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Abstract 

Lipophilic bioactive compounds such as curcumin, polyphenols, etc. are often 

encapsulated before adding into various foods. The food matrix and its structural 

reorganizations under the influence of gastric and intestinal conditions affect their release, and 

uptake and utilization by the human body. Understanding the digestion behaviour of different 

food matrices is mandatory to modulate the release kinetics of bioactive ingredients. However, 

the information about the fortified food matrices post consumption is very limited. 

Fundamental knowledge of how the fortified bioactive compounds interact with the food 

component in the matrix during processing and further during gastrointestinal digestion is 

critical. Initial studies also suggest that the breakdown of food matrices in the gastrointestinal 

tract significantly influence on the delivery of nutrients. This area of research needs to be 

intensively investigated before the knowledge can be applied to rational design of functional 

foods that could modulate the rate of digestion and the bioaccessibility/bioavailability of 

fortified bioactive compounds.  

This thesis focuses on understanding how microstructural rearrangement of the dairy and 

starch-based foods during gastric digestion influences the bio-accessibility of curcumin. 

Initially a curcumin nanoemulsion (CNE) was optimized with high encapsulation efficiency (~ 

94%) along with acceptable shelf stability. Further, these CNEs were incorporated into milk, 

milk gels or corn starch gels. Using the human gastric simulator (HGS), these food systems 

were digested before being subjected to intestinal digestion in a static in vitro intestinal model.  

The results showed that milks reconstituted from low-heat, medium-heat, and high-heat 

skim milk powders exhibited significantly distinct curd structures and disintegration 

behaviours in the stomach due to the varying degrees of casein/whey protein interactions that 

occurred during milk powder manufacture. The reconstituted milk made using high-heat milk 

powder formed soft curd under dynamic gastric conditions, resulting in a faster outflow of 
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proteins and entrapped curcumin nanoemulsion droplets. Thus, the changes in the gastric 

digesta profiles influenced both the rate of lipid hydrolysis and the bioaccessibility of curcumin 

during intestinal digestion.  

Milk gels were formed using rennet enzyme or acid with similar rheological and 

compositional profiles. The gastric emptying was significantly impacted by the way these gels 

disintegrated during dynamic gastric digestion. The curd particles from the acid- gel were 

digested much faster than that from the rennet gel. The composition of the digesta was affected 

by these changes to the curd structures and stomach emptying rates during the gastric phase, 

which altered how the oil droplets were released from the stomach. This in turn affected the 

related lipophilic curcumin's bioaccessibility during the intestinal phase. 

Furthermore, the digestion behaviour of corn starch gels made from waxy, native, and 

high amylose corn starches with added CNE were investigated. The physicochemical 

properties of the gels were drastically altered by the addition of curcumin nanoemulsion. 

Because of the waxy gel's adhesive character, most of the oil droplets were held inside the gel 

fragments throughout the dynamic gastric phase. This resulted in the delayed breakdown and 

emptying of gels from the stomach. This variation in the compositional and structural 

characteristics of the gastric digesta was further connected to the varying rates of starch 

hydrolysis, the release of free fatty acids, and the associated proportion of bioaccessible 

curcumin. 

These findings in this thesis highlight how the release of health-promoting bioactive 

compounds from food matrix can be manipulated by understanding the complex dynamic 

processing behaviour of the food materials within the gastrointestinal tract. This can further 

help in designing novel functional foods for various populations. 
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2007; Raikos & Ranawana, 2017; Ubbink & Krüger, 2006). However, these compounds 

generally have low oral bioavailability if consumed from its native food source. Therefore, 

concentrated extract of isolated forms are often utilised in fortification of food products as a 

tool to tackle nutritional deficiencies, and also, to increase the therapeutic effect of bioactive 

compounds (de Lourdes Samaniego-Vaesken, Alonso-Aperte, & Varela-Moreiras, 2012; Prior 

et al., 2010; H. Singh, 2016). Significant challenges need to be overcome while fortifying foods 

with bioactive compounds because these substances have their own inherited characteristics 

(e.g. strong odour, taste, color, volatility), which may affect quality attributes of the final 

product, or make their incorporation into foods rather complicated (El Sohaimy, 2012; 

Topolska, Florkiewicz, & Filipiak-Florkiewicz, 2021; Ubbink, 2012). Such opportunities and 

challenges have led the food industry to develop functional foods that may promote health, and 

have good acceptance among consumers (Guo, Ye, Bellissimo, Singh, & Rousseau, 2017; 

David Julian McClements & Grossmann, 2021; Shahidi, 2009).  

Curcumin is an orange-yellow colored natural polyphenolic bioactive constituent, 

extracted from the rhizome. It is a lipophilic compound and has a higher solubility in medium 

chain triglyceride compared to long chain triglycerides and can be increased by increasing the 

temperature (Zou et al., 2016). Similarly, it is sensitive to light and loses its biological activity 

when it is exposed to alkaline pH, higher temperature and under GIT conditions resulting in 

lower bioavailability (Araiza-Calahorra et al., 2018; Prasad et al., 2014; Shaikh, Ankola, 

Beniwal, Singh, & Kumar, 2009; Zou et al., 2016). Scientist have tried using different strategies 

to improve the stability and bioavailability of curcumin. Compounds such as piperine is 

commercially being used along with curcumin as an absorption enhance. Piperine have been 

testified through clinical studies on human subjects to inhibit curcumin metabolizing enzymes 

that circumventing thereby making it more bioavailable (Shoba et al., 1998). However, use of 

piperine cannot enhance the application of curcumin in various foods, as they require a suitable 
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delivery system. To overcome these hurdles, curcumin can be encapsulated utilizing a carefully 

designed food-based colloidal delivery system. These delivery systems not only conserve their 

biological form but also has been reported to enhance curcumin bioavailability without 

compromising sensory and chemical stability of food (McClements & Jafari, 2018; Sessa et 

al., 2015; Silva et al., 2018). 

In this context, encapsulation has emerged as a promising technique with the possibility 

of developing new food products with added lipophilic bioactive compounds with enhanced 

stability. However, the implementation of encapsulation technology in the food industry has 

been relatively slow due to a combination of limiting factors, such as strict regulations 

regarding food-grade ingredients selection, processing and storage parameters, interaction with 

complex food systems, low profit margins (Francesco Donsì, 2018; F.  Donsì, Sessa, & Ferrari, 

2013; P. N. Ezhilarasi, Indrani, Jena, & Anandharamakrishnan, 2014). Nanoemulsions have 

been used for addressing some of these food fortification limitations. Their nanosized structures 

(d < 500 nm) make them stable to flocculation, coalescence, gravitational separation as 

compared to conventional emulsions (Chang, McLandsborough, & McClements, 2012; Kumar 

et al., 2016; Patel, Patra, Shah, & Khedkar, 2018). Additionally, nanoemulsions protects the 

compound of interest to withstand food processing and their unique small size makes them 

highly bioavailable i.e. crossing the epithelial barriers in the gastrointestinal tract and releasing 

the bioactive compound at the targeted tissues (Galanakis, 2017; Martinez-Ballesta, Gil-

Izquierdo, Garcia-Viguera, & Dominguez-Perles, 2018; Qazi, Majeed, Safdar, Antoniou, & 

Fang, 2015; Rein, Renouf, Cruz-Hernandez, et al., 2013; Salvia-Trujillo, Qian, Martín-Belloso, 

& McClements, 2013). Despite all these favourable properties of nanoemulsions, additional 

studies are required to understand how the bioactive compounds contained within the 

nanoemulsions behave as a part of the whole food matrix. Foods are non-equilibrium 
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assemblies that change over time and in response to external environmental conditions, which 

may occur during production or during eating and digestion. 

The gastrointestinal behaviour and release of encapsulated bioactive compounds from 

different food systems are different and so far, a few in vitro and in vivo studies have been 

reported. For example, dairy products based on food structures can be classified into three main 

categories; i.e., liquid (milk and fermented milk products), semisolids (yogurt and few varieties 

of soft cheeses) and solid (mostly cheeses). Ye and co-workers investigated structural changes 

in unheated and heated skimmed milk (90°C for 20 min) during gastric digestion, using human 

gastric simulator (Ye, Cui, Dalgleish, & Singh, 2016). Both milks formed a clot with different 

structures in the gastric environment. The clot formed by the heated milk was loose with larger 

spaces while unheated milk clot had a tightly knitted structure that hindered the penetration of 

pepsin that consequently slowed the rate of protein hydrolysis. 

In the same way, semi-solid milk gel structures impact the release of nutrient during 

digestion. An in-vivo study investigating the digestion kinetics of acid and rennet gels on the 

bioavailability of amino acids was conducted by Barbé et al. (2014). Effluents from small 

intestine and plasma samples were collected from six mini pigs fed at different time points 

during 7 h post meal ingestion. Results showed that rennet gels took longer time to digest 

compared to acid gel. Extending their work, Floury and co-workers (2018) developed a time-

lapse synchrotron deep-UV microscopy methodology to monitor in situ microstructural 

changes in acid and rennet gels. Their results confirmed that rennet gel formed protein 

aggregates in stomach due to low pH, which slowed down the proteolysis by reducing the 

enzyme accessibility to the substrate. 

Apart from the dairy matrices, the digestibility of starch-based foods during 

gastrointestinal digestion is markedly influenced both by the composition of the starch (i.e. 
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Chapter 2: Literature Review 
 

2.1 Abstract 

The process of encapsulation has produced encouraging results in terms of improving the 

stability and the targeted delivery of isolated bioactive substances. The next stage is to integrate 

these encapsulated bioactive compounds into real food systems and to confirm how the food 

matrix influences their delivery. In this context, physicochemical interactions between the food 

matrix and the encapsulated bioactive compounds occur initially during processing and further 

during their disintegration during digestion. This review focuses mainly on understanding the 

intricate connection between the structure/matrix of different food systems and added 

encapsulated bioactive compounds and how this can be used to design functional foods for 

optimum bioavailability without affecting the quality of the product. 

2.2 Introduction  

Bioactive compounds are biologically active substances that are extracted from animal- 

or plant-based sources and have pharmacological or physiological effects that can promote 

human health. In general, these compounds are produced as secondary metabolites in small 

quantities and can modulate metabolic processes (Graebin, Ribeiro, Rogério, & Kümmerle, 

2019; Khaw, Parat, Shaw, & Falconer, 2017; Yang et al., 2016). They are extremely 

heterogeneous (polyphenols, carotenoids, tocopherols, phytosterols, organosulfur compounds, 

and peptides) with antimicrobial, antioxidant, anti-inflammatory, anticancer, and antidiabetic 

properties (Eggersdorfer & Wyss, 2018; Oyenihi & Smith, 2019; Prasad et al., 2022; Ruhee, 

Roberts, Ma, & Suzuki, 2020; Szewczyk, Chojnacka, & Górnicka, 2021; Tornesello, Borrelli, 

Buonaguro, Buonaguro, & Tornesello, 2020). In natural foods, these bioactive compounds are 

entrapped in the complex matrices of lipids, proteins, and carbohydrates, which interfere with 

their release during digestion. Moreover, their low naturally low levels in various foods, 
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bioactivity, regulate their release at a controlled rate over prolonged periods, and improve 

consumer compliance and convenience (Nedovic, Kalusevic, Manojlovic, Levic, & Bugarski, 

2011; Rezvankhah, Emam-Djomeh, & Askari, 2020; Rodríguez, Martín, Ruiz, & Clares, 

2016). However, despite the growing interest in functional foods, few attempts to integrate 

delivery methods into model and actual food systems have been made, and little in vitro and in 

vivo research to assess how well they perform after being taken orally has been carried out 

(Augustin & Sanguansri, 2015). To date, the published studies have focused only on the 

characterization of delivery systems and their influence on the release of the bioactive 

compound in the gastrointestinal tract and have neglected their behavior within the food 

product. Although the encapsulation approach has shown to improve the solubility, stability, 

taste, bioaccessibility, and bioavailability of various bioactive compounds, the behviour of 

encapsulated bioactive compounds in different food matrices particularly during processing 

and consumption remains unknown. Hence, this is the main focus of the review.  

