-
extrusion 

 
• Using alternative ingredients 
• Network formation 
• Increasing viscosity 

Chapter 2 

Bread 
Oleuropein 
addition 

- 
 

• Enzymatic inhibition Chapter 3 

Cake 
Chia flour 
addition 

High pressure 
homogenization 

 
• Using alternative ingredients 
• Network formation 
• Increasing viscosity 
• Enzymatic inhibition 

Chapter 4 

Pasta 
Psyllium 
fibre 
addition 

- 

 
• Using alternative ingredients 
• Network formation 
• Reducing starch swelling 

Chapter 5 
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CHAPTER 2 – Rice bran enriched corn snacks 

The effect of rice bran on 

physicochemical, textural, and glycaemic 

properties of ready-to-eat extruded corn 

snacks 

2.1 Introduction and aim of the study 

Cereal-based snack products are consumed worldwide due to their stability, relatively 

low cost, good taste, energy intake and convenience to be eaten on-the-go (Stojceska, 

2013). Most of them are extruded cereal snacks, which are ranked as high glycaemic index 

foods (Atkinson et al., 2008). In fact, the combination of high temperatures and shear 

stresses during extrusion-cooking of starchy raw materials promotes starch gelatinization 

and degradation making it more susceptible to digestive enzymes and, consequently 

favoring glucose release (Brennan, Derbyshire, Tiwari, & Brennan, 2013). 

The addition of dietary fibre to cereal-based snack products represents an excellent 

strategy for developing ready-to-eat snacks with healthy nutritional benefits and good 

structural characteristics at the same time (Brennan, Monro, & Brennan, 2008; Lu et al., 

2020). Brennan, Lan, & Brennan (2016) founded that the addition of oat, an ingredient rich 

in β-glucan fibre, to extruded cereal breakfast products could reduce rapidly digestible 

starch content by increasing digesta viscosity. Han, Tran, & Le (2018) reported that the 

addition of resistant starch to corn snacks improved the textural characteristics by 

increasing crispness and reducing snack hardness. Arribas, Cabellos, Cuadrado, 

Guillamón, & Pedrosa (2019) observed an improvement of nutritional properties of rice-

based, ready-to-eat products fortified with carob fruit and bean flour, two ingredients rich 

in DF. Cereal by-products as a source of DF have become of increasing interest for 

researchers and cereal industry because they could be profitable for businesses and 

consumers due to their low cost and nutritional value (Stojceska, 2013). 
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Rice (Oryza sativa) is one of the most widespread and consumed cereal crops in the world 

(Park, Lee, & Choi, 2017). From the refinement process of the rice kernel several by-

products, such as rice bran and broken rice, are consistently obtained (Ryan, 2011). Recent 

studies reported how to fully reuse and improve the nutritional profile of broken rice 

(about 14% of the cereal grains) and broken rice-based snacks by adding polyphenol 

compounds and using extrusion technology (Oliveira et al., 2020; Yang et al., 2020; Zheng 

et al., 2020). Rice bran (RB, about 7% of cereal grain) instead is a nutrient-rich by-product 

mainly used as animal feed. However, RB is receiving attention as a potential ingredient 

in conventional and gluten-free food products because of its important nutrients such as 

proteins, dietary fibre, minerals, bioactive compounds, and the absence of gluten (Ryan, 

2011; Sibakov, Lehtinen, & Poutanen, 2013; Torres, Arufe, Chenlo, & Moreira, 2017). 

Several studies reported the beneficial attributes of RB fibre including prebiotic, 

antidiabetic, and anti-cholesterol activities (Park et al., 2017; Qureshi, Sami, & Khan, 2002; 

Sangeetha, Ramesh, & Prapulla, 2004). Furthermore, Capriles, dos Santos, & Arêas (2016) 

highlighted the relevance of increasing nutrient and bioactive compound contents in 

gluten-free products by using nutrient-dense, alternative raw materials and functional 

ingredients, such as RB and other dietary fibre. The utilization of RB as ingredient in food 

industry is limited mainly due to lipase activity which promotes its deterioration during 

storage (Liu, Strappe, Zhou, & Blanchard, 2019). Extrusion-cooking is considered to be 

one of the most suitable methods to stabilize RB (Liu et al., 2019). 

To our knowledge, limited research on RB addition to cereal-based products was 

performed (Bhanger et al., 2008; Sairam, Gopala Krishna, & Urooj, 2011; Wang et al., 2018). 

Only one study was carried out on some physicochemical and nutritional characteristics 

of ready-to-eat extrudates enriched with stabilized RB, resulting in high resistant starch 

content and antioxidant activity (Wang et al., 2018). However, there is a lack of knowledge 

on the impact of RB inclusion on the color, expansion, and textural characteristics of 

extrudates. Therefore, the aim of this work was to investigate changes in 

physicochemical, textural, and glycaemic properties of ready-to-eat extruded corn snacks 

enriched with RB. Moreover, rheological properties of extrudate doughs were 

investigated to relate product structure to the glycaemic response after in vitro digestion.  
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Results here presented have been published in: 

Renoldi, N., Peighambardoust, S. H., & Peressini, D. (2021). "The effect of rice bran 

on physicochemical, textural and glycaemic properties of ready-to-eat extruded 

corn snacks". International Journal of Food Science and Technology, 56, 3235-3244. DOI: 

10.1111/ijfs.14939. 

2.2 Materials and Methods 

2.2.1 Materials 

Corn grits (CG) were obtained from Molino Comirato (Treviso, Italy). Rice bran (RB) was 

kindly donated by P.R.D. Srl (Castel d'Ario, Mantova, Italy). Total dietary fiber assay kit, 

α-amylase from porcine pancreas, pepsin from porcine gastric mucosa, pancreatin from 

porcine pancreas, bile extract from porcine, amyloglucosidase from Aspergillus niger 

were purchased from Sigma Aldrich (Milano, Italy). 

2.2.2 Snack formulation 

Snacks samples supplemented with 10 and 15% (w/w) RB were made by substituting corn 

grits with RB (RB10 and RB15). Control (C) was prepared using 100% (w/w) corn grits. 

2.2.3 Snack production 

Ready-to-eat snack products were manufactured by extrusion-cooking. Dry blends (8 kg) 

were hydrated to 16 g 100 g-1 moisture content by adding tap water in a mixer (Namad 

Impianti, Rome, Italy). Four batches, corresponding to 32 kg of each dry sample were 

preconditioned. Then, the hydrated mass was transferred to the feed section of a co-

rotating twin-screw, cooker-extruder with four thermo-controlled sections of the barrel 

(100, 140, 150 and 150 °C) (Namad Impianti, Rome, Italy). Screw speed was 240 rpm (0.032 

m screw diameter; 20 L/D ratio), feed rate was 25 kg h-1 and current about 8.2 A. A round-

shaped die was used (4 mm diameter).  
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After extrusion, direct expanded product (ball-shaped) was dried at 50 °C for 3 h, then 

sealed in plastic bags before storage at 25 °C until the analysis. 

2.2.4 Chemical composition 

The chemical composition of snacks and RB was evaluated. Total, soluble, and insoluble 

dietary fibres were determined by using the total dietary fibre assay kit (Method 985.29, 

AOAC 1997). Protein content (N x 6.25) was evaluated using the Kjeldahl method (Method 

920.87, AOAC 1997). Soxtec extraction method, according to Soxhlet principle, was used 

to determine lipid content (Method 2003.05, AOAC 2005). Total ash and moisture content 

were evaluated by AACC Approved Method 08-01.01 and Method 44-15.02, respectively 

(AACC 2010). Available carbohydrates were obtained by difference with the other 

components. The energy value was calculated using the following energy converting 

factors: 4 kcal g-1 for proteins and carbohydrates, 9 kcal g-1 for lipids, according to the 

European Council (1990). Determinations were performed in triplicate. 

2.2.5 Water retention properties 

Water retention capacity (WRC) of corn grits and RB was evaluated as the weight of water 

held by these ingredients after centrifugation according to AACC Method 56-11.02 (AACC, 

2010). Hydration capacity (HC) of ground snack products was assessed in accordance with 

AACC Method 56-20.01 (AACC, 2010). Measurements were performed in triplicate. 

2.2.6 Rheological properties 

Snack products were ground for about 1 min with an analytical mill (IKA A11, Staufen, 

Germany) to achieve a particle size lower than 250 µm. The ground products (1.30 g 

corresponding to 1.19 g of dry matter) were added with 1.96 g, 2.48 g, 3.19 g or 4.24 g of 

distilled water to obtain dispersions with 63.5, 68.5, 73.5 or 78.5 g 100 g-1 moisture content, 

respectively. Below 63.5 g 100 g-1 moisture, the sample showed dry spots. Then, they were 

gently mixed for 3 min inside a small container (40 mm diameter, 28 mm height) to obtain 

a homogeneous mixture using a spatula. Each sample was allowed to stand for 15 min at 

25 °C in the closed container.  
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Then, the dough was compressed between two Plexiglas rectangular, parallel plates in 

agreement with Peressini et al. (2020) and maintained at 25 °C for 25 min to produce a 

dough sheet (2 mm thickness). 

Rheological properties were evaluated using a controlled stress rheometer (Haake 

RheoStress 6000, Thermo Scientific, Karlsruhe, Germany) equipped with a parallel plate 

geometry (35 mm diameter and 2 mm gap). The sample was loaded between parallel 

plates, slightly compressed, and allowed to relax for 5 min after loading before testing. 

Excess sample was carefully trimmed, and the exposed surface was coated with silicon oil 

to prevent drying. A frequency sweep test was conducted from 0.1 to 10 Hz within the 

linear viscoelastic range at 25 °C. Storage modulus (G'), loss modulus (G"), loss tangent (tan 

δ = G" / G') and complex viscosity (η*) were measured. Values at 1 Hz obtained from 

frequency sweep tests were used for statistical comparisons. Measurements were 

performed in triplicate. 

2.2.7 Snack specific volume 

Snack specific volume (Vs, cm3 g-1) was obtained by the ratio of a certain volume of 

product and mass. Data are reported as the mean of three measurements. 

2.2.8 Color 

Color measurements on ground samples (particle size lower than 250 µm) were obtained 

using a tristimulus colorimeter equipped with a CR-400 head and illuminant C (Minolta 

Camera Co., Osaka, Japan). Before analysis, the colorimeter was calibrated using a white 

standard plate (L* = 98.23, a* = 0.10, b* = 2.18) and results were reported as L* 

(lightness/darkness), and chromatic parameters a* (greenness/redness) and b* 

(blueness/yellowness). Five measures were captured on different spots of sample layer. 

The total color difference (ΔE*) between control and RB-enriched snacks was determined 

as reported by Lu et al. (2020). 
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2.2.9 Snack mechanical properties  

A TA.XT Plus Unit Texture Analyzer (Stable Micro System Ltd., Godalming, UK) 

equipped with a 30 kgf load cell was used. A compression test of product (3 g) at a speed 

of 2 mm s-1 was carried out using five blades Kramer cell.  

From force-time curve, maximum peak force (hardness, N) and number of fracture peaks 

(crispness) during the compression were obtained (Peressini, Foschia, Tubaro, & 

Sensidoni, 2015). Results are mean of five measurements. 

2.2.10 In vitro digestion of snacks 

The standardized static in vitro digestion method proposed by Minekus et al. (2014) with 

some adaptation of the second intestinal phase from Alongi et al. (2019) was used to 

simulate the human digestion of snack products. Oral mastication was simulated by 

grinding the product using an electric grinder for 20 s. For the analysis, 1 g of sample was 

weighed and 0.1 g of L-(+)-arabinose was added as the internal standard. The digestion 

started with the oral phase by adding α-amylase and simulated salivary fluid, followed by 

the gastric phase where pepsin and simulated gastric fluid were added. Finally, the two 

intestinal phases were simulated. The intestinal phase started with the addition of 

pancreatin, bile and simulated intestinal fluid. For the second intestinal phase, 

amyloglucosidase was added to the digested sample. The amount of glucose released was 

assessed after 20, 60, 90 and 120 min by stopping enzymatic reactions with ethanol 98%. 

2.2.11 Glucose release and prediction of GI 

Digested samples were filtered with 0.45 µm PVDF syringe filters. Glucose released after 

digestion was separated using an HPLC Varian ProStar (Varian Chromatography 

Systems, Palo Alto, California, USA) equipped with a chromatographic column (Robusta 

100A, Sepachrom Srl, Rho, Italy). Acetonitrile/water (3:1, v/v) was used as the mobile phase 

at a flow rate of 1 mL min-1. Sugars were revealed by using a refractive index detector RID-

10A (Shimadzu, Kyoto, Japan). L-(+)-arabinose was used as the internal standard for the 

glucose calibration curve according to Englyst et al. (1999). 

Glucose release during in vitro digestion was plotted as a function of time and the areas 

under the curve of samples (AUCs) and white bread as reference food (AUCr) were 
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calculated using the trapezoid method FAO/WHO (1998). The in vitro glycaemic index 

(GI) was determined as (AUCs/AUCr) x 100 (Brouns et al., 2005). Rapidly available glucose 

(RAG) was obtained from the glucose curve after 20 min of digestion as proposed by 

Englyst et al. (1999). 

White bread as reference food for the estimation of the in vitro GI was produced using an 

optimized straight-dough bread-making process in accordance with AACC Approved 

Method 10-10.03 (AACC, 2010). Results are the mean of three measurements. 

2.2.12 Statistical analysis 

Data were reported as mean ± standard deviation (n ≥ 3). Statistical analysis was carried 

out using Statistica software package, version 8.0 (StatSoft, Inc., Tulsa, OK, USA, 2007). 

Brown-Forsythe's test was used to check the homogeneity of variance. One-way analysis 

of variance was performed, and Duncan’s test was applied as post-hoc test to evaluate 

statistically significant differences among means (p < 0.05). 

2.3 Results and Discussion 

2.3.1 Chemical composition 

Table 6 shows chemical composition (on dry basis) and energy value of RB and ready-to-

eat extruded snack products (C, RB10 and RB15). Total dietary fibre and available 

carbohydrates were the major components of RB (48.7 g 100 g-1), followed by lipids (16.1 g 

100 g-1) and proteins (14.4 g 100 g-1). Most of dietary fibre was insoluble (IDF) (about 91% 

TDF). RB was also rich in minerals, resulted from ash content (8.1 g 100 g-1). Our data are 

in accordance with previous studies (Faria, Bassinello, & Penteado, 2012; Park et al., 2017). 

TDF contents of RB-enriched snacks were significantly higher than control and 

proportional to replacement levels (p < 0.05). TDF values of 4.1-5.5 g 100 g-1 for RB10 and 

RB15 allows the nutrition claim "source of fibre" in food labelling since the product 

contains at least 3 g of fibre per 100 g of serving (European Parliament & Council, 2006). 
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Table 6 Chemical composition and energy value of rice bran and extruded snack products. 

 
Rice bran Control RB10 RB15 

Water (g 100 g-1 db)   12.76  0.17a    9.65  0.19b    9.78  0.11b    8.91  0.21c 

Fat (g 100 g-1 db)   16.07  0.01a    0.44  0.04d    2.06  0.03c    2.80  0.15b 

Ash (g 100 g-1 db)     8.06  0.06a    0.46  0.03d    1.11  0.03c    1.47  0.02b 

Carbohydrate† (g 100 g-1 db)   22.95  0.12d  80.32  0.02a  75.07  0.08b  73.00  0.15c 

SDF (g 100 g-1 db)     2.38  0.01a    0.15  0.06d    0.44  0.07c    0.64  0.10b 

IDF (g 100 g-1 db)   23.36  0.26a    1.82  0.09d    3.67  0.04c    4.87  0.26b 

TDF (g 100 g-1 db)   25.75  0.25a    1.98  0.04d    4.11  0.02c    5.51  0.16b 

Protein (g 100 g-1 db)   14.43  0.18a    7.16  0.02d    7.88  0.06c    8.31  0.14b 

Energy (kcal)    306  0.4c   359  0.4a   361  0.2a   355  0.9b 

Mean ± standard deviation (n = 3). Values within a row followed by the same letter are not significantly 
different (p > 0.05). db, dry basis; SDF, soluble dietary fibre; IDF, insoluble dietary fibre; TDF, total dietary 
fibre. † Available carbohydrate. 

RB-enriched samples showed a slight shift of IDF into SDF due to process conditions 

(high temperature and shear stress) (Table 6). Extrusion-cooking process induces several 

changes in the food product, including modifications in the DF fractions (Korkerd, 

Wanlapa, Puttanlek, Uttapap, & Rungsardthong, 2016; Menis-Henrique et al., 2020; 

Rashid, Rakha, Anjum, Ahmed, & Sohail, 2015). The hypothesis that the increase in SDF 

in extrudates could be due to the disruption of covalent and non-covalent bonds in the 

carbohydrate generating smaller and more soluble fragments has been supported by 

several authors (Menis-Henrique et al., 2020; Spotti & Campanella, 2017; Wang, 

Klopfenstein, & Ponte, 1993). 

Available carbohydrate content significantly decreased with the increase in RB addition 

(p < 0.05). As expected, RB inclusion contributed to a slight increase in protein and lipid 

contents of enriched snacks. Energy was not significantly different for RB10 and control, 

whereas RB15 gave the lowest energy value between snack products (p = 0.05) (Table 6). 

Reduction in energy for RB15 may be attributed to the decrease in available carbohydrates 

and increase in TDF content. Moisture content (Table 6) of products was 9-10 g 100 g-1 on 

dry basis, which is characteristic of extruded cereal-based snacks (Brennan et al., 2008; 

Patil, Brennan, Mason, & Brennan, 2016). 
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2.3.2 Water retention properties 

Water retention capacity (WRC) for raw materials and hydration capacity (HC) of snack 

products are presented in Table 7. WRC of RB was 60% higher than corn grits mainly due 

to higher dietary fibre content (Foschia et al., 2013; Hu, Huang, Cao, & Ma, 2009). Before 

extrusion, replacement of corn grits with RB consequently increased WRC of the blends 

compared to 100% corn grits. 

Table 7 Water retention capacity (WRC) of ingredients before extrusion and hydration capacity 

(HC) of extruded snack products. 

Parameters Rice bran Control RB10 RB15 

WRC (g 100 g-1 db) 168  4a 105  2d 111  1c 120  1b 

HC (g 100 g-1 db) - 753  5a   734  11a 700  9b 

Mean ± standard deviation (n = 3). Values within a row followed by the same letter are not significantly 
different (p > 0.05). db, dry basis. 

Extrusion cooking of cereal-based products is a high thermo-mechanical process that 

leads to gelatinization of starch granules (Brennan et al., 2013), which absorb much more 

water than the ungelatinized one, due to a loss of the molecular order resulting more 

accessible to digestive enzymes (Fu, Wang, Li, & Adhikari, 2012; Lovegrove et al., 2017). As 

expected, extruded snack products gave higher capacity to retain water than raw 

materials (p < 0.05). Control showed a significantly higher HC than RB15, whereas it was 

not different from RB10 (p = 0.05). It is expected that corn grits substitution with RB 

decreased starch content available for gelatinization (Wang et al., 2018). Nevertheless, 

RB10 did not exhibit a decrease in HC compared to control and RB15 gave a HC value only 

7% lower. Recently, Wang et al. (2018) studied rice-based extrudates enriched with 

stabilized RB (SRB). These authors reported that water absorption index (WAI) was not 

influenced by 15% SRB inclusion, whereas water solubility index (WSI) was reduced 

compared to control indicating a lower starch degradation (150 °C extrusion temperature). 

Therefore, our results might be attributed to a lower starch fragmentation during 

extrusion. This is particularly interesting for the potential reduction in starch digestion of 

RB-enriched snacks. 
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2.3.3 Physical properties 

Specific volume of RB-enriched snack products was about 10-18% lower than control 

(Table 8). Results are in agreement with previous findings. Fleischman et al. (2016) 

observed that increasing wheat bran content in wheat extrudates resulted in a less 

expanded and more compact structure with smaller air bubbles. Recently, the inclusion 

of 16% common bean flour to optimized corn-based snacks gave a Vs reduction of 23% 

(Félix-Medina et al., 2020).  

For direct expanded snacks, expansion is due to starch gelatinization within the extruder 

barrel and flashing-off moisture at the die. Decrease in expansion with RB addition can 

be explained by starch dilution and increase in DF content (Table 6). Negative 

correlations between expansion of mushroom-enriched extruded products and IDF, SDF 

or TDF contents were found by Lu et al. (2020). Fibre alters product expansion in different 

ways. Firstly, higher WRC of fibre may reduce water availability for starch swelling inside 

the extruder and enhance moisture retention at the die exit leading to a lower expansion 

(Brennan et al., 2013, 2008; Fleischman et al., 2016; Sozer, Cicerelli, Heiniö, & Poutanen, 

2014). 

Table 8 Physical and textural properties of extruded snack products. 

Parameters Control RB10 RB15 

Vs (cm3 g-1) 13.96  0.44a 12.51  0.20b 11.36  0.20c 

Hardness (N) 268  6a 255  3b 247  7c 

Crispness (n°) 13  1b 23  2a 21  2a 

L* (-) 88.71  0.56a 84.43  0.11b 83.04  0.20c 

a*(-) -3.60  0.28a -0.91  0.29b -0.53  0.22b 

b* (-) 30.62  0.81b 31.41  0.19a 29.90  0.37b 

E* (-) 0 5.19  0.63b 6.59  0.49a 

Mean ± standard deviation (n ≥ 3). Values within a row followed by the same letter are not significantly 
different (p > 0.05). 

Changes in viscoelastic properties of DF-enriched doughs are also important. In 

particular, increase in elastic interactions of the dough limits the swelling of the product 

exiting the extrusion die and prevents the full expansion of the gas bubbles (Mendonça, 
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Grossmann, & Verhé, 2000; Peressini et al., 2015). Fibre inclusion may also promote the 

formation of a higher number of air cells with smaller size reducing expansion (Kallu, 

Kowalski, & Ganjyal, 2017; Menis-Henrique et al., 2020). 

Additionally, reduced Vs value of RB-enriched samples might also be due to higher fat 

content in RB than in corn grits. Recently, Lu et al. (2020) reported that expansion of 

extrudates supplemented with mushrooms was negatively correlated with fat content. 

Hardness and crispness are important quality parameters of extruded snacks. Hardness 

(maximum force for breaking the sample) significantly decreased with the increase in RB 

content compared with control (p < 0.05) (Table 8). Similar results were reported for 

extruded products enriched with amaranth (Castellanos-Gallo et al., 2019; Diaz et al., 

2013), kañiwa or quinoa (Diaz et al., 2013), long-chain inulin (Peressini et al., 2015) and 

shiitake mushroom (Lu et al., 2020). On the contrary, other works reported that inclusion 

of wheat bran in extruded cereal products (Brennan et al., 2008) and oat bran in corn 

starch-based extrudate increased hardness (Lobato, Anibal, Lazaretti, & Grossmann, 

2011). Korkerd et al. (2016) showed an increase in hardness of extruded products enriched 

with proteins and DF. 

Hardness is the result of interactions between components (Diaz et al., 2013). Reduction 

in hardness could be due to: a) fibre limited interactions between polysaccharide (and 

proteins) (Castellanos-Gallo et al., 2019; Diaz et al., 2013); b) low adhesion between starch 

and bran particles at their interface (Robin et al., 2011). For starch-based extrudates 

containing bran, microscopy observations of cell walls clearly showed two distinctive 

phases (gelatinized starch and bran particles), which would lead to a weakening of the 

porous structure of extrudates because of their low compatibility (Robin et al., 2011). 

Crispness, assessed as the number of force peaks recorded during the compression test, is 

a parameter that reveals the presence of a fragile porous structure characteristic of 

directly expanded extrudates (Dogan & Kokini, 2007). Addition of RB significantly 

increased crispness of enriched samples compared to control as previously observed for 

extrudate products incorporated with wheat bran (Brennan et al., 2008) and mushrooms 

(Lu et al., 2020) (p < 0.05). No significant differences in crispness were observed between 

products containing RB (p = 0.05). 

