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Preface 

 

In the near future a significant global change will occur involving also the modern food 

system. The latter is called to change the current food production approach towards a 

more sustainable, healthy, and environmental-friendly one. It is a matter of fact that the 

global key goals to be achieved by 2050 include the reduction of health-related diseases, 

the application of a more sustainable interventions, and the reduction of food waste. Thus, 

food actors are called to create the new generation of food products able to guarantee not 

only consumer requirements but also healthy, socioeconomic, and environmental 

attributes. This purpose could not be achievable by the traditional “cook and look” 

approach but requires more robust and rational methods of food design. In this context, 

food structure plays a pivotal role since it is responsible not only of sensorial attributes, 

but also of food properties. It is a matter of fact that the structuring and destructuring 

phenomena occurring during processing, storage, and digestion cause the resulting 

technological and nutritional functionalities. Thus, the proper knowledge of the food 

structure could be exploited to rational design new food products with the desired 

attributes. 

Based on these considerations, the aim of this Ph.D. thesis was to design novel food 

structures by applying different technological interventions focusing the attention on the 

interrelationship between structure and functionalities. 
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Summary 

In this Ph.D. thesis novel food structures were designed by applying different 

technological interventions. The interrelationship between food structure and resulting 

functionalities, intended as the technological and nutritional properties of the designed 

food, was critically evaluated considering both structuring and destructuring 

modifications upon processing, storage and/or digestion.  

In particular, formulation interventions were applied to design delivery systems for 

probiotic bacteria. The latter were selected due to their demonstrated capacity to confer 

health benefits to the host. Unfortunately, several challenges could limit the vehiculation 

of probiotics in foods, such as their susceptibility to external stresses during both 

manufacturing and digestion. Thus, in this Ph.D. thesis different biopolymer- and lipid-

based structures were used as carrier system for probiotic bacteria. Structural 

modifications occurring during cold storage and in vitro digestion were correlated with 

cell viability to understand the main factors involved in microorganism protection.  

In the second part of the Ph.D. thesis, the potentialities of novel technologies to modify 

structure and resulting functionalities of biopolymers were analysed. High-pressure 

homogenization, pulsed electric fields, high pressure carbon dioxide, and ohmic heating 

were exploited to steer technological and nutritional properties of cheap and sustainable 

biopolymers, such as vegetable proteins and starch. 

Results clearly highlighted that the formulation/processing conditions applied influenced 

the resulting functionalities. The latter are strongly correlated with the designed food 

structures indicating that the application of a rational design approach is essential to meet 

the modern food quality criteria. 
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Chapter 1 Introduction 

1.1 The challenges of the modern food system 

Nowadays, the food system, intended as all the actors involved in the food supply chain, 

delivers to consumers manifold food products with different functionalities in terms of 

convenience, affordably, nutritional aspects, and quality. However, a significant global 

change is occurring involving the food sector. The world’s population is increasing 

steadily and is expected to reach almost 10 billion by 2050. Moreover, for the first time in 

the human history, the elderly (65 or older) represent the faster growing segment of the 

World population, rising almost 2 billion by 2050 (Aguilera & Park, 2016; Eurostat, 2019; 

Jędrusek-Golińska et al., 2020). Thus, the demand for global food supply as well as for 

specific dietary needs is also increasing. Besides this, an enlarging number of people all 

over the world is experiencing undernutrition or overnutrition. It has been stated that 

almost 820 million people suffer from hunger, while nearly 2 billion people are 

experiencing micronutrient deficiency (Godfray et al., 2010; McClements, 2020; Turgeon 

& Rioux, 2011; WHO, 2014). On the other hand, nearly 2 billion adults are overweight, of 

whom 672 million are obese (WHO, 2018). In Europe, almost 50% of the population is now 

overweight resulting in the prevalence increase of diet-related diseases, life quality 

decline, and overpressure of the economy and health care systems (European 

Commission, 2020; McClements, 2020; Parsons & Hawkes, 2018). Overall, dietary habits 

are not in line with national recommendations. While average intakes of energy, red meat, 

sugars, salt, and fats exceed recommendations, consumption of whole cereals, fruit and 

vegetables, legumes, and nuts is insufficient (European Commission, 2020; McClements, 

2020; Parsons & Hawkes, 2018). The estimated population growth combined with the 
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current dietary trends, will also exacerbate the effects of food production on the Earth 

system stability in terms of greenhouse-gas emissions, pollution, biodiversity loss, and 

water and land use (Bujnicki et al., 2020; FAO, 2013, 2017; Parsons & Hawkes, 2018; Willett 

et al., 2019). Due to the aforementioned scenarios, the food system is now called to 

undergo a significant shift from the traditional high resource-consuming approach 

towards a more sustainable one. Equitably, the reduction of diet-related diseases by 

applying healthy diets is likewise a global key goal by 2050 (Poore & Nemecek, 2018; 

Willett et al., 2019). Consequently, food actors are called to create the new generation of 

food products able to satisfy not only consumer requirements, such as tasty, convenience, 

and price, but also healthy, socioeconomic, and environmental attributes. In addition, 

dietary habits and food culture of each ethnic group and local population should also be 

taken into account (McClements, 2019, 2020; Perrot et al., 2016). In particular, the major 

food-related challenges to be faced by the modern food system and relative strategies and 

tactics to help address them are reported in Table 1. The complexity of these challenges 

cannot be faced just by applying the “cook and look” approach, but require an engineering 

approach consisting in the rational, robust, and integrated design of foods able to merge 

different and sometimes opposite needs (Jones & McClements, 2010). 
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Table 1 Main challenges and relative strategies and tactics adopted to create the new 

generation of foods. 

Challenge Strategy Tactic Reference 

Tackling 

malnutrition 

Increasing nutrient 

availability  

Reducing food 

production costs 

Using foods naturally 

providing deficient 

nutrients 

Formulating nutrient 

enriched foods  

Using efficiently and low-

cost technologies 

Alongi (2020), 

McClements (2020) 

Reducing 

calory density 

and food 

intake 

Providing foods with 

greater satiety and 

satiation while 

decreasing 

macronutrient intake 

Slowing down 

macronutrient 

digestion 

Reducing food portions 

Formulating low calory 

foods 

Using naturally low 

caloric ingredients/foods 

Designing food structures 

to slow down the 

digestion rate 

Alongi (2020), 

McClements (2020), 

Melchior, Alongi, 

Boschelle, & Anese 

(2019), Nehir El & 

Simsek (2012), Palzer 

(2009) 

Introducing 

foods with 

healthy 

properties 

Increasing 

micronutrient 

availability  

 

 

Using foods/ingredients 

naturally containing 

micronutrients  

Protecting health 

promoting components 

Alongi (2020), 

McClements, Decker, 

Park, & Weiss (2009), 

Palzer   (2009) 

Reducing food 

unhealthy 

properties 

Decreasing unhealthy 

component intake  

Reformulation of 

traditional foods 

Manzocco, Calligaris, Da 

Pieve, Marzona, & Nicoli 

(2012), Nehir El & 

Simsek (2012), 

O’Sullivan, Barbut, & 

Marangoni (2016), Wang, 

Gravelle, Blake, & 

Marangoni (2016) 

Increasing gut 

health 

Increasing probiotic 

and prebiotic 

consumption 

Fortification of foods 

Designing delivery 

structures 

Melchior, Marino, D’este, 

et al. (2021), Melchior, 

Marino, Innocente, 

Calligaris, & Nicoli 

(2020), Rathore, Desai, 

Liew, Chan, & Heng 

(2013) 

Formulating 

foods for 

elderly 

Modulating the 

nutrition profile 

Adapting food texture 

to elderly needs 

Using soft structures 

Fortification of foods with 

limiting nutrient 

Designing food structures 

to increase/decrease the 

digestion rate 

Reducing total daily 

intake  

Aguilera & Park (2016), 

Assad-Bustillos et al. 

(2020), Jędrusek-

Golińska et al. (2020) 

Reducing 

animal-based 

foods 

Limiting animal-

based food intake 

Formulating meat 

replacers 

Using plant-based 

ingredients/foods 

McClements (2020), 

Schreuders et al. (2019) 
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1.2 The design of foods 

Traditionally the design of novel foods or the modification of existing ones has been 

carried on by the application of technological interventions, such as formulation strategies 

and/or processing operations. However, a food product is a multiphase system built up 

from different materials which are generally not found in their natural environment and 

conditions. In addition, to fulfil consumer acceptability a basic characteristic of the 

majority of foods is to be far from the thermodynamic equilibrium (Aguilera, 2006; 

Mezzenga, Schurtenberger, Burbidge, & Michel, 2005; Scholten, 2017). Thus, the current 

necessity to create the new generation of foods requires a step forward compared to the 

traditional design approach. In fact, the most valuable properties of foods are not 

determined by their composition, but rather by their unique structure (Aguilera, 2006; 

Mackie, 2017). The latter can be defined as the organization of food molecules that 

interact to generate definite structural elements that in turn assemble into larger 

domains (Guo, Ye, Singh, & Rousseau, 2020).  Only through the proper knowledge of the 

molecular organization of the food-grade building blocks as well as their physico-

chemical properties under different environmental conditions could intelligently guide 

the creation of engineered structures with tailored attributes (Joardder, Kumar, & Karim, 

2017; Scholten, Moschakis, & Biliaderis, 2014).  

1.2.1 Food structure 

1.2.1.1 Food structure architecture 
The food product is characterized by a peculiar architecture that defines its identity and 

properties. Starting from the bottom and going up to a more complex organization, food 

architecture can be considered as the arrangement of food-grade building blocks hold 

together through the formation of specific interactions (Figure 1) (Aguilera, 2012).   
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Figure 1 Food structure architecture. 

The main building blocks involved in food structure formation are essentially lipids and 

biopolymers, such as proteins and carbohydrates. Besides these elements, also water can 

be considered as an essential structural element because it can exist in different physical 

states over the temperature range of food. It is also responsible for molecule 

lubrification/plasticization and acts as solvent for dissolution or interaction of other 

molecules (de Jongh, 2007; Heertje, 2014; Jones & McClements, 2010; McClements, 2005, 

2019; McClements, Decker, Park, et al., 2009; Morris, 2007; Tolstoguzov, 1996; Zúñiga & 

Troncoso, 2012). 

Building blocks are hold together by different physico-chemical interactions and forces. 

The latter include: 

➢ Electrostatic interactions that involve charged or partially charged species, such 

as ions or polar molecules. They are responsible for attraction or repulsion between 

molecules with opposite or similar charge, respectively;  

➢ Hydrophobic interactions act only between non-polar regions of the molecules 

involved. In aqueous solutions, hydrophobic forces favour the non-polar group 

association to minimize the contact with water; 

➢ Hydrogen bonds are a relatively weak forces that arise among polar groups of the 

same or different molecules. Hydrogen atoms with a slight positive charge and 

oxygen atoms with a slight negative charge are electrostatically attracted to each 

other. This interaction plays a major role in stabilizing intra-molecular structures 
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in many biopolymers as well as the formation of junction zones between different 

molecules; 

➢ van der Waals forces hold together all types of molecules. However, this attractive 

force is weak and its contribution to the overall food assembly is quite scarce; 

➢ Excluded volume or steric volume effect is the result of the competition for the 

available volume within a system (Jones & McClements, 2010; McClements, 2005, 

2019; McClements, Decker, Park, et al., 2009). 

Building blocks and the related physico-chemical forces lead to the formation of different 

and manifold structures which can be attributable to main families, named micelles, gels, 

emulsions, foams, and particles (Heertje, 2014; Jones & McClements, 2010). In the last 

years, several design principles have been developed to steer this process. In particular: 

➢ Phase separation or miscibility happens when two materials are mixed resulting 

in only one phase (miscibility) or different phases (phase separation). One 

behaviour rather than the other depends on the interactions formed between the 

molecules involved; 

➢ Self-assembly leads to the formation of well-defined structures usually stabilized 

by hydrogen bonds, hydrophobic attraction or electrostatic interactions. It could 

be spontaneous when the free energy of the system is reduced leading to the 

formation of thermodynamically stable structures, or “induced” when the 

structure arrangement is obtained by selecting the proper conditions (e.g. choice 

of ingredient and process parameters, such as temperature, pH, ionic strength); 

➢ Phase transition consists in the passage from one physical state to another one 

induced by temperature and/or pressure change (Jones & McClements, 2010; 

McClements, Chung, & Wu, 2017; McClements, Decker, Park, et al., 2009; van der 

Sman & van der Goot, 2009). 

Food structure depends on different intrinsic and extrinsic factors. Intrinsic factors are 

those that naturally characterize the raw materials used. It is a matter of fact that nature 

uses a limited range of molecules and self-assembly principles to build up a wide array of 

larger and complex structures such as cells and tissues at multiple length scales. Spanning 

million years, these structures have evolved to well-adapted forms with optimal efficiency 
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via the process of natural selection to obtain remarkable properties (Do, Singh, Oey, & 

Singh, 2018). Quite the opposite, extrinsic factors are those applied externally that can 

modify the intrinsic properties of the food structure. In other words, these parameters are 

represented by the environmental and process conditions adopted (temperature, pH, 

pressure, ionic strength, etc.). Finally, food structure is scale-specific because interactions 

between building blocks may take place at various length scales in the same food 

(Aguilera, 2019). 

1.2.1.2 Hierarchical organization of food structure 
Food structure refers to different length and time scales, from millimetres down to 

nanometres and from hours to picoseconds, respectively (Figure 2). 

 

Figure 2 Representation of the different length and time scales relevant for hierarchical 

organization of food structure. Adapted from Aguilera (2012), Bhopatkar, Hamaker, & 

Campanella (2012), and Do et al. (2018). 

The macroscopic level of organization (above 100 µm) defines both the food physical state 

(liquid, solid, or gas), which is important during production, storage, and consumption, 

and the product properties relevant to consumers, such as colour, firmness, thickness, 

spreadibility (Aguilera, 2005; van der Linden, 2008). However, the majority of elements 

actively involved in transport properties, sensorial attributes, development of rheological 

performance, and digestion of foods are below the 100 µm range (Aguilera, 2005). More 
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specifically, microstructures range between 1 and 100 µm while the size of 1-100 nm 

identifies nanostructures (Cushen, Kerry, Morris, Cruz-Romero, & Cummins, 2012). The 

latter are also called “embryo of matter” since they effectively bridge the molecular 

structure and bulk matter (Bhandari & Roos, 2012). Furthermore, nanostructure is largely 

involved in food properties because the size reduction caused an increase in surface area 

enabling chemical, physical and enzymatic reactions (Bhopatkar et al., 2012). Beyond the 

above-mentioned differences, micro- and nanostructures also differ in terms of 

thermodynamic behaviour. Microstructures, which are obtained as a result of energy 

input, are generally in a nonequilibrium state and thus their structures depend on 

components and interactions involved. These structures are thermodynamically unstable 

and tend to reduce their free energy (surface area) along time. Oppositely, nanostructures 

are thermodynamically stable, unless the molecules react with the environment, and are 

formed spontaneously when the components are led to interact by proper concentration 

and physico-chemical conditions (Leser, Michel, & Watzke, 2003; Michel & Sagalowicz, 

2008).  

In this hierarchical organization, the macrostructural characteristics are conditioned by 

properties and interactions between building blocks involved at the microscopical level. 

The microstructural behaviour in turn depends on food nanostructure and finally on 

molecules engaged. Thus, to rational design food products it is essential to consider their 

structural behaviour at all length scales to understand how the structure influences the 

resulting food properties (van der Linden, 2008).  

1.2.1.3 Food structure life cycle 
Food structure is not a static organization, but a dynamic system continuously subject to 

internally and externally induced modifications resulting in structuring and destructuring 

phenomena. These take place throughout the entire food life cycle, form raw materials, 

through process and storage, and finally to digestion and adsorption (Aguilera, 2006, 2019; 

Chen, 2015; Dickinson, 2012; Guo et al., 2020). Most ingredients, later to become such, are 

assembled into natural hierarchical structures either for functionality (e.g. polysaccharides 

in plant cell walls, proteins in muscles), energy reserve (e.g. oil in oilseeds, starch granules 

in cereals) or protection (e.g. polyphenols in plants). The rational destruction of these 

natural structures by technological operations (e.g. milling, grinding, extraction) allows 
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the separation of the valuable components from the inert matrix in which they are 

embedded (Aguilera, 2006, 2019). The resulting ingredients are then used to create novel 

structures that assemble to give life to the final food product. This food structuring process 

is possible thanks to the deliberate destabilization and destruction of the original 

ingredient structure through the application of specific processing operations (e.g. 

homogenization, heating) and/or environmental conditions (e.g. changes in pH, ionic 

strength) which favour the formation of new physical phases, interactions, and 

aggregation states (Aguilera, 2006, 2019; Fito, LeMaguer, Betoret, & Fito, 2007; van der 

Sman & van der Goot, 2009). Through this way a limited number of building blocks can 

generate a wide type of food structures spanning from liquid to emulsions, solids, gels, 

and foams (Aguilera, 2006). The technological operations (formulation and processing) as 

well as the environment (temperature, pH, moisture) to which the product is exposed 

during distribution and storage can cause further structural modifications. In fact, 

deteriorative events, such as chemical (oxidation, nonenzymatic browning), microbial, 

enzymatic (enzymatic browning, lipolysis, proteolysis), and physical (coalescence, 

aggregation, sedimentation) reactions, may occur during time (Robertson, 2010). 

Last but not least, the final step of the food structure life cycle occurs during digestion 

through oral and body processing. These events involve enzymatic, mechanical, and pH-

induced modifications inevitably causing the destructuring in the gastrointestinal tract 

(GIT) by mixing, swelling, hydrolysis, and shearing. At the same time, the broken-down 

food structure can be restructured via processes such as bolus formation, phase 

separation, biopolymer interaction. The structuring and destructuring of food in the 

mouth and stomach influence the digestion of the product and the subsequent release and 

adsorption of nutrients (Aguilera, 2006; Guo et al., 2020; Turgeon & Rioux, 2011). More 

specifically, during oral processing the food structure is permanently modified as a 

consequence of physical (mechanical mixing, hydration, and heating) and biochemical 

(enzymatic reactions) phenomena. The effects of the oral phase strongly depend on the 

nature and characteristics of food structure which also influences the resulting textures 

and sensorial perception (Capuano, Oliviero, Fogliano, & Pellegrini, 2018; Chen, 2015; Guo 

et al., 2020; Mosca & Chen, 2016; Singh, Ye, & Ferrua, 2015). Passing in the stomach, further 

destructuring occurs due to swelling, ion, antral grinding, and enzyme effects. The food 
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susceptibility to these actions greatly depends on its inherent structure which in turn 

affects the gastric empty and the release of nutrients. Moreover, during the gastric phase, 

restructuring of digesta occurs due to peristalsis and pepsin-, ion- and/or acid-induced 

modifications. These events have been described by three different mechanisms. 

Ionotropic gelation promotes biopolymer gelation favouring monovalent or multivalent 

cation interactions with anionic biopolymers. Acid self-structuring is another pathway 

involved in the gelation of biopolymers while, in presence of oil, emulsion restructuring 

is driven by the interfacial properties of the food structure (Aguilera, 2019; Guo et al., 2020; 

Singh et al., 2015; Turgeon & Rioux, 2011).  

Finally, in the intestine the food structure is further breakdown by enzyme action resulting 

in micro and macro molecules potentially absorbable (Norton, Wallis, Spyropoulos, 

Lillford, & Norton, 2014). 

1.2.2 Food functionalities 

Besides the proper knowledge of the food structure, the other pivotal point to be 

considered in the design of foods is represented by the resulting food properties, also 

called “food functionalities”. The latter has never been clearly defined, but it has been 

inferred from the evolution of food products. Within the food industry inception, the 

attention was paid on the food process and the major target was to provide safe products 

with the intended shelf life. Later, the continuous manufacture evolution allowed to 

provide products able to benefit consumers in terms of convenience and enhanced sensory 

quality while ensuring a good nutritional value. Thus, until now the focus was paid on 

the technological functionalities of food (e.g. consistency, flavour, mouthfeel) and only 

marginally on the nutritional aspects. However, by the beginning of the XXI century, the 

food industry has been called to change its approach by increasing consumer conscience 

of health risks associated with unbalance food consumption. Whilst the technological 

functionalities have to maintain the high consumer requirements, they become secondary 

compared to the nutritional functionality (Aguilera, 2018).  Hence, the term “food 

functionality” has been often used in reference to technological or nutritional properties 

and only rarely it has included both aspects. Moreover, erroneously this expression has 

been adopted interchangeably with the terms “functional food” or “functional 



Chapter 1 

 

15 

properties”. Yet, difficulties in applying the term “functionality” to food were addressed 

also in the past as highlight by Pour-El (1981) stating that “No subject in the general area 

of food chemistry and technology has suffered more from inconsistency, confusion, and 

ambiguity than the field of functionality”. Despite this, in the near future, since another 

transformation is required in the food system to guarantee sustainable, nutritional and 

technological properties, a clear definition of food functionality needs to be coined 

avoiding any further misunderstandings. Thus, “Food functionality” can be defined as the 

quality of a food product of being suited to serve a purpose well. In the current status, the 

“purpose” needs to join the mainstays of the modern food system (technology, nutrition, 

and sustainability), but other functionalities are not excluded.  

1.2.2.1 Technological functionalities 
Technological functionalities can be defined as the physicochemical properties which 

affect the behaviour of food building blocks (proteins, lipids, and carbohydrates) in food 

systems during processing, storage, preparation, and consumption, as judged by the 

quality attributes of the final product. This implies that the given component present in 

optimum concentration, subjected to processing at optimum parameters, contributes to 

the expected desirable functional characteristics of the product (Sikorski & Piotrowska, 

2007). Such definition derives from the term “functional properties” coined by Kinsella 

(1976) to describe the technological functionalities of proteins. However, many of the 

protein properties belong also to carbohydrates and lipids and for this reason in the last 

decades “functional properties” have been erroneously used to describe the characteristics 

of all food elements. Thus, to avoid further misunderstandings, “technological 

functionality” is more appropriate and clearer since it refers to lipids, proteins, and 

carbohydrates. 

Currently, there is not a commonly recognized classification of these properties that can 

be made considering the nature of the molecules (proteins, polysaccharides, lipids), the 

interactions or the mechanism involved in the food system. The latter is probably the best 

fitting classification method since it takes into account the complexity of the food system. 

Based on this, in Table 2 are reported the main properties determining the technological 

functionalities of food biopolymers and lipids. 
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Table 2 Main functional properties, their definition, and macromolecules involved 

 (Kinsella, 1976; Kristo & Corredig, 2015; Sikorski, 2001; Wijaya, Wijaya, & Mehta, 2015). 

Role in the food 

system 

Technological 

Property 

Definition Macromolecules 

involved 

Solvent interaction Solubility  Amount of a food molecule that 

dissolves into a solvent (oil or 

water) 

Proteins, 

carbohydrates, 

lipids 

Surface activity Emulsifying 

capacity (EC) 

Volume of oil that can be 

emulsified, before phase 

inversion or collapse of 

emulsion occurs 

Proteins, 

carbohydrates 

Foaming 

capacity (FC) 

Increase in volume upon the 

introduction of a gas into a 

solution or dispersion 

Proteins, 

carbohydrates 

Structuring/Texturing Gelling capacity Ability to form a three-

dimensional structure that 

immobilizes solvent, solutes, 

and filling material 

Proteins, 

carbohydrates, 

lipids 

Dough 

formation 

Ability to form a dough Proteins, 

carbohydrates 

Viscosity Frictional resistance to shear Proteins, 

carbohydrates, 

lipids 

Hardness Force required to compress the 

sample 

Proteins, 

carbohydrates, 

lipids 

Cohesiveness Degree to which a food can be 

deformed before it breaks 

Proteins, 

carbohydrates, 

lipids 

Texturizability Ability to form structure, 

chewiness, and fibrosity 

Proteins, 

carbohydrates, 

lipids 

Crystallization Solidification into highly 

structured crystals 

Lipids and 

carbohydrates 

Holding/Binding Oil holding 

capacity (OHC) 

Ability of a macromolecule to 

hold its own or added oil during 

the application of forces, 

pressing, centrifugation or 

heating. 

Proteins, 

carbohydrates 

Water holding 

capacity (WHC) 

Ability of a macromolecule to 

hold its own and added water 

during the application of forces, 

pressing, centrifugation, or 

heating 

Proteins, 

carbohydrates 

Sensory Sensorial 

attributes 

Properties manifested through 

the sense organs including 

odour, colour, flavour, texture, 

brittleness 

Proteins, lipids, 

carbohydrates, 

minor 

components 
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The main forces involved in technological functionalities are those reported in Paragraph 

1.2.1.1 (hydrogen bond, ionic forces, hydrophobic interactions) that indicate the pivotal 

role of structure-functionality relationship.  

Furthermore, the technological properties of food components are affected by 

environmental conditions (pH, ionic strength, temperature), number of accessible reactive 

groups, and exposure of hydrophobic/hydrophilic areas in the given material (Kinsella, 

1976; Kristo & Corredig, 2015; Sikorski, 2001; Wijaya et al., 2015).  

Although the determination of technological functionality is quite straightforward, the 

interpretation of the results could be hindered by several factors. First, technological 

functionality implies the understanding of physical and chemical interactions of a 

multicomponent system. In other words, food properties reflect more the interactions 

between components than the properties of individual components themselves. Secondly, 

macromolecules and lipids involved in technological functionality assessment are 

multifunctional and fulfil simultaneously several functional properties that could be 

modified by process, formulation, and storage. Finally, the technological attributes strictly 

depend on the place and role of a single component in the structural hierarchy of foods 

(Tolstoguzov, 1991, 1996, 2002).  

1.2.2.2 Nutritional functionalities 
The understanding and the evaluation of the food gastrointestinal fate is essential to 

design new food products and to predict how they affect the metabolism. To this purpose, 

several in vitro digestion models have been developed to mimic the human digestion 

(Brodkorb et al., 2019; Minekus et al., 2014). Even if in vivo trials are still the “golden 

standard”, the increasing reproducibility and precision of these methods offer a robust, 

ethic-free, cheap, and solid tool for screening the digestibility and thus the nutritional 

functionalities of several food systems especially the model/simply ones (i.e. simple/stable 

emulsions, protein solutions or starch) (Bohn et al., 2018; Hur, Lim, Decker, & 

McClements, 2011). The nutritional functionalities of the digested product can be 

quantified in terms of: 

➢ Bioaccessibility: the fraction of ingested micro or macro-nutrient that is suitable 

for absorption after the gastrointestinal transit; 
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➢ Bioavailability: the fraction of an ingested micro or macro-nutrient that is 

adsorbed and becomes available at the site of action (McClements, 2020; 

McClements et al., 2015; Parada & Aguilera, 2007). 

Although all nutrients are potentially bioaccessible, almost none of them is completely 

converted in an absorbable and thus bioavailable form during digestion. Moreover, both 

bioaccessibility and bioavailability of a food matrix are strongly dependent on the food 

structure. To this regard, Figure 3 reports same possible fate of a target molecule in terms 

of concentration during technological processing and bioaccessibility upon body 

processing. 

 

Figure 3 Possible fate of a target molecule in terms of concentration during technological 

processing and bioaccessibility upon body processing. 

The nutritional functionality assessment is incredibly complex and still far from an exact 

science. In fact, food products are composed of a plethora of building blocks whose 

interactions potentially can be modified during the gastrointestinal tract. Furthermore, 

even if with the same composition, the nutrient organization within a product can be 

different resulting in changed metabolic behaviour (Hiolle et al., 2020; McClements & 

Peng, 2020; Norton, Gonzalez Espinosa, Watson, Spyropoulos, & Norton, 2015; Somaratne 

et al., 2020). The digestion process itself is extremely complex involving enzymatic, 

chemical, biochemical, and mechanical reactions. These mechanisms regulate the food 

destructuring influencing the nutrient release and therefore are strongly dependent on the 

food material characteristics, such as structure and physico-chemical properties. Finally, 

it should also be considered that nutrients can be transformed by the gut microbiota into 

available metabolites (Dupont, Le Feunteun, Marze, & Souchon, 2018; Parada & Aguilera, 

2007; Somaratne et al., 2020).  Hence, the simple quantification of bioaccessibility and 
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bioavailability alone is not sufficient to predict the nutritional impact of a food product. 

Alongside the measure of the nutritional properties, the structuring and destructuring 

evaluation of the digested food matrix is essential not only to understand the fate during 

the gastrointestinal digestion but also to carry out and implement formulation and process 

strategies aiming at rational food design (Dupont et al., 2018). To this regard, variation in 

electrical properties, particle size distribution, rheological determination as well as 

microscopy can be used as tools to evaluate the food disaggregation and the interaction 

with enzymes. More recently, novel non-destructive and in situ analysis have been 

proposed such as the magnetic resonance, fluorescence correlation spectroscopy, 

fluorescence recovery after photoblanching, time-laps synchrotron deep-UV fluorescence 

microscopy as well as computational models of the gastrointestinal tract (Chen, 2009; Guo 

et al., 2020; Mengucci, Bordoni, & Capozzi, 2020; Norton et al., 2014; Singh et al., 2015). 

1.3 New horizons of food design 

Foods with enhanced functionalities can be obtained by different paths. The “primitive” 

structural design approach is the “top-down” which involves the breakage of 

macrostructures into smaller ones. This is the case of the application of spray drying, spray 

chilling, extrusion, mixing, milling, and grinding. Although this strategy is usually 

adopted by food industries, the limit is that it does not allow the complete design 

fulfilment. Hence, the structural design approach for the future is the “bottom up” which 

permits the intelligent shaping of food structure and functionalities. It consists of a double-

step procedure. Firstly, molecule-by-molecule or component-by-component nanometre 

structures are formed; secondly, the nanostructures assembly into hierarchical larger 

systems such as complexes, emulsions, crystals, micelles (Leser et al., 2003; Lesmes & 

McClements, 2009). Following this strategy, in the last years several technological 

interventions have been developed with the aim of potentially guarantee technological, 

nutritional, and sustainable functionality simultaneously. In broad terms, these strategies 

can be categorized as formulation and/or processing interventions (Aguilera, 2006, 2019; 

Guo et al., 2020; Sanguansri & Augustin, 2006). 
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Formulation interventions require a precise knowledge of the ingredients. The latter may 

be chosen based on the outcome to be achieved (Table 1), the ingredient compatibility and 

their possible interactions, the type of structure to generate (emulsion, gel, foam), the 

design principles applied, and the desired functionalities.  