2.3 Effect of food matrix on encapsulated bioactive compounds 

The food matrix is a part of the microstructure of foods, usually corresponding to a 

physical and spatial domain, that contains, interacts directly and/or gives a particular 

functionality to a constituent or element of the food (Aguilera, 2018). This cellular- or 

colloidal-based dissipative organization is often categorized as soft matter, as its functionality 

is driven mainly by its internal (i.e., physicochemical and biochemical reactions) and external 

(i.e., enzymes, pH, thermal fluctuations, and microorganisms) perturbations (Aguilera, 2019; 

Alongi & Anese, 2021). The complexity of self-assembled structures in animal- or plant-based 

foods and structures generated in processed foods revolves around their structural orientation 

and their chemical composition (Aguilera, 2005; Capuano et al., 2018; Flores & Kong, 2017; 

Parada & Aguilera, 2007; Ubbink, 2012). The rigid and intact structures of native foods, such 
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as plant- and animal-tissue-based fibrous structures, plant-based fleshy materials, and 

encapsulated plant embryos, not only impact on functionality and digestibility but also 

significantly impact on the release of nutrients and the entrapped bioactive compounds 

(Acevedo-Fani, Dave, & Singh, 2020; Cifelli, 2021). The processing of these foods affects 

several physical, chemical, and nutritional attributes via the changes their structural 

arrangements. Processing can be used to develop, from basic raw materials, more complex 

structures in foods; for example, yogurt, cheese, and ice cream are all milk-based products with 

distinctive structures and properties (Dima, Assadpour, Dima, & Jafari, 2020). Moreover, the 

processed food is sometimes structurally modified to such an extent that its biological origin is 

not readily apparent, e.g., the conversion of liquid milk to solid cheese or the transformation of 

hard grain to fluffy bread. In addition, structural changes continue either during or after 

processing.Most foods never attain thermodynamic equilibrium, e.g., the softening and loss of 

crunchiness in fruits as they go through an physical transformation that leads to undesirable 

product quality by simultaneously changing the composition (Agarwal et al., 2019; Joardder, 

Kumar, & Karim, 2017). Thus, an understanding of the structural properties of food materials 

is important for proper control of food processing operations as well as for improvement in the 

quality of the final product (Karim, Rahman, Pham, & Fawzia, 2018; Lamothe, Rémillard, 

Tremblay, & Britten, 2017; Parada & Aguilera, 2007).  

Fig. 2.1 depicts the interactions between the food matrix and the encapsulated bioactive 

compounds during processing and digestion. These interactions are discussed in more detail in 

subsequent sections.  
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Fig. 2. 1 Interactions between fortified food matrices and effects of various factors on the 

delivery and bioaccessibility of loaded bioactive compounds. 

 

2.3.1 In-product behavior 

Encapsulated bioactive compounds can alter the sensory, physicochemical, and 

biological properties of food products (Dima et al., 2020; Khan, Grigor, Winger, & Win, 2013; 

H. Singh, 2016; Zhu, 2017). The compatibility, reactivity, and interactions of the encapsulated 

bioactive compounds with other food components, and the stringent processing and 

preservation conditions all have an impact on how these compounds behave within food 

products (Acevedo-Fani et al., 2020; Alongi & Anese, 2021; Francesco Donsì, 2018).  
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Recent research has evaluated the biological and functional effects of encapsulated 

bioactive compounds in a range of food product formulations. The findings of some of these 

studies are summarized in Table 1 and are addressed in the sections that follow. 
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cohesiveness, moisture content, and ash content of the cheese, the encapsulation proved to be 

more effective at protecting the polyphenols and the cheese displayed physicochemical traits 

that were comparable with those of traditional cheese.  

2.3.1.3 Starch-based foods 

Starch is composed of two types of molecule: linear glucose polymer (amylose) and 

branched polymer (amylopectin) (J. Singh, Dartois, & Kaur, 2010; S. Wang & Copeland, 

2013). Different ratios of these two molecules and their orientation within the granules provide 

starch with considerable variability in functional properties, such as water absorption, swelling, 

pasting, gelation behavior, and vulnerability to enzymatic degradation (J. Singh et al., 2013; 

Zhu, 2017).  

The starch matrix has been shown to better protect hydrophilic and hydrophobic food 

ingredients from degradation under high temperature processing compared with lipid and 

protein food matrices, which undergo degradation (Fathi, Martín, & McClements, 2014; Zhu, 

2017); however, the direct addition of bioactive compounds to cooked foods is still not 

possible, because of their easy thermal degradation/oxidation (Valentina A. Papillo et al., 

2019). Additionally, in a complex food system, the manner in which proteins and lipids interact 

with starch throughout the processing and digestion of meals might alter the quantities of 

glucose and active ingredients that are released (Y. Lu, Mao, Hou, Miao, & Gao, 2019; J. Singh 

et al., 2010). To overcome the environmental influence, the encapsulation has shown promising 

results in protecting the payload. Papillo et al. (2019b) added microencapsulated cocoa husk 

polyphenols to model biscuits to increase their stability during baking. After baking, the 

antioxidant activity of all the biscuits was decreased considerably compared with that of the 

equivalent powder at 0 min. The biscuits containing polyphenol microencapsulated with 

maltodextrin, which served as a stabilizing agent in preventing the heat-liable polyphenols from 
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degradation, had the highest total phenolic content and the highest antioxidant activity. In 

contrast, the biscuits containing extract that was not microencapsulated had little stability. In a 

different study, the oxidative stability of granola bars supplemented with a multilayered fish 

oil emulsion was examined in the presence of novel brown-seaweed-based antioxidants. The 

bars made with the secondary emulsion method produced fewer oxidation products, which 

could probably be attributed to the thicker interfacial layer, which would act as a barrier to the 

penetration and diffusion of molecular species that support oxidation in lipids during the baking 

of granola bars (Hermund et al., 2016). 

The integration of bioactive compounds has been proven to have an impact on the 

structural characteristics of the finished product in addition to the protective effect of 

encapsulation on the fortified bioactive compound (Delfanian & Sahari, 2020; Tolve, Bianchi, 

Lomuscio, Sportiello, & Simonato, 2023). For instance, the presence of gluten protein during 

bread baking gives distinctive viscoelastic properties to the dough, allowing the dough to 

expand during fermentation while also retaining the majority of the gas inside the dough 

structure. However, the direct addition of organic acids to the dough can significantly reduce 

the mixing time and make the dough weaker (X. Lu et al., 2021; Su et al., 2019). P. N. 

Ezhilarasi et al. (2014) studied the effect of both unencapsulated and microencapsulated 

Garcinia fruit extract on the quality of bread. The direct addition of the Garcinia fruit extract 

significantly lowered the volume of the bread because of the presence of hydrooxycitric acid, 

which directly affected the dough development and ultimately resulted in the poor bread 

volume. In contrast, microencapsulation improved the resistance of the dough to the effects of 

acid and assisted in maintaining the volume of the dough at a specific level, producing a bread 

with a softer crumb texture and better sensory attributes. Even though there is a wealth of 

information on the use of starch-based delivery methods for bioactive substances, a thorough 

approach examining the interactions between the starch matrix and the encapsulated bioactive 
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further research to explore the in-product interactions of the bioactive compounds with the 

other elements of the surrounding matrix is required, as this will aid in the development of meat 

products that are have better consumer acceptance.  

2.3.1.5 Lipid/fat -based foods 

Lipid/fat-based foods are complex colloidal systems (water-in-oil emulsions) consisting 

of highly organized, self-assembled microstructures that can generally be affected by various 

factors such as water content, processing conditions, fat/lipid composition, and storage 

conditions. These foods have been used as an important template for the delivery of poorly 

water-soluble bioactive compounds. However, most of the studies to date have focused on the 

direct fortification of these isolated health-promoting compounds, which undergo various 

transformations during processing and storage. Encapsulation is an effective method for 

protecting these chemicals from degradation while also improving their stability in the matrix 

and ensuring end-product functionality. Zaidel et al. (2014) investigated the storage and 

stability characteristics of margarine, i.e., a water-in-oil emulsion, containing both 

nonencapsulated and encapsulated anthocyanins from roselle and red cabbage. When 

compared with nonencapsulated anthocyanins, margarines containing encapsulated 

anthocyanins had superior attributes, as evidenced by their high melting completion 

temperature, low onset crystallization temperature, and higher stability during storage. In 

another study, (Rafiee et al., 2018) evaluated the effect of phenolic compounds containing 

nanoliposomes on the oxidative stability, microbial spoilage, and sensory properties of 

mayonnaise samples during storage. In addition to improving the phenolic component 

retention, the slower, more gradual release of the polyphenols from the nanoliposomes resulted 

in significantly fewer alterations in color metrics and sensory characteristics than did the free 

phenolic compounds. 
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particles, the ratio of water to fat, and rheological attributes of emulsions mixed with salivary 

proteins, significantly influences the structural properties of the bolus (Dengyong Liu et al., 

2017; van der Bilt, 2009). 

The heterogeneous particles of the bolus are further hydrolyzed by the gastric secretions, 

which convert the dispersed nutrients into more readily bioavailable forms (Fanbin Kong & 

Singh, 2009). The rate of digestion of the bolus is determined by the time required for the 

gastric secretions to reach the walls of the surrounding matrix and free the bioactive compound 

from the matrix (Fig. 2.2) (Bornhorst & Singh, 2014; Guo, Ye, Singh, & Rousseau, 2020; 

Lentle & Janssen, 2011). Depending on the starting pH and buffering ability of the food, the 

pH in the stomach steadily decreases and may vary from one food to another (Acevedo-Fani, 

Ochoa-Grimaldo, Loveday, & Singh, 2021; Luo, Ye, Wolber, & Singh, 2021; Qazi, Ye, 

Acevedo-Fani, & Singh, 2021, 2022). Similarly, gastric emptying depends upon the properties 

of the meal consumed, such as viscosity, density, and particle size. Both propulsion and 

retropulsion processes, along with the gastric juice, attempt to reduce the size of the food to 

fine particles and to empty them into the first part of the small intestine, i.e., the duodenum. 

Additionally, in vivo studies (Egger et al., 2017; Miranda & Pelissier, 1981; Ye et al., 2019) 

and a dynamic in vitro human gastric simulator (HGS) have shown that the stomach juice and 

the mechanical grinding can cause liquids such as milk to coagulate, which prolongs their 

digestion rate and their duration within the stomach (Mulet-Cabero, Mackie, Wilde, Fenelon, 

& Brodkorb, 2019; Ye, 2021). 