Usually, the combination of high crispness and low hardness in expanded snacks is an 

indicator of high-quality products that denote consumer acceptance (Lobato et al., 2011).  

As expected, RB addition induced changes in the color of snack products (Table 8). RB-

supplemented samples showed significantly lower L* values and higher a* values than 
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control (p < 0.05). Lightness (L*) decreased with the increase in RB content. Only RB10 

showed a slight increase in yellowness (b*) compared with control. The total color 

difference (ΔE*) increased with RB content. RB15 showed a ΔE* value 21% higher than 

RB10. These changes in color may be mainly related to the natural dark brown color of 

bran. Previous studies (Lu et al., 2020; Wójtowicz, Kolasa, & Moscicki, 2013) on corn-based 

snacks added with 10-15% mushrooms and buckwheat reported ΔE* values higher than 

that of the present work suggesting a lower impact of RB on the color of extruded 

products. 

2.3.4 Rheological properties 

Previous works on food products enriched with DF found a positive relationship between 

attenuation of glycaemic response and viscosity of test meals or in vitro digestion extract, 

suggesting that DF ability to alter the viscosity has a role in reduction of starch digestion 

rate (Tosh, 2013; Wolever et al., 2018).  

Since rheology of food matrix has important implications on GI attenuation, viscoelastic 

properties of extrudate samples were evaluated. Figure 4 shows frequency sweep test for 

control and RB-enriched dispersions at 63.5-78.5 g 100 g-1 moisture contents. A weak gel 

behavior was observed for all samples because tan δ was lower than 1 (elastic component 

prevails against viscous one) and storage modulus (G') was frequency dependent, in 

agreement with observations for gluten-free dough systems (Foschia, Beraldo, & 

Peressini, 2017; Peressini, Pin, & Sensidoni, 2011). Moisture content strongly influenced 

dynamic rheological results as previously documented in doughs containing inulin 

(Peressini & Sensidoni, 2009). 
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Figure 4 Storage modulus (G') and tan δ vs. frequency for extrudate dispersions at 63.5 (a, e), 68.5 

(b, f), 73.5 (c, g) and 78.5 g 100 g-1 (d, h) moisture contents. Control (empty circle), RB10 (rhombus) 

and RB15 (triangle). 

Rheological parameters at 1 Hz were used to compare different dispersions (Table 9). 

Control was characterized by significantly lower G' value and higher tan δ than RB-

enriched samples compared at the same moisture, indicating less elastic and solid-like 

behavior (p < 0.05). Additionally, storage modulus increased and tan δ decreased with the 

rise in RB content. Similar findings were reported for cookie doughs with insoluble fibres 

added (coarse bamboo, potato, and pea) (Mancebo, Rodríguez, Martínez, & Gómez, 2018) 

and gluten-free doughs with increasing quinoa bran (Föste et al., 2014). According to 

Hatcher, Anderson, Desjardins, Edwards, & Dexter (2002), dough stiffness is related to 

lower tan δ  and higher G' values, and is attributed to increased water binding properties 

of components. Mancebo et al. (2018) observed strong correlations between hydration 

properties of DF and viscoelastic parameters (positive for G' and negative for tan δ). 

However, these authors evaluated a starch-DF matrix, in which starch was not 

gelatinized. In our work, dispersions contained gelatinized starch and rice fibre in 

combination. HC of control sample was not different from RB10, and it was higher than 

RB15 (Table 7). Consequently, changes in rheological properties of RB-extrudates can not 

be explained based on differences in hydration properties. 
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Table 9 Rheological properties of extruded snack products. 

Parameters† Control RB10 RB15 

63.5% moisture    

G (Pa)   7573  390c   9189  192b  18847  391a 

tan  (-)     0.202  0.002a     0.149  0.002b      0.089  0.001c 

η* (Pa s) 1230  63c 1479  31b 3013  63a 

68.5% moisture    

G (Pa)   4563  215c   5849  176b  13523  301a 

tan  (-)     0.180  0.004a     0.126  0.004b      0.080  0.001c 

η* (Pa s) 738  34c 939  28b 2160  48a 

73.5% moisture    

G (Pa)   2566  101c   4025  134b   9423  205a 

tan  (-)     0.165  0.002a     0.110  0.002b     0.080  0.001c 

η* (Pa s) 414  16c 645  21b 1505  33a 

78.5% moisture    

G (Pa) 1415  70c 2708  139b 5997  252a 

tan  (-) 0.159  0.003a 0.102  0b 0.081  0.001c 

η* (Pa s) 228  11c 434  22b 958  40a 

Mean ± standard deviation (n ≥ 3). Values within a row followed by the same letter are not significantly 
different (p > 0.05). † Values at 1 Hz obtained from the frequency sweep test on extrudate dispersions at 
different moisture contents. 

For control sample, changes in moisture gave G' values of 7.6-1.4 kPa and tan δ values of 

0.202-0.159 (Table 9). The trend was a reduction in elastic modulus and tan δ with 

increasing moisture. RB-enriched extrudates exhibited the same behavior of control, with 

an exception for RB15, the tan δ value of which was not affected by moisture above 63.5 g 

100 g-1. The shift of G' to lower values with increasing moisture is attributed to 

plasticizer/dilution effects (Berland & Launay, 1995; Edwards, Dexter, Scanlon, & 

Cenkowski, 1999; Peressini & Sensidoni, 2009). G' values ranked the samples in the same 

order at each moisture content (C < RB10 < RB15), but differences in elasticity became 

more pronounced as moisture increased suggesting that more water availability allowed 

structure development (lower tan δ). Probably, competition for water between 

components (mainly gelatinized starch and fibre) restricts their hydration at low moisture 

content preventing physical interactions between polymer chains. Based on these results, 
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RB addition enhanced elastic interaction and strength of the extrudate dispersion, and 

that exhibited the highest value for RB15. Probably, DF molecules formed self-

associations, which increased dispersion elasticity. Moreover, a lower mechanical 

degradation of amylose and amylopectin for RB-extrudates may also contribute to 

structure favoring physical interaction between polymer chains. 

Complex viscosity (η*) was significantly higher for RB dispersions compared to control 

for each moisture content (p < 0.05) (Table 9). At 78.5 g 100 g-1 moisture, RB10 and RB15 

gave η* values two and four times higher than control, respectively. 

Results indicate clearly that RB incorporation induced changes in snack rheological 

properties particularly interesting for potential beneficial implications in digestion. 

2.3.5 In vitro starch digestion 

Simulated in vitro gastrointestinal digestion was performed to evaluate the effect of RB 

incorporation on starch digestion of extrudates. Figure 5 shows the glucose release during 

the second intestinal digestion phase of snacks and white bread. Glucose concentration 

after 20 min digestion corresponds to rapidly available glucose (RAG) in response to the 

addition of amylases. RAG values of samples were significantly different (p < 0.05) with 

the following order: C > bread > RB10 = RB15 (Table 10). Addition of RB to snack products 

determined a 26-31% reduction in starch digestion at 20 min compared to control. This 

reduction was lower than would be expected from RB incorporation, suggesting that it 

was not simply due to a replacement of starch with DF. Moreover, samples showed 

similar values of released glucose at 120 min. Previously, Brennan et al. (2008) observed 

that wheat bran addition at 15% reduced RAG of breakfast cereals by 27%, whereas 

decrease in glucose release was only 17% at 120 min compared to control. Our results 

indicate that RB fibre (RBF) is potentially beneficial to attenuate the postprandial 

glycaemic response to extrudates in accordance with Wang et al., (2018). Increase in 

digesta viscosity is recognized as one of mechanisms responsible for this effect of fibre 

(Villemejane et al., 2015; Wolever et al., 2018). Rheological data showed higher η* values 

for RB samples than control and the same trend might be expected for digestas (Table 9). 

These results are consistent with a protection of starch from digestive enzymes attack in 

RB samples probably due to increase in digesta viscosity, leading to lower enzymes 

motility and starch digestion rate (Villemejane et al., 2015; Wolever et al., 2018). Besides, 
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glycaemia attenuation for RB-extrudates may be attributed to reduction in starch 

fragmentation during extrusion in accordance with HC data (Table 7).  

 

 

Figure 5 Glucose release during in vitro digestion of extruded snack products. Mean ± SEM (n = 

3). Control (empty circle), RB10 (rhombus), RB15 (triangle) and white bread (grey circle). 

Clinical studies highlighted the ability of RB fibre to reduce blood glucose level by 

promoting the inclusion of RBF in weight loss programs and diets in diabetic patients 

(Park et al., 2017; Qureshi et al., 2002). Table 10 reports the estimated glycaemic index (GI) 

of snack products using bread as reference sample (GI = 100). Estimated GI values of snack 

samples containing RB were significantly lower than control confirming beneficial effects 

of RB on glycaemia attenuation (p < 0.05). 

Table 10 Estimated glycaemic index (GI) and rapidly available glucose (RAG) of extruded snack 

products and white bread. 

Samples Estimated GI (-) RAG (mg g-1 db) 

White bread 100 123.7  9.4b 

Control 117.2  6.8a 140.4  0.3a 

RB10 100.9  1.0b 104.1  0.6c 

RB15   94.8  3.9b 97.4  6.2c 

Mean ± standard deviation (n = 3). Values within a row followed by the same letter are not significantly 
different (p > 0.05). 

0

25

50

75

100

125

150

0 20 40 60 80 100 120 140

G
lu

co
se

 (m
g/

g 
db

)

Time (min)



 

 49 

2.4 Conclusions 

Addition of RB to corn-based extruded snacks increased DF, lipid, protein, and mineral 

content while it decreased available carbohydrate and energy value at 15% RB. Expansion 

of enriched products was 10-18% lower than control. However, RB inclusion improved 

textural properties causing a reduction in hardness and increase in crispness of 

extrudates. Rheology showed changes in structure of enriched extrudate dispersions, 

which exhibited an increase in elastic interactions and solid-like behavior with RB 

supplementation. Differences in structural properties resulted in attenuation of 

predictive glycaemic response for RB enriched snacks. 

In conclusion, RB can be successfully included in ready-to-eat extruded snacks to 

improve nutritional properties and to modulate starch digestion. 
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CHAPTER 3 – Oleuropein enriched wheat bread 

Impact of oleuropein on rheology and 

breadmaking performance of wheat 

doughs, and functional features of bread 

3.1 Introduction and aim of the study 

Oleuropein (OP) is the most abundant polyphenol in olives and olive leaves, conferring 

the bitter principal taste and the resistance against the development of oil rancidity 

(Guinda et al., 2015; Visioli, Bellosta, & Galli, 1998). During years, oleuropein intake has 

been correlated with several pharmacological properties, including anti-cancer, 

hepatoprotective, neuroprotective, antiviral, and anti-inflammatory effects (Daccache et 

al., 2011; De La Puerta, Gutierrez, & Hoult, 1999; Micol et al., 2005; Park, Choi, Um, Yoon, 

& Park, 2011). Furthermore, the European Food Safety Authority established that the daily 

consumption of 5 mg of oleuropein and its derivates contributes to the protection of blood 

lipids from oxidative damage (EFSA, 2011). Recently, Carnevale et al. (2018) carried out a 

randomized, double-blind, placebo-controlled, crossover study where healthy subjects 

received 20 mg of oleuropein before lunch. Their findings suggested that OP also 

improves postprandial glycaemic profile via hampering Nox2-derived oxidative stress 

(Carnevale et al., 2018). 

Phenolic compounds are well-known in literature for their antioxidant activity, which 

makes them interesting to be used by the food industry as functional ingredients with 

healthy properties (Balasundram, Sundram, & Samman, 2006). In addition, the 

polyphenols incorporation into starchy-food products could interact with carbohydrates 

and/or protein molecules by forming reversible and irreversible complexes, that can be 

stabilized by covalent and non-covalent interactions (Sivam, Sun-Waterhouse, Quek, & 

Perera, 2010; Świeca, Sȩczyk, Gawlik-Dziki, & Dziki, 2014). This aspect could represent a 

promising intervention for bakery industries to manufacture innovative baked food 

products with attractive technological properties, in terms of dough handling, 
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mechanical stability, product texture, and good nutritional quality at the same time (Ou 

et al., 2019). However, the addition of phenolic compounds to cereal-based products, like 

baked products, represents an ongoing challenge for the food sector because the low 

thermostability and aptitude to interact with nutritional components and compounds 

formed during the baking process, affecting the final color, texture, and flavor of products 

(Ou et al., 2019). Breadmaking mainly consist of three major stages, notably kneading, 

fermentation, and baking (Cappelli, Lupori, & Cini, 2021). The mixing step required 

sufficient mechanical energy to blend all ingredients and to develop the viscoelastic 

properties of gluten, which will impact dough rheology (Dobraszczyk & Morgenstern, 

2003). Rheological properties of enriched-bread doughs were studied by several authors 

after the addition of different phenolic acids, such as caffeic and ferulic acids (Han & Koh, 

2011; Koh & Ng, 2009), anthocyanins (Sui et al., 2016), quercetin (Lin & Zhou, 2018), and 

tannic acid (Zhang et al., 2010), to bread formulations. These authors observed that the 

inclusion of caffeic and ferulic acids, quercetin, and anthocyanins from black rice, 

decreased mixing stability and maximum resistance to extension in enriched doughs, 

while the incorporation of tannic acids improved dough mixing properties resulting in a 

stronger and more elastic dough. During fermentation and baking steps, dough 

rheological properties are involved in the control and stabilization of expanding gas 

bubbles, determining bread final expansion and its mechanical properties (Dobraszczyk 

& Morgenstern, 2003). Thus, to ensure a good volume increase and crumb softness, the 

gluten-starch network needs to be extensible and resistant to respond to gas pressure and 

to avoid structure collapse (Sroan, Bean, & MacRitchie, 2009). In several studies, wheat 

bread textural properties were studied upon the incorporation of natural polyphenols, 

from quinoa leaves (Świeca et al., 2014), green tea powder (Ning, Hou, Sun, Wan, & Dubat, 

2017), grape pomace (Hayta, Özuǧur, Etgü, & Şeker, 2014), and quercetin (Lin & Zhou, 

2018), showing lower loaf specific volumes and higher values of crumb hardness, 

suggesting that polyphenols influence dough viscoelasticity and bread mechanical 

properties. Moreover, as reported by several authors, the addition in bread formulations 

of different polyphenol compounds from green coffee flour (Świeca, Gawlik-Dziki, Dziki, 

& Baraniak, 2017), tea powder (Culetu, Fernandez-Gomez, Ullate, Del Castillo, & 

Andlauer, 2016; Ning et al., 2017), and grape pomace (Hayta et al., 2014), enhanced the 

nutritional profile of bread products by increasing total polyphenol content and 

antioxidant capacity.  
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In vitro digestibility studies showed that fortified wheat bread with green tea catechins 

(Goh et al., 2015) and anthocyanins from black rice (Sui et al., 2016) could be a promising 

strategy to reduce bread glycaemic potential, by the inhibitory effect on α-amylase 

digestive enzymes. In spite of the beneficial effects previously reported, bread-making for 

the food industry might represent a critical technological step for polyphenols stability in 

bread products, due to the thermal degradation of this phytochemical compounds, as 

recently reported by Lin & Zhou (2018) and Sui, Yap, & Zhou, (2015) after the addition of 

quercetin and anthocyanins in bread samples, respectively. 

The objective of this study was to understand the impact of oleuropein addition to wheat 

flour on breadmaking performance by evaluating dough rheology, handling properties, 

and bread characteristics. Dough mixing properties, uniaxial extensional properties, 

linear and non-linear rheology in shear (dynamic and creep tests) were evaluated to 

obtain information on its structure and technological potential. Moreover, antioxidant 

activity and in vitro glycaemic response of bread were determined. 

Studies on oleuropein in breadmaking were not found in literature, making this work 

interesting and innovative for a better comprehension of the interactions between 

oleuropein, and gluten in dough, and bread properties. Results here presented have been 

published in: 

Renoldi, N., Lucci, P., & Peressini, D. (2022). " Impact of oleuropein on rheology and 

breadmaking performance of wheat doughs, and functional features of bread". 

International Journal of Food Science and Technology. DOI: 10.1111/ijfs.15585. 

3.2 Material and Methods 

3.2.1 Materials 

For dough preparation and breadmaking, common wheat flour (11.5% protein, 13.7% 

moisture) (Molino Rachello, Roncade, Italy), fresh compressed yeast (Lessafre Italia, 

Parma, Italy), commercial butter (Despar, Bolzano, Italy) and sucrose were used. The 

following reagents were  purchased from Sigma Aldrich (Milan, Italy): oleuropein (OP) 

(purity ≥ 80% for HPLC), α-amylase from porcine pancreas (EC 3.2.1.1; 9 U/mg), pepsin 

from porcine gastric mucosa (EC 3.4.23.1; 4472 U/mg), bile extract from porcine (B8631), 
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pancreatin from porcine pancreas (EC 232-468-9; 11.28 U/mg), amyloglucosidase from 

Aspergillus niger (EC 3.2.1.3; 1500 U/mL), L-(+)-arabinose, D-(+)-glucose, DPPH-free radical 

(purity ≥ 95% for HPLC) and Trolox® (purity ≥ 97% for HPLC). Sodium chloride (NaCl) 

was supplied by Carlo Erba Reagents (Milan, Italy). 

3.2.2 Mixing properties 

Six doughs were prepared using wheat flour, sodium chloride and OP at different 

amounts as reported in Table 11. The selection of OP amounts to add to flour (100 g, on 

14% moisture basis) was based on preliminary tests at 5, 10 and 20 mg OP. The former 

corresponds to the daily consumption of OP suggested by EFSA (2011), and this was 

excluded from the experimental work since it did not alter dough mixing properties. An 

amount higher than 20 mg OP was not used based on the observation that 20 mg OP made 

dough sensitive to over-mixing. Mixing properties were evaluated using a farinograph 

Promylograph T6 (Max Egger, Austria) equipped with a 100 g bowl, according to AACC 

Approved Method 54-21 (AACC, 2000). Dough water absorption (WA), which 

corresponds to the amount of water per 100 g flour (on 14% moisture basis) to reach a 

consistency of 500 PU, was evaluated. From the farinogram, stability (ST) and softening 

degree (SD) at 20 min of mixing were determined. Data are the average of three replicates. 

Table 11 Weight fraction of ingredients used in the preparation of different dough samples. 

Samples Flour* (%) Oleuropein (%) Salt (%) 

No salt    
C 100 0 0 

OP1 100 0.01 0 

OP2 100 0.02 0 

With salt    
C-S 100 0 1.5 

OP1-S 100 0.01 1.5 

OP2-S 100 0.02 1.5 

*on 14% moisture basis. 
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3.2.3 Extensional properties of dough 

Uniaxial extensional properties of dough at 25 °C were determined using a TA-XT Plus 

Unit Texture Analyzer (Stable Micro Systems, Godalming, UK) equipped with a 5 kgf load 

cell and a Kieffer dough system and gluten extensibility rig according to 

Peighambardoust, Van Der Goot, Van Vliet, Hamer, & Boom (2006) with a modification 

of dough resting time. Doughs were mixed in the farinograph bowl at the optimum 

development time (2.0-2.5 min) and farinograph absorption of C (55.1%) for samples 

without salt or C-S (52.9%) for samples with salt. Uniaxial extension test on doughs was 

carried out at 3.3 mm/s after 75 min of resting time (20 min before molding and 55 min 

inside the mold).  

The following parameters were considered: fracture stress (σmax) for resistance to 

extension, the Hencky strain (εH) at fracture stress for extensibility, and the integrated 

area under the stress-strain curve for energy required to extension. An apparent strain 

hardening index (dln σmax /dεH, SH) was computed in the strain interval of 20-95% of the 

fracture strain of samples. Results are the average of three replicates, where each replicate 

represents a separately mixing batch. Six analytical measurements were performed for 

each replicate. 

3.2.4 Dough stickiness 

Dough was mixed in the farinograph bowl as previously described in Paragraph 3.2.3. A 

dough sample (120 g) was left relaxing for 5 min, and then analyzed using TA-XT Plus 

Unit Texture Analyzer equipped with a 5 kgf load cell. A dough stickiness system 

provided with a narrow blade (HDP/BS), a sample box (8.5 cm x 12.5 cm x 3 cm), and a 

sample restriction plate (9 cm x 10 cm) was used for the analysis. The blade was driven 

through a slot in the restriction plate to a 30 mm distance, with a compression speed of 2 

mm/s and a trigger force of 0.1 N. As the blade returned upwards the adhesion area (N s) 

was calculated as force per second to separate the probe from the dough. Data are the 

average of three replicates, where each replicate represents a separately mixing batch. 
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3.2.5 Dough rheological properties in shear 

Dough was prepared using farinograph as previously described in Paragraph 3.2.3. 

Rheological tests were performed as described in Paragraph 2.2.6. A dynamic stress sweep 

test was conducted from 0.5 to 300 Pa at constant frequency (1 Hz) to identify the linear 

viscoelastic region (LVR). A frequency sweep test at constant shear stress was carried out 

within the LVR from 0.1 to 10 Hz. Storage modulus (G), loss modulus (G) and tan δ 

(G/G) were evaluated. 

A creep-recovery test was performed consecutively on the same dough sample, according 

to Stone, Hucl, Scanlon, & Nickerson (2017). Dough was subjected to a constant shear 

stress outside the LVR (0 = 250 Pa) for 180 s (creep). After 0 removal, dough recovery 

was measured for 360 s (recovery). Changes in shear strain () were recorded over time (t) 

and creep-recovery curves were expressed in terms of compliance (J) using the following 

Equation 1: 

 

𝐽(𝑡) = (t) ∙ 0
−1 Eq. (1) 

 

                                                          

From creep-recovery J (Pa-1), the relative elasticity of dough (Jel) was calculated as follows: 

 

𝐽𝑒𝑙 = (𝐽𝑚𝑎𝑥 − 𝐽𝑟) ∙ J𝑚𝑎𝑥
−1  Eq. (2) 

 

where Jmax (Pa-1) is compliance at 180 s of creep and Jr (Pa-1) is compliance at 360 s of 

recovery. 

3.2.6 Breadmaking 

Bread was produced using an optimized straight-dough breadmaking procedure (AACC 

Approved Method 10-10B) (AACC, 2000). Doughs were mixed at optimum development 

(8.5 min) in the farinograph bowl using the following ingredients: wheat flour (100 g, on 

14% moisture basis), sucrose (6 g), salt (1.5 g), fresh compressed yeast (5.3 g), butter (3 g), OP 

at 0% (CB), 0.01% (OP1B) or 0.02% on flour basis (OP2B) and water (based on WA of flour 

or flour added with OP). 
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Then, each dough was kept for 52 min at 30 ± 1 °C and 85% relative humidity (RH). After 

the first fermentation, the dough was punched for 2 min, placed in a greased baking pan 

and fermented at 30 ± 1 °C and 85% RH for 50 min. Finally, the fermented dough was baked 

at 160 °C for 30 min with RH from 80 to 30% in a professional oven (Lainox, model 

HME061X, Treviso, Italy). After removing from oven, bread loaf was left cooling for 1 hour 

and placed in sealed plastic bag until further analysis (1 h). Three batches were produced 

for each formulation. 

3.2.7 Bread moisture and specific volume 

Moisture of bread crumb was measured by oven drying at 105 °C until a constant weight 

was achieved (Venturi et al., 2022). Loaf specific volume (Vs) was determined by rapeseed 

displacement method according to AACC Approved Method 10-05 (AACC, 2000). Data 

are the average of three replicates. 

3.2.8 Crumb image analysis 

Image of bread slices was acquired using a professional digital camera Canon reflex EOS 

550D (Canon Inc., Tokyo, Japan) equipped with an EF-S 60mm f/2.8 Macro USM lens. 