Nowadays, the main formulation pathways consist in: 

➢ selecting or including health promoting ingredients. Rather than reducing food 

components that have adverse health effects (e.g. sugars, fats, salt), the current 

trend is to increase the level of food components with potentially beneficial health 

effects. This is the case of bioactive compounds as well as probiotic and prebiotics. 

The tactic consists in selecting sources that naturally provide these components or 

in intentionally adding them into foods (Alongi, 2020; McClements, 2020).  

➢ fostering vegetable sources. Due to the necessity to reduce animal-based food 

consumption (Paragraph 1.1), the potentialities of plant-based ingredients are now 

evaluated. The challenge is not only to reformulate traditional foods mimicking 

meat-based ones, but also to design novel foods that taste good, are sustainable, 

and are good for health. Ongoing efforts are being made to find ‘new’ and 

affordable sources of plant protein, including exploring the possibility of utilising 

waste streams (Lonnie et al., 2020; McClements, 2020).  

➢ developing nano- and micro-structures. The accurate and researched selection of 

ingredients can be exploited to design nano and micro-structures. The latter can be 

used as delivery systems (e.g. micelles, nanoemulsions, microgels) to protect the 

encapsulated compound against external stresses while guarantying sensorial 

attributes, or to produce reduced-calorie foods (e.g. microparticles, biopolymer 

microgels) by removing partially or completely fats or starch (McClements, 2020; 

Nehir El & Simsek, 2012). 

On the other hand, processing interventions refer to operations used to modify physico-

chemical and/or nutritional properties of food acting on its structure. Historically, process 

has been used to guarantee safety, shelf-life extension, palatability, and convenience of 

food products. More recently, food processing has been placed under the magnifying glass 

since processed foods are pointed as one of the causes of health diseases (Knorr & Watzke, 
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2019; Monteiro, Moubarac, Cannon, Ng, & Popkin, 2013; Moubarac, Parra, Cannon, & 

Monteiro, 2014). However, as for formulation interventions, also processing, when the 

right strategies are taken, does not represent the “demon” but rather the main tool for 

improving the food quality. In fact, by retargeting food processing toward structure-

functionality development, the proper outcomes (convenience, health, functionality, 

sustainability, and epicurean) can be reached (Derbyshire, 2019; Knorr & Watzke, 2019). 

To this purpose, novel and emerging technologies have received great attention due to 

their “green”, mild, and efficient nature without compromising safety and nutritional 

quality (Fasolin et al., 2019; Knorr & Watzke, 2019; Pereira & Vicente, 2010; Picart-

Palmade, Cunault, Chevalier-Lucia, Belleville, & Marchesseau, 2019). The fundamental 

principle of novel technologies consists in the exploitation of electromagnetic and 

mechanical waves, pressure, or electric fields (Table 3). Based on the intensity of the 

physical variable applied, these technologies can be classified in thermal and non-thermal. 

The latter are those capable to inactivate microorganisms at temperatures below those 

normally used in traditional thermal processing (Barbosa-Cánovas & Bermudez-Aguirre, 

2011).  

Thermal technologies are mainly based on electromagnetic and electric phenomena that 

generate heat directly inside the food. Among all, dielectric heating (radio frequency and 

microwave) and ohmic heating (OH) have been used to modify food functionalities by 

shaping macromolecules properties (Fasolin et al., 2019; Pereira & Vicente, 2010; Tao et al., 

2020; Vicente & Castro, 2007). For example, the combination of heating and electrical effect 

in OH cause changes in protein morphological and physicochemical characteristics which 

can be exploited to design structured systems, such as emulsions, gels, fibrils, or 

complexes, with intended technological and nutritional functionalities (Fasolin et al., 2019; 

Pereira et al., 2016, 2018).  

Non-thermal interventions may be classified according to the physical force of action, such 

as pressure, electrical fields as well as mechanical and electromagnetic waves. At present, 

high hydrostatic pressure (HHP), high pressure homogenization (HPH), ultrasounds, 

pulsed electric fields (PEF), UV and high intensity pulsed light represent the most 

important non thermal technologies applied in the food sector. These interventions have 
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been investigated especially as chemically-free extraction methods or as an alternative to 

conventional thermal treatments (Pereira & Vicente, 2010).  

Table 3 Main thermal and non-thermal novel technologies. 

 Physical force Technology Principle of action Reference 

T
H

E
R

M
A

L
 

Electromagnetic waves Radiofrequency 

(RF) 

Electromagnetic 

alternating field from 1 

to 300 MHz 

Fasolin et al. (2019); 

Pereira & Vicente 

(2010) 

Microwave 

(MW) 

Electromagnetic 

alternating field from 

300 to 3000 MHz 

Electric waves Ohmic heating 

(OH) 

External 

low/moderate (< 1000 

V/cm) electric field 

N
O

N
-T

H
E

R
M

A
L

 

Pressure High Pressure 

Homogenization 

(HPH) 

Dynamic pressures up 

to 400 MPa 
Floury, Bellettre, 

Legrand, & 

Desrumaux (2004) 

High 

Hydrostatic 

Pressure (HHP) 

Isostatic pressures 

from 100 to 1000 MPa 

Fasolin et al. (2019); 

Pereira & Vicente 

(2010); Picart-

Palmade et al. (2019) 

Pressure+Temperature High-Pressure 

Carbon Dioxide 

(HP- CO2) 

Pressurised CO2 at 

temperature/pressure 

conditions below or 

above the critical point 

(31.1 °C, 7.38 MPa) 

Manzocco, Plazzotta, 

Spilimbergo, & Nicoli 

(2017); Picart-

Palmade et al. (2019) 

Mechanical waves Ultrasounds 

(US) 

Low frequency sound 

waves (usually 24–50 

kHz) 
Plazzotta & 

Manzocco (2018) 

Electric fields (PEF) High intensity 

pulsed electric 

fields (HI-PEF) 

Short pulses (μs–ms) 

of high intensity 

electric field (15-80 

kV/cm) 

Soliva-Fortuny, 

Balasa, Knorr, & 

Martín-Belloso 

(2009); Timmermans 

et al. (2019); Toepfl, 

Heinz, & Knorr 

(2006) 

Moderate 

intensity pulsed 

electric fields 

(MI-PEF) 

Short pulses (μs–ms) 

of moderate intensity 

electric field (< 5 

kV/cm) 

Electromagnetic waves Pulsed light (PL) Short pulses of intense 

flashes of broad 

spectrum light ranging 

from 200 (UV) to 1000 

(NIR) nm 

Elmnasser et al. 

(2008) 

 

Only in the last years their potentialities to assist the rational food design have been 

explored. In particular, novel technologies have demonstrated the ability to modify the 
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structural and functional characteristics of the main food components (proteins and 

carbohydrates). Additionally, some of them have been exploited to create novel food 

structures such as nanoemulsions, aerogels, and liposomes (Fasolin et al., 2019; López-

Pedrouso et al., 2019; Plazzotta, Calligaris, & Manzocco, 2018). Finally, novel technological 

strategies can also be established by combining different processes such as high-pressure 

homogenization and ultrasounds (Calligaris, Plazzotta, Valoppi, & Anese, 2018). 

1.4 Structure-functionality relationship 

The design of novel products or the improvement of existing ones depends on the relation 

between food structure and resulting functionalities (Bhopatkar et al., 2012; McClements, 

Decker, Park, et al., 2009). In fact, as previously reported (Paragraph 1.2.2), functional 

properties are influenced by the designed food structure rather than the food composition 

(Aguilera, 2006; Mackie, 2017). Until now, little is known about this interplay since one 

aspect rather than the other has been often contemplated or the functionality evaluation 

has been conducted considering technological or nutritional aspects and rarely both of 

them. The resulting insufficient knowledge of structure-functionality relationship could 

lead to a complex, challenging, and sometimes incomplete design of the new generation 

of food products. To face the challenges of the modern food system (Table 1), the simple 

creation of foods is not enough, but it is required to apply rational, robust, and integrated 

design of foods. To this purpose, it is essential to consider the relationship between food 

structure and food functionalities as well as the effects of the technological interventions 

applied during the entire food life cycle (Figure 4). 
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Figure 4 Factors involved in the rational food design. 

1.5 The “Food design approach” 

The analysis of the whole aspects involved in the rational food design (Figure 4) is 

complex, challenging, and time consuming. Thus, a systematic approach able to combine 

all these factors is necessary to facilitate the successful production of suitable foods as well 

as to ensure the required functional attributes. For this reason, in this Ph.D. thesis, the 

multi-step “Food design approach” have been proposed and reported in Figure 5. 
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Figure 5 The “Food design approach”. 

The “Food design approach” is an iterative process consisting of the food optimization 

throughout its design, development, and production by the following steps. 

 

Step 1: Aim definition 

Before starting, the aim of the novel food or the modification of the existing one should be 

clearly defined. This means answering as many questions as possible regarding the 

designed structure, such as “what is the consumer target?”, “will it be part of a more 

complex food matrix?”, “what physicochemical and nutritional properties should it 

have?”. This stage is of paramount importance since all the following steps depend on 

this. 

 

Step 2: Specification of formulation and technological interventions 

Once defined the aim, formulation and/or technological interventions are chosen. 

Different opportunities are now available to obtain the same results. Taking in mind the 

characteristics defined in Step 1, all the possibilities should be compared considering the 
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pros and cons. Furthermore, the selected intervention may need to be optimized. Thus, 

the most important variables and conditions should be identified. For instance, regarding 

formulation interventions, composition, ingredient concentration, physical state, and 

chemical properties can be modified and in the same way process parameters (time, 

temperature, pressure, etc.).  

 

Step 3: Performance testing 

In this step, the selected strategies are applied in order to evaluate their feasibility. If so 

and where possible, a preliminary visual evaluation of the designed product can be 

conducted.  

 

Step 4: Structure evaluation 

The first step to evaluate if the final product is compliant with the aims defined in Step 1 

is the evaluation of the structure obtained in Step 3. The most representative characteristics 

should be analysed to understand the overall phenomena occurred in Step 3 as well as the 

effect of the intervention selected in Step 2.  Moreover, this Step is fundamental to better 

carry out and understand the subsequent phases. 

 

Step 5: Functionality assessment 

The functionality assessment should be conducted considering both technological and 

nutritional functionalities. As previously reported, these two aspects are needful to 

perfectly shaping the final product without neglecting pivotal information. Throughout 

the functionality assessment, food structuring and destructuring must be considered.  

 

Step 6: System optimization 

The outcomes of Step 5 should be correlated with the ones obtained in Step 4 for two 

important purposes. First of all, functionalities can be linked to structural modifications to 

elucidate and understand the phenomenon involved in Step 3, the effects of the 

interventions adopted as well as their efficacy. In fact, results collected may be not 

satisfactory. In this case, acquired information should be used to optimize or reset the 
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entire process by the application of the reasoned corrective actions. This means that Steps 

from 2 to 5 need to be reconsidered by refining the formulation and the process operations. 

 

Step 7: Final product development 

This approach can be used to produce both food products and ingredients. In this last case, 

it is important not only to meet the required specification of the ingredient per se but also 

its behaviour in the food product. In other words, in a robust “food design approach”, 

once designed the ingredient, this should be considered as one strategy of Step 2, and the 

other Steps should be conducted considering the food prototype as the main actor. 
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Aim and outline of the Ph.D. thesis 

The aim of this Ph.D. thesis was to design novel food structures with enhanced 

functionalities by applying different formulation and technological intervention. The 

interrelationship between the resulting food structures and the relative functionalities was 

then analysed focusing the attention on both technological and nutritional properties. This 

approach was used on model systems, composed by biopolymers and lipids, as well as on 

complex matrix. 

 

The study cases conducted are described in the Ph.D. thesis outline reported in Table 4. 

 

Part 1. Food design through novel formulation interventions: the study cases of 

probiotic bacteria  

This part aimed at design delivery structures to protect probiotic bacteria against process, 

storage, and digestion stresses. To this purpose, the ability of different biopolymers 

(sodium alginate, methylcellulose, and whey proteins) to form probiotic delivery 

structures was investigated (Chapter 2).  In the second part, monoglyceride-based gels 

were used as vehicle for probiotic bacteria. The effect of different formulations and 

structure on microorganism’s viability were investigated during cold storage and upon 

the gastrointestinal tract (Chapter 3).  

 

Part 2. Food design through novel processing interventions. 

The effect of the application of novel technologies on different biopolymers was assessed.  

In the first part, high pressure homogenization was used to modify the nutritional and 

technological functionalities of a model system composed by wheat starch as well as a 
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more complex system made by wheat flour (Chapter 4). Moreover, the effect of this 

technology on pea protein concentrate was investigated (Chapter 5). 

The second part aimed at evaluating the technological potentiality of pulsed electric fields 

and high-pressure carbon dioxide to shape technological functionalities of pea, rice, and 

gluten concentrates at different processing and environmental conditions (Chapter 6). 

Finally, the last part was focused on the ability of ohmic heating at moderate electric field 

conditions to induce protein fibril formation (Chapter 7). This activity was carried out at 

the Laboratory of Industry and Processes of the University of Minho (Braga, Portugal) 

under the supervision of Professor António A. Vicente. 
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Table 4 Study cases, design strategies, structure evaluation and functionality assessment performed within this PhD thesis. 

 
Study case Design strategy Structure evaluation 

Functionality assessment 

 Technological Nutritional 

F
O

R
M

U
L

A
T

IO
N

 

Probiotic 

bacteria 

Methylcellulose, sodium 

alginate and whey protein 

structures 

Optical microscopy Rheological profile Probiotic viability during storage 

and upon in vitro digestion 

Binary and ternary 

monoglyceride-based gels 

Thermal profile 

Optical and confocal microscopy 

Rheological and 

mechanical profile 

WHC 

 

Probiotic viability during storage 

and upon in vitro digestion 

Destructuring upon in vitro 

digestion (swelling, particle size, 

and ζ-potential) 

P
R

O
C

E
S

S
IN

G
 

Wheat starch HPH Thermal profile 

Optical microscopy 

Pasting properties 

WRC 

Starch digestibility 

Wheat flour HPH Sulfhydryl groups 

Absorbance at 280 nm 

Thermal profile 

Optical microscopy 

WRC 

Pasting properties 

Starch and protein digestibility 

SDS PAGE 

 

Pea protein 

concentrate 

HPH FT-IR 

Sulfhydryl groups 

Absorbance at 280 nm 

SDS-PAGE 

Particle size 

Solubility 

WHC and OHC 

Emulsion properties 

Foaming capacity 

Protein digestibility 

SDS PAGE 

Destructuring upon in vitro 

digestion (particle size and ζ-

potential) 

Pea, gluten, and 

rice protein 

concentrate 

MI-PEF FT-IR 

Sulfhydryl groups 

Absorbance at 280 nm 

SDS-PAGE 

Solubility 

WHC and OHC 

Foaming capacity and 

stability 

 

HP-CO2 Sulfhydryl groups 

Absorbance at 280 nm 

 

Solubility 

WHC and OHC 

Foaming capacity and 

stability 

 

β-lactoglobulin OH+moderate intensity 

electric field 

Thioflavin fluorescence assay 

Intrinsic and extrinsic fluorescence 

  



   

 

32 



 

 

33 

 

 

 

 

 

 

 

 

 

 

  

Part 1 



 

 

34 

 

 

 

 

 

 



 

 

35 

Food design through novel 

formulation interventions: the study 

cases of probiotic bacteria 

In the complex framework of functional foods, products enriched with probiotic bacteria 

have received particular attention due to the well-recognized benefits of the consumption 

in adequate amounts of these microorganisms (Hill et al., 2014; Huq, Khan, Khan, Riedl, 

& Lacroix, 2013; Terpou et al., 2019). According to recent statistics, from 2015 to 2025 the 

global probiotic supplement market is expected to increase from 3.3 to 7 US$ billion 

(Terpou et al., 2019). However, to support this market growth, several challenges should 

be addressed to assure the delivery of probiotic bacteria in adequate amount to the target 

host site: it is today well recognized that viability higher than 106-107 UFC/g is needed to 

guarantee the claimed health benefits (Talwalkar, Miller, Kailasapathy, & Nguyen, 2004). 

It is a matter of fact that microbial cells encounter during food processing and storage a 

number of different stresses (e.g. temperature, mechanical forces, oxygen, pH) critically 

impacting their viability (Liu et al., 2019; Terpou et al., 2019; Yao et al., 2020). Moreover, 

during the gastrointestinal transit, the strong acidic condition of the stomach, as well as 

the presence of enzymes and bile salts, are expected to significantly reduce their survival 

(Melchior et al., 2020; Ranadheera, Baines, & Adams, 2010; Sumeri et al., 2010). To limit 

the detrimental effects of these stressful conditions, a plethora of protection strategies 

based on structure design has been proposed. It is well known that the microbial tolerance 

against the digestion-related stresses is strongly dependent not only on the microbial 

strain but also on the structure and physicochemical characteristics of the delivery system 

as well as food containing them (Burgain, Gaiani, Linder, & Scher, 2011; Khan, Korber, 
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Low, & Nickerson, 2013; Liu et al., 2019; Melchior et al., 2020; Obradović et al., 2020; 

Pedroso, Thomazini, Heinemann, & Favaro-Trindade, 2012; Singh, Medronho, dos Santos, 

et al., 2018a; Terpou et al., 2019). In the last decades, many in vitro digestion protocols have 

been developed to simulate the gastrointestinal fate of food components (Brodkorb et al., 

2019; Gbassi, Vandamme, Ennahar, & Marchioni, 2009; Gómez-Mascaraque, Ambrosio-

Martín, Perez-Masiá, & Lopez-Rubio, 2017; Kumura, Tanoue, Tsukahara, Tanaka, & 

Shimazaki, 2004; Sánchez et al., 2007; Sultana et al., 2000). The application of these 

protocols could allow selecting, among different, the best performing delivery strategy 

before in vivo validation. However, rarely they have been applied to study the viability of 

probiotic bacteria vehiculated in differently structured systems (Gómez-Mascaraque, 

Morfin, Pérez-Masiá, Sanchez, & Lopez-Rubio, 2016; Krunić, Obradović, & Rakin, 2019; 

Melchior et al., 2020; Obradović et al., 2020; Singh, Medronho, Miguel, & Esquena, 2018b). 

Based on these considerations, the aim of this part was to exploit food structure as delivery 

system for probiotic bacteria during storage and upon in vitro digestion. The role of both 

formulation and structure was assess during the life cycle of the designed delivery systems 

by considering their structuring and destructuring behaviour. The following study cases 

are reported: 

✓ Chapter 2 “Effect of different biopolymer-based structured systems on the survival 

of probiotic strains during storage and in vitro digestion”; 

✓ Chapter 3 “Effect of formulation and structure of monoglyceride-based gels on the 

viability of probiotic Lactobacillus rhamnosus upon in vitro digestion”
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Chapter 2 Effect of different 

biopolymer-based structured 

systems on the survival of probiotic 

strains during storage and in vitro 

digestion 

2.1 Introduction and aim of the study 

The structuring capacity of several edible biopolymers, such as polysaccharides (alginate, 

starch, xanthan gum), proteins (casein, gelatin, whey proteins), or a combination of them 

have been studied to increase probiotic survival in foods (Burgain et al., 2011; Doherty et 

al., 2010; Fareez, Lim, Zulkefli, Mishra, & Ramasamy, 2018; Gebara et al., 2013; Liu et al., 

2019; Picot & Lacroix, 2004; Singh, Medronho, Miguel, et al., 2018; Yao et al., 2017). 

However, only few reports, most of which used different digestion methods, are available 

on the efficacy of these protective approaches during gastrointestinal transit (Gómez-

Mascaraque et al., 2016; Huang et al., 2017; Krunić et al., 2019; Marcial-Coba, Pjaca, 

Andersen, Knøchel, & Nielsen, 2019; Obradović et al., 2020; Sánchez-Moya et al., 2017; 

Świeca et al., 2018). It is therefore difficult to compare the ability of structured polymeric 

systems to protect probiotic bacteria. However, this information is essential to select the 

best performing strategy to preserve microbial viability in foods as well as during human 

digestion.  
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Based on these considerations, the aim of this study was to evaluate the ability of different 

biopolymer structured systems to protect Lactobacillus rhamnosus or Streptococcus 

thermophilus during cold storage at 4 °C and upon in vitro digestion. Three biopolymers 

(whey proteins, sodium alginate, and methylcellulose) able to structure in water at pH 

close to neutrality were considered. Whey protein (WP) and sodium alginate (SA) gels 

were selected based on their well-known capacity to deliver probiotic bacteria (Dianawati, 

Mishra, & Shah, 2016; Nicolai, Britten, & Schmitt, 2011; Riaz & Masud, 2013; Shori, 2017). 

Both polymers are able to form cross-linked structures, which are considered to be the 

main protection mechanism for microbial cells during gastrointestinal digestion (Liu et al., 

2019). Finally, methylcellulose (MC) was included as reference viscous material, even 

though it was not reported to have probiotic protection capacity. Results here presented 

have been published in: 

 

Melchior, S., Marino, M., Innocente, N., Calligaris, S., Nicoli, M. C. (2020). 

“Effect of different biopolymer-based structured systems on the survival of 

probiotic strains during storage and in vitro digestion”. Journal of the Science of 

Food and Agriculture. DOI 10.1002/jsfa.10432. 

2.2 Materials and Methods 

2.2.1 Materials 

Methylcellulose (MC, 1200-1800 mPa∙s), sodium alginate from brown algae (SA), α-

amylase from Bacillus sp. (EC 3.2.1.1), porcine pepsin (EC 3.4.23.1), porcine pancreatin (EC 

232-468-9, 8 xUSP), porcine bile extract, Phosphate Buffer Saline (PBS), citric acid, 

NaH₂PO₄(2 H₂O), CaCl2(H2O)2, Na2CO3, NaHCO3, NaCl, KCl, KH2PO4, MgCl2(H2O)6, and 

(NH4)2CO3 were purchased from Sigma Aldrich (Milan, Italy). HCl and NaOH were 

purchased from J. T. Baker (Center Valley, USA). Whey protein isolate (WPI, 94.7% protein 

content; 74.6% β-lactoglobulin, 23.8% α-lactalbumin, 1.6% bovine serum albumin) was 

purchased from Davisco Food International Inc. (Le Sueur, MN, USA). Maximum 

Recovery Diluent (MRD), MRS agar, MRS broth, M17 agar and M17 broth were purchased 
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from Oxoid (Milan, Italy). Lactobacillus rhamnosus (Lyofast LRB) was purchased from Sacco 

Srl (Cadorago, Como, Italy). Streptococcus thermophilus DSMZ 20617T was obtained from 

DSMZ-German Collection of Microorganisms and Cell Cultures GmbH (Braunschweig, 

Germany). Deionized water (System advantage A10®, Millipore S.A.S, Molsheim, France) 

was used. 

2.2.2 Culture preparation 

Lb. rhamnosus and S. thermophilus were stored at -80 °C as 30% (v/v) glycerol stock-cultures 

in MRS broth and M17 broth, respectively. Before each experiment, overnight cultures 

were prepared by sub-culturing 100 µL of stock-cultures in 100 mL of MRS broth or M17 

broth at 37 °C for 18 h. Lb. rhamnosus was grown in anaerobic conditions while S. 

thermophilus in aerobiosis. Cells were then recovered by centrifugation at 13,000 x g for 10 

min at 4 °C, washed three times with PBS and resuspended in PBS to final viability of 

about 1010 CFU/mL.  

 

2.2.3 Preparation of structured systems 

Three different systems loaded with probiotics were prepared in two biological replicates. 

At the same time, controls (free cells) made of saline solution (NaCl 8.5% w/v) separately 

inoculated with the probiotics (final viable count about 108 CFU/mL) were prepared in 

duplicate. 

2.2.3.1 Methylcellulose system 
Methylcellulose system (S-MC) was prepared by a two-step method (Alamprese & 

Mariotti, 2015). In the first step, 4 g of MC powder was gently mixed by a magnetic stirrer 

in 64 mL of water at 40 °C for 15 min and then vigorously stirred by using a high-speed 

homogenizer (Ika-Werke, DI 25 basic, Staufen, Germany) at 800 x g for 2 min. Then 1 mL 

of microbial suspension (Lb. rhamnosus or S. thermophilus) in PBS was added to 31 mL of 

cold water to reach a final concentration of about 108 CFU/mL, and the entire suspension 

was added to the MC stirred solution. The latter was gently mixed at 4 °C for 18 h in order 

to allow maximum hydration of MC. 
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2.2.3.2 Sodium alginate beads 
Sodium alginate beads (S-SA) were prepared as previously described (Gbassi et al., 2009). 

A 2% (w/v) sodium alginate solution was used to suspend Lb. rhamnosus or S. thermophilus 

to reach the final viability of about 108 CFU/mL. The suspension was inserted into a 5-mL 

sterile syringe fitted on a 27.5 G needle with a nominal inner diameter of 0.241 mm (Sol-

Millenium Medical, Inc USA). The distance from the needle tip to the calcium chloride 

solution was kept constant at 10 cm. The mixture of alginate-bacteria was manually 

extruded through the syringe into 100 mL of 0.1 M calcium chloride. The system was 

maintained under aseptic conditions. After 30 min, the beads were separated by 

decantation and rinsed with 0.1 M calcium chloride. 

2.2.3.3 Whey protein system 
Whey protein system (S-WP) was prepared by heat denaturation followed by 

acidification, as previously described (Doherty et al., 2010) with some modifications. 

Whey proteins (10% w/w) were suspended in water, stirred for 1 h and then stored at 4 °C 

overnight to allow maximum hydration. The solution was then heated in a water bath at 

78 °C for 30 min under continuous stirring and cooled at room temperature. Citrate-

phosphate buffer (pH 5.2), containing the microbial culture (Lb. rhamnosus or S. 

thermophilus; about 108 CFU/mL), was added in 1:1 ratio to the whey protein suspension. 

The resulting mixture was then homogenized using a high-speed homogenizer at 1,500 x 

g for 20 s and stored at 4 °C for 24 h until used. 

2.2.4 Physicochemical analysis 

2.2.4.1 Image acquisition 
Images were acquired using an image acquisition cabinet (Immagini & Computer, 

Bareggio, Italy) equipped with a digital camera (EOS 550D, Canon, Milano, Italy). The 

samples were placed on a black background and the digital camera was located on an 

adjustable stand positioned 45 cm above or in front of methylcellulose or whey protein-

based systems and sodium alginate beads, respectively. The light was provided by 4100 

W frosted photographic floodlights. Images were saved in .jpeg format, resulting in 5184 

x 3456 pixels. 
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2.2.4.2 Determination of sodium alginate beads’ diameter 

and volume 
100 alginate beads were observed by an optical microscopy (Leica DM2000, Leica 

Microsystems, Heerburg, Switzerland) connected with a digital camera (Leica EC3, Leica 

Microsystem, Heerburg, Switzerland). One bead was placed in the middle of a glass slide 

and analysed at 400x magnification at room temperature. Diameter was obtained using 

the software Leica Suite LAS EZ (Leica Microsystem, Heerburg, Switzerland) and bead 

volume (mm3) was calculated using Equation 1. 

 

𝑉 =  
4

3
𝜋𝑟3     Equation 1 

 

where V was the bead volume (mm3) and r was the bead radius (mm). 

2.2.4.3 Rheological testing 
The structured systems were characterized from a rheological point of view at 20 °C using 

an RS6000 Rheometer (Thermo Scientific RheoStress, Haake, Germany) equipped with a 

Peltier cell. A parallel plate geometry was used, and the measuring gap was set at 2 mm. 

To determine the linear viscoelastic region for each sample, stress sweep tests were 

performed increasing stress from 0.1 to 100 Pa at 1 Hz frequency. Frequency sweep tests 

were performed increasing frequency from 0.1 to 10 Hz using a fixed stress value included 

in the linear viscoelastic region. In the case of sodium alginate, the beads dimensions 

allowed to compact them into a monolayer that was carefully placed at the measuring 

plate in order to minimize the space between beads (Volić et al., 2018). 

2.2.4.4 pH measurement 
The pH was measured on the samples at 25 °C using a standard pH-meter (Hanna 

Instruments pH 301, Padua, Italy). For the sodium alginate beads, the pH was measured 

on the sodium alginate solution before adding CaCl2. The calibration was performed using 

three different buffer solutions at pH 4, 7 and 9. 
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2.2.5 Viability of probiotic bacteria during 4 °C 

storage 

Aliquots of 1 g of each sample were suspended in 9 mL of MRD and homogenized in a 

LabBlender 400 (PBI International, Milan, Italy) for 2 min. Sodium alginate beads were 

preliminarily homogenized by using a high-speed homogenizer (Ika-Werke, Staufen, 

Germany) at 290 x g for 1 s. Decimal dilutions were then spread plated on MRS agar (for 

Lb. rhamnosus) or M17 agar (for S. thermophilus) and incubated at 37 °C for 48 h. Viable 

counts in the systems were compared to those of control samples stored at 4 °C. Structured 

systems and controls were analysed for viable counts at time 0, 7 and 14 d. 

