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General Introduction

1.1 Shift from animal proteins to sustainable alternatives

The global population is increasing rapidly, and this rapid growth has created a 
demand for an increase in global food production. Thus, global food production 
has increased significantly to meet the increasing demand, and the environmen-
tal impact has been detrimental [1]. About 40% of the world’s land constitutes 
farmlands and pasture and has become a major source of depletion of fresh-
water resources [2]. Additionally, a quarter of greenhouse emissions are prod-
ucts of agricultural activities [3]. Therefore, while increasing food production, 
sustainable food production methods are needed to reduce the detrimental 
consequences on the environment. Plant-based diets have been recommended 
due to the minimal impact and their beneficial role in enhancing biodiversity.

Additionally, the enormous global population growth has instigated an increase 
in global protein demand to meet nutrition security needs. Changes in dietary 
patterns, driven globally by urbanization have also contributed to the increased 
protein demand [4,5]. The emerging changes in protein consumption patterns in 
most developing countries are due to ‘westernization’ and improving economic 
conditions. Current consumption trends in developed countries show a gradual 
transition towards plant proteins mainly due to ongoing awareness of the en-
vironmental impact of animal proteins, animal welfare concerns [6], and the 
perception that they are healthy [7]. 

Current dietary patterns involve consumption of high caloric, fat, and sugary 
foods, which are typically highly processed. As a result, an increase in prevalence 
of micronutrient deficiency, obesity, and related metabolic conditions has been 
recorded [8]. Transformation to more healthy choices that are nutrient dense is 
needed. According to the FAO, over 50% of the global supply of food proteins 
are plant-based, followed by meat, dairy, and fish and seafood (Figure 1.1) 
[8,9]. However, regionally, plant proteins, such as pulses, are more commonly 
consumed in Sub-Saharan Africa, because they are less expensive and more 
accessible. In western countries, cereal proteins from wheat are commonly con-
sumed as bread, whereas rice and millet are commonly consumed in developing 
countries [4].

1.2 Sustainable protein alternatives 

Diversifying the sources of proteins to meet the current high demand for proteins 
to feed the global population is more sustainable than expanding animal protein 
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production [1]. Current accepted alternative sources of food proteins include 
insects, algae, legumes and pulses, cereals and pseudo-cereals, oilseeds, and 
tubers [6]. These alternative proteins can exist as storage proteins, as in pulses 
or metabolic proteins as in algae. However, protein contents of most plant-based 
alternatives are lower than those of the traditional animal source. For instance, 
the protein content of legumes and pulses is between 16 – 30% [10], and even 
less for cereals and potatoes. Production of these alternatives entirely for their 
proteins rather aggravates the ongoing environmental crisis. Therefore, consid-
ering the low protein yield, recovery of proteins from side streams of product 
processing of these alternatives or further use of protein extraction by-products 
is recommended [6]. 

In considering the sustainability of a protein alternative, the trade-off be-
tween the environmental impact and the benefit of these alternatives must 
be considered [11]. The relatively low quality of plant proteins coupled with 
their low protein yield means that high production levels are needed to meet 
protein demands. Increased production and the related environmental impact 
can outweigh the benefit of these alternatives. Therefore, protein quality and 
yield should be considered as significant factors in determining sustainability of 
protein alternatives. Weindl et al suggests that a variety of low-quality protein 
alternatives can be used complementarily in diets [11]. The alternatives with low 

 

 

 
Figure 1.1: Per capita protein sources in 2019, as reported by the FAO [9] 

 

 

 

 

Figure 1.1: Per capita protein sources in 2019, as reported by the FAO [9]
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digestibility can be used complementarily to high quality protein alternatives or 
to moderate amounts from animal sources. 

1.2.1 Pulse proteins as a more sustainable food protein
Pulses comprise the edible dry seeds of the Leguminosae family, which include 
Cicer arietinum (chickpeas), Vigna subterranea (Bambara beans), Vicia faba (Faba 
or broad beans), Phaseolus vulgaris (common beans), Vigna unguiculata (cow-
peas), Pisum sativum (peas), Cajanus cajan (pigeon peas), Lens culinaris (lentils), 
Lupinus sp. (lupins), and Vicia sativa (vetches) [12]. Among these, common beans, 
cowpeas, chickpeas, lentils, and peas are commonly consumed globally [12,13]. 
Pulses are the second most consumed food group globally [14].

Pulses contain about 40-70% starch, 20-29% protein, 12-14% dietary fiber, and 
1-2% fat [15]. Their protein fractions, however, differ. For example, lentil pro-
teins consist of 70% globulins, 16% albumins, 11% glutelin, and 3% prolamins 
[16], whereas pea proteins consist of 55-80% globulins and 18-25% albumin with 
minute levels of glutelin and prolamins [17]. Globulins, being the predominant 
proteins, contain substantial amounts of arginine, aspartic acid, glutamine, and 
lysine hence the reported high lysine content of pulses [18]. Therefore, pulses 
are largely consumed as staples along with cereals to meet protein needs, mostly 
in developing countries where access to animal proteins is limited. High lysine 
content in pulses complement the high methionine, tryptophan, and cystine 
content of cereals to enhance the amino acid composition of the diet [18]. 

Agricultural activities generally have detrimental effects on the environment; 
however, growing pulses is beneficial because they produce less greenhouse 
gases and require less water and agrochemical use. Pulses also sequester carbon 
and thus reduce atmospheric carbon dioxide whereas animal production rather 
increases it [19]. Additionally, several pulses are resilient to climate change. For 
instance, pigeon peas are drought resistant. Beyond that, pulses contribute to 
biodiversity due to their ability to fix nitrogen into the soil with symbiotic bacte-
ria such as Rhizobium. They can also release phosphorus that is bound to the soil. 
These activities collectively improve soil fertility, enhance soil microbial biomass, 
promote soil nutrient availability, and enhance soil biodiversity [20]. 

1.2.2 Techno-functionality of sustainable protein alternatives 
As we explore more sustainable sources of food proteins, it is important to also 
consider the techno-functionality of these alternative proteins in food product 
applications, either as ingredients or additives. Fundamental structural dif-
ferences between animal and plant proteins limit expected techno-functional 
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properties. Food proteins have foaming, gelling, emulsifying, and stabilizing 
abilities; therefore, they can be used to either create or stabilize the structure 
of food products [6,21]. The dense globular structure of the principal proteins 
in pulses and their high molecular weight pose a challenge to these functional 
properties [22,23]. For example, their low solubility makes their use in food prod-
ucts challenging. Solubility of globulins depends on the hydrophobicity of the 
protein surface, pH, ionic strength, and molecular weight [10]. The solubility of 
proteins is key in several functional properties, such as emulsification, foaming, 
water absorption, and gelling capacity [22,24]. The gelling ability of proteins also 
influences their water retention, fat binding, emulsifying, and foaming abilities 
and determines their viscosity and adhesiveness [6,21]. 

Plant proteins have intense cross-linkages and tend to aggregate either in the 
native state or after extraction [25], hence physical, chemical, and/or biochemical 
modifications are needed to improve their functionality. Globulins and albumins 
can form gels after modification processes that enhance structural unfolding 
needed in the three-dimensional network of protein-solvent and protein-protein 
interactions in gels [26]. Although challenging, globulins can form fibrous struc-
tures to mimic tissues in food applications [6]. 

Physical treatments, such as heating, can denature the proteins and expose the 
hydrophobic residues that are within the core of the protein structure. Pulse pro-
teins can be made more hydrophilic by changing the pH and net charge or form-
ing conjugates with hydrophilic compounds, such as sugars and polysaccharides. 
Glycation of proteins during Maillard reaction has proven effective in improving 
the functional properties of plant proteins, since the amino group side chains 
of the proteins bind to the reactive sides of the sugars to produce hydrophilic 
products [24,27,28]. However, advanced glycation involves covalent interactions 
which can cause protein cross-linkages and reduce digestibility of the protein 
[29].

1.3 Fate of proteins along the gastrointestinal tract (GIT)

The GIT is exposed to exogenous and endogenous proteins daily. The exogenous 
sources are dietary proteins whereas the endogenous sources include cell 
turnover from mucosal epithelium, gastrointestinal secretions, or even plasma 
proteins [30,31]. About 100 g and 35 g of dietary and endogenous proteins are 
presented in the GIT daily [31,32]. Digestion of proteins begins in the stomach 
where parietal cells in the gastric lining and the gastric chief cells secrete hydro-
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chloric acid and pepsinogen, respectively (Figure 1.2). The resulting acidic condi-
tion (pH 2-3) activates pepsinogen into pepsin through autocatalysis [33]. The 
low pH also disrupts the hydrogen bonds and electrostatic forces holding the 
native structure of the protein, alters their structure, and facilitates unfolding 
of intact proteins or aggregates. Pepsin is an endopeptidase and preferentially 
cleaves the carboxylic group of aromatic residues to produce a mixture of poly-
peptides, oligopeptides, and rarely, a few amino acids. With the help of mechani-
cal contractions and peristaltic movement, pepsin mixes with the proteins and 
cleaves about 15% of the peptide bonds [34]. 

The chyme moves to the duodenum where pepsin is deactivated due to the 
neutral pH of the small intestine (Figure 1.2). The polypeptides are extensively 
hydrolyzed by elastase, chymotrypsin, trypsin, and carboxypeptidases A and B 
[35]. These enzymes are secreted in the inactive form by the acinar cells of the 
pancreas. Their activation is triggered by enterokinase which is secreted by the 
intestinal cells in duodenum and jejunum [30]. Elastase, chymotrypsin, and trypsin 

Figure 1.2: Fate of dietary proteins along the gut [39]

Figure was created in BioRender.com
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are endopeptidases. Specifically, trypsin cleaves the carboxyl end of basic amino 
acids, chymotrypsin cleaves carbonyl groups of aromatic residues, and elastase 
cleaves carboxyl groups on small hydrophobic amino acids. Carboxypeptidases 
A and B hydrolyze single amino acids residues from the carboxyl terminal [35]. 
These enzymes act on the chyme within the lumen to produce oligopeptides, 
tripeptides, dipeptides, and amino acids. The peptides and amino acids produced 
are actively transported from the brush border into the enterocytes. The brush 
border membrane has several peptidases that further hydrolyze peptide bonds. 
The amino acids, dipeptides, and tripeptides are transported passively into the 
portal blood through the basolateral membrane or actively transported with 
the help of carrier-mediated transport systems [31]. Partially digested hydroly-
sates and undigested proteins (endogenous and exogenous) move to the colon 
(Figure 1.2). 

About 12-18 g of partially digested dietary protein hydrolysates and endogenous 
proteins are transported to the colon daily depending on protein intake and 
protein digestibility [36]. The digestibility of dietary proteins can be modified by 
structural change in the native protein. These structural changes can be caused by 
extrinsic factors such as processing temperature and pH [37]. Residual proteins 
reaching the colon can be hydrolyzed by the microbiota to produce metabolites 
to support their growth requirements and influence host's metabolism [38]. 

1.4 Factors influencing protein digestibility

Protein digestibility is a measure of the protein’s susceptibility to hydrolysis 
and the absorbable fraction released [40]. Intrinsic factors including primary 
sequence, structural folding, and cross-linkages along with extrinsic factors such 
as temperature, pH, ionic conditions, and presence of other molecules in the 
food can influence protein digestibility [41,42]. Good sources of plant proteins 
require processing to reduce endogenous protease inhibitors and antinutritional 
factors, such as phytic acid tannins, to make them safe for consumption. Given 
that healthy dietary choices should include diverse nutrients, proteins can co-
exist with other food components, including dietary fiber, phenolic compounds, 
and reducing sugars. These food components can interact with the proteins 
because proteins possess amino acid residues with reactive functional groups 
in their side chains. These include α-amino, α-carbonyl, hydroxyl, imidazole, and 
sulfhydryl groups [43]. The processing conditions can also facilitate interactions 
among components within the food matrix.
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Their interaction can result in complexes that alter the protein’s susceptibility 
to the human digestive enzymes and either enhance their bioactivity or hinder 
them [44]. Moreover, proteins can interact with other endogenous biomolecules 
as they move along the GIT. These factors evoke interest in the following: (1) How 
do food processing methods alter the native structure and consequently affect 
the digestibility and bioactivity of the proteins? (2) How do proteins interact with 
other food biomolecules in the food matrix and how does this interaction impact 
their digestibility? The effect of food processing and the presence of other food 
components are further discussed in the following sections. 

1.4.1 Effect of food processing on protein digestibility
Various processing methods may be applied to enhance shelf life or safety of 
food for consumption. These processing methods include concentration/extrac-
tion, enzyme modifications, thermal, and pressure processing. Thermal process-
ing is commonly used and known to alter the native structure of proteins and 
alter their susceptibility to proteases (Figure 1.3). During thermal processing, 
intermolecular collision increases and disrupts intermolecular forces that are 
maintaining the secondary and tertiary structure of the protein [45,46]. Hydro-

Figure 1.3: Possible changes in tertiary structure of native proteins and the products 
formed during food processing. 

Figure was created in BioRender.com
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gen bonds, ionic bonds, and electrostatic interactions can be broken when pro-
teins are heated above their denaturation temperature and cause the protein to 
unfold and expose the reactive groups that were in the core of protein structure. 
As shown in Figure 1.3, the unfolded protein can aggregate, form cross-linkages, 
or the exposed reactive groups can interact with other components in the food 
matrix as observed in Maillard reaction [45]. 

 Maillard reaction commonly occurs in foods that are thermally processed. It 
involves covalent bonding between the carbonyl group of a reducing sugar and 
α-amino group at the N-terminal of residue amino acids, that is ε-NH2 of Lys, or 
the guanidino-NH2 of Arg. Reversible condensation between the carbonyl group 
from the reducing sugar and free amino group, which is the Schiff base reaction, 
initiates the early stage and produce N-substituted glycosylamine as intermedi-
ates. Amadori rearrangement occurs from the N-substituted glycosylamine to 
produce N-substituted 1-amino-1-deoxyketoses due to their susceptibility to 
heat in the advanced stage. The final stage includes several structural modifica-
tions, including cyclization, dehydration, and elimination [22,47]. This change 
may influence organoleptic properties, shelf life, physicochemical, and textural 
properties, but more importantly alter digestibility. Digestibility can be reduced 
when structural modifications like cross-linkages cause steric hindrance and limit 
access of the digestive proteases to cleavage sites. The cleavage sites can also be 
modified during the condensation reaction and become less susceptible to the 
digestive enzymes [48–50]. 

The effect of temperature is dependent on the native structure of the proteins 
and as such the susceptibility of different proteins to temperature changes dif-
fer. Proteins with high amounts of Ile, Leu, Val, and Phe are less susceptible to 
thermal denaturation than hydrophilic amino acids [51]. Additionally, processing 
time and water activity are also relevant in protein denaturation and subsequent 
crosslinking interactions, yet temperature-time factor is more significant [46]. 

1.4.2 Effect of Interactions with other food components on protein 
digestibility
The food matrix comprises the nutritive and non-nutritive components of the 
food, the physical organization of these components, and their intermolecular 
interaction [52,53]. The major intermolecular forces include hydrogen bonds, 
electrostatic interactions, hydrophobic forces, and covalent disulfide bonds 
[54]. The structure and physical state of the food matrix affect digestion and 
determine the amino acids released for absorption [53,55]. In addition, the food 
matrix structure influences the gastric emptying and transit time. For instance, 
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when food matrix structure is solid and contains firm tissues, they take longer 
to move along the GIT due to a slower digestion rate. Processing methods used 
can cause structural modification to the food matrix and increase the ability of 
proteins to interact with other proteins, carbohydrates, and secondary plant 
metabolites due to their reactive side chains and functional groups (Figure 1.3). 
The interactions between food proteins and other components in a food matrix 
depends on the molecular size, pH, hydrophobicity, amino acid residues, and 
structure of the protein [56]. 

Proteins interact with other proteins through aggregation or even phase separa-
tion, depending on the net forces of the proteins involved [54,57]. Electrostatic 
attraction among proteins due to the opposite surface charge can result in ag-
gregation of these proteins. When the concentration of the more reactive pro-
tein is low, phase separation can occur. pH is key in these interactions. Proteins 
aggregate at the isoelectric point, however, at other pH, the side chains form 
both intramolecular and intermolecular complexes [58]. 

In addition to proteins, carbohydrates and phenolics commonly exist in plant-
based foods. These components also have functional groups that can interact 
with proteins. The nature of their interactions is discussed in the following sub-
sections.

Protein-Polysaccharide Interaction
Proteins and polysaccharides can interact through covalent bonds, or non-
covalent bonds including hydrogen bonding, hydrophobic forces, Van der Waals 
forces, and electrostatic bonds. The interaction is dependent on pH, ionic 
strength, surface charges, concentration, and biopolymer ratio [59]. Protein-
polysaccharide interactions are mostly electrostatic due to the charges on 
their backbones, except in the case of Maillard reaction where a reducing sugar 
residue of a polysaccharide can covalently bond to α-amino group of the protein 
as discussed in the previous section. Protein-polysaccharide complexes can coac-
ervate and form soluble mixtures [60]. The complexes can also be insoluble and 
evenly dispersed or form separate phases of the biopolymers [61].

Dietary fibers are frequently used in several food products for their gelling, 
viscosifying, and bulking properties or are added to fortify food products [62]. 
β-glucans have recently received considerable attention due to their solubility 
in water and high viscosity which imparts them with hypocholesterolemic and 
hypoglycemic abilities [63,64]. Barley, oats, bacteria, algae, yeast, and mush-
rooms are good sources of β-glucans [64]. The structure and molecular weight 
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of β-glucan vary depending on the source [65]. β-glucans from cereals are linear 
homopolysaccharides, consisting of β-(1→4)-linked D-gluco-pyranosyl units 
(oligomeric cellulose segments). The β-(1→4)-linked units are separated by 
β-(1→3)-linked cellotriosyl and cellotetraosyl units [66]. The molar ratio of these 
units determines the molecule's functional properties, such as water solubility, 
viscosity, and gelation ability. 

Proteins contain charged groups that can easily react with the negatively 
charged groups of β-glucans through electrostatic, hydrogen, or hydrophobic 
interactions, yet electrostatic forces dominate. The interaction is dependent on 
pH, ionic strength, surface charges, concentration, and biopolymer ratio [59]. 
Due to their gelling ability, β-glucan can increase the viscosity of the food and 
form viscous solutions in the gut [67]. In the gut, increase in viscosity delays 
gastric emptying and increases transit time in the intestinal tract. The increased 
viscosity also limits access of digestive enzymes due to inadequate mixing [68]. 
Therefore, the interaction of β-glucan with proteins can limit protease action 
and protein digestibility, yet studies on the nature of interaction between pulse 
proteins and dietary fibers are limited.

Protein-Polyphenol Interactions
Secondary plant metabolites, such as phenolic compounds, occur commonly in 
plant food sources. They are widely consumed due to diverse associated health 
benefits including their antioxidant activities [69]. Protein-phenolic compound 
interactions can occur through covalent bonds or non-covalent bonds, including 
hydrogen, ionic, and hydrophobic bonds [70].

The hydroxyl group of the phenolic compounds is the main hydrogen donor to 
the protein carbonyl groups but oxidized phenolic compounds can also be in-
volved [62,70]. They form hydrogen bonds with the carbonyl, hydroxyl, or amine 
group of the protein but hydrophobic interactions among the non-polar groups 
can also occur. The nature of the interaction depends on the molecular weight 
and levels of hydroxylation, methylation, hydrogenation and glycosylation of the 
phenolic compounds and the molecular weight, net charge, and conformation of 
the protein [70,71]. 

Physical conditions, such as pH and temperature, affect the interaction between 
phenolics and proteins. For example, high temperatures cause protein unfolding 
to expose hydrophobic groups that might be buried in the core of the protein 
structure therefore favoring hydrophobic interactions with phenolics [72]. Simi-
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larly, at low pH, protein binding sites are exposed because ionic forces holding 
the native structure of the protein are disrupted, causing the protein to unfold. 

Protein-polyphenol complexes can be soluble or insoluble [69]. Formation of 
these complexes can enhance functionality of the proteins, such as the gelling 
ability [73]. On the other hand, it can cause stearic hindrance and limit the diges-
tive enzymes’ access to the protein or modify the cleavage site and consequently 
reduce the protein’s susceptibility to the digestive enzymes, and thus reduce 
their digestibility. Residual and unbound polyphenols can also bind the enzymes 
and inhibit their hydrolytic ability [74]. The unbound residues can also stabilize 
the enzyme structure, thus, cause better fitting of the protein on the enzyme 
activation site [75]. However, the inhibitory effect of protein-polyphenol com-
plexes on protein digestion is more common [74,76,77]. Based on the factors 
discussed, it is relevant to understand structural modifications that occur upon 
pulse proteins interaction with polyphenolic compounds and how these changes 
influence protein digestibility. 