The distance between slice surface and camera lens was fixed at 48 cm. For each bread 

loaf, four central slices were used for image analysis. Crumb grain was evaluated by using 

the Image-Pro Plus 6.3 software (Media Cybernetics Inc., USA) according to Sapirstein, 

Roller, & Bushuk (1994) with some modifications. Images were converted to 8-bit grey 

scale and a rectangular field of view (32.5 x 32.5 mm) was assessed. A digital image of a 

ruler was used for the spatial calibration. Cell density (number/cm2) and mean cell area 

(MCA, mm2) were provided by the software. Determinations were performed in triplicate. 

For each replicate three analytical measurements were conducted.  

3.2.9 Bread crumb firmness 

A TA-XT Plus Unit Texture Analyzer supplied with a 5 kgf load cell was used to evaluate 

bread crumb firmness according to AACC Approved Method 74-09 (AACC, 2000). Loaf 

was sliced by hand and four slices (25 mm thickness) were taken from the central portion. 

A penetration test was conducted (P/36R cylinder probe) and stress at 25% penetration 
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was used as a measure of crumb firmness. Data are reported as the average of twelve 

measurements from three different loaves. 

3.2.10 Crumb extract preparation 

Freeze-dried and fresh bread slices were used to evaluate the antioxidant capacity and 

OP content, respectively. The crumb was separated and ground with an electric grinder 

machine for 15 s to obtain a particle size lower than 500 µm. Three grams of ground crumb 

were mixed with ethanol 80% (v/v) and ultrasonically treated for 15 min at 120 W 

(Sonoplus HD 2200, Bandelin electronic, Berlin, Germany) to promote OP extraction. The 

sample temperature was kept lower than 40 °C with an external water-ice bath. Then, the 

mixture was centrifuged at 7750xg for 15 min at 5 °C using an Avanti JA-18 high-

performance centrifuge (Beckman Coulter Inc., California, USA). The supernatant was 

collected and stored at -18 °C overnight before OP chromatographic quantification and 

DPPH antioxidant activity test. 

3.2.11  Oleuropein content of bread 

Oleuropein was determined in bread crumb samples after cooking and solvent extraction, 

as described in Paragraph 3.2.10, using an Agilent Poroshell 120 EC-C18 reversed phase 

column (2.7 µm particle size, 4.6 × 150 mm) on a Shimadzu Nexera UHPLC System 

(Shimadzu Nexera, Kioto, Japan) equipped with dual pump LC-30AD, column oven CTO-

30A, auto sampler SIL-30AC, and diode array detector (SPD-M20A). Gradient separation 

was performed using solvent A (2% acetic acid in water) and solvent B (acetonitrile) as 

follows: 0–1 min, isocratic condition at 60% A; 1–12 min linear gradient from 40 to 100% B; 

isocratic condition kept up to 14 min; 14 min back to initial condition at 60% A; isocratic 

step kept up to 18 min. An aliquot of 1 µL of extract solution was injected into column 

while a mobile phase flow rate of 450 µl min-1 were used. The column temperature was 30 

°C while detector was set at 280 nm. A calibration curve (R2 = 0.999) prepared with 

oleuropein standard solutions at different concentrations (0.3-65 µg/mL) was used for the 

quantification of the compound. The instrumental limit of detection (LOD) for OL was 

0.07 µg/mL (calculated at signal-to-noise ratio of 3:1), while the limit of quantification 

(LOQ) was 0.25 µg/mL (calculated at signal-to-noise ratio of 10:1). 
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3.2.12 Determination of DPPH radical scavenging capacity 

DPPH radical scavenging capacity was evaluated according to Brand-Williams, Cuvelier, 

& Berset (1995) with few modifications. DPPH solution (78 µM) was daily freshly made in 

ethanol 95% (v/v). A volume of 160 µL of crumb extract was mixed with 3.04 mL of DPPH 

solution. Absorbance at 515 nm for 30 min were measured using a Shimadzu 

spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The antiradical activity (AA, 

%) was calculated with the following Equation 3: 

 

𝐴𝐴(%) = [1 − (
𝐴𝑡=30

𝐴𝑡=0
)] ∙ 100 Eq. (3) 

 

where At=0 and At=30 correspond to absorbance values at 0 and after 30 min. 

For the calibration curve, Trolox was dissolved in 80% (v/v) ethanol at concentrations 

ranging from 100 to 500 µM. The DPPH free radical scavenging activity of crumb extracts 

was expressed as micromoles of Trolox equivalent (TE) per g of sample (dry weight basis). 

3.2.13  In vitro digestion and glucose determination 

The digestion of bread samples was simulated using the in vitro digestion method 

proposed by Minekus et al. (2014). Briefly, the bread crumb was ground for 30 s using an 

electric grinder. After weighing 1 g of sample and 0.1 g of L-(+)-arabinose as the internal 

standard for sugars determination, the oral phase (2 min) started with the addition of α-

amylase from porcine pancreas solution (75 U/mL in the final mixture). The gastric phase 

(2 h) started with the addition of pepsin from porcine gastric mucosa solution (2000 U/mL 

in the final mixture). Then, the intestinal phase (2 h) started with the addition of 

pancreatin from porcine pancreas solution (100 U/mL in the final mixture) and bile 

extract from porcine solution (160 mM in the final mixture). For the glucose 

quantification, 100 µl of amyloglucosidase from Aspergillus niger were added to the 

digested sample. Digestive reactions after 20, 60, 90, and 120 min were stopped with 

ethanol 98% (1/4, v/v) to estimate the amount of glucose released during the in vitro 

digestion. High-Performance Liquid Chromatography system (Varian ProStar, model 

230, Varian Chromatography Systems, California, USA) equipped with a 

chromatographic column (Robusta 100A, NH2, 5 μL, 250 mm x 4.6 mm, Sepachrom Srl, 
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Rho, Italy) in combination with a refractive index detector RID-10A (Shimadzu, Kyoto, 

Japan) were used for glucose separation and evaluation. Acetonitrile/water (3/1, v/v) was 

used as the mobile phase at a flow rate of 1 mL/min. Glucose released during in vitro 

digestion was plotted as a function of digestion time. Incremental areas under the curves 

(IAUCs) were calculated using the trapezoid method proposed by FAO/WHO (1998). 

3.2.14 Statistical analysis 

Results are expressed as mean ± standard deviation of three replicates (n = 3). Bartlett test 

for the homogeneity of variances, one-way analysis of variance (ANOVA) and Tukey’s 

HSD test for the statistical significance of data (P < 0.05) were performed using Statistica 

software package, version 8.0 (StatSoft, Inc., Tulsa, OK, USA). 

3.3 RESULTS AND DISCUSSION 

3.3.1 Dough properties 

Dough mixing properties, uniaxial extensional properties, linear and non-linear rheology 

in shear (dynamic and creep tests) were evaluated to obtain information on its structure 

and technological potential. 

Farinograph water absorption (WA) was 55.1% for control dough without salt (C) and 

52.9% for control with salt (C-S). The former WA value was used to prepare OP samples 

without NaCl (OP1 and OP2), while the latter was used for doughs with salt (OP1-S and 

OP2-S). As expected, C-S gave higher stability and lower softening degree than C 

indicating a higher dough strength due to an increase in hydrophobic interactions in 

gluten network (Table 12).  

This is the result of charge shielding effect of salt on gluten proteins (He, Roach, & 

Hoseney, 1992; Preston, 1989). OP individually added (0.01 and 0.02% on flour weight 

basis) or in combination with salt increased stability and decreased the degree of 

softening suggesting an improvement in dough mixing properties. Previously, a similar 

behavior was observed for wheat doughs enriched with tannic acid (Wang et al., 2015; 

Zhang et al., 2010) and sorghum seed proanthocyanidins (Girard, Castell-Perez, Bean, 
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Adrianos, & Awika, 2016). In contrast, mixing tolerance decreased with the inclusion of 

caffeic, ferulic, syringic and gallic acids (Han & Koh, 2011), and catechin (Girard et al., 

2016), which promoted the reduction of gluten disulphide bonds to free thiols weakening 

the dough. Although OP also altered covalent cross-links between glutenin chains, the 

dough became more tolerant to mechanical stresses during mixing suggesting the 

increase in other types of molecular interactions, which led to the stabilization of gluten 

structure. Previous studies reported that non-covalent interactions (hydrogen, ionic or 

hydrophobic bonds) (Wang et al., 2015) and covalent bonds between hydroxyl and amino 

groups (Zhang et al., 2010) were increased by tannic acid, resulting in gluten aggregation. 

Moreover, tannin-protein interactions were shown to promote crosslinks in the gluten 

network leading to stronger doughs (Girard & Awika, 2020). 

Table 12 Effect of oleuropein (OP) addition on mixing properties of wheat doughs with and 

without sodium chloride. 

Samples WA (%)§ ST (min)§ SD (PU)§ 

No salt    

C 55.1 0.0a   2.8  0.1c 80.0  0a 

OP1 55.2  0.2a   4.0  0.2b    50.0  4.1b 

OP2 54.5  0.3b 15.4  0.1a    52.5  3.5b 

With salt    

C-S 52.9  0.2a 15.8  0.4b     40.0  0a 

OP1-S 53.1  0.3a 17.8  1.0a     17.5  3.3b 

OP2-S 52.8  0.2a 18.1  0.2a     0c 

Mean ± standard deviation (n = 3). For each dough type (no salt or with salt), values within a column 
followed by the same letter are not significantly different, Tukey test (p > 0.05). OP addition: 0 (C), 0.01 (OP1) 
or 0.02% (OP2) for doughs without NaCl; 0 (C-S), 0.01 (OP1-S) or 0.02% (OP2-S) for doughs with NaCl.  
§ Farinograph water absorption (WA), stability (ST) and softening degree (SD).  

For unsalted dough, OP showed a dose-dependent effect for stability, while softening 

degree was not influenced by OP level. Surprisingly, stability of OP2 was about four times 

that of OP1, but no difference in softening degree was observed between these samples 

indicating that the antioxidant action of OP at 0.02% made gluten sensitive to over-

mixing. Based on softening degree values, OP1 and OP2 showed 34-38% higher tolerance 

to over-mixing in comparison with C (control). Probably, more than 0.02% polyphenol 

decreases this gap and at a certain dose induces dough weakening in over-mixing. 
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Addition of OP in combination with salt exhibited a synergic effect on dough tolerance to 

mechanical stresses. 

Table 13 shows uniaxial extensional properties of doughs, which are determinants of 

bread quality (Dobraszczyk & Morgenstern, 2003; Peressini et al., 2017). OP1 and OP2 

showed significantly higher fracture stress (max) and energy required for extension 

(area), and lower Hencky strain at break (H) than C (control), confirming a strengthening 

effect of OP on gluten and a decrease in extensibility (p < 0.05).  

Table 13 Effect of oleuropein (OP) addition on extensional properties of wheat doughs with and 

without sodium chloride. 

Samples max (kPa)†
 max (-)†

 max /max Area (kPa)† dln 𝜎max/d𝜀H (–)† 

No salt      

C 27.3  2.4b 2.23  0.04a 12.3 24.8  2.7b 1.29  0.03a 

OP1 38.9  2.4a 1.91  0.05b 20.4 33.9  1.9a 1.27  0.02a 

OP2 38.2  0.8a 1.68  0.04c 22.0 33.4  0.9a 1.23  0.05a 

With salt      

C-S 51.7  2.7b 2.04  0.09a 25.3 43.2  2.7a 1.33  0.03a 

OP1-S 49.9  1.8b 1.86  0.08a 26.8 44.0  1.6a 1.28  0.04a 

OP2-S 57.9  1.2a 1.36  0.05b 42.5 47.1  1.8a 1.34  0.01a 

Mean ± standard deviation (n = 3). For each dough type (no salt or with salt), values within a column 
followed by the same letter are not significantly different, Tukey test (p > 0.05). OP addition: 0 (C), 0.01 (OP1) 
or 0.02% (OP2) for doughs without NaCl; 0 (C-S), 0.01 (OP1-S) or 0.02% (OP2-S) for doughs with NaCl.  
† Uniaxial extensional properties of doughs at water absorption of 55.1% (no salt) and 52.9% (with salt):  

fracture stress (max), Hencky strain (H) at fracture stress, integrated area under the stress-strain curve 
(Area) and apparent strain hardening index (dln σmax /dεH). 

Hencky strain at fracture stress decreased with OP level. Girard et al. (2016) reported a 

similar effect on a weak dough upon incorporation of sorghum seed proanthocyanidins, 

but when catechin was added resistance to extension decreased. In contrast, Han & Koh 

(2011) found that phenolic acids reduced dough resistance to extension and increase 

extensibility since their reducing action on disulphide crosslinks in gluten network 

induced a decrease in high molecular weight glutenins. When OP was added in 

combination with salt, max significantly increased and H decreased only at the 

maximum level compared to C-S (p < 0.05). OP2-S gave the lowest extensibility among 

samples. Consequently, max/H ratio ranged from 12.3 for control without salt (C) to 42.5 

for OP2-S. Since large loaf volume is the result of high max and high H of the dough, OP 
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addition at 0.02% could be critical. Further investigation was performed using shear 

oscillatory and creep-recovery tests. Figure 6 show mechanical spectra from oscillatory 

frequency sweep test and creep-recovery curves of unsalted doughs.  

In order to obtain information on dough viscoelastic properties storage modulus (G) and 

loss tangent (tan δ) at a frequency of 1 Hz, maximum compliance (Jmax) and relative 

elasticity (Jel) were evaluated (Table 14). Doughs without salt exhibited significantly 

higher G and lower tan δ values for OP samples than C (control), which are related to 

more elastic interactions and solid-like behavior (stronger gluten) (p < 0.05). Similar 

trends were found for grape seed and sorghum proanthocyanidins added to a weak flour 

Figure 4 Viscoelastic properties of unsalted wheat doughs with and without oleuropein (OP) 

from oscillatory frequency sweep and creep-recovery tests. Storage modulus (G) and loss 

tangent (tan δ) as a function of frequency (A, B). Compliance as a function of time (C). OP 

addition (on flour weight at 14% moisture): 0 (square, a), 0.01% (circle, b) or 0.02% (triangle, c). 
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(Girard et al., 2016). No differences in these parameters were recorded for salted doughs 

except for OP1-S, which gave a lower tan δ value than C-S (control). 

Table 14 Effect of oleuropein (OP) addition on viscoelastic properties and stickiness of wheat 

doughs with and without sodium chloride obtained from shear oscillatory and creep tests. 

Samples G (kPa)§ tan  (-)§ Jmax (mPa-1)†
 Jel (-)†

 Stickiness (N s) 

No salt      

C 12.5  0.1b 0.38  0.00a 2.28  0.11a 0.42  0.03b 3.21  0.27a 

OP1 15.5  0.4a 0.36  0.01b 1.47  0.01b 0.48  0.02a 1.69  0.12b 

OP2 16.5  0.4a 0.35  0.01c 1.23  0.02c 0.50  0.01a 1.86  0.11b 

With salt      

C-S 16.1  0.5a 0.36  0.00a 2.12  0.17a 0.36  0.02b 1.72  0.13a 

OP1-S 15.7  0.1a 0.35  0.01b 1.10  0.03b  0.42  0.06ab 1.81  0.06a 

OP2-S 15.6  0.6a 0.36  0.01ab 1.19  0.23b 0.52  0.05a 1.77  0.11a 

Mean ± standard deviation (n = 3). For each dough type (no salt or with salt), values within a column 
followed by the same letter are not significantly different, Tukey test (p > 0.05). OP addition: 0 (C), 0.01 (OP1) 
or 0.02% (OP2) for doughs without salt; 0 (C-S), 0.01 (OP1-S) or 0.02% (OP2-S) for doughs with salt. 
§ Values at 1 Hz obtained from oscillatory frequency sweep test on doughs at water absorption of 55.1% (no 
salt) and 52.9% (with salt). 
† Parameters obtained from creep test on doughs. 

OP individually added or in combination with salt decreased Jmax and increased Jel 

compared to control samples, indicating that dough is more resistant to deformation in 

creep and its elastic recovery of deformation is higher. This confirms that the dough 

containing OP was stronger and more elastic. It was reported that a greater elastic 

recovery of the dough is correlated to a large bread volume (Wang & Sun, 2002). 

Differences in viscoelasticity related to the phenolic compound became more apparent 

using creep-recovery test (large strain) than frequency sweep (small strain), in particular 

for salted doughs.  

Sensitivity of creep-recovery to detect small alterations in the gluten network was in 

agreement with Avramenko, Hopkins, Hucl, Scanlon, & Nickerson (2020), who evaluated 

doughs containing different salts. 

Finally, impact of OP on the prevention of dough stickiness was determined. Sodium 

chloride is usually included in dough formulation to make it less sticky (Avramenko et al., 

2020). Interestingly, OP addition significantly lowered stickiness of unsalted dough to 

values comparable to the dough containing salt (p < 0.05) (Table 14). Therefore, OP could 
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be a NaCl-alternative useful to improve handling properties (machinability) of doughs in 

a low sodium diet. 

3.3.2 Bread characteristics 

The effects of OP supplementation on loaf specific volume (Vs) and crumb firmness are 

reported in Table 15. The addition of OP in both enriched samples significantly increased 

Vs compared to the control (p < 0.05). Rheological results showed that doughs containing 

OP were stronger due to more elastic interactions in the gluten network (Table 13 and 

Table 14), which conferred to the gluten matrix more resistance to collapse during dough 

expansion leading to the increase in loaf volume.  

Table 15 Bread moisture and textural properties. 

Samples Moisture (%) Firmness (g) Vs (cm3/g) 
Cell density 
(cells/cm2) 

MCA (mm2) 

CB 40.16 ± 0.94b 242.3 ± 22.7a 4.37 ± 0.02b 85 ± 4a 0.38 ± 0.05b 

OP1B 42.51 ± 0.24a 196.3 ± 19.4b 4.67 ± 0.04a 81 ± 1ab 0.44 ± 0.07ab 

OP2B 42.86 ± 0.50a 170.7 ± 16.5c 4.71 ± 0.03a 78 ± 1b 0.53 ± 0.02a 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). OP addition: 0 (CB), 0.01 (OP1B) or 0.02% (OP2B) in bread formulations. 
Vs: specific volume, MCA: mean cell area. 

No significant difference in Vs was observed between OP bread samples (p > 0.05). OP 

addition at 0.02% gave a dough with the lowest Hencky strain (extensibility), but this 

seems to be not detrimental for dough expansion. A possible explanation could be a 

partial breakdown of disulphide bonds during leavening of bread dough since an 

antioxidant action of OP at 0.02% was observed in dough over-mixing (Table 12). Crumb 

firmness significantly decreased with the increase in OP level added in bread dough, 

exhibiting a reduction of values by 19-30% compared to the control (p < 0.05) (Table 15). 

Changes in mechanical properties of OP-breads are mainly due to higher Vs and crumb 

moisture. Similar findings were reported by Zhang et al. (2010) for tannic acid, which 

made doughs stronger promoting an increase in loaf expansion and reduced firmness. 

Besides, tannic acid delayed amylose and amylopectin retrogradation (Zhang et al., 2010). 

In contrast, other studies showed that the addition of caffeic acid (Han & Koh, 2011) and 

ferulic acid (Koh & Ng, 2009; Nicks et al., 2013) to wheat dough weakened the gluten 
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network with a detrimental effect on loaf expansion, probably due to an excessive 

breakdown of disulphide bonds within the gluten network (Han & Koh, 2011; Koh & Ng, 

2009; Sui et al., 2016) and/or to the yeast activity inhibition (Nicks et al., 2013). Moreover, 

Sui et al. (2016) showed that bread fortified with anthocyanin-rich extract (1-4%) was 

firmer with a tight crumb structure due to a weaker dough and poor gas retention. 

Image analysis on bread slices (Figure 7) was performed to obtain information on crumb 

grain in terms of cell density and mean cell area (MCA) (Table 15). No significant 

differences in crumb cellular structure were observed between control and bread made 

from a dough added with 0.01% OP. The increase in OP level to 0.02% gave a significant 

reduction in cell density and higher MCA than control, revealing a coalescence of gas cells 

(p < 0.05). Green tea extract (0.5% on flour weight) gave a similar effect on crumb grain of 

white bread (Wang, Zhou, & Isabelle, 2007). Looking at rheological results, low 

extensibility (H) of OP2-S did not restrict air cell expansion supporting the hypothesis of 

a breakdown of disulphide bonds during dough leavening due to an antioxidant action of 

OP at 0.02% (Table 12, Table 13, and Table 15). Image analysis results indicate that cell 

structure of crumb was not affected by the addition of OP at a level of 0.01%. 

 

Based on these results, the following potential mechanism might be proposed to describe 

the effects of OP addition in breadmaking: 1) alteration of covalent cross-links (disulphide 

bonds) between glutenin chains and promotion of other types of molecular interactions, 

resulting in gluten aggregation; 2) strengthening effect of OP on the dough and a decrease 

in extensibility due to more elastic interactions in the gluten network; 3) increase in bread 

volume due to more resistance of gluten matrix to collapse during dough expansion. 

Figure 5 Slices of bread with and without oleuropein (OP). OP addition (on flour weight at 14% 

moisture): 0 (A), 0.01% (B) or 0.02% (C). 
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Probably, OP at 0.02% acts as an antioxidant during dough leavening leading to an 

improvement in extensibility, thus promoting bread dough expansion. 

3.3.3 Bread functionality 

3.3.3.1 Oleuropein content and antioxidant activity 

Generally, functional ingredients undergo degradative reactions during breadmaking, as 

reported for high molecular weight β-glucans (Cleary, Andersson, & Brennan, 2007) and 

catechins (Pan et al., 2022) added to bread formulations, resulting in chemical derivates 

with limited nutritional values. 

Table 16 shows OP content of OP2B bread sample, which indicates a 97% loss in phenolic 

compound in comparison to the amount included in the dough. This result suggests a 

degradation of most of the bioactive compound during breadmaking. Derivates from 

oleuropein are phenolic alcohols, mainly hydroxytyrosol and hydroxytyrosol acetate. 

However, hydroxytyrosol was not find in OP2B bread.  

Table 16 Effect of oleuropein (OP) addition on bread functionality. 

Samples OP (mg/100g) AA (%) RSC (µmol TE/g)† IAUC (mg/g db min) 

CB nd* 4.67  0.06c 0.345  0.004c 6199  170b 

OP1B nd* 5.21  0.16b 0.378  0.009b 7207  251a 

OP2B 0.55  0.05 6.97  0.20a 0.478  0.016a 6862  109a 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). OP addition (on flour weight at 14% moisture): 0 (CB), 0.01% (OP1B) or 0.02% 
(OP2B) for bread products. † on dry basis.* not determined. 
AA antiradical activity. RSC: radical scavenging capacity. IAUC: incremental area under the curve. 

Three mechanisms were proposed to describe loss of polyphenol compounds during the 

process: 1) oxidative reactions (Stamatopoulos, Katsoyannos, & Chatzilazarou, 2014); 2) 

several yeast strains utilize OP as a carbon source for their metabolism and further 

biological activities (Mujdeci & Ozbas, 2020), probably causing OP degradation during 

dough fermentation and proofing; 3) thermal degradation during baking (Lin & Zhou, 

2018; Sui et al., 2015).  

Previously, OP thermal degradation was observed during simulation of home-cooking 

process at 120-170 °C for 15-60 min (Lozano-Castellón et al., 2020) and 80-230 °C for a 
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sufficient period of time (Attya, Benabdelkamel, Perri, Russo, & Sindona, 2010). Lozano-

Castellón et al. (2020) reported an 85% reduction in phenolic alcohols (90% in 

hydroxytyrosol) under high temperature and long cooking time conditions. 