2.2.6 Viability of probiotic bacteria during in vitro 

digestion 

In vitro digestion was carried out in accordance with the INFOGEST protocol (Minekus et 

al., 2014). The simulated salivary (SSF), gastric (SGF) and intestinal (SIF) fluids were 

prepared and stored at 4 °C. Before in vitro digestion, the fluids were heated at 37 °C. 2.5 

g of each sample and 2.5 mL of each control were weighted in 50-mL Falcon tubes. The 

oral phase was performed by adding 13 µL of 0.3 M CaCl2 (H2O)2, 488 µL of water and 2 

mL of 6.55 mg/mL α-amylase solution in SSF (final activity 75 U/mL). The entire mixture 

was maintained at 37 °C under stirring at 13 rpm for 2 min. Subsequently, 3 µL of 0.3 M 

CaCl2 (H2O)2, 347 µL of water and 4.55 mL of a 0.07 mg/mL pepsin solution in SGF (2000 

U/mL in the final mixture) were added. The pH was adjusted to 3 by adding 6 M HCl to 

start the gastric phase. The chime was maintained under stirring at 13 rpm at 37 °C for 2 

h. Finally, the gastric chime was mixed with 20 µL of 0.3 M CaCl2 (H2O)2, 655 µL of water, 

1.25 mL of 160 mM bile extract in SIF and 8 mL of 22.15 mg/mL pancreatin solution in SIF 

(100 U/mL in the final mixture). The pH was adjusted to 7 by adding 1 M NaOH and the 

mixture was stirred at 13 rpm at 37 °C for 2 h. At the end of each phase, a sample was 

collected and put in an ice bath to stop the enzymatic reaction. Lb. rhamnosus and S. 

thermophilus viabilities were evaluated as previously reported before digestion and at the 

end of each phase and compared to control samples.  
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2.2.7 Data analysis 

All determinations were expressed as the mean ± standard deviation (SD) of at least two 

measurements from two experimental replications. Analysis of variance (ANOVA) was 

performed by using R v. 3.1.1 for Windows (The R foundation for statistical computing). 

A Tukey’s post-hoc test was used to assess differences between means (p<0.05). 

2.3 Results and Discussion 

2.3.1 Characterization of polymer-based structured 

systems 

Table 5 shows the visual appearance and the pH values of the methylcellulose-based 

system (S-MC), sodium alginate gel (S-SA) and whey protein-based system (S-WP). The 

S-MC was a clear, transparent, and viscous material, while the S-WP appeared as a white 

and self-standing material. Instead, the S-SA was formed into spherically shaped beads 

with an average diameter of 2.05 ± 0.12 mm and a mean volume of 4.55 ± 0.77 mm3. The 

selected beads’ dimensions are sufficiently low to be suitable for food applications from a 

sensory point of view as well as to perform rheological analysis. In fact, the sensory 

perception of beads is strictly related to their size and volume (Engelen, Van Der Bilt, 

Schipper, & Bosman, 2005; Imai, Hatae, & Shimada, 1995), affecting, for instance, the 

attributes of ‘gritty’, ‘pasty’, ‘smooth’, and ‘melting’ (Krop, Hetherington, Holmes, 

Miquel, & Sarkar, 2019; Santagiuliana, Christaki, Piqueras-Fiszman, Scholten, & Stieger, 

2018). Moreover, bead size and volume could affect the functionality and viability of 

entrapped probiotics during refrigerated storage, freezing, and drying. It has been shown 

that large volumes pro- vide greater protection to the cells during such stressful steps 

(Amine et al., 2014; Semyonov et al., 2010; Sheu, Marshall, & Heymann, 1993). It has also 

been suggested that the size of alginate beads might be a pivotal factor in the metabolic 

activity of encapsulated probiotics (Talebzadeh, Sharifan, Tarzi, & Panah, 2014). The pH 

of the samples ranged from 5.9 to 6.5. The probiotic strains used in this study belong to 

the group of lactic acid bacteria, which are known for having an optimal growth pH of 
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about 5.5–6.0 (Fu & Mathews, 1999). Thus, the pH differences among matrixes are 

expected to have negligible effects on bacterial viability during the experiments.  

Table 5 Visual appearance and pH values of methylcellulose (S-MC), whey protein (S-WP) based 

systems and sodium alginate beads (S-SA). 

System Visual appearance pH 

S-MC 

 

6.3 ± 0.1 

S-SA 

 

6.5 ± 0.1 

S-WP 

 

5.9 ± 0.1 

 

Figure 6 shows the rheological behaviour of the considered systems that confirmed the 

differences observed by visual appearance. The S-MC was characterized by G’’ values 

higher than G’ in the entire frequency domain considered, which indicated as expected a 

liquid-like behaviour. As well known, in these conditions, methylcellulose forms a viscous 

material due to the capability of the polymer to structure into a soft network through the 

formation of a three-dimensional crosslinked structure (Wustenberg, 2014).  

In agreement with literature, S-SA resulted a strong gel since both moduli were 

independent from the frequency applied with G’ higher than G’’(Larsen, Bjørnstad, 

Pettersen, Tønnesen, & Melvik, 2015) and tan δ value with mean value of 0.2 (Ching, 

Bansal, & Bhandari, 2015). It is well known that when sodium alginate is introduced in a 

CaCl2 solution, gelation rapidly occurs. Ca2+ ions bind to guluronate units of sodium 

alginate giving the so-called egg-box structure formed by junction zones involving two 

chains and chelated ions (Picout & Ross-Murphy, 2002).  
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Figure 6 Storage (G’) and loss (G”) moduli vs. frequency at 20 °C for methylcellulose-based 

system (S-MC) (a), sodium alginate beads (S-SA) (b), and whey protein gel (S-WP) (c). G’ (⚫); G” 

(▲). 

However, it should be noted that gelling kinetic and mechanical properties of sodium 

alginate are influenced by different parameters, such as molecular weight, concentration, 

and composition. These factors, in turn, can affect the pore size distribution and then the 

ability of this matrix to ensure the diffusion of molecules or probiotics entrapped within 

(Larsen et al., 2015; Ouwerx, Velings, Mestdagh, & Axelos, 1998). 

Finally, in S-WP the elastic modulus (G’) dominated across the measured frequency range 

and both moduli showed very limited frequency dependence. The tan δ was 0.2 in the 

entire frequency domain indicating a solid like behaviour. As extensively reported in the 

literature, whey proteins are very adaptable, and gels form not only by heating but also at 
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room temperature. The latter process, called cold-set gelation, consists of two steps: the 

heat-induced denaturation and the gelation at low temperatures. During heating above 70 

°C, whey proteins unfold. This condition combined with a pH sufficiently far from the 

isoelectric point (pH 4.6-5.2) guarantee that they do not immediately aggregate, but form 

filamentous structure (Bryant & McClements, 1998; Ramos et al., 2017). After cooling, 

controlled acidification or increasing of ionic strength causes a reduction of electrostatic 

repulsions between protein filamentous aggregates and subsequently gelation, forming a 

three-dimensional protein network (Bryant & McClements, 1998; Doherty et al., 2010). 

In conclusion, considering the restrictions in structuring ability of the selected 

biopolymers, SA and WP were structured at pH close to 6 and with a compared ratio 

between G’’ and G’ (tan δ). Besides methylcellulose (MC)-based system was included as 

reference viscous material in addition to the unstructured water solution control sample.  

2.3.2 Viability of Lb. rhamnosus and S. thermophilus during 

storage 

Lb. rhamnosus and S. thermophilus were directly added to the aqueous phase of each 

biopolymer-based structured system to evaluate the protective capability of the matrix on 

microbial viability during a 4 °C-storage for up to 14 days. The microbial viabilities in 

methylcellulose-, sodium alginate- and whey protein-based systems, as well as those in 

control samples (free cells suspended in saline solution) are reported in Table 6.  

Table 6 Viability (log CFU/g in structured systems or log CFU/mL in control samples) of Lb. 

rhamnosus and S. thermophilus in methylcellulose-based system (S-MC), sodium alginate beads (S-

SA) and whey protein-based system (S-WP) and relative controls during 4 °C-storage. 

Microorganism System Time (days) 
  0 7 14 

Lb. rhamnosus Control 8.12 ± 0.07a, A 6.11 ± 0.41b, B  5.37 ± 0.30b, B 

 
S-MC 8.11 ± 0.04a, A 8.42 ± 0.39a, A 6.01 ± 0.43b, AB 

 
S-SA 8.42 ± 0.47a, A 7.26 ± 0.63a, AB 3.77 ± 0.35b, C 

 
S-WP 8.44 ± 0.78a, A 7.50 ± 0.07a, AB 7.17 ± 0.26a, A 

S. thermophilus Control 8.25 ± 0.05a, A 5.76 ± 0.45b, B 5.35 ± 0.36b, B 
 

S-MC 8.11 ± 0.02a, A 8.23 ± 0.56a, A 5.20 ± 0.03b, B 
 S-SA 8.43 ± 0.41a, A 7.12 ± 0.22a, AB 4.03 ± 0.30b, B 
 

S-WP 8.38 ± 0.25a, A 7.89 ± 0.07a, A 7.60 ± 0.56a, A 
a-b: In the same row, means indicated by different letters are significantly different (p<0.05). 
A-C: In the same column, means indicated by different letters are significantly different (p<0.05). 
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At the beginning of storage time, structured systems and controls presented a microbial 

viability of around 108 CFU/g for both microorganisms. This result pointed out that the 

process conditions, as well as the mechanical stress adopted during preparation, did not 

have an impact on cell survival. During storage, the control samples showed a viability 

loss of about 2 log for both microorganisms after 14-d storage. This reduction can be due 

to the absence of nutrients as well as to the storage temperature, which is about 37 °C 

lower than the optimal growth temperature for both microorganisms (Pescuma, Hébert, 

Mozzi, & Font de Valdez, 2010). 

Interestingly, the viability of selected bacteria was higher after 7 days of storage in the S-

MC than in the control. Almost 2.5 log CFU/mL viability reduction was observed after 7 

days of storage in the control, while a similar viability reduction in structured samples 

was seen after 14 days. This result highlighted a protective effect of the network formed 

by methylcellulose. In our knowledge, no studies were conducted on probiotic protection 

capacity of systems composed exclusively of methylcellulose or cellulose derivatives. On 

the contrary, cellulose derivatives have been used in combination with other structuring 

molecules in edible films or emulsions to reinforce their structuring ability. The resulted 

denser and structured matrix was shown to protect better probiotics from environmental 

stresses, such as acid pH, refrigerated storage or intense heat process. It could be inferred 

that these results can be associated to the higher viscosity of the MC-based system than 

the control sample.  

Considering S-SA, the structured system was not able to protect the microbial cells during 

storage. In the entire period of storage considered, the viability loss was almost 4 log 

CFU/g for both microorganisms. It is conceivable that the strong-gel nature of alginate 

beads, despite their porosity, hinders migration to the outside of acid metabolites, which 

accumulate inside the beads causing a self-intoxication of probiotic cells in the long term 

(Gonçalves, Ramos, Almeida, Xavier, & Carrondo, 1997).  

In S-WP no viability loss was detected during storage for Lb. rhamnosus and S. thermophilus. 

In fact, significant differences for both microorganisms can be observed by comparing 

control and structured system at 14 days of storage. In this case, it could be hypothesized 

that in the structured system the combination of formulation and structure had a 

protective effect on cell viability. The presence of whey proteins could provide nutrients 
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to probiotic bacteria, especially essential amino acids, able to guarantee a metabolic intake 

necessary for cells’ survival preserving their viability at levels higher than 106-107 CFU/g 

during the entire period of storage (Pescuma et al., 2010). At the same time, the gel 

structure ensures a physical barrier against environmental stresses such as oxygen, water, 

and cold temperature. 

2.3.3 Viability of Lb. rhamnosus and S. thermophilus during 

in vitro digestion 

In order to evaluate the protective effect of the different polymeric networks against the 

stressful conditions during the gastrointestinal transit, the structured systems containing 

Lb. rhamnosus and S. thermophilus were subjected to the INFOGEST in vitro digestion 

protocol, which consists of oral, gastric and intestinal phases mimicking the in vivo human 

conditions (Minekus et al., 2014). The viability before the digestion process (pre digestion) 

and after oral, gastric and intestinal phases was measured by considering both controls 

(free cells suspended in saline solution) and structured systems. Figure 7 shows the 

viability of Lb. rhamnosus (a) and S. thermophilus (b) entrapped in all the systems 

considered and in the control at the end of each digestion step.  

At the end of the oral phase, no probiotic viability loss was observed in any sample. This 

result agrees with the literature which reported the same behaviour regardless of the 

encapsulation material (Singh, Medronho, Miguel, et al., 2018). Nevertheless, the exposure 

to strong acid conditions, typical of gastric environment, is known to cause damage to the 

cell membrane, DNA and proteins (Amund, 2016; Ouwehand, Kirjavainen, Shortt, & 

Salminen, 1999). Instead, in the small intestine, the presence of bile salts could induce 

membrane damage and protein misfolding, causing DNA injury by oxidative shock and 

low intracellular pH (Amund, 2016; Kumura et al., 2004). These factors usually lead to a 

strong cell viability reduction during digestion.  
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Figure 7 Viability of Lb. rhamnosus (a) and S. thermophilus (b) (log CFU/g or log CFU/mL) as a 

function of digestion phase in methylcellulose-based system (S-MC), sodium alginate beads (S-

SA) and whey protein gel (S-WP) and controls. Means indicated by different letters are 

significantly different (p<0.05) within the same digestion phase. 

As for Lb. rhamnosus, although a viability loss of 1.03 ± 0.29 log CFU/g was observed during 

the gastric phase, S-MC showed to be able to protect the probiotic compared with the 

control. Nevertheless, the intestinal phase had a considerable impact on cell viability. 

Indeed, at the end of the in vitro digestion process it reached the value of 4.47 ± 0.02 log 

CFU/g, which was lower than the control, as well as the minimum level needed to 

guarantee health benefits. Compared to Lb. rhamnosus, MC-based system containing S. 

thermophilus was more susceptible to gastric phase causing a viability reduction of 2.65 ± 

0.45 log CFU/g while no further modifications were observed after the intestinal phase. 

This means that the network formed by methylcellulose in water did not improve the 

tolerance of both microbial strains during digestion. In fact, the only increase of viscosity 
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of a food matrix was not able to protect, even partially, the microbial cell to the stressful 

digestive conditions. The same behaviour was observed also for other matrices, such as 

chitosan, locust bean gum, and guar gum, which alone cannot guarantee enough probiotic 

protection. Therefore, the strategy is to combine them with other supporting components 

or to use them as coat/shell materials (Ding & Shah, 2009; Riaz & Masud, 2013).  

Different results were obtained by considering S-SA, in which the viability of both 

microorganisms remained higher than 106 CFU/g during the entire in vitro digestion 

process. Once again, no significant viability loss of both microorganisms was shown after 

the oral phase. On the contrary, a slight reduction was noted after the gastric and intestinal 

phase. The strict conditions of the gastric phase probably had a great impact on the 

viability, indicating that the beads alone were unable to protect the cells from acid 

environment, while the intestinal phase did not have a pronounced effect. These results 

agree with other authors that report a viability reduction of Lactobacillus acidophilus, L. 

plantarum and Bifidobacterium encapsulated in sodium alginate beads during the gastric 

pass (Gbassi et al., 2009; Sultana et al., 2000). In fact, sodium alginate particles are very 

porous and for this reason, moisture and digestion fluids can easily diffuse through the 

beads wall (Gouin, 2004). To minimize this behavior possible approaches have been 

proposed, such as the application of external coating or a combination of sodium alginate 

with other gelling agents to create a physical barrier able to protect cells from acid damage 

and ensure at the same time cell release at the target site (Gbassi et al., 2009; Mokhtari, 

Jafari, Khomeiri, Maghsoudlou, & Ghorbani, 2017; Wang, Chen, An, Chang, & Song, 2018).  

Finally, S-WP was able to ensure an unchanged Lb. rhamnosus and S. thermophilus viability 

upon the entire in vitro digestion. It is interesting to note that the WP containing system 

showed the highest bacteria protection capacity despite the possible destructuring activity 

of proteolytic enzymes during gastric and intestinal phase. Other authors reported an 

efficient protective effect of whey proteins on S. thermophilus, Lactobacillus delbrueckii ssp. 

bulgaricus, Lb. rhamnosus and Bifidobacterium viability (Doherty et al., 2011; Picot & Lacroix, 

2004; Vargas, Olson, & Aryana, 2015). Results acquired indicated that the composition of 

the system played a key role in preserving the viability of probiotics due to the buffering 

capacity exerted by whey proteins (Doherty et al., 2010). Moreover, the heat treatment 

carried out on whey protein solution may cause the exposure of hydrophobic patches that 
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are then buried in the interior of aggregate formed during the subsequent acidification. 

The resulting structure may safeguard probiotics avoiding the release of cells from the 

protein network and reducing the acidity effect of the gastrointestinal tract (Doherty et al., 

2010; Hambræus & Lönnerdal, 2003). In addition, in the intestinal phase, where bile salts 

are responsible for protein and DNA damage as well as for the emulsification of fats and 

bacterial lipid membrane, whey proteins could exert a barrier role in reducing bile damage 

on lipid membrane and facilitating protein repair (Vargas et al., 2015). 

2.4 Conclusions 

 In this study the protective performances of three biopolymers were compared during 

cold storage and during in vitro simulated digestion with the standardized INFOGEST 

protocol. It should be stressed that the application of a standardized digestion protocol is 

highly recommended to compare the efficacy of different delivery systems to preserve 

probiotic viability at a level able to guarantee health benefits. Moreover, even if more 

research is needed especially on the destructuring behavior of polymers during digestion, 

the results acquired suggest that the capacity of a polymeric structure to protect probiotic 

bacteria is a combination of structure organization and system formulation. Whey protein-

based system resulted the best performing one. In fact, no viability reductions were noted 

during refrigerated storage and in vitro digestion trials. This result was attributed to a 

combined effect of the physical barrier offered by protein gel network and whey proteins 

as a nutrient for microbes. On the other hand, surprisingly, the viscous methylcellulose-

based system was able to guarantee good microbial viability during storage. However, 

this was not confirmed during in vitro digestion. The reverse results were obtained for 

sodium alginate beads. Thus, storage trials cannot be used to predict the gastrointestinal 

behavior of structured systems in protecting bacteria. 

Only the combination of storage stability tests with digestion simulation trials could allow 

to generate detailed information fundamental in the design of probiotic protection 

systems able to guarantee the adequate probiotic viability both in food and in the human 

body.  
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Chapter 3 Effect of formulation and 

structure of monoglyceride-based 

gels on the viability of probiotic 

Lactobacillus rhamnosus upon in 

vitro digestion 

3.1 Introduction and aim of the study 

Little and fragmentary information are available about the ability of lipid-based structures 

to protect probiotic bacteria against external stresses (Marino et al., 2017; Wolfe, Roberts, 

& Coupland, 2015). Recently, the potential use of monoglyceride (MG)-based structured 

emulsions (MSEs) as a delivery system for probiotic bacteria has been demonstrated 

during processing and storage (Calligaris, Marino, Maifreni, & Innocente, 2018; Marino et 

al., 2017). In particular, MSEs containing milk as water phase were able to keep Lb. 

rhamnosus viable for up to 56 days at 4 °C. The protection capacity of MSEs was attributed 

to the presence of crystalline lamellar structure of saturated monoglycerides. It has been 

speculated that probiotic cells place themselves prevalently in the aqueous phase near to 

the monoglyceride crystalline bilayers, where they can find protection from processing 

and environmental stresses (Marino et al., 2017). However, the role of composition and 

resulting MG-based structure has not been fully elucidated. Moreover, despite the 

interesting potentialities of these systems, their exploitation as probiotic delivery systems 
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can be claimed only if they would be able to protect bacterial not only during processing 

and storage but also upon digestion. 

The aim of this study was to understand the role of composition and resulting structure 

of MG-based gels on the survival of a probiotic Lb. rhamnosus strain during storage at 4 °C 

as well as upon in vitro digestion. The structuring and destructuring behaviours of MG-

based gels were also analysed. Part of the results here reported have been published in: 

 

Melchior, S., Marino, M., D’Este, F., Innocente, N., Nicoli, M. C., Calligaris, 

S. (2021). “Effect of formulation and structure of monoglyceride-based gels 

on the viability of probiotic Lactobacillus rhamnosus upon in vitro digestion”. 

Food & Function. DOI: 10.1039/D0FO01788D. 

3.2 Materials and Methods 

3.2.1 Materials 

α-amylase from Bacillus sp. (EC 3.2.1.1), porcine pepsin (EC 3.4.23.1), porcine pancreatin 

(EC 232-468-9, 8xUSP), porcine bile extract, NaH₂PO₄(2H₂O), CaCl2(H2O)2, Na2CO3, 

NaHCO3, NaCl, KCl, KH2PO4, MgCl2(H2O)6, (NH4)2CO3, PBS, Fast Green FCF, Nile Red, 

stearic acid and palmitic acid were purchased from Sigma Aldrich (Milano, Italy); HCl 

and NaOH were provided by J. T. Baker (Center Valley, USA); Hoechst was purchased 

from Thermo Fisher Scientific Inc. (Massachusetts, USA); saturated monoglycerides 

(Kerry Ingredients and Flavour, Bristol, United Kingdom; fatty acid composition: 1.4% 

C14:0, 59.8% C16:0, 38.8% C18:0; melting point 68.05 ± 0.5 °C). Maximum Recovery Diluent 

(MRD), MRS agar, MRS broth were purchased from Oxoid (Milan, Italy). Lb. rhamnosus 

(Lyofast LRB) was purchased from Sacco Srl (Cadorago, Como, Italy). Sunflower oil and 

UHT skim milk (pH=6.70) were purchased in a local market. Deionized water (System 

advantage A10®, Millipore S.A.S, Molsheim, France) was used. 

3.2.2 Culture preparation 

Culture preparation was carried out as described in Paragraph 2.2.2. 
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3.2.3 Monoglyceride-based system preparation 

Two binary (B-) and two ternary (T-) systems were considered. All systems contained 7.2% 

(w:w) of cosurfactants-monoglycerides (CO-MG) mixture made of MG mixed with 

palmitic and stearic acid in a ratio of 5:1:1 (w:w). The composition of the systems is 

reported in Table 7.  

Table 7 Composition of binary (B-water, B-milk) and ternary (T-water, T-milk) systems. 

System Composition (% w/w) 

UHT skim 

milk 

Water Oil Monoglycerides Palmitic 

acid 

Stearic 

acid 

B-water - 92.80 - 5.14 1.03 1.03 

B-milk 92.80 - - 5.14 1.03 1.03 

T-water - 56.40 36.40 5.14 1.03 1.03 

T-milk 56.40 - 36.40 5.14 1.03 1.03 

 

In the binary systems the CO-MG mixture was added to UHT skim milk or an aqueous 

solution (milli-Q water) at pH=10.9 adjusted with NaOH 1mM. The ternary systems were 

composed of CO-MG, water phase (UHT skim milk or the aqueous solution at pH 10.9) 

and sunflower oil. Based on the water phase composition, the binary samples were named 

B-water and B-milk and the ternary ones T-water and T-milk.  

Systems were then prepared following the methodology previously reported (Marino et 

al., 2017). Briefly, the water phase (aqueous solution or skim milk) as well as the lipid 

phase containing CO-MG mixture with (T-) or without sunflower oil (B-) were heated at 

70 °C in a water bath. After complete melting of CO-MG, the two phases were mixed and, 

immediately after, 1 mL of Lb. rhamnosus suspension (about 109 CFU/mL) was added to 

the resulting mixtures. The samples were then homogenized using a high-speed 

homogenizer at 1,000 x g for 20 s. Subsequently, the samples were cooled in an ice bath 

and placed in sterile 120 mL airtight containers. All systems were prepared in two 

biological replicates. Analyses were performed after 1 and 14 days of storage at 4 °C.  

3.2.4 Analytical determinations 

3.2.4.1 Image acquisition 
Image acquisition was carried out as described in Paragraph 2.2.4.1. 
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3.2.4.2 Polarized light microscopy 
Samples were analyzed at room temperature using an optical microscope (Leica DM 2000, 

Leica Microsystems, Heerburg, Switzerland) with and without polarized light connected 

with a Leica EC3 digital camera (Leica Microsystems). One drop of the sample was placed 

in the middle of a glass slide and a glass cover slip was centered above the drop. Samples 

were analyzed at 20 °C using a 200x magnification. Images were acquired using the Leica 

Suite LAS EZ software (Leica Microsystems, Heerburg, Switzerland). Images were saved 

in jpeg format resulting in 2,048 × 1,536 pixels. 

3.2.4.3 pH measurement 
pH measurement was carried out as described in Paragraph 2.2.4.4. 

3.2.4.4 Rheology 
Rheological tests were carried out as described in Paragraph 2.2.4.3. All measures were 

conducted in triplicate on all samples at the beginning (1 day) and at the end of storage 

(14 days) at 4 °C. 

3.2.4.5 Textural properties 
Samples were placed in plastic containers (4 cm internal diameter x 3 cm height) and 

equilibrated for 1 day at 20 °C. Textural properties were measured according to Chen et 

al. with some modifications (H. Chen, Mao, Hou, Yuan, & Gao, 2020). Penetration tests 

were performed using a TA.XT Plus Unit Texture Analyzer (Stable Micro System Ltd, 

Godalming, UK) with a cylindrical probe (diameter 8 mm) and a 5 kg compression head 

at a speed of 60 mm/min to a total penetration distance of 15 mm. All measures were 

conducted on all samples at the beginning (1 day) and at the end of storage (14 days) at 4 

°C. The results are expressed as the mean of at least 6 repetitions on 2 replicates. 

3.2.4.6 Water holding capacity (WHC) 
An aliquot of 1 g of sample was placed in a 2 mL Eppendorf and centrifugated at 10,000 x 

g at 20 °C for 30 min. The supernatant was eliminated, and the pellet obtained was 

weighted. Water holding capacity were calculated following Equation 2. 
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𝑊𝐻𝐶 (%) =  
𝑊0− 𝑊1

𝑆0
∗ 100   Equation 2 

Where W0 and W1 were the weight (g) of water in the samples before and after 

centrifugation, respectively. All measures were conducted on all samples at the beginning 

(1 day) and at the end of storage (14 days) at 4 °C. The results are expressed as the mean 

of at least 3 repetitions on 2 replicates. 

3.2.4.7 Differential scanning calorimetry 
DSC analysis was carried out using the DSC 3 Stare System differential scanning 

calorimeter (Mettler-Toledo, Greifensee, Swiss). Heat flow calibration was achieved using 

indium (heat of fusion 28.45 J/g). Temperature calibration was carried out using hexane, 

water, and indium (having melting points of -93.5 °C, 0.0 °C and 156.6 °C, respectively). 

Samples were prepared by carefully weighing 5–10 mg in 40 μL aluminum DSC pans, 

closed with hermetic sealing. Samples were heated under nitrogen flow (20 mL/min) 

during analysis. An empty pan was used as a reference in the DSC cell. The start and the 

end of melting transition were taken as on-set (Ton) and off-set (Toff) points of transition, 

that are the points at which the extrapolated baseline intersects the extrapolated tangent 

of the calorimetric peak in the transition state. Total peak enthalpy was obtained by 

integration of the melting curve. The machine equipment program STARe ver. 16.10 

(Mettler-Toledo, Greifensee, Switzerland) was used to plot and analyze the thermal data. 

All measures were conducted in duplicate. 

3.2.4.8 1H NMR 
A low resolution (20 MHz) 1H NMR spectrometer (the Minispec, Bruker Biospin, Milan, 

Italy) operating at 25.0 ± 0.1 °C was used to study proton molecular mobility. Almost 2 g 

of sample were placed into an NMR tube (10 mm diameter), that was sealed with 

Parafilm® to avoid moisture loss during the NMR experiment. T2 relaxation time was 

measured with a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with a recycle delay 

of 10 s, an interpulse spacing of 0.02 ms and 20,000 data points. T2 curves were analysed 

as quasi-continuous distributions of relaxation times (UPENWin software v. 1.04, Alma 

Mater Studiorum, Bologna, Italy). Five measurements from two experimental replications 

were performed. This activity was carried out at the University of Parma under the 

supervision of Professor Eleonora Carini. 
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3.2.4.9 Confocal laser scanning microscopy 
A 0.2% (w/w) aqueous solutions of Nile Red and Fast Green FCF were used to stain, 

respectively, the lipid and protein phases of the MG-based systems. Probiotic cells were 

stained using 0.02% (v/v) Hoechst. After staining, the samples were dropped on a 

microscope slide, covered with a coverslip and analyzed on a Leica TCS SP8 confocal 

system (Leica Microsystems, Wetzlar, Germany) equipped with a 100x/1.4 oil immersion 

objective, a 405 nm diode laser (Hoechst excitation) and a tunable white light laser set to 

535 and 633 nm (Nile Red and Fast Green FCF excitation, respectively). Images were 

recorded as z-stack series in sequential scanning mode and are reported as maximum 

intensity projections. 

3.2.5 Evaluation of the probiotic viability during 

storage  

Aliquots of 1 g of each gel were suspended in 9 mL of MRD and homogenized for 2 min. 

Decimal dilutions in MRD were then spread plated on MRS agar and incubated at 37 °C 

for 48 h. Viable counts in the systems were compared to those of control samples made of 

the water phases (aqueous solution or skim milk) of each binary or ternary MG-gels 

inoculated with Lb. rhamnosus (final viable count about 108 CFU/mL) and stored at 4 °C.  

3.2.6 In vitro digestion 

In vitro digestion was carried out as described in Paragraph 2.2.6. Lb. rhamnosus viability 

was evaluated before digestion and at the end of each phase as previously reported 

(Paragraph 3.2.5) and compared to control samples. 