1.5 Role of food proteins/peptides beyond their nutritional 
role 

Food proteins have bioactive properties that go beyond their role as macronu-
trients involved in energy production and body building. Previous studies have 
shown that specific peptide sequences exhibit bioactivity when released from 
native proteins. Although native proteins show some level of bioactivity, these 
activities are higher in their hydrolysates [78]. These bioactivities are mostly 
observed after exogenous or endogenous protease hydrolysis or from microbial 
fermentation [79]. Diverse types of peptides can be released from proteins, de-
pending on the conditions used for hydrolysis. These conditions include enzyme 
specificity, pH used for hydrolysis, enzyme-substrate ratio, temperature, and 
time. Therefore, bioactivity of the hydrolysates depends primarily on the amino 
acid sequence, which in turn determines molecular weight, structure and spatial 
conformation, hydrophobicity, and surface charge [80,81].

Reported bioactivities include cholesterol-lowering, antioxidant, hypotensive, 
antimicrobial, and hypoglycemic abilities. These properties imply that bioactive 
peptides can be used in the management of chronic diseases, hence providing an 
alternative to synthetic pharmaceutical products. Bioactive peptides can reduce 
risk of metabolic disorders by regulating digestive enzymes, nutrient absorption 
in the GIT, and gut hormones [82–84]. The bioactivity of peptides in the gut relat-
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ing to metabolism of the gut microbiota and gut hormones are discussed in the 
sub-sections below. 

1.5.1 Modulation of gut microbiota and their metabolites by peptides 
The gut microbiota is ubiquitously distributed along the intestinal tract but 
highly colonizes the large intestine and is mainly inhabited by Actinobacteria, 
Bacteroidetes, Firmicutes, Fusobacteria, Proteobacteria, and Verrucomicrobia 
[85]. In the large intestine, they ferment undigested or partially digested food 
components that are transported to the colon. When undigested proteins reach 
the colon, they are further hydrolyzed by the mix of endogenous microbial 
proteases available from several members of the gut microbiota including Bac-
teroides, Fusobacterium, Clostridium, and Lactobacillus [86]. Additionally, residual 
proteases from the small intestine might contribute to proteolysis in the colon. 
The amino acids produced can either be incorporated in the bacterial cell for pro-
tein biosynthesis or catabolized into metabolites such as short chain fatty acids 
(SCFAs), branched chain fatty acids, ammonia, hydrogen sulfide, carbon dioxide, 

 

Figure 1.4: Role of gut microbiota fermentation of peptide fractions in the colon on host’s 

health. Figure was adapted from Portune et al [38] 

 

Figure 1.4: Role of gut microbiota fermentation of peptide fractions in the colon on host’s 
health. 

Figure was adapted from Portune et al [38]
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phenols, and organic acids via deamination, decarboxylation, and transamina-
tion (Figure 1.4) [38]. The gut microbiota uses different catabolic pathways, and 
different bacterial species use different amino acid substrates [87]. Microbial 
fermentation of proteins depends on the proportion of available carbohydrate 
present concurrently with proteins [88]. Beyond the type of substrate present in 
the diet, transit time, and resulting pH condition due to substrate fermentation 
might influence the gut microbiota [38]. Several studies have reported the abil-
ity of large peptides to modulate the microbiota metabolism depending on the 
source and concentration [89–92]. 

Once absorbed by the colon cells, the metabolites can also be distributed through 
the systemic circulation to organs and tissues far from the gut and influence 
host’s health by producing neuroactive compounds like neurotransmitters [38], 
improving mucosal barrier functions, controlling inflammatory parameters [93], 
or influencing energy metabolism of the host, depending on the growth phase 
of the microbiota (Figure 1.4) [38,94]. For instance, SCFAs act as ligands for G 
protein-coupled receptors in L-cells located in the jejunum, ileum, and colon [95]. 

Findings concerning the role of gut microbiota in host energy metabolism sug-
gest an interplay between gut-brain signaling and microbiota-host interactions 
[38]. This sparks interest in understanding the interaction between the gut 
microbiota and protein hydrolysates in the colon, and the influence of this inter-
action on microbial metabolism. 

1.5.2 Satiating effect through the gut hormones
Gut hormones, such as Cholecystokinin (CCK) and GLP-1 are secreted in the small 
intestine where they can regulate production of digestive secretions in the stom-
ach, pancreas, and gallbladder; hence, their ability to regulate digestion [96,97]. 
CCK delays gastric emptying to halt further food intake or functions indirectly 
through luminal CCK-releasing factor. GLP-1 enhances satiety, and thus reduces 
food intake. Additionally, GLP-1 stimulates insulin release from the β-cells of the 
pancreas when blood glucose levels increase [98]. 

The enterocytes in the small intestine secrete these gut hormones when secre-
tory cells are exposed to nutrients released from digestion. Hence, they peak 
postprandially, and their secretions are differentially stimulated by the type of 
nutrients produced [99]. The secretion of these gut hormones is determined by 
location of secretory cells and rate of exposure to the nutrients post-digestion. 
CCK is mostly secreted by enteroendocrine I cells in the duodenum, whereas GLP-
1 is secreted by L-cells in the jejunum and ileum upon amino acid and oligopeptide 
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stimuli [99]. CCK and GLP-1 secretion are mainly stimulated by amino acids and 
oligopeptides through proton-coupled peptide transporters and Na+-coupled 
amino acid transporters in the apical membrane of entero-endocrinal cells [99]. 
Secretion of gut hormones in the distal gut is reported to be stimulated by SCFA 
produced by the gut microbiota rather than nutrient-sensing as observed in the 
upper gut [100].

Several animal proteins have been extensively studied and have shown the abil-
ity to stimulate secretion of CCK and GLP-1 and inhibit dipeptidyl peptidase-IV 
(DPP-IV) activity [82,84,101]. DPP-IV inhibition prevents the cleavage and inacti-
vation of GLP-1, which reduces the risk of hyperglycemia and consequently Type 
2 Diabetes [102–104]. Additionally, animal proteins are involved in glucose me-
tabolism by enhancing insulin secretion and consequently reducing postprandial 
blood glucose levels [105,106]. Although pea proteins and their hydrolysates have 
been reported to reduce risk of metabolic disorders by stimulating production of 
gut hormones such as CCK in the small intestines [107,108], data on other pulse 
proteins is scarce. Additionally, considering the low digestibility of these pulse 
proteins, significant amount of partially digested pulse proteins is transported 
to the colon, yet little is known about the ability of large peptides reaching the 
distal gut to directly stimulate the production of these gut hormones. 

1.6 Aim of thesis

Healthy dietary choices include consumption of plant proteins due to their bio-
activity beyond their role as a macronutrient. However, these proteins usually 
exist in complex food matrices where other components like dietary fiber, phe-
nolic compounds, and reducing sugars can interact with them. The interaction 
between plant proteins such as pulse proteins and other biomolecules including 
dietary fiber and phenolic compounds can result in structural modifications that 
reduce their susceptibility to human digestive enzymes. Therefore, this thesis 
aimed to investigate how these interactions impact digestibility of the proteins 
(Figure 1.5). In Chapter 2, we investigated the influence of β-glucan interaction 
on the particle characteristics and in vitro digestibility of proteins isolated from 
lentil and yellow pea seeds. In Chapter 3, we evaluated the effect of tannic acid 
interaction on particle characteristics, structure, thermal stability, peptide pro-
file, and in vitro peptic digestibility of lentil proteins. Lentil and yellow pea pro-
teins were selected as model plant proteins because these pulses are commonly 
consumed, and their proteins are gaining attention for use in food applications. 
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 After digestion, residual proteins and partially hydrolyzed polypeptides move to 
the colon. In the colon, these hydrolysates can interact with the enteroendocrine 
cells and the microbiota. The digestibility of proteins can be affected by irrevers-
ible structural modifications that occur in commonly occurring processes such 
as Maillard reaction. To investigate this, in Chapter 4 we assessed how glycated 
lentil protein hydrolysates that reach the colon affect the metabolites and popu-
lation of the gut microbiota using batch fermentation and the Simulator of Hu-
man Intestinal Microbiome Ecosystem (SHIME®). Several studies have reported 
that presence of food proteins and peptides in the small intestines stimulate 
secretion of satiety hormones such as CCK and GLP-1. However, it is unclear if the 
presence of hydrolysates in the colon leads to a similar outcome. Hence, Chapter 
5 explored the effect lentil protein hydrolysates have on CCK and GLP-1 secre-
tion in intestinal endocrine cells, using Secretin Tumor Cell line (STC-1). Chapter 
6 summarizes the findings and discusses the relevance of the above-mentioned 
studies. The limitations and future directions are also discussed. 

Figure 1.5: General overview of the thesis 

(Hydrolysates used in Chapter 4 and 5 were separately prepared from in vitro digestion of protein 
concentrates).
Figure was created in BioRender.com
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Abstract

Interaction between food proteins and food matrix biomolecules can affect 
protein digestibility. In this study, barley β-glucan interaction with lentil and 
yellow pea proteins, and the effect on the in vitro digestibility of the proteins 
under simulated static gastrointestinal conditions was investigated. The proteins 
were mixed with β-glucan at mass ratios of 1:0.5, 1:1, and 1:2, and subjected to 
simulated in vitro digestion. The interaction between β-glucan and the isolated 
proteins was demonstrated by the decrease in transmittance, surface charge and 
increase in particle size of the complexes. Brightfield microscopy showed the 
formation of aggregates between the biopolymers, although increased molecu-
lar size was not observed by discontinuous native polyacrylamide gel electropho-
resis. Fluorescence microscopy of the mixtures indicated that β-glucan formed 
aggregates with lentil proteins while the interaction with yellow pea proteins 
appeared as distinct phases of protein within the β-glucan network. The in vitro 
protein digestibility of lentil and pea protein decreased by 27.3% and 34.5% in 
presence of β-glucan mass ratio 1:2, respectively. The findings confirm the pos-
sibility to modulate protein digestibility by changing the physical characteristics 
of a food matrix. 

Keywords: yellow pea protein, lentil protein, β-glucan, protein-fiber interaction, 
protein digestibility, simulated gastrointestinal digestion, fluorescence micros-
copy
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2.1 Introduction 

There is enormous evidence to support health benefits of food proteins beyond 
nutrition, yet animal source proteins have traditionally been used for these 
studies. Also, considering the need for more sustainable food protein sources, 
legume proteins have emerged as an acceptable alternative. Legumes contain 
18-32% protein, making them a good and sustainable source of plant proteins. 
Specifically, protein contents of yellow pea (Pisum sativum) and lentil (Lens cu-
linaris) seeds range from 20-30% and 20.6-31.4%, respectively.1,2 Lentil protein 
consists of 70% globulins, 16% albumins, 11% glutenins and 3% prolamins.3 Pea 
proteins mainly consists of 55-80% globulins and 18-25% albumin with minute 
levels of glutenins and prolamins.2,4 Despite the substantial protein content, 
the digestibility of legume proteins is hindered by naturally occurring cell walls, 
protease inhibitors and the interaction between the proteins and other biomol-
ecules in the food matrix.5 Proteins and polysaccharides are commonly used in 
food formulations due to their functional properties. Hence, there is a high pos-
sibility of polysaccharides such as β-glucans to co-exist with legume proteins in a 
food matrix. Interaction between these biopolymers either during processing or 
along the gastrointestinal tract can influence their physicochemical properties 
and in turn modify their functional properties, and bioactivity.6 The structural 
conformation, charge, and ionic strength are important factors that determine 
the nature of interpolymer interaction. For example, an electrostatic interaction 
may occur between a negatively charged group of the polysaccharide and the 
protein’s cationic groups. Thus, making pH, temperature, biopolymer ratio and 
concentrations relevant conditions in the type of complexes formed whether 
soluble, insoluble, or existing as distinct phases in solution7,8 

β-Glucans from cereals are linear homopolysaccharides that largely consist of 
β-(1→4)-linked D-gluco-pyranosyl units separated by β-(1→3)-linked cellotriosyl 
and cellotetraosyl units.9 The molar ratio of these units determines the physical 
properties of β-glucans, such as water solubility, viscosity, and gelation abil-
ity. The presence of β-Glucan like other soluble dietary fibres can cause phase 
separation of digesta, as well as increase the viscosity of the digesta due to its 
gel-forming capacity.10 This phenomenon can physically hinder distribution of 
digestive enzymes due to inadequate mixing with substrates.11,12 Consequently, 
co-existence of β-Glucan and legume proteins in a food matrix can influence 
protein digestion. Moreover, the varying pH and ionic conditions of the gastroin-
testinal tract can produce a modulatory effect on the structure and behaviour of 
β-glucans, legume proteins, and the possible interaction that can occur between 
both biomolecules.12 Zielke et al. reported that at low pH, ß-glucan can form 
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aggregates with gliadin and whey proteins possibly through electrostatic inter-
actions since the proteins are positively charged at pH below their isoelectric 
point.13 In addition, the principal proteins in legumes, globulins can dissociate 
reversibly or irreversibly with changes in pH and ionic conditions. Increase in 
ionic strength can also result in aggregation of globulins via disulphide bonds, 
consequently reducing solubility.4 

Thus, it is important to understand the structural behaviour of legume proteins 
in a matrix containing other food biopolymers. Therefore, the objective of this 
study was to investigate the influence of β-glucan interaction on the particle 
characteristics and in vitro digestibility of proteins isolated from lentil and yel-
low pea seeds using the INFOGEST static digestion method. This study approach 
elucidates interaction between β-glucan and legume proteins, and the effect of 
gastrointestinal conditions on the in vitro protein digestibility.

2.2 Materials and Methods

2.2.1 Materials:
Dry lentil and yellow pea seeds were donated by Pulse Canada (Winnipeg, Mani-
toba, Canada). β-Glucan (94% purity, high viscosity, molecular weight 251 kDa) 
derived from barley was purchased from Megazyme (Bray, Ireland). α-Amylase 
(from porcine pancreas, type VI-B, ≥5 units/mg solid), pancreatin (from porcine 
pancreas, 8xUSP specification), pepsin (from porcine gastric mucosa, ≥250 units/
mg solid), and bile extract (from porcine) were purchased from Millipore Sigma 
(Burlington, MA, USA). NativeMark™ protein standard and GelCode™ blue safe 
protein stain were obtained from Fisher Scientific (Toronto, ON, Canada). Fast 
Green FCF (dye content ≥85%) and Calcofluor White (Calcofluor White M2R, 1 
g/L and Evans Blue, 0.5 g/L) were purchased from Millipore Sigma (St. Louis, MO, 
USA). 

2.2.2 Protein isolation:
Protein was extracted from green lentil and yellow pea seeds. First, seeds were 
soaked overnight in water (seed to water, 1:3 w/v) at room temperature. There-
after, the seeds were crushed with a food processor (Waring commercial blender, 
Torrington, USA) and freeze-dried. The freeze-dried seeds were milled into a flour 
with a food processor. The flour was suspended in 0.05 M NaOH (10%, w/v) and 
pH was adjusted to 10. The suspension was stirred for 4 h and then centrifuged 
for 30 min at 7000 g and 4 °C to separate the insoluble components. The pH of 
the resulting supernatant was adjusted to 4.0 using 3 M HCl and further stirred 
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for 2 h to precipitate the proteins. The residue was recovered by centrifugation 
at 7000 g and 4 °C for 30 min and resuspended in deionized water afterwards. 
The pellet was neutralised by adjusting the pH to 7.0 using 3 M NaOH solution. 
Finally, the extracted proteins from yellow pea seeds (PPI) and lentil seeds (LPI) 
were freeze-dried to obtain the protein powders, which were stored at -20 °C for 
further analysis.

2.2.3 Preparation of protein-β-glucan mixtures
Protein and β-glucan stock solutions were prepared separately. The isolated len-
til and yellow pea proteins were dissolved in Milli-Q water at a mass concentra-
tion of 1% (w/v), and the resulting solution was stirred. Afterwards, the protein 
solutions were centrifuged at 7000 g and 25 °C for 5 min to remove insoluble 
particles. A solution of the β-glucan in Milli-Q water was prepared at a mass 
concentration of 2% (w/v) and heated at 85 °C for 1 h under continuous stirring 
as previously reported.14 Mixtures were prepared using protein:β-glucan mass 
concentration ratios of 1:0.5, 1:1, and 1:2.13 Protein (1:0) solution was used as 
control. The resulting solutions contained 5 mg/mL of either lentil or yellow pea 
protein isolates, and 2.5, 5, or 10 mg/mL β-glucan depending on the mass ratio. 
The mixtures were stirred for 2 h at room temperature prior to further analysis. 

2.2.4 Determination of protein-β-glucan interaction:
The interaction between LPI or PPI and β-glucan was determined by measuring 
the absorbance as previously reported by Zielke et al.13 The absorbance of the 
protein-β-glucan mixtures and the control at time 0 min and 120 min of incu-
bation at room temperature was measured in a multimode microplate reader 
(Tecan, Switzerland) at 590 nm. The transmittance of the mixtures was compared 
to the control to identify changes resulting from addition of β-glucan.

2.2.3 Particle characterization by dynamic light scattering:
The average particle size, ζ-potential, and polydispersity index (PDI) of the 
protein-β-glucan mixtures and the controls were determined by inserting 1 mL 
of the mixtures in a capillary cell. Measurements were performed in Milli-Q wa-
ter (pH 7, refractive index 1.330, viscosity 0.8872 cP 192 and dielectric constant 
78.5) at 25 °C after equilibrating for 120 s, using the Zetasizer Nano ZS with non-
invasive backscatter optics (Malvern Instruments Ltd., UK). 

2.2.4 Simulated in vitro gastrointestinal digestion.
The simulated in vitro gastrointestinal digestion was performed by modifying 
the COST INFOGEST three-phase static method.15 Briefly, 0.5 mL of the protein 
and β-glucan aqueous solutions were mixed with 350 µL of simulated salivary 
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fluid (SSF), 0.25 µL of α-amylase (1500 U/mL), 2.5 µL of CaCl2, and 97.5 µL water. 
The 950.5 µL solution was incubated for 2 min at 37 °C. The oral bolus was mixed 
with 750 µL of simulated gastric fluid (SGF), 0.8 µL porcine pepsin (25000 U/mL) 
and 0.5 µL of CaCl2 (0.3 M). The pH of the 1.79 mL digesta was adjusted to 3.0 
using 1 M HCl and the digesta subsequently incubated for 2 h with constant shak-
ing (90 rpm). The gastric chyme was mixed with 1.1 mL of simulated intestinal 
fluid (SIF), 2.5 µL of pancreatin (800 U/mL based on trypsin activity), 12.5 µL of 
bile extract (10 mM), and 4 µL of CaCl2. Next, 131 µL of water was added to reach 
a final volume of 3.06 mL. The pH was readjusted to 7.0 using 1M NaOH. The 
intestinal phase digestion was conducted for 2 h with continuous shaking (90 
rpm). Afterwards, enzymatic activities were halted by vortex mixing and transfer 
of the samples into a freezer (-20 °C). 

2.2.5 Degree of hydrolysis determination:
The degree of hydrolysis were determined after the intestinal phase by measur-
ing the amount of free amino groups by the o-​phthaldialdehyde (OPA) method.16 
In a microplate, 30 µL of serine standard, blank (Milli-Q water) and sample solu-
tions were mixed with 225 µL of the OPA reagent. The microplate was incubated 
while shaking for 2 min at room temperature, before reading the absorbance at 
340 nm using a microplate reader (Tecan, Switzerland). The degree of hydrolysis 
were calculated as reported by Nielsen et al.16 

2.2.6 Discontinuous native polyacrylamide gel electrophoresis (PAGE):
The discontinuous native PAGE (Ornstein-Davis) was performed according to the 
Mini-PROTEAN® Tetra cell instruction manual (Bio-Rad, USA). A gel with 6%, 9%, 
12%, 15%, and 18% polyacrylamide gradients was cast with a 3% (w/v) stacking 
gel. Two hundred µL of the digesta and undigested mixtures were mixed with 400 
µL of sample buffer (containing 1.25 mL of 0.5 M Tris-HCl pH 6.8, 3mL of glycerol, 
and 0.2 mL of 0.5% bromophenol blue in 5.55 mL deionized water). Thereafter, 
15 µL of the sample solutions or 5 µL of the NativeMark™ protein standard was 
loaded onto separate wells of the gel. Electrophoresis was conducted at 120 V 
for 90 min in a BioRad Mini‐PROTEAN Tetra Cell electrophoresis unit (Bio-Rad, 
USA). The gel was stained overnight in 100 mL GelCode™ blue safe protein and 
rinsed three times with Milli-Q water. The gel was then de-stained and imaged 
with a ChemiDoc MP Imaging System (Bio-Rad Inc., Canada). 