Hydroxytyrosol seems to be prone to thermal degradation more easily than other 

phenolic alcohols. For this reason, OP2B bread did not contain hydroxytyrosol. In 

contrast, Cedola, Palermo, Centonze, Nobile, & Conte (2020) studied olive leaf extract-

enriched taralli prepared from an unleavened dough and reported that baking (200 °C for 

12 min) did not alter the content of polyphenols (mainly OP). The OP-enriched bread 

functionality was assessed in terms of antioxidant capacity. The results are reported in 

Table 16. Antiradical activity (AA) and DPPH radical scavenging capacity (RSC) of 

samples added with OP showed significantly higher values than control bread (p < 0.05). 

The improvement in antioxidant properties of enriched samples could be attributed to 

OP and its thermal degradative chemical derivates, such as elenolic acid and 

hydroxyelenolic acid (Lozano-Castellón et al., 2020). Generally, OP and the other olive 

leaf constituents have the ability to donate electrons to free radicals, converting them to 

more stable species and ending radical chain reactions (Lee et al., 2009). Control bread 

possessed a specific antioxidant activity probably due to the simultaneous presence of 

endogenous phenolic compounds in the flour and other antioxidant substances formed 

during baking, as previously reported by other authors (Sęczyk, Świeca, Dziki, Anders, & 

Gawlik-Dziki, 2017; Świeca et al., 2017). 

3.3.3.2 Starch digestion 

Impact of differences in structure between samples on starch digestion was investigated 

using a standardized in vitro protocol, which simulates bread human digestion. The 

glucose released from bread crumb was plotted against digestion time for control, OP1B 

and OP2B samples. The glycaemic curves and the relative incremental areas under the 

curves (IAUC) are reported in Figure 8 and Table 16, respectively. Control sample 

exhibited the lowest IAUC value in comparison with OP enriched breads (p < 0.05). In 

aerated products such as bread, high expansion and cellular structure of crumb increase 

susceptibility of gelatinized starch to amylases activity, due to the highly porous structure 

and direct accessibility to amylopectin and amylose chains (Mishra et al., 2012). In 

accordance with this mechanism, bread samples containing OP showed higher Vs (lower 

density) and IAUC values compared to control bread (p < 0.05) (Table 15 and Table 16), 
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confirming that a less compact crumb is related to a higher glycaemic response because 

of multiple interactions between starch and digestive enzymes.  

 

Several authors stated a relation between highly porous structures and higher digestive 

enzymes accessibility (Aleixandre, Benavent-Gil, & Rosell, 2019; Borczak, Sikora, Sikora, 

Dobosz, & Kapusta-Duch, 2018; Eelderink et al., 2015; Fardet, Leenhardt, Lioger, Scalbert, 

& Rémésy, 2006). Recently, Ge et al. (2021) reported that the addition of different amounts 

of pumpkin powder, rich in dietary fibre and bioactive compounds, reduced bread 

specific volumes and originated more compact structures which encapsulated starch 

granules, retarding starch digestion. Moreover, gluten-free breads with more compact 

structure showed reduced in vitro glycaemic responses (Carini et al., 2015; De La Hera, 

Rosell, & Gomez, 2014). In contrast, Yun et al. (2021) found that white bread enriched with 

a novel resistant starch (NRS) possessed a more compact structure in comparison with 

control and at the same time higher in vitro GI values. However, this was probably due to 

a complete gelatinization of NRS upon the baking process. 

Several phenolic compounds in baked products exhibited potential inhibitory effects on 

digestive enzymes, slowing down starch digestion (Ou et al., 2019). Based on IAUC data 

(Table 16), OP and its derivates did not inhibit digestive amylases during in vitro starch 

digestion. However, these compounds might act on other biological mechanisms leading 

to the reduction of the postprandial glycaemic response, as previously reported by 
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Figure 6 In vitro digestion of bread with and without oleuropein (OP). Glucose release as a 

function of digestion time. Mean ± SEM (n = 3). OP addition (on flour weight at 14% moisture): 

0 (square), 0.01% (circle) or 0.02% (triangle). 



 

 69 

Carnevale et al. (2018). In conclusion, the product structure and available carbohydrates 

for digestion are important factors for modulating the postprandial glycaemic response. 

3.4 CONCLUSIONS 

This study evaluated the effects of OP inclusion on breadmaking performance of wheat 

doughs and bread products. The OP addition improved mixing properties of doughs with 

and without added salt, by promoting alternative hydrophobic interactions (covalent and 

non-covalent bonds). Extensional properties of unsalted dough showed that OP 

incorporation significantly increased the stress required for fracture the dough and the 

energy to extend it, suggesting the ingredient as strengthener of the gluten network. For 

dough with salt, OP2-S exhibited the lowest extensibility between samples. Doughs 

containing OP were more elastic, stronger, and less sticky than control sample. Although 

reduced extensibility of enriched doughs, OP in breads positively affected loaf volume 

expansion and reduced crumb firmness, confirming the hypothesis of new and stronger 

molecular connections promoted by the polyphenol. The results from the in vitro 

digestion showed higher values of IAUC for OP1B and OP2B samples, probably due to the 

more aerated and open structures, which facilitated the access to digestive enzymes. After 

baking, in OP2B bread the oleuropein content was about 3% of the starting amount, 

suggesting that the process was detrimental for the compound. Alternative baking 

methods (such as microwave, infrared heating, or a combination) could represent a 

potential solution to avoid thermal degradation of OP and its derivates. However, 

antioxidant results showed that both enriched breads were characterized by higher 

antiradical activities caused by native compounds and OP chemical derivates. Oleuropein 

could be incorporated in bread formulation to improve dough mechanical properties and 

to produce bread products with a good volume expansion. 
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CHAPTER 4 – Part 1: Chia and HPH  

How high-pressure homogenization 

influences physicochemical properties of 

chia fibre-protein concentrate powder 

4.1 Introduction and aim of the study 

Seeds from Salvia hispanica L., also known as chia seeds, have increased their popularity 

through the years because they have been widely recognized as a potential source of 

nutrients with healthy properties (Alasalvar et al., 2021; Melo, MacHado, & Oliveira, 2019; 

Muñoz, Cobos, Diaz, & Aguilera, 2012). Beside being an excellent source of proteins, 

polyunsaturated fatty acids, and dietary fibre (Alasalvar et al., 2021; Melo et al., 2019; 

Sandoval-Oliveros & Paredes-López, 2013), chia seeds also contain phenolic acids, 

especially quercetin and kaempferol, with potential antioxidant activity (Reyes-Caudillo, 

Tecante, & Valdivia-López, 2008). Considering proteins, the main fractions are globulins 

(Sandoval-Oliveros & Paredes-López, 2013) and glutelins (Coelho & Salas-Mellado, 2018), 

characterized by good thermal stability and functional properties (emulsifying, foaming, 

and gelling capacities). Total dietary fibre (TDF) represents 20-40% of the seed chemical 

composition (Alasalvar et al., 2021; Alfredo, Gabriel, Luis, & David, 2009; Melo et al., 2019; 

Reyes-Caudillo et al., 2008). TDF is prevalently composed by 85% insoluble fibre (lignin, 

cellulose, and hemicellulose) and soluble fibre fraction, where a mucilaginous 

polysaccharide (gum) is the major component (Alfredo et al., 2009; Melo et al., 2019). 

Structurally, this mucilage is a linear repeating tetrasaccharide sequence 

composed of two D-xylopyranosyl residues, a D-glucopyranosyl unit, and side branches 

of 4-O-methyl-D-glucopyranosyluronic acid (Lin, Daniel, & Whistler, 1994), containing 

also high level of planteose (Xing et al., 2017), a natural trisaccharide member of the 

galactosyl-sucrose oligosaccharide group (Daudé, Remaud-Siméon, & André, 2012).  
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Generally, chia seed flour is obtained after the partial removing of the oil fraction, 

resulting in an ingredient rich in dietary fibre and proteins suitable to enhance the 

nutritional properties of several food products (Aranibar et al., 2018; Mas et al., 2020; 

Zettel & Hitzmann, 2018). However, the addition of this ingredient could have detrimental 

effects on the technological quality of the final food product, as observed in leavened 

cereal-based products with lower specific volume and firmer crumb (Coelho & Salas-

Mellado, 2015; Guiotto, Tomas, & Haros, 2020; Steffolani, Martinez, León, & Gómez, 2015). 

To avoid these effects and increase the application of chia seed flour in food formulations, 

a promising strategy could be represented by the application of non-thermal technologies 

due to their ability to modify the biopolymer structure thus influencing the technological 

functionalities (Knorr et al., 2011). Among all, high-pressure homogenization (HPH) is a 

dynamic technology conducted at pressures up to 400 MPa where a fluid is subject to high 

cavitation, shear, and mechanical stresses (Floury, Bellettre, Legrand, & Desrumaux, 

2004; Kubo, Augusto, & Cristianini, 2013). Recently, HPH has been proposed as an 

effective strategy to modify protein and fiber structure for the food industry and 

ingredient functionalization. Previous studies on soybean by-products and mustard bran 

treated with HPH have shown particle size reduction and increase of the fibre interfacial 

areas, promoting a more structured network (Colletti, Delgado, Cabezas, Wagner, & 

Porfiri, 2020; Donsì & Velikov, 2020) and a better release of entrapped proteins (Donsì & 

Velikov, 2020; Fayaz, Plazzotta, Calligaris, Manzocco, & Nicoli, 2019). In addition, studies 

on sugar beet fibre (Huang, Yang, Liu, & He, 2020) and citrus fibre (Su, Zhu, Wang, Li, & 

Wang, 2019) reported an increase in water and oil holding capacity values. These results 

are related to conformational and structural changes of fibres induced by the treatment, 

with the exposure of new hydrophilic and/or hydrophobic regions. In addition, the 

conversion of 8% insoluble to soluble dietary fibre was highlighted in tomato residue fibre 

(Hua et al., 2017) and soybean okara (Fayaz et al., 2019) by using HPH. Regarding the 

protein fraction, HPH can be used to steer functional and interfacial properties by 

promoting unfolding or aggregation phenomena as observed on faba bean (Yang, Liu, 

Zeng, & Chen, 2018), kidney bean (Guo et al., 2021), and lentil (Saricaoglu, 2020) proteins. 

To the best of our knowledge, there are no studies in the scientific literature on chia 

powder dispersions treated by HPH and only few papers investigated the incorporation 

of chia oil into oil-in-water emulsions by using different homogenization pressures (Julio 

et al., 2015; Pereyra-Castro et al., 2019). Based on these considerations, this research aims 

to investigate how HPH treatment influences physicochemical and rheological properties 
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of a fibre-protein concentrate chia powder by using different homogenization pressures 

and number of passes for each treatment.   

4.2 Material and Methods 

4.2.1 Materials 

A partially defatted chia fibre-protein concentrate powder was purchased from Benexia 

(Functional Products Trending S.A, Santiago, Cile). The powder contains 56.0% dietary 

fibre, 24.7% protein, 9.0% fat, 4.7% ash, and 4.7% moisture (data provided by Benexia). 

Sunflower oil was acquired from a local general store. 

4.2.2 Chia dispersions and high-pressure homogenization 

Chia powder was dispersed in deionized water at 5% (w/w) concentration and 

magnetically stirred at room temperature for 24 hours, to avoid dry particles and 

agglomeration phenomena. A continuous lab-scale high-pressure homogenizer (Panda 

Plus 2000; GEA Niro Soavi, Parma, Italy) equipped with two homogenization valves and 

with a flow rate of 10 L/h was used to treat chia dispersions (500 g). Six different conditions 

at increasing homogenization energy density (MJ m−3) were selected for this experiment, 

as described in Table 17. Working pressures within 0-150 MPa, 0-5 number of cycles, and 

energy density values between 0-750 MJ m-3 were used to treat samples. The energy 

density was calculated according to Stang, Schuchmann, & Schubert (2001), as pressure 

difference operating at the nozzles. The temperature of homogenised samples was kept 

under 40 °C between each pass by using an ice-water bath. After the treatment, samples 

were immediately blast chilled and then freeze-dried. The homogenization step was 

performed on two different chia dispersions for each sample. 
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Table 17 Summary of work pressure, number of cycles, and energy density for each HPH 

treatment. 

Samples Pressure (MPa) Cycles (n°) Energy density (MJ m-3) 

Control 0 1 0 

100x1 100 1 100 

150x1 150 1 150 

100x3 100 3 300 

150x3 150 3 450 

150x5 150 5 750 

4.2.3 Dietary fibre content 

Total dietary fibre (TDF), soluble dietary fibre (SDF), and insoluble dietary fibre (IDF) 

contents of homogenised chia powders were measured by using the total dietary fibre 

assay kit (Sigma Aldrich, Milan, Italy) and following the enzymatic-gravimetric official 

method 985.29 (AOAC, 1997).  

4.2.4 Particle size distribution of HPH treated chia samples 

The particle size distribution of treated chia samples was carried out by using a laser 

scattering particle size distribution analyser (LA-950 Horiba, Kyoto, Japan). The 

homogenised chia powder was dispersed in water at room temperature and automatically 

kept in agitation for the analysis. The flour refractive index was 1.47, while for water was 

1.33. Distribution curves were obtained from multiple measurements (n  3). 

4.2.5 Water and oil holding capacity  

Treated chia powders were dispersed into distilled water or sunflower oil (0.06 g/mL), and 

for complete hydration samples were then mechanically stirred using a vortex (Vortex, 

Ika, Milan, Italy). After a stop of 15 minutes, samples were centrifuged at 13,680×g for 10 

min at 4 °C. The supernatant was eliminated, and the wet precipitate was weighted.  
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The percentage of water or oil held by the sample was calculated following the Equation 

4: 

𝑊𝐻𝐶 (%) 𝑜𝑟 𝑂𝐻𝐶 (%) =
𝐻 − 𝑆

𝑆
∗ 100 Eq. (4) 

 

where S represent the weight of initial sample (g db), and H is the weight of the wet 

precipitate (g). 

4.2.6 Flour and protein solubility 

The solubility of homogenised chia powder was evaluated by suspending the sample in 

deionized water (1% w/w) and magnetically stirred for 4 hours at room temperature. 

Samples were then centrifuged at 18,600×g for 15 min at 4 °C. The supernatant was 

collected and dried overnight in a vacuum oven (Vuotomatic 50, Bicasa, Milan, Italy), and 

then weighted. Powder solubility was measured by using the following Equation 5: 

 

 
𝑃𝑜𝑤𝑑𝑒𝑟 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝐷𝑆𝐹

𝑆
∗ 100 Eq. (5) 

 

where S represent the weight of initial sample (g db.), and DSF is the weight of the dried 

soluble fraction (g). Protein solubility was determined by mixing dry chia powder (1.75 g) 

with distilled water at 5% (w/w) concentration, magnetically stirred for 1 hour and 

centrifuged at 15,000×g for 20 minutes at 20 °C. Then, the supernatant was recovered and 

freeze-dried, while the insoluble pellet was discarded. Soluble proteins quantification 

was carried out through nitrogen Kjeldahl determination (N x 6.25) (Method 920.87, 

AOAC, 1997). 

4.2.7 Absorbance at 280 nm 

Chia powder was dispersed in 0.5% (w/v) SDS-0.05M sodium phosphate buffer solution 

(pH 6.9) (Sigma Aldrich, Milan, Italy) at 0.1% (w/w) concentration. Samples were 

magnetically stirred for 30 min at room temperature and centrifuged at 13,680×g for 10 

min at 20 °C. The absorbance at 280 nm and 25 °C was measured by using a UV-Vis 

spectrophotometer (UV-2501 PC, Shimadzu Kyoto, Japan). 



 

 75 

4.2.8 Determination of free SH groups 

The concentration of total free sulfhydryl groups (SH) was determined according to the 

method of Panozzo et al. (2014) based on Ellman (1959) method. Briefly, chia samples were 

dispersed in 25% (w/v) SDS-TGE buffer solution (pH 8) (Sigma Aldrich, Milan, Italy) at 

0.3% (w/w) concentration. Samples were mechanically stirred using a vortex and then 30 

L of Ellman's reagent (5′,5-di-thiobis (2-nitrobenzoic acid), DTNB) (Sigma Aldrich, 

Milan, Italy) were added and incubated for 20 min. Before absorbance analysis, samples 

were centrifuged at 16,000×g for 15 min at 4 °C. The supernatant was collected, and the 

absorbance was measured at 412 nm and 25 °C. 

4.2.9 Surface hydrophobicity 

Proteins surface hydrophobicity was tested by fluorescence analysis. The probe 1-anilino-

8-naphthalene-sulfonate (ANS) was dispersed in the buffer solution at 8 mM 

concentration and protected from the light. Chia powders were solubilised for 1 h in 0.1 

M phosphate buffer solution (pH 7) at 1 mg/mL concentration. Samples were then 

centrifuged for 10 min at 10,000×g and 4 °C. After recovering 3 mL of supernatant, 18 µL 

of ANS solution were added to the sample and left reacting for 15 min in a dark place. 

Fluorescence intensity was measured using a fluorescence spectrophotometer (Cary 

Eclipse model, Agilent Technologies, Santa Clara, CA, USA). Samples were excited at 388 

nm and the emission spectra was recorded from 400 to 700 nm. 

4.2.10 Fourier transform infrared (FTIR) spectroscopy 

FTIR spectra of treated chia powders and freeze-dried soluble fractions were acquired by 

an Alpha-P FTIR spectrometer (Bruker Optics, Milan, Italy) equipped with a diamond 

attenuated total reflection (ATR) Zn-Se crystal. Sample spectra were obtained over a 

wavelength range of 4000-400 cm-1 at 25 °C, and with a spectrum resolution of 4 cm-1. Each 

collected spectrum was processed by using OPUS software (version 7.0, Bruker Optics, 

Milan, Italy) and Origin Pro 9 software (OriginLab, Northampton, MA, USA) according 

to Melchior, Calligaris, Bisson, & Manzocco (2020). 
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4.2.11 Optical microscopy 

Chia powder dispersions were prepared in distilled water at 1 % (w/w) concentration and 

magnetically stirred for 4 hours at room temperature, while chia mucilage was recovered 

as described in Paragraph 4.2.12 and then freeze-dried. An optical microscope (Leica 

DM2000, Leica Microsystems, Heerbrugg, Switzerland) with normal light was used to 

observed samples at 4×, 10×, and 20× magnification. A digital camera (Leica EC3) and the 

software Leica Suite LAS EZ (Leica Microsystem, Heerbrugg, Switzerland) were used to 

acquire and elaborate the images. 

4.2.12 Rheological measurements 

Viscoelastic properties of chia dough dispersions were evaluated as described in 

Paragraph 2.2.6.  Dry samples (1.3 g) were hydrated with distilled water and gently mixed 

for 3 min using a spatula, resulting in a dough with 68% (w/w) moisture content. Each 

dispersion dough was rested at 25 °C for 20 min before testing to favour homogeneous 

hydration.  

Within the linear viscoelastic range (LVR), a frequency sweep test was conducted from 0.1 

to 10 Hz at 25 °C. Elastic modulus (G'), viscous modulus (G"), and loss tangent (tan δ = G" / 

G') were measured. Values at 1 Hz obtained from frequency sweep tests were used for 

statistical comparisons. 

For viscosity determination, dry powder (1.75 g) was mixed with distilled water at 5% 

concentration, magnetically stirred for 1 hour and centrifuged at 15000×g at 20 °C for 20 

minutes. Then, the supernatant and the soluble mucilaginous gel were gently collected 

and mixed for 3 minutes. Apparent viscosity of the chia powder soluble fraction was 

evaluated using the concentric cylinder geometry (CC25 DIN Ti) at 25 °C. The test was 

performed from 3 to 100 s-1 shear rate range values. The sample was allowed to relax 5 

minutes before analysis. Power law model was used to describe the relationship between 

shear rate and shear stress, as define by the following flow Equation 6: 

 

𝜎 = 𝐾𝛾̇𝑛 Eq. (6) 

 

where  is the shear stress (Pa); K, the consistency coefficient (Pa· sn); ẏ, the shear rate (s−1); 

and n, the flow behaviour index (-).  
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4.2.13 Statistical analysis 

Results were expressed as mean  standard deviation of at least three repeated 

measurements from two experiment replicates (n = 2). Bartlett’s test was conducted to 

check the homogeneity of variance within all data groups. One-way analysis of variance 

(ANOVA) followed by Tukey’s HSD test were used to determine statistically significant 

differences among means (P < 0.05), using R software (version 3.5.1, the R Foundation for 

Statistical Computing, Vienna, Austria). 

4.3 RESULTS AND DISCUSSION 

4.3.1 Effect of HPH on chia flour 

The modifications induced by HPH on chia flour were firstly assessed evaluating particle 

size distribution (Figure 9). Untreated sample was characterized by a bimodal distribution 

with a main particle family of 200 µm. The application of pressure up to 150 MPa for 1 pass 

led to a progressive particle downsizing with the intensity reduction of the main particle 

family and the concomitant formation of smaller particles (22 µm).  

By further increase the treatment intensity most particles were reduced at around 88 µm 

resulting in a monomodal distribution in 150x3 sample. These results are attributable to 

the well-known ability of HPH to reduce particle dimensions due to the intense 

mechanical stress delivered by the process (Song, Zhou, Fu, Chen, & Wu, 2013; Yang et al., 

2018). For instance, Colletti et al. (2020) and Donsì & Velikov (2020) reported the reduction 

of particle size when homogenization pressure increased  (30 to 150 MPa for 1-3 cycles) 

on soybean insoluble polysaccharides and mustard bran, respectively. 
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Figure 9 Particle size distribution of HPH-treated chia samples. Control: 0 MPa; 100x1: 100 MPa 

for 1 pass; 150x1: 150 MPa for 1 pass; 100x3: 100 MPa for 3 passes; 150x3: 150 MPa for 3 passes; 150x5: 

150 MPa for 5 passes. 

The disruptive ability of HPH was confirmed by observing optical micrographs of treated 

samples (Figure 10). Untreated sample was characterized by the presence of big structures 

and aggregates of fibrous cell material, similar to those observed in mustard bran aqueous 

suspensions by Donsì & Velikov (2020). By increasing pressure and number of passes, 

HPH progressively induced the breakage of these large particles resulting in a more 

homogenous dispersion with lower particle size possibly affecting the functional 

properties of chia flour. 
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Figure 7 Micrographs of HPH-treated chia samples at two magnifications: 4× (A) and 

20× (B). Control (1); 100x1 (2); 150x1 (3); 100x3 (4); 150x3 (5); 150x5 (6). 
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To corroborate this hypothesis, solubility, water (WHC) and oil (OHC) holding capacity 

as well as rheological properties were evaluated. Homogenized samples showed 

significantly higher solubility (p < 0.05) than the control sample (Table 18). The 150x5 

sample revealed the highest number of soluble compounds, probably due to the 

treatment intensity. Increase in solubility may be described by several phenomena linked 

to the mechanical treatment, as re-arrangements of the protein conformations 

(Dissanayake & Vasiljevic, 2009), changes in insoluble to soluble dietary fibre ratio 

content (Chau, Wang, & Wen, 2007; Hua et al., 2017), and the release of organic 

compounds entrapped in plant cellular vacuoles (Donsì & Velikov, 2020; Fayaz et al., 

2019). Earlier studies showed a significant increase in solubility values of faba bean 

proteins (Yang et al., 2018) and tomato fibre (Hua et al., 2017) after HPH treatment, due to 

the formation of soluble aggregates and the conversion of insoluble to soluble fibre, 

respectively.  

Table 18 Physicochemical and rheological properties of HPH-treated chia powders. 

Samples 
Physicochemical properties 

 
Rheological properties 

Solubility (%) WHC (%) OHC (%) 
 

G ' (kPa)§ tan δ (-)§ 

Control 15.5 ± 0.3c 546 ± 11a 536 ± 6a  27.2 ± 0.7a 0.316 ± 0.003a 

100x1 17.6 ± 0.3b 261 ± 7b 559 ± 7a  13.1 ± 0.0d 0.298 ± 0.004b 

150x1 17.1 ± 0.5b 180 ± 8cd 478 ± 20b  12.7 ± 0.3d 0.283 ± 0.001c 

100x3 16.9 ± 0.3b 176 ± 3cd 479 ± 16b  12.4 ± 0.2d 0.256 ± 0.002d 

150x3 16.9 ± 0.3b 164 ± 3d 479 ± 9b  16.6 ± 0.5c 0.243 ± 0.005e 

150x5 20.8 ± 0.3a 187 ± 4c 488 ± 9b  23.0 ± 0.2b 0.205 ± 0.002f 

Mean ± standard deviation (n = 2). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). § Values at 1 Hz obtained from oscillatory frequency sweep test on chia 
dispersions at 68% moisture content. 