3.2.7 Swelling property 

Swelling property during the gastric phase was measured by using the same procedure 

described in Paragraph 3.2.6 but using SGF without pepsin (Deng, Mars, Van Der Sman, 

Smeets, & Janssen, 2020). After 2 h incubation, samples were dried to remove excess liquid 

and then weighed. The swelling ratio was calculated using Equation 3.  
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𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (%) =  
𝑚1−𝑚0

𝑚0
𝑥100    Equation 3 

Where m0 and m1 represented the weight of the gel before and after gastric phase, 

respectively. 

3.2.7.1 Particle size and zeta potential of digested samples 
The particle size distribution of the mixed micellar phase of digested gels and control 

(UHT skim milk) was measured by dynamic laser light scattering (Zetasizer NanoZS, 

Malvern Instruments, Worcestershire, UK). Samples were diluted 1:100 (v/v) with 

deionized water and placed in a cuvette where the laser light, set at 173 ° angle, was 

scattered by the particles. Particle size was reported as volume-weighed mean diameter 

in nm. The ζ-potential was also measured by placing the diluted sample in a capillary cell 

equipped with two electrodes to assess particle electrophoretic mobility. 

3.2.8 Statistical analysis 

All determinations were expressed as the mean ± standard deviation (SD) of at least two 

measurements from two experimental replications. t-test and analysis of variance 

(ANOVA) and were performed by using R v. 3.1.1 for Windows (The R foundation for 

statistical computing). A Tukey’s post-hoc test was used to assess differences between 

means (p<0.05). 

3.3 Results and Discussion 

3.3.1 Characterization of MG-based structured 

systems  

Table 8 shows the visual appearance and micrographs under normal and polarized light 

of the four MG-based systems considered in this study. As expected and in agreement 

with literature, all the samples presented a white colour and a self-standing behaviour 

(Batte, Wright, Rush, Idziak, & Marangoni, 2007a; Calligaris, Da Pieve, Arrighetti, & 

Barba, 2010) with a pH in the range of 5.19-5.57 and a very high WHC (Table 8 and Table 

9).  
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Table 8 Visual appearance, micrographs under normal and polarized light, and pH of binary (B-

water and B-milk) and ternary (T-water, T-milk) systems. 

 

In both binary and ternary systems, the self-standing behaviour is due to the formation of 

a network of MG crystalline lamellas (Batte, Wright, Rush, Idziak, & Marangoni, 2007b; 

Batte et al., 2007a). In binary systems, double layers of MG were separated by water layers 

and the swelling capacity of the aqueous lamellar phase of non-ionic monoglycerides was 

enhanced by the introduction of charged group on the surface of the lipid bilayers (in this 

case stearic and palmitic acid) increasing in this way the repulsive forces and thus the 

swelling of MG structures in water (Heertje, Roijers, & Hendrickx, 1998; Krog & Sparsø, 

2004; Wang & Marangoni, 2015). In the ternary system, the MG crystalline lamellas 

surrounded oil droplets building up the network (Batte et al., 2007b), as well evident in 

the micrographs (Table 8). It should be noted that bigger oil droplets were observed in the 

T-milk sample in comparison to T-water. 

To better characterize the samples, rheological analyses were performed (Table 9 and 

Figure 8).  

System Visual appearance Micrograph under 

normal light 

Micrograph under 

polarized light 

pH 

B-water 

   

5.49 ± 0.01 

B-milk 

   

5.51 ± 0.01 

T-water 

   

5.19 ± 0.01 

T-milk 

   

5.57 ± 0.02 
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Table 9 Storage modulus (G’), loss modulus (G’’), hardness, and water holding capacity (WHC) of 

binary (B-water and B-milk) and ternary (T-water, T-milk) systems, after 1 and 14 days of storage 

at 4 °C. 

System Storage time (days) 

1 14 

G’ (Pa) G’’(Pa) Hardness (N) WHC (%) G’ (Pa) G’’ (Pa) Hardness (N) WHC (%) 

B-water 972±23c,A 309±38c,A 0.233±0.012 c,A 98.9±0.7 a,A 1048±39c,A 427±71b,A 0.233±0.025c,A 98.8±0.2 a,A 

B-milk 652±44d 288±12c 0.161±0.004d 99.2±0.2 a - - - - 

T-water 10833±933a,A 4708±543a,A 0.914±0.090 a,A 99.1±0.6 a,A 10247±767a,A 4132±59a,A 0.899±0.031a,A 99.1±0.5 a,A 

T-milk 2565±166b,A 1205±14b,A 0.385±0.015b,A 99.1±0.7 a,A 2025±146b,B 980±77b,B 0.387±0.014b,A 99.0±0.2 a,A 

Lowercase letters (a-d) indicate significant differences among gels having the same storage time (p<0.05). 

Upper case letters (A–B) indicate significant differences between each gel just after preparation and after 14 

days of storage (p<0.05). 

Even though all samples presented a weak-gel like behaviour with storage modulus (G’) 

higher than viscous modulus (G’’) in the entire frequency range considered, the 

magnitude of both moduli was affected by the formulation. The ternary systems resulted 

stronger gels in comparison to binary samples, indicating that the inclusion of oil 

reinforced the system structure. On the contrary and in agreement with previous 

observations (Marino et al., 2017; Valoppi, Calligaris, Barba, & Nicoli, 2015), the presence 

of milk components bothered the MG structural organization reducing the strength of the 

gel network. These results were also confirmed by the sample hardness values (Table 9): 

milk containing systems showed lower hardness values in comparison to the relevant 

water-based samples. This is also true in binary samples, in which the presence of milk 

led to a less dense structure. 
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Figure 8 Storage (G’) and loss (G”) moduli vs. frequency at 20 °C for B-water (a), B-milk (b), T-

water (c) and T-milk (d) systems at day 1 of storage. G’ (⚫); G” (▲). 

This hypothesis is also corroborated by the calorimetric results showing a Ton decrease of 

the melting peak occurring at temperatures around 55-60 °C in systems containing milk 

(Table 10).  
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Table 10 Enthalpy (ΔH), and T onset (Ton) of binary (B-water and B-milk) and ternary (T-water, T-

milk) systems, after 1 and 14 days of storage at 4 °C. 

System Storage time (days) 

1 14  

ΔH (Jg-1) Ton (°C) ΔH (Jg-1) Ton (°C) 

B-water 6.43±0.65a,A 58.09±0.38a,A 6.12±0.59a,A 57.32±0.88a,A 

B-milk 4.92±0.39b 56.02±0.54b - - 

T-water 3.22±0.30c,A 59.19±0.18b,A 3.64±0.11b,A 55.49±0.11a,A 

T-milk 4.73±0.18b,A 55.09±0.32b,A 4.86±0.02ab,A 55.34±0.37a,A 

Lowercase letters (a-d) indicate significant differences among gels having the same storage time (p<0.05). 

Upper case letters (A–B) indicate significant differences between each gel just after preparation and after 14 

days of storage (p<0.05). 

It is interesting to note that no significant differences were detected in rheological 

parameters, thermal properties, hardness values as well as textural properties after 14 

days of storage at 4 °C in samples containing water (Table 9 and Table 10). In the case of 

those containing milk, B-milk sample presented an evident syneresis after storage and 

thus it was not considered for this and further analyses. Considering T-milk samples, a 

slight reduction of the rheological parameters after 14 days of storage was recorded, 

evidencing a possible rearrangement of the gel network structure upon storage. These 

changes appeared limited and not affecting the water holding capacity (WHC) of the 

system (Table 9). Observing relaxation times (Figure 9), it is well evident that binary 

systems were more prone to destabilization during time compared with ternary ones. In 

fact, at day 1 in B-milk (Figure 9c) three proton populations were detected and the main 

one (~87%) had a relaxation time of ~154 ms. After 14 days of storage, only one main 

population (~97%) was observed at higher relaxation time (~225 ms) indicating the 

increase of proton mobility and thus the system destabilization. Vice versa, considering T-

milk at the beginning of storage three proton populations can be distinguish at ~0.21, 138 

and 358 ms accounting for ~ 2%, 85% and 16% (Figure 9d). At the end of storage, 98% of 

protons had a relaxation time of 126 ms indicating the overlapping of the populations 

detected at 138 and 358 ms. This means that T-milk was more stable during time compared 

with the relative binary system. Similar results were observed in T- and B-water (Figure 

9a and Figure 9b). 
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Figure 9 Representative 1H T2 quasi-continuous distributions of B-water (a), T-water (b), B-milk 

(c), and T-milk (d) at the beginning (solid line) and at the end (dotted line) of storage.  

Finally, to highlight the location of bacteria as well as the protein and MG organization, 

confocal microscopy was performed on T-milk system, which was from a compositional 

point of view the most complex sample (Figure 10).  

In Figure 10a the presence of oil droplets (biggest green droplets) and MG network (small 

green particles) connecting them is well evident. These lipid components were dispersed 

in a water phase containing milk proteins (red signals), as imaged in Figure 10b.  

By adding an additional dye to the system, bacteria (cyan signals) were also imaged. To 

the best of our knowledge, live microbial cells were rarely observed in emulsified systems 

(Zhang, Lin, & Zhong, 2015). From the images it can be noted that Lactobacillus cells located 

in the aqueous domain prevalently near to MG structures (Figure 10a) as well as protein 

aggregates (Figure 10b).  
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Figure 10 Confocal laser scanning micrographs of Lb. rhamnosus-containing T-milk system stained 

with Nile Red and Fast Green FCF to visualize the lipid and protein phases, and with Hoechst to 

detect bacterial cells Overlay of Nile Red and Hoechst channels only, to allow clearer 

visualization of bacterial localization (a) and merged maximum intensity z-projection of all 

channels (b) are reported (green, Nile Red; red, Fast Green FCF; cyan, Hoechst). 

3.3.2 MG-based system properties during digestion 

Gels were exposed to gastrointestinal conditions to study the destructuring behavior of 

binary and ternary systems. To this aim, the swelling properties under gastric conditions 

were measured. This analysis could give insight into the destructuring phenomena 

occurring during digestion, giving reason of system capacity to re-absorb water and the 

results depend on capacity of the network to allow water diffusion (Deng et al., 2020). 

Samples containing water exhibited a swelling ratio (%) of 12.95 ± 0.20 and 18.91 ± 0.05 for 

B- and T-water samples, respectively. On the other hand, the swelling properties of milk 

containing samples were impossible to measure probably due to the sensitiveness of milk 

proteins to the environmental stresses, such as acid pH and ionic strength, that could cause 

protein unfolding and conformational changes (Deng et al., 2020; Mao, Calligaris, Barba, 

& Miao, 2014). It should be noted that no significant changes in swelling properties were 

observed in stored samples.  

To better understand gel behavior upon digestion, the particle size distributions were 

determined at the end of the intestinal phase (Figure 11).  
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Figure 11 Particle size distribution of digested MG-based systems after 1 (a) and 14 (b) days of 

storage. 

After 1-d storage (Figure 11a), all the systems showed a main peak with an average 

diameter ranging from 300 to 450 nm. Based on literature, this peak can be attributed to 

the presence of mixed micelles formed upon digestion as well as, for sample containing 

milk, to the presence of milk proteins (Calligaris, Alongi, Lucci, & Anese, 2020; Salvia-

Trujillo et al., 2017). In fact, the same experiment performed on a digested milk control 

sample showed the presence of a similar peak with mean diameter around 250 nm. In MG-

containing samples, it is expected that MG participated to the stabilization of mixed 

micelles being surface active molecules (Reis et al., 2008; Singh, Ye, & Horne, 2009). When 

oil was included to the system (ternary samples), the presence of smaller micelles was 

noted. This result can be attributed to the additional presence of digested lipids generated 

as a consequence of lipid digestion in the intestinal phase (e.g. mono- and di-glycerides 

and fatty acids) (Salvia-Trujillo et al., 2017; Ye, Cui, & Singh, 2010). These observations 

were in agreement with Alongi et al. (2019) and Salvia-Trujillo et al. (2013) who described 

the decrease in droplet size as the lipid content in the digested sample increased. 
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Comparing ternary systems, it can be noted a narrower particle size distribution of the 

milk containing sample in comparison to the water-based gel. This result can be attributed 

to the presence in the digesta of milk proteins that, being surface active, could have an 

emulsion stabilizing effect locating at micelles interfaces or forming protein-lipid 

complexes (Leenhouts, Demel, De Kruijff, & Boots, 1997). Finally, a peak with an average 

diameter of 4500-5000 nm can be observed in the particle size distributions. This can be 

attributed to bile salts, free fatty acids, undigested lipids, and digested milk proteins 

(Alongi, Calligaris, et al., 2019; Calligaris et al., 2020; Salvia-Trujillo et al., 2013; Singh et 

al., 2009).  

After 14-d of storage (Figure 11b), broader distributions were observed in all samples, 

even if the average particle size remains almost unchanged. Interestingly, the volume of 

the smaller particle family (70 nm) in T-milk was higher than that observed just after 1-d 

of storage. This could be attributed to a higher lipolysis due to the reduced gel network 

strength (Table 9) (Salvia-Trujillo et al., 2013).  

The digested samples were further analysed for their ζ-potential (Figure 12). This 

parameter is correlated with the surface electrical charge of particles and it provides 

information about the digesta stability (Salvia-Trujillo et al., 2017). 

 

Figure 12 ζ-potential of digested MG-based systems after 1 and 14 days of storage. a-b indicated a 

significant difference (p<0.05) after 1 and 14 days of storage within the same sample. A-C indicated 

a significant difference (p<0.05) between MG-based systems under the same storage time. 

It should be noted that UHT skim milk digestion led to a ζ-potential of -27.69 ± 0.67 mV. 

The presence of MG, as expected, decreased this parameter (Lu, Kelly, & Miao, 2017). The 

additional presence of oil caused a further decrease of particle charge probably due to the 
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increased number of surface-active molecules, mainly free fatty acids, deriving from lipid 

digestion, as previously stated by other authors (Salvia-Trujillo et al., 2017; Ye et al., 2010). 

After 14-d of storage, the same trend was observed.  

3.3.3 In vitro digestion of MG-based structured 

systems 

In the last part of the research, the viability of Lb. rhamnosus included into the four 

considered MG-based gels or digested as free-cells in the relevant water domains was 

evaluated throughout in vitro digestion (Figure 13). After the oral phase, only a slight 

viability reduction was observed in all samples, probably because this phase is 

characterized by a short exposure (2 min) at neutral pH without any antimicrobial 

substance. Instead, samples behaved differently after the gastric and intestinal phases. 

After the gastric phase, control samples showed a viability reduction of about 3.77 ± 0.27 

and 3.49 ± 0.16 log CFU/mL, respectively, and no further viability reduction was observed 

after the intestinal phase. These results confirmed that the gastric conditions are 

particularly stressful for microorganisms (Gbassi et al., 2009; Gómez-Mascaraque et al., 

2016; Ramos et al., 2016; Sohail, Turner, Coombes, Bostrom, & Bhandari, 2011). In fact, the 

acid environment of the stomach could be responsible for the damage of cell membrane, 

DNA and cellular proteins leading to the loss of bacteria viability (Amund, 2016; 

Ouwehand et al., 1999). Different results were obtained upon digestion of MG-gels. All 

the samples containing milk (B-milk and T-milk) as well as T-water system showed a good 

protective capacity with only 0.5 log reduction of the microbial count at the end of the 

gastric phase (Figure 13a and Figure 13b). No further reduction was noted after the 

intestinal phase, except for the B-water sample.  
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Figure 13 Viability of Lb. rhamnosus incorporated in systems containing milk (a) and water (b), 

and relative controls stored for 1 day at 4 °C before digestion and at the end of the oral, gastric, 

and intestinal phases of in vitro digestion. * indicated a significant difference (p<0.05) between 

sample and relative control within the same digestion phase. a-b indicated a significant difference 

(p<0.05) among different digestion phases within the same sample. 

These results highlighted the critical role of the presence of crystalline monoglycerides 

during digestion in protecting bacteria. Comparing water containing systems after the 

intestinal phase, a reduced protective capacity of B-water was observed. This result could 

be attributed to the impact of the system structure as well as to its destructuring behavior 

during digestion. In fact, as reported in Table 9, B-water gel was weaker than T-water and, 

upon digestion, the presence of oil induced the formation of micelles with a lower negative 

charge and a broader particle size distribution (Figure 11 and Figure 12). In this situation, 
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microbes resulted more protected. Regarding B- and T-milk gels, they showed similar 

results upon digestion (Figure 13a). It can be hypothesized that the presence of milk 

proteins, undergoing unfolding, cross-linking and aggregation during the gastric phase 

(Guo et al., 2020), could further protect bacteria.   

Considering that a probiotic food can be stored before consumption, the Lb. rhamnosus 

viability during in vitro digestion was evaluated by submitting to digestion trials samples 

stored for 14 days at 4 °C (Figure 14). In these experiments, we excluded the sample B-

milk due to the evident syneresis, as described in the Paragraph 3.3.1.  

 

Figure 14 Viability of Lb. rhamnosus incorporated in systems containing milk (a) and water (b), 

and relative controls stored for 14 days at 4 °C before digestion and at the end of the oral, gastric, 

and intestinal phases of in vitro digestion. * indicated a significant difference (p<0.05) between 

sample and relative control within the same digestion phase. a-b indicated a significant difference 

(p<0.05) among different digestion phases within the same sample. 
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It should be firstly highlighted that all structured and unstructured samples showed not 

significant changes (p>0.05) in the viable counts during the storage at 4 °C.  Although this 

is a much lower temperature than the optimal growth temperature of Lb. rhamnosus, the 

pH of the medium and the duration of the storage at 4 °C did not cause any loss of vitality. 

After the oral phase of the digestion, no viability reduction was detected, in agreement 

with data discussed above. The further gastric phase condition led to a 2-3 log reduction 

of cell viability of unstructured controls as well as T- and B-water samples (Figure 14a and 

Figure 14b). Instead, the protective capacity of T-milk gel was confirmed as demonstrated 

by the slightly reduced viability of about 0.5 log after the gastric phase and intestinal 

phases. It could be supposed that the presence of milk constituent in the system during 

storage at 4 °C contributed to Lb. rhamnosus survival by helping microbes to remain in a 

metabolically active state during storage. It can be speculated that bacteria in aged water 

containing systems presented a reduced capacity to survive to the stressing conditions 

suffered during digestion, which has been showed for different probiotics (Bedani, Vieira, 

Rossi, & Saad, 2014; da Silva, Bezerra, dos Santos, & Correia, 2015).  This could be due the 

fact that the acid and bile tolerance of probiotic cells usually decrease during storage 

(Saarela, Virkajärvi, Alakomi, Sigvart-Mattila, & Mättö, 2006). 

These results are in agreement with those reported by Marino et al. (Marino et al., 2017) 

that observed a protective effect of a MG-gel containing milk on Lb. rhamnosus viability for 

up to 56 days of storage at 4 °C. During digestion, the presence of milk proteins played a 

key role in protecting bacteria, confirming the above reported considerations.    

Summarizing these results, the capacity of MG structure to confer protection to probiotic 

bacteria was confirmed also during digestion. The highest protective ability of MG-gels 

was observed for samples containing milk as water phase, highlighting the critical role of 

milk components in microbial survival. As expected, the most critical phase for microbial 

survival was the gastric one (Figure 13 and Figure 14). The presence of crystalline MG 

structures results to protect bacteria probably because they could find physical protection 

by locating themselves near lipid structures (Figure 10). Under gastric conditions, MG 

crystal structures could still remain in the digesta since they undergo melting only at 

temperatures higher than 55 °C (Table 10). It cannot be excluded an additional protective 

role of milk components, mainly proteins, that are expected undergo unfolding under 
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gastric conditions. After gastric phase, further system destructuring is expected to occur 

being this phase involved in lipid digestion and mixed micelles formation (Figure 11 and 

Figure 12) (McClements, Decker, & Park, 2009; Reis et al., 2008; Singh et al., 2009). 

However, intestinal conditions were less stressful for bacteria as demonstrated by results 

of the control samples (Figure 13 and Figure 14). Upon digestion of aged samples, the 

presence of milk in the system appeared to be critical. It can be inferred that bacteria 

survived better upon digestion when they are “not stressed” by a long storage, which 

could impair their ability to counteract the antimicrobial activities of acidic pH and bile 

salts.    

3.4 Conclusions 

The results acquired in this study confirmed the capability of monoglyceride self-

assembly structures to protect probiotic bacteria not only against stresses suffered during 

food processing and storage but also during digestion. To design an efficient MG-based 

system it is necessary to consider both formulation and structure. In fact, the best 

performing gel was the ternary system containing milk, that maintained a good protective 

capacity also after storage at 4 °C. In this system probiotic bacteria were located in the 

aqueous domain, where they found at the same time physical protection and nutrients to 

survive to environmental stresses. The presence of milk further improved the protection 

capacity of the system. These findings suggest that MG-based gels can be effectively 

proposed as efficient carrier of probiotic bacteria not only during food processing and 

storage but also upon digestion. Being emulsion gels, different possible application in 

foods can be imaged, such as creams and spread, ice-cream but also, and as more 

challenging possibility, in bakery products.   
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Food design through novel 

processing interventions 

As reported in Chapter 1, in the last decades the application of novel technologies have 

gained increasing attention as sustainable alternatives to traditional food operations 

(Pereira & Vicente, 2010; Picart-Palmade et al., 2019). Examples of these technologies are 

high pressure homogenization (HPH), pulsed electric fields (PEF), high pressure carbon 

dioxide (HP-CO2), and ohmic heating (OH). Beside the traditional application in food 

stabilization through bacteria and enzymes inactivation (López-Pedrouso et al., 2019; 

Picart-Palmade et al., 2019), recently these technologies have been proposed as the new 

frontier for food design. It is a matter of fact that the potentialities of novel technologies 

can be exploited to convert raw materials into ingredients with the desired functional 

attributes, but also to design novel food structures (Fasolin et al., 2019; Knorr et al., 2011; 

López-Pedrouso et al., 2019; Picart-Palmade et al., 2019). Thus, in this section different 

novel technologies were applied to steer both technological and nutritional functionalities 

of biopolymers, such as starch and plant proteins. The following study cases are reported: 

 

✓ Chapter 4 “Application of high-pressure homogenization to tailor the 

functionalities of wheat starch and flour”; 

✓ Chapter 5 "Tailoring technological and nutritional functionalities of pea protein 

concentrate by high pressure homogenization”; 

✓ Chapter 6 “Shaping vegetable protein functionalities by MIPEF and HP-CO2 

technologies”; 

✓ Chapter 7 “The influence of electric field processing on functional protein-based 

structures” 
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Chapter 4 Application of high-

pressure homogenization to tailor 

the functionalities of wheat starch 

and flour 

4.1 Introduction and aim of the study 

Wheat starch represents one of the most versatile natural biopolymers and for this reason 

it has a wide number of applications in the food sector as binder, viscosifier, texturizer, 

bulking and gelling agent, and colloid stabilizer. Moreover, it can be used to improve 

mouthfeel and to extend the shelf life of food products (Copeland, Blazek, Salman, & Tang, 

2009; Liu, Selomulyo, & Zhou, 2008; Shevkani, Singh, Bajaj, & Kaur, 2017). Similarly, wheat 

flour is one of the major dietary components worldwide consumed in the form of bread, 

biscuits, pasta products and other flour-based foods (Chaple et al., 2020). However, both 

starch and flour presented some limitation in their usage. Native starch granules have 

limited functionality in terms of solubility, swelling, moisture retention or stability in the 

foods due to their semi-crystalline structure, and granular starch is mainly used as binding 

agent (Thomas & Atwell, 1999). On the other hand, technological properties of flour not 

always meet the quality criteria required by the food industry. Thus, oxidising agents and 

enzymes can be added to act as flour improver, dough conditioner or bleaching agents 

(Chaple et al., 2020).  

Recently, high-pressure homogenization (HPH) has showed promising potentialities to 

modify starch of different origins while few information is available on the commonly 
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used wheat starch or on the effects of HPH on more complex system, such as wheat flour. 

Moreover, little is known about technological and nutritional functionalities of HPH-

treated starch/flour. 

The objective of this work was to investigate the effect of HPH treatments on technological 

and nutritional functionalities of wheat starch. Results acquired were compared with 

those obtain on wheat flour to deeper investigate the potentialities of HPH on both model 

and complex systems. Part of the results here presented have been published as: 

 

Peressini, D., Melchior, S., Berlese, M., Calligaris, S. (2020). “Application of high-

pressure homogenization to tailor the functionalities of native wheat starch”. 

Journal of the Science of Food and Agriculture. DOI: 10.1002/jsfa.10891 

4.2 Materials and Methods 

4.2.1 Materials 

Wheat starch (WS) was purchased from Roquette Frères (Lestrem, France) (875 g/kg 

starch, 3.5 g/kg protein, 1 g/kg lipid). It was native starch extracted from wheat using a 

wet process. α-amylase from Bacillus sp (EC 3.2.1.1; 9 U/mg), porcine pepsin (EC 3.4.23.1; 

4472 U/mg), porcine pancreatin (EC 232-468-9, 8 x USP; 11.28 U/mg), porcine bile extract, 

amyloglucosidase from Aspergillus niger (EC 3.2.1.3), L-(+)-arabinose, D-(+)-glucose, KCl, 

KH2PO4, NaHCO3, NaCl, MgCl2(H2O)6, (NH4)2CO3, CaCl2(H2O)2, SDS, Tris-HCl, 

ethylenediaminetetraacetic acid (EDTA), Tris base, glycine, acetic acid, methanol, 5,5’-

dithiobis-(2-nitrobenzoic acid) (DTNB), β-mercaptoethanol, bovine serum albumin, 

bicinchoninic acid solution, and cupric sulphate  were provided by Sigma Aldrich 

(Milano, Italy). Mini-PROTEAN® TGX Stain-Free™ Precast Gels (456-8083), Laemmli 

Sample Buffer 2x (161-0737), Bio-Safe™ Coomassie G-250 Stain (161-0786), and Precision 

Plus Protein™ Kaleidoscope™ Standards (161-0375) molecular weight marker were 

purchased from Bio-Rad (Hercules, CA, USA). Acetonitrile, absolute ethanol, HCl and 

NaOH were purchased from J.T.Baker (Center Valley, USA). Dimethylformamide was 

purchased from Jassen (Geel, Belgium) and wheat flour (710 g/kg carbohydrate, 110 g/kg 
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protein, 170 g/kg lipids) was bought from a local market. Deionized water (System 

advantage A10®, Millipore S.A.S, Molsheim, France) was used.  

4.2.1 High-pressure homogenization of wheat starch 

and wheat flour suspensions 

Wheat starch or wheat flour suspension (500 g, 50 g/kg, w/w) was prepared by adding 

distilled water and stirring at 400 rpm for 30 min at room temperature, then it was rested 

overnight at 4 °C before HPH treatment. A continuous lab-scale high-pressure 

homogenizer (Panda Plus 2000, GEA Niro Soavi, Parma, Italy) supplied with two Re+ type 

tungsten carbide homogenization valves, with a flow rate of 10 L/h, was used to treat the 

samples. The first valve (actual homogenization valve) was set at a pressure of 0 (control), 

70 or 100 MPa, while the second valve was set at the constant value of 5 MPa. Before HPH 

treatment, suspension at 4 ± 1 °C was well mixed. Homogenization of starch or flour 

suspension (500 g) was performed as reported in Table 11. At the end of each pass, the 

sample was cooled at 10 ± 2 °C in order to avoid the increase in temperature above the 

value of initial gelatinization. The maximum temperature reached by the sample was 30 ± 

2 °C (thermocouple probe, mod. HI98509 Checktemp®1, Hanna Instruments, Villafranca 

Padovana, Italy). Finally, treated suspensions were immediately frozen and freeze-dried 

24 h after HPH treatment. Dried samples (FDS) were stored in a dessicator containing 

dried silica gel (0% relative humidity) at room temperature (23 °C) for 48 h before further 

analysis (Laboratory and Pilot Freeze-Dryer Mini-Fast Edwards, mod. 1700, Edwards Alto 

Vuoto, Milan, Italy). 

The energy density (Ev, MJ/m3) transferred from the homogenization valve to the samples 

was determined according to Equation 4 (Calligaris et al., 2016; Stang, Schuchmann, & 

Schubert, 2001). 

 

𝐸𝑣 = P     Equation 4 

 

where ΔP is the pressure difference (MPa) operating at the nozzles. The energy density of 

multiple HPH cycles was calculated as the sum of the energy densities of every single 

pass. 
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Table 11 Different processing conditions (pressure/number of cycles) and energy density of HPH 

treatment. 

Sample Pressure / cycles (MPa/number) Energy density (MJ/m3) 

Starch, Flour 0/1 0 

Starch, Flour 70/1 70 

Starch, Flour 70/3 210 

Starch 70/5 350 

Starch, Flour 100/1 100 

Starch, Flour 100/3 300 

Starch 100/5 500 

4.2.2 Optical microscopy 

An optical microscope (Leica DM2000, Leica Microsystems, Heerbrugg, Switzerland) with 

polarized light filter or normal light, connected with a digital camera (Leica EC3) was 

used. A suspension was prepared by mixing FDS (50 g/kg, w/w) with distilled water and 

the sample was analysed at room temperature with 200x lens. Images were acquired using 

the software Leica Suite LAS EZ (Leica Microsystem, Heerbrugg, Switzerland). For each 

sample, at least six pictures were taken. 

4.2.3 Differential scanning calorimetry 

Differential scanning calorimetry was carried out as described in Paragraph 3.2.4.7. 

Thermal properties of FDS samples were evaluated in accordance with the method 

proposed by Qiu et al. (2014). FDS sample (2.5 ± 0.1 mg) and distilled water (7.5 µL) were 

placed in an aluminium pan and each sample was heated from 35 to 90 °C at a heating 

rate of 10 °C/min under a nitrogen flow. Gelatinization degree (GD, %) was estimated 

using the following Equation 5 (Błaszczak et al., 2007; Qiu et al., 2014). 