2.2.7 Bright field and fluorescence microscopy:
The interaction between the proteins and β-glucan was observed using bright-
field and fluorescence microscopy. Samples were observed with bright field 
microscopy (Axio Vert A1, Carl Zeiss, Germany) as previously reported.17 For fluo-
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rescence microscopy, proteins and β-glucan controls were stained separately. 
The proteins were stained with Fast Green FCF whereas β-glucan was stained 
with Calcofluor White. The protein-β-glucan mixtures were then stained with 
a mixture of both dyes, which consisted of 0.1% w/v Fast Green FCF solution 
and 0.05% v/v Calcofluor White at a ratio of 1:1 (v/v). The sample mixture (500 
µL) was gently mixed with 50 µL of the mixed dye as previously reported.18 The 
stained samples were observed on a slide under UV light using the DAPI channel 
with excitation/emission wavelengths of 353/465 nm for Calcofluor White and 
the Cy5 channel at 650/673 nm for Fast Green FCF, using the Axio Imager 2 micro-
scope equipped with an Axiocam 506 camera (Carl Zeiss, Germany). The Zen 2.3 
pro software (Carl Zeiss, Germany) was used to process the images. Relative fluo-
rescence intensities of β-glucan and protein were quantified from aggregates 
present in the stained mixtures using ImageJ software (NIH, Bethesda, MD).

2.2.8 Statistical analysis:
Results were reported as mean ± standard deviation of triplicate experiments. 
One-way analysis of variance with the post-hoc Tukey test was used to compare 
significant differences between means at a confidence interval of 95% (P < 0.05). 
Unpaired two-tailed t-test was used for analysis of the fluorescence image quan-
tification data.

2.3 Results and Discussion

2.3.1 Protein-β-glucan interaction:
In this study, a protein-β-glucan model system was set up to study how the in-
teraction of β-glucan with lentil or yellow pea protein can affect particle charac-
teristics of the protein, and the in vitro digestibility. Protein/β-glucan was mixed 
at mass ratios of 1:0.5, 1:1, and 1:2 and stirred for 2 h. While β-glucan exists in 
lower concentrations in foods, the selected ratios are relevant in understanding 
the mechanism of protein/β-glucan interaction in food product formulations and 
along the gastrointestinal tract. Lentil or yellow pea protein-β-glucan interaction 
was evaluated by measuring the amount of light transmitted by the mixtures. 
Absorption in the visible spectrum has been used to evaluate biopolymer interac-
tions that cause agglomeration or aggregation.11,13 Insoluble complexes formed 
from biopolymer interaction can increase the amount of light absorbed by the 
mixture hence reducing the amount of light transmitted. 

Although a dose-dependent change was not observed in the current study, per-
cent transmittance significantly reduced over 2 h in mixtures with the highest 
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β-glucan concentration. For lentil protein/β-glucan, there was a 14.78% (p < 0.05) 
absolute decrease at the highest β-glucan concentration. The most significant 
absolute decrease of 22.72% (p < 0.05) was observed for PPBG 1:2 mixture after 
2 h, as shown in Figure 2.1A&B. Decrease in transmittance indicates the forma-
tion of aggregates or agglomerates between the biopolymers. Thus, there is no 
apparent agglomeration or aggregation occurring in LPBG 1:0.5, 1:1, and PPBG 
1:0.5 mixtures based on transmittance. At pH greater than the isoelectric point, 
the net charge of the protein moves towards a negative net charge. Therefore, 
the near neutral pH of the mixtures in this study favored electrostatic repulsion 
between the proteins and the β-glucan.

Zielke et al.13 observed a decrease in transmittance upon the formation of 
insoluble complexes from whey protein/β-glucan ratios of 1:0.5, 1:1, and 1:2. 
Although pH 3-9 was used in the study, the observed change occurred at pH 
3-4. No changes were observed beyond pH 4. However, in the gliadin/β-glucan 
mixtures, a decrease in transmittance was only observed in the 1:2 mixture at pH 
3. This finding suggests that protein/β-glucan aggregation goes beyond pH and 
isoelectric point of the protein but also depends on the type of protein involved. 
Furthermore, a time-dependent change in turbidity previously reported for 
whey protein/β-glucan mixtures was attributed to phase separation of the bio-
polymers. The increase in turbidity was observed in mixtures with high molecular 
weight and concentrations of β-glucan.11

2.3.2 Particle characteristics of the protein/β-glucan mixtures:
Increase in the amount of β-glucan resulted in larger particle sizes, with a more 
substantial increase observed for the 1:2 mixtures (Figure 2.1C&D). There was 
a six-fold increase in the mean particle size for LPI/β-glucan 1:2 and 1.5-fold 
increase for PPI/β-glucan 1:2 when compared to the mean particle size of the 
respective proteins. The LPI control had a mean particle size of 281.93 ± 2.37 nm 
while PPI control had 267.20 ± 5.67 nm. Particle sizes of the LPI and PPI controls 
were similar to the values previously reported for pea proteins.19,20 Dynamic light 
scattering technique measures the biomolecular size as the average hydrody-
namic size of aggregates.19 Therefore, increase in particle size in the mixtures as 
the concentration of β-glucan increased could be attributed to the aggregation 
between the proteins and β-glucan. It was also observed that although transmit-
tance suggested less aggregation in LPI/β-glucan 1:2 compared to PPI/β-glucan 
1:2, the size distribution suggested otherwise. This could be because of the 
relatively higher sensitivity of DLS in detecting the aggregated species in LPI/β-
glucan. 
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Figure 2.1: Transmittance at 590 nm at 0 and 120 min of protein/β-glucan interaction for (A) 

lentil protein (LPI), lentil protein/β-glucan mixtures (LPBG), (B) pea protein (PPI), and pea 

protein/β-glucan mixtures (PPBG). Particle size distribution of (C) lentil protein/β-glucan 

mixtures and (D) pea protein/β-glucan mixtures. Particle characteristics of the proteins and their 

Figure 2.1: Transmittance at 590 nm at 0 and 120 min of protein/β-glucan interaction for (A) 
lentil protein (LPI), lentil protein/β-glucan mixtures (LPBG), (B) pea protein (PPI), and pea 
protein/β-glucan mixtures (PPBG). Particle size distribution of (C) lentil protein/β-glucan 
mixtures and (D) pea protein/β-glucan mixtures. Particle characteristics of the proteins and 
their β-glucan mixtures: (E) zeta potential (surface charge) and (F) polydispersity index (PDI). 

Experiments were conducted in triplicate prior to the simulated static digestion and bars with different 
letters in each chart indicate significantly different mean values (P < 0.05). 
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The PPI and LPI with β-glucan mixtures recorded significantly lower ζ-potential 
than the proteins (less negative), irrespective of the β-glucan amount (Figure 
2.1E). The ζ-potential indicates the electrical charge present on the surface 
of the biomolecules. This suggests some form of interaction of β-glucan that 
shielded the charged residues of LPI and PPI, thus reducing the ζ-potential of the 
mixtures. The reduced charge results in lower repulsion between the biopoly-
mers and thus lower stability of the particles, and agglomeration or aggregation. 
Before the simulated in vitro digestion, the protein and protein/β-glucan samples 
were at a neutral pH, above the isoelectric point of the proteins (pI 4.4-4.6).21,22 
Also, at low concentrations, the phosphate group of β-glucan are thought to 
be responsible for the negative charge.23 Thus, it is expected that the negative 
charge of both the protein and β-glucan would result in electrostatic repulsion 
between the polymers. 

Increasing β-glucan concentration resulted in an increase in PDI for both LPI/ 
β-glucan and PPI/ β-glucan mixtures. The increase in PDI was however higher in 
the lentil mixtures. The LPI control recorded a higher PDI than the PPI control 
(Figure 2.1F) and this could be associated with the differences in their surface 
charges. A PDI of 0.39 for pea proteins has also been reported by Wu et al.24 PDI 
is a measure of the broadness of molecular weight distribution of a formulation. 
A PDI close to 1 indicates a polydisperse formulation whereas values less than 
0.3 represent monodispersed formulations. Therefore, this suggests that the 
control samples have particles that are monodispersed or moderately vary in 
sizes and changes to be more disperse upon addition of β-glucan. Comparable 
increase in PDI has been observed on pea protein interaction with other biopoly-
mers.25 

2.3.3 Effect of β-glucan on in vitro digestibility and profile of the 
proteins: 
In this study, β-glucan decreased the in vitro digestibility of LPI and PPI. The DH 
obtained for the LPI and PPI control (1:0) was higher than that of the mixtures, 
irrespective of the β-glucan concentration (Figure 2.2A). PPI/β-glucan however 
recorded the most pronounced effect on digestibility with a relative decrease 
of 34.5% at 1:2 compared to protein alone. Protein interaction with β-glucan 
could produce complexes that are resistant to hydrolysis by gastric and intes-
tinal proteases. β-Glucan can also form viscous gels that hinder the digestive 
enzymes from accessing the proteins.5 However, it is unlikely that the β-glucan 
can significantly contribute to the viscosity of digesta at the concentrations used 
in the simulated digestion. Existing evidence show that the digestive enzymes 
do not directly affect the β-glucan structure. 26,27 Therefore, the differential ef-
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fect on the proteins could be attributed to difference in protein profile, which 
determines protein behaviour and interaction with the other biomolecules. Pea 
protein isolates obtained under the experimental conditions mainly consist of 
globulins (55-80%) and albumins (18-25%) with negligible amounts of gluten-

47 

 

Figure 2.2: (A) In vitro protein digestibility (%) of lentil protein and pea protein in the absence 

and presence of different concentrations of β-glucan after simulated static digestion; bars with 

different letters in each chart indicate significantly different mean values (P < 0.05). Native-

PAGE profiles of (C) lentil protein/β-glucan mixtures and (D) pea protein/β-glucan mixtures 

before and after simulated static digestion. [lentil protein control (LPI), lentil protein/β-glucan 

mixtures (LPBG), pea protein control (PPI), and pea protein/β-glucan mixtures (PPBG)] 

2.3.4 Brightfield and fluorescence imaging of the protein-β-glucan mixtures: The 

brightfield images in Figure 3 display the microstructures of the lentil and yellow pea protein 

solutions (Panel A, D), β-glucan solution (Panel B, E), and protein/β-glucan solution at 1:2 ratio 
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Figure 2.2: (A) In vitro protein digestibility (%) of lentil protein and pea protein in the ab-
sence and presence of different concentrations of β-glucan after simulated static digestion; 
bars with different letters in each chart indicate significantly different mean values (P < 
0.05). Native-PAGE profiles of (C) lentil protein/β-glucan mixtures and (D) pea protein/β-
glucan mixtures before and after simulated static digestion. [lentil protein control (LPI), 
lentil protein/β-glucan mixtures (LPBG), pea protein control (PPI), and pea protein/β-glucan 
mixtures (PPBG)]
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ins and prolamins.2,4 Conversely, lentil protein isolates are composed of 11% 
glutenins and 3% prolamins. Differences in the protein type, composition and 
structure from the two sources were also confirmed by the difference in degree 
of hydrolysis of the pea and lentil protein controls themselves. 

Discontinuous native PAGE was used to evaluate the profile of the legume 
proteins without denaturation. From the prominent bands observed in Figure 
2.2B&C, the proteins fall within a molecular weight range of 242-480 kDa. Stor-
age proteins including legumin, vicilin and convicilin, have molecular weights of 
320-410, 150-200, and 280-290 kDa, respectively.28–31 Lentil proteins are charac-
terized by legumin-like proteins with molecular weights of 320-380 kDa.3,32 After 
simulated digestion, the prominent bands disappeared and a less intense band 
appeared at 146 kDa. However, this shift does not happen in the 1:2 protein/β-
glucan mixture. As observed for LPI (Figure 2.2B), the bands disappeared after 
digestion of the PPI/β-glucan 1:2 mixture (Figure 2.2C). The decrease in band 
intensity with increasing β-glucan concentration suggests a possible entrapment 
of the existing protein molecules. However, this was not supported by the degree 
of hydrolysis data for LPI (Figure 2.2A).

2.3.4 Brightfield and fluorescence imaging of the protein-β-glucan 
mixtures:
The brightfield images in Figure 2.3 display the microstructures of the lentil 
and yellow pea protein solutions (Panel A, D), β-glucan solution (Panel B, E), and 
protein/β-glucan solution at 1:2 ratio (Panel C, F) after staining. The lentil pro-
tein (Panel A) contained small aggregates, indicated with arrows. The β-glucan 
solution (Panel B, E) displayed a connected structure that contains similarly sized 
aggregates. The lentil protein/β-glucan structure (Panel C) was largely homo-
geneous even with large sized aggregates present. The size distribution of the 
aggregates makes the mixture heterogeneous, which is supported by the high 
PDI value (Figure 2.1F). On the other hand, the yellow pea protein solution (Panel 
D) had a loose structure compared to the lentil protein structure (Panel A), in 
line with its lower PDI value. The yellow pea protein/β-glucan solution (Panel F) 
showed a compact structure with some smaller aggregates compared to lentil 
protein/β-glucan. These findings suggest the formation of aggregate between 
the yellow pea proteins and β-glucan. The larger aggregates observed in Figure 
2.3C may be the protein-fibre complexes responsible for reducing the digest-
ibility of lentil proteins at the highest β-glucan concentration.

Fluorescence imaging was used to enhance the visibility of the biopolymers and 
to confirm the protein-β-glucan interactions in relation to the effect on protein 
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digestibility. The protein/β-glucan solutions (1:2) were stained separately and 
imaged at the same location in the field (Figure 2.4). In the lentil protein/β-glucan 
mixture (Panel A-C), Panel C shows an overlap of the LPI (purple) and β-glucan 
(blue) signals suggesting that the lentil protein and β-glucan aggregated. The 
relative fluorescence intensities of both β-glucan and lentil protein confirm the 
presence of both species within the aggregates (Figure 2.4G). This supports the 
result obtained by brightfield imaging (Figure 2.3C). The lentil protein-β-glucan 
aggregates may have hindered the digestive proteases from accessing cleavage 
sites of lentil proteins leading to a decrease in protein digestibility. In contrast, 
the yellow pea protein/β-glucan mixture (Panel F) indicated that signals for both 
protein and polysaccharides are visible and mostly do not overlap but rather the 
pea protein and β-glucan separated into distinct phases in water (Figure 2.4H). 
Quantification of the relative fluorescence intensities of both biopolymers 
within the aggregates indicate a significantly lower amount of protein within the 
β-glucan aggregates. Rather, the protein is mostly localized in the open structure 
of the β-glucan network, except for a few interactions occurring at the interface 
of the biopolymers. Consequently, the yellow pea proteins were entrapped 
within the β-glucan network, thus physically obstructing the diffusion of the 
digestive enzymes. This significantly reduced yellow pea protein digestibility and 
supports the stronger effect of β-glucan on degree of hydrolysis of yellow pea 
protein. At mass ratio of 1:2, the relative decrease in in vitro digestibility of lentil 

 
Figure 2.3:  Brightfield microscopy images (A-F) at 40× magnification. (A) lentil protein 

solution, (B) β-glucan solution, (C) lentil protein/β-glucan solution at ratio 1:2, (D) pea protein 

solution, (E) β-glucan solution, (F) pea protein/β-glucan solution at ratio 1:2. Arrows indicate 

presence of aggregates. 
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Figure 2.3: Brightfield microscopy images (A-F) at 40× magnification. (A) lentil protein solu-
tion, (B) β-glucan solution, (C) lentil protein/β-glucan solution at ratio 1:2, (D) pea protein 
solution, (E) β-glucan solution, (F) pea protein/β-glucan solution at ratio 1:2. 

Arrows indicate presence of aggregates.
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Figure 2.4: Fluorescence microscopy images at 20× magnification. (A) Protein visualised with 

Fast Green FCF in lentil protein/β-glucan solution at ratio 1:2. (B) β-glucan visualised with 

Calcofluor White in lentil protein/β-glucan solution at ratio 1:2. (C) Both protein and β-glucan 

visualised with dye mixture in lentil protein/β-glucan solution at ratio 1:2. (D) Protein 

visualised with Fast Green FCF in pea protein/β-glucan solution at ratio 1:2.  (E) β-glucan 

visualised with Calcofluor White in pea protein/β-glucan solution at ratio 1:2. (F) Both protein 

and β-glucan visualised with dye mixture in pea protein/β-glucan solution at ratio 1:2. Scale 

bars indicate 50 µm. Relative fluorescence intensities of β-glucan and protein quantified from 

(G) (H) 

Figure 2.4: Fluorescence microscopy images at 20× magnification. (A) Protein visualised 
with Fast Green FCF in lentil protein/β-glucan solution at ratio 1:2. (B) β-glucan visualised 
with Calcofluor White in lentil protein/β-glucan solution at ratio 1:2. (C) Both protein and 
β-glucan visualised with dye mixture in lentil protein/β-glucan solution at ratio 1:2. (D) Pro-
tein visualised with Fast Green FCF in pea protein/β-glucan solution at ratio 1:2. (E) β-glucan 
visualised with Calcofluor White in pea protein/β-glucan solution at ratio 1:2. (F) Both pro-
tein and β-glucan visualised with dye mixture in pea protein/β-glucan solution at ratio 1:2. 

Scale bars indicate 50 µm. Relative fluorescence intensities of β-glucan and protein quantified from ag-
gregates present (n=1891) for (G) lentil protein-β-glucan and (H) pea protein- β-glucan mixtures. **** 
indicates that mean values are significantly different at P < 0.0001. 
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protein was 27.3% while that of yellow pea protein was 34.5%. Based on the 
ζ-potential (Figure 2.1E), the pea protein and β-glucan are negatively charged 
at a near-neutral pH, resulting in electrostatic repulsion among the molecules. 
The electrostatic stabilization explains the distinct phases formed where the pea 
protein occupied the pockets created by the β-glucan in water. In addition, all 
protein fractions in lentils have been reported to be glycosylated, thus causing 
a significant difference in lentil and yellow pea protein interaction behaviour.1,33 

2.4 Conclusion

In conclusion, lentil and yellow pea protein can interact with β-glucan in solution 
and this resulted in lower in vitro protein digestibility in the lentil protein/β-
glucan mixtures and the yellow pea protein/β-glucan mixtures compared to the 
proteins only. However, the extent of decrease in in vitro protein digestibility was 
higher in yellow pea protein/β-glucan mixtures. Based on fluorescence imaging 
of the aqueous mixtures, lentil protein and β-glucan formed aggregates whereas 
yellow pea protein was trapped within the β-glucan network forming distinct 
phases. Although lentil and yellow pea have similar protein types, the relative 
amounts of the fraction with different molecular features are different. Lentil 
proteins contain more glycosylated fractions, glutenins, and prolamins than yel-
low pea proteins, hence the different interaction behaviours with the β-glucan. 
These findings provide insight into the protein/fibre interactions that can occur 
in a food matrix, and confirms the possibility to modulate protein digestibility by 
changing the physical characteristics of the food matrix. 
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Abstract

In this study, the nature of lentil protein-tannic acid (LPTA) interaction and its ef-
fect on in vitro pepsin digestion were investigated. LPTA mixtures containing 1% 
w/v LP and 0.001-0.5% TA were prepared and characterized in terms of particle 
size, thermal properties, and secondary and tertiary structures. A twenty-fold 
increase in particle size was observed in LPTA0.5% compared to LP control (with-
out TA), indicating aggregation. Static quenching of tryptophan residues within 
the protein hydrophobic folds was observed. Increasing TA levels also enhanced 
protein thermal stability. Over 50% reduction in free amino groups of LPTA0.5%, 
relative to LP, was observed after pepsin digestion. Cleavage specificity of pepsin 
and peptidomic profile of LP were modified by the presence of TA in LPTA0.5%. 
This study showed that 0.5% w/v TA induced protein aggregation and reduced 
LP digestibility by hindering accessibility of pepsin to the protein network, thus 
modifying the profile of released peptides.

Keywords: lentil protein, tannic acid, in vitro protein digestibility, peptic diges-
tion, food matrix interaction, biomolecular interactions, peptidomics
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3.1 Introduction

Legume proteins, including lentil proteins, are gaining increasing attention 
due to their associated functional and bioactive properties. Their bioactivities 
include blood glucose regulatory, antifungal, antioxidative, and antihypertensive 
properties.1–3 Protein content of lentils varies from 20% to 30%, and comprises 
70% globulins, 16% albumin, 11% glutelins, and 3% prolamin fractions.4,5 Lentil 
seed proteins mainly exist as storage proteins, serving as a primary source of 
energy during seed development. 