WHC and OHC were also modified by the HPH treatment, as reported in Table 18. Both 

properties were significantly decreased (p < 0.05) by HPH compared to the control. In 

previous works on fibrous chia fractions (30% TDF), soluble mucilage and insoluble fibre 

(hemicellulose and lignin) were identified as the major responsible of high WHC values 

(Alfredo et al., 2009; Capitani, Spotorno, Nolasco, & Tomás, 2012). Hydration properties 

of dietary fibre are strongly dependent on structural characteristics, while oil absorption 
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capacity is strictly related to particles surface properties (hydrophobicity and available 

area) (López et al., 1996). Based on these considerations and in accordance with particle 

size distribution and micrographs (Figure 9 and Figure 10), the reason of the observed 

functional properties could be attributed to multiple factors: 1) high pressures broke the 

spongy structure of fibres and reduced fibre particle sizes, resulting in more thin and open 

structures unable to physically entraps water or oil (Hua et al., 2017; Sangnark & 

Noomhorm, 2003; Su et al., 2019); 2) the treatment increased the number of hydrophobic 

groups exposed on the surface of protein chains (Guo et al., 2021; Yu et al., 2018); 3) 

mechanical degradation of the mucilaginous soluble fibre induced by the treatment 

(Villay et al., 2012), with consequent modification of its physicochemical properties 

(Coorey, Tjoe, & Jayasena, 2014; García-Salcedo, Torres-Vargas, del Real, Contreras-

Jiménez, & Rodriguez-Garcia, 2018). In bakery industry, from a technological point of 

view, the incorporation of functional ingredients rich in DF with reduced WHC values 

might facilitate dough developing and kneading steps, avoiding water competition 

between fibre and gluten proteins. 

Rheological parameters from oscillatory test in LVR of treated chia dispersions are 

reported in Table 18. Storage modulus (G') data showed frequency dependence and tan δ 

values below 1, indicating a weak gel-like behaviour for all samples. Control showed 

higher storage modulus than HPH-treated samples. No significant differences in G' were 

observed between 100x1, 150x1 and 100x3 suspensions, which gave lower values than 150x3 

and 150x5 (p = 0.05). The shear modulus of a suspension depends on the volume fraction 

of dispersed particles (φ). The equation of Eilers and Dijk established an increase in shear 

modulus of a monodisperse suspension with φ, and introduced a limit of the solid volume 

fraction or maximum packing fraction (φm) for concentrated suspensions (Ferry, 1980). 

The value of φm depends on particles size distribution, and it is higher for a bidispersed 

suspension than monodispersed suspension, resulting in a lower shear modulus (or 

relative viscosity) of the first one (He & Ekere, 2001). Thus, suspension rheology can be 

influenced by varying the particle size distribution. Based on these considerations and 

looking at rheological data of chia samples (Table 18), the decrease in G' to a minimum for 

100x1 and 150x1 could be clearly attributed to change in particle size distribution from 

monodisperse (control) to bimodal for these treated samples (Figure 9). 

The rheological parameter tan δ was significantly lower for HPH-treated samples than 

control (Table 18) (p < 0.05). Besides, tan δ decreased with the increase in intensity of HPH 
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treatment, which implied a more solid-like behaviour probably due to the formation of 

clusters. 

4.3.2 Effect of HPH on protein fraction of chia flour 

To understand the mechanisms behind the HPH induced modification occurring on chia 

flour, the protein fraction was analyzed. Untreated sample contained 27.6 % (db) of 

soluble proteins. The amount of this fraction was significantly (p < 0.05) reduced by the 

application of HPH independently on the pressure and number of passes applied (Table 

19). It could be supposed that the HPH treatment probably induced the exposure of 

hydrophobic residues on the protein surface responsible of the sharp reduction of chia 

flour WHC (Table 18). Based on these results it could also be hypothesized that the 

increase in solubility performance of chia flour (Table 18) are probably attributable only 

to the fiber fraction and organic compounds released. An increase in compounds 

extracted might represent an increase in bioactive molecules with potential antioxidant 

activity, such as phenolic compounds as reported by Reyes-Caudillo et al. (2008).  

Table 19 Protein solubility, absorbance at 280 nm, and free sulfhydryl groups of HPH-treated chia 

powders. 

Samples Soluble proteins (%)* Absorbance at 280 nm Free SH groups (μM g−1) 

Control 27.6 ± 1.3a 0.643 ± 0.003d 73.8 ± 1.9a 

100x1 19.8 ± 0.6b 0.739 ± 0.003a 70.5 ± 0.7a 

150x1 18.7 ± 0.3b 0.749 ± 0.004a 59.3 ± 0.5b 

100x3 18.3 ± 0.2b 0.715 ± 0.003b 56.9 ± 0.5c 

150x3 17.9 ± 0.2b 0.709 ± 0.004b 46.5 ± 0.6d 

150x5 18.4 ± 0.5b 0.691 ± 0.005c 41.5 ± 0.4e 

Mean ± standard deviation (n = 2). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). * on dry base. 

Fourier transform infrared spectroscopy (FT-IR) was performed to assess variations in 

protein secondary structure. The Amide I region (1600-1700 cm-1) is related to the 

stretching vibrations of the C=O bonds of the amide groups and was analysed to predict 

modifications occurring in protein conformation (De Maria, Ferrari, & Maresca, 2016). 
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Five main structures were detected corresponding to β-sheet intramolecular (~1613-1638 

cm-1), random coil (~1640-1648 cm-1), α-helix (~1650 cm-1), β-turn (~1670 cm-1), and β-sheet 

intermolecular (~1690 cm-1) (data not shown) (Carbonaro, Maselli, & Nucara, 2012; 

Carullo, Donsì, & Ferrari, 2020; Shevkani, Singh, Kaur, & Rana, 2015; Yang et al., 2018). 

Table 20 reported the percentage accounted for secondary structures detected.  

Table 20 Fourier transform infrared spectroscopy on protein structures of HPH-treated chia 

samples. 

Samples 
β-Sheet 
intramolecular 

Random coil α-Helix β-Turn 
β-sheet 
intermolecular 

Control 25.9 ± 0.8a 12.0 ± 1.0b 24.1 ± 1.0a 18.1 ± 0.6a 17.0 ± 0.7b 

100x1 21.3 ± 0.4c 20.4 ± 0.8a 23.8 ± 0.3a 17.9 ± 0.3ab 14.4 ± 0.9c 

150x1 23.2 ± 0.6b 20.3 ± 0.6a 24.0 ± 0.5a 15.7 ± 0.7c 15.4 ± 0.9bc 

100x3 21.9 ± 0.8bc 22.0 ± 0.8a 24.7 ± 0.4a 15.0 ± 1.0c 15.9 ± 1.1bc 

150x3 18.9 ± 0.8d 20.6 ± 1.4a 18.8 ± 1.0b 16.1 ± 0.6bc 17.4 ± 0.9b 

150x5 22.4 ± 0.5bc 20.4 ± 0.2a 24.7 ± 0.2a 11.9 ± 0.9d 23.0 ± 1.0a 

Mean ± standard deviation (n = 2). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

The application of HPH induced the reduction of β-turns and the concomitant increase 

of random coil whereas β-sheet first decrease and then increase. By contrast, α-helix 

structure appeared more stable since only slight modifications were observed in 150 MPa 

x3 sample. In agreement with the literature, these changes suggest a high susceptibility of 

chia protein secondary structure to HPH treatment leading to changes in hydrogen bonds 

and thus transformation among different secondary structures (Chen et al., 2019; Wu et 

al., 2019; Yu et al., 2018).  

Changes in protein tertiary and quaternary structure were evaluated by absorbance at 

280 nm, extrinsic fluorescence, and free SH groups (Table 19 and Figure 11). Absorbance 

increased with HPH intensity up to 150 MPa for 1 pass indicating the exposure of tyrosine 

and tryptophan residues (Layne, 1957) while further increase of treatment intensity 

induced a decrease in absorbance. The same trend was observed in extrinsic fluorescence, 

indicating that up to 150 MPa for 1 pass the hydrophobic groups that were otherwise 

buried were exposed (Figure 11). The decline of surface hydrophobicity observed when 

the number of passes was increased can be considered the result of self-aggregation as a 
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consequence of an increased protein–protein interaction via hydrophobic interactions 

(Guo et al., 2021; Yu et al., 2018; Zhao & Yang, 2009). 

 

 

Figure 11 ANS fluorescence spectra of HPH-treated chia powders. 

Considering free SH groups (Table 19), a progressive decrease with HPH intensity 

increase was detected indicating that the treatment induced the formation of new S-S 

bonds and other aggregation phenomena (hydrophobic interactions) (Panozzo et al., 

2014). HPH process could transmit excessive energy over the molecule resulting in 

aggregation effects with reduced exposure of SH-free content (Maresca et al., 2017). 

Results acquired suggests that HPH promote the exposure of aromatic groups on the 

protein surface while by increasing the number of passes reassembling phenomena of 

extracted proteins occurred probably due to inter- and intra-molecular interactions 

(Fayaz et al., 2019; Yu et al., 2018). 

4.3.3 Effect of HPH on fibre fraction of chia flour 

As previously reported for proteins, also fibre fraction was analysed to investigate the 

effect of HPH. Total dietary fibre (TDF), insoluble (IDF), and soluble (SDF) fibre content 

were evaluated (Table 21).  
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Table 21 Dietary fibre contents express as total dietary fibre (TDF), insoluble dietary fibre (IDF), 

and soluble dietary fibre (SDF) of HPH-treated chia powders. 

Sample TDF (%) IDF/TDF (%) SDF/TDF (%) 

Control 64.49 ± 0.29a 89.44 ± 0.45a 10.56 ± 0.45c 

100x1 64.87 ± 0.77a 89.67 ± 0.02a 10.33 ± 0.02c 

150x1 65.17 ± 0.90a 89.02 ± 0.58ab 10.98 ± 0.58bc 

100x3 65.84 ± 0.28a 87.64 ± 0.10b 12.36 ± 0.10b 

150x3 65.72 ± 0.84a 87.94 ± 0.15b 12.06 ± 0.15b 

150x5 66.17 ± 0.48a 85.79 ± 0.55c 14.21 ± 0.55a 

Mean ± standard deviation (n = 2). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

Beside no significant differences were detected in TDF (p > 0.05), HPH partially converted 

IDF into SDF that was increased from 10% of the control to 14% of the sample treated at 

150 MPa for 5 passes. The redistribution of fibre fractions due to HPH has been reported 

for other vegetable sources such as soybean okara and tomato fibre treated at 150 MPa for 

5 passes and 100 MPa for 10 cycles, respectively (Fayaz et al., 2019; Hua et al., 2017). 

The observed changes are in agreement with previous observations on particle size 

distribution (Figure 9 and Figure 10) and the hypothesized disruption at molecular level 

of the fibre structure, confirming the partial breakage of the original structure of IDF into 

smaller soluble fibre chains with a possible release of other soluble compounds from the 

internal IDF structure. These phenomena affected the chia flour functional properties in 

terms of solubility increase as well as WHC and OHC decrease (Table 18). Acquired 

results could be particularly important from a nutritional point of view since several 

studies reported the beneficial effects of consuming soluble dietary fiber, including 

antidiabetic properties and reduction of cardiovascular diseases (Anderson et al., 2009; 

Brownlee, 2011). 

After centrifugation and separation from the insoluble precipitate, the SDF fraction was 

then analyzed separately to assess the effect of HPH treatment on soluble compounds. 

Optical microscopy and FT-IR spectroscopy were used to evaluate mucilage freeze-dried 

structure, the major component of SDF in chia seeds. Figure 12 shows the images of 

control and 150x5 sample, take as an example due to its higher soluble fraction. Control 
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mucilage appeared as a compact network with scattered small porous. This structure was 

previously defined as a combination of overlapping sheets by Capitani, Ixtaina, Nolasco, 

& Tomás (2013). On the contrary, the treated sample showed a less dense and organized 

structure, suggesting that HPH treatment induced physical modification of soluble 

biopolymers by reducing the ability to form a network.  

 

 

Figure 12 Micrographs of HPH-treated chia mucilage (control and 150x5) at two magnifications: 

10× (A) and 20× (B). 

FT-IR analysis was used to further investigate structural differences between freeze-dried 

soluble fractions. In Figure 13 are presented the FT-IR spectra for control and 150x5 

sample. Evident structural differences in chia mucilage were detected between control 

and high pressure treated sample by using infrared spectroscopy. HPH influenced the 

intensity of typical chia mucilage bands in absorbance. The first structural difference was 

detected on the band between 3500 and 3100 cm-1 (peak at 3285 cm-1), the region 

characterized by hydroxyl-OH stretching in carbohydrates structures (Câmara et al., 

2020). Three peaks, at 3012, 2923 and 2853 cm-1 which reflect -CH stretching modes typical 

of aromatic rings (Timilsena, Adhikari, Kasapis, & Adhikari, 2016), were notably affected 

by the HPH treatment. For the control sample a strong band appears at 1743 cm-1 that 

A - A - 

B - B - 
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represent the C=O stretching vibration of the carboxyl group of uronic acid (Ren, 

Yakubov, Linter, MacNaughtan, & Foster, 2020). In 150x5 sample spectra 1743 cm-1 peak 

almost disappear, probably suggesting the breakage of the sided branched 4-O-methyl-

D-glucopyranosyluronic acid from the mucilaginous tetrasaccharide linear structure. 

After the amide region (1700 to 1600 cm-1), the 1412 cm-1 peak relates to the symmetrical 

COO-link stretching vibrations was found (Punia & Dhull, 2019). A weak band appeared 

at 1242 cm-1, which is associate to the stretching of the C-O bond in carbohydrates (García-

Salcedo et al., 2018). At 1145 cm-1 a small peak was detected, corresponding to the 

asymmetrical bending vibration of O-C-O group in pyranose ring (presence of 

xyloglucan) (Punia & Dhull, 2019), while the intense 1034 cm-1 peak reflected the C-O-C 

glycosidic bond stretching in sugar ring (Timilsena, Wang, Adhikari, & Adhikari, 2016).  

 

 

Figure 13 FT-IR spectra of HPH-treated chia mucilage (control and 150x5) and relative 

characteristic peaks. 

Flow behavior rheological indexes are shown in Table 22. All samples showed R-square 

(R2) values near to 1, confirming the suitability of the Power Law model to describe the 

flow behaviors of chia solutions. The consistency index (K) of treated samples 

significantly decreased (p < 0.05) with increasing energy density levels. An opposite trend 



 

 88 

was observed for the flow behavior index (n), ranging from 0.90 to 1.02 and suggesting 

shear-thinning behavior below 300 MJ m-3 and Newtonian behavior for the remaining 

samples (150x3 and 150x5). Since the content of soluble proteins is the same in all treated 

samples (Table 19), changes in flow profiles were mainly attributed to structural changes 

of SDF. Results clearly indicated the partial depolymerization of SDF induced by the 

HPH treatment, as previously suggested on other polysaccharides (Villay et al., 2012), 

affecting the ability to form the mucilaginous network and increase the medium viscosity 

(Coorey et al., 2014; Ramos, Fradinho, Mata, & Raymundo, 2017).  

Table 22 Flow rheological parameters of HPH-treated chia soluble fractions. 

Samples K (Pa sn) n (-) R2 

Control 146.5 ± 18.7a 0.605 ± 0.025d 0.999 

100x1 7.0 ± 0.4b 0.903 ± 0.014c 0.998 

150x1 5.4 ± 0.5b 0.939 ± 0.013bc 0.999 

100x3 2.9 ± 0.4c 0.978 ± 0.019ab 0.999 

150x3 2.3 ± 0.3c 1.001 ± 0.025a 1.000 

150x5 1.6 ± 0.0d 1.018 ± 0.003a 1.000 

Mean ± standard deviation (n = 2). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

Generally, the addition of DF to leavened cereal-based products, such as bread, cakes, 

and muffins, reduces the volume expansion and crumb softness of these products 

(Elleuch et al., 2011). DFs might weaken the gluten network or excessively increase the 

consistency of the dough/batter, which worsen the capacity of retaining air and 

expansion, originating undesired more compact structures. In this work, HPH was used 

to modify chia concentrate powders, making them more suitable to be incorporated in 

leavened starchy products, due to the lowest WHC values and ability to create a gel 

compared to the untreated sample. In addition to an important contribution from a 

nutritional and health point of view, increasing available bioactive compounds and 

soluble dietary fibre. 
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4.4 Conclusions 

High-pressure homogenization technology at different processing conditions and energy 

density was used to treat a novel chia fibre-protein concentrate powder to enhance its 

industrial feasibility. As expected, HPH altered structural and physicochemical 

properties of chia products, with major effects at higher energy density. Particle size, 

WHC, and OHC values were significantly reduced, probably due to the mechanical 

rupture of the fibre structures in smaller fragments. Hydration properties of ingredients 

rich in DF are extremely important when those are incorporated in leavened cereal 

products in which water availability affects dough formation and handling, and the 

resulting textural properties of the product. In this work, promising ingredients rich in 

DF and with low WHC value were obtained. Solubility and SDF content results indicated 

a possible partial conversion of IDF to soluble polysaccharides and a better release of 

organic compounds entrapped in fibrous materials. Furthermore, analysis on treated chia 

mucilage showed significant changes in FT-IR peak intensity and flow behaviours that 

may be caused by the depolymerization of soluble fibre with consequent inability to 

create networks. The protein fraction undergoes significant structural changes, mainly 

due to the exposure of hydrophobic groups on the protein surface, while by increasing 

the number of passes, reassembling phenomena of extracted proteins occurred probably 

due to new hydrophobic interactions and formation of S-S bonds. 

In conclusion, further studies on the application of these HPH-treated chia powders in 

cereal-based products are recommended, to understand whether these functional 

ingredients could improve product technological and nutritional properties or not.  
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CHAPTER 4 – Part 11: Chia enriched cakes  

Physicochemical and glycemic effects of 

high pressure homogenized chia 

concentrates on white layer cakes 

4.5 Introduction and aim of the study 

Over the last decades, the reduction of refined grains and sugars in cereal-based products 

to face the insurgence of type 2 diabetes (T2D) attracted consumer health awareness, 

becoming a challenge for the food sector. Among foods, carbohydrate-containing 

products normally provide the greatest percentage of daily caloric intake, which might 

lead in the long period to glucose metabolism dysregulation when are eaten in large 

quantities and on a daily basis (Byun et al., 2019; Wee & Henry, 2020). The consumption 

of cereal products made with alternative raw ingredients, such as whole grains, legume 

flours, and seeds, is considered one of the best dietary strategies in the management of 

the postprandial glycaemic response and the prevention of T2D (Alasalvar et al., 2021; 

Bajka et al., 2021; Peressini et al., 2020; Soong, Quek, & Henry, 2015; Tosh, 2013).  

For centuries, cakes have been produced using a broad range of formulations and 

consumed all over the world (Conforti, 2014). Generally, wheat flour, fat, and sugar are 

the main ingredients in cake recipes (Conforti, 2014), resulting in cereal-based products 

with high glycaemic index (GI) values (Atkinson et al., 2008). For this reason, the 

reformulation and partial substitution of carbohydrates in cakes with healthier 

constituents rich in dietary fibre have become very interesting for the food sector (Bae, 

Lee, Ko, & Lee, 2013; Foschia et al., 2013; Huang et al., 2021; Oh, Bae, & Lee, 2014). In nature, 

different sources of DF have been widely studied, including cereal brans, oat, barley, rice, 

fruits, and vegetables (Elleuch et al., 2011). Considering alternative sources, novel chia 

seeds are an excellent source rich in DF, with promising beneficial effects on the 

postprandial modulation of blood glucose levels (Ho et al., 2013; Vuksan et al., 2017). The 

plant (Salvia hispanica L.) is an annual herbaceous plant, belonging to the Lamiaceae 
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family, widespread mainly in dry climate regions from central Mexico to southern 

America (Sandoval-Oliveros & Paredes-López, 2013). Chia seeds naturally contain soluble 

mucilage inside the epidermal cells which immediately expands and externally leaks, 

surrounding the seed and creating a gel when the outer seed layers come into contact with 

water (Punia & Dhull, 2019; Salgado-Cruz et al., 2013; Timilsena, Adhikari, et al., 2016). 

Recently, chia seeds and the relative derived products, such as defatted flours and 

mucilage, have been added to several food products, as fat or egg substitutes, structuring 

or thickening agents, and as nutritional profile improvers (Zettel & Hitzmann, 2018). 

Among cereal-based products, chia flour was specifically used to enrich cookies (Inglett, 

Chen, & Liu, 2014; Mas et al., 2020) and pasta (Aranibar et al., 2018; Oliveira, Novack, 

Santos, Kubota, & Rosa, 2015) products with resulting good technological and sensorial 

properties. In baked products, DF supplementation normally promotes the dilution of the 

starch-gluten network affecting dough viscoelastic properties, generally decreasing gas 

retention, and worsening the typical volume expansion and crumb softening (Collar, 

Santos, & Rosell, 2007). Different authors reported reductions in the specific volume of 

bread samples after the partial substitution of wheat flour with chia materials, precisely 

upon the addition of 2.5-30% of chia seeds (Coelho & Salas-Mellado, 2015; Steffolani et al., 

2015; Zhu & Chan, 2018), 10% of whole chia flour (Guiotto et al., 2020; Steffolani et al., 2015), 

and 5-10% of chia flour without mucilage (Guiotto et al., 2020). In contrast, the 

supplementation of 5% of chia flour (Iglesias-Puig & Haros, 2013) and chia gel (Zettel, 

Krämer, Hecker, & Hitzmann, 2015) in white bread formulations improved the final 

product expansion and crumb softness, suggesting that only the presence of low amounts 

of chia flour and mucilaginous components allowed to obtain acceptable technological 

quality, though, on the other hand, limiting the assumption of DF per product. In recent 

work, the nutritional profile of cakes was improved by adding different amounts of whole 

chia flour but with deleterious effects on volume expansion and crumb firmness during 

storage (Pizarro, Almeida, Sammán, & Chang, 2013). Few studies were conducted on chia 

mucilage as a fat replacement in cake formulations (Borneo, Aguirre, & León, 2010; 

Felisberto et al., 2015; Fernandes, Filipini, & Salas-Mellado, 2021).  

Dynamic high-pressure homogenization (HPH) is a non-thermal technology widely used 

for years to modify the structure and enhance physicochemical properties of different 

vegetable matrices rich in DF (Donsì & Velikov, 2020; Fayaz et al., 2019; Huang et al., 2020; 

Liu et al., 2019). Previously, chia concentrate powders were treated using a high-pressure 

homogenizer and different work conditions (pressures x number of cycles) to modify 
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physicochemical properties and soluble DF content, trying to make them more suitable 

for bakery industries and consumer health, in terms of dough kneading and product 

expansion characterized by high soluble fibre content (Chapter 4-1, Paragraph 4.4).  

Therefore, this work aimed to evaluate the effects of different chia flour incorporations 

on physicochemical and glycemic properties of cake products, assessing whether treated 

chia improves cake textural and in vitro antidiabetic properties compared to the untreated 

ones. Partially defatted chia flour (CF) and HPH treated chia powders (PT) were added at 

two different concentrations to white layer cakes, within the limit of 10% stated by the EU 

regulation for baked products (EC, 2013). As previously discussed, HPH chia flours might 

represent an interesting alternative ingredient with promising technological properties 

for baked products. 