 

GD =
HR− HHPH

HR
∗ 100    Equation 5 

 

where HR (Jg-1) and HHPH (Jg-1) are the gelatinization enthalpies of the reference and 

HPH-treated sample, respectively. 
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4.2.4 Water retention capacity 

Water retention capacity (WRC) was determined as the weight of water held by sample 

after centrifugation according to AACC Approved Method 56-11 (AACC International, 

2010) with minor modifications. Briefly, FDS (1.5 g) was weighed in 50 mL Falcon tube 

and distilled water (7.5 mL) was added. The sample was shaken vigorously for 5 s using 

a vortex. Then, the suspension was allowed to solvate for 20 min, shaking every 5 min, 

and centrifuged at 1,000 x g at room temperature for 15 min (Beckman, Avanti J-25 

centrifuge, USA). The WRC (%) was calculated using Equation 6. 

 

𝑊𝑅𝐶 = (
𝑃 

𝐹𝐷𝑆
− 1) ∗ (

86

100−𝑀𝐶 
) ∗ 100    Equation 6 

 

where FDS is the weight (g) of freeze-dried sample, P is precipitate weight (g) and MC is 

moisture content of FDS. 

4.2.5 Absorbance at 280 nm 

The absorption spectroscopy measurements at 280 nm were performed by a UV-Vis 

spectrophotometer (UV-2501 PC, Shimadzu Kyoto, Japan) at 25 °C with a 1 cm path-length 

cuvette. Samples were diluted with 0.5% (w/v) SDS-0.05 M sodium phosphate buffer 

solution (pH 6.9) to obtain absorbance signals on scale. 

4.2.6 Free sulfhydryl content 

The concentration of free sulfhydryl groups (SH) of wheat flour samples was determined 

using Ellman’s reagent. The procedure described by Panozzo et al. (2014) based on the 

method of Beveridge et al. (1974), was followed. Briefly, a Tris–glycine–EDTA (TGE) 

buffer was prepared by dissolving Tris (10.4 g), glycine (6.9 g) and EDTA (sodium salt) 

(1.2 g) in 800 mL distilled water. The pH was adjusted to 8.0 using concentrated 

hydrochloric acid and the volume was then made up to 1 L. Ellman's reagent was prepared 

by dissolving 20 mg of DTNB in 5 mL of dimethylformamide (4 mg/mL solution) and 

stored in the dark at room temperature. A working SDS–TGE solution was freshly 

prepared each time by mixing 45 mL of TGE stock solution with 5 mL SDS stock solution 
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(25%, w/v). The working solution was degassed in an ultrasonic bath for 30 min, and 

flushed with nitrogen during stirring for 15 min. 10 mg gluten and 100 mg flour was 

suspended in 3 mL TGE–SDS buffer at 20 °C and vortexed every 10 min for 30 min. 0.06 

mL Ellman's reagent was added to the suspension and the mix was held at 20 °C for 15 

min. This was followed by centrifugation at 3,000 x g for 15 min at 4 °C. The supernatant 

was then centrifuged at 20,000 g for 15 min at 4 °C. The absorbance of the supernatant was 

measured at 412 nm by a UV-Vis spectrophotometer (UV-2501 PC, Shimadzu Kyoto, 

Japan). Both reagent and sample blanks were used. 

Concentration of free sulfhydryl groups (μmolL-1g-1) was calculated from Equation 7. 

 

𝑆𝐻 =
73.53∗𝐴412∗𝐷

𝐶
     Equation 7 

 

where A412 is the absorbance at 412 nm; C is protein concentration (mg/mL); D is the 

dilution factor; and 73.53 is derived from is the molar absorptivity (Beveridge et al., 1974). 

4.2.7 Rheology 

FDS samples (2 g) were added with distilled water and manually mixed for 2.5 min in 

order to obtain a homogeneous concentrated dispersion (dough) at 450 g/kg (w/w) 

moisture content. The dough was compressed between two Plexiglas rectangular, parallel 

plates (124 x 74 x 10 mm, length x width x height). The sample was load on base plate and 

compressed to 1.6 mm of base plate by applying the upper plate a normal force of 9.81 N. 

Then, it was maintained at 25 °C for 25 min to allow hydration of sample and production 

of a dough sheet of 1.6 mm thickness. Before testing, a disk was cut from dough sheet with 

a 32 mm punch. Preliminary rheological tests of samples rested for a time lower than 25 

min gave higher variability in data (data not shown), probably due to inhomogeneous 

hydration. There was no evidence of sample sedimentation during resting and testing of 

samples, because they were prepared at a moisture content suitable to obtain doughs. 

Viscoelastic properties were evaluated using a controlled stress rheometer (Haake 

RheoStress 6000, Thermo Scientific, Karlsruhe, Germany) equipped with a Peltier system 

for temperature control and parallel plate geometry (35 mm diameter, 1.35 mm gap). To 

fit the plate geometry of the rheometer, the disk was slightly compressed and allowed to 
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relax for 10 min after loading before testing. The exposed edge of sample was coated with 

silicon grease in order to prevent drying. To determine the linear viscoelastic region, stress 

sweep tests were performed from 5 to 500 Pa at constant frequency () (0.1, 1 or 10 Hz) 

and 25 °C. A frequency sweep test was carried out at 25 °C between 0.1 and 10 Hz using a 

stress value included in the linear viscoelastic region. A temperature sweep test was 

performed between 25 and 95 °C at a rate of 1.5 °C/min and 1 Hz within the linear 

viscoelastic range. Storage (G) and loss (G) moduli, loss tangent (tan  = G/G) and 

complex viscosity (* = [(G)2 + (G)2]0.5/) were obtained. 

4.2.8 In vitro digestion 

In vitro digestion was carried out in accordance with the protocol proposed by Minekus et 

al. (2014) modified by Alongi et al.(2019). Briefly, 1 g of starch or 1 mL of a 10% (w/w) flour 

aqueous solution was submitted to the oral, gastric, and intestinal phases as described in 

Paragraph 2.2.6. At the end, a secondary intestinal phase was conducted by adding 0.1 mL 

of amyloglucosidase to the digestion mix and the pH was adjusted to 4 with HCl (6 M). 

The digestion mixture was maintained under stirring at 37 °C for 2 h. Before digestion, 0.1 

g of arabinose was added to each sample. 

Samples were collected after 20, 60, 90 and 120 min from the beginning of the secondary 

intestinal phase to evaluate the starch digestibility and at the end of the gastric and 

intestinal phases to quantify digested proteins. The enzymatic activity was stopped by 

adding ethanol 98% (1:4, v/v). Samples were centrifuged at 10,000 x g for 5 min at 4 °C. 

The supernatant (soluble/digested fraction) was collected and analysed for sugar content, 

while the precipitate (unsoluble/undigested fraction) was dried in a vacuum oven at 40 °C 

overnight (Vuotomatic 50, Bicasa, Milan, Italy) and used to evaluate the digested proteins. 

4.2.8.1 Determination of glucose content 
The glucose content of the digested samples was determined by HPLC equipped with a 

chromatographic column (Amino 100 A 5 μm, 250 mm, 4.6 mm, SephaChrom, Rho, Italy), 

an injection valve (Rheodyne, Sigma Aldrich, Milan, Italy) and a pump (LC-10ATVP, 

Shimadzu Corporation, Kyoto, Japan), generating a flow rate of 1 mL/min. The mobile 

phase was made by water and acetonitrile (30:70, v/v) and the injection volume was 20 μL. 

Glucose was detected by a refractive index detector (RID-10, Shimadzu Corporation, 
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Kyoto, Japan). A solution of D-(+)-glucose (0.05 g/mL) was diluted to 1:5, 1:10, 1:20 (v/v) 

with water, added with L-(+)-arabinose (0.2 g/mL) as internal standard, and used for 

calibration (Englyst, Englyst, Hudson, Cole, & Cummings, 1999). Quantitative analysis of 

sugars was carried out by comparing the sugar peak area with the results of calibration 

curves, which were linear (R2 > 0.999) in the interval of tested concentration.  

4.2.8.2 Protein digestibility 
Protein content in the insoluble fraction was quantified with bicinchoninic acid assay 

(BCA) according to Smith et al. (1985) with some modifications. BCA working reagent 

(WR) was prepared by mixing the bicinchoninic acid solution (reagent A) with the cupric 

sulphate solution (4% w/v) (reagent B) to reach the final reagent A:reagent B ratio of 50:1. 

An extraction buffer (pH=7.5), prepared with Tris-HCl 60 mM and SDS (2% w/v), was 

used to extract proteins from the insoluble dry fraction. Samples were diluted with water 

in order to reach the final concentration within the range of the calibration curve, prepared 

using bovine serum albumin (0-2000 μg/mL bovine serum albumin, R2 = 0.994). 25 μL of 

diluted samples was placed into a 96-well MicrotiterTM microplates (Thermo Fisher 

Scientific, Waltham, MA USA) and 200 μL of WR was added to each well. Samples were 

incubated in a microplate reader (Sunrise-Basic Tecan, Tecan GmbH, Grödig, Austria) at 

37 °C for 30 min in dark. Then the absorbance was measured at 562 nm and protein 

digestibility was expressed by Equation 8. 

 

𝐷𝑖𝑔𝑒𝑠𝑡𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 100 − (
𝑃0−𝑃𝐼

𝑃0
) 𝑥 100  Equation 8 

 

where P0 is the protein content in the blank (undigested sample) and PI is the protein 

content in the insoluble fraction after each digestion phase. 

4.2.8.3 Sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE)  
SDS-PAGE was performed according to the method of Laemmli (1970). A known amount 

of sample was mixed with 500 μL Laemmli sample buffer 2× with 2% of β-

mercaptoethanol. The mixtures were incubated at room temperature for 1 h, then heated 

at 90 °C for 5 min in a water bath and centrifuged (Mikro 120, Hettich Italia srl, Milan, 
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Italy) at 9,500 x g for 10 min at 20 °C. Running buffer was made by dissolving glycine 

(14.4% w/w), Tris (3.0% w/w), and SDS (1.0% w/w) in deionized water. 10 μL of sample 

was loaded onto polyacrylamide gels in order to have in each well the same protein 

content. The run was performed on a Mini-PROTEAN® Tetra Cell apparatus (Bio-Rad, 

Hercules, CA, USA) at a constant amperage of 30 mA. Subsequently, gel was placed for 

30 min in a gel-fixing aqueous solution, containing 40% (v/v) methanol and 10% (v/v) 

acetic acid, and stained with Coomassie blue overnight. Gels were destained with water 

for 30 min and images were acquired with gel documentation system G:BOX (Chemi XX9, 

Syngene, Cambridge, UK). The molecular weight (MW) standard, consisting of a cocktail 

of ten proteins with known MWs (from 10 to 250 kDa), was used to indicate the MW 

protein of sample. 

4.2.9 Statistical analysis 

Data are reported as the mean ± standard deviation (SD) of at least three measurements 

carried out on two replicated experiments. One-way analysis of variance (ANOVA) was 

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

2007). Duncan and Tukey’s post-hoc tests were used to assess significant differences among 

means (p < 0.05) in starch and flour sample, respectively. 

The correlation between functional parameters and energy density was measured using 

the linear correlation coefficient (R). 

4.3 Results and Discussion 

4.3.1 HPH-treated starch 

Changes in morphology and birefringence of starch granules homogenized under 

different pressure-cycle conditions are reported in Figure 15. During the process, the 

temperature was controlled and did not exceed 30 ± 2 °C to avoid starch gelatinization 

due to heating.  
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Figure 15 Micrographs of HPH-treated wheat starch samples under normal (left, a1-g1) and 

polarized (right, a2-g2) light. Control (a); 70 MPa for 1 cycle (b), 3 cycles (c) or 5 cycles (d); 100 MPa 

for 1 cycle (e), 3 cycles (f) or 5 cycles (g). 
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In agreement with literature, the micrographs of the control sample showed birefringence 

phenomenon under polarized light due to the presence of crystalline regions and two 

populations of different granule sizes can be observed (Figure 15a): a larger lenticular 

granule type (A granules, 20-45 µm) and a smaller type with spherical shape (B granules, 

1-5 µm) (Thomas & Atwell, 1999). From the images, no significant differences in 

morphological and birefringent characteristics can be observed between HPH-treated 

sample at 70 MPa for 1 cycle and control (Figure 15a-b), whereas a higher number of cycles 

increased the size of A granules and promoted the formation of smaller particles (Figure 

15c1-d1). The same behavior was observed for samples treated at 100 MPa. However, 

increasing the number of passes the typical smoot starch surface became rough and a 

growing number of disrupted large granules were observed (Figure 15e-g). In contrast, 

smaller granule population appeared more resistant to HPH treatment. Wei et al. (2018) 

reported similar observations for waxy maize starch treated at 50-150 MPa for two cycles.  

Our results are consistent with a two-step mechanism of starch granule fragmentation: i) 

disruption in the growth ring of granule up to a pressure of 70 MPa; ii) an inside-out 

fragmentation (Wei et al., 2018) These events can be associated to the mechanical stresses, 

cavitation and turbulence phenomena caused by the increase of pressure and/or number 

of passes. 

Considering micrographs under polarized light, the increase in pressure and number of 

passes led to gradual losses of birefringence of native granule (Figure 15a2-g2). This was 

mainly observed for A granules (large), which showed a progressive decrease in the 

intensity of birefringence at the center indicating that structural changes took place mainly 

in the inner part of the starch granule. These findings indicate a loss of molecular order 

within the starch granule due to the increase in mobility of glucan chains induced by HPH. 

In contrast, small granules maintained the typical Maltese cross resulting less sensitive to 

the treatment as reported by other authors (Che et al., 2007; Kasemwong, Ruktanonchai, 

Srinuanchai, Itthisoponkul, & Sriroth, 2011) The loss of birefringence indicated that HPH 

may induce a progressive gelatinization of starch, the extent of which depends on 

processing conditions. Kasemwong et al. (2011) observed a similar effect of HP 

microfluidization on cassava starch granules at 120 and 150 MPa. 
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Gelatinization properties of HPH-treated starch were evaluated by calorimetric 

measurements. DSC thermograms recorded an endothermic peak related to starch 

gelatinization for all samples (data not shown). The gelatinization temperatures (To, Tp 

and Te) and gelatinization enthalpy of control and HPH-treated starch are presented in 

Table 12.  

Table 12 Thermal properties of different HPH-treated starch samples. 

Pressure/cycles (MPa/numer) To (°C) Tp (°C) Te (°C) ΔH (Jg-1) GD (%) 

0/1 53.2 ± 0.2bc 60.0 ± 0.5ab 65.5 ± 0.3ab 8.50 ± 0.18a 0 

70/1 53.0 ± 1.4bc 58.8 ± 0.7bc 64.9 ± 0.6ab 7.40 ± 0.48b 12.9 ± 5.7e 

70/3 52.7 ± 0.2bc 60.5 ± 0.8a 69.3 ± 1.2a 5.75 ± 0.07d 32.3 ± 0.8c 

70/5 54.9 ± 0.5a 60.8 ± 0.8a 69.8 ± 0.5a 3.50 ± 0.35e 60.1 ± 4.2b 

100/1 52.1 ± 0.2c 58.4 ± 0.3c 65.2 ± 0.5ab 6.55 ± 0.07c 22.9 ± 0.8d 

100/3 52.2 ± 1.0c 59.6 ± 0.4ab 68.8 ± 1.4ab 2.64 ± 0.17e 65.5 ± 5.3b 

100/5 53.7 ± 0.4ab 58.9 ± 0.4bc 62.1 ± 7.3b 1.39 ± 0.25f 82.8 ± 0.4a 
a-f in the same column, means indicated by different letters are significantly different (p < 0.05). 

The onset temperature (To) of treated samples was not significantly different compared 

with control, with the exception of starch homogenized at 70 MPa for 5 passes (p < 0.05). 

Regarding Tp, only the sample treated at 100 MPa for 1 cycle showed a significant decrease 

in temperature compared to control (p < 0.05) (Table 12). Finally, Te values of all treated 

samples did not significantly differ from control (p > 0.05). 

Gelatinization enthalpy (ΔH) was significantly lower for treated samples than control (p < 

0.05) (Table 12). A significant decrease in enthalpy with the increase in passes was 

obtained at 70 and 100 MPa (p < 0.05). Gelatinization degree (GD) was 13-60% for samples 

homogenized at 70 MPa and 23-83% at 100 MPa (Table 12). Results are consistent with 

previous microscopic observations, which showed clearly changes in starch granules 

associated to gelatinization (swelling and loss of birefringence) with a higher extent for 

HPH at 100 MPa (Figure 15). Qiu et al. (2014) reported a maximum GD value of 26 ± 1% 

for wheat starch HPH-treated at 100 MPa for one cycle in accordance with our data. The 

same authors found that wheat starch gelatinized slightly at 60 and 80 MPa. For maize 

starch, Wang et al. (2008) observed a very small GD at 60 MPa and a value of 13% at 100 

MPa. GD of HPH-treated wheat starch was highly correlated with the percentage of 

damaged starch granules, which increased with the raise in pressure due to strengthening 

of shear, cavitation and turbulence phenomena (Qiu et al., 2014). 
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In order to evaluate the effect of starch structural modifications induced by HPH on its 

functionalities, the water retention capacity (WRC) of the samples was evaluated at 25 °C 

(Figure 16).  

 

Figure 16 Water retention capacity of HPH-treated starch samples. Means indicated by different 

letters are significantly different (p < 0.05). 

WRC was significantly higher for HPH-treated starch than control and the ability in 

retaining water increased as pressure and number of cycles also increased (p < 0.05). WRC 

values were between 81% at 70 MPa for 1 cycle to 191% at 100 MPa for 5 cycles. The latter 

WRC value was 2.5 times higher than of control. An increase in WRC was also reported 

for HP-treated quinoa and corn starches (Ahmed, Thomas, Arfat, & Joseph, 2018; Cappa, 

Lucisano, Barbosa-Cánovas, & Mariotti, 2016). This effect of HPH is probably due to: 1) 

mechanical damage of starch granules (granule fragmentation) (Duyvejonck, Lagrain, 

Pareyt, Courtin, & Delcour, 2011); 2) a loss of molecular order within the starch granule, 

which induces swelling in water (Figure 15).  

Viscoelastic properties of the concentrated water-starch dispersions were assessed by 

dynamic, small deformation tests. This testing procedure was conducted to determine 

firstly the gelatinization extent of treated starch and, secondly the contribution of different 

HPH processing conditions to dispersion structure, which is related to starch functionality 

in food formulations. Rheological properties were evaluated at constant moisture content 

of dispersions (450 g/kg). Figure 17 shows the temperature-dependence of dispersion 

rheological properties determined by a dynamic temperature ramp test at constant 

frequency.  
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Figure 17 Storage modulus (G’) versus temperature at 1 Hz for starch dispersions at 450 g/kg 

moisture content. Control (a) and HPH-treated starch at 70 MPa for 1 cycle (b), 3 cycles (c) or 5 

cycles (d) (A). Control (a) and HPH-treated starch at 100 MPa for 1 cycle (b), 3 cycles (c) or 5 

cycles (d) (B). 

Changes in storage modulus is associated to structural transitions occurring above the 

starch gelatinization temperature. During heating of control, G’ showed a sharp increase 

to a maximum due to starch gelatinization in agreement with previous findings (Dreese, 

Faubion, & Hoseney, 1988; Peressini et al., 2002). It is well known that the shear modulus 

of a dispersion is related to the volume fraction of dispersed particles (ϕ), and increase 

with ϕ in accordance with the equation of Eilers and Dijk (Ferry, 1980). Therefore, this 

ascent of G’ to a peak is associated to the gradual swelling of starch granules during 

gelatinization (Figure 17) (Peressini, Foschia, Tubaro, & Sensidoni, 2015; Peressini, 

Sensidoni, Brennan, Gao, & Brennan, 2020; Rolee & LeMeste, 1999). When granules 

reached the highest swelling, G' progressively decreased due to a softening effect of 

temperature. Ascent of G’ was lower for HPH-treated samples than control indicating that 



Chapter 4 

 

91 

those samples are already partially gelatinized (Figure 17). The increase in pressure and 

number of cycles decreased the ascent of G’, which was absent for starch treated at 100 

MPa for 5 cycles. Rheological results are consistent with DSC measurements confirming a 

progressive gelatinization of starch with the increase in pressure and number of passes 

(Table 12). 

The effect of HPH on rheological properties of starch dispersion was investigated using 

frequency sweep test at 25 °C (Figure 18). The magnitudes of G’ were much higher than 

those of G’’ and viscoelastic moduli were frequency dependent indicating a weak-gel like 

behavior. 

 

Figure 18 Storage (G’) and loss (G’’) moduli versus frequency at 25 °C for starch dispersions at 

450 g kg−1 moisture content. Control (◆) and HPH- treated starch at 70 MPa for 1 cycle (▲), 3 

cycles (⚫) or 5 cycles (◼) (a). Control (◆) and HPH-treated starch at 100 MPa for 1 cycle (▲), 3 

cycles (⚫)or 5 cycles (◼) (b). G’, close symbol; G’’, open symbol. 
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HPH treatment increased the storage and loss moduli of starch dispersions in comparison 

with control. Table 13 shows rheological parameters at a frequency of 1 Hz to compare 

samples.  

Table 13 Rheological properties of different HPH-treated starch dispersions (450 g/kg moisture 

content) at 1 Hz. 

Pressure/cycles 

(MPa/numer) 

Storage modulus G’ 

(kPa) 

tan δ  

(-) 

Complex viscosity η*  

(kPa) 

0/1 160 ± 7e 0.131 ± 0.011a 25.69 ± 10.43e 

70/1 307 ± 24d 0.093 ± 0.006c 49.16 ± 37.79d 

70/3 367 ± 20c 0.075 ± 0.002d 58.67 ± 3.14c 

70/5 413 ± 27b 0.073 ± 0.002d 65.87 ± 4.33b 

100/1 367 ± 35c 0.112 ± 0.009b 58.76 ± 5.62c 

100/3 448 ± 23b 0.077 ± 0.002d 71.59 ± 3.71b 

100/5 504 ± 20a 0.089 ± 0.003c 80.49 ± 3.15a 
a-e in the same column, means indicated by different letters are significantly different (p<0.05). 

Treated samples gave significantly higher G’ and complex viscosity (η*) and lower tan δ 

than control indicating a higher number of elastic interactions and solid-like behavior (p < 

0.05). When the number of cycles and pressure increased, both G’ and η* increased. 

Storage modulus and complex viscosity of HPH-treated starch dispersions were almost 2 

and 3 times higher than control at 13% and 83% GD, respectively. These changes in 

rheological properties are due to partial starch gelatinization and size reduction of 

particles, which promote interactions.  

Gelatinization phenomena were also confirmed by analyzing the fate of starch upon in 

vitro digestion. Figure 19 reports the glucose concentration during the second intestinal 

phase of both control and starch treated at 100 MPa for 5 passes. The latter was selected 

based on its properties reported above. As expected, HPH-treated sample presented a 

higher digestibility than the reference due to the presence of amorphous regions which 

promote enzymatic hydrolysis of starch. Moreover, as previously reported, intense 

mechanical stresses generated during the homogenization process caused granule rupture 

and then particle size reduction. The higher surface area/volume ratio could increase the 

potential surface attached by enzymes, resulting in a higher degree of starch hydrolysis 

(Tester, Qi, & Karkalas, 2006). On the contrary, the semi-crystalline structure of control 

reduced the diffusion and adsorption of enzymes to the solid surface as well as the 

initiation of starch degradation, leading to slow and incomplete digestion (Dhital, Warren, 
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Butterworth, Ellis, & Gidley, 2017; Zhang, Ao, & Hamaker, 2006; Zhang, Venkatachalam, 

& Hamaker, 2006). 

 

Figure 19 Glucose concentration as a function of time during the second intestinal phase of in vitro 

starch digestion. Control (◆). HPH-treated starch at 100 MPa for 5 cycles (). 

The different behavior of samples was evident considering starch hydrolysis after 20 min. 

The latter corresponds to the rapidly digestible starch (RDS), which rises by increasing the 

gelatinization degree (Englyst et al., 1999). Glucose release at 20 min of digestion was 267 

± 7 mg/gstarch for control and 439 ± 20 mg/gstarch for HPH-treated sample. On the other hand, 

in the reference sample starch could be mostly classified as resistant or slowly digestible 

starch which is the fraction no further digested or digested between 20 and 120 min of 

intestinal phase, respectively (Englyst & Englyst, 2005). 

Summarizing, results acquired indicate that HPH modified starch structure by inducing 

gelatinization phenomena the extent of which increased with HPH intensity. 

Consequently, starch technological and nutritional properties can be tailored by 

increasing HPH pressure and number of passes. 

4.3.2 HPH-treated flour 

Increasing the system complexity, the effect of HPH on wheat flour was evaluated. Based 

on the results acquired for starch, HPH treatments on wheat flour were conducted at 70 

and 100 MPa for 1 and 3 passes.   

In micrographs of HPH-treated wheat flour (Figure 20) both type A and B starch granules 

as well as small particles attributable to wheat proteins were detected (Panozzo, 2014; 

Thomas & Atwell, 1999).   
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Figure 20 Micrographs of HPH-treated wheat flour under normal (left a1-e1) and polarized (right, 

a2-e2) light. Control (a); 70 MPa for 1 cycle (b); 100 MPa for 1 cycle (c); 70 MPa for 3 cycles (d); 100 

MPa for 3 cycles (e).   

Sample 0/1 showed the presence of large clusters that are probably attributed to the 

interaction between gluten and starch (Panozzo, 2014). The number of gluten-starch 

clusters increased as the intensity treatment became higher, even if their size appeared 

lower. It could be supposed that the intense shear forces, mechanical stress, and 

turbulence occurring upon HPH treatment induced the reduction of particle size as well 

as the exposure of protein residues and the subsequent rearrangement of structure 

favoring the formation of aggregates. Regarding starch, the same effects observed in 

Paragraph 4.3.1 were also detected in HPH-treated flour. Small granules were more 



Chapter 4 

 

95 

resistant to HPH, while Type A granules progressively loss their birefringence (Figure 

20b2-e2) and became bigger, deformed, and fragmented (Figure 20b1-e1) suggesting that 

partial gelatinization occurred.  

This hypothesis was confirmed by thermal properties of HPH-treated flour (Table 14). 

Table 14 Thermal properties of HPH-treated wheat flour. 

Sample To (°C) Tp (°C) Te (°C) ΔH (Jg-1) GD (%) 

0/1 56.44 ± 0.25b 63.49 ± 0.44a 70.49 ± 0.35a 6.75 ± 0.33a 0 

70/1 58.50 ± 1.05ab 64.33 ± 0.38a 70.75 ± 1.23a 4.40 ± 0.07b 34.22 ± 0.42c 

100/1 59.01 ± 0.33a 64.79 ± 0.91a 71.20 ± 1.18a 3.43 ± 0.16c 50.52 ± 1.47ab 

70/3 57.76 ± 0.01ab 64.47 ± 0.47a 71.74 ± 0.20a 3.34 ± 0.10c 49.19 ± 2.30b 

100/3 58.67 ± 0.13a 63.82 ± 0.53a 69.65 ± 0.49a 3.08 ± 0.15c 55.63 ± 0.52a 
a-c in the same column, means indicated by different letters are significantly different (p<0.05). 

All samples exhibited an endothermic peak attributable to starch gelatinization (data not 

shown) (Sievert & Pomeranz, 1990). As expected and in agreement with literature, the 

transition temperatures (To, Tp, and Te) were almost 5 °C higher than those observed in 

starch samples due to the presence of flour proteins that probably hindered starch 

gelatinization (Berland, Relkin, & Launay, 2003). While To, Tp and Te showed only slight 

modifications, gelatinization enthalpy was significantly (p<0.05) lower for treated samples 

as compared with control. Furthermore, the gelatinization degree progressively increased 

confirming previous microscopic observations. Moreover, the same effects were also 

detected in HPH-treated starch corroborating the potentiality of HPH to induce starch 

gelatinization in both model and more complex systems. 

To better investigate the effect of HPH on flour proteins, absorbance at 280 nm and 

sulfhydryl content were also evaluated (Table 15). It is a matter of fact that, these 

parameters are representative of tertiary and quaternary protein structures. In particular, 

sulfhydryl groups represent a clear index of modifications occurring to flour proteins since 

glutenins are intra/interchain disulphide-linked polymers while gliadins are monomers 

with intrachain S-S bonds (Wang et al., 2014). Compared with control sample, 100/1 and 

100/3 did not show a significant difference while 70/1 and 70/3 exhibited an increase in 

absorbance due to the exposure of tyrosine and tryptophan residues and to a lesser extent 

of cysteine ones (Goldfarb, Saidel, & Mosovich, 1951). This trend was observed along with 

the reduction of SH content in all samples indicating the formation of disulfide bridges at 

both intra- and intermolecular structural level. 
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Table 15 Absorbance and free sulfhydryl groups of HPH-treated wheat flour. 

Sample Absorbance at 280 nm Sulfhydryl groups  

(μmolL−1g−1) 

0/1 0.385 ± 0.008cb 9.86 ± 0.15a 

70/1 0.521 ± 0.036a 7.80 ± 0.13b 

100/1 0.417 ± 0.014b 7.25 ± 0.20c 

70/3 0.501 ± 0.012a 6.46 ± 0.15bc 

100/3 0.349 ± 0.001c 6.45 ± 0.11c 
a-c in the same column, means indicated by different letters are significantly different (p<0.05). 

These results indicated that HPH treatment up to 70 MPa for 3 passes probably induced 

protein conformational modifications and unfolding while further intensity increase was 

responsible of protein aggregation. The latter could be explained by two different 

mechanisms. First, the exposure of the hydrophobic residues due to protein unfolding can 

lead to hydrophobic interactions (Rao & Labuza, 2012). Second, sulfhydryl groups of the 

unfolded proteins can become available reacting to form intermolecular cross-links 

(Beveridge et al., 1974). Even if covalent bonds responsible for protein crosslinking are 

known to be hardly affected by HPH (Subirade, Loupil, Allain, & Paquin, 1998), results of 

absorbance and SH groups suggest that both mechanisms could be possible. Moreover, it 

can be inferred that these structural rearrangements could also be responsible of both 

protein-starch interactions and starch entrapping in the protein network.  