Plant proteins, particularly legume proteins, are currently being considered as 
a more sustainable alternative for food applications, and functional food for-
mulations. However, in complex food matrices, protein interaction with food 
components can alter their structure and functionality. Secondary plant metabo-
lites, such as tannic acids, are abundant in specific food or added to functional 
food formulations due to their health benefits. To obtain these health benefits, 
they need to reach the absorptive site intact by escaping enzymatic hydrolysis 
or oxidative breakdown. Therefore, legume protein-polyphenol complexes can 
be used as a delivery option in functional food formulations.6 The interaction 
between legume proteins and tannic acid can modify protein structure and be-
havior, affecting their susceptibility to digestive enzymes and nature or amount 
of bioactive fractions of protein released after hydrolysis.7

A combination of hydrogen bonding and hydrophobic interactions has been 
suggested to occur between the hydrophobic and hydrophilic regions of the 
globular fractions of food proteins and tannins.8,9 The interaction begins with 
hydrogen bonds between the hydroxyl moiety of the tannin phenol group and 
the carbonyl group of the peptide, serving as an acceptor. It can advance to a 
hydrophobic bonding to yield complexes that can be soluble or insoluble. At 
a favorable protein-tannic acid ratio, and pH (around isoelectric point of the 
protein), insoluble complexes are formed due to reduced electrostatic interac-
tions.10–13 Although tannic acid binding might be non-specific, net charge, con-
formation, and size influence protein binding. Conditions, such as temperature, 
ionic strength, pH, and concentration, are also essential.14–16 The pH can affect 
the stability of the hydrophilic bond and be reversed. The effect of tannic acid on 
protein digestibility is influenced by the concentration of tannic acid present.10 
However, the native sequence and structure of proteins dictate the mechanism 
of protein-tannic acid interaction.9,17 
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The evaluation of possible modifications that occur after lentil protein and tan-
nic acid interaction, and the resulting effect on their digestibility are relevant 
to understand the effect of the interaction on the protein’s functionality and 
bioactivity. Hence, this study sought to find the effect of tannic acid interaction 
on particle characteristics, structure, thermal stability, peptide profile, and in 
vitro peptic digestibility of lentil proteins. Although in vitro peptic digestibility 
does not reflect overall digestibility, the physical state in which complexes are 
presented for digestion is relevant since the structure determines their suscep-
tibility to digestive enzymes, and the type of peptides released.

3.2 Materials and Methods

3.2.1 Materials:
Dry green lentils were donated by Pulse Canada (Winnipeg, Manitoba, Canada). 
Tannic acid (gallotannin, tannin, molecular weight 1701.20 g/mol) from Chinese 
natural gallnuts and pepsin (≥250 units/mg solid) from porcine gastric mucosa 
were purchased from Millipore Sigma (Burlington, MA, USA). NativeMark™ pro-
tein standard and GelCode™ blue safe protein stain were purchased from Fisher 
Scientific (Toronto, ON, Canada). Fast Green FCF (≥85%) was also acquired from 
Millipore Sigma (St. Louis, MO, USA). 

3.2.2 Lentil protein extraction:
Dry green lentil seeds were soaked overnight in a 1:3 (w/v) seed-to-water ratio 
at 20 °C. The soaked seeds were then freeze-dried after partial grind in a food 
processor (Waring commercial blender, Torrington, USA). Afterwards, the dried 
seeds were pulverised with a food processor into fine powder. Solution of the 
flour (10% w/v) was prepared in NaOH (0.05 M) and stirred constantly for 4 h 
with pH maintained at 10.0. The suspension was then centrifuged at 7000 × g, 4 
°C for 30 min. The supernatant was recovered, pH adjusted to 4.0 using 3 M HCl 
and stirred for 2 h to precipitate the lentil proteins. Thereafter, the resulting 
suspension was centrifuged at 7000 × g, 4 °C for 30 min. The pellet fraction was 
then resuspended in deionized water and pH adjusted to 7.0 with 3 M NaOH and 
freeze-dried. The lyophilized lentil protein powder (LPI) was stored at -20 °C. The 
LPI had 69.59 ± 5.77% protein content as determined by Lowry assay.

3.2.3 Preparation of lentil protein-tannic acid (LPTA) complexes: 
Stock solutions of LP powder (2% w/v) and TA (1% w/v) were prepared in deion-
ized water. Thereafter, the two solutions were mixed to obtain 1% w/v LP and 
0.001%, 0.005%, 0.01%, 0.05%, 0.1%, or 0.5% TA after diluting stock solutions 
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with deionized water.18 These samples are hereafter referred to as LPTA0.001%, 
LPTA0.005%, LPTA0.01%, LPTA0.05%, LPTA0.1%, and LPTA0.5%. For the control 
(LPI), the extracted lentil protein was mixed with deionized water in place of TA.

3.2.4 LPTA interaction study:
A 100 µL of LP stock and 100 µL of TA dilutions or water (as control) were added 
into a clear 96-well microplate. The plate was instantly shaken in a microplate 
reader (Tecan, Switzerland) for 20 s. The absorbance of the mixture was mea-
sured at 590 nm every 3 min for 162 min at 20 °C. Interaction between LP and TA 
was reported as percent transmittance using the relation: 

3.2.5 Surface properties of the protein-TA complexes determined by 
dynamic light scattering (DLS): 
The average particle size, ζ-potential, and polydispersity index (PDI) of LP-TA 
mixture or control (1 mL) were analysed with Zetasizer Nano ZS (Malvern In-
struments Ltd., UK) after equilibrating the suspension for 120 s at 25 °C. The 
measurement was carried out at a refractive index of 1.450, absorption of 0.001, 
in Milli-Q water (pH 7.0, refractive index 1.330, viscosity 0.8872 cP and dielectric 
constant 78.5). Results of triplicate analysis measured using the Smoluchowski 
model at F(ka) 1.50 and backscattered angle of 173° were reported. 

3.2.6 Fluorescence imaging:
Fluorescence microscopy was used to visualize the relative distribution of LP and 
TA after their interaction. LP was stained by mixing 50 µL of Fast Green FCF (0.1% 
w/v) and 500 µL of LPTA0.5%, and the mixture loaded on to a slide. The samples 
were visualized under UV light using the Axio Imager 2 microscope equipped 
with an Axiocam 506 camera (Carl Zeiss, Germany). The DAPI channel with excita-
tion/emission wavelengths of 353/465 nm was used for TA and the Cy5 channel 
at 650/673 nm for Fast Green FCF. The image processing was conducted with Zen 
2.3 pro software (Carl Zeiss, Germany).

3.2.7 Thermal stability determination using Differential Scanning 
Calorimetry (DSC): 
Differential scanning calorimeter (DSC Q2000, TA instruments, USA) was used to 
investigate the effect of LPTA interaction on the thermal stability of LP. About 
1.65–8.25 mg freeze dried LPTA mixtures were weighed into clean aluminum 
pans. Afterwards, pans were purged with pure nitrogen gas at a flow rate of 
20 mL/min. Samples were then heated to 25–250 °C at a scan rate of 10 °C/min 
as previously reported.19 With an empty pan as reference, the corresponding 
thermogram was recorded and Origin 9 software (OriginLab Corporation, USA) 
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was used to obtain the transition enthalpies from the integrated peak or dip area 
of the plot of 

 

pure nitrogen gas at a flow rate of 20 mL/min. Samples were then heated to 25–250 °C at 

rate of 10 °C/min as previously reported.19 With an empty 

thermogram was recorded and 

ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 (𝑚𝑚𝑚𝑚
𝑠𝑠 )

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑚𝑚𝑝𝑝𝑝𝑝𝑝𝑝 (𝑚𝑚𝑚𝑚)  𝑣𝑣𝑣𝑣 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑠𝑠). 

3.2.8 Interaction parameters determined from fluorescence quenching: 
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3.2.8 Interaction parameters determined from fluorescence 
quenching:
Fluorescence quenching technique was used to evaluate the nature and strength 
of LPTA interaction using a Varian Cary Eclipse (Agilent, USA). Stock solutions of 
LP (0.25 mg/ml) and TA (0.294 mM) were prepared in MilliQ water. Further dilu-
tions of TA were prepared to obtain 0.03–58.8 μM (0.0005 – 0.01% w/v) TA when 
mixed with equal volume of LP. Final LP concentration in the mixtures was main-
tained at 0.125 mg/mL (0.0125% w/v). The fluorescence intensity of the mixture 
at different TA concentrations were measured at 25 °C, using an excitation wave-
length of 280 nm for tryptophan.19 Binding parameters were calculated using the 
Stern-Volmer equations (Eq. 1-3) by assuming that fluorescence quenching is as 
result of LPTA binding.
F0/F0-F = 1/fK [Q] +1/f� (1)
F0/F = 1 + KQt0[Q] = KD[Q]� (2)
log (F0-F)/F = log KA + nlog[Q]� (3)

F and F0 are the fluorescence intensities in the presence and absence of TA 
respectively; f is the accessible fluorophore fraction; K is the Stern-Volmer 
quenching constant; [Q] is TA concentration; KQ is the bimolecular quenching rate 
constant; KD is the Stern-Volmer quenching constant; and to is the lifetime of the 
protein fluorophore in the absence of the quencher, usually in the order of 10-9 
seconds.19 KA is the binding constant and n is the substantive number of binding 
sites for TA. These parameters were determined from the plots of Eq. 1-3.

3.2.9 Circular dichroism (CD) spectroscopy:
The effect of LPTA interaction on the secondary structure of the proteins was 
evaluated by measuring the circular dichroism spectra with Jasco J-715 (Jasco 
International Corporation, Japan). A stock solution of LP (0.25 mg/ml) and TA 
(0.294 mM) were prepared in MilliQ water. The TA stock solution was diluted to 
obtain selected TA concentrations (0.001%, 0.005% and 0.01%). Equal volumes 
of LPI and the TA dilutions were then mixed. The resulting solutions contained 
0.0125 w/v% LPI, and 0.0005, 0.0025, 0.005 %w/v TA. MilliQ water was used as 
control. LPTA complexes containing 0.125 mg/mL (0.0125%w/v) LP was added to 
a quartz cuvette (path length of 0.01 cm). The sample was then subjected to a 
spectrum scan at 50 nm/min from 185 nm to 260 nm, and a bandwidth of 1 nm at 
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25 °C in nitrogen gas. CD Pro software was then used to estimate the composi-
tion of the protein secondary structures.19

3.2.10 In vitro peptic hydrolysis of proteins:
LPTA solutions containing 1% w/v LP and 0.001%, 0.005%, 0.01%, 0.05%, 0.1%, or 
0.5% w/v TA were constantly stirred for 30 min. Thereafter, pepsin stock solution 
(25000 U/mL) was prepared in Milli Q water. A 30-µL pepsin stock solution was 
added to 5 ml solutions of the complexes after adjusting pH to 3.0 with 1 M 
HCl. Samples were incubated at 37 °C for 2 h with constant shaking at 90 rpm. 
Afterwards, pH of digesta was adjusted to 7.0, vortex-mixed and frozen to halt 
enzymatic activities. In vitro peptic protein digestibility was determined by the 
o-phthaldialdehyde (OPA) method. Briefly, OPA reagent (225 µL) was added to 
30 µL of serine standard, blank (Milli-Q water), or sample solutions in a micro-
plate. The microplate was subjected to 2 min incubation with shaking at room 
temperature. The absorbance was read at 340 nm using a microplate reader 
(Tecan, Switzerland). The level of free amino groups was determined as previ-
ously reported and expressed as serine-equivalent.20

3.2.11 Determination of protein profile from discontinuous native 
polyacrylamide gel electrophoresis.
Native PAGE was conducted following the Mini-PROTEAN® Tetra cell instruction 
manual (Bio-Rad, USA). Polyacrylamide gradient gel (6%, 9%, 12%, 15%, and 18% 
w/v) and a 3% (w/v) stacking gel were cast. A sample buffer, comprising 1.25 mL 
Tris-HCl (0.5 M) with pH 6.8, 3 mL of glycerol, and 0.2 mL of bromophenol blue 
(0.5%) in 5.55 mL deionized water, was prepared and mixed with samples at a 
ratio of 1:2 v/v. The NativeMark™ protein standard (10 µL) was also loaded into 
the first well of the gel. A 15-µL aliquot of the sample buffer-sample solution was 
then loaded into separate wells. Afterwards, the loaded gel was mounted into 
a BioRad Mini‐PROTEAN Tetra Cell electrophoresis unit (Bio-Rad, USA) and run 
at 120 V for 90 min until the bands had migrated sufficiently. The gel was rinsed 
with deionized water and stained with 100 mL Coomassie Brilliant Blue R-250 
staining solution for 2 h and de-stained overnight. Image was acquired with a 
ChemiDoc MP Imaging System (Bio-Rad Inc., Canada).

3.2.12 Liquid chromatography with tandem mass spectrometry (LC-
MS-MS) of high molecular weight hydrolysates

Sample preparation
The LPI and LPTA0.5% digesta was adjusted to pH 4.0 to precipitate the high 
molecular weight hydrolysates. The samples were centrifuged for 30 min at 7000 
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× g, and 20 °C. The precipitates were then freeze-dried for characterization of 
the peptides. About 5 mg were solubilized in 1000 μL of the buffer consisting of 
20 mM HEPES, 5% glycerol, and 0.1% n-dodecyl β-d-maltoside (DDM). The portion 
of 100 μL was then reduced using 4 µL TCEP solution (100 mM) and incubated at 
25 °C for 55 min on a shaking plate at 450 rpm. Samples were then alkylated with 
4 µL iodoacetamide solution (500 mM) and incubated at 25 °C for 55 min on a 
plate shaking at 450 rpm. The resulting solutions were then acidified with formic 
acid (2 µL, 100%), vortexed, and centrifuged at 10,000 ×g for 30 s. Samples were 
desalted using C18 TopTips (Glygen) columns, as per the manufacturer’s instruc-
tions, then vacuum dried.

Nano-LC–MS/MS: 
Protein samples (~5  μg of protein) were analyzed by an Orbitrap Fusion mass 
spectrometer (Thermo Fisher Scientific) coupled to an UltiMate 3000 nanoRSLC 
(Dionex, Thermo Fisher Scientific) as previously reported.21

MS Data Analysis.
MS raw files were analyzed with MaxQuant (version 2.0.3.1) and the Andromeda 
search engine.22,23 Peptides were searched against a UniProt FASTA file for the 
tribe Fabeae (163743), encompassing 509 protein sequences (25.11.2020) and 
a contaminants database. Default parameters were used if not mentioned 
otherwise. Peptides from unspecific cleavage within the size of 6 to 25 amino 
acids were searched. N-terminal acetylation and methionine oxidation were set 
as variable modifications, and cysteine carbamidomethylation as fixed modifica-
tion. Peptides were identified with an initial precursor mass deviation of up to 
10 ppm and a fragment mass deviation of 0.5 A false discovery rate (FDR) of 0.01 
was applied at both peptide and protein level, determined by searching against 
a reverse sequence database. ‘Match between runs’ and ‘de-novo sequencing’ 
were enabled with default settings to increase the number of identified peptides 
within and among samples. 

Bioinformatic Analysis.
Proteins and peptides matching to the reverse database were discarded. The 
MaxQuant output tables were then loaded in the R programming environment 
where all subsequent analyses were conducted. Peptide properties were ob-
tained from the Peptides R package, cleavage site sequence logos were made 
with ggseqlogo and all other plots were produced with ggplot2. 
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3.2.13 Statistical analysis.
Mean ± standard deviation of triplicate experiments was reported, and one-way 
analysis of variance with the post-hoc Tukey test was used to determine signifi-
cant differences between mean values at P < 0.05.

3.3 Results and Discussion

3.3.1 Effect of LPTA interaction on the complex characteristics 

Transmittance:
Percent transmittance was used to quantify the interaction between LP and TA 
that affects transmission of light. Transmittance (%) of LPTA0.001%, 0.005% and 
0.01% were comparable to that of LPI control (0% TA), while LPTA0.05% and 
0.1% produced a slightly lower transmittance. There was an absolute decrease 
from 45.6% (for LPI control) to 4.6% for LPTA0.5%. Unlike other complexes, 
LPTA0.5% further reduced over the 162 min (Figure 3.1A). This shows that in-
creasing concentration of TA resulted in the formation of complexes that hinder 
the transmission of light. In addition, the slight increase observed in LPTA 0.05% 
and 0.1% could be due to disintegration of instant unstable aggregates formed 
initially while there was further aggregation in LPTA 0.5% over time. Kaspachak 
et al. (2020) observed an increase in turbidity of TA/BSA mixtures as the concen-
tration of TA increased.10 

The initial step of the complexation process involves hydrophilic bonding of TA 
hydroxyl groups to polar groups of the protein to produce possibly soluble par-
ticles, thus leaving a less hydrophilic covering on the protein surface. Therefore, 
a subsequent interaction among complexes yields aggregates and precipitates. 
In addition, TA can also initiate protein cross-linkages to form precipitates.10,24,25 
The current study shows that this phenomenon depends on the concentration 
of TA present. From the vast decrease (36.3%) observed from LPTA0.1% to 
LPTA0.5%, high concentration of TA seems to facilitate this process. The pH of 
the LPTA mixtures was neutral, which is above the isoelectric point of LP. The pH 
of LPI and LPTA0.5% were 7 and 6.4, respectively. Thus, the aggregation can be 
attributed to the formation of protein-tannic acid complexes. 
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Surface properties of the LPTA complexes:
Formation of complexes from LPTA interaction can be evaluated by assessing the 
particle characteristics of these complexes. The particle size distribution curve 
shows that about 70% of LPI particles were evenly distributed between 200 nm 
and 2000 nm (Figure 3.1B). Similar distributions were observed in LPTA0.001%, 

complexes. 
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Figure 3.1. Particle characteristics of mixtures. (A) Transmittance measured at 590 nm over 
162 min and (B) particle size distribution of lentil protein and lentil protein-tannic acid mix-
tures.
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0.005%, and 0.01%. Meanwhile about 96% of LPTA0.5% was within 3000-6000 
nm. Again, increasing TA concentration to 0.5% resulted in a significant increase 
(P < 0.05) in average particle size in LPTA0.5%. This twenty-fold increase in size 
suggests the formation of aggregates at high TA levels. In sodium caseinate/
TA complexes, average particle size increased when TA levels were increased to 
0.8% due to agglomerates formed from protein cross-linkages enhanced by high 
TA levels.26 Apart from LPTA0.001% and LPTA0.5%, all samples recorded a PDI 
of 0.6, indicating moderate heterogeneity in sample size distribution (Table 3.1). 
Similar observation was reported for sodium caseinate/TA complexes where, as 
TA levels increased, PDI approached 0.5.26 LPTA0.01% produced the most het-
erogeneous mixture while LPTA0.5% produced the least, with PDI of 1.00 and 
0.21, respectively. This confirms the particle size distribution observed, where 
over 90% of LPTA0.5% fall within a narrow range (3000-6000 nm). A strong sur-
face charge suggests a potential to partake in strong electrostatic interaction. 
Thus, a decrease in zeta potential indicates a lower stability of the biomolecule 
in solution, leading to aggregation. In this study, all mixtures recorded similar 
zeta potential (-40 mV) as the LPI control. This therefore suggests that the form 
of interaction happening does not affect the surface of the protein but rather 
involves the hydrophobic core of the proteins. Pea protein-TA complexes have 

Table 3.1. Particle characteristics, transition temperatures, and enthalpies of lentil/tannic 
acid mixtures. 

Sample Z-ave (nm) PDI ZP (mV)
Transition 

Temperature 
(ºC)

Transition 
enthalpies 

(J/g)

LPI 299.67 ± 
5.76a

0.58 ± 
0.04a

-41.2 ± 
2.08ab

143.2 36.7

LPTA 0.001% 213.50 ± 
6.21a

0.57 ± 
0.05a

-38.47 ± 
1.12a

143.6 67.1

LPTA 0.005% 211.03 ± 
3.52a

0.60 ± 
0.01a

-40.27 ± 
0.31ab

149.2 82.1

LPTA 0.01% 308.50 ± 
3.80a

1.00 ± 
0.00b

-41.77 ± 
1.00ab

113.4 32.7

LPTA 0.05% 193.13 ± 
1.07a

0.59 ± 
0.00a

-41.67 ± 
1.00ab

149.2 31.9

LPTA 0.1% 174.27 ± 
1.33a

0.59 ± 
0.00a

-42.90 ± 
0.79b

147.2 105.5

LPTA 0.5% 6128.00 ± 
1214.34b

0.21 ± 
0.06c

-39.90 ± 
2.71ab

182.3 107.1

Different superscript letters represent statistical difference in means.
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been reported to exhibit similar zeta potential values. However, Li et al. reported 
a substantial increase in negative surface charge as concentration of TA increased 
in the pea protein-TA complexes,18 indicating that protein-TA interaction could be 
occurring on the surface rather than within the hydrophobic core of the protein. 