 

4.6 Material and Methods 

4.6.1 Materials 

Wheat flour (11.5% protein, 13.7% moisture) was kindly donated by Molino Rachello 

(Roncade, TV, Italy), while partially defatted chia concentrate powder (CF) was acquired 

from Benexia (Functional Products Trending S.A, Santiago, Cile). Fine-granulated 

sucrose (Scarbolo Zuccheri Srl, Udine, Italy), shortening (refined palm oil) (Unigra Srl, 

Ravenna, Italy), non-fat dry milk (Polsero, Lipowa, Poland), dried egg whites (Eurovo, 

Bologna, Italy), and double-acting baking powder (Faravelli SpA, Milano, Italy) were used 

to prepare samples. For cake digestion, α-amylase from porcine pancreas (EC 3.2.1.1; 5.25 

U/mg), pepsin from porcine gastric mucosa (EC 3.4.23.1; 3528 U/mg), pancreatin from 

porcine pancreas (EC 232-468-9; 6.59 U/mg), bile extract from porcine (B8631), 

amyloglucosidase from Aspergillus niger (EC 3.2.1.3; 1500 U/mL), D-(+)-glucose were 

purchased from Sigma Aldrich (Milan, Italy). 
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4.6.2 Preparation of HPH chia powders 

HPH chia powders were prepared as previously described in Paragraph 4.2.2 . In this work 

100x1 and 150x5 samples were selected as representative of  HPH treatment. As previously 

reported, 150x5 sample showed a good content in soluble dietary fibre (SDF), low particle 

size, and low WHC value, while 100x1 chia had higher particle size and less SDF 

compared to 150x5 (Table 18, Table 21, and Figure 9), for this reason these characteristics 

were choose as criteria for selection to evaluate the impact of HPH on chia powders. 

4.6.3 Cake preparation 

Control and enriched (5% and 10%) cakes were prepared according to the Approved 

Method 10-90.01 (AACC, 2000), following ingredient ratios reported in Table 23, and 

using untreated chia flour (CF) and HPH treated chia, i.e. 100x1 (PT1) and 150x5 (PT2), 

respectively. All ingredients were mixed using a Hobart N50 professional mixer (Hobart 

GmbH, Offenburg, Germany) for 9 min at room temperature. A baking pan (20 cm 

diameter) covered with parchment paper was filled with 425 g of batter and baked at 170 

°C for 30 min in a professional oven (Lainox, model 202 HME061X, Treviso, Italy). Cakes 

were left cooling for 1 hour before analysis. All samples were prepared in triplicate. 

Table 23 Ingredient ratios used in the preparation of different cake samples.  

Ingredients (g) Control CF5 PT1-5 PT2-5 CF10 PT2-5 PT2-10 

Wheat flour* 100 95 95 95 90 90 90 

Chia flour 0 5 5 5 10 10 10 

Sugar 140 140 140 140 140 140 140 

Shortening 50 50 50 50 50 50 50 

Dry milk 12 12 12 12 12 12 12 

Dry egg white 9 9 9 9 9 9 9 

Sodium chloride 3 3 3 3 3 3 3 

Baking powder 5.5 5.5 5.5 5.5 5.5 5.5 5.5 

Water 145 145 145 145 145 145 145 

Enriched samples: CF (made with untreated chia flour); PT1 (made with 100x1 HPH treated chia powder); 
PT2 (made with 150x5 HPH treated chia powder). *on 14% moisture basis. 
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4.6.4 Batter flow properties 

Measurements of flow behaviors of control and chia-enriched batters were carried out at 

25 °C using a controlled stress rheometer equipped with a concentric cylinder geometry 

(CC25 DIN Ti). After mixing the ingredients, the batter was loaded in the cup and left 

relaxing for 5 min. Flow curves were obtained from 3 to 80 s-1 shear rate range values. 

Herschel-Bulkley model was used to describe the relationship between shear rate (ẏ, s-1) 

and shear stress (σ, Pa), from which the yield stress (σ0, Pa), the consistency index (K, Pa 

sn), and the flow behavior index (n, dimensionless) parameters were obtained, as shown 

in the following constitutive Equation (7): 

 

 𝜎 = 𝜎0 + 𝐾𝛾̇𝑛   Eq. (7) 

4.6.5 Evaluation of physicochemical properties 

Cake specific volume (Vs, cm3 g-1) was determined by the rapeseed displacement method 

following the AACC Approved Method 10-05 (AACC, 2000). Crumb moisture of samples 

was assessed by oven drying at 105 °C overnight, until constant weight.  

Firmness of cake crumb was determined by using a Texture Analyser (TA.XT plus, Stable 

Micro Systems Ltd. Godalming, UK) equipped with a load cell of 5 kgf, according to AACC 

Approved Method 74-09 (AACC, 2000). Briefly, after the removal of the crust, a circular 

cutter (36 mm diameter, 25 mm height) was used to obtain five homogeneous specimens. 

For measuring firmness, a cylinder probe (P/36R) and a compression test with stress at 

25% compression were used on crumb samples. 

Losses during baking were evaluated by weighing masses before and after baking and 

expressed as the ratio of mass loss between dough and cake, according to Fernandes et al. 

(2021). 

4.6.6 Color of cakes 

Crumb and crust color of cake samples, and the total color difference (∆E) between chia-

enriched samples and control cake were evaluated as previously described in Paragraph 

2.2.8. 
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4.6.7 Cake in vitro digestion and glucose determination 

Cake digestion was simulated by performing the in vitro standardized protocol proposed 

by Brodkorb et al. (2019). After the preparation of simulated digestion fluids, 1 g of ground 

cake was weighed in the digestion tube. Three distinct phases were used to simulate 

gastrointestinal human digestion. Samples were kept constantly in motion during the 

analysis by using a laboratory tube rotator. Firstly, α-amylase and salivary simulated fluid 

(SSF) were added to the digesta in the oral phase (2 min) to originate the bolus. For the 

gastric phase (2 hours), pepsin and simulated gastric fluid (SGF) were used for the chyme, 

while pancreatin, bile solutions, and simulated intestinal fluid (SIF) were used during the 

intestinal phase (2 hours). After the addition of amyloglucosidase (90 µL), the amount of 

free glucose was determined at four digestion intervals: 20-, 60-, 90-, and 120 min. 

Enzymatic reactions were stopped by adding ethanol 98% and aliquots were collected for 

the glucose determination. Released sugars were measured using a 1260 Infinity HPLC 

system (Agilent Technologies, Santa Clara, USA) equipped with a quaternary pump, 

autosampler, refractive index detector, and Ultra Amino column (250 mm, 4.6 mm 

internal diameter, 5 μm, Restek S.r.L., Cernusco sul Naviglio, Italy). Oven and detector 

were set at 30 °C, while acetonitrile/water mixture (70:30, v/v) was used as the mobile 

phase at 1 mL/min flow rate. Data were elaborated using OpenLab CDS - ChemStation 

Edition (Rev. C.01.03., Agilent Technologies, USA). The amount of glucose released was 

plotted against digestion time and the incremental area under the curve (IAUC) was 

calculated following the trapezoid method (FAO/WHO, 1998). 

4.6.8 Sensory evaluation 

A nine-point hedonistic scale (1 low acceptability, 9 high acceptability) was used to 

evaluate the acceptability of the sensorial profile of cake samples. Thirty volunteer 

untrained panelists from the Department of Agricultural, Food, Environmental and 

Animal Sciences, University of Udine were recruited to perform the sensory analysis. 

Four attributes were studied, including odor, taste, color, and overall acceptability. Each 

cake sample, identified with a three-digit code, was individually and randomly evaluated 

by participants at room temperature. A glass of water was provided to cleanse the palate 

between each tasting. Red light, to mask sample color, was used to assess odor and taste 

attributes, while white illumination was used for the other two attributes. 
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4.6.9 Statistical analysis 

In this work, data are presented as mean ± standard deviation (SD) of at least three 

measurements carried out on three replicated cooking batches. After checking the 

homogeneity of variance within groups, one-way analysis of variance (ANOVA) was 

conducted using the R software package (version 3.5.1, the R Foundation for Statistical 

Computing, Vienna, Austria). Significant differences among means (p < 0.05) were 

assessed using Tukey’s post-hoc test. 

4.7 RESULTS AND DISCUSSION 

4.7.1 Batter properties 

Generally, cake batter is formed when all ingredients are homogeneously dispersed, and 

sufficient air is incorporated into the mix. These steps influence batter rheological 

behavior and are mainly responsible for texture development during baking (Conforti, 

2014). A suitable batter viscosity is required to allow a correct cake expansion since 

excessive consistency values might limit expansion, while low consistencies are related to 

low gas retaining (Gularte, de la Hera, Gómez, & Rosell, 2012; Rocha-Parra, Belorio, 

Ribotta, Ferrero, & Gómez, 2019). 

Flow curves of batters are reported in Figure 14. All samples showed a plastic behavior 

due to a non-linear relationship between shear stress and shear rate and the presence of  

yield stress.  
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Flow rheological parameters of batter samples are presented in Table 24. Experimental 

data fitted the rheological model showing good correlations, R2 ranged from 0.98 to 0.99 

(Table 24). The consistency coefficient (K) relates to the apparent viscosity of the mix, 

while the flow behavior index (n) indicates whether samples behave as a Newtonian 

liquid (n = 1) or a shear-thinning fluid (n < 1). Flow indexes below 1, the presence of yield 

stresses in all samples (Table 24), and the apparent viscosity decreased with increase in 

shear rate (data not shown), confirmed shear-thinning (plastic) behaviors. Substitution of 

wheat flour at both levels (5 and 10%) with CF and PT1 chia flours in cake formulation 

significantly increased K and decreased n values of batters (p < 0.05), mainly due to the 

relative higher TDF contents and WHC values of these ingredients (Table 18 and Table 

21).  
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Figure 8 Flow curves of cake batters containing different types and amount (A: 5%; B: 10%) of chia 

powders. 
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Table 24 Flow rheological parameters of control and chia enriched batters. 

Sample K (Pa sn) n (-) σ0 (Pa) R2 

Control 7.31 ± 1.41c 0.64 ± 0.04a 29.1 ± 1.5d 0.986 

CF5 15.68 ± 0.50a 0.49 ± 0.01c 33.0 ± 0.2c 0.989 

PT1-5 13.62 ± 1.72ab 0.53 ± 0.03bc 39.2 ± 4.3bc 0.997 

PT2-5 10.15 ± 0.88bc 0.59 ± 0.02ab 34.2 ± 1.6c 0.989 

CF10 15.35 ± 0.96a 0.54 ± 0.01bc 43.8 ± 1.9b 0.995 

PT1-10 13.89 ± 1.35ab 0.56 ± 0.02bc 53.6 ± 1.5a 0.999 

PT2-10 10.06 ± 1.60bc 0.58 ± 0.03ab 46.1 ± 1.6b 0.996 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

Previous works on layer cakes reported increase in K and decreased in n values of batters 

with increasing amount of fibre added (Gómez, Moraleja, Oliete, Ruiz, & Caballero, 2010; 

Majzoobi, Poor, Jamalian, & Farahnaky, 2016; Rocha-Parra et al., 2019; Segundo, Román, 

Lobo, Martinez, & Gómez, 2017). Although the high fibre percentage (Table 21), PT2 

sample displayed no significant increase in K and n values at 5 and 10% levels addition (p 

> 0.05), probably due to the lower particle size and water holding capacity values 

compared to the other chia powders (Table 18 and Figure 9), which helped particles to 

better disperse into the batter without increase medium viscosity (Majzoobi et al., 2016). 

In contrast, Rocha-Parra et al. (2019) found that among fibre with three different particle 

sizes (fine, medium, coarse), DFs with the smaller particle size (200 µm) but characterized 

by high WHC values were more efficient to increase cake batter viscosity and decrease 

volume expansion. No significant differences were detected between samples at different 

concentrations (p > 0.05). These results were consistent with those obtained by Lebesi & 

Tzia (2011) who found no significant differences in batter consistency upon the addition 

of several DF (maize fibre, wheat, oat, and rice brans) at increasing concentrations. Yield 

stress values of enriched samples increased with the increasing amount of chia added into 

the formulation. These results might suggest the presence of fibre entanglements in 

enriched batters which would require higher shear stresses to flow than the control 

sample, as indicated by Turkut, Cakmak, Kumcuoglu, & Tavman (2016) upon the addition 

of quinoa fibre in gluten-free bread batter. 
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4.7.2 Cake physicochemical properties 

The effect of wheat flour substitution with CF and PT chia powders at two concentrations 

(5 and 10%) on cake physicochemical properties is presented in Table 25. The moisture of 

cakes was not influenced by either the amount of chia concentrates added or the HPH 

treatment (p > 0.05), while losses on baking showed significant differences (p < 0.05) 

between control and enriched samples. During baking, water and volatile compounds are 

lost as a consequence of thermal reactions causing weight loss (Fernandes et al., 2021). CF 

and PT1 enriched samples at both concentrations displayed significantly lower losses 

after baking in comparison with the control cake (p < 0.05), probably because a limited 

number of volatile compounds were lost due to the more intactness of the fibrous 

materials (Paragraph 4.3.1). 

Table 25 Moisture and physicochemical properties of control and chia enriched layer cakes. 

Sample Moisture (%) Losses on baking (%) Vs (cm3 g-1) Firmness (N) 

Control 30.9 ± 0.7a 11.25 ± 0.33a 2.57 ± 0.01b 1.10 ± 0.02c 

CF5 31.0 ± 0.6a 9.76 ± 0.18cd 2.60 ± 0.02b 1.24 ± 0.03a 

PT1-5 30.1 ± 0.5a 9.67 ± 0.44cd 2.55 ± 0.01bc 1.26 ± 0.05a 

PT2-5 30.2 ± 0.1a 10.81 ± 0.19ab 2.70 ± 0.02a 1.14 ± 0.01b 

CF10 31.1 ± 0.2a 9.03 ± 0.43d 2.58 ± 0.01b 1.21 ± 0.04a 

PT1-10 30.4 ± 0.3a 9.89 ± 0.41bcd 2.54 ± 0.02c 1.22 ± 0.03a 

PT2-10 30.1 ± 0.2a 10.29 ± 0.39ac 2.69 ± 0.01a 1.15 ± 0.02b  

Mean ± standard deviation (n ≥ 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

Regarding cake expansion, the replacement of wheat flour with chia concentrate powders 

significantly affected the final volume (Vs) of cake samples (Table 25). After the addition 

of CF powders the Vs of cakes was not modified (p < 0.05). These results are in accordance 

with Sung, Chiu, Sun, & Hsiao (2020) that observed no significant differences in volume 

expansion between control layer cake and the sample supplemented with 10% of chia 

seed flour. PT2 cakes showed the highest specific volumes (p < 0.05), about 5% higher than 

the control sample, and the lowest batter consistency coefficients (Table 24) between 

enriched samples. Since batter viscosity is strictly related to gas retention and 



 

 100 

consequently to cake volume expansion (Liu et al., 2020; Rocha-Parra et al., 2019), PT2 

samples probably owned the adequate batter consistency to reduce loss of gas during 

mixing and baking steps, and to increase the specific volume of the cake. 

Cake firmness represents an important quality parameter for consumers. In literature, 

several authors reported increases in firmness of cake products after the addition of 

dietary fibre (Fernandes et al., 2021; Gómez et al., 2010; Gularte et al., 2012; Segundo et al., 

2017). In this work, chia incorporation significantly increased firmness values of enriched 

cake products (p < 0.05) (Table 25). This increment could be attributed to the presence of 

DF which might organize in fibrous networks and limit volume expansion, consequently 

increasing crumb firmness. Cakes made with PT2 powders showed intermediate firmness 

values due to the higher expansion during baking compared with CF and PT1 samples. 

From textural results (specific volume and crumb firmness), it can be concluded that 

among enriched samples, the addition of 150x5 treated chia powder in PT2 formulations 

positively enhanced cake expansion and crumb softness (Table 25). 

Effects of chia addition on crust and crumb color of cakes are reported in Table 26. As 

expected, chia substitution influenced the color of cake samples. In baked products, crust 

color is normally affected by the Maillard reaction that occurs during baking (Fehaili, 

Courel, Rega, & Giampaoli, 2010). Chromatic parameters of cakes incorporating chia 

powders (CF and PT)  at 10% were significantly lower than the control cake (p < 0.05), 

indicating a darker crust. Therefore, the ∆E* increased with the increasing amount of 

chia, with no differences between high-pressure treatments, highlighting that the amount 

of added chia was the main responsible for color differences in crusts. 
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Table 26 Color and total color difference (∆E) of control and chia enriched cake products. 

Mean ± standard deviation (n ≥ 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

On the other hand, in crumbs remarkable effects on color changes were detected. 

Lightness (L*) significantly decreased and redness (a*) increased (p < 0.05) in enriched 

crumbs with trends that followed chia concentration and intensity of the HPH treatment 

(Table 17), as clearly shown in Table 26. These results described the browning of the 

crumb, typical of cake products enriched with dietary fibre (Lee, Park, & Lee, 2016; Rocha-

Parra et al., 2019; Segundo et al., 2017). The ∆E* crumb values were higher than crust 

values (Table 26) confirming the major effect of chia powders on crumb color. 

4.7.3 Sensory profiles 

Sensory evaluation of cake products provided important information on sample 

acceptability. In Table 27 are reported sensory attributes evaluated by 30 untrained 

panelists with relative scores. Within the employed hedonistic scale, the value 6 

represented the minimal score to consider the attribute sufficiently acceptable. Among 

Sample L* a* b* ∆E 

Crust     

Control 48.9 ± 0.7a 14.5 ± 0.4a 21.0 ± 0.7a - 

CF5 48.5 ± 0.8a 13.6 ± 0.5bc 19.1 ± 0.9b 2.5 ± 0.6b 

PT1-5 48.1 ± 0.7a 13.8 ± 0.7ab 20.2 ± 0.9ab 1.8 ± 0.6b 

PT2-5 48.7 ± 0.8a 13.1 ± 0.5bc 19.7 ± 1.1b 2.2 ± 0.7b 

CF10 46.1 ± 0.7c 12.9 ± 0.8cd 15.7 ± 0.7d 6.3 ± 0.7a 

PT1-10 47.2 ± 0.6b 12.2 ± 0.8d 17.2 ± 0.5c 5.0 ± 0.6a 

PT2-10 47.1 ± 0.5b 12.1 ± 0.5d 15.7 ± 0.7d 5.9 ± 0.7a 

Crumb     

Control 73.3 ± 1.1a -2.7 ± 0.1e 15.3 ± 0.9a - 

CF5 62.9 ± 0.8b 1.6 ± 0.2d 14.8 ± 0.8ab 11.2 ± 1.0d 

PT1-5 60.4 ± 0.3c 2.4 ± 0.2c 14.2 ± 0.7b 13.9 ± 0.5c 

PT2-5 60.5 ± 0.7c 2.4 ± 0.2c 15.3 ± 0.7a 13.8 ± 0.7c 

CF10 55.3 ± 0.7d 3.5 ± 0.2b 13.1 ± 0.4c 19.2 ± 0.7b 

PT1-10 55.1 ± 0.8d 3.6 ± 0.2b 14.9 ± 0.8ab 19.3 ± 0.8ab 

PT2-10 54.4 ± 0.4d 4.0 ± 0.1a 14.5 ± 0.6ab 20.2 ± 0.4a 
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all samples, within the same attribute columns, no significant differences were detected 

(p > 0.05), indicating that chia addition to cake formulations was not negatively perceived 

by judges.  

Table 27 Effect of chia incorporation on sensory properties of cakes. 

Sample Odor Taste Color Overall acceptability 

Control 5.2 ± 1.0a 5.3 ± 1.6a 6.8 ± 1.7a 5.9 ± 1.4a 

CF5 5.5 ± 1.3a 5.8 ± 1.4a 6.6 ± 1.2a 6.2 ± 1.2a 

PT1-5 4.9 ± 1.3a 6.0 ± 1.5a 7.0 ± 1.2a 6.2 ± 1.1a 

PT2-5 5.5 ± 1.2a 6.1 ± 1.3a 6.8 ± 1.6a 6.4 ± 1.2a 

CF10 5.5 ± 1.3a 6.0 ± 1.3a 6.3 ± 1.4a 6.3 ± 1.0a 

PT1-10 5.2 ± 1.2a 5.6 ± 1.3a 6.0 ± 1.4a 5.9 ± 1.4a 

PT2-10 5.3 ± 1.1a 5.5 ± 1.5a 6.0 ± 1.6a 5.8 ± 1.4a 

Mean ± standard deviation (n ≥ 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). 

Generally, the color of a food product plays an important role in consumer choices. In this 

work, all samples received scores higher than six, suggesting that color differences (Table 

26) did not negatively influence the judge response, on the contrary, darker cakes (Table 

26) were appreciated by panelists. The overall acceptability of chia enriched cakes was 

comparable to control, with scores close to the sufficiency. HPH treatments on chia 

powders had no significant effects on the sensory attributes of the samples. 

4.7.4 Starch digestion and glycemic effect 

The effect of chia powders (CF, PT1, and PT2) incorporation on in vitro starch digestion of 

cakes is shown in Figure 15. Since starch of wheat flour was partially substituted with non-

starch chia powder, the amount of glucose released during digestion was expressed per 

gram of wheat flour (WF, dry base) in the cake formulation. The incremental area under 

the curve (IAUC) of enriched samples significantly decreased in comparison with the 

control sample (p < 0.05), suggesting a potential effect of this ingredient in lowering the 

postprandial glycaemic response of layer cakes. Addition at 10% of all chia powders gave 

the lowest IAUC values. A possible explanation of this starch hydrolysis attenuation 
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might be represented by the inhibition of α-amylase activity by cellulose fibre (Dhital et 

al., 2015), which is an insoluble DF abundantly present in chia seeds (Melo et al., 2019; 

Reyes-Caudillo et al., 2008). More cellulose chains could be released upon the HPH 

treatment, as observed by Villay et al. (2012), increasing cellulose inhibitory activity 

towards amylases. Another mechanism could be related to the reduced swelling of starch 

granules which limit amylase activity, slowing down starch digestion (Cleary & Brennan, 

2006). Two conditions decrease starch swelling: water competition between DF and 

starch, and lack of free space for swelling due to the presence of tight fibrous networks 

(high firmness, Table 25) around granules (Peressini et al., 2020; Renoldi, Brennan, 

Lagazio, & Peressini, 2021). Lastly, soluble DFs are able to increase digesta viscosity 

reducing amylase motility and retarding glucose release/absorption (Villemejane et al., 

2015; Wolever et al., 2018). In treated chia powders (100x1 and 150x5) HPH reduced the 

ability to increase viscosity due to the depolymerization of soluble DF (Table 22). For this 

reason, in PT1 and PT2 samples, the reduction in starch digestion is mainly attributed to 

the first two mechanisms described above, the presence of cellulose as an inhibitor of 

amylase enzymes and restriction in starch granules swelling.  

In conclusion, HPH treatment at 150x5 MJ m-3 can be suggested as technology to improve 

chia suitability for bakery industries because the addition of 150x5 powder allowed to 

enhance volume expansion, crumb firmness, sensory profile, and the glycaemic profile of 

enriched cake products (PT2) in comparison with the untreated chia flour. 
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Figure 9 Incremental area under the curves (IAUCs) as a function of wheat flour (WF) 

substitution of control and chia enriched samples. Mean ± SEM (n = 3). Means with the same 

letter are not significantly different (p > 0.05).  
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4.8 Conclusions 

In this study, HPH-treated chia concentrates and untreated chia flour were added to cake 

formulations. Incorporation of chia flours affected flow rheological properties of batters, 

increasing mixture viscosity due to the addition of DF and the formation of fibrous 

entanglements. Among enriched samples, PT2 samples showed no increase in flow 

properties because of the lower particle size and WHC values in comparison with the 

other chia samples. In PT2 cake, these characteristics seemed related to batter rheology 

and responsible for the improvement in volume expansion and crumb softness. As 

expected, enriched cake color was significantly affected by chia addition, with relative 

browner crumbs than control. Sensory evaluation did not highlight differences between 

samples, indicating that all chia cakes were appreciated by panelists. Digestion of cake 

samples showed a reduction in IAUC with an increasing amount of chia powders. 