The influence of the observed structural modifications on technological functionalities of 

HPH-treated flour was than evaluated. By increasing HPH intensity, WRC progressively 

increased reaching its maximum at 100 MPa for 3 passes (Table 16). This behaviour could 

be attributed to the likely reduction of particle size as well as to both protein and starch 

structural modifications. Regarding proteins, HPH could favour the exposure of 

hydrophilic groups thus promoting the ability to hold water (Ahmed et al., 2018) as 

confirmed by conformational modifications (Table 15). 

Table 16 Rheological properties (25 °C, 1 Hz) and WRC of different HPH-treated wheat flour 

samples. 

Sample G’ (kPa) tan δ η* (kPa) WRC (%) 

0/1 83 ± 4c 0.309 ± 0.001a 13.83 ± 0.73c 73.57 ± 0.48b 

70/1 103 ± 3b 0.287 ± 0.004b 17.03 ± 0.41b 74.11 ± 1.55b 

100/1 94 ± 3bc 0.286 ± 0.005b 15.57 ± 0.60bc 74.94 ± 1.34ab 

70/3 97 ± 6bc 0.265 ± 0.006c 16.00 ± 1.04bc 75.98 ± 1.69ab 

100/3 126 ± 6a 0.245 ± 0.004d 20.69 ± 0.89a 79.64 ± 1.59a 
a-d in the same column, indicated a significant difference (p<0.05). 
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On the other hand, both the mechanical damage and the loss of crystalline structure 

induced on starch granules by HPH (Figure 20) favoured the swelling in water 

(Duyvejonck et al., 2011; Liu et al., 2016).  

Rheological properties of HPH-treated wheat flour were evaluated by dynamic, small 

deformation tests. It is well established that dynamic moduli are sensitive to water 

content, increasing as water content decreases (Edwards, Dexter, Scanlon, & Cenkowski, 

1999; Peressini & Sensidoni, 2009; Peressini et al., 2020). For this reason, dough viscoelastic 

properties were evaluated at constant moisture content of doughs (44% w/w). As 

expected, frequency sweep test (Figure 21 and Table 16) highlighted that both moduli 

were frequency dependent with G’ higher than G’’ indicating a weak-gel behaviour. 

 

Figure 21 Storage (G’) and loss (G’’) moduli versus frequency at 25 °C for wheat flour dispersions. 

Control (⚫) and HPH-treated flour at 70 MPa for 1 cycle (◆) or 3 cycles (◼) (a). Control (⚫) and 

HPH-treated flour at 100 MPa for 1 cycle (◆) or 3 cycles (◼) (b). G’, close symbol; G’’, open 

symbol. 

As observed in HPH-treated starch, HPH treatment induced the increase of both storage 

modulus (G’) and complex viscosity (η*) while tan δ was lower. These changes could be 

attributed to particle size reduction as well as to both protein modifications and starch 
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gelatinization that probably induced the formation of higher number of elastic interactions 

resulting in a solid-like behaviour. This tendency was more evident considering tan δ of 

treated samples that progressively decreased by increasing HPH intensity.  

Finally, the temperature-dependence of treated wheat flour dispersions was evaluated by 

a dynamic temperature ramp at constant frequency (1Hz) (Figure 22). 

 

Figure 22 Storage modulus (G’) versus temperature at 1 Hz for HPH-treated wheat flour. 

During heating, the increase of G’ was the result of protein denaturation and starch 

gelatinization, which affected water absorption capacity and thus dough softening (Iuga, 

Boestean, Ghendov-Mosanu, & Mironeasa, 2020). The ascent of G’ is correlated with the 

swelling and distortion of starch granules, as they act as fillers in the gluten network and 

promote effective cross-linking (Angioloni & Dalla Rosa, 2005; Peressini et al., 2015, 2020). 

Dough viscosity and elasticity increased due to starch gelatinization and protein 

interactions and finished when the G’ began to decrease. The ascent G’ of samples treated 

at 70 and 100 MPa for 3 passes was the lowest indicating that those samples were partially 

gelatinized. In fact, the increase of G’ during heating has been reported to be proportional 

with starch content of dough. Thus, the modifications observed were related to the 

changes of starch structure (He & Hoseney, 1991) as confirmed also in Paragraph 4.3.1.  

Finally, in the last part of the study, the effect of HPH on nutritional functionality of wheat 

flour was evaluated. Since wheat flour is composed mainly by carbohydrates and proteins, 

starch and gluten digestibility were analysed.  
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Figure 23 Glucose concentration as a function of time during the second intestinal phase of in vitro 

what flour digestion. Control (⚫); HPH-treated wheat flour at 100 MPa for 3 passes (◆). 

As expected and in agreement with results observed in Paragraph 4.3.1, HPH favoured 

the digestion of carbohydrates resulting in higher glucose release and RDS content as 

compared with reference sample. This was due to the combination of different HPH-

induced effects such as particle size reduction and starch gelatinization.  

Regarding proteins, the digestibility of control and sample treated at 100 MPa for 3 passes 

is reported in Figure 24.  

 
Figure 24 Protein digestibility at the end of gastric and intestinal digestion phases for wheat flour 

treated at 0 MPa and 100 MPa for 3 cycles. a-b indicate a significant difference (p<0.05) within the 

same sample; A-B indicate a significant difference (p<0.05) between samples within the same 

digestion phase. 

Compared with the control, a significant increase in protein digestibility was observed at 

the end of the gastric phase in the HPH-treated sample (p<0.05). This was quite evident 

observing SDS-PAGE profile (Figure 25) where the reference sample was characterized by 

more intense bands between 20 and 50 kDa than 100/3.  
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Figure 25 SDS-PAGE profile of wheat flour treated at 0 MPa and 100 MPa for 3 cycles at the end 

of gastric and intestinal digestion phases. PD: pre digestion; G: gastric phase; I: intestinal phase. 

On the other hand, 100/3 exhibited a more intense band at 10 kDa indicating the presence 

of higher peptide amount. At the end of digestion, no differences in protein digestibility 

were detected between samples. However, also in this case the intensity of small bands 

(<10 kDa) was higher in the sample treated at 100 MPa for 3 passes than the control. These 

results indicate that HPH also favour protein digestibility probably due to changes in 

protein conformation (Table 15) as well as protein-starch network allowing enzyme 

hydrolysis.  

4.3.3 Energy density effect on starch and flour 

To define the relationship between the intensity of the treatment and the sample 

properties, the energy density (Ev) transferred from the HPH valve to starch/flour 

suspensions was computed (Table 11).  
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Figure 26 Relation between energy density of HPH treatment and enthalpy (a), gelatinization 

degree (b), water retention capacity (c), storage modulus (d), complex viscosity (d), and tan δ (f) 

of starch (⚫) and flour (◆) samples. Lines derived from linear regression. 

Depending on both pressure and number of passes applied, it ranged between 0 and 500 

MJ/m3 (starch) or 300 MJ/m3 (flour). This parameter is an indicator of the HPH intensity 

because it takes into account both the duration of the treatment, expressed as number of 

cycles, and transferred power (Calligaris et al., 2016). 

Data relevant to enthalpy, GD, WRC, G’, η*, and tan δ are reported in Figure 26 and Table 

17. Linear relation between energy density and the exanimated properties was found in 

most cases. Considering G’, η* and WRC a strong linear regression was detected in 

reference to starch, but not to flour. Only tan δ was betted related with Ev in flour than in 

starch.  



Chapter 4 

 

102 

Table 17 Slope (m), R, and p-value of relation between energy density and properties of starch and 

flour samples.  

Property Starch   Flour   

 m R p m R p 

ΔH -0.0145 0.97 <0.001 -0.0103 0.81 <0.05 

GD 0.169 0.98 <0.001 0.1563 0.82 <0.1 

WRC 0.1981 0.87 <0.05 0.0107 0.55 >0.1 

G’ 0.5621 0.90 <0.01 0.1138 0.84 <0.1 

η* 0.0895 0.89 <0.01 0.0179 0.83 <0.1 

tan δ -0.00005 0.68 <0.1 -0.0002 0.99 <0.001 

 

From these results it could be inferred that HPH was more efficient in modifying 

structural and functional properties of starch.  

This behavior could be attributed to the different complexity of the systems. Starch 

dispersion is considered a model system, thus the intense shear forces, mechanical stresses 

and turbulence induced by HPH were directed towards starch granules resulting more 

effective in increasing technological attributes. Otherwise, in flour HPH energy was 

shared not only between starch granules but also with proteins, lipids, and other minor 

components. However, it should be highlighted that gelatinization phenomena occurred 

with a similar magnitude in both systems as can be observed from enthalpy and GD slope. 

4.4 Conclusions 

This study corroborates the possibility to use HPH to tailor the functionalities of wheat-

based ingredient guaranteeing at the same time a cheap and sustainable approach. HPH 

induce starch gelatinization thus affecting the technological and nutritional properties. 

The same results were also observed in a more complex system such as flour. In this case 

the additional presence of proteins reduced the overall efficacy of the treatment. The 

observed modifications are strongly dependent on the process conditions (pressure and 

number of passes). Thus, the production of starch- or flour-based ingredients with tailored 

functionalities can be obtained by selecting the proper energy density of the treatment. 

However, further studies are required to deeper investigate the effect of HPH on wheat 

protein model system. Moreover, starch-protein interaction should be also evaluated by 

applying the HPH treatments on proportionally increasing concentration of both starch 

and gluten. 
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From an industrial perspective, these results open interesting possible opportunities in the 

attempt to design ingredients for specific technological applications as well as tailored 

foods or supplements for target populations. It should be noted that homogenization 

pressures equal or lower than 100 MPa, such those applied in this research, appear 

compatible with the actual industrial available HPH plants. 

Future research is required to deeply study nutritional properties of HPH-treated wheat 

ingredients. In fact, it is expected that different HPH-conditions can be exploited to 

promote differences in wheat starch and protein digestibility allowing the production of 

food products with different glucose release (lower for diabetics and higher for athletes) 

or increased protein digestibility (i.e. foods for elderly). 
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Chapter 5 Tailoring technological 

and nutritional functionalities of pea 

protein concentrate by high pressure 

homogenization 

5.1 Introduction and aim of the study 

Pea is becoming an important protein source, potentially alternative to soybean, due to 

the well-balanced amino acid profile, non-allergenic character and availability at relatively 

low cost (Barać et al., 2010, 2012; Lu, He, Zhang, & Bing, 2019). However, extensive use of 

pea proteins is limited by the presence of antinutritional factors that decrease digestibility 

and increase protein requirements (Sá, Moreno, & Carciofi, 2020). Moreover, compared 

with other vegetable proteins, such as soybean and wheat gluten, pea proteins have 

limited functional properties (Chen et al., 2019; Shand, Ya, Pietrasik, & Wanasundara, 

2007). The possibility of substantially increasing pea protein usage in food formulations is 

thus dependent on the identification of strategies to steer both technological and 

nutritional performance of pea proteins. In this context, it has been demonstrated that 

HPH is a promising strategy to modify protein properties. This technology favours 

denaturation phenomena by altering tertiary and quaternary structure, while the effects 

on primary and secondary structure are controversial. Such structural changes lead to 

positive effects in terms of solubility, gelling, foaming, and emulsifying ability (Ali et al., 

2018; Bouaouina, Desrumaux, Loisel, & Legrand, 2006; Maresca et al., 2017; Saricaoglu, 

Gul, Besir, & Atalar, 2018) while very little is still known about gastrointestinal digestion 
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of HPH-treated proteins (Chen et al., 2019; Maresca et al., 2017). With this in mind, the 

effects of HPH on proteins have been studied mainly with reference to enzymes or animal-

derived proteins (Ali et al., 2018; Carullo, Donsì, & Ferrari, 2020; Chen, Xu, & Zhou, 2016; 

Panozzo et al., 2014; Yu et al., 2018), whilst research on plant proteins is still limited, and 

mainly focused on soy and lupin (Bader, Bez, & Eisner, 2011; Shen & Tang, 2012; Yang, 

Liu, Zeng, & Chen, 2018). Thus, the aim of this study was to investigate the effect of HPH 

treatment at different pressures (up to 150 MPa) and number of passes (1 or 3) on pea 

proteins. In the first part of the work, HPH effects on protein configuration and 

conformation were analysed. Following, HPH effects on technological and nutritional 

properties were evaluated. 

5.2 Materials and Methods 

5.2.1 Materials 

Pea protein concentrate was purchase from Raab Vitalfood GmbH (Rohnbach, Germany; 

protein content: 80%). α-amylase from Bacillus sp (EC 3.2.1.1; 9 U/mg), porcine pepsin (EC 

3.4.23.1; 4472 U/mg), porcine pancreatin (EC 232-468-9, 8 x USP; 11.28 U/mg), porcine bile 

extract, KCl, KH2PO4, NaHCO3, NaCl, MgCl2(H2O)6, (NH4)2CO3, CaCl2(H2O)2, SDS, Tris-

HCl, ethylenediaminetetraacetic acid (EDTA), Tris base, glycine, acetic acid, methanol, 

5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), β-mercaptoethanol, bovine serum albumin, 

bicinchoninic acid solution, and cupric sulphate were provided by Sigma Aldrich (Milano, 

Italy). Mini-PROTEAN® TGX Stain-Free™ Precast Gels (456-8083), Laemmli Sample 

Buffer 2x (161-0737), Bio-Safe™ Coomassie G-250 Stain (161-0786), and Precision Plus 

Protein™ Kaleidoscope™ Standards (161-0375) molecular weight marker were purchased 

from Bio-Rad (Hercules, CA, USA). Absolute ethanol, HCl and NaOH were purchased 

from J.T.Baker (Center Valley, USA). Dimethylformamide was provided by Jassen (Geel, 

Belgium). Sunflower oil was purchased from a local market. Deionized water (System 

advantage A10®, Millipore S.A.S, Molsheim, France) was used. 
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5.2.2 Sample preparation and HPH treatment 

The pea protein concentrate was suspended in deionized water at 5% w/v concentration 

and the solution was stirred overnight at room temperature. This concentration was 

chosen in the protein content range of the pea source here considered (Aluko, Mofolasayo, 

& Watts, 2009) as well as to better study HPH effects. Subsequently, the pea protein 

aqueous dispersion was treated at pressures of 70, 100 and 150 MPa for 1 (70/1, 100/1, and 

150/1) and 3 (70/3, 100/3, and 150/3) passes by a continuous lab-scale high-pressure 

homogenizer (Panda Plus 2000; GEA Niro Soavi, Parma, Italy) as reported in Paragraph 

4.2.1. Pea protein aqueous solution treated at 0 MPa (0/1) was used as reference sample. 

Samples were freeze-dried (Mini Fast 1700, Edwards Alto Vuoto, Milan, Italy) and stored 

into a desiccator at room temperature before further analysis. 

5.2.3 Protein structure characterization 

5.2.3.1 SDS-PAGE 
SDS-PAGE analysis was performed with or without 2% of β-mercaptoethanol as described 

in Paragraph 4.2.8.3. 

5.2.3.2 Fourier transform infrared spectroscopy (FT-IR) 

measurement 
FT-IR spectra were recorded at 25 ± 1 °C by using a FT-IR instrument, equipped with an 

ATR accessory and a Zn-Se crystal that allows collection of FT-IR spectra directly on 

sample without any special preparation (Alpha-P, Bruker Optics, Milan, Italy). The 

“pressure arm” of the instrument was used to apply constant pressure to the sample, 

positioned onto the Zn–Se crystal, to ensure a good contact between the sample and the 

incident IR beam. All FT-IR spectra were collected in the range from 4000 to 400 cm−1, at a 

spectrum resolution of 4 cm−1 and with 32 co-added scans. Background scan of the clean 

Zn–Se crystal was acquired prior to sample scanning. The collected FT-IR spectra were 

pre-processed (baseline corrected, smoothened and normalised) using the OPUS software 

(version 7.0 for Microsoft Windows, Bruker Optics, Milan, Italy) and Gaussian curve 

fitting of deconvoluted amide I (1600-1700 cm-1) was performed using Origin Pro 9 
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(OriginLab, Northampton, MA, USA) accordingly with Sow & Yang (Sow & Yang, 2015). 

The fitting quality of the Gaussian curves was confirmed by having R2 > 0.997. 

5.2.3.3 Absorbance at 280 nm 
Absorbance at 280 nm was carried out as described in Paragraph 4.2.5. 

5.2.3.4 Free sulfhydryl content 
Free sulfhydryl content was measured as described in Paragraph 4.2.6. 

5.2.3.5 Particle size distribution 
The particle size distribution was measured as described in Paragraph 3.2.7.1. Particle size 

was reported as intensity-weighed mean diameter in nm.  

Particle size distribution of the soluble phase at the end of gastric and intestinal phases of 

the in vitro digestion was also performed. Data are reported as volume-weighed mean 

diameter in nm to better appreciate differences and in accordance with literature (Alongi, 

Calligaris, et al., 2019; Tunick et al., 2016). 

5.2.4 Functional properties 

5.2.4.1 Solubility 
Samples were suspended in deionized water (1% w/w), stirred at room temperature for 1 

h and then centrifuged (Mikro 120, Hettich Italia srl, Milan, Italy) at 13,500 x g for 5 min at 

4 °C. The supernatant was eliminated, and the insoluble precipitate was dried in a vacuum 

oven (Vuotomatic 50, Bicasa, Milan, Italy) overnight and exactly weighted. Sample 

solubility was calculated by Equation 9. 

 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑠𝑜𝑙𝑢𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑆−𝐷𝐼𝐹

𝑆
 𝑥 100   Equation 9 

 

where S is the weight of initial sample and DIF is the weight of the dried insoluble fraction. 

5.2.4.2 Water and Oil holding capacity 
Samples were suspended into distilled water or sunflower oil (0.2 g/mL), stirred using a 

vortex (Vortex 1, Ika, Milan, Italy) and centrifuged three times for 5 min at 13,900 x g at 20 

°C. The supernatant was eliminated, and the pellet obtained was weighted. Water and oil 
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holding capacity were calculated as the percentage of water or oil held by the sample, 

following Equation 10. 

 

𝑊𝐻𝐶 (%) 𝑜𝑟 𝑂𝐻𝐶 (%) =  
𝐻−𝑆 

𝑆
 𝑥 100         Equation 10 

 

where S is the weight of initial sample and H is the weight of pellet obtained. 

5.2.4.3 Foaming properties 
Samples were suspended in distilled water (1% w/w) and stirred at room temperature for 

60 min. Aliquots of 10 mL suspension were homogenized (Polytron DI 25 basic, IKA 

Werke GmbH & Co., Germany) for 3 min at 800 x g in a graduated cylinder and the 

volumes of foam and liquid phase were measured. The foaming capacity (FC) was 

computed following Equation 11. 

 

𝐹𝐶 (%) =  
𝑉𝐼

𝑉0
 𝑥 100    Equation 11 

 

where VI is the volume of the foam and V0 is the initial liquid phase volume.  

5.2.4.4 Emulsifying properties 
Samples were suspended in distilled water at 5% w/v concentration and stirred 1 h at 

room temperature. Sunflower oil was added in sample:oil ratio of 90:10. The resulted 

mixture was pre-homogenized with a high-speed blender and subsequently homogenized 

using a continuous lab-scale high-pressure homogenizer at 50 MPa. 

Sample images were acquired as reported in Paragraph 2.2.4.1. The digital camera was 

placed on an adjustable stand positioned 60 cm in front of a black cardboard base where 

the vials containing the emulsions were placed.  

5.2.4.4.1 Viscoelastic properties 

Viscoelastic properties of pea emulsions were evaluated using a controlled stress 

rheometer (Haake RheoStress 6000, Thermo Scientific, Karlsruhe, Germany) equipped 

with a Peltier system for temperature control and parallel plate geometry (35 mm 

diameter, 1.35 mm gap). Emulsion flow was measured by recording shear stress values 

when shearing the samples at an increasing shear rate from 0.01 to 200 s−1. Based on the 
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flow behaviour observed, data were fitted using the Power Low model or the Herschel-

Bulkley model reported below.  

 

𝑃𝑜𝑤𝑒𝑟 𝑙𝑜𝑤 𝜎 = 𝐾𝛾𝑛 

 

𝐻𝑒𝑟𝑠𝑐ℎ𝑒𝑙 − 𝐵𝑢𝑙𝑘𝑙𝑒𝑦 𝑚𝑜𝑑𝑒𝑙 𝜎 = 𝐾𝛾𝑛 + 𝜎0 

 

where σ (Pa) is the shear stress, γ (s-1) is the shear rate, σ0 is the yield stress (Pa), K (Pasn) 

is the consistency coefficient, and n is the flow behaviour index. 

Plastic emulsions were also analysed to evaluate the viscoelastic behaviour. The linear 

viscoelastic region was detected by stress sweep tests performed from 0.1 to 100 Pa at 

constant frequency (ω; 1 Hz) and 20 °C. A frequency sweep test was carried out at 20 °C 

between 0.1 and 10 Hz using a stress value included in the linear viscoelastic region. 

Storage (G’) and loss (G’’) moduli, and complex viscosity (η* = [(G’)2 + (G’’)2]0.5/ω) were 

obtained. 

5.2.4.4.2 Confocal laser scanning microscopy 

Confocal laser scanning microscopy was performed as reported in Paragraph 3.2.4.9. Nile 

Red and Fast Green FCF were used to stain, respectively, the lipid and protein phases of 

pea protein emulsions. Images were recorded as z-stack series in sequential scanning 

mode and are reported as maximum intensity projections. 

5.2.5 Nutritional properties 

5.2.5.1 In vitro digestion 
Samples 0/1, 70/3 and 150/3 were suspended in distilled water at 10% w/w concentration, 

stirred overnight at room temperature. Aliquots of 1 g were weighted into a 50 mL Falcon 

tubes and digested as reported in Paragraph 4.2.8. 

5.2.5.2 Protein digestibility 
Protein digestibility was carried out as described in Paragraph 4.2.8.2. 

5.2.5.3 ζ-potential 
ζ-potential of digested samples was measured as reported in Paragraph 3.2.7.1. 
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5.2.6 Statistical analysis 

All determinations were expressed as the mean ± standard deviation (SD) of at least three 

measurements. t-test and analysis of variance (ANOVA) and were performed by using R 

v. 3.1.1 for Windows (The R foundation for statistical computing). A Tukey’s post-hoc test 

was used to assess differences between means (p<0.05).  

5.3 Results and Discussion 

5.3.1 HPH-induced structural modifications 

Protein structural modifications induced by HPH were initially evaluated by SDS-PAGE 

in non-reducing and reducing conditions (Figure 27).  

 

Figure 27 Reducing and non-reducing SDS-PAGE profiles of HPH-treated pea concentrates. 
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In non-reducing SDS-PAGE patterns, the major pea storage proteins, including globulins 

such as legumin and vicilin, were detected (Liang & Tang, 2013). Legumin is composed 

by an acid (38-40 kDa) and a basic (19-22 kDa) subunit, linked together by a disulphide 

bridge (Barać et al., 2010; Chen et al., 2019). Regarding vicilin, three subunits around 47, 

35 and 28 kDa were detected, as well as two subunits of covicilin (77-71 kDa) (Barać et al., 

2010). Low molecular weight albumins were also identified (< 15 kDa) (Burger & Zhang, 

2019). Most of the protein bands shown in Figure 1 were not affected by HPH, indicating 

that proteins were not cleaved into smaller peptides, as previously observed for whey and 

hazelnut proteins (Bouaouina et al., 2006; Saricaoglu et al., 2018). Under reducing 

conditions, the band intensity increased for all samples including the control (0/1), and 

additional bands appeared around 25 kDa. This means that, regardless the pressure 

applied, pea proteins were present in the form of aggregates that were disrupted by the 

reducing agent (Bouaouina et al., 2006). 

Fourier transform infrared spectroscopy (FT-IR) was performed to assess variations of pea 

protein secondary structure induced by HPH treatment. The wavelength between 1600 

and 1700 cm-1, corresponding to the Amide I region, can be related to the stretching 

vibrations of the C=O bond of the amide groups. The C=O bonds are involved in the 

hydrogen interactions between the different units of secondary structure, and, 

accordingly, the location of the Amide I is sensitive to the secondary structure content of 

a protein (De Maria, Ferrari, & Maresca, 2016). Amide I region of HPH-treated samples 

was dominated by four bands corresponding to β-sheet (~1613-1638 cm-1), random coil 

(~1640-1648 cm-1), α-helix (~1650 cm-1), and β-turn (~1680 cm-1) (data not shown) 

(Carbonaro, Maselli, & Nucara, 2012; Shevkani, Singh, Kaur, & Rana, 2015). The 

percentage accounted by each secondary structure is reported in Figure 28. When HPH 

was applied, no differences were detected in α-helix and β-turn content, while a 

significant decrease in β-sheet and a concomitant increase in random coil were observed. 

These changes, which appeared to be independent on pressure intensity, indicate a high 

susceptibility of the secondary structure of pea proteins to pressure-induced variations in 

hydrogen bonds (Wu et al., 2019). 
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Figure 28 Content of secondary structures of HPH-treated pea concentrates. a-b within the same 

structure, means indicated by different letters are significantly different (p < 0.05). 

Results shown in Figure 28 are in agreement with those of other authors, who observed 

that the application of dynamic high pressure can promote changes in the secondary 

structure of proteins without affecting their configuration (Carullo et al., 2020; Chen et al., 

2019; Liu et al., 2009; Maresca et al., 2017; Yu et al., 2018).  

To deeper investigate the effect of HPH on pea protein structure, absorbance at 280 nm 

and free sulfhydryl groups were measured (Table 18).  

Table 18 Absorbance at 280 nm, free sulfhydryl groups, and particle size of HPH-treated pea 

protein concentrates.  

Pressure/number 

of cycles 

(MPa/number) 

Absorbance at 

280 nm 

Sulfhydryl 

groups  

(μmolL-1g-1) 

Particle size (nm) 

Peak 1 Peak 2 Peak 3 

0/1 0.379 ± 0.006e 4.77 ± 0.46c 47.0 ± 1.7a 270.1 ± 11.7a 4827.0 ± 311.1a 

70/1 0.497 ± 0.013d 6.35 ± 0.12c 39.4 ± 4.2a 286.3 ± 6.8a 4592.0 ± 117.4a 

100/1 0.555 ± 0.017c 9.23 ± 0.31b - 210.8 ± 6.5c - 

150/1 0.532 ± 0.031c 12.22 ± 1.55a - 205.7 ± 7.4cd - 

70/3 0.686 ± 0.001a 12.42 ± 0.69a - 191.6 ± 1.8de - 

100/3 0.594 ± 0.001b 11.50 ± 0.42a - 184.9 ± 3.7e - 

150/3 0.597 ± 0.018b 9.25 ± 0.53b 45.3 ± 0.8a 238.1 ± 5.7b - 
a-e: in the same column, means indicated by different letters are significantly different (p < 0.05). 

Absorbance increased with HPH intensity up to 70 MPa for 3 passes, indicating an 

exposure of tyrosine, cysteine, and tryptophan residues onto the protein surface (Layne, 

1957). By contrast, upon further increase in HPH intensity, a decrease in absorbance was 

observed. A similar trend was also detected for SH groups. When proteins are in their 
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native state, most SH groups are hidden inside poorly accessible protein regions. Shear 

forces and cavitation effects upon HPH might initially result in protein unfolding, with 

consequent exposure of SH groups, as well as cleavage of intra- and inter-molecular S–S 

bonds. By increasing process intensity (100-150 MPa for 3 passes), mechanical forces might 

induce protein rearrangement and aggregation, resulting in different conformational 

structures stabilized by newly formed disulphide bonds and electrostatic interactions 

(Carullo et al., 2020; Panozzo et al., 2014; Pereira et al., 2017). The same behaviour was 

observed by other authors on milk, egg, and soy proteins, even if with different 

magnitudes (Bouaouina et al., 2006; Carullo et al., 2020; Fayaz, Plazzotta, Calligaris, 

Manzocco, & Nicoli, 2019; Panozzo et al., 2014; Zhong et al., 2012).  

The effect of structural rearrangement on protein particle size was thus evaluated by 

dynamic light scattering (Table 18). Control and 70/1 samples showed a multimodal 

distribution with a main peak observed around 270 nm (85.2%). Samples treated at higher 

intensity (up to 100/3) were characterized by a monomodal distribution with 

progressively lower average dimensions. This result can be attributed to the well-known 

ability of HPH to induce the dissociation of large insoluble protein clusters, which often 

occur in aqueous systems prepared by dilution of powdered protein concentrates 

(Augusto, Ibarz, & Cristianini, 2013; Song, Zhou, Fu, Chen, & Wu, 2013; Yang et al., 2018). 

However, at the highest intensity (150/3), a multimodal distribution was once again 

observed, and the mean particle dimension of the main population increased. This 

evolution is consistent with absorbance and SH groups data (Table 18) and confirms the 

occurrence of pea protein reaggregation upon high intensity HPH treatments.    

5.3.2 HPH-induced technological modifications 

In the second part of this study, the effect of HPH treatment on pea protein functional 

properties were investigated. Results regarding solubility, water and oil holding capacity 

(WHC and OHC, respectively), and foaming capacity are reported in Table 19. By the 

application of pressure at increasing number of passes, solubility progressively increased 

reaching its maximum at 100 MPa for 3 passes. This is attributable to the reduction of 

particle size (Table 18) that favours the interactions between proteins and water, resulting 

in better dispersion and hydration (Chen et al., 2016; Yang et al., 2018; Yu et al., 2018). 
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Table 19 Solubility (%), WHC (%), OHC (%), and foaming capacity (%) of HPH-treated pea 

proteins. 