Following gastric digestion of the food, its digestion is continued in the small intestine, 

where the macromolecules are predominantly broken down and water and nutrients are 

absorbed (Campbell, Berry, & Liang, 2019; C. Li, Yu, Wu, & Chen, 2020). The segmentation 

and peristaltic movement patterns in the small intestine help to mix the chyme and increase its 
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real/model food matrices. In the following sections, we give more detail about a few of these 

examples.  

 

 

Fig. 2. 2 Effect of different types of food matrix on the penetration of digestive enzymes. 
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beverage stability relative to the pH remained unaffected in the presence of solid lipid 

nanoparticles and nanostructured lipid carriers. Furthermore, the beverage containing solid 

lipid nanoparticles had higher curcumin bioaccessibility than the other beverages, implying 

that lipid digestion products from liquid lipids bound with the salts in the beverage, preventing 

the formation of mixed micelles (Gonçalves et al., 2023). 

In contrast, because of their instability under gastric conditions, e.g., creaming of oil/fat, 

protein aggregation, and the high viscosity of carbohydrates, some fortified liquid foods can 

remain in the stomach for longer periods of time (Araiza-Calahorra, Glover, Akhtar, & Sarkar, 

2020; Dian Liu, Parker, Curcic, Kozerke, & Steingoetter, 2016; Niu et al., 2020; Steingoetter 

et al., 2017; X. Wang, Ye, Dave, & Singh, 2021; Ye, 2021). Liquid food such as milk have 

unique digestion kinetics because of their protein content, with completely distinctive 

properties. The coagulation of caseins in the stomach, driven by pepsin, and the acidic 

environment lead to a protracted gastric digestion, resulting in slower release of the fortified 

ingredients (Hodgkinson, Wallace, Boggs, Broadhurst, & Prosser, 2018; Mudgil & Barak, 

2019; Qazi et al., 2022). In contrast, whey proteins are digested and absorbed in the intestine 

more quickly. Recent research has demonstrated that altering the processing conditions, i.e., 

homogenization, heating, etc., can vary the interactions between the milk proteins and the other 

constituents, hence changing the kinetics of milk digestion (Egger et al., 2017; Huppertz & 

Chia, 2021; Mulet-Cabero, Mackie, Brodkorb, & Wilde, 2020; Mulet-Cabero et al., 2019; Ye, 

Cui, Dalgleish, & Singh, 2017; Ye et al., 2019). The gastrointestinal digestion of recombined 

milk systems fortified with CNE was investigated using an HGS (Qazi et al., 2022). The milk 

systems reconstituted from low-heat, medium-heat, and high-heat skim milk powders had 

significantly different disintegration behaviors in the stomach because of the different degrees 

of casein/whey protein complexes formed during the processing of the milk. In contrast to the 

low-heat and medium-heat milk proteins, the high-heat-treated milk proteins produced a loose 
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and soft curd under dynamic gastric conditions, which led to a quicker outflow of the curd 

fragments and entrapped CNE. Thus, both the release of free fatty acids and the bioaccessibility 

of curcumin during intestinal digestion were affected by these variations in the gastric digesta 

profiles. Milk proteins have high surface activity and can partially or completely displace low-

surface-active emulsifiers from the surface of emulsion droplets, making oil droplets in the 

beverage more susceptible to lipase action, which can accelerate the formation of mixed 

micelles in the small intestine. Niu et al. (2020) showed that, when used as a food system, a 

high-protein beverage improved the absorption of an enriched coenzyme-Q10-loaded 

nanoemulsion by boosting the lipolytic activity, in comparison with a coenzyme-Q10 

nanoemulsion and coenzyme Q10 dissolved in oil. Whey protein and milk protein concentrates 

were effective in replacing the modified starch used to encapsulate the coenzyme-Q10, making 

them more susceptible to lipolysis, resulting in increased free fatty acid release and mixed 

micelle formation during the intestinal phase. Likewise, beverages made by structurally 

modifying milk proteins during fermentation, such as drinking yogurt, have been shown to alter 

the digestion kinetics and the release of entrapped phenolics in the gastrointestinal tract (Altin, 

Gültekin-Özgüven, & Ozcelik, 2018).  

In recent years, there has been a surge in consumer interest in replacing dairy milk with 

plant-based milks in the diet, demonstrating several health benefits to health-conscious 

consumers (Fructuoso et al., 2021; David Julian McClements & Grossmann, 2021; Sethi, 

Tyagi, & Anurag, 2016). Typically, plant-based milks are produced utilizing size-reduction 

techniques that entail mechanical, chemical, or enzymatic breakdown of the original plant 

tissue structure (David Julian McClements & Grossmann, 2021; Reyes-Jurado et al., 2021). 

However, they differ greatly from dairy-based milk systems in terms of their protein structures 

and interactions with fortified bioactive chemicals during processing and digestion (Fructuoso 

et al., 2021). Very few studies that have evaluated fortified plant-based milk systems are 
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available. B. Zheng, Zhang, Peng, & McClements (2019) compared the efficacy of curcumin 

crystals dispersed in water (control) with three delivery systems produced using the pH-shift 

method: curcumin nanocrystals; curcumin-loaded nanoemulsions; and curcumin-loaded soy oil 

bodies (commercial soymilk). The curcumin-loaded nanoemulsion and the soymilk had a 

homogeneous appearance and good stability. However, there were noticeable differences in 

terms of aggregation during the gastrointestinal digestion. In particular, the soymilk was 

considerably more prone to aggregation in the stomach than the nanoemulsions, which 

appeared to be more prone to aggregation in the mouth. However, by the end of the digestion, 

both systems produced curcumin that was relatively stable and bioaccessible. In contrast, 

curcumin nanocrystals had low bioaccessibility because there were fewer mixed micelles to 

solubilize the curcumin molecules. Similarly, B. Zheng, Zhou, and McClements (2021) 

encapsulated curcumin in the oil bodies of plant-based milk analogs (coconut, cashew, almond, 

and oat milks) using the same pH-driven method. Overall, the lipids in the plant-based milk 

were digested reasonably quickly during the first 20 min of the intestinal phase but more slowly 

thereafter. These differences were attributed to the different compositions and structures of the 

lipids. Furthermore, the concentration of curcumin in the mixed micelle phase was much higher 

in the plant-based milks than in the control. It is interesting to note that, regardless of the lipid 

makeup of the oil bodies, the bioaccessibility of the curcumin was very consistent across all 

the plant-based milks. Recent research utilizing the dynamic gastric model, i.e., the HGS, has 

demonstrated that different plant-based milk systems go through various physicochemical 

changes in the gastric compartment (X. Wang et al., 2021; X. Wang, Ye, Dave, & Singh, 2022; 

X. Wang, Ye, & Singh, 2020). These changes have been shown to have a significant impact on 

the gastric emptying of nutrients in the small intestine, which can further influence the 

bioaccessibility of fortified bioactive compounds. The two studies that were presented earlier 

used a static approach to in-vitro digestion, ignoring the dynamism that occurs in the actual 
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gut. Therefore, in the future, thorough in vitro and in vivo studies will be needed to understand 

how plant-based milk matrices affect bioactive delivery. 

2.3.2.2 Digestion of fortified semi-solid food matrices 

The viscoelastic behavior of semi-solid matrices is substantially greater than that of liquid 

matrices, and semi-solid matrices contain a sophisticated biopolymer network that can hold a 

lot of water (Aguilera, 2019; Alsanei, Chen, & Ding, 2015; Devezeaux de Lavergne, van de 

Velde, van Boekel, & Stieger, 2015). Assemblies made during processing frequently contain 

fortified elements, which must be released during digestion for them to be further absorbed in 

the gut (Augustin & Sanguansri, 2015; Dupont et al., 2015; Parada & Aguilera, 2007). 

Additionally, these food structures, defined during processing, undergo further structural 

reorganization during digestion, which impacts on the release of fortified bioactive compounds 

from the food matrix (Mao, Roos, Biliaderis, & Miao, 2017; Qazi et al., 2021). Semi-solid 

foods, as opposed to liquid foods, spend a longer time in the oral cavity, where they first 

undergo transformation during mastication and salivation. Increased surface exposure during 

mastication as a result of increased mouth fragmentation increases the likelihood that bioactive 

substances that were previously contained will be released. Meanwhile, the salivary secretion 

also lubricates and wets the food after it has been chewed, creating a cohesive bolus that is 

ready for swallowing (J. Chen, 2009; Minekus et al., 2014; Mun & McClements, 2017). Apart 

from its role in bolus formation, saliva contains various proteins, enzymes, and electrolytes, 

which play a significant role in the emulsification and disintegration of food assemblies. Both 

in vitro and in vivo trials to understand the oral breakdown of semi-solid foods into small 

particles have been conducted. Luo, Ye, Wolber, and Singh (2019) investigated the breakdown 

behavior in the mouth of capsaicinoid-containing whey protein emulsion gel structures; 18 

human subjects chewed the gels, i.e., soft/elastic gel, semi-solid gel, and hard/brittle gel. The 

bioactive diffusivity was higher in the soft and semi-solid gels, as they went through a greater 
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degree of fragmentation because of their loose structures. (Luo et al., 2021) extended this work 

by subjecting the whey protein soft and hard emulsion gels to in vitro gastrointestinal digestion 

to evaluate the influence of the gel structures on the bioaccessibility of capsaicinoids. The hard 

gel had lower levels of lipid digestion and disintegrated more slowly than the soft gel because 

of the larger gastric particles and oil droplet sizes and the increased fat content in the digesta. 

It was found that the degree of lipid digestion was positively linked with the bioaccessibility 

of the capsaicinoids. 

As previously discussed, liquid milk undergoes significant modifications during the 

gastric phase by forming a curd, which influences the release of fortified bioactive compounds; 

however, semi-solid dairy gel matrices such as yogurt and cheese, which are formed by the 

acid and rennet coagulation of milk proteins during processing, can alter the digestion kinetics 

and nutrient release in the gastrointestinal cavity. Our recent study investigated the in vitro 

digestion of yogurt- and cheese-like model gels that were fortified with CNE (Qazi et al., 2021). 

Although these gels had similar rheological and compositional profiles, their disintegration 

behaviors during dynamic gastric digestion had a significant impact on gastric emptying. After 

240 min, all the curd particles from the acid-coagulated gel had disintegrated and none 

remained inside the gastric chamber. In contrast, the curd particles from the rennet-coagulated 

gel were rebuilt into a dense protein network under the influence of the gastric fluids and the 

gastric chamber was filled with numerous compact structured clots by 240 min (Fig. 2.3). These 

alterations in the curd structures and gastric emptying rates during the gastric phase had an 

effect on the compositional profile of the digesta, which changed how the oil droplets were 

delivered and digested. This, in turn, had an effect on the bioaccessibility of the associated 

lipophilic curcumin during the intestinal phase.  
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Fig. 2. 3 Images of curds formed by acid and rennet gels within the gastric chamber at selected 

time points [adapted from Qazi et al. (2021)]. 

The release and delivery of these bioactive compounds can also be changed by fortifying 

them in various food matrices. Using a protein-rich food (yogurt) and a carbohydrate-rich food 

(rice), Papillo et al. (2019a) studied the gastrointestinal absorption of microencapsulated 

curcuminoids coated with gum arabic/maltodextrin. The gastric degradation of curcuminoids 

in yogurt was less than that in rice, but the bioaccessible fraction of curcuminoids was much 

higher in the presence of the rice matrix compared with the yogurt matrix. Similarly, by 

combining two or more food elements, these food matrices can be made more complex. 