Inhibition of amylase activity by cellulose and reduced swelling capacity of starch 

granules were identified as mechanisms in the attenuation of starch digestion. Results 

clearly confirmed the ability of chia flour to reduce the glycaemic response of cereal-

based products. 

On the basis of obtained results, the addition of 150x5 powder could represent an effective 

way to increase dietary fiber content of cakes, positively affecting physical, sensorial, and 

glycemic properties of the final product. 
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CHAPTER 5 – Psyllium enriched durum pasta 

Evaluation of technological properties, 

microstructure and predictive glycaemic 

response of durum wheat pasta enriched 

with psyllium seed husk 

5.1 Introduction and aim of the study 

Dry pasta is considered one of the most staple foodstuffs in the world due to its versatility, 

ease of cooking and storage, good nutritional quality, and low cost (Bustos, Perez, & Leon, 

2015; Rakhesh et al., 2015). Durum wheat semolina represents the ingredient for the 

manufacture of superior pasta products because of high content of yellow pigments 

(carotenoids) and proteins, and inextensible and strong gluten of doughs (Rao, Mulvaney, 

Dexter, Edwards, & Peressini, 2001; Sissons, 2008). 

Dietary fibre (DF) has been broadly investigated for its health benefits, notably the ability 

to prevent a wide range of disorders, such as type 2 diabetes (Anderson et al., 2009). Pasta 

represents a good vehicle for functional ingredients, such as DF, which partially replace 

durum wheat semolina (Foschia et al., 2013; Rakhesh et al., 2015). Several studies have 

been performed on durum wheat pasta supplemented with soluble DFs, such as β-

glucans (Aravind, Sissons, Egan, et al., 2012; Cleary & Brennan, 2006), inulin (Aravind, 

Sissons, Fellows, Blazek, & Gilbert, 2012; Brennan & Tudorica, 2008), guar gum and 

carboxymethylcellulose (Aravind, Sissons, & Fellows, 2012; Brennan & Tudorica, 2008), 

as well as protein ingredients (Jayawardena, Morton, Brennan, & Bekhit, 2019). It was 

recognized the ability of these DFs to reduce the glycaemic response of enriched pasta. 

Nevertheless, incorporation of these ingredients can be detrimental for pasta quality 

mainly due to decrease in firmness, in addition to an increase in cooking loss and 

stickiness (Desai, Brennan, & Brennan, 2019; Foschia et al., 2013). Consequently, the 

manufacture of high DF products needs a proper selection of fibre type and content, in 
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order to satisfy sensory acceptability while delivering nutritional benefits. Replacement 

of durum wheat semolina with a combination of different DFs may represent a valuable 

strategy to obtain high DF-enriched pastas with concomitant good cooking quality and 

reduced glycaemic index (GI), since some DFs work better in combination than 

individually added (Foschia, Peressini, Sensidoni, Brennan, & Brennan, 2015a; Foschia et 

al., 2015b; Peressini et al., 2020). 

Psyllium is obtained from plants of Plantago genus (Plantago ovata), which are native of 

Asia and Mediterranean regions. The psyllium seed husk (PSH) is rich in water-soluble 

fibre (hydrophilic mucilloid) (Theuwissen & Mensink, 2008). Psyllium fibre is made of a 

highly branched acidic arabinoxylan, with β-(1,3) and β-(1,4) linkages in the xylan 

backbone, substituted with minor monosaccharides and acids, as L-arabinose and D-

galacturonic acid, as well described by previous authors (Fischer et al., 2004; Guo, Cui, 

Wang, & Young, 2008). The non-cellulosic carbohydrates represent about 700 g/kg of the 

chemical composition of psyllium seed husk, where arabinose and xylose are the most 

abundant monosaccharides (625 g/kg) (Van Craeyveld, Delcour, & Courtin, 2009). PSH is 

a highly hydrophilic fibre able to absorb large amount of water and to swell, forming a 

highly viscous suspension or a gel, depending on content (Kale, Yadav, & Hanah, 2016; 

Ren et al., 2020). For these characteristics, psyllium has been used recently as structural 

component in gluten-free formulations (Fradinho, Soares, Niccolai, Sousa, & Raymundo, 

2020; Mancebo, San Miguel, Martínez, & Gómez, 2015). Several clinical studies provided 

strong evidence supporting the correlation between psyllium supplementation in the 

human dietary regime and reduction in blood glucose level in subjects with type 2 

diabetes (Anderson, Allgood, Turner, Oeltgen, & Daggy, 1999; Gibb, McRorie, Russell, 

Hasselblad, & D’Alessio, 2015; Ziai et al., 2005). Therefore, psyllium is suggested as a 

functional ingredient for food products to modulate glycaemia. Incorporation of psyllium 

into baked products for wheat flour was investigated by several authors (Beikzadeh, 

Peighambardoust, Beikzadeh, Javar-Abadi, & Homayouni-Rad, 2016; Kamaljit, Amarjeet, 

& Pal, 2011; Pejcz, Spychaj, Wojciechowicz-Budzisz, & Gil, 2018), while Brennan, 

Derbyshire, Brennan, & Tiwari (2012) fortified extruded snacks with psyllium. In 

literature, few studies were performed on psyllium incorporation into durum wheat pasta 

(Foschia et al., 2015a, 2015b; Peressini et al., 2020). These authors added psyllium to 

semolina at 150 g/kg substitution and found a reduction in glycaemic response for cooked 

fresh-extruded pasta and dry pasta (Foschia et al., 2015b; Peressini et al., 2020). 

Unfortunately, supplementation was detrimental for pasta cooking behavior, and also for 
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sensory acceptability (Foschia et al., 2015a; Peressini et al., 2020). Since both nutritional 

benefit and cooking quality are important in a functional product, further studies are 

required to evaluate if it is possible to satisfy both aspects at a lower psyllium 

supplementation. To address this issue, it is necessary to focus on the influence of 

psyllium level in a systematic way. 

Therefore, this work aims to evaluate the impact of the replacement of durum wheat 

semolina with different levels of psyllium seed husk on cooking properties, 

microstructure, and in vitro starch digestion of dry pasta (spaghetti). Moreover, a 

rheological characterization of doughs under small and large deformations were 

performed to acquire knowledge of the effects of psyllium on dough structure in relation 

to cooking and functional properties of spaghetti. Results here presented have been 

published in: 

Renoldi, N., Brennan, C. S., Lagazio, C., & Peressini, D. (2021). "Evaluation of 

technological properties, microstructure and predictive glycaemic response of 

durum wheat pasta enriched with psyllium seed husk". LWT - Food Science and 

Technology, 151, 112203. DOI: 10.1016/j.lwt.2021.112203. 

5.2 Material and Methods 

5.2.1 Materials 

PSH (particle size < 0.149 mm, 900 g/kg dietary fibre) was kindly offered by Azelis 

(Trezzano sul Naviglio, Milan, Italy), while durum wheat semolina (134 g/kg protein, 127 

g/kg moisture, 30 g/kg dietary fibre, and 56 g/kg ash) was purchased from Molino 

Sgambaro (Treviso, Italy). Pepsin from porcine gastric mucosa (EC 3.4.23.1; 4472 U/mg), α-

amylase from porcine pancreas (EC 3.2.1.1; 9 U/mg), bile extract from porcine (B8631), 

pancreatin from porcine pancreas (EC 232-468-9; 11.28 U/mg), amyloglucosidase from 

Aspergillus niger (EC 3.2.1.3; 1500 U/mL), L-(+)-arabinose, D-(−)-fructose, D-(+)-glucose, 

CaCl2(H2O)2, NaHCO3, NaCl, KCl, KH2PO4, MgCl2(H2O)6, and (NH4)2CO3 were purchased 

from Sigma Aldrich (Milan, Italy). Acetonitrile, ethanol, HCl and NaOH were purchased 

from Carlo Erba Reagents (Milan, Italy). 
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5.2.2 Pasta formulation 

Pasta samples supplemented with PSH were prepared by substituting durum wheat 

semolina with PSH at 25 g/kg (PSH25), 50 g/kg (PSH50), 75 g/kg (PSH75) and 100 g/kg (w/w) 

(PSH100), while control was made using only durum wheat semolina. Blends were 

utilized for dough preparation and pasta making. 

5.2.3 Pasta production 

Pasta was manufactured using a pilot pasta press under processing condition similar to 

that of industrial scale (PST95 model, Pavan, Galliera Veneta, Padua, Italy). Semolina and 

PSH were blended for 15 min using a flour ribbon mixer (FM50 model, Pavan, Galliera 

Veneta, Padua, Italy) and transferred to the pasta press (mixer-extruder). Semolina or 

fibre blends (20 kg) and water (6.1-7.9 kg) were mixed for 15 min under a partial vacuum (-

0.8 bar pressure relative to atmospheric pressure) to give a uniform hydration of particles. 

After hydration, the mass was transferred to a single screw extruder (0.09 m screw 

diameter; 10 L/D ratio; 0.22 m head diameter) equipped with a spaghetti-shaped die. 

Processing parameters were monitored during extrusion and were as follow: 10 rpm screw 

speed, 37 °C barrel and extrusion head temperature, and about 12 MPa head pressure. 

Fresh pasta was dried at 50 °C and 80% relative humidity for 12 h in a static dryer (SD 100 

model, Pavan, Galliera Veneta, Padua, Italy). Diameter and moisture of dry pasta were 1.5-

1.6 mm and 110 g/kg, respectively. 

5.2.4 Farinograph test 

Dough water absorption (g/kg, on 140 g/kg moisture basis) and stability (min) of control 

and PSH blends were determined using a farinograph as described in Paragraph 3.2.2. A 

lower sample amount (80 g) and dough consistency (400 PU) was used for PSH10 due the 

presence of clumps during mixing. Results are the average of three replicates. 
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5.2.5 Dough rheological properties 

Dough viscoelastic properties were determined as describe in Paragraph 2.2.6. Doughs at 

a water absorption of 640 g/kg (moisture content of 476 g/kg) were prepared in the 

farinograph mixer until maximum development plus 1 min (5 min for control, 6 min for 

PSH25, 7 min for PSH50, 8 min for PSH75 and 10 min for PSH100) (Peressini et al., 2020). 

Frequency sweep tests were carried out between 0.1 and 10 Hz at a constant shear stress 

(5-25 Pa) within the linear viscoelastic region (LVR) at 25 °C. Temperature sweep tests were 

performed at 1 Hz between 25 and 95 °C at 1.5 °C/min in LVR, immediately after frequency 

sweep test on the same dough sample. Storage modulus G', loss modulus G'', and loss 

tangent tan δ (G'' /G' ratio) were measured. Rheological parameters were compared at 1 

Hz. All measurements were conducted in triplicate, where each replicate represents a 

separately mixed dough. 

5.2.6 Color of pasta 

Color of both raw and cooked pasta was assessed as described in Paragraph 2.2.8. Raw 

spaghetti strands (thirty) were put in a single layer and nine readings were performed on 

the surface. Then, pasta was cooked at optimum cooking time (OCT), drained, and 

equilibrated 5 min before measuring color as described for uncooked product. A paper 

towel was used to absorb water on the surface layer of cooked spaghetti just before testing. 

Results are the average of three replicates, where each replicate represents a separately 

cooking batch. 

5.2.7 Pasta cooking quality 

OCT, cooking loss (CL) and firmness of cooked pasta were evaluated according to the 

Approved Method 66-50 (AACC, 2000). 

Spaghetti samples were cooked to their OCT, which was the time it took for the inner 

white core to disappear. Raw spaghetti samples (25 g) were broken (5 cm pieces) and 

cooked in boiling tap water (300 mL) with no added salt. Cooking and rinse water of 

cooked pasta were combined to evaluate CL, while cooked pasta was collected for 

moisture content and firmness determinations. CL (g/kg) corresponds to the content of 
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solids released in water during cooking. Moisture content (g/kg) was determined as loss 

in weight of cooked samples (3 g) when heated at 105 °C for 15 h. 

A Texture Analyzer (TA.XT plus, Stable Micro Systems Ltd., Godalming, UK), which was 

equipped with a load cell of 5 kgf, was used to evaluate textural properties of cooked pasta. 

After cooking before being tested, the sample was rested in a covered container at 25 °C 

for 10 min. Firmness was determined using a light knife blade (A/LKB) at a cutting speed 

0.17 mm/s. Peak force (N) achieved during the cutting cycle of five pasta strands was used 

as measure of pasta firmness. 

Pasta strands (drained but not rinsed) were evaluated for stickiness 10 min after cooking 

using a pasta firmness/stickiness rig (HDP/PFS) at compression force of 1 kg for 2 s and a 

compression speed of 0.5 mm/s. Stickiness (N) corresponded to the peak force necessary 

to separate the probe from the surface of five strands upon its retraction. 

Results are the average of three replicates, where each replicate represents a separately 

cooking batch. For each replicate the following analytical measurements were performed: 

one for CL, three for moisture content, eight for firmness and four for stickiness. 

5.2.8 Scanning electron microscopy (SEM) 

The raw and cooked pasta cross-section microstructure was observed using a scanning 

electron microscope (Stereoscan 440, Cambridge, UK). Pasta samples were cooked at 

OCT, drained and frozen in liquid nitrogen. Frozen spaghetti strands were freeze-dried. 

Dry pieces (3 mm length) were cut using a laboratory razor. Then, they were attached to 

the specimen holders using carbon tape and covered with gold at 1.4 kV and 10 mA for 5 

min using a Polaron Sputter Coater E5400 (Polaron, Watford, UK). Sample images were 

captured with secondary electron mode at 5 kV at two magnifications (500x and 1000x). 

5.2.9 In vitro pasta digestion 

The in vitro pasta digestion was carried out according to the INFOGEST protocol for the 

static in vitro gastrointestinal food digestion proposed by Brodkorb et al. (2019). Before 

starting, simulated digestion fluids, such as salivary (SSF), gastric (SGF) and intestinal 

(SIF) fluids, were prepared in stock solutions and aliquots were stored at -20 °C and 4 °C 

for analysis. Cooked product at OCT (15 g) was ground for 20 s using an electric grinder to 

simulate the oral chewing step. Then, 1 g of sample was transferred into a tube with 0.1 g 
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of L-(+)-arabinose as the internal standard for glucose determination. The digestion 

started with the dilution of pasta sample 1:1 (g/g) with SSF and α-amylase solution 

prepared in distilled water to achieve 75 U/mL in the final mixture. The sample was 

incubated for 2 min at 37 °C and was kept constantly rotating with a laboratory rotator. 

The gastric phase started with the dilution 1:1 (mL/mL) of the oral bolus with SGF and 

pepsin solution prepared in distilled water to achieve 2000 U/mL (in final mixture). Then, 

the sample was incubated at 37 °C for 2 h and kept constantly rotating. The intestinal 

phase started with the dilution 1:1 (mL/mL) of the gastric chyme with SIF, pancreatin and 

bile extract solutions prepared in SIF to achieve 100 U/mL and 0.01 mol/L, respectively in 

the final mixture. Once more, the sample was incubated at 37° C for 2 h and kept 

constantly rotating. For the final phase, the pH was modified to 4 and 100 µL of 

amyloglucosidase were added to the sample, then the digesta was kept at 37 °C for 2 h in 

rotation. The release of glucose was determined after 20, 60, 90, and 120 min by stopping 

the enzymatic activity with ethanol 980 mL/L (1:4, mL/mL). 

5.2.10 Determination of glucose after in vitro digestion 

After the in vitro digestion, glucose released in the liquid phase was determined using a 

HPLC Varian ProStar (model 230, Varian Chromatography Systems, Palo Alto, 

California, USA) equipped with a chromatographic column (Robusta 100A, NH2, 5 µL, 

250 mm x 4.6 mm, Sepachrom Srl, Rho, Italy) and a refractive index detector (model RID-

10A, Shimadzu, Kyoto, Japan) as reported by Renoldi, Peighambardoust, & Peressini 

(2021). L-(+)-arabinose was used as the internal standard for the glucose calibration curve 

according to Englyst et al. (1999). 

The incremental area under the curve (IAUC) was calculated from the glucose release vs. 

digestion time, in agreement with the trapezoid method recommended by the FAO/WHO 

(1998). Results are the average of three replicates, where each replicate represents a 

separately cooking batch. For each replicate two analytical measurements were 

performed. 

5.2.11 Statistical analysis 

Experiments were performed in triplicate (n = 3), where each replicate corresponds to 

separately mixing batch and cooking batch for rheological tests and pasta 
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characterization, respectively. Data are reported as mean ± standard deviation. Shapiro-

Wilk test was used to check the normality distribution of the data. Bartlett’s test was 

conducted to check the homogeneity of variance. Given the very low sample size, even if 

all these tests were not significant, we decided to couple standard one-way analysis of 

variance (ANOVA) with Kruskal-Wallis test, that does not depend on distributional 

assumptions. Only variables with a joint significance to the two tests were further 

analyzed. In this case Tukey’s HSD test was applied to determine statistically significant 

differences among means (p < 0.05) (R software package, version 3.5.1, the R Foundation 

for Statistical Computing, Vienna, Austria). 

5.3 Results and Discussion 

5.3.1 Dough rheological properties 

Farinograph testing (large deformation) and fundamental rheological tests under small 

deformation were conducted to gain information on effects of PSH incorporation on 

gluten network and gelatinization of starch granules. Figure 16 and Table 28 show the 

farinograph results. PSH affected the water absorption (WA) and mixing curves of doughs 

containing psyllium. WA increased linearly with PSH level from 570 g/kg to 1320 g/kg for 

control and 100 g/kg PSH, respectively (R = 0.998, p < 0.0001) (Table 28). Psyllium 

polysaccharides possess gelling properties and extreme water absorption capacities due 

to their hydrophilic nature (Belorio, Marcondes, & Gómez, 2020; Mariotti, Lucisano, 

Pagani, & Ng, 2009). Figure 16 shows farinograph curves of control (A) and samples added 

with 25 g/kg (B) and 100 g/kg PSH (C). The control sample exhibited a high tolerance to 

overmixing, which is consistent with a strong dough (Figure 16A). Inclusion of 25 g/kg PSH 

decreased the mixing stability indicating a weakening effect on gluten network (Figure 

16B, Table 28). The same behavior was observed at 50 g/kg and 75 g/kg PSH (not shown). 

No significant differences in stability were observed between doughs with fibre up to 75 

g/kg PSH (p > 0.05) (Table 28). In contrast, dough at 100 g/kg PSH reached maximum 

consistency and then remained constant for 16 min during mixing (Figure 16C, Table 28). 

The recorded curve of 100 g/kg PSH showed a high variability in positive and negative 

excursions in consistency band compared to other samples, suggesting a heterogeneous 
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system due to water distribution in the dough. Probably, this curve reflects more dough 

hydration than structure development. Two mechanisms may explain weakening of 

gluten structure in doughs supplemented with PSH: 1) a partial dehydration of gluten due 

to a competition with DF for water; 2) fibre acts as a physical barrier, which interrupt 

gluten network continuity (Skendi, Papageorgiou, & Biliaderis, 2009; Zhou et al., 2021). 

Table 28 Effect of semolina substitution with psyllium seed husk (PSH) on water absorption and 

stability of durum wheat doughs. 

Samples WA (g/kg)§ ST (min)§ 

Control 571  0e 12.3  0.4b 

PSH25 729  1d 5.2  0.4c 

PSH50 909  2c 5.3  0.5c 

PSH75 1114  1b 4.9  0.1c 

PSH100 1320  2a  15.9  0.3a 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). Values within a column followed by ns indicate that treatments are not 
statistically different, Kruskal-Wallis test (p > 0.05). Semolina substitution with PSH: 0 (Control), 25 (PSH25), 
50 (PSH50), 75 (PSH75) or 100 g/kg (PSH100). §  Farinograph water absorption (WA) and stability (ST). 
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A 
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Figure 10 Dough rheological properties from farinograph test. Consistency as a function of 

mixing time for doughs with and without psyllium seed husk (PSH). Semolina substitution with 

PSH: 0 g/kg or control (A), 25 g/kg (B) and 100 g/kg (C). 
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Further rheological investigations were performed using oscillatory tests in LVR. The 

frequency sweep test for both the control and doughs containing psyllium are shown in 

Figure 17. A weak gel-like behavior was observed since storage modulus (G') is frequency 

dependent and tan δ values are lower than 1, as expected for wheat doughs (Peressini & 

Sensidoni, 2009).  

Viscoelastic moduli at 1 Hz were selected to compare samples (Table 29). PSH-

supplemented doughs gave significantly higher storage modulus and lower loss tangent 

values than control, in agreement with previous results on 150 g/kg PSH-semolina dough 

(p < 0.05) (Peressini et al., 2020). The rise in PSH content increased G' and decreased tan δ 

values, which correspond to more elastic and solid-like characteristics. A linear 

relationship was found between viscoelastic parameters and psyllium level (R = 0.993 for 

G' vs. PSH level and R = - 0.956 for tan δ vs. PSH; p < 0.001). 

 

 

 

3.5

4.0

4.5

5.0

5.5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Lo
g 

G
' (

Pa
)

Log frequency (Hz)

A 

0.2

0.3

0.4

0.5

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

ta
n

 δ
(-

)

Log frequency (Hz)

B 

Figure 11 Dough rheological properties from frequency sweep test. Storage modulus (G′) and loss 

tangent (tan δ) as a function of frequency at 25 ◦C for doughs with and without psyllium seed 

husk (PSH) at water absorption of 640 g/kg. Semolina substitution with PSH: 0 g/kg or control 

(rhombus), 25 g/kg (square), 50 g/kg (circle), 75 g/kg (triangle) and 100 g/kg (star). G′ (A); tan δ (B). 
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Table 29 Effect of semolina substitution with psyllium seed husk (PSH) on rheological properties 

of durum wheat doughs. 

Samples G (kPa)†
 tan δ    (-)†

 Tpeak (°C)††
 Gpeak (kPa)†† tan peak 

 (-)†† Log G (Pa) †† 

Control 15  1e 0.39  0.01a 82.4  1.0ns 168  8a 0.15  0.01c 1.23  0.03a 

PSH25 41  2d 0.32  0.01b 82.6  1.1ns 133  1b 0.17  0.01b 0.70  0.01b 

PSH50 52  3c 0.29  0.01c 81.4  0.8ns 120  3c 0.18  0.01ab 0.56  0.02c 

PSH75 80  1b 0.27  0.00d 81.7  1.0ns 120  3c 0.19  0.01a 0.41  0.01d 

PSH100 97  3a 0.25  0.01e 84.0  0.7ns 120  3c 0.19  0.01a 0.31  0.01e 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). Values within a column followed by ns indicate that treatments are not 
statistically different, Kruskal-Wallis test (p > 0.05). Semolina substitution with PSH: 0 (Control), 25 (PSH25), 
50 (PSH50), 75 (PSH75) or 100 g/kg (PSH100). †  Values at 1 Hz obtained from the frequency sweep test at 25 
°C on dough. †† Values obtained from the temperature sweep test on dough; ∆Log G' = (Log G'peak – Log 
G'min). 

Wheat dough is essentially a composite material, in which starch granules are dispersed 

in a continuous protein phase (Bloksma, 1990). Dough rheology depend mainly on 

hydrated continuous phase (gluten network) (Edwards, Peressini, Dexter, & Mulvaney, 

2001). Psyllium polysaccharides have the ability to produce fibrillar gels in water via self-

associations (Guo, Cui, Wang, Goff, & Smith, 2009). PSH incorporation may alter dough 

viscoelastic properties with two concomitant mechanisms: 1) weakening gluten structure, 

which would decrease elastic properties; 2) replacing regions of free water with hydrated 

fibre aggregates, related to a higher number of elastic interactions and a rise of solid-like 

behavior. Based on rheological results (higher G' and lower tan δ values for PSH doughs) 

(Table 29), the latter seems to have a greater effect on linear viscoelasticity. Skendi et al. 