Sample Solubility (%) WHC (%) OHC (%) Foaming capacity (%) 

0/1 22.27 ± 0.70bc 196.3 ± 1.8b 149.3 ± 10.4d 32.9 ± 0.6e 

70/1 26.41 ± 2.32b 194.8 ± 7.7b 209.6 ± 11.9c 41.1 ± 1.6bc 

100/1 25.42 ± 1.47b 189.8 ± 6.1bc 204.1 ± 8.0c 47.5 ± 0.7a 

150/1 25.11 ± 2.29b 171.6 ± 9.7d 296.7± 2.3a 38.9 ± 1.6cd 

70/3 32.00 ± 1.41a 173.3 ± 3.1cd 301.2 ± 10.5a 40.7 ± 0.9c 

100/3 34.03 ± 1.19a 193.0 ± 5.1b 248.9 ± 2.4b 45.3 ± 0.8ab 

150/3 19.94 ± 1.00c 230.0 ± 6.0a 252.8 ± 12.2b 34.9 ± 1.1de 
a-e: in the same column, means indicated by different letters are significantly different (p < 0.05). 

In addition, a solubility increase could also derive from exposure of reactive residues, 

including the hydrophilic ones, upon protein conformation changes (Table 18). At the 

highest HPH intensity (150 MPa for 3 passes), a lower solubilisation was detected, in 

agreement with the formation of aggregates (Table 18), burying hydrophilic groups in 

their core (Saricaoglu et al., 2018). The structural effects of HPH are quite evident 

observing OHC results. The evolution of oil holding capacity mimicked the one of 

solubility even if the maximum value was reached at a slightly lower HPH intensity (70 

MPa for 3 passes). Also in this case, the presence of a maximum value can be attributed to 

two counterbalancing effects: exposure of reactive residues, including the hydrophobic 

ones, at lower HPH intensity and protein aggregation at higher intensity (Table 18). A 

good positive correlation between OHC and both absorbance at 280 nm (R=0.81, p<0.05) 

and free sulfhydryl content (R=0.92, p<0.001) was detected, confirming that the capacity of 

the protein to interact with oil is critically affected by its structure. In other words, the 

extent of HPH-induced changes in OHC would be mainly controlled by the exposure of 

hydrophobic groups. This is further confirmed by the opposite trend of WHC, which was 

in agreement with data reported by Yu et al. (2018) with reference to mussel myofibrillar 

protein. The evolution of hydrophobic groups exposed onto the protein surface (Table 18) 

also affected pea protein foaming capacity. What emerged is that a single pass treatment 

induced a slight foaming capacity increase while multiple passes, independently on the 

applied pressure, had no further effects. These results could be attributed to both the 

absolute amount and the unbalance ratio of the hydrophilic to the hydrophobic groups on 

the protein surface (Zhang, Wang, Jiang, & Qian, 2017). 

Emulsifying properties of HPH treated pea concentrate were also evaluated. All samples 

exhibited the ability to form emulsions due to the good emulsifying capacity of pea 
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proteins (Lu et al., 2019). Observing Figure 29, it is quite evident that emulsions prepared 

with 100/1, 150/1, 70/3 and 100/3 were self-standing, while the others presented a liquid-

like behaviour. 

 

Figure 29 Visual appearance of emulsions obtained with HPH-treated pea proteins. 

To deeper investigate the rheological properties of emulsions, their flow curves of the 

emulsions were investigated (Figure 30).  

 

Figure 30 Flow curves of HPH-treated pea protein emulsions. 

As can be observed, the liquid-like emulsions (0/1, 70/3 and 150/3) exhibited a 

pseudoplastic behaviour, well described by the Power Low model, with a flow index (n) 

typical of a shear thinning material (Figure 30 and Table 20). Otherwise, the self-standing 

emulsions (100/1, 150/1, 70/3 and 100/3) were characterized by a plastic behaviour, which 

was well fitted by the Herschel-Bulkley model and confirmed previous visual 

observations (Figure 29). Interestingly, emulsions prepared with the sample treated at 70 

MPa for 3 passes presented a higher yield stress than the others (Table 20) (Zhu, Gao, Liu, 

Zou, & McClements, 2020). Rheological changes of emulsions (Figure 30 and Table 20) 

confirm the critical role of the exposure of hydrophobic groups in favouring the 

interaction between proteins and oil, as previously observed also for OHC (Table 19). 
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Table 20 Flow behaviour (K: consistency coefficient; n: flow behaviour) and viscoelastic properties at 1 Hz (storage modulus, G’; loss modulus G’’; 

complex viscosity, η*) of emulsions obtained using HPH-treated pea protein concentrates. 

Sample Flow behaviour Viscoelastic properties 

Power low model Herschel-Bulkley model 

K  

(Pa sn) 

n R2 K  

(Pa sn) 

n Yield stress 

(Pa) 

R2 G’  

(Pa) 

G’’  

(Pa) 

η* 

(Pa s) 

0/1 4.62±0.81b 0.28±0.03c 0.984 - - - - - - - 

70/1 1.68±0.07c 0.40±0.01b 0.992 - - - - - - - 

100/1 - - - 14.53±3.68a 0.14±0.02a 4.56±0.07ab 0.996 301±24b 54±4b 49±4b 

150/1 - - - 19.29±1.09a 0.16±0.01a 4.62±0.22ab 0.992 289±15b 57±7b 47±3b 

70/3 - - - 24.97±5.98a 0.10±0.02a 6.49±0.84a 0.868 488±56a 87±9a 79±9a 

100/3 - - - 17.44±4.66a 0.16±0.06a 3.64±0.43b 0.989 203±7b 38±1b 33±1b 

150/3 10.91±0.14a 0.68±0.01a 0.999 - - - - - - - 
a-c: in the same column, means indicated by different letters are significantly different (p < 0.05). 
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Moreover, better emulsifying properties could also result from an efficacious migration of 

proteins at the oil-water interface of the droplets, which would be favoured by the higher 

pea protein solubility at intermediate HPH intensity (Wu et al., 2019; Yu et al., 2018). 

To better characterized pseudoplastic emulsions, rheological tests were performed (Table 

20 and Figure 31).  

 

Figure 31 Storage (G’) and loss (G”) moduli vs. frequency at 20 °C of emulsion prepared with 

100/1 (▲), 150/1 (◼), 70/3 (⚫), and 100/3 (◆) samples. G’, close symbol; G’’, open symbol. 

All samples displayed a storage modulus (G’) higher than the loss modulus (G’’), with 

both moduli frequency-dependent, indicating a weak-gel behaviour. G’ and the complex 

viscosity (η*) increased by increasing the intensity treatment up to 70 MPa for 3 passes, 

revealing a higher number of elastic interactions and solid-like behaviour. To better 

understand the structural organisation of self-standing emulsions, confocal light scanning 

microscopy was performed on 70/3 sample (Figure 32). The latter was selected being 

associated to intense unfolding phenomena (Table 18) leading to significant modification 

in emulsion rheological properties (Table 20) Micrographs showed a fine protein network 

(Figure 32b) where oil droplets (Figure 32a) were dispersed resulting in a homogeneous 

emulsion structure (Figure 32c).  
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Figure 32 Confocal laser scanning micrographs of emulsion stabilized by pea protein treated at 70 

MPa for 3 passes stained with Nile Red and Fast Green FCF to visualize the lipid and protein 

phases. Overlay of Nile Red (a) and Fast Green FCF (b) channels only, to allow clearer 

visualization of emulsion structure and merged maximum intensity z-projection of all channels 

(c) are reported. (green, Nile Red; red, Fast Green FCF). 

Summarizing, HPH up to 70 MPa for 3 passes induced unfolding phenomena with the 

exposure of protein groups, mainly hydrophobic ones, resulting in increased OHC, 

solubility, and emulsifying properties. Otherwise, further HPH intensity increase caused 

protein rearrangements, hydrophilic group exposure, and aggregation phenomena with 

concomitantly WHC increase. 

5.3.3 HPH-induced nutritional modifications  

Based on the results acquired, the effect of structural modifications on pea protein 

nutritional properties was evaluated. To this purpose, 70/3 and 150/3, as representative 

samples, were submitted to in vitro digestion. Protein digestibility at the end of gastric and 

intestinal phases was compared with control sample (0/1) (Figure 33).  

 

Figure 33 Digestibility of HPH treated pea protein concentrates at the end of gastric and intestinal 

digestion phases. a-b in the same digestion phase, means indicated by different letters are 

significantly different (p < 0.05). 
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Digesta was not analysed after the oral phase since the residence time was short and oral 

amylase is known to hardly impact protein digestion (Brodkorb et al., 2019; Guo et al., 

2021). At the end of the gastric phase, 70/3 presented the highest digestibility, probably 

due to the previously observed protein unfolding (Table 18), which favours the activity of 

digestive enzymes (Dai et al., 2018; Guo et al., 2021). At the end of the intestinal phase the 

150/3 exhibited the lower digestibility (Figure 33), reasonably due to the difficult access of 

enzymes to aggregated protein structure (Table 18). 

To further investigate changes induced by HPH on pea protein destructuring upon 

digestion, particle size distribution of digesta were analysed (Figure 34).  

 

Figure 34 Particle size distribution of 0/1, 70/3, and 150/3 samples before digestion (a) and after 

gastric (b) and intestinal (c) phases. 
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Compared with the undigested samples, an increase in particle size was detected at the 

end of the gastric phase. These changes can be due to both pH lowering below pea protein 

isoelectric point (4.5) and increase in ionic strength, which are known to favour protein 

aggregation (Dai et al., 2018; Guo et al., 2021). The latter was particularly important in 

150/3 sample that exhibited the presence of two populations of aggregates having size 

largely higher than those observed in the other samples. This result is consistent with the 

lower digestibility of this sample (Figure 6) and supports the hypothesis that large 

aggregates formed upon intense HPH treatments present a lower hydrolysis accessibility 

of protein residues. As expected, after intestinal phase, a significant reduction of particle 

size was observed (Figure 34). In particular, three particle families were detected in 70/3 

sample while the others presented a bimodal distribution. The peak around 5000 nm was 

due to the presence of bile salts while the one detected around 300 nm was probably 

representative of protein and peptides. In 70/3 sample, which underwent unfolding 

during HPH (Table 18), an additional particle family accounting for small peptides was 

detected around 50 nm. This behaviour was confirmed by the SDS-PAGE profile analysis 

(Figure 35) which shows that 70/3 intestinal digesta was mainly composed by peptides 

with size lower than 15 kDa. A similar behaviour was observed also in 150/3 sample, even 

if the bands attributable to peptides with higher dimensions were visually more intense.  

 

Figure 35 SDS-PAGE profile of 0/1, 70/3 and 150/3 pea protein samples pre digestion (PD), after 

gastric (G) and intestinal (I) in vitro digestion phases. 
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The critical role of HPH-induced unfolding and aggregation was also highlighted by data 

relevant to ζ potential of digesta (Figure 36).  

 

Figure 36 ζ potential of 0/1, 70/3, and 150/3 samples, pre digestion, after gastric and intestinal 

phases. 

Although the acid conditions of the gastric phase favoured positive ζ potential 

independently on HPH treatment, at the end of the intestinal phase the effects of HPH-

induced modifications were clearly observed. In fact, the sample that presented the 

highest level of unfolding (70/3) (Table 18), was also characterized by the lowest ζ 

potential, indicating the presence of a larger number of protein peptides displacing the 

negative charges onto their surfaces. By contrast, the aggregated proteins in the 150/3 

sample were hydrolysed upon digestion in peptides with ζ potential comparable to that 

of the control one. 

5.4 Conclusions 

Results acquired in this study confirm those reported in literature regarding HPH 

potentiality to modify protein properties. However, the HPH effect is strongly dependent 

on processing conditions and protein characteristics. Different combinations of pressure 

and number of passes could be selected to modify the configuration of pea protein 

structure to some extent. Consequently, HPH is particularly suitable to shaping 

technological and nutritional properties of pea proteins. Treatment up to 70 MPa for 3 

passes induced unfolding of pea proteins resulting in significant increase of solubility, 

OHC, and emulsifying properties. On the other hand, further HPH intensity increase 



Chapter 5 

 

123 

caused protein aggregation. Thus, the results here reported open new horizons in food 

production by combining sustainable and cheap raw materials and processing operations. 
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Chapter 6  Shaping vegetable 

protein functionalities by MIPEF 

and HP-CO2 technologies 

6.1 Introduction and aim of the study 

In this chapter, the potentialities of other novel technologies to tailor the functional 

properties of plant proteins have been investigated. If the information about the effects of 

some technologies are more abundant, other processing interventions, such as moderate 

intensity pulsed electric fields (MIPEF) and high-pressure carbon dioxide (HP-CO2), have 

been rarely applied to modify vegetable protein properties. Thus, the aim of this study 

was to investigate the effect of MIPEF and HP-CO2 on vegetable protein structure and 

functionalities. Pea, rice, and gluten were selected as target plant proteins. In particular, 

pea proteins were chosen for their promising functional properties and low cost (Aluko et 

al., 2009; Boye, Zare, & Pletch, 2010; Osen, Toelstede, Wild, Eisner, & Schweiggert-Weisz, 

2014; Shand et al., 2007); rice proteins were selected for being colourless and tasteless (Cao, 

Wen, Li, & Gu, 2009; Wang, Wang, Wang, & Chen, 2016) while gluten was chosen for its 

unique rheological properties (Day, Augustin, Batey, & Wrigley, 2006). Part of the results 

here presented have been published as: 

 

Melchior, S., Calligaris, S., Bisson, G., Manzocco, L. (2020). “Understanding the 

impact of moderate-intensity pulsed electric fields (MIPEF) on structural and 

functional characteristics of pea, rice and gluten concentrates”. Food and Bioprocess 

Technology. DOI: doi.org/10.1007/s11947-020-02554-2. 
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6.2 Materials and Methods 

6.2.1 Materials 

Wheat gluten concentrate (protein content 75% w/w) from Sigma-Aldrich (St. Louis, 

Missouri, USA) and concentrates of pea and rice (protein content 80% w/w) from Raab 

Vitalfood GmbH (Rohrbach, Germany) were used. Tris base, SDS, glycine, 

ethylenediaminetetraacetic acid (EDTA), phosphate monosodium (NaH2PO4), disodium 

phosphate (Na2HPO4), sodium dodecyl sulphate (SDS), β-mercaptoethanol, 5,5’-dithiobis-

(2-nitrobenzoic acid) (DTNB), and acetic acid were provided by Sigma-Aldrich (Milan, 

Italy). Mini-PROTEAN® TGX Stain-Free™ Precast Gels (456-8083), Laemmli Sample 

Buffer 2x (161-0737), Bio-Safe™ Coomassie G-250 Stain (161-0786) and Precision Plus 

Protein™ Kaleidoscope™ Standards (161-0375) molecular weight marker were purchased 

from Bio-Rad (Hercules, CA, USA). Hydrochloric acid and methanol were provided by 

Carlo Erba (Milan, Italy). Dimethylformamide was purchased from Jassen (Geel, Belgium) 

and sunflower oil was bought from a local market. Deionized water (System advantage 

A10®, Millipore S.A.S, Molsheim, France) was used. 

6.2.2 Sample preparation and MIPEF treatment 

Pea, rice, or gluten concentrates suspensions (5% w/w) were prepared by adding 

phosphate buffer (0.005 M) at pH 5 or 6. This concentration was used to facilitate PEF 

treatments, since low concentration protein solutions exhibit high electrical resistance, 

such that greater pulse widths are necessary for studying the structural modifications of 

food protein (Barsotti, Dumay, Mu, Fernandez-Diaz, & Cheftel, 2001).  

Samples (15 mL) were solubilized overnight at 25 °C and processed at a constant electric 

field strength (E=1.65 kV/cm) generated by a M100 ScandiNova generator (Upsala, 

Sweeden) able to deliver square pulses to the parallelepiped treatment chamber (16.8 mL 

volume capacity), with a 1.5 cm gap between the two stainless electrodes. The pulse width 

(5 µs) and frequency (400 Hz) were kept constant while the number of pulses was set at 

20,000 or 60,000. Processing parameters were controlled by LabVIEW4PEF software 

(LabVIEW4PEF_B-618-01 9.0, ProdAl, Fisciano, Italy). As reference sample untreated 
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protein concentrate suspension at pH 5 or 6 were used. After the treatment, the 

suspensions were freeze-dried and stored in dessicators before further analysis.  

6.2.3 Sample preparation and HP-CO2 treatment 

Pea, rice or gluten concentrates were suspended (5% w/w) in deionized water and the 

solution was stirred overnight at room temperature. Sample aliquots of 50 mL were 

submitted to HP-CO2 treatments in a double-batch apparatus. The system consists of two 

identical stainless-steel cylinders with a screwed cap and an internal volume of 150 mL, 

connected in parallel. Each reactor was connected to an on-off valve that can be used to 

depressurize it independently from the other. The two reactors were submerged in a 

thermostatic water bath (CB 8-30e, Heto, Allerød, Denmark). Before starting the 

pressurization, the temperature of the sample was allowed to reach equilibrium. The time 

needed to reach the desired temperature and the pressurization time were lower than 3 

min. After reaching the desired pressure, the pump was switched off and valves connected 

to each vessel were tightly closed. In all experiments, depressurization was completed 

within 10 min and the outlet flow was controlled using a digital flowmeter (PFM 750, SMC 

Italia S.p.A., Milan, Italy). Pea (P), rice (R), and gluten (G) were treated in three (1, 2, 3) 

different conditions as reported in Table 21.  

Table 21 HP-CO2 treatment conditions. 

Treatment name Treatment conditions 

Temperature (°C) Pressure (MPa) Time (min) 

1 20 6 10 

2 30 12 30 

3 40 18 30 

 

The untreated protein concentrate (PC, RC, GC) was used as control. After 1 day, samples 

were freeze dried and stored as reported in Paragraph 6.2.2. 

6.2.4 Structure characterization 

6.2.4.1 SDS PAGE 
SDS PAGE in reducing conditions was performed as described in Paragraph 4.2.8.3. 
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6.2.4.2 FT-IR 
FT-IR analysis was carried out as described in Paragraph 5.2.3.2. 

6.2.4.3 Absorbance at 280 nm 
Absorbance at 280 nm was carried out as described in Paragraph 4.2.5. 

6.2.4.4 Free sulfhydryl content 
Free SH content was measured as described in Paragraph 4.2.6. 

6.2.4.5 ζ-potential 
ζ-potential was measured as described in Paragraph 3.2.7.1. 

6.2.5 Functional properties 

6.2.5.1 Solubility 
Solubility was carried out as described in Paragraph 5.2.4.1.  

6.2.5.2 WHC and OHC 
WHC and OHC were carried out as described in Paragraph 5.2.4.2. 

6.2.5.3 Foaming capacity 
Foaming properties were carried out as described in Paragraph 5.2.4.3. 

6.2.6 Statistical analysis 

All determinations were expressed as the mean ± standard deviation (SD) of at least three 

measurements. Analysis of variance (ANOVA) was performed by using R v. 3.1.1 for 

Windows (The R foundation for statistical computing). A Tukey’s post-hoc test was used 

to assess differences between means (p<0.05). 
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6.3 Results and Discussion 

6.3.1 MIPEF 

6.3.1.1 Effect of MIPEF treatment on protein structure 
The effect of moderate-intensity pulsed electric field (MIPEF) on commercial vegetable 

protein concentrates (pea, rice, and gluten) having protein concentration higher than 75% 

was studied. In particular, MIPEF effects were evaluated on suspensions of proteins at pH 

5 or 6. Treated suspensions were initially investigated for protein structure by SDS PAGE. 

As an example, Figure 37 reports the electrophoretograms of gluten samples subjected to 

MIPEF treatments.  

 

Figure 37 SDS PAGE patterns of gluten concentrate with different pH treated by MIPEF at 0, 

20,000 (20 k) and 60,000 (60 k) pulses. 

All the bands typically associated to HMW glutenins (80-140 kDa), ω-gliadinis (60-80 

kDa), LMW gliadins (30-70 kDa), α, β, and γ-gliadins (30-50 kDa), globulins and albumins 

(10-15 kDa) were detected (Nadeem et al., 2016). Independently on the pH of the 

suspension, no changes were observed in the molecular size of gluten proteins, which 

presented the same electrophoretic mobility of the untreated sample (0 pulse). 

Analogous results were also obtained in the case of MIPEF treated pea and rice protein 

concentrates (data not shown). These results seem to indicate that no aggregation nor 
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primary structure modifications were induced by MIPEF treatments. In literature, there 

are contrasting results on this aspect. Some Authors described the aggregation of proteins 

induced by HIPEF treatments (Wu, Zhao, Yang, Yan, & Sun, 2016; Zhang et al., 2017). 

These results differ from those of Qian et al. (2016) that found no aggregation upon PEF 

treatments of egg with proteins. These discrepancies could be due to the different type of 

proteins considered as well as treatment conditions applied. In our case, the reduced 

energy involved in MIPEF was not able to affect protein primary structure but could have 

been sufficient to exert conformational changes (Barsotti et al., 2001; Ohshima, Tamura, & 

Sato, 2007; Qian et al., 2016). To evaluate the effects of MIPEF on the secondary structure 

of proteins, FT-IR spectra of the differently treated samples were performed (data not 

shown). Between 1500 and 1700 cm-1, all samples exhibited the typical peaks of amide I 

and amide II, due to C=O and N-H stretching, and bending of the peptide bonds, 

respectively (Ami, Mereghetti, & Maria, 2013). By analysing the amide I region (1600-1700 

cm-1), marked modifications of protein conformation were detected as a function of 

protein type and suspension pH. Both pea and gluten concentrates at pH 5 and 6, 

respectively, did not exhibit substantial changes in protein secondary structure, probably 

due to the pH vicinity to the isoelectric point. Similar results were observed in rice protein 

structure independently on pH, indicating the scarce sensitivity of these proteins to 

electric fields (data not shown). By contrast the disruption of the α-helix (~1650 cm-1) was 

clearly observed in pea and gluten proteins at pH 6 and 5, respectively (Figure 38). These 

results indicate the intense effect of electric fields on the strong dipole moment of these 

protein conformation far from their isoelectric point. Similar effects have been previously 

reported for proteins exposed to HIPEF treatments (Liu, Zeng, & Chen, 2010). Figure 38 

also shows that β-sheet (~1613-1638 cm-1 and ~1680 cm-1) and random coil (~1640-1648 cm-

1) structures noticeably changed (Carbonaro, Maselli, Dore, & Nucara, 2008; Carbonaro et 

al., 2012; Georget & Belton, 2006; Shevkani et al., 2015). As well- known, β-sheets are 

characterized by little net dipole moment with hydrogen bonds weaker than in the α-helix. 

Therefore, the loss of order and consequent destabilization of the secondary structure 

would occur due to the switch from α-helix to β-sheet or random coil as well as to the 

disruption of β-sheets (Giteru, Oey, & Ali, 2018; Zhang et al., 2017; Zhao, Tang, Lu, Chen, 

& Li, 2014; Zhao, Yang, & Zhang, 2012; Zhao & Yang, 2010). Results shown in Figure 38 
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indicate that PEF applied at moderate intensity would induce modifications of secondary 

structure according to mechanisms analogous to those characterizing higher intensity 

treatments.  

 

Figure 38 Content of secondary structures of pea (a) and gluten (b) concentrates at pH 6 and 5, 

respectively. a–c whiting the same structure, means indicated by different letters are significantly 

different (p <0.05). 

The effect of the increase in the intensity of MIPEF treatments resulted strongly dependent 

on protein type. In fact, a marked loss of original protein conformation was observed in 

pea proteins exposed even to the lower number of pulses (20,000 pulses), while a further 

increase in pulse number did not induce additional changes (Figure 38a). This result 

indicates that most modifications of energy landscape and bound charges induced by 

MIPEF do not progressively increase with pulse number, at least in the range here 

considered. By contrast, the secondary structure of gluten proteins was modified only at 

60.000 pulses probably due to their complex structure (Figure 38b).  

Changes in tertiary structure induced by MIPEF treatment were investigated by 

measuring absorbance at 280 nm and free sulfhydryl content (Table 22).  
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Table 22 Absorbance at 280 nm and free sulfhydryl groups of pea, rice and gluten protein 

concentrates at pH 5 and 6 as a function of number of MIPEF pulses. 

Protein concentrate pH Pulses Absorbance at 280 nm 
Sulfhydryl groups  

(μmolL-1g-1) 

Pea 

5 

0 0.552 ± 0.010a 1.90 ± 0.13a 

20,000 0.137 ± 0.008c 0.96 ± 0.06b 

60,000 0.253 ± 0.038b 0.96 ± 0.05b 

6 

0 0.435 ± 0.064a 2.03 ± 0.08a 

20,000 0.055 ± 0.025b 1.10 ± 0.08b 

60,000 0.187 ± 0.007b 1.03 ± 0.01b 

Rice 

5 

0 0.602 ± 0.016a 0.47 ± 0.05c 

20,000 0.393 ± 0.037b 0.75 ± 0.03b 

60,000 0.374 ± 0.018b 1.03 ± 0.01a 

6 

0 0.460 ± 0.009a 0.48 ± 0.04a 

20,000 0.371 ± 0.014b 0.56 ± 0.04a 

60,000 0.343 ± 0.006c 0.41 ± 0.05a 

Gluten 

5 

0 0.618 ± 0.086a 1.07 ± 0.05c 

20,000 0.485 ± 0.057ab 2.39 ± 0.12b 

60,000 0.367 ± 0.003b 4.33 ± 0.47a 

6 

0 0.872 ± 0.025a 3.28 ± 0.10a 

20,000 0.154 ± 0.026b 1.44 ± 0.06c 

60,000 0.127 ± 0.002b 1.88 ± 0.08b 
a–c For each protein concentrate, pH, and measured property, means indicated by different letters are 

significantly different (p<0.05). 

A decrease in absorbance is correlated to a lower exposure of tyrosine, tryptophan, and 

cysteine, originally exposed on protein surface. Upon exposure to MIPEF, these residues 

would bury within protein structure (Goldfarb et al., 1951).  The decrease in absorbance 

was observed even at the lower number of MIPEF pulses (20,000). This result confirms 

data previously acquired by FT-IR, indicating that marked structural changes are already 

observed upon the application of this pulse number. In the case of pea at both pH, the 

decrease in absorbance at 280 nm was associated to a decrease in free sulfhydryl content. 

A similar behaviour was also detected for gluten sample at pH 6. The uppermost driving 

force of disulphide bonding in conformational changes of proteins under electric stress 

has been actually reported even for HIPEF treatments (Wei, Ruijin, Yali, Wenbin, & Xiao, 

2009; Zhao & Yang, 2009, 2012). A decrease in free sulfhydryl groups is generally 

attributable to the formation of disulphide bridges at both intra- and intermolecular 

structural level. Covalent cross-linking would favour transient self-assembly of proteins, 



Chapter 6 

 

133 

potentially leading to the formation of aggregates with modified surface activity and 

functional properties (Li, Chen, & Mo, 2007; Liu, Zeng, Deng, Yu, & Yamasaki, 2011; Wu 

et al., 2016; Xiang, Simpson, Ngadi, & Simpson, 2011). 

In gluten suspension at pH 6, the decrease of sulfhydryl groups was clearer as compared 

to the one observed in pea samples (Table 22). This is probably due to the vicinity of pH 

to the isoelectric point of gluten proteins (6.2). As a consequence, at pH 6 gluten would 

present a negligible net charge, while pea proteins, having an isoelectric point equal to 4.5, 

would be characterized by a prevalence of negative charges. The zeta potentials of gluten 

and pea proteins were actually measured by DLS and resulted -3.71 ± 0.63 mV and -14.13 

± 0.90 mV, respectively. This confirms that gluten molecules would be more prone to 

interact by disulphide bonding due to the limited electrostatic repulsion among particles. 

Table 1 also shows that in gluten and rice samples at pH 5, the decrease in absorbance 

occurred concomitantly with an increase in sulfhydryl groups. The latter could be due to 

both the exposure of internal SH groups and the disruption of disulphide bonds, 

potentially leading to partial protein unfolding. Such behaviour is in agreement with 

previous studies on soybean and egg proteins exposed to HIPEF (Fernandez-Diaz, 

Barsotti, Dumay, & Cheftel, 2000; Li et al., 2007).  

6.3.1.2 Effect of MIPEF treatment on technological 

functionality  
To verify if the observed changes in protein conformation upon MIPEF could be associated 

to modifications in protein functionality, samples were further analysed for solubility, 

capacity of holding water or oil, and ability to generate foams. The effect of MIPEF on 

samples exposed to increasing number of MIPEF pulses are shown in Table 23, with 

reference to solubility, WHC and OHC. Solubility of untreated protein concentrates was 

in agreement with the typical range of plant proteins (around 20% for both pea and gluten, 

and between 10 and 20% for rice) (Cao et al., 2009; Lu et al., 2019; Majzoobi & Abedi, 2014). 

When MIPEF was applied, in most cases a significant solubility decrease was observed, 

regardless protein type and pH conditions. These results are in agreement with previous 

works that reported a downward trend in solubility for egg white proteins after PEF 

treatments at 25 kV/cm up to 800 µs, due to the formation of insoluble protein aggregates 

and/or protein unfolding (Wu, Zhao, Yang, & Chen, 2014; Wu et al., 2016).  
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Table 23 Solubility, water holding capacity (WHC) and oil holding capacity (OHC) of pea, rice 

and gluten concentrates at pH 5 and 6 treated at 0, 20,000 and 60,000 pulses. 