Another study investigated the digestion dynamics of a stirred yoghurt matrix enriched with 
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curcumin were further linked to this heterogeneity in the compositional and structural profiles 

of the gastric digesta. In another study, Gómez-Estaca et al. (2015) investigated the 

bioaccessibility of curcumin after subjecting fish gels containing encapsulated curcumin 

microparticles to an in vitro gastrointestinal digestion. When applied to a gelatinized fish 

product, the bioaccessibility and the antioxidant activity of the gelatin-encapsulated curcumin 

were reduced, indicating that curcumin may be able to form more stable complexes with some 

digested water-insoluble fish proteins that would lower these characteristics. 

 

2.4. Conclusions and future outlook 

Consumer interest in functional foods is increasing because they offer supplement-level 

concentrations of health-promoting substances. However, despite this increasing interest, few 

efforts have been made to integrate encapsulated bioactive compounds into actual or model 

food systems; little in vitro and in vivo research has been carried out to assess their 

effectiveness after oral administration. The food matrix is a key component that, in most cases, 

not only relates to a spatial physical domain that holds, interacts with, or confers specific 

functionalities to supplemented bioactive compounds during processing, but also controls their 

release in the gastrointestinal system. The intricate processing and preservation procedures can 

affect not only where bioactive chemicals are absorbed but also how well they interact 

physicochemically with other dietary components. These modifications to these matrices cause 

distinctive disintegration patterns under dynamic digestion conditions, which eventually affect 

how fortified bioactive compounds are released and absorbed in the gut. Several types of food 

matrix, such as dairy- and starch-based food systems, have been shown to have a longer 

residence time in the stomach, which alters the composition and the emptying pattern of the 

gastric digesta into the small intestine. The microstructure and the composition of the digesta 
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that is expelled from the stomach is linked to the release of nutrients and bioactive substances. 

Therefore, in order to properly regulate the release of and eventually increase the 

bioavailability of the bioactive compounds, it is crucial that future studies concentrate on 

creating functional foods with precise engineering of food structures in real foods.  
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various bioactive compounds curcumin is well-known for its health benefits. However, due to 

its limited water solubility, biochemical/structural breakdown, and poor bioavailability, its 

application has been difficult (Almeida et al., 2018; Joung et al., 2016). As a result, numerous 

studies are focusing on employing lipid-based nanosystems to encapsulate curcumin, 

particularly nanoemulsions, to overcome these constraints (Araiza-Calahorra, Akhtar, & 

Sarkar, 2018; Qazi et al., 2021; Sabet, Rashidinejad, Qazi, & McGillivray, 2021). However, 

their physicochemical interactions with milk proteins and other food components during 

processing and digestion within the gastrointestinal tract play a significant role in the recreation 

of the food structure and matrix (Q. Ye et al., 2021). In general, food structure influences the 

rates of nutrient digestion and absorption, primarily through the kinetics of digestion and the 

rate at which nutrients are transmitted from one digestive organ to the next in the 

gastrointestinal tract. 

Our recent study investigated the in vitro digestion of acid and rennet gels that were 

fortified with CNE (Qazi et al., 2021). Despite the fact that these gels had similar rheological 

and compositional profiles, but their disintegration behaviour during dynamic gastric digestion 

showed a significant impact on the gastric emptying of the oil droplets and, as a result, on the 

bioaccessibility of the associated lipophilic curcumin during the intestinal phase (Qazi et al., 

2021). Similarly, in another study, Niu et al. (2020) showed that a high-protein beverage as a 

food system enhanced the absorption of an enriched coenzyme-Q10-loaded nanoemulsion by 

increasing the lipolytic activity compared with a coenzyme Q10 nanoemulsion and coenzyme 

Q10 dissolved in oil. Thus, the nature of the restructuring that occurs in the stomach and the 

potential interaction of nanoemulsified bioactive compounds with natural food materials have 

a significant impact on the composition of the food chyme that exits the stomach at different 

times.  
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was 240 min; however, to analysis the changes in the structure of the curd within the stomach 

and in the emptied gastric digesta, the whole digestion process was terminated at selected 

timepoints, i.e. 20, 60, 120, 180 and 240 min. Gastric curds collected at these timepoints were 

freeze-dried and pulverised into powder for further investigation. The pH of the gastric digesta 

emptied at every 20-min interval was immediately recorded and was assumed to be similar to 

the pH within the HGS. Further, to stop the activity of pepsin, the pH of the digesta samples 

was adjusted to 7 by 1 M NaOH and/or 1 M HCl and were stored at 4 °C for further 

compositional analysis. 

3.3.4 Physicochemical analyses of emptied digesta and gastric clot 

The emptied digesta samples collected at selected timepoints were further chemically 

analysed for dry matter and oil content according to the method described in the previous study 

(Qazi et al., 2021). Similarly, to analyse the changes in the weight of the curd, the gastric 

digestion was terminated at 20, 60, 120, 180 and 240 min for all recombined milk systems. The 

contents of the HGS were collected and passed through the 1-mm sieve to separate the solid 

curd and the liquid gastric digesta. The clot was weighed immediately before being subjected 

to microscopy to analyse microstructural changes. 

3.3.5 Protein profile of gastric clot and emptied digesta 

The time-dependent hydrolysis of the proteins in the initial and digested samples (gastric 

curd and emptied digesta) of MLH, MMH and MHH in the HGS was determined by analysing 

the protein composition of the samples as a function of the digestion time using sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (SDS-PAGE) as described in Qazi et al. (2021). 

Briefly, initial and emptied digesta samples from selected timepoints were diluted five times 

with Milli -Q water. These samples were then mixed with sample buffer at a ratio 1:1, and 7 µL 

of each mixture was loaded into each well. For solid curd samples, 4.5 mg of freeze-dried 
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carried out at 37 °C for 2 h, and the pH of the mixture was constantly checked and corrected to 

7 using 0.1 M and 1 M NaOH. 

The release of FFAs during lipid digestion was detected using a pH-stat technique and 

calculated using the following equation: 
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Here, VNaOH (t) is the volume of NaOH used at neutralize total acid released at digestion 

time t, VNaOH (a) is the volume of NaOH used to neutralize acid released as amino acids during 

digestion time t µmol, CNaOH is the concentration of the NaOH solution used to titrate the acid 

released in 2 h, i.e. 0.05 M, and Vgastric digesta is the volume of the gastric digesta, i.e. 20 mL.  

3.3.8 Particle and oil droplet sizes of gastrointestinal digesta 

The mean particle sizes of the gastrointestinal digesta after collection were determined 

using a Mastersizer 2000 (Malvern Instruments Ltd, Malvern, Worcestershire, UK). The 

powders were diluted in water to achieve a saturation between 14 and 16% (concentration of 

�ý0.001%). An emptied digesta sample at a selected timepoint was immediately added to an 

automated small volume sample dispersion unit (Hydro2000S) prefilled with distilled water 

until an obscuration between 10 and 15% had been reached. Similarly, the impact of the gastric 

digestion on the oil droplet size was analysed by mixing the emptied gastric digesta sample 

with a mixture of 2% SDS and 50 mM EDTA at a ratio of 1:2. The mixture was then gently 

mixed for an hour to dissociate the clusters of protein stabilizing the oil droplets. This dissolved 

mixture was then used to measure the oil droplet size using polydisperse analysis and the 

droplet size was recorded as the surface-weighted diameter (D3,2). All measurements were 

conducted at room temperature and the average particle and droplet diameters of the emptied 

gastric digesta were measured in triplicate.  
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3.4 Results and discussion 

3.4.1 Gastric phase 

3.4.1.1 Coagulation behaviour of recombined milks in the HGS 

The formation of curd in all three recombined milk systems in the HGS was seen visually; 

however, the structures of the curds formed during the first 20 min of digestion were different 

for all three systems [(Fig. 3.1 (A)]. The curd formed by MLH at 20 min was fragmented and 

had a crumbled texture. This curd appeared to be similar to the curd formed during the gastric 

digestion of pasteurized milk (Roy, Ye, Moughan, & Singh, 2021). The curds formed by MMH 

and MHH were soft with loose structures. The differences among the nature of the clots formed 

may have been due to the degree of preheat treatment applied to these milk systems before 

spray drying. The high heat treatment of milk results in greater denaturation of the whey 

proteins and their interactions with the casein micelles, which then results in the formation of 

a softer curd during digestion ( Ye et al., 2019).  

The size of the curd fragments of MLH reduced gradually with increasing digestion time. 

After 240 min, these curd pieces were less integrated and separated into smaller pieces. The 

soft curds formed at 20 min by MMH and MHH, which had similar appearances, transformed 

into two distinct shaped curds by the end of the gastric phase. The amount of MHH curd 

decreased markedly and the curd formed gave the appearance of breadcrumbs that shrunk to a 

smaller size at longer digestion times. This curd was similar to the images of the curd obtained 

during the dynamic in vitro gastric digestion of sheep milk that was homogenized and heated 

to 95 °C (Pan et al., 2021). However, for MMH, the initial soft curd transformed into numerous 

compact curd fragments over time [Fig. 3.1 (A)]. The differences in these curd structures may 

have been due to the level of whey protein associated with the casein micelles (H. Singh, 2007; 

Ye et al., 2019).  
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The weight of the curd formed inside the HGS was also recorded after the curd had been 

passed through a 1-mm sieve. MHH disintegrated more rapidly in the gastric chamber than 

MMH and MLH [Fig. 3.1 (B)], which is consistent with previous work demonstrating 

decreased curd retention in the stomach with an increase in the amount of heat applied to the 

milk (Mulet-Cabero et al., 2019; Ye et al., 2019). 
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Fig. 3. 1(A) Images and (B) wet weights of the curds formed during the gastric digestion 

(simulated gastric fluid with pepsin) of 200 g of recombined milks with added CNE, i.e. low 

heat (MLH), medium heat (MMH) and high heat (MHH), at 20, 60, 120, 180 and 240 min of 

gastric digestion. (C) comparison of the structures of the curds formed with and without CNE 

(WoE) at 20 and 60 min of gastric digestion.  

To determine the influence of the CNE on the structure of the curds formed in the 

stomach, all recombined milks without the addition of nanoemulsion (i.e. reconstituted skim 
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milks) were subjected to gastric digestion for 1 h. The reconstituted skim milks formed compact 

structured clots at both 20 and 60 min of digestion; they were significantly different from the 

clots containing CNE [Fig. 3.1 (C)]. This may have been due to the entrapment of a large 

number of emulsified curcumin-loaded oil droplets within the curds, which prevented close 

contact among the coagulating casein particles. A previous study found that the 

homogenization of whole milk resulted in the coating of the fat globules with casein/whey 

protein, which then became embedded into the coagulum, leading to changes in the structure 

of the curd ( Ye et al., 2017). Similarly, sodium-caseinate-stabilized nanoemulsion oil droplets 

may have interacted with the casein/whey protein aggregates, leading to alterations in the 

structure of the protein curd. 