Fluorescence imaging of LPTA mixtures. 
Visualization of the LPTA0.5% complexes by fluorescence microscopy further 
elucidated their interaction by showing their relative distributions. From the 
fluorescence images obtained, the protein and TA signals co-existed in the same 
location (Figure 3.2A-C). This indicates aggregation between protein and TA at 
0.5% w/v TA, hence the presence of large particles in the mixture, confirmed 
by the average particle size and the size distribution (Table 3.1 & Figure 3.1B). 
Moreover, the relative fluorescence intensities showed the presence of both 
protein and TA in the aggregates.
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Figure 3.2. Fluorescence microscopy images at 20× magnification. (A) Tannic acid in 

LPTA0.5%, (B) lentil protein in LPTA0.5% visualised with Fast Green FCF, and (C) merger 

of both lentil protein and tannic acid signals in LPTA 0.5%. Scale bars represent 50 μm. (D) 

Quantification of relative fluorescence intensities of tannic acid and protein in each aggregates 

present (n = 36,894). **** indicates significantly different mean values at P < 0.0001.   

 

Figure 3.2. Fluorescence microscopy images at 20× magnification. (A) Tannic acid in 
LPTA0.5%, (B) lentil protein in LPTA0.5% visualised with Fast Green FCF, and (C) merger 
of both lentil protein and tannic acid signals in LPTA 0.5%. Scale bars represent 50 μm. (D) 
Quantification of relative fluorescence intensities of tannic acid and protein in each aggre-
gates present (n = 36,894). 

**** indicates significantly different mean values at P < 0.0001.
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3.3.2 Nature and strength of LPTA interaction 

Intrinsic fluorescence and binding parameters: 
Examining the tryptophan fluorescence spectra provides insight into molecular 
interactions between a protein and other chemical compounds. From Figure 
3.3A, it was observed that when a constant concentration of LP was mixed with 
increasing concentration of TA, the fluorescence intensity decreased. The fluo-
rescence emission of the native LP peaked around 325 nm. The initial excitation 
scan showed the highest peak at 280 nm for tryptophan. Tryptophan is usually 
embedded within the hydrophobic core of the protein. Hence, decreasing fluo-
rescence intensity suggests binding of the tryptophan residues, a proximity of 
the binding sites to the tryptophan residue or binding of the ligand to a distant 
site that causes conformational changes in tryptophan residue.27 Therefore, the 
LPTA interaction occurs within the protein hydrophobic folds. Again, the maxi-
mum emission wavelength also increased, depicting a red shift. This suggests quenching is as a result of formation of a stable non-fluorescent complex that changes the 

conformation and secondary structure of LP.30 

 

Figure 3.3: (A) Fluorescence emission spectra of LPI at various concentrations of tannic acid. 

(B) Plot of F0/(F0-F) vs. 1/ [Tannic acid] for binding constant (K) determination. (C) Stern-

Volmer plot for quenching constant determination. (D) Plot of log(F0 - F)/F vs. log[Tannic acid] 

for determination of the number of bound tannic acid (n). 

Secondary structure: CD employs the absorption levels of the optically active and 

asymmetrical structure of amino acid residues to provide insight into the secondary structures 
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Figure 3.3: (A) Fluorescence emission spectra of LPI at various concentrations of tannic acid. 
(B) Plot of F0/(F0-F) vs. 1/ [Tannic acid] for binding constant (K) determination. (C) Stern-Vol-
mer plot for quenching constant determination. (D) Plot of log(F0 - F)/F vs. log[Tannic acid] 
for determination of the number of bound tannic acid (n).
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that increasing TA concentration enhanced polarity of the microenvironment of 
the tryptophan residues. Hydrogen bonding within the complexes change the 
molecular structural conformation of the protein and expose tryptophan resi-
dues. Similar quenching effect of TA on food proteins has also been reported by 
previous studies 27,28.

To further understand the mechanism of binding between LPI and TA, the Stern-
Volmer equation and plots were used to evaluate the binding parameters. From 
equation 1, a plot of 1/Q against F0/F0-F (Figure 3.3B) was used to determine 
the binding constant, K, and the accessible fluorophore fraction, f, assuming 
that quenching is directly associated with binding. The binding constant K was 
determined to be 5.6±1.44 ×105 M-1. This is higher than previous reports on pea 
protein-curcumin interactions suggesting the formation of stronger hydrophobic 
interactions.19 The accessible fluorophore fraction, f, was also estimated as 1.02. 
Equation 2 was used to find the quenching constant, KD, by plotting [Q] against 
F0/F, as shown in Figure 3.3C. The quenching constant, KD (1.8±0.04 ×106 M-1), 
obtained in this study, was higher than those of previous report on food protein 
and TA complexes 27, suggesting a high binding affinity. Xie et al. studied the 
interaction between TA and bovine serum albumin, egg ovalbumin, and bovine 
β-lactoglobulin. The highest quenching constant recorded (4.02×105 M-1) was re-
ported for bovine β-lactoglobulin, which is lower than KD recorded in the present 
study.27 This shows a higher binding affinity in LPTA complexes. 

A fluorophore quenching could be due to collision or complex formation with the 
quencher. The F0/F vs. [Q] plot was mostly linear, indicating that one quenching 
mechanism predominated. However, the bimolecular quenching rate constant, 
KQ, was found to be 1.8±0.04 ×1015 M-1S-1. KQ of 1010 M−1S−1 is the maximum for a 
quenching mechanism dependent on the diffusion of the quencher.29 Therefore, 
the current result points to a static quenching of tryptophan residues by TA. As 
calculated from Eq. 3 and shown in Figure 3.3D, approximately one (1.37±0.01) 
TA molecule was bound to a protein molecule in the complex. The static quench-
ing is as a result of formation of a stable non-fluorescent complex that changes 
the conformation and secondary structure of LP.30

Secondary structure:
CD employs the absorption levels of the optically active and asymmetrical struc-
ture of amino acid residues to provide insight into the secondary structures of 
proteins.31 The different fractions including α-helix, β-strands, and random coils 
generally produce varying positive and negative bands during the spectra scan 
from 185 nm to 260 nm. In this study, CD was conducted for selected concentra-
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tions of TA used in the fluorescence quenching spectroscopy to assess changes 
in the different secondary structure fractions that occurred due to complexation 
with TA. As shown in Table 3.2, increasing TA content caused an overall increase 
in the regular and distorted α-helix fractions. On the other hand, regular and 
distorted β-strand fractions remained constant but reduced marginally at the 
highest TA concentration. These findings concur with those reported by Zhao 
et al.28 The change in the secondary structure demonstrates that interaction in 
LPTA altered the hydrogen bonding in the proteins. These changes were sup-
ported by the concentration-dependent decrease in fluorescence intensity of 
proteins observed at the selected TA concentrations (Figure 3.3A).

Thermal stability:
Thermal stability is determined by disulfide bonds in globular proteins, propor-
tion of acidic/basic residues, and polar uncharged residues present.32 Thus, struc-
tural and conformational changes induced by interaction with TA can influence 
protein peak temperature and be evaluated by studying the thermal stability of 
the proteins.

The DSC thermograms (Figure 3.4) show that high concentrations of TA modi-
fied the thermal stability of LP. The transition temperature of LPTA0.5% was 
observed at 182.3 °C, compared to that of the LPI, which was 143.2 °C (Table 
3.1). The highest transition enthalpy was observed at 0.1% and 0.5% w/v TA. 
The transition enthalpy shows the level of structural unfolding of the proteins.32 
These observations indicate that high TA concentrations enhanced the thermal 
stability of the proteins, since a higher energy was required to modify the peak 
temperature of the protein. High peak temperatures suggest compact tertiary 
structure of the proteins, and disruption of hydrogen bonds holding the protein 
structure. High level of disulphide bonds can also enhance thermal stability.32 
The improved thermal stability of the proteins confirms that hydrogen bonding 

Table 3.2. Effect of lentil protein-tannic acid interaction on secondary structure.

LPI – tannic acid interaction at various tannic acid concentration

Tannic acid 
concentration 
(%w/v)

Secondary structure fractions (%)

Regular 
α-helix

Distorted 
α-helix

Regular 
β-strand

Distorted 
β-strand

Turn Unordered

0 2.4 5.5 26.0 12.2 22.7 31.3

0.0005 1.8 5.1 27.3 12.5 22.9 30.5

0.0025 3.3 5.8 26.5 12.6 22.4 29.4

0.005 8.4 6.5 24.5 11.6 21.3 27.6
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is involved in the maintenance of the LPTA complexes. The increased peak tem-
perature of the LPTA complexes at high TA concentration indicate the additional 
energy needed for the disruption of the hydrogen bonds holding their compact 
tertiary structure.32,33 Thus, lower peak temperatures were observed in the LPI 
control and complexes with low TA concentrations. 

Several peak temperatures of thermal denaturation, including 79.26 °C and 106.5 
°C, have been reported for lentil proteins, depending on the method of protein 
preparation or cultivar of lentils used.33,34 More important is the effect of high 
legumin content, since their solid structure makes them tougher to unfold.35 

3.3.3 Effect of TA on in vitro protein digestibility by pepsin. 
Insoluble complexes formed from LPTA interaction could hinder enzymatic 
hydrolysis of proteins, due to the hydrophobic obstruction of protein surface, 
coupled with a low gastric pH that favors the stability of protein-TA complexes. 
Particle characteristics of the mixtures demonstrate that LPTA0.5% resulted 
in the highest aggregation. This reflected in the content of free amino groups 
recorded after protein digestion by pepsin. As shown in Figure 3.5A, LPTA0.1% 
and 0.5% had the lowest free amino groups content, with LPTA0.5% showing a 
value that is 56.8% less than LPI. The insoluble complexes formed in LPTA0.5% 
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evidently played an integral role in hindering hydrolysis of the proteins. In a BSA-
TA mixture, in vitro protein digestibility of BSA was also hindered significantly.10 

At 0.1% w/v TA, random hydrophobic stacking of LP and TA could have further 
obstructed peptic hydrolysis.9 Gallotannin, which is a hydrolysable tannin, has 
been reported to effectively inhibit enzymatic activity even at low concentra-
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Figure 3.5: (A) Free amino nitrogen content after peptic digestion and (B) native 

polyacrylamide gel electrophoresis profiles of lentil protein/tannic acid mixtures. 
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tions, due to their high density and several hydroxyl groups.7 Moreover, previous 
reports suggest that the inhibition of peptic digestion by TA is more towards 
blockage of the protein surface than retarding pepsin activity.11 At low TA levels, 
the protein structures are altered by the hydrogen bonds occurring between 
LPTA, but the free amino groups were comparable to LPI. However, increasing to 
0.1% and 0.5% w/v caused a significant decline. These results show that peptic 
hydrolysis was reduced because TA physically hindered access to cleavage sites. 
However, it cannot be excluded that some tannic acid may have bound to pepsin 
and contributed to the overall inhibitory effect. Tannins can bind to the free 
enzyme or the enzyme-substrate complex, although they bind more tightly to 
the free enzymes.7

From the Native PAGE, most prominent bands in LPI, and LPTA mixtures were 
observed slightly above 242 kDa. This represents legumin, which has molecular 
weight of 300–400 kDa. Faint bands observed beneath 146 kDa could be due 
to vicilin, which has a molecular weight range of 145–190 kDa.36. In addition, 
bands in the digested LPI sample shows the presence of low molecular weight 
peptides (<20 kDa) after peptic hydrolysis (Figure 3.5B). Prominent bands were 
also observed in digested samples of LPTA0.001–0.1%. These bands were also 
mostly below 20 kDa. However, at 0.1% w/v TA, the low molecular weight bands 
were less prominent, while other faint bands emerged slightly above 66 kDa. The 
LPTA0.5% wells had no bands, even after digestion. This confirms the formation 
of large complexes with molecular weights likely beyond 1,048 kDa, or those 
that exhibit low solubility in the buffer, hence the significantly lower digestibility 
observed in LPTA0.1% and LPTA0.5% compared to LPI.

3.3.4 Characteristics of high molecular weight hydrolysates:
High molecular weight hydrolysates obtained after pepsin digestion of LPTA0.5% 
and LPI (control) were characterized with LC-MS-MS. Due to an incomplete pro-
tein sequence database on UniProt for Lens culinaris subsp. culinaris (Cultivated 
lentil; Taxonomy identifier 362247), the tribe Fabeae (163743) encompassing 
509 protein sequences was used as a reference for peptide identification. 

Pepsin is described to exhibit a broad cleavage specificity, but preferably cleaves 
after hydrophobic and bulky residues such as phenylalanine and tyrosine to 
produce high molecular weight polypeptides.37 Therefore, the MS spectra were 
processed with unspecific cleavage and a peptide length ranging from 6-25 resi-
dues. A total of 1,146 peptides were identified from the high molecular weight 
hydrolysates of LPI and LPTA0.5% (Figure 3.6A), with 589 overlapping peptides 
among the two samples. Therefore, more peptides were released from the high 
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Figure 3.6: Characteristics of high molecular weight hydrolysates obtained after pepsin di-
gestion of LPI (control), and LPTA0.5%. (A) Number of peptides released, (B) percentage 
of lengths of identified peptides, (C) percentage of residue group types, (D) distribution 
of amino acid residues of peptides, (E) distribution of peptide isoelectric point (pI), and (F) 
distribution of peptide hydrophobicity index (Kyte-Doolittle scale).
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molecular weight fraction after digesting LPI with pepsin, whereas the complexes 
in LPTA0.5% reduced the cleavage of the native proteins. The principal proteins 
in lentils and globulins, comprising legumin and vicilin, have molecular weights of 
about 300–400 kDa and 145–190 kDa, respectively.36 Hence, these proteins may 
not be completely hydrolyzed, thus releasing high molecular weight peptides. A 
concurring finding indicates that most of the pulse proteins that escape in vitro 
digestion are globulins, 7S vicilin and 11S legumins.38

Over 50% of the peptides identified in each sample have 8–14 residues (Figure 
3.6B). Only 3.7% of the overlapping peptides had 20–25 residues, whereas 10.6% 
of the LPTA0.5% peptides were 20–25 long. Hence, over 50% ‘small’ peptides 
were produced in all three groups (Fig. 3.6C). Similar polar and non-polar frac-
tions were observed for all the groups. Generally, the amino acid composition 
of LPI residues were comparable to the overlap peptides, except for a lower 
amount of Phe and a higher amount of Ser (Fig 3.6D). LPTA0.5% recorded slightly 
lower amounts of Pro, Tyr, Trp, and a considerably higher amount of Asn and Glu. 
This shows that LPTA complexes altered the distribution of amino acid residues 
released. 

The physicochemical properties including isoelectric point (pI), and hydrophobic-
ity of peptides were also estimated (Figure 3.6E & F). Majority of the peptides 
had a pI of 4.0. About 60.63% of LPTA0.5% peptides recorded a pI of 3.5–4.5, 
whereas 41.65% of LPI peptides were within this range. The grand average of hy-
dropathicity (GRAVY) was estimated with the Kyte-Doolittle scale, where a score 
below 0 indicates hydrophilicity while values above 0 indicate hydrophobicity.39 
The most occurring score of the overlapping peptides, unique peptides in LPI, 
and peptides in LPTA0.5% were observed at -0.6, -1, and -0.8, respectively. Thus, 
peptides produced were mostly hydrophilic.

Finally, the cleavage motifs were compared among the three groups of peptides 
(Figure 3.7). Leu, Phe, and Glu were mostly involved in the cleavage motif of 
LPI and the overlapping peptides. On the other hand, Leu, Glu, Phe, Asn, and 
Asp were involved for LPTA0.5%. It was also observed that in LPTA0.5%, pepsin 
exhibited less specificity for major residues, Leu, and Phe, whereas Asn and Gln 
participated significantly in its cleavage window. Considering that pepsin pre-
fers to cleave after Phe and Leu, the modified cleavage specificity observed in 
LPTA0.5% showed that the cleavage specificity of pepsin was modified by the 
presence of TA in LPTA0.5%, resulting in the decreased digestibility of LPTA0.5% 
compared to LPI.
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3.4 Conclusion

In conclusion, LPTA interaction yielded complexes with modified particle size. 
Based on fluorescence spectroscopy, it was observed that the interaction oc-
curred within the protein hydrophobic folds. At 0.5% w/v TA, the secondary struc-
ture of LPI was modified and the thermal stability enhanced. The fluorescence 
imaging of the complexes showed that both biopolymers aggregated together, 
hence their signals co-existed in the same location. The decreased in vitro peptic 
digestion suggested that the LPTA complexes obstructed the protein surface 
and inhibited access of pepsin to the protein. The hydrolysates obtained after 
the pepsin digestion had mostly 8–14 residues. However, LPTA0.5% hydrolysates 
contained about three times more of larger peptides than LPI. Therefore, TA 
modified the cleavage specificity of pepsin, hence altering the type and size of 
peptide fragments released. Findings from this study confirm the possibility 
that LPTA interaction and its effect on digestibility are dependent on TA levels 
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in the matrix. For the first time, the peptides released after pepsin hydrolysis of 
LPI were characterized. This study provides a framework for further studies on 
peptides that resist the entire simulated in vitro digestion, which will provide in-
depth understanding of the possible outcome of LPTA interaction on the distal 
gut region and gut microbiota. 
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Figure 3.S1: 

Jasco J-715 spectropolarimeter (Jasco International Corporation, Japan). MilliQ wa

used as blank. 

 

 

 

 

 

 

 

 

 

Figure 3.S1: Circular dichroism spectra of lentil protein isolate (LP) in the absence (LPI) and 
presence of different concentrations of tannic acid (LPTA). 

The spectra was obtained with Jasco J-715 spectropolarimeter (Jasco International Corporation, Ja-
pan). MilliQ water was used as blank.
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Abstract

Glycation enhances plant protein techno-functionality; however, digestibility 
and the equilibrium between peptides absorbed and those reaching the colon 
can be altered. This study evaluated how undigested glycated lentil proteins, po-
tentially reaching the colon affect the gut microbiota using batch fermentation 
and the Simulator of Human Intestinal Microbiome Ecosystem (SHIME®). Lentil 
protein-fructose mixtures were incubated at 60°C for 0, 24, or 48h (conjugates 
labelled LP+Fr0, LP+Fr1, LP+Fr2). Maillard reaction markers increased by over 
10-fold and in vitro protein digestibility decreased by 23.5% after 48-h incuba-
tion. Short- and branched-chain fatty acids produced by 48h-fermentation of 
the insoluble hydrolysates of conjugates were comparable. LP+Fr2 hydrolysates 
caused 42% relative increase in Bacteroidetes in the proximal colon of Donor 1 
whereas 26% increase was observed with LP+Fr0 hydrolysates. Bacteria popula-
tion profile in the colon sections was differentially modulated depending on the 
donor. Our findings show that the extent of glycation does not affect short- and 
branched-chain fatty acid levels produced in the colon, while the effect on micro-
biota population is dependent on host and colon section.

Keywords: Maillard reaction, plant protein digestibility, gut microbiota, SHIME, 
lentil proteins, food protein fermentation, dietary Advanced Glycation end-
products (dAGEs)
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4.1 Introduction

To meet the protein needs of the increasing global population, the variety of 
food protein sources must be widened. Hence, plant protein sources, such as 
pulses, continue to receive attention as sustainable alternatives to traditional 
animal protein sources. Pulses are widely consumed, even in areas where food 
security is a challenge. Moreover, previous reports have shown that pulse protein 
hydrolysates can provide beneficial functions, such as blood glucose modulation 
by inhibiting the activities of α-amylase, α-glucosidase, and dipeptidyl peptidase 
IV [1,2]. The health benefits of pulse protein consumption have also prompted an 
increase in their acceptance in food products.

Beyond their nutritional value, the techno-functional properties of food pro-
teins are relevant in food product applications. Traditional food applications 
of proteins have been from animal sources; however, due to the need for more 
sustainable alternatives, pulse proteins are being considered for their suitability 
in food product applications. The major challenge of pulse proteins is the com-
pact globular structure of their predominant proteins and their high molecular 
weight which limits their techno-functionality [3,4]. For instance, pulse proteins 
are mostly seed storage proteins with hydrophobic compact structures, whereas 
milk and egg proteins are hydrophilic and hence more soluble [4]. 