(2009) recognized a similar effect on dough upon addition of long chain β-glucans. 

In order to evaluate the impact of PSH on starch gelatinization, an oscillatory temperature 

sweep test at a frequency of 1 Hz was conducted. Changes in G' as a function of 

temperature for control and fibre samples are shown in Figure 18. When control dough 

was heated, a sharp rise of G' to a maximum was observed, attributed to starch granule 

swelling because of gelatinization (Peressini et al., 2020). Ascent of storage modulus was 

lower for PSH doughs compared to control, suggesting a decrease in the volume fraction 

of dispersed starch granules (Peressini, Melchior, Berlese, & Calligaris, 2021) (Figure 18).  
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A similar behavior was observed for wheat doughs containing 150 g/kg PSH and β-glucans 

individually added and in combination in substitution of semolina (Peressini et al., 2020). 

No significant differences in the peak temperature (Tpeak) were detected between 

enriched pasta and the control (Figure 18; Table 29). Additionally, doughs containing 

psyllium exhibited peak values of G' significantly lower than the control, indicating 

differences in swelling of starch granules (p < 0.05) (Table 29). From the temperature 

sweep results (Figure 18), Log G'peak– Log G'min difference was calculated to estimate the 

extent of starch swelling in different samples (∆Log G'), as proposed by Peressini et al. 

(2020). Values of ∆Log G' were significantly lower for PSH doughs and decreased with 

psyllium level (p < 0.05) (Table 29). This parameter was in the range of 0.31-0.70 Pa for PSH 

samples and 1.23 Pa for control, revealing remarkable differences in swelling of starch 

granules between doughs. This effect of psyllium on starch appears to be associated to 

high water binding capacity and structuring ability (increase in bulk elasticity) (Table 28 

and Table 29) (Peressini et al., 2020). The latter may induce the formation of fibre 

aggregates, which act as physical barriers around starch granules limiting swelling. 
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Figure 12 Dough rheological properties from temperature sweep test. Storage modulus (G′) at 1 

Hz as a function of temperature for doughs with and without psyllium seed husk (PSH) at water 

absorption of 640 g/kg. Semolina substitution with PSH: 0 g/kg or control (a), 25 g/kg (b), 50 g/kg 

(c), 75 g/kg (d) and 100 g/kg (e). 
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5.3.2 Pasta microstructure 

Microstructure of raw and cooked pasta was investigated using SEM technique. Figure 19 

shows micrographs of raw pasta samples at two magnifications. For control (Figure 19A), 

starch granules were clearly visible and embedded into a dense and continuous protein 

phase. Disperse and continuous phases were less discernible for fibre samples, especially 

at high PSH levels (Figure 19C-E). Probably, starch granules were covered and hidden by 

the continuous phase (proteins and psyllium polysaccharides).  
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Micrographs of cooked pasta samples are shown in Figure 20. As expected, cooked 

control pasta exhibited larger starch granules compared to uncooked pasta, surrounded 

by the coagulated protein matrix (Figure 20A). A characteristic of this sample is the 

presence of voids around swollen granules, attributed to their shrinkage due to 

dehydration (Pagani, Gallant, Bouchet, & Resmini, 1986). The more the starch granules 

are swollen during pasta cooking, the greater will be their deformation (shrinkage). 

For PSH enriched pasta (Figure 20B-E), starch granules appeared to be less swollen 

compared to control. Besides, it is evident the decrease in size of swollen starch granules 

with PSH level (Figure 20B2-E2). This is consistent with rheological results (∆Log G') 

(Table 10), which indicated a decrease in swelling of starch granules with PSH content. 

Psyllium appeared clearly as a gel network in the continuous phase, which surrounded 

starch granules. When PSH was added at 75 g/kg and 100 g/kg, swollen starch granules 

appeared well enveloped in psyllium network (Figure 20D2-E2). 

Figure 13 Scanning electron microscopy images of raw pastas with and without PSH. Semolina 

substitution with psyllium seed husk (PSH): 0 g/kg or control (A), 25 g/kg (B), 50 g/kg (C), 75 g/kg 

(D) and 100 g/kg (E). Magnifications of 500x (A1-E1) and 1000x (A2-E2). 

E1 

10 µm 

D1 

10 µm 

E2 

10 µm 

D2 

10 µm 



 

 120 

 

D2 

10 µm 

D1 

10 µm 

C2 

10 µm 

C1 

10 µm 

B1 

10 µm 

B2 

10 µm 

A1 

10 µm 

A2 

10 µm 



 

 121 

5.3.3 Pasta quality 

Pasta quality was assessed in terms of color and cooking behavior (optimal cooking time, 

release in solids, firmness, and stickiness), which are the most significant attributes for 

consumers (Bustos et al., 2015). 

Color of raw and cooked pasta is given in Table 30. For raw spaghetti, PSH products 

displayed significantly lower L* and higher a* parameters compared to control (p < 0.05). 

Redness (a*) increased and lightness (L*) decreased with PSH level. Above 50 g/kg fibre 

supplementation, yellowness (b*) was about 4-5% lower than control (p < 0.05). Similar 

effects on dry pasta color were reported upon addition of β-glucans (Aravind, Sissons, 

Egan, et al., 2012) and 150 g/kg psyllium alone and added in combination with β-glucans 

or inulin (Peressini et al., 2020). For cooked pasta, color parameters confirmed trends 

obtained before cooking (Table 30). Similar findings were reported for fresh pasta 

containing 150 g/kg psyllium (Foschia et al., 2015a). Previously, color appearance score of 

cooked pasta was not changed upon addition of 75 g/kg PSH plus 75 g/kg Barley Balance 

(source of β-glucan) to durum wheat semolina (Peressini et al., 2020). Consequently, fibre-

supplemented pasta was not evaluated of lower quality and less desirable due to color 

alteration. 

Figure 14 Scanning electron microscopy images of cooked pastas with and without psyllium seed 

husk (PSH). Semolina substitution with PSH: 0 g/kg or control (A), 25 g/kg (B), 50 g/kg (C), 75 g/kg 

(D) and 100 g/kg (E). Magnifications of 500x (A1-E1) and 1000x (A2-E2). 
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Table 30 Effect of semolina substitution with psyllium seed husk (PSH) on color of raw and 

cooked spaghetti. 

Samples L*
raw a*

raw b*
raw L*

cooked a*
cooked b*

cooked 

Control 68.6  0.2a 1.3  0.1e 40.1  0.6a 72.0  0.2a -2.2  0.1e 25.1  0.2a 

PSH25 66.9  0.3b 2.4  0.2d 39.6  0.7a 70.9  0.3b -1.2  0.1d 25.1  0.6a 

PSH50 65.5  0.5c 4.1  0.2c 39.4  0.3ab 70.7  0.2b -0.7  0.1c 24.2  0.2b 

PSH75 64.4  0.2d 4.6  0.1b 38.4  0.4b 70.0  0.4c 0.4  0.2b 23.7  0.4bc 

PSH100 63.8  0.3e 5.1  0.2a 38.1  0.3b 69.6  0.2d 0.7  0.1a 23.3  0.3c 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). Values within a column followed by ns indicate that treatments are not 
statistically different, Kruskal-Wallis test (p > 0.05). Semolina substitution with PSH: 0 (Control), 25 (PSH25), 
50 (PSH50), 75 (PSH75) or 100 g/kg (PSH100). 

PSH incorporation did not give significant differences in OCT and moisture content in 

comparison with control (p > 0.05) (Table 31). Moisture content did not change with 

increasing PSH addition probably due to the decrease in swelling of starch granules. 

CL was not influenced by PSH addition at 25 g/kg, above this value a significant increase 

in CL of about 4-8% was observed (p < 0.05) (Table 31). CL represents starchy solids 

released into the cooking water, which should not go over 70–80 g/kg (on dry weight of 

the product) for a pasta of good quality (Sissons, Abecassis, Marchylo, & Cubadda, 2012). 

The results indicate that CL was below the acceptable limit for all pasta samples. Foschia 

et al. (2015a) and Peressini et al. (2020) reported 90-100 g/kg CL for pasta added with 150 

g/kg psyllium. Therefore, functional pasta should contain a PSH level up to 100 g/kg for a 

good quality. Aravind, Sissons, Egan, et al. (2012) observed an increase in CL above 75 g/kg 

Barley Balance enrichment. For pasta containing inulin, undesirable values of solids loss 

were obtained at 75-100 g/kg addition (Aravind, Sissons, Fellows, et al., 2012; Tudorica, 

Kuri, & Brennan, 2002). 

Based on rheological results (Table 28 and Table 29), psyllium addition reduced starch 

swelling due to the rise of bulk elasticity and WA, and weakened gluten network. In spite 

of the deleterious impact on gluten, PSH addition up to 50 g/kg had no or minimal effect 

on losses during cooking (Table 31). The lower starch granule swelling prevented 

breakdown of protein network preserving structural integrity of spaghetti (Delcour, 

Vansteelandt, Hythier, & Abécassis, 2000). In pasta samples with 75 g/kg and 100 g/kg 
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PSH, increased loss of solids could be mainly attributed to leaching of psyllium 

polysaccharides. 

Table 31 Effect of semolina substitution with psyllium seed husk (PSH) on pasta cooking 

characteristics at optimum cooking time (OCT). 

Samples OCT (min) Moisture (g/kg) CL (g/kg)†
 Firmness (N) Stickiness (N) 

Control 7.2  0.3ns 684  4ns 59.3  0.8c 1.63  0.05c 1.11  0.08d 

PSH25 7.0  0.0ns 678  7ns 58.7  0.8c 1.76  0.04b 1.25  0.04c 

PSH50 6.7  0.3ns 681  4ns 61.7  0.6b  1.81  0.03b  1.32  0.03bc 

PSH75 6.3  0.3ns 679  8ns  63.5  1.0ab 1.81  0.02b 1.37  0.04b 

PSH100 6.5  0.0ns 691  6ns 64.0  2.2a 1.93  0.02a 1.53  0.03a 

Mean ± standard deviation (n = 3). Values within a column followed by the same letter are not significantly 
different, Tukey test (p > 0.05). Values within a column followed by ns indicate that treatments are not 
statistically different, Kruskal-Wallis test (p > 0.05). Semolina substitution with PSH: 0 (Control), 25 (PSH25), 
50 (PSH50), 75 (PSH75) or 100 g/kg (PSH100). † Cooking loss. 

Textural parameters are important to define the quality of cooked pasta product, which 

should be firm and not sticky to guarantee high acceptance by consumers (Sissons et al., 

2012). Inclusion of PSH significantly increased firmness of cooked pasta (p < 0.05) (Table 

31). However, no significant differences in firmness were observed between fibre samples 

up to 75 g/kg PSH, while above this level cooked pasta became firmer (p < 0.05). Control 

showed the lowest firmness and the highest ∆Log G' values among samples, whereas 100 

g/kg PSH gave the opposite (Table 29) (Peressini et al., 2020). For DF-enriched pasta, a 

decrease in starch swelling would lead to a firmer pasta due to a more compact structure 

(Aravind, Sissons, Egan, et al., 2012; Rakhesh et al., 2015). Results are consistent with 

earlier research on dry pasta with 150 g/kg PSH as semolina substitute (Peressini et al., 

2020). In contrast, Foschia et al. (2015a) did not observe differences in firmness between 

fresh pasta with and without replacement of semolina with 150 g/kg psyllium. Other 

investigations reported that pasta firmness increased with incorporation of Barley 

Balance (Aravind, Sissons, Egan, et al., 2012; Peressini et al., 2020) and decreased with 

addition of inulin (Peressini et al., 2020). 

Stickiness was significantly higher for PSH-enriched pasta than control samples (p < 0.05) 

(Table 31). For durum wheat pasta, superficial stickiness arises from material (mainly 

amylopectin) exiting from the gluten network and sticking to the outer layer of pasta 

during cooking (Sissons et al., 2012). Increased stickiness for enriched pasta samples could 
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be associated to the high water-absorbing capacity of psyllium, which produces a viscous 

layer on cooked pasta surface, as reported for other soluble fibres (Rakhesh et al., 2015). 

Based on a previous sensory evaluation on pasta obtained by partial semolina 

replacement with 75 g/kg PSH in combination with 75 g/kg Barley Balance, the enriched 

sample was perceived firmer and sticker than control, but overall acceptability was 

similar (Peressini et al., 2020). For this supplemented pasta, the authors reported a 

stickiness value of 1.79 ± 0.15 N. We found stickiness values, which were 17-43% lower 

compared to PSH-Barley Balance (Table 31). Therefore, it is expected that increased 

stickiness for all samples added with PSH should be not detrimental for their 

acceptability. 

In conclusion, CL and textural results showed that psyllium supplementation at 25-100 

g/kg appears suitable to manufacture functional durum wheat pasta of good quality. 

5.3.4 Effect of psyllium on in vitro digestion of pasta 

Effect of PSH inclusion on starch assimilation of cooked pasta was evaluated using a 

simulated in vitro gastrointestinal digestion method. Figure 21 shows the amount of 

glucose released during the intestinal phase.  
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Figure 15 In vitro digestion of cooked pastas with and without psyllium seed husk (PSH). Glucose 

release as a function of digestion time. Mean ± SEM (n=3). Semolina substitution with PSH: 0 

g/kg or control (rhombus), 25 g/kg (square) and 50 g/kg (circle) (A); 0 g/kg (rhombus), 75 g/kg 

(triangle) and 100 g/kg (star) (B). 
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Since partial replacement of semolina with PSH decreases the potential glucose release 

of pasta, the amount of glucose was expressed per gram of semolina (db) in pasta matrix. 

Rapidly available glucose (RAG) corresponds to the glucose concentration after 20 min of 

digestion in response to the addition of amylase, as proposed by Englyst et al. (1999).  

Psyllium samples showed RAG values from 98.2 mg/g semolina db for 25 g/kg PSH to 103.5 

mg/g semolina db for 75 g/kg PSH, which were significantly lower than control (108.6 mg/g 

semolina db) (p < 0.05). Enrichment of PSH caused a lowering of 5-10% in starch digestion 

at 20 min in comparison with control. 

Standardized incremental area under the curve (IAUC) results of control and PSH-

supplemented pasta are reported in Figure 22. Samples containing psyllium gave IAUCs 

significantly lower than control at 50 g/kg, 75 g/kg, and 100 g/kg PSH (p < 0.05). No 

significant differences were observed between PSH products below 100 g/kg (p > 0.05). 

The lowest IAUC value was obtained for 100 g/kg PSH incorporation. Earlier works 

observed a functional benefit of psyllium supplementation on predicted glycaemic 

response at 150 g/kg for both dry and fresh cooked pasta, but this level was detrimental 

for product quality (Foschia et al., 2015b; Peressini et al., 2020). 

Several mechanisms have been proposed in literature to explain the attenuation of 

glycaemic response due to DF enrichment: 1) swelling restriction of starch granules 

during cooking, limiting α-amylase access (Cleary & Brennan, 2006); 2) formation of a 

physical barrier protecting starch granules from enzymatic degradation (Brennan & 

Tudorica, 2008; Cleary & Brennan, 2006); 3) increase in viscosity of the digesta system, 

reducing glucose diffusion rate and enzymes motility (Ou, Kwok, Li, & Fu, 2001). Based on 

rheological results (Table 29), PSH incorporation decreased swelling of starch granules 

(∆Log G'), rendering them more compact. A positive linear relationship between IAUC 

and the rheological parameter ∆Log G' was found (R = 0.86; p < 0.05) as previously 

established by Peressini et al. (2020) (Table 29). Results stress the importance of structure 

alteration to modulate the glycaemic response of pasta samples. 
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5.4 Conclusions 

This is the first study investigating the impact of semolina replacement with different 

levels of PSH on physicochemical, microstructural, and nutritional properties of dry 

pasta. Moreover, both empirical and fundamental rheological tests on the dough were 

carried out to obtain information on the structuring ability of PSH and changes in starch 

gelatinization. The rise in PSH increased bulk elasticity and solid-like characteristics of 

doughs due to the structuring ability of psyllium. The latter and its high-water binding 

capacity restricted swelling of gelatinized starch granules in the dough and cooked pasta, 

resulting in a firmer cooked pasta with minimal or acceptable increase in solids released 

in cooking water. Nutritional results highlighted that semolina substitution with at least 

50 g/kg is required to attenuate predictive glycaemic response compared to control. 

Considering other soluble fibres, the glycaemic response decreased for pasta with 

semolina substitution up to 50 g/kg inulin (polymerization degree of 12-14), which was not 

detrimental for cooking properties, but above this value starch digestion increased 

(Aravind, Sissons, Fellows, et al., 2012). Moreover, replacement of 75 g/kg semolina with 

Figure 16 In vitro digestion of cooked pastas with and without psyllium seed husk (PSH). IAUC 

values of pasta samples as a function of semolina substitution with PSH. Mean ± SEM (n = 3). 

Means with the same letter are not significantly different (p > 0.05). IAUC: incremental area 

under the curve. 
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Barley Balance (a source of β-glucans) was able to lower starch digestion without changes 

in CL and stickiness of cooked pasta (Aravind, Sissons, Egan, et al., 2012). 

Dynamic temperature sweep test allowed to identify a rheological index of gelatinized 

starch swelling, which gave a positive linear relationship with the glycaemic response of 

pasta. This result is particularly remarkable for the formulation of a functional product 

indicating that alteration in food structure is important to modulate the glycaemic 

response. More compact starch granules in cooked pasta seems to be related to a lower 

glycaemic response. Semolina replacement with 50 g/kg has the potential to provide a 

health benefit with minimal impact on cooking characteristics of pasta appearing suitable 

for the food industry. The highest level of substitution maximized the health benefit and 

induced acceptable alterations in cooking properties. In conclusion, PSH seems to be an 

interesting fibre for the production of functional pasta. 
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CHAPTER 6 - General conclusions 

6.1 Main results 

Generally, in functional foods, high levels of alternative ingredients are commonly 

required to reach specific health claims. For this reason, the supplementation of these 

ingredients in cereal-based foods represents a challenge due to negative impacts on 

product acceptability. This Ph.D. thesis reported some examples of daily consumed 

cereal-based products enriched with functional ingredients, resulting in nutritional and 

technological benefits. A combination of formulation and processing interventions has 

been investigated with the ultimate purpose of attenuating the glycaemic response of 

starchy products. Available carbohydrates for digestion were reduced by using 

alternative and unconventional ingredients. Besides, carbohydrates digestion and 

absorption rate were lowered by reducing starch swelling, increasing intestinal viscosity, 

and promoting enzymatic inhibition. The increase of resistant starch (RS) content in the 

manipulation of carbohydrate digestion was not investigated in this thesis. However, it 

represents anotherr strategy in this field as observed by previous researchers (Desai et al., 

2019; Lu et al., 2020; Xu et al., 2019). In fact, RS inclusion showed the ability to modulate 

the glycaemic response, and to improve technological and sensorial quality of cereal-

based products. The main results from this Ph.D. research activity are set out in more 

detail below: 

• case study 1: enriched snacks showed interesting textural results. Rheology of 

extrudate dispersions indicated an increase in elastic interactions and solid-like 

behavior with rice bran supplementation. Differences in rheological properties 

resulted in attenuation of predictive glycaemic response for rice bran-enriched 

snacks. In particular, rice bran addition physically protected starch during 

extrusion, resulting in granules less fragmented and less available to digestive 

enzymes. Moreover, an increase in digesta viscosity was recognized as a 

concomitant effective mechanism in reducing amylase activity and digestion rate. 

Inclusion of rice bran in expanded snacks could thus represent an innovative 

strategy to attenuate the glycaemic response and improve the technological 

properties of the food by valorizing an industrial by-product. 
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• case study 2: doughs containing oleuropein were stronger, more elastic, and less 

sticky indicating the ability of the polyphenol to act as flour improver and sodium 

chloride substitute. The strengthening effect of oleuropein on gluten led to an 

increase in bread volume and crumb softness. A lower crumb density of enriched 

bread was related to higher in vitro glycaemic response, probably caused by more 

open structures which easily allowed a rapid interaction between amylases and 

gelatinized starch chains. A positive antioxidant power was observed in enriched 

bread. Since oleuropein clearly enhances breadmaking performances, this 

ingredient might be suggested as an alternative and natural flour additive. 

• case study 3: chia fibre-protein concentrates treated with HPH at varying density 

energies showed interesting changes in physicochemical, rheological, and 

structural properties, for bakery industries. Layer cakes supplemented with chia 

flour and treated concentrates resulted in products with reduced glycaemic 

response and good sensory acceptability. The glycemic impact of starch on foods 

upon chia addition was reduced by inhibitory mechanism and reducing starch 

swelling. HPH treated powder at higher energy density showed better results in 

terms of flow rheological properties and consequently, volume expansion and 

crumb firmness in comparison with the untreated chia samples. HPH might be 

suggested as a processing technology to enhance chia ingredient suitability for 

bakery products. 

• case study 4: the competition for free water in the dough between psyllium and 

starch granules, and the formation of fibre aggregates limited starch swelling, 

decreasing granule-amylase affinity. Psyllium inclusion was effective in lowering 

the predictive glycaemic response of enriched pasta, by following multiple 

mechanisms among those proposed (Table 1). Furthermore, from the rheological 

results, the extent of gelatinized starch swelling gave a positive linear relationship 

with the glycaemic response of pasta. Consequently, alteration of the food 

structure became an essential step in the modulation of starch digestion. More 

compact starch granules seem to be related to lower glycaemic response. Semolina 

replacement with psyllium fibre has the potential to provide health benefits with 

minimal impact on cooking features of functional pasta. 

 

 



 

 130 

Considering all the results obtained during this Ph.D. research and the literature review 

from Chapter 1, the main findings could be summarized as follow: 

❖ The production process of a cereal-based product significantly influences starch 

digestibility (Lovegrove et al., 2017; Singh et al., 2010). 

❖ Product structure plays an essential role in the control of starch granule swelling 

and consequently in the modulation of the glycaemic response (Pellegrini et al., 

2020; Peressini et al., 2020). 

❖ Dietary fibres act with different mechanisms to reduce the glycaemic response 

based on the relative physicochemical properties and compatibility with other 

ingredients (Foschia et al., 2015b; Peressini et al., 2020). 

❖ Processing interventions, such as cooking-extrusion and high-pressure 

homogenization, might be exploited to enhance ingredient functionalities and 

suitability in food industries (Elleuch et al., 2011, Menis-Henrique et al., 2020). 

❖ Appealing high-quality products with healthy properties can be produced by 

adding unconventional ingredients and finding the right balance between 

components (Bello-Pérez et al., 2021; Peressini et al., 2020). 

6.2 Future directions 

For food chain stakeholders, there is an imminent need to focus the research on the 

manufacture of healthier, more sustainable, and attractive food products to face the 

insurgence of food-related disorders and the necessity to preserve the environment. More 

often, one or two of these aspects are left out of the product decision-making process due 

to relatively high costs, lack of competence, and "that's the way it's always been done" 

attitude. In this regard, food systems should reverse course towards new food 

requirements, leaving behind the old habits and recipes. This Ph.D. thesis provides a 

systematic approach for the realization of innovative and functional products, 

considering both nutritional and technological aspects at the same level. 

Acquired results from in vitro digestion should be compared with data from in vivo tests, 

to get more information about the efficacy of the strategy used and to verify that the 

mechanisms observed during laboratory analysis could be also confirmed by in vivo 

models. 
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Moreover, given that gluten-free products are characterized by high glycemic index 

values, challenging these formulations to provide more attractive and healthier products 

might represent an interesting point for further research. Thus, understanding whether 

the strategies to reduce the glycaemic response proposed for conventional cereal 

products are applicable also to gluten-free systems.  
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