3.4.1.2 Microstructures of gastric curd and emptied digesta  

The microstructural variations in the curds formed by the recombined milk systems in 

the HGS were investigated using a confocal laser scanning microscope [Fig. 3.2 (Curd)]. 

Before digestion, emulsified oil droplets were uniformly distributed in the protein aqueous 

phase in all three recombined milk systems. At an early stage of digestion (20 min), a close-

knit network of protein was observed for MLH and MMH, whereas the curd formed by MHH 

had a more open network with numerous irregular dark intermittent holes; this structure was 

similar to that seen in UHT milk during gastric digestion (Ye et al., 2019). The protein matrix 

appeared to shrink as the digestion time increased, and the structure of the curds became 

considerably more open, with blocks of aggregated proteins [Fig. 3.2 (240 min)]. A portion of 

the oil droplets in the casein network or the surrounding pores of the casein network appeared 

to be physically trapped. Previous studies investigating the gastric colloidal behaviour of milk 

proteins in different dairy products have shown that the oil droplet/fat globule size increases 

with increasing digestion time (Guo, Ye, Lad, Dalgleish, & Singh, 2016; Roy et al., 2021; Ye 

et al., 2019). In our study, because the initial average size of the oil droplets was so small (< 
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200 nm), most of the oil droplets that were embedded within the protein microstructure 

remained invisible under the microscope. Although the droplet size data showed a small 

increase in size towards the end of digestion, i.e. approximately 300 nm [Fig. 3.1 (C)], it was 

not noticeable under the microscope. The more open microstructure of the MHH curd 

generated by the gastric digestion showed these stained nanosized oil droplets as red zones 

inside the protein matrix, whereas these zones were less noticeable in the MLH and MMH 

curds. Conversely, the larger droplets observed in the curd micrographs could represent a 

limited degree of oil droplet coalescence within the curd matrix.  

In contrast, in the stomach environment, the emptied digesta of all three systems revealed 

a constant disintegration of the associated protein networks [Fig. 3.2 (Liquid Digesta). Initially 

at 20 min, the digesta samples contained numerous small-sized curd particles with evenly 

distributed oil droplets. Within the first hour of digestion, these small curd particles grew in 

size and became flake-like, before gradually shrinking in size until the end of digestion.  
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Fig. 3. 2 Confocal microscopy images of gastric curd and liquid digesta formed at 0, 20, 60, 

120, 180 and 240 min of gastric digestion of low-heat (MLH), medium-heat (MMH) and high-

heat (MHH) recombined milk systems. Red shows the oil droplets and green shows the milk 

protein. The scale bar corresponds to 10 µm for all micrographs. 

 

3.4.1.3 Physicochemical changes in emptied liquid digesta 

The pHs of the recombined milk samples during gastric digestion were recorded every 

20 min for up to 240 min [Fig. 3.3 (A)]. The initial pHs of the samples in the stomach (before 

mixing with the SSF and 28 mL of SGF) were 6.64, 6.58 and 6.54 for MLH, MMH and MHH 

respectively. With the gradual addition of SGF during digestion, the pH of the emptied digesta 

decreased gradually over time to about pH 2.29 by the end of 240 min. Throughout the 240 
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nanoemulsion embedded within the curd particles had greater stability to the structural 

transformations during the gastric phase. 

  

 

Fig. 3. 3 Effect of dynamic in vitro gastric digestion of different recombined milk systems on 

changes in (A) pH, (B) particle size (D4,3), (C) oil droplet size (D3,2), (D) total solids and (E) 

oil content of the emptied gastric digesta. The standard error is indicated by error bars. 

During the first 120 min of gastric digestion, MHH showed a significantly (p < 0.05) 

faster emptying of total solids than MLH and MMH [Fig. 3.3 (D)]. These results are in 

agreement with the gastric curd images [(Fig. 3.1 (A)] and the wet weights of the curds [Fig. 

3.1 (B)], showing faster disintegration of the MHH samples. The curds formed by the other 
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two recombined milk systems retained the maximum total solids, while allowing a small 

fraction to pass through to the liquid digesta. This difference became less pronounced as the 

digestion progressed and, at the end of the process, the total solids contents of the MLH, MMH 

and MHH digesta were almost identical.  

The oil contents emptied in the gastric digesta at different digestion times from the 

different recombined milk systems were also analysed [Fig. 3.3 (E)]. The MHH digesta sample 

emptied at 20 min had significantly higher emptying of oil content, i.e. approximately 3.27%, 

than the MMH and MLH gastric digesta samples, i.e. approximately 2.09 and 1.83% 

respectively. The oil content in the MHH digesta sample at 20 min was similar to the 

hypothetically calculated oil value (i.e. the dilution curve), based on dilution of the digesta 

because of the gradual addition of SGF at different timepoints. The more open microstructure 

of the curd formed by MHH clearly allowed more oil droplets to be released into the digesta 

compared with the other two recombined milk systems, which entrapped them within the curd. 

With the progression of digestion, the oil content in the digesta samples of all three recombined 

milk systems gradually decreased with no significant differences at digestion durations of 

longer than 120 min. Overall, the oil content of the MHH digesta remained significantly higher 

than those of the MLH and MMH digesta, indicating that it disintegrated more rapidly in the 

HGS, as explained in Section 3.1.1. 

3.4.1.4 Kinetics of milk protein disintegration during gastric phase 

The protein fraction of the gastric curd and emptied digesta samples of all three milk 

systems were characterised by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) under reducing conditions (Fig. 3.4). Fig. 3.4 (A-C), (B-C) and (C-C) depicts the 

protein hydrolysis by pepsin in the curd samples recovered from the stomach at selected 

timepoints. The changes during the digestion were then compared with the protein profile of 
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Fig. 3. 4 SDS-PAGE patterns (under reducing conditions) of freeze-dried gastric curd (C) and 

liquid digesta (D) samples obtained at selected timepoints of gastric digestion of MLH (A), 

MMH (B) and MHH (C). M stands for the original samples before digestion and all other 

samples are labelled appropriately in the figure. 
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initial breakdown of particles within the first minute of digestion was consistent across all 

gastric digesta of the recombined milk systems that were emptied at selected timepoints. As 

the digestion progressed, the area under the multimodal peaks, representing undigested 

particles, decreased continuously until 120 min of intestinal digestion, indicating disintegration 

of the larger curd fragments. In contrast, the unimodal peak, representing small, digested 

particles, became narrower and the volume of particles with size between 0.1 and 1 µm 

increased steadily. This continuous increase in newly generated small particles over time can 

be connected to the mixed micelles generated from the hydrolysis products of lipids and bile 

salts, which play a key role in enhancing the bioaccessibility of lipophilic bioactive substances 

(Rein, Renouf, Cruz-Hernandez, et al., 2013; Salvia-Trujillo et al., 2017).  
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Fig. 3. 5 Changes in particle size distribution of emptied gastric digesta (20, 120 and 240 min) 

before (0 min) and during the intestinal digestion of MLH, MMH and MHH at different times 

(1, 10, 30, 60 and 120 min). 

 

3.4.2.2 FFA release 

[Fig. 3.6 (A)] shows the FFA release profiles per millilitre of digesta sample emptied 

after 20, 120 and 240 min of gastric digestion throughout 120 min of intestinal digestion. The 

FFA concentration reached a plateau during the first 10 min of intestinal digestion, indicating 

that most of the lipid in the digesta samples had been digested. This behaviour has been 

observed previously in the gastrointestinal digestion of a high-protein beverage incorporating 

a coenzyme Q10 nanoemulsion system (Niu et al., 2020) and in dairy gels loaded with CNE 

(Qazi et al., 2021). Beyond 10 min, the moderate and more sustained FFA release with the 
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progression of the intestinal digestion can be associated with multiple factors, i.e. enzyme-to-

oil ratio, agglomeration of the digestion products generated as a result of lipolysis at the oil 

droplet interface and characteristics of the oil, which include their type, droplet size and nature 

of the emulsifier stabilizing them (Giang et al., 2016; Guo, Ye, Lad, Dalgleish, & Singh, 2016; 

Luo et al., 2021; Qazi et al., 2021). For all recombined milk systems during the intestinal phase, 

the gastric digesta emptied at 20 min released significantly more FFAs than the digesta emptied 

at 120 and 240 min. Moreover, the release of FFAs was significantly (p < 0.05) greater in the 

MHH gastric digesta at 20 and 120 min than in the MLH and MMH digesta at the same 

timepoints. This followed the same pattern as that of the emptying of the oil content into the 

digesta, namely G-20 > G-120 > G-240 [Fig. 3.3 (E)], and comparable behaviours were also 

observed during the gastrointestinal digestion of dairy gels (Qazi et al., 2021).  

However, when the amount of FFAs released was calculated per gram of fat as a function 

of time, the trend changed for all recombined milk systems [Fig. 3.6 (B)]. The gastric digesta 

emptied at 240 min had the highest rate of lipolysis, followed by the gastric digesta emptied at 

120 min, and finally the gastric digesta emptied at 20 min in all recombined milk systems. 

Similar behaviour was observed by Guo et al. (2016) when they evaluated FFA release during 

the intestinal digestion of whey protein emulsion gels. They explained these changes as a result 

of the changes in the gel structure or the colloidal structure of gel fragments during intestinal 

digestion, which may have impacted the hydrolysis of the oil droplets incorporated within the 

protein matrix. This appears to be the most likely mechanism regulating lipid release during 

the intestinal digestion of milk systems, but additional research is needed to fully comprehend 

lipid/protein interactions and their behaviour inside the gastric and intestinal chambers. 
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3.4.2.3 Bioaccessibility of curcumin 

The bioaccessibility of curcumin was found to be significantly (p < 0.05) higher in the 

MHH digesta samples than the MMH and MLH digesta samples for all three selected 

timepoints [Fig. 3.6 (C)]. These differences can be related to the microstructural changes 

occurring in the stomach, which influenced the nature of the curd fragments emptied in the 

digesta. Similar behaviour was observed in our previous study, in which an acid milk gel, with 

softer gel fragments and an open microstructure, resulted in a significantly higher fraction of 

bioaccessible curcumin than a rennet gel (Qazi et al., 2021). For all three recombined milk 

systems, there was no noticeable difference in the fraction of bioaccessible curcumin in the 

gastric digesta emptied at 20, 120 and 240 min. In our study, the high bioaccessibility of 

curcumin (> 70%) for all recombined milk systems can be attributed to the fortification of 

curcumin as a nanoemulsion; because of its smaller droplet size and larger surface area, the 

incorporation of curcumin into the mixed micelles was enhanced (Wooster et al., 2017; Zhang 

& McClements, 2018). These mixed micelles, having a hydrophilic surface with a nanometric 

size, are able to disperse in digestive fluids, boosting the likelihood of them passing through 





Chapter 3 Recombined Milk Systems  

77 | P a g e 
 

and MMH had a greater impact on the release of the curcumin fraction in the digesta than those 

in MHH. Moreover, positive correlations, i.e. MLH (r = 0.983), MMH (r = 0.999) and MHH 

(r = 0.983), between the concentration of curcumin recovered from the intestinal digesta and 

the amount of FFAs released were observed. This behaviour has also been observed when 

carotenoids form part of oil-in-water emulsions (Mutsokoti et al., 2017), curcumin forms part 

of dairy gels (Qazi et al., 2021) and capsaicinoids form part of whey protein emulsion gels 

(Luo et al., 2021). 