The solubility of proteins is key in several functional properties, such as emul-
sification, foaming, gelling, and water absorption capacity [3,5]. Due to the low 
solubility of pulse proteins, their use in food products is challenging, hence 
physical, chemical, and/or biochemical modifications are needed to improve their 
functionality. Additionally, pulses have undesirable flavours. Harsh pH condi-
tions used during pulse protein extraction can also cause structural changes [6]. 
Physical treatments, such as heating, can denature the proteins and expose the 
hydrophobic residues that are usually within the core of the protein structure. 

Pulse proteins can be made more hydrophilic by changing the pH and net charge 
or forming conjugates with hydrophilic compounds, such as sugars and polysac-
charides. Glycation has proven effective in improving the functional properties 
of plant proteins, since the amino group side chains of the proteins bind to 
the reactive sides of the sugars to produce hydrophilic products [5,7,8]. Glyca-
tion of the proteins occurs in the initial stage of Maillard reaction to produce 
intermediate Amadori products, and advances further to produce melanoidins 
as end products. Melanoidins are brownish nitrogenous polymers [3,9]. Previous 
reports show that the effect of glycation on the functional properties of the 
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proteins depends on the extent or stage of Maillard reaction. The early stage 
enhances the functional properties of the proteins, whereas advanced glycation 
yields off-flavours, reduced digestibility, and protein cross-linkages [3,7]. 

Glycation in foods can progress to the advanced stage of the Maillard reaction, 
where irreversible structural modification of the protein occurs, hence affect-
ing protein digestibility [10,11]. After protein hydrolysis in the small intestine, 
partially hydrolysed and unabsorbed polypeptides move to the colon, where 
they can interact with the microbiota. If the proteins are modified, their digest-
ibility and the nature of hydrolysates that reach the colon can be affected [11]. 
Additionally, this change can influence the metabolites and population profile 
of the gut microbiota [10,11]. Dominika et al. reported higher abundance of com-
mensal bacteria when the gut microbiota was exposed to glycated pea proteins 
compared to non-glycated proteins, whereas levels of short- and branched-chain 
fatty acids produced were not significantly different [12]. 

Maillard reaction is common in processed foods with high protein content, 
whether animal sourced or plant-based, yet the effect of glycation on behaviour 
of proteins along the gastro-intestinal tract has not been extensively studied. This 
gap in literature is particularly notable for plant proteins. This study therefore 
aimed to evaluate the impact of glycation on the digestibility of lentil proteins 
as a model plant protein. Additionally, we studied the effect that the insoluble 
fraction of glycated lentil protein hydrolysates that potentially reach the colon 
has on gut microbiota metabolites and population, using batch fermentation and 
the Simulator of Human Intestinal Microbiome Ecosystem (SHIME®).

4.2 Materials and Methods

4.2.1 Materials
Dry green lentils (Lens culinaris) were purchased from a local grocery store in 
Wageningen, Netherlands. D-Fructose was purchased from Merck Life Science 
NV, Netherlands. Pepsin (from porcine gastric mucosa, ≥250 units/mg solid), 
pancreatin (from porcine pancreas, 8× USP specification), and bile extract (from 
porcine) were purchased from Merck Life Science NV, Netherlands. NuPAGE® LDS 
Sample buffer (4X), NuPAGE® SDS Running Buffer (20X), and NuPAGE®12% Bis-
Tris Gel (1.0 mm, 10 Well) were purchased from ThermoFisher Scientific, Neth-
erlands. Coomassie Brilliant Blue R-250 Staining Solution was purchased from 
Merck Life Science NV, Netherlands. BlueRay Prestained Protein Marker 10–180 
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kDa was purchased from Jena Bioscience GmbH, Germany. Ammonia Assay Kit 
(Rapid) was purchased from Megazyme Ltd, Netherlands.

4.2.2 Lentil protein extraction
Green lentil seeds were soaked in water (1:3 w/v) at 20°C overnight, freeze-dried, 
and milled into fine powder using a food processor. The flour was suspended in 
0.05 M NaOH (10%, w/v), and pH was adjusted to 10 to solubilize the proteins. 
The suspension was stirred constantly for 4 h and then centrifuged at 7000 g for 
30 min at 20 °C. The solubilized proteins in the supernatant were precipitated by 
adjusting pH of the supernatant to 4 and stirring for 2 h. pH was adjusted using 3 
M HCl and 3 M NaOH. Afterwards, the suspension was centrifuged at 7000 g for 
30 min at 20°C. The extracted lentil proteins (LP) were recovered as pellets and 
lyophilized. Prior to lyophilization, the pH was adjusted to 7. The protein content 
of LP was 67.67±0.20%, as determined by the Dumas method. The nitrogen: 
protein conversion factor of 5.5 was used as suggested by Mossé [13].

4.2.3 Glycation of lentil proteins
LP and D-fructose stock solutions (5% w/v) were prepared in deoinized water. 
Equal volumes of LPI and fructose stock solutions were mixed and lyophilized. 
The dry LP-fructose powder samples were incubated at 60°C in a desiccator with a 
relative humdity of 79% [14]. Relative humdity was achieved by adding saturated 
potassium bromide solution to the desiccator. The samples were incubated for 
0, 24, and 48 h and hereafter referred to as LP+Fr0, LP+Fr1, and LP+Fr2, respec-
tively. After incubation, samples were stored at –20°C until subsequent analysis.

4.2.4 Determination of particle size distribution
The particle size distribution of the glycated and non-glycated proteins were de-
termined by dynamic light scattering using a Malvern Zetasizer. Sample solutions 
containing 1 mg/mL protein were prepared in Milli-Q water. A disposable cuvette 
was filled with a 1 mL aliquot, and the particle sizes were measured. Duplicate 
measurements were performed for each sample.

4.2.5 Evaluation of molecular weight profile of glycated proteins by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)
The molecular weight profile of the glycated and non-glycated LPs were evalu-
ated by SDS-PAGE according to the NuPAGE® electrophoresis system manufac-
turer’s instruction. First, 2 μL of LP, LP+Fr0, LP+Fr1, and LP+Fr2 (with protein 
concentration of 0.5–1 mg/mL) were mixed with 5 μL of LDS sample buffer and 
15 μL MilliQ water. The mixture was centrifuged for 1 min at 20°C, 2000 rpm. 
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Thereafter, the samples were incubated at 70°C for 10 min and spinned again at 
2000 rpm and 20°C for 1 min. The protein marker (5 μL) and samples (10 μL) were 
loaded unto the gel wells. The electrophoresis was run at 200 V for 35 min. The 
gel was then gently rinsed with water and stained with Coomassie Brilliant Blue 
R-250 Staining Solution for 1 h at 20°C. De-staining was performed overnight 
with a washing buffer (containing 10% ethanol, 7.5% acetic acid, and Milli Q 
water) until the background colour of the gel was removed.

4.2.6 Determination of Maillard reaction markers by LC-MS/MS
The levels of furosine, Nε-(carboxymethyl)-L-lysine (CML), and Nε-(carboxyethyl)-

L-lysine (CEL) were determined using a high-pressure liquid chromatograph 
(HPLC) (Ultimate 3000, Thermo Scientific, USA). The HPLC was coupled with a 
TSQ Quantum triple quadrupole mass spectrometer (Thermo Finnigan, San Jose, 
CA, USA). Prior to sample loading, 200 μL of 5 mg/mL of LP, LP+Fr0, LP+Fr1, and 
LP+Fr2 were hydrolysed under a fume hood in a capped heating tube containing 
4 mL 6 M HCl [14]. The headspace of the tubes was saturated with nitrogen to 
limit oxidation. The tubes were incubated at 110°C for 22 h. After incubation, 
the sample was filtered with 0.2 μm PTFE filters, and 500 μL of the filtrate was 
transferred to an Eppendorf tube and dried completely with nitrogen gas. The 
dried samples were reconstituted in 490 μL of Milli Q water and mixed with 10 μL 
of internal standard mix to reach 25 ppm of d4-Fur, d4-CML and d4-CEL [15]. Solid-
phase extraction was performed, as described. [16]. The elutes were evaporated 
at 35°C and reconstituted in 200 μL 50% acetonitrile. The solution was centri-
fuged at 800 g and 20°C for 1 min. The supernatant was transferred into a vial, 
and 10 μL was loaded into the LCMS/MS system, as previously reported [14]. A 
reversed-phase core shell HPLC column was used for separation. The levels of 
furosine, CML, and CEL were determined using a calibration curve of known con-
centrations (0.025–10 ppm) standard against the corrected area (analyte peak 
area/internal standard peak area) [14,15].

4.2.7 Simulated in vitro gastrointestinal digestion
LP and glycated LP samples were subjected to the COST INFOGEST method of 
simulated in vitro gastrointestinal digestion [17]. In the oral phase, each 5 g of 
LP and glycated LP samples was mixed with 3.5 mL of simulated salivary fluid, 25 
μL of 0.3 M CaCl2, and 1.475 mL of MilliQ water. The mixture was incubated at 
37°C for 2 min. Thereafter, the bolus (10 mL) was mixed with 7.5 mL simulated 
gastric fluid, and pH was adjusted to 3 using 1M HCl. A 1.6 mL aliquot of pepsin 
stock solution (25000 U/mL) was added to reach a concentration of 2000 U/mL. 
Additionally, 5 μL of 0.3 M CaCl2 was added. The final volume of the bolus was 
adjusted to 20 mL using MilliQ water and incubated at 37°C for 2 h with constant 
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shaking. After the gastric phase, the pH was adjusted to 7 using 1 M NaOH. For 
the intestinal phase, 11 mL of simulated intestinal fluid and 40 μL of 0.3 M CaCl2 
were mixed with the gastric chyme. Additionally, 2.5 mL of fresh bile stock solu-
tion and 5 mL of pancreatin stock solution were added to the chyme. The final 
concentrations of bile and pancreatin in the chyme were 10 mM and 100 U/mL 
(based on trypsin activity), respectively. The volume of the intestinal chyme was 
adjusted to 40 mL using MilliQ water and incubated for 2 h at 37°C with constant 
shaking. At the end of the intestinal phase, the digesta were immediately stored 
in a –20°C freezer to halt enzymatic activities.

4.2.8 Determination of degree of hydrolysis (DH)
The degree of hydrolysis after the intestinal phase of in vitro digestion was 
determined using the o-phthaldialdehyde (OPA) method [18]. First, the OPA 
reagent was prepared by adding 3.81 g sodium tetraborate to a flask containing 
80 mL Milli Q water. Subsequently, 0.088 g dithiothreitol, 0.1 g sodium dodecyl 
sulphate, and 0.080 g OPA dissolved in 2 mL ethanol were added to the solution. 
Milli Q water was further added to the flask, resulting in a volume of 100 mL. L-
serine (0.15–0.0125 mg/mL) was prepared and used for a standard curve. A 400-
μL aliquot of the standard, blank (Milli Q water), or digested samples were added 
to 3 mL of the OPA reagent, mixed for 5 s, and incubated at room temperature 
for 2 min. The absorbance of the resulting solution was measured at 340 nm 
using a spectrophotometer (Varian Cary® 50 UV-Vis). DH was then determined 
as free amino groups from digestion/free amino groups from acid hydrolysis 
and expressed as a percentage. Acid hydrolysis was performed by mixing 5 g of 
samples (LP, LP+Fr0, LP+Fr1, and LP+Fr2) with 40 mL of 6 M HCl and incubating 
at 100°C for 24 h.

4.2.9 Acid precipitation of digesta
The pH of LP+Fr0, LP+Fr1, and LP+Fr2 digesta were adjusted to 4 under constant 
stirring for 30 min. The suspension was then centrifuged for 30 min at 7000 g and 
20°C. The sediment (recovered as insoluble and high molecular weight peptides) 
was freeze-dried. The recovered insoluble high molecular weight hydrolysates of 
LP+Fr0, LP+Fr1, and LP+Fr2 were hereafter referred to as LP+Fr0-H, LP+Fr1-H, 
and LP+Fr2-H, respectively.

4.2.10 Batch fermentation
The high molecular weight hydrolysates from the glycated LPs (LP+Fr0-H, 
LP+Fr1-H, and LP+Fr2-H) were used in a batch fermentation set-up to evaluate 
their effect on the metabolism of gut microbiota. Buffered colon medium was 
prepared with 5.22 g K2HPO4, 16.32 g KH2PO4, 2 g NaHCO3, 2 g yeast extract, 2 
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g peptone, 1 g mucin, 0.5g L-cysteine HCl, and 2 mL Tween-80 in 1 L deionized 
water. A phosphate buffer was prepared with 8.8 g K2HPO4, 6.8 g, 0.1 g KH2PO4, 
and 0.1 g sodium thioglycolate in 1 L of deionized water. The medium, phosphate 
buffer, and penicillin bottles and their caps were sterilized before use.

Preparation of faecal inoculum:
Faecal samples were donated by three non-smoking healthy donors with normal 
body mass indices and no recent histories of antibiotic use. The faecal inoculum 
was prepared by mixing fresh faecal samples with phosphate buffer at 200 mg/
mL in a stomacher bag. The mixture was homogenized with a mixer for 10 min at 
300 rpm. The suspension was centrifuged at 500 g for 2 min at 20°C. The super-
natant was recovered as the faecal inoculum. The faecal inoculum was prepared 
in a biosafety cabinet.

Thereafter, 21.5 mL medium and 10 mL sterile deionized water were added to 
the penicillin bottles and tightly closed with rubber caps and aluminium [19]. 
LP+Fr0-H, LP+Fr1-H, and LP+Fr2-H were added to reach a concentration of 1% 
w/v. Phosphate buffer was used as control. The bottles were flushed with nitro-
gen gas for 30 min to initiate anaerobic conditions. The faecal inoculum (3.5 mL) 
was added to the penicillin bottles. The bottles were incubated at 37°C under 
mild rotation for 48 h. The samples were obtained at 0, 6, 24, and 48 h for further 
analysis of microbial metabolites.

4.2.11 Simulator of the human intestinal microbial ecosystem (SHIME®)
From the levels of metabolites obtained from the batch fermentation, LP+Fr0-H 
and LP+Fr2-H were selected to evaluate the effect of partially digested glycated 
LPs in the proximal and distal colon. The SHIME® system (PRODIGEST, Belgium) 
was used to simulate the colon, as previously described [20]. Briefly, the triple 
SHIME® comprising two connected double jacketed vessels was used to simulate 
the proximal and distal colon. Three sets of PC and DC vessels were used for the 
basal medium (as control), LP+Fr0-H, and LP+Fr2-H.

Pre-stabilized faecal inocula from two non-smoking adult donors were used. 
Both donors had no history of probiotic or antibiotic use over the previous 6 
months and no history of irritable bowel syndrome. The faecal inoculum was 
adapted to the SHIME® basal medium for 3 days before treatments were added. 
The basal medium comprised 1.2 g/L arabinogalactan, 2.0 g/L pectin, 0.5 g/L xy-
lan, 0.4 g/L glucose, 3.0 g/L yeast extract, 1.0 g/L peptone, 3.0 g/L mucin, 0.5 g/L 
L-cysteine-HCl, and 4.0 g/L starch. PC vessels contained 500 mL at pH 5.6–5.9, and 
DC vessels contained 800 mL at pH 6.6–6.9. During the adaptation period, 140 
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mL of basal medium was added to the vessels every 8 h. After the adaptation, the 
treatment period of 10 days was initiated [21]. Growth media for the treatments 
were prepared by replacing 2.5 g/L starch in the basal medium with 2.5 g/L of 
either LP+Fr0-H or LP+Fr2-H. Every 8 h, 140 mL of growth medium was added to 
the system. Samples were taken on day 0, 1, 2, 3, 4, 7, 8, 9, and 10 at same time 
of the day. The aliquots were centrifuged at 9000 g, 4°C for 5 min. Supernatants 
and pellets were stored separately at –20°C until further analysis.

4.2.12 Determination of levels of short- and branched-chain fatty 
acids produced
Supernatants obtained from fermentation were filtered using 15 mm of 0.2 µm 
RC filters. Calibration standard solutions (10–750 ppm) of acetic acid, propionic 
acid, butyric acid, valeric acid, isobutyric acid, and isovaleric acid were prepared. 
The internal standard containing 0.45 mg/mL of 2-ethylbutyric acid (in 0.3 M HCl 
and 0.9 M oxalic acid) was used. The filtered samples (100 μL) were mixed with 
50 μL of internal standard in vials. The levels of short chain fatty acids in the 
samples were measured using the Shimadzu GC2014 gas chromatograph (Kyoto, 
Japan) coupled with a flame-ionization gas detector (FID). Additionally, 1 μL of 
the mixture was injected into a capillary fatty acid-free Stabil wax-DA column (1 
µm × 0.32 mm × 30 m) (Restek, Bellefonte, PA, USA).

4.2.13 Determination of levels of ammonia produced
Levels of ammonia produced were measured according to the microplate assay 
procedure provided by the kit manufacturer. Briefly, 210 μL of distilled water, 
30 μL of assay buffer, and 20 μL of NADPH solution were added to blank wells. 
To the sample and standard wells, 10 μL of sample (supernatants obtained from 
fermentation) or standard, 200 μL of distilled water, 30 μL of assay buffer, and 20 
μL of NADPH were added. The plates were mildly shaken to mix the solutions in 
the wells and incubated for 2 min. The absorbance at 340 nm was read after the 
initial incubation. Glutamate dehydrogenase solution (2 μL) was added to each 
well and incubated again for 5 min. The final absorbance was read at 340 nm. Am-
monia levels present were calculated as indicated in the manufacturer’s manual. 

4.2.14 Determination of population profile
DNA was isolated from pellets obtained from the SHIME® samples using QIAamp 
PowerFecal Pro DNA Kit (Qiagen). The yield was quantified using Qubit HS 
Fluorescence (Invitrogen). Afterwards, 2.5 µL of the DNA material was used to 
amplify bacterial 16S rRNA gene variable V3 and V4 regions by polymerase chain 
reaction. The primers, Pro341F CCTACGGGNBGCASCAG and Pro805R GACTAC-
NVGGGTATCTAATCC, were used with universal extension, as recommended by 
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the 16S Metagenomic Sequencing Library Preparation guidelines from Illumina, 
USA. After initial amplification of the 16S target region, amplicons were purified 
and analysed on a Bioanalyzer with DNA1000 chips. Indexing PCR was performed 
using Nextera UD index adapters from Illumina, USA. Barcoded amplicons were 
quantified using Qubit HS Fluorescence and the equimolar pooled. Sequencing 
was performed on the Illumina MiSeq instrument using v2 flow cell and chem-
istry with 4 pM library loading concentration. Paired end reads sequencing was 
obtained by 2*251 cycles. Base calling and subsequent data demultiplexing were 
performed using bcl2fastq v2.20.0.422. The Qiime2 platform (https://qiime2.
org) was used to identify and classify taxonomic units. Diversity analyses were 
performed using the qiime2 diversity tool.

4.2.15 Statistical Analysis
Mean ± standard deviation of triplicate experiments was reported. Repeated 
measure analysis of variance (two-way) with post hoc Tukey test was used to 
determine significant differences between mean values at P < 0.05.

3. Results and Discussion

4.3.1 Particle size of glycated and non-glycated proteins
 The average particle sizes of the native protein and glycated samples were 
measured to determine possible modification of their particle characteristics. 
Compared to the particle size of LPs, the particle size of the glycated samples 
increased as incubation time increased (Figure 4.1A). The highest increase oc-
curred in LP+Fr2, where the average particle size was about twice that of LP 
particles. LP+Fr0 particles were comparable to those of LP. Considering the 
similarity in particle size of LP and LP+Fr0, the presence of fructose residues 
did not significantly influence the size of the proteins as much as the incubation 
temperature. The observed increase in LP+Fr1 and LP+Fr2 were likely due to ag-
gregation from the incubation temperature of 60°C. This was further confirmed 
by the increase in average particle size as incubation time increased.

Feng et al. reported that due to aggregation, soy protein-glucose conjugates had 
larger particles than the unheated soy protein-glucose conjugates [14]. In an-
other study, Yang et al. measured absorbance as an indicator of protein aggrega-
tion, and observed that absorbance of ovalbumin-glucose conjugates decreased 
as degree of glycation increased [11]. Wang et al. also observed that the particle 
size of egg white-isomaltooligosaccharide conjugates were larger than that of 
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the native egg protein due to aggregation. However, the hydrodynamic diameter 
of conjugates was smaller than that of the native protein due to high electro-
static repulsion within the egg native protein [22]. The molecular weight range, 
hydrophilicity, and solubility of the proteins tend to favour the trend observed 
by Wang et al. 