Protein 

concentrate 
pH 

Number of 

pulses 

Property 

Solubility (%) WHC (%) OHC (%) 

Pea 5 0 21.1 ± 1.2 a 264.4 ± 3.3 a 148.1 ± 11.8 a 

20,000 18.0 ± 0.6 a 259.8 ± 1.3 a 123.4 ± 1.9 b 

60,000 20.0 ± 0.1 a 244.8 ± 1.9 b 127.0 ± 1.4 b 

6 0 23.2 ± 0.8 a 288.4 ± 4.6 b 124.1 ± 2.1 a 

20,000 17.2 ± 2.8 b 305.1 ± 4.2 a 151.0 ± 15.3 a 

60,000 14.9 ± 1.2 b 295.5 ± 2.1 ab 142.4 ± 11.2 a 

Rice 5 0 13.6 ± 0.8 a 160.4 ± 3.2 b 129.7 ± 7.7 b 

20,000 7.6 ± 1.7 b 224.8 ± 3.2 a 145.4 ± 3.1 a 

60,000 8.4 ± 0.6 b 214.3 ± 16.6 a 131.1 ± 1.1 b 

6 0 16.4 ± 0.6 a 161.3 ± 3.9 a 146.7 ± 9.2 a 

20,000 9.2 ± 0.6 b 150.2 ± 2.1 b 125.2 ± 3.4 b 

60,000 10.8 ± 0.6 b 151.0 ± 1.5 b 136.8 ± 1.8 ab 

Gluten 5 0 16.2 ± 1.5 c 84.3 ± 6.6 a 199.3 ± 5.7 a 

20,000 30.1 ± 1.6 a 99.5 ± 9.2 a 194.9 ± 3.6 a 

60,000 27.4 ± 0.8 b 93.3 ± 2.8 a 188.6 ± 9.2 a 

6 0 25.0 ± 0.9 a 63.3 ± 0.1 c 175.5 ± 6.1 c 

20,000 22.4 ± 0.7 b 114.7 ± 0.2 a 201.5 ± 2.7 b 

60,000 16.4 ± 0.7 c 97.8 ± 1.6 b 238.8 ± 9.1 a 
a–c In the same column and pH conditions, means indicated by different letters are significantly different 

(p<0.05). 

Interestingly, gluten solubility almost doubled after 20,000 pulses at pH 5. The application 

of electric fields on the protein at pH below its isoelectric point probably favours the 

exposure of protein charges, enhancing water-protein interactions and thus increasing the 

overall solubility. 

Data relevant to WHC and OHC resulted particularly depending on protein type and pH 

of the suspension. As observed for solubility, in most cases, significant changes were 

noticed but in a narrow magnitude range, suggesting a negligible effect of the applied 

technology. A marked increase in both functional properties was observed only in the case 

of gluten at pH 6. As previously noted, in the vicinity of the isoelectric point, MIPEF 

treatments bring on the formation of aggregates stabilized by disulphide bonds (Table 22). 

The latter are probably able to better entrap both water and oil within the resulting 

network. In other words, MIPEF would modify the capacity of gluten to interact with the 

solvent according to mechanisms affected by pH. In the vicinity of the isoelectric point, 
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gluten proteins would interact with water mainly through interactions with exposed 

hydrophilic groups, while at lower pH the solvent would be also entrapped in the protein 

network upon interaction with buried groups. In addition, it is not excluded that the dried 

protein network formed at pH 6 could physically uptake the solvents by capillarity and 

better hold them within the structure.  

Regarding foam formation (Figure 39), MIPEF caused a scarce effect on rice concentrate 

foaming (Figure 39c and Figure 39d).  

 

Figure 39 Foam capacity and stability of pea (a, b), rice (c, d), and gluten (e, f) concentrates at pH 

5 and 6 treated at 0 (●), 20,000 (◆), and 60,000 (▲) pulses. 

The limited effect of MIPEF on rice functional properties clearly confirms that the 

structural changes induced by MIPEF (Table 22) are irrelevant for the final capacity of rice 

proteins to interact with solvents and stabilize food structures. By contrast, MIPEF 

increased the foam ability in both pea (Figure 39a and Figure 39b) and gluten (Figure 39e 
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and Figure 39f), with gluten at pH 6 exposed to 20,000 pulses showing the best 

performance.  

Figure 40 shows a schematic representation of the different mechanisms at the basis of 

MIPEF-induced modifications in the structure of gluten at pH 5. The latter was chosen as 

a possible example of proteins sensitive to electric fields.  

 

 

Figure 40 Schematic representation of the structural changes induced by MIPEF in gluten at pH 5, 

taken as an example of a protein sensitive to electric fields. 

The treatment might cause the cleavage of disulphide bonds, resulting in exposure of SH 

groups as well as in loss of α-helix and β-sheet structures with concomitant increase in 

random coil ones. This is in agreement with literature showing a decrease in the ordered 

structures (α-helices) and an increase in disorder random coils with a concomitant 

exposure of surface free sulfhydryls (Guan et al., 2010; Liu et al., 2013). 

The complex interplay among these different effects might be responsible for an increase 

in protein solubility and capacity of interacting at the water/air interphase, resulting in 

higher foaming ability.  

6.3.2 HP-CO2 

6.3.2.1 Effect of HP-CO2 on protein structure 
Since HP-CO2 was rarely exploited to modify biopolymer properties, in the first part of 

this study the effect of the technology on protein structure was evaluated. Table 24 reports 

the results of absorbance at 280 nm and sulfhydryl groups of treated gluten, pea, and rice 

protein concentrates. 
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Table 24 Absorbance at 280 nm and sulfhydryl groups of gluten, pea, and rice concentrates 

treated by HP-CO2 at different conditions. 

Sample Absorbance at 280 nm Sulfhydryl groups 

(μmolL−1g−1) 

Gluten GC 0.139 ± 0.001c 3.37 ± 0.47b 

 G1 0.431 ± 0.035b 3.97 ± 0.05a 

 G2 0.628 ± 0.017a 4.04 ± 0.19a 

 G3 0.544 ± 0.054a 4.24 ± 0.35a 

Pea PC 0.225 ± 0.046a 5.03 ± 0.09a 

 P1 0.095 ± 0.002b 4.55 ± 0.07b 

 P2 0.222 ± 0.018a 2.19 ± 0.07c 

 P3 0.211 ± 0.012a 0.38 ± 0.08d 

Rice RC 0.210 ± 0.107a 0.71 ± 0.02a 

 R1 0.062 ± 0.016a 0.90 ± 0.02a 

 R2 0.103 ± 0.022a 0.54 ± 0.01a 

 R3 0.212 ± 0.013a 1.26 ± 0.11a 
a-d For each protein concentrate and measured property, means indicated by different letters are significantly 

different (p <0.05) 

Treated rice samples did not show significant modification as compared with relative 

control. By contrast gluten presented a progressive increase in absorbance indicating the 

exposure of cysteine, tyrosine, and tryptophan residues. Similarly, SH content also 

increased even at the HP-CO2 mildest condition (20 °C, 6 MPa, 10 min). These behaviors 

indicate that the treatment caused the exposure of buried inner SH groups as well as 

rupture of S–S bonds within protein molecules probably resulting in protein unfolding. 

These results are in agreement with those regarding HP- CO2-treated liquid whole egg 

reported by other authors (Sheng, Zu, & Ma, 2021). Finally, pea samples exhibited a 

progressive decrease in SH groups by increasing the intensity treatment suggesting the 

protein aggregation phenomena, as reported in literature (Zhou, Zhang, Leng, Liao, & Hu, 

2010). However, from SDS-PAGE patterns (data not shown) the primary structure of pea 

proteins remained unchanged upon the treatment. Similar results were observed by de 

Souza Melchiors (2017) on HP-CO2 treated lysozyme. 

6.3.2.2 Technological functionalities 
In order to evaluate the impact of the above reported structural modifications, solubility, 

WHC, and OHC of treated samples were analyzed (Table 25). No differences were 

detected in rice solubility upon the treatments, while WHC increase especially at higher 

intensities (30 °C, 12 MPa, 30 min and 40 °C, 18 MPa, 30 min). A similar WHC trend was 

observed also in pea whilst this protein source seemed more susceptible to HP-CO2. 
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Table 25 Solubility (%), WHC (%), and OHC (%) of gluten, pea, and rice concentrates treated by 

HP-CO2 at different conditions.  

Sample Solubility (%) WHC (%) OHC (%) 

Gluten GC 18.3 ± 2.1c 132.4 ± 5.2a 179.5 ± 1.9c 

 G1 68.5 ± 3.8a 96.3 ± 5.2b 297.7 ± 17.5a 

 G2 54.0 ± 3.9b 75.3 ± 0.3c 296.9 ± 14.2a 

 G3 64.6 ± 3.6a 71.1 ± 1.6c 261.9 ± 10.3b 

Pea PC 24.3 ± 0.7b 196.3 ± 1.8c 93.5 ± 2.0c 

 P1 38.0 ± 2.8a 253.1 ± 2.2b 144.6 ± 3.1b 

 P2 20.5 ± 1.1b 251.0 ± 9.6b 188.1 ± 4.2a 

 P3 21.6 ± 3.4b 325.5 ± 12.4a 184.9 ± 1.7a 

Rice RC 6.5 ± 2.2a 151.2 ± 3.4c 88.2 ± 3.4c 

 R1 5.2 ± 0.5a 156.0 ± 10.5c 129.5 ± 2.2b 

 R2 4.0 ± 1.1a 178.9 ± 6.6b 159.5 ± 10.9a 

 R3 2.4 ± 0.0a 243.8 ± 6.8a 203.0 ± 3.1a 
a-d For each protein concentrate and measured property, means indicated by different letters are significantly 

different (p <0.05) 

In fact, compared with the control, WHC was higher even at the mildest treatment 

conditions. An opposite behavior was observed in gluten. The latter presented lower 

WHC while solubility was almost 4 folds higher than the reference sample.  This result is 

particularly promising since it is well-known the scarce gluten solubility (Flambeau, Redl, 

& Respondek, 2017). Regarding OHC, all proteins exhibited a significant increase of this 

property, the magnitude of which depends on treatment intensity. These findings suggest 

that HP-CO2 favors the exposure of hydrophobic residues on the protein surface rather 

than hydrophilic ones. The evolution of hydrophobic groups exposed onto the protein 

surface (Table 24) was also reflected in foaming capacity (Figure 41). Both gluten and rice 

had scarce foaming capacity and stability. By contrast, pea submitted to the higher 

intensity treatment showed an increase in foaming capacity while its stability was 

comparable with the control one. The increase of both foaming capacity and stability was 

detected by Sheng et al. (2021) on liquid whole egg, but in more intense condition than 

those used in this study.  
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Figure 41 Foam capacity and stability of gluten(a), pea (b), and rice (c) concentrates. Control (●); 

treatment 1 (▲); treatment 2 (◼); treatment 3 (◆). 

All these findings highlight the capability of HP-CO2 to modify both protein structure and 

functionalities. However, the magnitude of the observed changes was strongly dependent 

on protein nature rather than intensity treatment. Moreover, it could not be excluded the 

additional effect of the pH reduction, below the isoelectric point of the analyzed proteins, 

caused by the CO2 that could alter the protein structure (Zhou et al., 2010). 

6.4 Conclusions 

This study is one of the few pioneers regarding the application of MIPEF and HP-CO2 

technology to intentionally modified vegetable protein structure and functionality. 
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Results open new opportunities in the application of green and sustainable technologies 

not only for extraction of valuable components and food preservation, but also to tailor 

functional attributes.  

The impact of MIPEF is particularly complex since affected by multiple factors concurring 

to steer protein energy landscape and potential interactions among particles and with 

solvents. MIPEF might induce structural rearrangement only on those proteins that are 

sensitive to electric fields. This is the case of gluten rich in highly reactive sulfhydryl 

groups, where the disulphide interchange could have a great impact in terms of solubility, 

foaming ability, water and oil holding capacity. By contrast, rice and pea proteins, poorer 

in sulfhydryl groups, might suffer negligible functional changes upon MIPEF treatment.   

Regarding HP-CO2, results acquired indicated that the technology caused clear structural 

modifications only in gluten. If the overall effect of HP-CO2 on protein structure was 

scarce, technological functionalities were highly improved in gluten and pea proteins 

while rice have an opposite behavior exhibiting negligible functional modifications. These 

results could be attributed to both the protein nature and the different behavior upon pH 

decrease. 

Summarizing, gluten is the more sensitive to both technologies while rice proteins had an 

opposite behavior indicating that the magnitude of the structural redesignment is strongly 

affected by protein nature. From results acquired, it could be inferred that flexible proteins 

rich in sulfhydryl content are more prone to be modified by processing technology 

independently of the physical force involved. 

Comparing the potentialities of the technologies used, HP-CO2 seem to be more promising 

to modify functional properties without apparently affecting structure than MIPEF. 

However, further investigation is required to better understand the mechanisms behind 

both technologies. Moreover, other environmental and technological parameters should 

be tested. 
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Chapter 7 The influence of electric 

field processing on functional 

protein-based structures 

7.1 Introduction and aim of the study 

This activity was carried out in February 2020 at the University of Minho, Laboratory of 

Industry and Processes (Braga, Portugal) under the supervision of Prof. António A. 

Vicente. Due to Covid-19 emergency, the research was interrupted without finishing the 

ongoing activities.  

 

In this activity, ohmic heating (OH) was considered as a technology to design novel food 

structures. OH can provide fast, homogeneous, and highly energy-efficient heating by 

both reducing excessive thermal load while benefiting from non-thermal effects of electric 

fields. Usually, OH operate under moderate electric field (MEF) condition (1-1000 V) and 

broad frequency range (1 Hz to MHz range) (Fasolin et al., 2019; Pereira & Vicente, 2010). 

It was demonstrated that MEF can interfere with protein aggregation and gelation 

possibly due to conformational disturbance (Pereira et al., 2016; Rodrigues et al., 2015; 

Rodrigues, Vicente, Petersen, & Pereira, 2019). Thus, this technology could be exploited to 

design novel structures, such as protein fibrils.  The latter could increase technological 

functionalities (i.e.  emulsification, gelling and foaming potency) even at low protein 

concentration.  (Loveday, Wang, Rao, Anema, & Singh, 2012; Mohammadian & 

Madadlou, 2018).  Due to these properties as well as to their heat and pH resistance, fibrils 

could act as delivery system for bioactive molecules (Mankar, Anoop, Sen, & Maji, 2011; 
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Mohammadian & Madadlou, 2018). Finally, it was found that fibrillation can also 

influence the biological activity of food proteins, namely their antioxidant and 

antimicrobial capacity (Mohammadian & Madadlou, 2016).  

Thus, the aim of this research was to investigate the effect of ohmic heating (OH) at 

moderate electric field (MEF) conditions on β-lactoglobulin fibril formation. The latter was 

selected due to its great intrinsic propensity to self-assemble into compact three-

dimensional structures.  

7.2 Materials and Methods 

7.2.1 Sample preparation 

β-lactoglobulin (β-lg) was previously obtained by purifying commercial whey protein 

isolate (Rodrigues, Avelar, Vicente, Petersen, & Pereira, 2020). Milli-Q water was adjusted 

to pH 2 ± 0.01 with HCl 1 M and β-lactoglobulin was added at 1.2% w/w concentration. 

The solution was stirred for 1 hour until fully solubilization and then stored at 4 °C 

overnight. The solution absorbance was measured at 280 nm to check the protein 

concentration considering an absorbance coefficient of 0.9565 g-1cm-1. The final protein 

concentration was adjusted to 1% w/w when necessary. 

7.2.1 Thermal treatments 

Preliminary conventional (Conv) thermal treatments were performed at 80 and 90 °C for 

up to 12 hours.  Based on the results acquired, ohmic heating (OH) treatments were 

conducted at 90 °C. β-lactoglobulin solution unheated and not exposed to OH was used 

as reference sample. For the Conv treatments, sample was placed in a double-walled 

water-jacketed reactor vessel (3 mm of internal diameter and 100 mm height) and 

maintained under stirring. The temperature was controlled by circulating water on the 

reactor’s jacket with a circulating thermo-stabilized water bath (Pereira, Souza, Cerqueira, 

Teixeira, & Vicente, 2010). For the OH treatments, an aliquot of β-lactoglobulin solution 

was placed in a double-jacket glass cylinder containing steel electrodes at each edge 

(Pereira et al., 2010). The temperature (90 °C) was controlled by regulating the voltage 
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output of a function generator (Agilent 33220A, Penang, Malaysia) and then amplified on 

an amplified system (Peavey CS3000, Meridian, MS, USA). The electric frequency was set 

at 25 kHz and 50 Hz. Aliquots were collected every hour and placed at 4 °C before further 

analysis. 

7.2.2 Thioflavin (ThT) fluorescence assay 

Thioflavin (Tht) fluorescence assay was performed according to Loveday et al. (2012). 

Briefly, a stock solution of 3 mM ThT in phosphate-NaCl buffer (10 mM phosphate and 

150 mM NaCl, pH 7.0) was prepared. After ThT solubilization, the solution was filtered 

through a 0.2 mm syringe filter and stored at 4 °C in a brown glass bottle covered with 

aluminum foil. Working solution was prepared by diluting the stock solution 50-folds in 

phosphate-NaCl buffer (final ThT concentration 60 µM). In the assay, 200 µL of sample 

was added to 4 mL of working solution. The resulting mixture was vortexed briefly and 

held at room temperature for 1 min before measuring fluorescence. Excitation and 

emission wavelengths were 440 nm and 480 nm, respectively. ThT fluorescence readings 

were corrected for working solution and native protein solution. 

7.2.3 Fluorescence determination 

Fluorescence determinations were performed according to Rodrigues et al. (2019) by using 

the fluorescence instrument Aqualog (HOBIBA-Jobin Yvon, Inc., Japan). Intrinsic 

fluorescence of β-lg was determined by exciting tryptophan on the samples at 280 nm and 

recording the emission from 300 to 450 nm. Hydrophobic site accessibility was determined 

using 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescent probe. The ANS solution in 

methanol (15 mM) was prepared and stored at 4 °C protected from light. For the 

determination, 100 µL of ANS stock solution were added to 3 mL protein solution, stirred 

and incubate for 30 min at room temperature. ANS-protein complex fluorescence was 

determined by exciting the sample at 370 nm and recording the emission from 400 to 650 

nm. 
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7.3 Results and Discussion 

The formation of β-lg fibrils upon heat treatments has been carried out by other authors 

between 75 and 120 °C for up to 24 hours (Arnaudov, de Vries, Ippel, & van Mierlo, 2003; 

Loveday et al., 2012). Temperature strongly influences β-lg fibril formation but had 

negligible effects on fibril morphology. However, a prolonged heating at high 

temperature (i.e. 120 °C) caused fibril fractures, resulting in weaker gels (Loveday et al., 

2012). Based on these considerations, in this research, preliminary tests were conducted 

by heating sample at 80 and 90 °C for up to 12 hours and fibril formation was studied by 

ThT assay (Figure 42).  

 

Figure 42 Maximum thioflavin fluorescence intensity at 480 nm of 1% β-lg heated at 80 (⚫) and 90 

(▲) °C for up to 12 h. 

ThT binds only the β-sheets present in the β-lg fibrils and thus an increase in ThT 

fluorescence indicates an increase in fibril formation (Dave et al., 2013; Krebs, Bromley, & 

Donald, 2005). At 80 °C a distinct lag phase was detected with a duration of almost 1 h 

during which fluorescence did not change. By contrast, at 90 °C the lag phase was not 

observed, and the fluorescence increased progressively until reaching a plateau after 4-6 

h. Thus, the nucleation was favored at the highest temperature, in agreement with other 

authors (Dave et al., 2013). This result can be attributed to the rate increase of β-lg 

denaturation between 85 and 94 °C at low pH (Harwalkar, 1980). Moreover, the higher 

thermal motions induced by temperature may speed up molecular rearrangement and 
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alignment between the building blocks leading to a faster fibril formation (Loveday et al., 

2012). 

To better understand the effects of heating on protein structure, the so-called intrinsic 

fluorescence was also measured at 80 and 90 °C (Figure 43).   

 

Figure 43 Maximum intrinsic fluorescence intensity at 332 nm of 1% β-lg heated at 80 (⚫) and 90 

(▲) °C for up to 12 h. 

β-lg fluorescence is mainly due to the tryptophan (Trp) residues (Albani, Vogelaer, 

Bretesche, & Kmiecik, 2014; Croguennec, Mollé, Mehra, & Bouhallab, 2004). Thus, 

fluorescence changes are correlated with conformation and intramolecular modifications, 

such as the solvent exposure and/or changes in the distance to neighboring amino acids 

(Busti, Scarpeci, Gatti, & Delorenzi, 2002). Fluorescence emission decreased as 

temperature increased. This behavior resulted from entropy increase enhancing collisions 

between excited fluorophores and other molecules in solution, leading finally to their 

deactivation (Rodrigues, Claro, et al., 2020).  

Besides intrinsic fluorescence, extrinsic fluorescence (ANS assay) is correlated with 

conformational protein changes. In particular, ANS interacts with proteins mainly via 

non-specific hydrophobic interactions resulting sensitive to the accessibility of 

hydrophobic pockets (Hawe, Sutter, & Jiskoot, 2008). Due to the non-specific interaction 

nature of ANS, changes in the protein conformation will impact its affinity to ANS 

(Collini, D’Alfonso, & Baldini, 2000; D’Alfonso, Collini, & Baldini, 1999). Figure 44 shows 

the ANS profile of β-lg solution at both 80 and 90 °C. 
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Figure 44 Maximum ANS fluorescence intensity of 1% β-lg heated at 80 (⚫) and 90 (▲) °C for up 

to 12 h. Excitation wavelength was 370 nm. 

Both treatments induced the increase of fluorescence intensity indicating that heating 

favored the hydrophobic group accessibility. At 80 °C, the maximum fluorescence 

intensity remained almost unchanged for the entire treatment time while a decrease was 

observed at 90 °C due to protein rearrangement.  

Based on the results acquired for conventional heating, OH experiments were conducted 

at 90 °C for increasing time up to 8 hours. Moreover, since the effect of OH parameters on 

fibril formation was unknown, preliminary tests were conducted at 25 kHz for 8 h and at 

50 Hz for 6 h. Figure 45 reports ThT fluorescence intensity during Conv and OH 

treatments. 

 

Figure 45 Thioflavin maximum fluorescence intensity at 480 nm of 1% β-lg heated by 

conventional treatment at 90 °C (⚫) or by OH at 25 kHz (▲) or 50 Hz (◼) for up to 8 h. 
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In Conv-treated sample, ThT fluorescence increased up to 4 h while no differences were 

detected prolonging heating time. β-lg treated by OH at 25 kHz showed a similar 

behavior, but the maximum ThT fluorescence intensity was higher than that observed in 

Conv. By contrast, OH at 50 Hz caused the lowest fluorescence intensity. These results 

indicate that OH at 25 kHz promoted fibril formation more than Conv treatment even if 

prolonging treatment time up to 8 h probably induced fibril fractures (Loveday et al., 

2012). 

Observing intrinsic maximum fluorescence (Figure 46), clear differences were detected 

between native and treated samples. The fluorescence decrease could be the result of an 

increased quenching from the neighbor amino acids (Rodrigues, Avelar, et al., 2020). 

No differences in the intrinsic fluorescence were detected between Conv and OH at 25 

kHz (Figure 46a) indicating no changes in the Trp microenvironment. By contrast, slight 

modifications were observed in the sample treated by OH at 50 Hz (Figure 46b).  

 

Figure 46 Intrinsic fluorescence spectra of 1% β-lg treated by OH at 25 kHz (a) or 50 Hz (b). 

Spectra were compared with those of native protein and sample treated by conventional heating 

at 90 °C. 



Chapter 7 

 

148 

As expected, treated samples displayed higher ANS fluorescence intensities than the 

untreated sample while no differences were detected between Conv and OH treatments. 

However, compared with treatment at 25 kHz, OH at 50 Hz caused a higher increase in 

fluorescence intensity. These results could be attributed to the protein structural changes 

that induced the exposure of more hydrophobic regions (Figure 47a and Figure 47b) 

(Rodrigues, Avelar, et al., 2020; Rodrigues et al., 2019).  

 

Figure 47 ANS fluorescence spectra of 1% β-lg treated by OH at 25 kHz (a) or 50 Hz (b). Spectra 

were compared with those of native protein and sample treated by conventional heating at 90 °C. 

Nevertheless, it should be highlighted that OH treated samples were collected at different 

times (6 and 8 h) and thus further investigation is necessary. 

7.4 Conclusions 

Results acquired demonstrated that OH is able to induce fibrillation of β-lg as highlight 

by ThT analysis while fluorescence determinations confirm modifications on the protein 

structure. Moreover, the selected temperature (90 °C) allowed to reduce the treatment time 
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without fibril degradation. However, the effect of OH treatment as well as the effect of 

frequency was not clear. Thus, further investigation is required on: 

✓ processing parameters and induced protein structural modifications; 

✓ effect of OH on fibrillation process; 

✓ physical and mechanical properties as well as gastrointestinal behavior of the 

resulted fibrils 
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Chapter 8 General Discussion 

8.1 Introduction  

The creation of the new generation of food products able to satisfy not only consumer 

requirements, but also healthy, socioeconomic, and sustainable attributes cannot be 

achieved by the more traditional “cook and look” strategy but requires a rational and 

robust food design approach. The latter should consider the relationship between food 

structure and food functionalities as well as the effects of technological interventions 

applied across the food lifespan. Today, an increasing number of researchers are dealing 

with this topic, but the way of reasoning is still far from addressing current research needs. 

As a result, considerable efforts are still needed to achieve an exact modus operandi”. This 

challenge is due to the many variables that should be taken into consideration at the same 

time, such as structure, functionality, and technological parameters. Up to now, all these 

aspects have been rarely considered simultaneously leading to the need for more research 

on the link between structure, processing, and functionality. 

This Ph.D. thesis seeks to be part of this story, by elucidating the impact of structuring and 

destructuring on selected systems. Obviously, there are several challenges to face. Hence, 

attention was mainly focused on two aspects: 

 

✓ Exploitation of structure as delivery system. 

✓ Modification of structure through processing. 
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8.2 Main findings 

Part 1 highlighted the critical role of both formulation and structural organization in the 

design of delivery systems. Probiotic bacteria were selected as the target of delivery, due 

to their well-known health benefits to the host as well as for their challenging vehiculation 

in foods. In particular, the following results can be considered as the main findings: 

✓ Neither formulation nor structure alone are sufficient to guarantee probiotic 

viability upon processing, storage, and digestion. The choice of the proper 

biopolymer/lipid macromolecule is of paramount importance especially to 

guarantee nutrients to probiotic cells. Similarly, structure is essential to ensure 

physical protection to probiotics against external stresses.  

✓ The microorganism viability should be evaluated during the entire lifespan of the 

designed delivery system. Process or storage trials cannot be exclusively used to 

predict the suitability of the probiotic carrier system, but their fate upon digestion 

should also be considered. In this context it is essential the application of 

standardized methods to allow the comparison and validation of the acquired 

results. 

✓ In the design of delivery systems for probiotics, structuring and destructuring 

behavior and the resulting interactions among involved components should 

always be evaluated upon the entire life cycle since they strongly affect the cell 

viability.  

 

Part 2 investigated the potentialities of novel processing interventions to modify food 

structure and relative functionalities. To this purpose, sustainable and cheap biopolymers, 

such as vegetable proteins and starch, were selected. The major findings are: 

✓ Novel technologies are potentially able to modify both structure and 

functionalities of biopolymers opening new possibilities in the design of novel 

food products 

✓ The potentialities of novel technologies should be evaluated considering both 

structure and functionality. An induced structural modification not always 

correspond to enhanced functionality and vice versa. This is particularly truth 
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considering that most of the novel technologies analysed in this Ph.D. thesis have 

been rarely applied in biopolymer functional modification (i.e. MI-PEF, HP-CO2). 

Thus, the acquired results are pioneering, but require further investigations. 

✓ The sensitivity of biopolymers to novel technological interventions strongly 

depends on intrinsic (i.e. biopolymer composition and origin) and extrinsic factors 

(i.e. processing conditions). Thus, a priori prediction of the generated effects is not 

a reliable approach. 

8.3 Innovative aspects 

In this Ph.D. thesis the innovative “Food Design Approach” has been proposed, pointing 

out that the essential elements to properly design food are structure and functionality. 

This approach aims to provide a robust strategy to design the new generation of foods by 

considering simultaneously all the fundamental aspects involved and should be applied 

throughout the entire food life cycle. The application of the “Food Design Approach” has 

highlighted some key elements required for a successful design of the new generation of 

food products: 

✓ Investigating the interrelationship between structure and functionality.  

Considering these aspects separately causes fragmentary information and 

unsatisfactory designed food. Since structure and functionality are strongly 

correlated, the in-depth understand of the nature of their relationship is 

fundamental for the design of foods for the future. 

✓ Conducting a complete functionality assessment. Functionality is a property of 

all the macromolecules involved in food design. Moreover, each building block 

could positively or negatively affect the resulting functionalities. Thus, in the 

rational design of foods both technological and nutritional aspects, which are the 

mainstays of the modern food systems, should be always considered.  

✓ Selecting the technological interventions. Formulation and process strategies 

should be selected without generalizing about the expected results. Also in this 

case structure and functionality assessment should be conducted taking into 
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account structuring and destructuring phenomena that can occur upon the entire 

food lifespan. 

8.4 Personal considerations 

I hope with this Ph.D. thesis to have added a piece of knowledge in the attempt to 

understand the relationship between food structure and functionalities. The study cases 

here analysed have been intentionally selected to consider different aims and manifold 

food systems. This choice has permitted to highlight the necessity to apply a holistic 

approach in the rational food design. In particular, two main aspects exert a pivotal role: 

first, the evaluation of the relationship nature between structure and functionality; second 

the functionality assessment in its entirety. The development of a rational and integrated 

strategy has been made based on these ideas, matured during the Ph.D. activity.  

Even if the food research field is constantly changing and evolving, the expectancy is to 

have contributed by taking a small step forward in tailoring food products able to satisfy 

disparate requirements and developing new foods with enhanced functionalities.    
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