3.5 Conclusions 

This work demonstrated the impact of the gastrointestinal digestion of recombined milks 

on the bioaccessibility of curcumin, highlighting the effect of the process-induced changes in 

the milks on the composition of the emptied gastric digesta. Both the nature of the preheat 

treatment used during SMP manufacture and the CNE supplementation modified the structure 

and consistency of the gastric curds. Under dynamic gastric conditions, the high-heat-treated 

milk proteins in MHH formed a loose and soft curd that resulted in faster outflow of the curd 

fragments along with entrapped CNE, compared with MLH and MMH. These differences in 

the gastric digesta profiles resulted in differences in the release of FFAs and the bioaccessibility 

of curcumin during intestinal digestion. In conclusion, the findings demonstrate the 

gastrointestinal bioaccessibility curcumin was better from MHH than from MLH and MMH 

and was dependent on the microstructural and compositional changes during the digestion of 

milk systems. 

 

 

 



Chapter 3 Recombined Milk Systems  

78 | P a g e 
 

 

.



Statement of contribution (DCR 16 forms)  

79 | P a g e 
 

Statement of contribution (DCR 16 forms) 

 



Statement of contribution (DCR 16 forms)  

80 | P a g e 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 







Chapter 4 Acid and Rennet Gels  

83 | P a g e 
 

Aguilera, 2007). The post-ingestion and intragastric de- and restructuring of these foods 

significantly modulate gastric emptying and the release of nutrients for absorption in the 

intestine (Guo et al., 2020). Previous studies have shown that the mechanical and biochemical 

disintegration of liquid and semi-solid foods occurs faster than that of solid foods (Lamothe et 

al., 2017). However, the digestion kinetics of these foods are also influenced by their 

composition, their structural arrangements and the type of processing involved in their 

manufacture. Ye et al. (2016) investigated the gastric digestion of processed and raw whole 

milk using an in vitro dynamic digestion model [the human gastric simulator (HGS)]. They 

found that the milks formed clots of different structures (coagula) within the stomach. These 

differences in clot structure influenced the rate of delivery of nutrients (protein and fat), which 

was reflected in the composition of the gastric digesta. Similarly, Fang, Rioux, Labrie, and 

Turgeon (2016) studied five commercial cheese samples with diverse initial hardness, 

cohesiveness and chewiness, and found that these properties affected the rate of disintegration 

of proteins during gastrointestinal digestion.  

The modification of the proteins in milk by acid and rennet coagulation when producing 

dairy gels, such as yoghurt and cheese, can alter the digestion kinetics and nutrient release in 

the gastrointestinal cavity. An in vivo study carried out with six multi-cannulated mini-pigs 

investigated the effect of the type of gel structure, using yoghurt and cheese-like gels, on 

protein metabolism (Barbé et al., 2014). The concentration of amino acids generated from the 

hydrolysis of an acid gel (AG) in the duodenal effluents and blood plasma was much higher 

than that of a rennet gel (RG). This variation in plasma content was linked to the different 

digestion behaviours of both gels during the gastric phase. The structure of the AG rapidly 

disintegrated in the gastric fluids, showing limited molecular arrangement of the protein 

network. In contrast, the RG formed a compact aggregate in the stomach that delayed the 

gastric emptying. Le Feunteun and Mariette (2008) reported that this micro-densification of the 















Chapter 4 Acid and Rennet Gels  

90 | P a g e 
 

4.3.10 Microstructure of curds and gastric digesta 

The arrangements of nanometre-sized lipid droplets entrapped within the acid or rennet 

protein matrix were examined using a confocal laser scanning microscope (Leica SP5 

DM6000B; Leica Microsystems, Heidelberg, Germany). Fluorescent dyes, i.e. Nile Red (0.1% 

w/v in acetone) to stain the oil droplets and Fast Green (1.0% w/v in water) to stain the milk 

proteins, were firstly mixed with the samples to ensure a uniform dye concentration; this was 

followed by gel formation with acid and enzyme. A plastic ring was fixed on the flat surface 

of the glass slide using petroleum jelly; then a 300 µL sample was pipetted into the centre of 

the ring and covered with a glass coverslip. The sample was incubated in the chamber under 

the same conditions as described in Section 4.2.3. In addition, structural deformation during 

the digestion process at different times was examined using confocal microscopy. The solid 

curd samples and the liquid digesta, after 10 and 5 min of staining, were placed on the concave 

surface of confocal microscope slides (Sail; Sailing Medical-Lab Industries Co. Ltd, Suzhou, 

China) and were observed using oil immersion lenses.  

4.3.11 In vitro intestinal digestion 

The gastric digesta emptied at 20, 120 and 240 min were further subjected to in vitro 

static intestinal digestion according to the procedure described by Brodkorb et al. (2019). 

Briefly, 20 mL of simulated intestinal fluid [pH 7 and containing 10 mM bile and pancreatin 

(trypsin activity 100 U/mL)] was mixed with a gastric digestion sample in a digestion flask to 

achieve a final ratio of 1:1. The digestion was carried out for 2 h at 37 °C and the pH of the 

mixture was continuously monitored and adjusted back to 7 using 0.1 M and 1 M NaOH.  The 

release of free fatty acids (FFAs) during the lipid digestion was measured using a pH-stat 

method and was calculated from the amount of NaOH needed to neutralize the FFAs using the 

following equation: 
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Encapsulation efficiency (%) = �¼�¿�Ì�Ù�Ú

�¼�²�Î�ß�à�Ì�×
��
H�s�r�r 

Here, CNano is the measured concentration of curcumin in the emulsion and CActual is the 

actual concentration of curcumin used in the formulation.  

For both dairy gels, the intestinal digesta obtained at different times were divided into 

two fractions. One portion was centrifuged (38200 g and 20 °C for 30 min) with a T-865 rotor 

(Sorvall WX Ultra 100; Thermo Scientific, Asheville, NC, USA) to remove non-dissolved 

solids and to isolate the mixed micelle fraction containing solubilized curcumin. The mixed 

micelle fraction and the total digesta fraction were dispersed in chloroform, vortexed and 

centrifuged for 60 min at 3800 g to separate hydrophobic curcumin. The curcumin 

concentration was quantified using the standard curve (Annexure 1). The bioaccessibility of 

curcumin was calculated using the following equation:  

Bioaccessibility (%) =  �¼�Ø�Ô�Î�Ð�×�×�Ð

�¼�Ï�Ô�Ò�Ð�Þ�ß�Ì

H�s�r�r�� 

Here, Cmicelle is the measured concentration of curcumin in the micelle phase and Cdigesta is the 

actual concentration of curcumin in the intestinal digesta.  

4.2.14 Statistical analysis 

T-tests and two-way analysis of variance tests were carried out using Minitab software 

(Minitab version 16; Minitab, Inc., State College, PA, USA) to determine the significance of 

the differences. Significance was established at P < 0.05. All tests were replicated twice with 

at least duplicates per sample. 

4.4 Results and discussion 

4.4.1 Change in the pH during gastric digestion 

The pH profiles of the AG and the RG in the HGS with an increasing time of digestion 

are shown in Fig. 4.1. The pH of both gels decreased linearly during gastric digestion. At 0 
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min, after mixing the oral processed samples with SGF in the gastric chamber, the pH values 

of the AG and the RG were 4.30 ± 0.05 and 6.09 ± 0.01 respectively. The changes in the pH 

profiles observed during digestion of the dairy gels were affected by the initial pH of both gels; 

the final pH values of the gels were 2.07 ± 0.07 and 2.58 ± 0.15 for the AG and the RG 

respectively. The initial difference in the pH of the gels would have influenced the activity of 

pepsin and the consequent breakdown of the gels during digestion. For the AG, the pepsin 

activity during digestion would be expected to be relatively high because the initial pH of the 

gel was close to the optimal pH at which pepsin has its highest activity (pH ~ 2). This process 

would have been enhanced further with the gradual addition of SGF and the lowering of the 

pH.  

 

Fig. 4. 1 Changes in the pH of AG (acid gel) and RG (rennet gel) submitted to gastric digestion 

using a human gastric simulator. 
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4.4.2 Disintegration of gels during gastric digestion 

The visual changes in the AG and the RG that occurred during digestion are shown in 

Fig. 4.2A. Because of the oral processing step and the mechanical action of the HGS, both gels 

were broken down into small pieces of curd-like particles. During gastric digestion, the AG 

curd particles disintegrated more rapidly than the RG curd particles. At 20 min, the curds 

formed by both gels appeared to be similar, i.e. watery, glossy and soft. However, thereafter, 

the volume of the AG curd rapidly became smaller and only very few curd particles (> 1 mm) 

were observed at 180 min. No AG curd particles remained in the gastric chamber at 240 min. 

This may have been due to the weakening of internal bonds of the casein micelles (because of 

the dissolution of micellar calcium phosphate) during AG formation, which facilitated the 

penetration of SGF and pepsin, resulting in a rapid hydrolysis (Floury et al., 2018). In contrast, 

the RG curd particles started to restructure into a dense protein network under the influence of 

the gastric fluids and transformed into numerous compact structured clots within the first hour 

of digestion. This initial shrinking of the RG protein network may have been a result of the 

microsyneresis that occurred because of the gradual addition of SGF (Le Feunteun & Mariette, 

2008). There was little reduction in the apparent number of clots with an increase in the 

digestion time, as large amounts of curd particles were seen in the gastric chamber at 240 min. 

Barbé et al. (2014) conducted a similar study, in double-jacketed beakers, on the in vitro 

digestion of acid and rennet gels produced from skim milk. They observed a similar clotting 

phenomenon in the RG and attributed a lower level of residual casein in the RG gastric digesta 

to the retention of highly condensed particles in the stomach.  
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Fig. 4. 2 Images (A) and changes in wet weight (B) of curds formed by AG (acid gel) and RG 

(rennet gel) within the gastric chamber at selected time points. 

To record the changes in the weight of the curd inside the HGS, the digestion process 

was stopped at different time points. The curd recovered was filtered through a sieve (1 mm) 

before weighing to remove excess gastric fluid. The weight of the AG curd retained within the 

HGS was about 62 g at 20 min and was significantly (P < 0.05) reduced to 0.17 g at 180 min, 

whereas the weights of the RG curd were 69 g and 23 g after 20 and 240 min of gastric digestion 

respectively (Fig. 4.2B). These results confirm previous studies that showed that the AG matrix 

had faster digestion kinetics than the RG matrix (Barbé et al., 2014; Floury et al., 2018). 
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The confocal micrographs showed different initial structures for the AG and the RG (Fig. 

4.3, row M): the AG had a tighter protein network than the RG. In the AG, the casein particles 

showed higher interconnectivity, forming clusters and strands with small pores. However, the 

RG appeared to be more like a space-filling gel, in which the casein micelles clustered, showing 

a system-spanning network with a fractal-like appearance. The confocal image of the RG was 

similar to the micrograph of a rennet-induced skim milk gel reported by Lucey (2008).  