4.3.2 Maillard reaction markers
Condensation between the amino side chain of proteins and carbonyl group of 
reducing sugars forms Amadori products at the initial stage of the Maillard reac-
tion. Acid hydrolysis of these products produces furosine which is then used as 
an indicator of the early stage of the Maillard reaction. CML and CEL are formed 
at the advanced stages of the reaction [23]. Therefore furosine, CML, and CEL 
were measured as indicators of the extent of Maillard reaction in the glycated 
LP samples. 
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Figure 4.1. (A): Particle size of lentil protein and lentil protein-fructose conjugates (B): Degree 

of hydrolysis (%) of lentil protein-fructose conjugates  after simulated in vitro gastrointestinal 

digestion (C): Levels of furosine in lentil protein-fructose conjugates (D): Levels of CEL in 

lentil protein-fructose conjugates. Conjugates were prepared with dry lentil protein+fructose 

(1:1) mixture incubated at 60°C for 0, 24, or 48 h (referred to as LP+Fr0, LP+Fr1, and LP+Fr2). 

Different letters represent statistically significant differences (P < 0.05). 
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The levels of furosine increased as incubation time increased, such that levels 
recorded in LP+Fr1 and LP+Fr2 were 30 times and 70 times higher than that of 
LP, respectively (Figure 4.1C). About a two-fold increase was observed from 24 h 
incubation to 48 h incubation, confirming that glycation of proteins is dependent 
on time and temperature of incubation. The levels of CEL in LP+Fr1 and LP+Fr2 
were about 5 times and 10 times that of LPI, respectively (Figure 4.1D). There-
fore, doubling the incubation time produced a two-fold increase in CEL levels, as 
observed in LP+Fr1 and LP+Fr2. CML levels were below detectable limits.

During the early stage of the Maillard reaction, the electrophilic carbonyl car-
bon of a reducing sugar binds to a free non-protonated amino group, such as 
ɛ-amino group of lysine, to form an imine. The imine, also known as Schiff’s base, 
rearranges into more stable products known as Amadori or Heyns products, if 
the carbonyl group is from an aldose or ketose, respectively [24]. Furosine [ε-N-
(furoylmethyl)-l-lysine] is an example of these stable products formed. After 
protein glycation in the early stage of the Maillard reaction, several reactions, 
including degradation, dehydration, and fission reactions, transform the stable 
Amadori/Heyns products into reactive compounds that further degrade, cyclise, 
enolise, oxidise, or rearrange to produce advanced glycation products [23]. CEL 
is from methylglyoxal and lysine and can be used as an indicator of the advanced 
stage of the Maillard reaction [3]. 

The extent of the Maillard reaction depends on several factors, including water 
activity, molecular weight, pH, temperature, and incubation time [14,25]. Our 
results show that the levels of Maillard reaction products can correspondingly 
increase with incubation time. Increasing the heating time allows for more inter-
action between the reducing sugar and free amino group. Moreover, considering 
the globular structure of the predominant proteins in lentils, heating can unfold 
the proteins, expose the reactive amino groups, and speed up conjugation. 
The onset temperature of thermal denaturation of lentil proteins have been 
reported to occur around 70 °C and peak around 80 °C [26]. The reactive form 
of sugars, which is the open chain form, also increases at high temperatures. 
The unfolding effect of heat is confirmed by the comparable levels of furosine 
and CEL in LP and LP+Fr0. These samples were not exposed to heat as the other 
samples. Additionally, the pH of all the samples was neutral (pH~7); hence, both 
the carbonyl groups and free amino groups existed in their reactive forms. The 
neutral pH eliminates the possible marked contribution from different pH condi-
tions in samples. Feng et al. also observed a substantial increase in furosine and 
CEL levels in a soy protein-glucose system produced under similar conditions as 
the present study [14].
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4.3.3 Degree of protein hydrolysis after simulated in vitro 
gastrointestinal digestion
The extent of hydrolysis after digestion was measured by determining the 
fraction of amino groups that has been cleaved from the protein backbone. 
The DH of LP was the highest (87.62% ± 12.33), followed by LP+Fr0. The lowest 
was observed in LP+Fr2, with DH of 64.10% ± 9.44. DH decreased as the incuba-
tion period increased, although without statistical significance. The increase in 
particle size of LP+Fr1 and LP+Fr2 and the corresponding decrease in their DH 
suggest that aggregation contributed to the decrease in digestibility. 

From our results, the presence of fructose slightly reduced the DH after in vitro 
digestion. Condensation reactions that occur during glycation, even at the initial 
stage of the Maillard reactions, involve covalent interactions and cross-linkages 
that yield products that are less susceptible to proteases [27,28]. The structural 
change around the reacting amino group likely reduces the proteins’ suscepti-
bility to proteases in the pancreatin used in the intestinal phase. For instance, 
trypsin is known to cleave the carboxyl end of lysine and arginine. However, 
the ε-amino groups of lysine are known as the main amino groups involved in 
the Maillard reaction amongst others, such as the guanidine group in arginine, 
imidazole in histidine, and indole from tryptophan [25]. Additionally, leguminous 
proteins have high levels of arginine and lysine. Hence, glycation at the lysine 
residues can decrease the digestibility of the glycated samples. Although the 
possible mechanism by which digestibility was reduced in our study was not 
evaluated, it is likely that access of proteases to peptide bonds was reduced by 
modification of cleavage sites involving carboxyl groups of lysine and arginine, 
and steric hindrance caused by the condensation and crosslinking reactions. 
Glycation has been reported to reduce digestibility of casein and ovalbumin such 
that ovalbumin’s digestibility decreased proportionally to the extent of glyca-
tion [11,29].

DH in the heat-incubated samples (LP+Fr1 and LP+Fr2) were slightly lower than 
the levels in the unheated samples (LP and LP+Fr0). High temperatures have 
been reported to enhance the rate of the Maillard reaction to produce more 
digestion-resistant end products. The reactive open form of sugars commonly 
occurs at high temperatures, and globular proteins also unfold at elevated tem-
peratures. The incubation temperature (60 °C) used in our study is slightly below 
the onset temperature of thermal denaturation reported in literature (~70 °C) 
[26], however it is likely that unfolding of the globular proteins was initiated 
during the 24-h and 48-h incubation period, and thus proteins were slightly un-
folded. Therefore, the decreased DH in the heated samples could be due to the 
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presence of more Maillard reaction products and possible aggregation at the 
incubation temperature. 

3.4 Molecular weight profile of glycated and non-glycated proteins by 
SDS-PAGE
The molecular weight profile of LP shows bands at 17–100 kDa (Figure 4.2A). 
Bands observed around 25 kDa and 48 kDa correspond to basic and acidic subunits 
of legumin, respectively. The band that is slightly above 63 kDa corresponds to 
vicilin trimers held by hydrophobic interactions. Convicilin was observed around 
75–100 kDa [30]. The profile of LP+Fr0 was comparable to that of LP. LP+Fr0 
was mixed with fructose but was not heated. However, after incubating at 60 °C 
for 24 h and 48 h, predominant bands corresponding to 63–75 kDa were faint in 
LP+Fr1 and even fainter in LP+Fr2. The incubation of these large proteins likely 
caused the globular structure to unfold and expose the reactive sites for glyca-
tion. The glycation likely progressed to the advanced stages to produce large 
MRPs that do not bind to SDS nor migrate through the gel, hence the reduced 
intensity of the bands. Comparably, disappearance of bands in a pea protein-
gum arabic complex has been reported [7]. Bands for the low molecular weight 
proteins (17–25 kDa) in LP+Fr1 and LP+Fr2 almost disappeared. The decrease of 
the 17–25 kDa bands suggests that these low molecular weight proteins were 
likely involved in the condensation reaction between their free amino groups 
and the carbonyl groups of fructose.

Condensation between the proteins and fructose and the possible interprotein 
cross-linkages are expected to cause an increase in the molecular weight of the 
proteins. However, the advanced stage of the Maillard reaction involves complex 
reactions that can yield either low or high molecular weight products. The ob-
served brown colour of the glycated samples indicates the presence of melano-
proteins which are formed by cross-linkage between proteins and MRPs [31,32]. 
Melanoidins can possess high molecular weights and low solubility; hence, it is 
likely that they did not migrate along the gel [7]. Overall, these results show that 
glycation modified the molecular weight profile of the proteins.

Digested LP (LP-dig) showed bands around 11 kDa, and these bands were not 
present in the undigested sample. Additionally, prominent bands were observed 
around 25 kDa and 63 kDa. The prominent bands at 63–75 kDa in the undigested 
sample disappeared after digestion. However, the only prominent band in the 
digested glycated samples (LP+Fr1 and LP+Fr2) was around 25 kDa and became 
fainter as incubation time increased.
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4.3.5 Metabolites produced after batch fermentation of glycated and 
non-glycated lentil proteins
Insoluble high molecular weight hydrolysates from in vitro digestion of the gly-
cated LPs (LP+Fr0, LP+Fr1, and LP+Fr2) were subjected to batch fermentation 
to evaluate how the extent of glycation affects metabolites produced by the 
gut microbiota. The insoluble hydrolysates were used as a representation of the 
fraction reaching the colon. Same amount of hydrolysates (1% w/v) was added to 
the fermentation vessels irrespective of the extent of the glycation and degree 
of hydrolysis. 

The levels of SCFAs and BCFAs produced from the glycated proteins over the 
48-h fermentation period were comparable, except for the slight differences ob-
served in propionic acid and butyric acid at 48 h (Table 4.1). Production of BCFAs 
evidently began after 6 h. BCFA production indicates that proteins are the only 
available carbon source in the substrate [33,34]. Carbohydrates are the primary 
and preferred substrate for the gut microbiota; therefore, when carbohydrates 
are available, protein fermentation is restricted. This confirms the relative delay 
in production of BCFAs until the carbohydrates in the medium were likely ex-
hausted [35].

The levels of ammonia increased significantly at 6 h and 24 h, after which levels 
remained fairly constant. The increase observed at 24 h was higher in LP+Fr0-H 
than in the other hydrolysates. Overall, the effect of time was statistically signifi-
cant (P <0.0001), whereas the effect of treatment was not (P = 0.71).

Dominika et al. observed a higher production of acetic acid after in vitro fermen-
tation of non-glycated pea proteins than glycated pea proteins, although the 
difference was not statistically significant [12]. Additionally, Yang et al. recorded 
a higher production of acetate and propionate after in vitro fermentation of 24-h 
glycated fish protein hydrolysates [36]. However, our results do not show any re-
markable differences between the glycated and non-glycated proteins. This dif-
ference could be because we used the insoluble fraction after digestion, whereas 
these studies used the whole digests. The insoluble fractions were obtained as 
pellets from acid precipitation of the digested samples, mainly consisting of 
high molecular weight polypeptides. Large peptides are initially hydrolysed by 
proteolytic bacteria to produce free amino acids before subsequent catabolism 
into bacterial metabolites, unlike in the case of amino acids in the whole digests 
used in the other studies, [37]. 
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Table 4.1: Increase in short- and branched-chain fatty acids recorded after supplementing 
growth medium with LP+Fr0-H, LP+Fr1-H, and LP+Fr2-H in a 48 hour-batch fermentation. 

Concentration 
(mM)

Time 
(h)

Control
(Basal 
medium)

LP+Fr0-H LP+Fr1-H LP+Fr2-H

Short-chain fatty acids

Acetic acid 6 2.41 ± 0.51a 6.09 ± 1.93a 5.56 ± 1.38a 5.62 ± 1.44a 

24 0.76 ± 0.74a 7.31 ± 2.47ab 6.87 ± 1.29ab 6.89 ± 1.25ab 

48 1.69 ± 0.60a 10.14 ± 3.00b 10.53 ± 2.36b 10.93 ± 1.95c

Propionic acid 6 0.34 ± 0.15a 0.13 ± 0.08a 0.16 ± 0.05a 0.18 ± 0.11a 

24 0.68 ± 0.19a 3.53 ± 0.83b 3.22 ± 0.39b 2.98 ± 0.35b 

48 0.46 ± 0.65a 5.68 ± 1.68b 5.33 ± 1.58b 5.35 ± 1.01b 

Butyric acid 6 <0.01 <0.01 0.01 ± 0.01 0.01 ± 0.01a 

24 0.01 ± 0.01a 0.07 ± 0.11a 0.05 ± 0.08a 0.05 ± 0.08a 

48 nd 0.50 ± 0.42a 0.38 ± 0.63a 0.59 ± 0.53b 

Valeric acid 6 nd nd nd nd

24 nd 0.16 ± 0.28a 0.12 ± 0.21a 0.11 ± 0.20a 

48 nd 0.70 ± 1.20a 0.82 ± 1.42a 0.81 ± 1.40a 

Total SCFA 6 2.75 ± 0.62a 6.23 ± 2.01a 5.72 ± 1.44a 5.80 ± 1.56a

24 1.45 ± 0.92a 11.07 ± 3.40b 10.26 ± 1.70b 10.03 ± 1.55b

48 2.00 ± 1.12a 17.01 ± 3.23c 15.29 ± 3.11c 17.68 ± 1.08c

Branched-chain fatty acid

Isobutyric acid 6 nd nd nd nd

24 nd nd 0.12 ± 0.20a 0.10 ± 0.18a 

48 nd nd 0.46 ± 0.80a 0.46 ± 0.80a 

Isovaleric acid 6 0.04 ± 0.07a nd 0.16 ± 0.28a nd

24 0.07 ± 0.12a 0.57 ± 0.90a 0.62 ± 0.52a 0.47 ± 0.55a 

48 0.38 ± 0.67a 1.48 ± 1.79a 1.65 ± 2.23a 1.73 ± 2.10a 

Total BCFA 6 0.04 ± 0.07a nd 0.16 ± 0.28a nd

24 0.07 ± 0.12a 0.57 ±0.90a 0.73 ± 0.72a 0.57 ± 0.73a 

48 0.38 ± 0.67a 1.48 ± 1.78a 2.12 ± 3.03a 2.19 ± 2.89a 

LP+Fr0-H, LP+Fr1-H, and LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of 
digested LP+Fr0, LP+Fr1, and LP+Fr2, respectively. Basal growth medium was used as control. Different 
superscripts indicate statistical difference (P < 0.05) between hydrolysates at different timepoints. nd: 
not detected
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Proteins can escape complete hydrolysis due to reduced access of the proteases. 
These undigested or partially digested peptides move to the large intestines 
where the microbiota can further metabolize them. Conversion of peptides to 
microbial metabolites involves microbial peptidase activity, deamination, and 
decarboxylation [38]. The predominant pathway involves deamination of the 
amino acids to produce SCFAs and ammonia. BCFAs are formed from deamina-
tion of branched-chain amino acids, such as leucine, isoleucine, and valine. The 
microbiota can also decarboxylate amino acids to produce amines and carbon 
dioxide [39,40]. Acetate can be produced from glutamate, glycine, proline, his-
tidine, cysteine, and lysine. Propionate is mainly produced from aspartate and 
threonine, whereas butyrate can be formed from glutamate, alanine, methio-
nine, and lysine. Additionally, butyrate can be produced from glutamate, alanine, 
lysine, serine, and methionine (Fan et al., 2015). Considering that lysine and 
arginine can serve as substrates for SCFAs, condensation between these amino 
acid residues and reducing sugars can reduce levels of SCFAs produced from 
fermentation. However, our results do not confirm the hypothesis that LP+Fr2 
should have low SCFA due to the extent of glycation. This finding is in line with 
recent studies showing that Maillard reaction products resist digestion, can be 
transported to the colon [10], and are degraded within 24 h of fermentation [41]. 
Additionally, Bui et al. reported that an isolated pure culture produced butyrate 
from N-ε-fructoselysine [42]. This suggests that the Maillard reaction products in 
LP+Fr2 were fermented by the gut microbiota.

4.3.6 Population profile and diversity of the gut microbiota using the 
SHIME® 
The effect of glycation of LPs on the population profile of the gut microbiota in 
the proximal and distal colon selections were evaluated by fermenting LP+Fr0-H 
and LP+Fr2-H for 10 days in the SHIME®. LP+Fr0-H and LP+Fr2-H were selected 

Table 4.2: Increase in levels of ammonia produced after supplementing growth medium 
with LP+Fr0-H, LP+Fr1-H, and LP+Fr2-H in a 48 hour-batch fermentation. 

Time (h)

Concentration (mg/mL)

Control (basal 
medium)

LP+Fr0-H LP+Fr1-H LP+Fr2-H

6 15.28 ± 10.04a 24.00 ± 12.58a 20.56 ± 10.41a 18.51 ± 9.91a 

24 28.68 ± 12.35b 44.41 ± 11.94b 31.44 ± 13.77b 33.24 ± 4.98b 

48 30.72 ± 13.49b 37.57 ± 13.77b 36.40 ± 11.99b 35.23 ± 15.28b 

LP+Fr0-H, LP+Fr1-H, and LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of 
digested LP+Fr0, LP+Fr1, and LP+Fr2, respectively. Basal growth medium was used as control. Differ-
ent superscripts indicate statistical difference (P < 0.05) between hydrolysates at different timepoints. 
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to evaluate the effect of extent of glycation, since no sizeable differences in 
metabolites were observed among LP+Fr0-H, LP+Fr1-H, and LP+Fr2-H. The rich-
ness and abundance of the population were evaluated by Alpha diversity based 
on phylogenetic diversity (Figure 4.3A) and Beta diversity based on Bray-Curtis 
distance (Figure 4.3B). No significant differences were observed between the di-
versity in the population from fermentation of LP+Fr0-H and LP+Fr2-H. However, 
notable differences were observed between the colon sections, such that the 
alpha diversity index of the proximal colon was lower than the median in both 
treatments and timepoints. Bray-Curtis distances also clustered based on the 
colon section (Figure 4.3B). Firmicutes, Bacteroidetes, Proteobacteria, and Ac-
tinobacteria were the predominant phyla observed in all samples (Figure 4.4A).

The relative abundance of Firmicutes reduced in both proximal and distal colon 
sections in Donor 1. The decrease, however, was higher in the proximal section of 
LP+Fr2-H, with about 20% relative decrease compared to about 3.7% decrease 
observed in LP+Fr0-H. In the distal colon of Donor 2, slight increases were 
observed. LP+Fr0-H and LP+Fr2-H caused about 26% and 42% increase, respec-
tively, in Bacteroidetes in the proximal colon of Donor 1. Firmicutes are known to 
preferably ferment oligosaccharides rather than peptides, hence the decrease 
observed [43]. Although starch might be the primary and preferred substrate, 
peptides provide fermentable carbon substrates in the distal colon. The distal 
colon has low carbohydrate levels due to their depletion in the proximal colon 
[35,44], hence the low abundance of Firmicutes. Consequently, the distal gut 
is colonized by amino acid fermenting groups, such as Bacteroides, Clostridium, 
Fusobacterium, Streptococcus, Lactobacillus, and Peptococcus sp. that hydrolyze 
peptides that reach the large intestine [35].

At the family level, Bacteroidaceae increased by about 25% and 40% in LP+Fr0-H 
and LP+Fr2-H, respectively (Figure 4.4B). LP+Fr2-H seems to favour the growth 
of Bacteroidetes. The increase conforms to findings from Aguirre et al., where 
Bacteroidetes increased significantly during fermentation of a high-protein diet 
[45] . Our results show that LP+Fr0-H and LP+Fr2-H differentially modulated the 
bacteria population profile in both colon sections depending on the donor. The 
differences observed after fermentation of LP+Fr0-H and LP+Fr2-H were mainly 
in the relative abundance of Firmicutes, Bacteroidetes, and Verrucomicrobia. 
Additionally, Yang et al. observed a modulatory effect of glycated fish protein 
where relative abundance of Firmicutes and Bacteroidetes reduced compared to 
the non-glycated fish protein [46]. This effect was attributed to higher levels of 
sugar substrates in the glycated proteins than in the native fish protein. Notably, 
Yang et al. fermented the whole digesta, whereas the insoluble undigested 
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fraction (from acid precipitation) of the digesta was used in our study to mimic 
the fraction that reaches the colon. The main difference between LP+Fr0-H and 
LP+Fr2-H could be the type of peptides produced post-digestion due to the 
extent of glycation and the levels of Maillard reaction products. The SDS-PAGE 
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LP+Fr0 and LP+Fr2, respectively. LP+Fr0-H_0 are results from initial sampling (t=0) whereas 

LP+Fr0-H_10 are from final sampling (day10). 
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Figure 4.4. Population profile from 16S rRNA gene sequenced after supplementing growth 
medium with insoluble hydrolysates (LP+Fr0-H and LP+Fr2-H) in a 10 day-fermentation with 
SHIME®. (A): Relative abundance at phylum level (B): Relative abundance at family level. 