 

 

Fig. 4. 3 Confocal microscopy images of curcumin-nanoemulsion-loaded AG (acid gel) and 

RG (rennet gel) (row M) and their curds and digesta samples during gastric digestion at selected 

time points. Red colour represents the oil droplets and green shows the protein. The scale bar 

of all images is 10 µm. 
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Emulsified oil droplets in both gels were evenly distributed throughout the protein 

matrix, minimally influencing the structure of the curds (Figs. 4.3 AG curd and RG curd). The 

even distribution of the oil droplets can probably be explained by the absorption of sodium 

caseinate at the interface of the nanoemulsion droplets, which would facilitate these oil droplets 

becoming an integral part of the gel matrix (Sandoval-Castilla, Lobato-Calleros, Aguirre-

Mandujano, & Vernon-Carter, 2004).  

In the early stages of digestion of the AG (20 min), an open network of proteins 

entrapping homogeneously distributed emulsion droplets was observed in the curd recovered 

from the stomach. With an increase in the digestion time, this protein network became more 

open, with a large number of dark spaces, and the curd particles were much smaller after 180 

min (Fig. 4.3, AG curd). At 240 min, all the curd particles were probably smaller than 1 mm, 

so that they were able to exist freely in the HGS chamber. 

The microstructure of the RG curd at 20 min of digestion appeared to be more open than 

that of the AG curd (Fig. 4.3, RG curd). However, the protein network of the RG curd became 

denser with an increase in the digestion time, and the curd appeared to be a very close and fine-

knitted mesh of protein with numerous uneven dark interspersed pores at long digestion times 

(240 min). The size of the oil droplets increased, indicating the possibility of coalescence 

during digestion. As well as coalescing, most of the oil droplets remained embedded within the 

protein network. These results are in agreement with our previous results; during the digestion 

of whole milk, most of the fat globules were retained in the gastric curd ( Ye et al., 2016).  

The protein composition of the curd retained in the HGS at different digestion times was 

determined using SDS-PAGE under reducing conditions (Figs. 4.4, A-C and B-C). The protein 

compositions of the gels before digestion were very similar, expect for the presence of one 
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4.4.3 Changes in the gastric digesta 

The disintegration of the dairy gels during digestion led to different compositions of the 

digesta emptied from the HGS at different times. The changes in particle size of the emptied 

digesta during digestion were found to be significantly different for both gel structures (Fig. 

4.5A). The size of the emptied AG particles in the gastric digesta gradually decreased from ~ 

23 to ~ 2 µm over the digestion period. In contrast, the D4,3 value of the RG particles increased 

dramatically from ~ 29 to ~ 152 µm after 120 min of gastric digestion. Thereafter, the particle 

size decreased to ~ 51 µm at 240 min.  

 

Fig. 4. 5 Changes in particle size (D4,3) (A), oil droplet size (D4,3) (B), total solids (C) and oil 

content (D) of gastric digesta during gastric digestion of AG (acid gel) and RG (rennet gel) in 

a human gastric simulator. Error bars indicate the standard error.  
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The droplet sizes of the emulsions embedded within the curd particles were found to be 

less affected during the gastric digestion (Fig. 4.5B). No change in the oil droplet size was 

observed in either the AG or the RG during digestion.  

The total solids contents of the emptied digesta of the AG and the RG as a function of 

the digestion time are presented in Fig. 4.5C. This represents the number of small gel particles 

(< 1 mm) that passed through to the small intestine at different time points following the 

mechanical and enzymatic disintegration of the gels in the HGS. The total solids content of the 

emptied digesta of the AG during the first 60 min was significantly (P < 0.05) higher than that 

of the RG, indicating faster gastric emptying of the AG, which was due to faster disintegration 

of the gel, as discussed in Section 4.3.2. With further digestion, this difference was reduced 

and, at the end of the digestion, the total solids contents of the digesta of the AG and the RG 

became almost similar, i.e. 2.72 and 2.96 g respectively.  

The oil contents of the emptied digesta of both gels also showed a significant difference 

(P < 0.05) (Fig. 4.5D); in the initial stages of digestion, the oil content was lower than the 

hypothetical calculated oil value (i.e. the dilution curve), based on dilution of the digesta 

because of the gradual addition of SGF. This indicates that the oil droplets were entrapped or 

embedded within the curd particles that were retained inside the HGS. The oil content of the 

AG digesta remained comparatively higher than that of the RG digesta at all digestion times 

except at 240 min. This is consistent with the slower disintegration of the RG gels than the AG 

gels, as discussed in Section 4.3.2. 

The confocal microscopy images of the AG emptied digesta showed a continuous 

disintegration of interconnected protein networks in the gastric environment (Fig. 4.3, AG 

digesta). During the first 60 min of AG digestion, small fragments of gel particles with 

embedded oil droplets could be seen to be gradually disintegrating and the curd particles 
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Fig. 4. 6 Particle size distributions of emptied gastric digesta (20, 120 and 240 min) before (0 

min) and during the intestinal digestion of AG (acid gel) and RG (rennet gel) at different times 

(1, 10, 30, 60 and 120 min). 
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4.4.4.2 FFA release and curcumin bioaccessibility 

The lipid digestion profiles of selected emptied gastric digesta of the AG and the RG 

were monitored during the small intestinal phase by determining the amount of FFA release 

(µmol) per millilitre of digesta sample (Fig. 4.7 A,B). The rate of lipolysis mediated by 

pancreatic lipase increased rapidly for both gels during the first 10 min of intestinal digestion 

and plateaued thereafter. This decrease in the lipolysis rate with the progression of intestinal 

digestion can be linked with the decreasing ratio of enzyme to oil (Guo et al., 2016) and/or 

aggregation of the digestion products formed as a result of lipolysis at the interface of the oil 

droplets (Giang et al., 2016). The release of FFAs from the AG digesta was markedly higher 

in the first 20 min of digestion (~ 63 µmol FFA/mL) than that from the RG digesta (~ 45 µmol 

FFA/mL) (Fig. 4.7B). Similarly, the amounts of FFA release in the gastric digesta samples 

emptied at 120 and 240 min respectively for AG and RG were 47 and 37 µmol FFA/mL and 

25 and 27 µmol FFA/mL. The extent of FFA release from all the digesta samples of both gels 

was found to depend mainly on the oil content emptied in the gastric digesta at different times 

(Fig. 4.5D). This is in line with the previous study, in which the intestinal lipid digestion was 

influenced by the amount of oil emptied in the gastric digesta of different milk-protein-

emulsified emulsions (X. Wang et al., 2019). Similarly, the gastric digesta particle and oil 

droplet size distributions of both gels may have influenced the variation in the lipid digestion 

during the intestinal phase. The large surface area of nanometre-sized oil droplets in the AG 

(smaller size, Fig. 4.5A) may have facilitated greater adsorption of lipase to the oil droplet 

surface, resulting in rapid hydrolysis of triglycerides into FFAs, even with a constant enzyme 

concentration (Salvia-Trujillo et al., 2017). 
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Fig. 4. 7 Effect of gel structure (AG, acid gel; RG, rennet gel) on free fatty acid release curve 

as a function of time (A), final concentration of released free fatty acid (B) and bioaccessibility 

of curcumin (C). 
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Xiao, and McClements (2013) and Mutsokoti et al. (2017); they observed a linear relation 

between FFA release and carotenoid bioaccessibility. Therefore, with a greater lipolysis, more 

curcumin could be released from the oil droplets and more FFAs could be incorporated into 

the mixed micelles, thus enhancing the solubility of curcumin in the mixed micelle phase.  

 

Fig. 4. 8 Correlation analysis of mean values (n = 2 independent in vitro digestions) obtained 

from free fatty acid (FFA) release and curcumin concentration in intestinal digesta samples. 

4.5 Conclusions 

The present study explored the influence of two complete dairy gel matrices (i.e. 

containing oil and protein) on the lipid digestion and bioaccessibility of a fortified CNE during 

gastrointestinal digestion. As both gels had the same composition and rheological properties, 

their different disintegration behaviours during dynamic gastric digestion directly influenced 

the emptying of oil droplets and the associated lipophilic curcumin from the stomach. The AG 

underwent faster disintegration and digestion in the gastric phase compared with the RG, which 

formed small gravel-stone-shaped clots and slowed the release of oil droplets and protein in 

the digesta, which resulted in greater digestion of lipid in the nanoemulsion and higher 

bioaccessibility of curcumin in the AG than in the RG. Further, gastric digesta samples emptied 
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at selected time points also had a significant impact on the release of FFAs and the 

concentration of curcumin during intestinal digestion. These findings highlight how the release 

of health-promoting bioactive compounds from functional foods can be manipulated by the 

complex dynamic processing behaviour within the gastrointestinal tract. This can further help 

in designing different therapeutic foods for specified populations. 
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Fig. 5. 1 Graphical and schematic representation of the in vitro digestion of starch gels 

with curcumin nanoemulsion. 

During the gastric digestion time of 240 min (Ye et al. 2016), the process was stopped at 

20, 120 and 240 min to examine physical changes in the gel structures within the gastric 

compartment. These fractions were called the emptied digesta. To separate the starch gel 

fragments from the aqueous phase, the chyme of the HGS was collected and passed through a 

1-mm sieve. When it was practicable, each sample's wet weight was determined in duplicate.   

5.3.6 Changes in total solids and lipid content in the emptied digesta 

The total solid content  of the empty digesta samples obtained at different digestion times 

from different starch gel samples were determined by drying the samples in an hot air oven for 

overnight at 105 °C and the lipid content was quantified using the Mojonnier ether extraction 

method described in our previous study Qazi et al. (2021).  
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5.3.7 Changes in microstructures of gastric contents 

A confocal laser scanning microscope (Leica SP5 DM6000B; Leica Microsystems, 

Heidelberg, Germany) was used to investigate the microstructures of the different starch gels, 

i.e. WCS+CNE, NCS+CNE and HACS+CNE, and the arrangement of the entrapped 

nanoemulsion before and after digestion. A solution of 0.1% (w/v) Fluorescein 5(6)-

isothiocyanate in ethanol was used to stain starch (argon laser with excitation at a wavelength 

of 488 nm) and 0.1% (w/v) Nile Red in acetone was used to stain oil droplets (DPSS laser with 

excitation at a wavelength of 561 nm). To see the distribution of nanoemulsion within the 

different starch gels, the gels were produced in plastic rings fixed on the glass slides, according 

to the procedure described in Qazi et al. (2021). In addition, the microstructural changes in the 

gel structure within the gastric chamber and in the emptied digesta during the digestion process 

were examined at different times. The stained samples were placed on double concave 

microscope slides and visualized under a 63× oil immersion lens.  

5.3.8 Particle and oil droplet sizes of gastrointestinal digesta 

The mean particle sizes (D4,3) of the gastrointestinal digesta collected at selected 

timepoints were determined using a Mastersizer 2000 (Malvern Instruments Ltd, Malvern, 

Worcestershire, UK). An emptied digesta sample at a selected timepoint was immediately 

added to an automated small volume sample dispersion unit (Hydro2000S). For the calculations 

in the system, the refractive index of the dispersed phase was 1.456 and that of the continuous 

phase was 1.33. The average particle sizes of the emptied digesta were measured in triplicate. 

5.3.9 Free fatty acid (FFA) release during intestinal digestion 

The gastric digesta emptied at 20, 120 and 240 min were further submitted to in vitro 

intestinal digestion (Fig. 5.1). The INFOGEST in vitro digestion protocol was used to imitate 

in vitro intestinal digestion under static conditions (Brodkorb et al., 2019). To reach a final 
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ratio of 1:1, 20 mL of SIF containing 10 mM bile and pancreatin (trypsin activity 100 U/mL) 

was mixed with a gastric digestion sample in a digestion flask. The intestinal digestion was 

carried out at 37 °C for 3 h, and the pH of the mixture was constantly checked and corrected to 

7 using 0.1 M and 1 M NaOH. 

The release of FFAs during lipid digestion was detected using a pH-stat technique and 

calculated using the following equation: 

�Á�•�‘�Ž�Ù�Ô�ç�ç�ì���Ô�Ö�Ü�×

�I�. �Ú�Ô�æ�ç�å�Ü�Ö���×�Ü�Ú�Ø�æ�ç�Ô

L

�8�Ç�Ô�È�Á�:�P�; 
F �%�Ç�Ô�È�Á
H�s�r�r�r
�8�Ú�Ô�æ�ç�å�Ü�Ö���×�Ü�Ú�Ø�æ�ç�Ô

 

where VNaOH (t) is the volume of NaOH used at digestion time t, µmol, CNaOH is the 

concentration of the NaOH solution used to titrate the acid released in 2 h, i.e. 0.05 M, and 

Vgastric digesta is the volume of the gastric digesta, i.e. 20 mL. 

5.3.10 Starch hydrolysis of intestinal digesta 

Following gastric digestion, the hydrolysis of all three starch systems during the digestion 

of intestine was quantified using the method described by (Do, Singh, Oey, & Singh, 2019). 

Initially, the total starch content at the selected timepoints of gastric digestion was determined 

using the Megazyme total starch kit. Further, the Megazyme D-glucose assay kit (GOPOD-

FORMAT, K-GLUC, Megazyme International Ireland Ltd.) was used to measure the glucose 

content of gastric digesta samples at 0 min and at 2, 20, 40, 60, 90, 120, 150 and 180 min of 

intestinal digestion. To stop the enzymatic activity, 3 mL of absolute ethanol was combined 

with 0.5 mL of duplicated aliquots of digesta samples. The resulting mixtures were vortexed 

and centrifuged for 30 min at 3800 x g. In addition, the soluble dextrins in 0.1 mL of ethanolic 

supernatant were completely digested to glucose for 10 min at pH 5.2 and 37 °C using 0.5 mL 

of acetate buffer containing 0.1 mL of amyloglucosidase and 3.75 mg of invertase per 10 mL 

of acetate buffer. The samples were recentrifuged and 0.1 mL of the supernatants were mixed 
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WCS+CNE and HACS+CNE gels taking longer. The NCS+CNE gel had the highest pasting 

viscosity and the HACS+CNE gel had the lowest [Fig. 5.2(A)]. Moreover, the peak viscosities 

of the WCS+CNE and NCS+CNE gels were significantly higher than those of the gels without 

CNE (Annexure 4). This was attributed to the emulsion droplets acting as active fillers in these 

gels, which interspersed into the continuous phase of the system and thus elevated the effective 

concentrations of the continuous phase and increased the viscosity of the system (Dun et al., 

2021; Q. Wang et al., 2023). In contrast, the HACS gels showed no significant change in peak 

viscosity, indicating that the incomplete gelation because of the higher amylose content did not 

allow the emulsion droplets to interact within the continuous phase which can be also observed 

in the HACS+CNE scanning electron microscopy image (Fig. 5.3C). 
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different initial rheological properties of the gel structures, which were influenced by the ratio 

of amylopectin to amylose.  

 

Fig. 5. 3.  (A) Visual appearance of the starch gel structures after grinding and before mixing 

with the SSF (Initial) and within the gastric chamber during the digestion of 200 g of starch 

gel, i.e. waxy corn starch (WCS), normal corn starch (NCS) and high amylose corn starch 

(HACS) loaded with curcumin nanoemulsion (CNE). (B) Changes in the wet weight of the 

starch gels at 20 (G20), 120 (G120) and 240 (G240) min of gastric digestion.  

5.4.2.2 Microstructures of gastric chyme and emptied digesta  

The confocal micrographs showed different initial structures for the WCS+CNE, 

NCS+CNE and HACS+CNE gels (Fig. 5.4, row 0): the WCS+CNE gel had a completely 

gelatinized starch matrix in which encapsulated oil droplets were randomly entrapped. In 

contrast, the NCS+CNE gel structure was very compact with swollen starch granules, whereas 

the HACS+CNE gel had more irregular oval-shaped and slightly gelatinized starch granules, 

which is consistent with previous reports (X. Chen et al., 2017; M. Zheng et al., 2021) and also 

corresponds with the earlier scanning electron microscopy images [Fig. 5.2(C)]. Furthermore, 
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the WCS+CNE gel revealed more dark spaces within the gel, which could explain its loose gel 

network and lower gel strength (Fig. 5.4).  

 

Fig. 5. 4 Confocal laser scanning microscopy images of gel fractions and gastric digesta during 

the digestion of various starch gels in a human gastric simulator. WCS, waxy corn starch; NCS, 

normal corn starch; HACS, high amylose corn starch; CNE, curcumin nanoemulsion. 

After 20 min of gastric digestion, the WCS+CNE gel fraction had a fine-knitted 

interconnected gel network entrapping the oil droplets evenly (Fig. 5.4 Gel Fraction). With the 

progression of the gastric digestion, the gel matrix became more compact with fewer pores. In 

contrast, the comparatively compact gel structures at 20 min of the NCS+CNE and 

HACS+CNE gel fractions began to open up with more interspaces as the digestion progressed. 

Additionally, the oil droplets observed in the micrographs of the NCS+CNE and HACS+CNE 

gels at 120 and 240 min of digestion appeared to undergo higher degree of coalescence 

compared with those in the WCS+CNE gel (Fig. 5.4, rows 120 and 240). The greater extent of 
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coalescence can be attributed to the larger gel interspaces which may have allowed the enzymes 

to reach deeper into the gel structure and to hydrolyse the casein layer surrounding the oil 

droplets. 

The extent of gel disintegration within the gastric chamber affected the microstructure of 

the emptying gel fragments and the composition of the emptied gastric digesta (Fig. 5.4 Liquid 

Digesta). At 20 min, the digesta samples of all gels contained numerous small-sized gel 

fragments with distinct shapes. The HACS+CNE gel micrograph at 20 min revealed that a 

comparatively higher content of solid particles was emptied in the digesta, which is consistent 

with the faster HACS+CNE gel disintegration in the stomach (Fig. 5.4, row 20). Although the 

solids contents of the NCS+CNE and HACS+CNE gels decreased over time, the size and the 

compactness of the gel fragments increased, which is consistent with the changes observed 

visually [Fig. 5.3(A)]. Furthermore, there were more coalesced oil droplets emptying within 

the gel fragments. In contrast, the WCS+CNE gel fragments were more evenly dispersed with 

uniformly distributed emulsified oil droplets. 

5.4.2.3 Physicochemical changes in the emptied liquid digesta 

Fig. 5.5 shows the changes with respect to pH, particle size, solids content and lipid 

content in the gastric digesta emptied from the HGS at various digestion times. The pH values 

of the gel samples after mixing with the SSF and the fasting SGF were reduced from 6.63, 6.01 

and 5.88 to 3.43, 3.58 and 3.96 for the WCS+CNE, NCS+CNE and HACS+CNE gels 

respectively [Fig. 5.5(A)]. The significantly low pH values observed after mixing with the 

fasting SGF demonstrate that none of the three starch matrices had high buffering capacity, as 

previously observed in various milk-based matrices (Qazi et al., 2021, 2022).  Furthermore, 

with the gradual addition of SGF over time, the pH of the emptied digesta samples decreased 

gradually and had decreased to 1.70 at 240 min. During the first hour of digestion, the 
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HACS+CNE gel had a comparatively slower decrease in pH, which was followed by the 

NCS+CNE and WCS+CNE gels. These initial differences in the pH could have been related to 

the total content of gel fragments observed in the emptied gastric digesta. However, there were 

no significant differences among the WCS+CNE, NCS+CNE and HACS+CNE gels during the 

subsequent digestion from 60 to 240 min.  

 

Fig. 5. 5 Changes in the emptied gastric digesta because of the dynamic in vitro gastric 

digestion of the various starch gels: (A) pH; (B) particle size (D4,3); (C) total solids content; 

(D) lipid content. Error bars display the standard deviations. WCS, waxy corn starch; NCS, 

normal corn starch; HACS, high amylose corn starch; CNE, curcumin nanoemulsion. 

 



Chapter 5 Starch Gels  

133 | P a g e 
 

The average particle sizes of the gel fragments emptied from the gastric chamber for the 

WCS+CNE and HACS+CNE gels showed no significant change throughout the digestion [Fig. 

5.5(B)]. However, for the NCS+CNE gel, the particle size of the gel fragments increased 

significantly from 50 to 105 µm and slightly decreased to 88 µm at 120, 180 and 240 min 

respectively. This shifting of the particle size to a larger size distribution has been observed by 

M. Zheng et al. (2021) and Schwanz Goebel, Kaur, Colussi, Elias, and Singh (2019) and has 

been attributed to swelling in the gel structures, which may have been influenced by the low 

pH of the gastric fluid. 

During the first 120 min of gastric digestion, the HACS+CNE gel showed significantly 

(p < 0.05) faster total solids emptying than the WCS+CNE and NCS+CNE gels [Fig. 5.5(C)]. 

These findings are consistent with the photographs and the wet weights of the gastric gel 

fractions [Figs. 5.3(A) and (B)]. In contrast, the other two gels remained in the stomach for a 

longer period of time, but this difference became less pronounced as the digestion progressed, 

and the total solids contents of the WCS+CNE, NCS+CNE and HACS+CNE digesta were 

almost identical at the end of the digestion process.  

The lipid content of the emptied digesta gradually decreased as the digestion progressed 

[Fig. 5.5(D)]. The order of lipid content in the digesta at the end of 240 min of digestion was 

WCS+CNE > NCS+CNE > HACS+CNE, which is consistent with the changes occurring 

within the HGS, as discussed earlier. During the initial 60 min of digestion, the NCS+CNE gel 

had a significantly higher release of lipid content [Fig. 5.5(D)] which can be explained by 

differences in the structural and swelling patterns of the starch gels within the gastric chamber, 

which are influenced primarily by variations in amylose/amylopectin content and by the 

dynamic environment provided inside the HGS. The WCS+CNE gel demonstrated a lower 
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Fig. 5. 6 Particle size distribution changes in the emptied gastric digesta [20 (G20), 120 (G120) 

and 240 (G240) min) before (0 min) and throughout the intestinal digestion at different 

timepoints (1, 10, 30, 60 and 120 min). WCS, waxy corn starch; NCS, normal corn starch; 

HACS, high amylose corn starch; CNE, curcumin nanoemulsion. 

5.4.3.2 Starch hydrolysis 

The starch is primarily digested by the enzymes into glucose through a number of steps, 

and this process is influenced by the enzyme activity and the characteristics of the starch. The 

functional control of the glycaemic index is directly correlated with the rate of starch digestion. 

In order to identify the nutritionally significant starch fractions, the glucose released from the 

starch during a certain duration of starch hydrolysis was examined. As expected, before the 

intestinal phase was initiated, the rate of starch hydrolysis and glucose release was low in the 

corresponding gastric digesta samples for all three starch gels (Fig. 5.7), which was due to the 


























































































