LP+Fr0-H and LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of digested 
LP+Fr0 and LP+Fr2, respectively.
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showed that bands around 25 kDa were more prominent and slightly higher for 
LP+Fr2-H than the same bands in LP+Fr0-H (Figure 4.2B).

Similar to the batch fermentation, no significant differences in the levels of 
SCFA, BCFA, and ammonia were observed between LP+Fr0-H and LP+Fr2-H 
(Figures S1, S2, and S3 in Supplementary material). This suggests that either the 
substrates from these hydrolysates were similar and were catabolized similarly 
or the Maillard reaction products in LP+Fr2 were catabolized to produce SCFA, 
BCFA, and ammonia. The sugar residues were likely cleaved prior to bacterial 
proteolytic activity [47]. Bui et al. reported that isolated Intestinimonas strain 
AF211 is able to convert fructoselysine into butyrate [42]. In another study by 
Borelli and Fogliano (2005), Bifidobacteria recorded substantial proliferation 
compared to Clostridia, Streptococci, and Enterobacteriacea when exposed to 
melanoidins. Although inconclusive, the authors suggest that Bifidobacteria use 
these melanoidins as source of carbon and nitrogen for their metabolism, hence 
the growth recorded [48]. 

Considering the conditions used in the SHIME® fermentation set-up in this study, 
a growth medium that contains only glycated protein hydrolysates and no other 
source of nitrogen, such as peptone would have given further insights into the 
effect of glycation on gut microbiota metabolism and the population profile. 
This study supplemented the SHIME® growth media with glycated protein 
hydrolysates at a standardized concentration. The difference between in vitro 
protein digestibility of the LP+Fr0 and LP+Fr2 did not substantially influence the 
amount of insoluble pellets produced after digestion, thus, we mainly focused 
on how extent of protein glycation affected gut microbiota population profile 
and metabolites.

4.4 Conclusion

In this study, we evaluated the effect of glycation on plant protein digestibility. 
We further studied the effect of glycated plant protein hydrolysates that might 
reach the colon on gut microbiota metabolites and population using batch fer-
mentation and SHIME®. Lentil protein was selected as a model plant protein. As 
the incubation period of glycation increased, the digestibility decreased, though 
no statistical significance was recorded. A decrease in digestibility is mainly 
attributed to the aggregation of the proteins. The molecular weight profile 
was modified by glycation of the proteins. However, this modification in the 
protein profile did not cause a significant difference in the levels of metabolites 
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produced during in vitro colonic fermentation. Additionally, no significant differ-
ences were observed in the diversity of the microbial population after a 10-day 
fermentation of the insoluble high molecular weight hydrolysates. The 16S rRNA 
gene sequencing showed that the hydrolysates differentially modulated donors’ 
microbiota profile in the proximal and distal colon sections.

The main difference among the hydrolysates is the type of peptides produced 
post-digestion due to the extent of glycation and the amount of Maillard reac-
tion products. Therefore, we postulate that the substrates from these hydroly-
sates are similar and catabolized similarly or the Maillard reaction products from 
the highly glycated proteins were also catabolized to produce SCFA, BCFA, and 
ammonia. Our findings show that the extent of glycation does not affect the 
metabolites produced from their fermentation in the colon, yet the effect on 
the microbiota population is dependent on the host and colon section. Higher 
temperature and longer incubation time might produce more extensively cross-
linked glycated proteins and Maillard reaction products that might be utilized 
differently by the gut microbiota. Evaluation of the effect of harsher glycation 
conditions on the gut microbiota is needed. Additionally, further studies of how 
these metabolites affect the host’s metabolism are warranted.
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Figure 4.S1: Short-chain fatty acids produced after supplementing growth medium with insoluble 

hydrolysates (LP+Fr0-H and LP+Fr2-H) in a 10-day fermentation with SHIME. (A): Acetic acid (B): 

Propionic acid (C): Butyric acid (D): Valeric acid (E): Total Short chain fatty acids.  LP+Fr0-H and 

LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of digested LP+Fr0 and 

LP+Fr2, respectively. Basal growth medium was used as control.  PC: Proximal colon DC: Distal 

colon. For all short-chain fatty acids measured, no significant difference (P > 0.05) was observed 

between hydrolysates at different timepoints.  
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LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of digested LP+Fr0 and 
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Figure 4.S1: Short-chain fatty acids produced after supplementing growth medium with 
insoluble hydrolysates (LP+Fr0-H and LP+Fr2-H) in a 10-day fermentation with SHIME. (A): 
Acetic acid (B): Propionic acid (C): Butyric acid (D): Valeric acid (E): Total Short chain fatty 
acids. 

LP+Fr0-H and LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of digested 
LP+Fr0 and LP+Fr2, respectively. Basal growth medium was used as control. PC: Proximal colon DC: 
Distal colon. For all short-chain fatty acids measured, no significant difference (P > 0.05) was observed 
between hydrolysates at different timepoints. 
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Figure 4.S2: Branched-chain fatty acids produced after supplementing growth medium with 

insoluble hydrolysates (LP+Fr0-H and LP+Fr2-H) in a 10-day fermentation with SHIME. (A): 

Isobutyric acid (B): Isovaleric acid (C): Total branched chain fatty acids. LP+Fr0-H and LP+Fr2-H 

are the insoluble hydrolysates obtained from acid precipitation of digested LP+Fr0 and LP+Fr2, 

respectively. Basal growth medium was used as control.  PC: Proximal colon DC: Distal colon. For 

both branched-chain fatty acids measured, no significant difference (P > 0.05) was observed between 

hydrolysates at different timepoints.  
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Figure 4.S3: Levels of ammonia produced after supplementing growth medium with insoluble 

hydrolysates (LP+Fr0-H and LP+Fr2-H) in a 10-day fermentation with SHIME. LP+Fr0-H and 

LP+Fr2-H are the insoluble hydrolysates obtained from acid precipitation of digested LP+Fr0 and 

LP+Fr2, respectively. Basal growth medium was used as control.  PC: Proximal colon DC: Distal 

colon. No significant difference (P > 0.05) was observed between hydrolysates at different timepoints. 
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Chapter 5

Abstract

Pulse proteins can stimulate production of satiety hormones in the small 
intestine. However, a significant fraction of plant proteins remains undigested 
and move to the colon. In this study, we investigated the effect of undigested 
high molecular weight (HMW) peptides (>3 kDa) from pea and lentil proteins on 
cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) secretion in an en-
teroendocrine cell model, the intestinal secretin tumour cell line (STC-1). STC-1 
cells were exposed to 0.05, 0.1, and 0.5 mg/mL of HMW peptides obtained from 
in vitro digestion of lentil and pea proteins for 1 h or 2 h. The HMW fraction from 
both pea and lentil proteins dose-dependently stimulated the release of CCK in 
the STC-1 cells. Compared to the HEPES blank, no significant levels of CCK and 
GLP-1 were secreted at 0.05 mg/mL of HMW peptides from both pea and lentil. 
However, about a five-fold relative increase in GLP-1 secretion was observed at 
0.1 mg/mL and 0.5 mg/mL. The difference between 1 and 2-h incubation was 
not significant for both CCK and GLP-1. Our results show the ability of these 
HMW peptides to induce CCK and GLP-1 secretion, and thus, their potential to 
produce a similar response in enteroendocrine cells in vivo. These findings unveil 
the physiological relevance of undigested protein fraction and suggest that a 
high protein diet might have the potential to influence glucose metabolism and 
enhance satiety.

Keywords: Pulse proteins, cholecystokinin (CCK), glucagon-like peptide-1 (GLP-
1), STC-1, undigested proteins, food proteins
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5.1 Introduction

Consumption of plant proteins is increasing substantially because they are more 
sustainable than animal proteins. Plant proteins, particularly pulse proteins, 
are a major protein source globally, because pulses are accessible and afford-
able (1). Food proteins have been extensively investigated for their nutritional 
properties and the production of bioactive peptides after gastrointestinal diges-
tion (2). Several studies show that animal proteins can stimulate secretion of 
cholecystokinin (CCK) and glucagon-like peptide-1 (GLP-1) and inhibit dipeptidyl 
peptidase-IV (DPP-IV) activity ((3–5). DPP-IV inhibition prevents the cleavage and 
inactivation of GLP-1, which reduces the risk of hyperglycemia and consequently 
Type 2 Diabetes (6–8). GLP-1 affects glucose metabolism by enhancing insulin 
secretion and consequently reducing postprandial blood glucose levels (9,10). 
GLP-1 secretion also enhances satiety and consequently reduces food intake, 
whereas CCK secretion reduces gastric emptying to halt further food intake (11).

Considering the contribution of plant proteins to global protein demand, it is 
imperative to explore their effects on health-related patterns modulated by the 
bioactive peptides produced in the intestinal lumen. Recent reports show that 
pulse proteins have several health benefits, including antihypertensive, antioxi-
dant, antimicrobial, anti-inflammatory, and antidiabetic activities (12–16). Pulse 
proteins have also been reported to reduce risk of obesity and Type 2 Diabetes 
by stimulating production of gut hormones, such as CCK and GLP-1, in the small 
intestine (17). CCK is secreted by enteroendocrine I cells in the duodenum, 
whereas GLP-1 is secreted by L-cells in the jejunum, ileum, and colon (18–20).

Secretion of gut hormones is dependent on the rate of exposure to nutrients 
produced from digestion and the location of secretory cells (21). CCK and GLP-1 
secretion is mainly stimulated by amino acids and oligopeptides through amino 
acid and peptide transporters in the apical membrane of enteroendocrine cells. 
The apical membrane of enteroendocrine cells detects luminal oligopeptides 
and amino acids through different sensory pathways involving G protein-coupled 
receptors (GPCRs) or transporters, such as the proton-coupled peptide trans-
porters and Na+-coupled amino acid transporters (11). CCK can also be secreted 
in vivo by negative feedback from pancreatic proteases. The CCK releasing fac-
tor remains active to mediate CCK secretion when the proteases rather bind or 
hydrolyze the luminal proteins and polypeptides (22,23).

Studies that have reported the ability of peptides/protein hydrolysates to stimu-
late secretion of CCK and GLP-1 have mostly focused on the whole digest or low 
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molecular weight fraction of protein digestion end-products (24–26). However, 
about 12–18 g of partially digested dietary proteins and endogenous proteins 
are unabsorbed and transported to the colon daily (27). These polypeptides end 
up in the colon because of their low susceptibility to digestive enzymes, which 
can be due to different reasons. Dietary proteins can undergo structural changes 
during processing, or they can be modified from their interaction with other di-
etary components, and thus become less susceptible to digestive enzymes (28).

It is unclear if this digestion-resistant fraction can directly stimulate production 
of CCK and GLP-1 in enteroendocrine cells in the distal gut. Previous studies have 
shown that gut hormone secretions in the distal gut is stimulated by short-chain 
fatty acids produced by gut microbiota (29–31). Therefore, the aim of this study 
was to investigate the direct effect of high molecular weight peptides (>3 kDa) 
obtained from simulated in vitro digestion of pea and lentil proteins on in vitro 
secretion of CCK and GLP-1 in enteroendocrine cells, using the intestinal secretin 
tumour cell line (STC-1). These high molecular weight peptides were used to 
represent the digestion-resistant fraction.

5.2 Materials and Methods

5.2.1 Materials
Yellow pea (Pisum sativum) and lentil (Lens culinaris) protein concentrates were 
obtained from Roquette, France and Ingredion Germany GmbH, respectively. 
Pepsin (from porcine gastric mucosa, ≥250 units/mg solid) and pancreatin (from 
porcine pancreas, 8× USP specification) were purchased from Merck Life Science 
NV, The Netherlands. NuPAGE® LDS Sample buffer (4X), SDS Running Buffer 
(20X), and 12% Bis-Tris Gel (1.0 mm, 10 Well) were purchased from ThermoFisher 
Scientific, The Netherlands. BlueRay Prestained Protein Marker 10-180 kDa 
was purchased from Jena Bioscience GmbH, Germany, and Coomassie Brilliant 
Blue R-250 Staining Solution was purchased from Merck Life Science NV, The 
Netherlands. Centrifugal filter units were obtained from Merck Life Science NV, 
The Netherlands, and VWR International B.V., The Netherlands. Corning culture 
flasks (75 cm2) and Dulbecco's Modified Eagle Medium (DMEM) containing 4.5 g/L 
of glucose, L-glutamine, and 25 mM HEPES were purchased from Sigma Aldrich, 
The Netherlands. Phosphate-buffered saline (without CaCl2 and MgCl2) and Tryp-
sin–EDTA (0.25%) were purchased from Sigma Aldrich, The Netherlands. Hyclone 
foetal bovine serum was purchased from Fisher Scientific, The Netherlands. 
STC-1 cells (passage 34) were obtained from American Type Culture Collection 
(ATCC) through LGC Standards GmbH, Germany. CCK (26–33) non-sulfated-EIA 
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kit was purchased from Phoenix Pharmaceuticals, and GLP-1 (Active) ELISA kit 
(EGLP-35K) was purchased from Sigma Aldrich, The Netherlands.

5.2.2 Methods

2.2.1 Preparation of pea and lentil proteins:
The commercial protein concentrate powders were subjected to alkaline extrac-
tion and isoelectric precipitation to increase the protein concentration. Protein 
content of the commercial pea and lentil protein concentrates were 71.01 ± 
0.25% and 48.55 ± 0.06%, respectively, as determined by the Dumas method. The 
concentrate powders were mixed with de-ionized water (10%, w/v) and stirred 
constantly at 20°C for 4 h to solubilize proteins while maintaining pH at 10 with 3 
M NaOH. After 4 h, the suspension was centrifuged at 7000 g for 30 min at 20°C. 
The supernatant was recovered and constantly stirred at a pH of 4 for 2 h to 
precipitate the proteins. pH was adjusted with 3 M HCl. After 2 h, the suspension 
was centrifuged at 7000 g for 30 min at 20°C, and the proteins were recovered as 
the pellet. The pellet's pH was changed to 7 with 3 M NaOH and lyophilized. The 
protein content of the resulting pea protein concentrate was 68.93 ± 0.34%, and 
that of lentil protein was 70.08 ± 0.01%, as determined by the Dumas method.

5.2.2 Simulated in vitro gastrointestinal protein digestion:
Pea and lentil proteins were digested using the COST INFOGEST method of static 
simulated in vitro gastrointestinal digestion (32) with slight modifications, as re-
ported by Ariëns et al. (33). The proteins (5 g) or 5 mL MilliQ water (as digestion 
control) were mixed with 3.5 mL of simulated salivary fluid, 25 μL of 0.3 M CaCl2, 
and 1.475 mL MilliQ water. The mixture was incubated at 37°C for 2 min. Simu-
lated gastric fluid (7.5 mL) and 0.3 M CaCl2 (5 μL) were added. Aliquots of 1 M HCl 
were gradually added to the mixture to adjust the pH to 3. Pepsin stock solution 
(25000 U/mL) was prepared, and a 1.6 mL aliquot was added to the mixture (the 
final concentration of pepsin was 2000 U/mL). MilliQ water was added to make a 
final volume of 20 mL, and the gastric phase was incubated at 37°C for 2 h with 
constant mild shaking on a rotating device. The gastric phase was stopped by 
changing the pH to 7, using 1 M NaOH. Simulated intestinal fluid (11 mL) and 40 
μL of 0.3 M CaCl2 were added to the gastric chyme. A 5 mL aliquot of pancreatin 
stock solution with 800 U/mL trypsin activity was added to the chyme, and Mil-
liQ water was added to reach a final volume of 40 mL. The final concentration 
of pancreatin was 10 U/mL, based on trypsin activity, as reported by Ariëns et 
al. (33). The chyme was incubated at 37°C for 2 h with constant mild shaking 
on a rotating device. After the intestinal phase, the digesta were vortexed and 
immediately stored at –20°C to inhibit further pancreatin activity. Samples were 
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collected at the end of the gastric phase and the 1 and 2 h time points of the 
intestinal phase.

5.2.3 Fractionation of digesta:
Samples of the digesta obtained from the simulated in vitro gastrointestinal 
digestion of pea and lentil proteins and digestion blank were fractionated 
with centrifugal filter units. First, the samples were centrifuged at 4000 g and 
20°C for 10 min. The resulting supernatant was subjected to stepwise filter-
centrifugation with molecular weight cutoffs of 30, 10, and 3 kDa at 4000 g. 
Although the fraction of interest was >3 kDa, stepwise filter-centrifugation was 
performed to prevent large peptides from concentrating and blocking the 3-kDa 
filter membrane. The >3-kDa fraction, which includes the pellets from the initial 
centrifugation and retentates from the filter-centrifugation, were mixed, lyophi-
lized, and stored at –20°C until further use. The >3-kDa fractions obtained from 
the gastric phase of digestion of pea protein, lentil protein, and digestion blank 
are hereafter referred to as PP-gas, LP-gas, and BP-gas, respectively. Fractions 
from 1 h intestinal digestion of pea protein, lentil protein, and digestion blank 
are hereafter referred to as PP-Int 1h, LP-Int 1h, and BP-Int 1h, respectively. Frac-
tions from 2-h intestinal digestion of pea protein, lentil protein, and digestion 
blank are hereafter referred to as PP-Int 2h, LP-Int 2h, and BP-Int 2h, respectively.

5.2.4 Determination of the molecular weight profiles of 
glycated proteins by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE):
Molecular weight profiles of the >3-kDa fraction obtained from the digested 
samples were assessed by SDS-PAGE under denaturing non-reducing conditions, 
following the NuPAGE® electrophoresis system manufacturer’s instruction. 
Briefly, the dried HMW (>3 kDa) peptide powders were mixed with MilliQ water 
to reach a protein concentration of 0.5–1 mg/mL. The protein content of the 
HMW peptides was determined using the Lowry method. HMW peptide solutions 
(2 μL) were mixed with 15 μL MilliQ water and 5 μL of LDS sample buffer (4X). 
The resulting solution was centrifuged for 1 min, 2000 rpm at 20°C. The solu-
tions were heated at 70°C for 10 min and centrifuged again for 1 min, 2000 rpm 
at 20°C. The supernatants were recovered, and 10 μL aliquots were loaded on 
12% Bis-Tris Gel wells pre-mounted in the electrophoresis system. A pre-stained 
protein marker (11–180 kDa) was also loaded in another well. The loaded gel 
was run for 45 min at 200 V, gently rinsed twice with water, and stained with 
Coomassie Brilliant Blue R-250 Staining Solution for 1 h at 20°C. After staining, 
the background color of the gel was sufficiently removed with a washing buffer 
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overnight. The washing buffer contained 10% ethanol and 7.5% acetic acid in 
MilliQ water.

5.2.5 Cell culture conditions:
STC-1 cells were cultured in Dulbecco’s modified Eagle’s medium (containing 4.5 
g/L of glucose, L-glutamine, and 25 mM HEPES) supplemented with 10% heat-
inactivated fetal bovine serum. The cells were maintained in 75 cm2 culture flasks 
of up to 70–80% confluence in a 5% CO2 atmosphere at 37°C and 90% humidity.

5.2.6 Cell viability assay:
Cells cultured under the abovementioned conditions were used for the cell vi-
ability assay, as reported by Lei et al. (34). A 500 µL aliquot of STC-1 cell solution 
(3×105 cells/mL) was seeded in 48-well plates and incubated for 48 h at 37°C, 
5% CO2, and 90% humidified atmosphere. After the 48-h incubation period, the 
medium was removed, and the cells were washed twice with 500 µL HEPES buf-
fer. The HEPES buffer contained 20 mM HEPES, 1.2 mM CaCl2, 10 mM glucose, 4.5 
mM KCl, 1.2 mM MgCl2, and 140 mM NaCl at a pH of 7.4 (35). The cells were pre-
incubated in 500 µL HEPES buffer for 1 h to induce starvation, after which the 
solution was removed and the cells were incubated with 500 µL HMW peptides 
for 2 h at test concentrations of 0.5, 0.1, and 0.05 mg/mL. Peptides were pre-
mixed in HEPES buffer. HEPES buffer was used as control. After the incubation, 
the peptides were removed, and 125 µL of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) solution (0.5 mg/mL) was added to each well and 
incubated for 2 h at 37°C and 5% CO2 humidified atmosphere. The MTT solution 
was then removed, and 125 µL of dimethyl sulfoxide-ethanol (1:1) solution was 
added to each well. The plate was mildly shaken for 15 min, and the absorbance 
of the resulting solution was read at 570 nm. Viability of cells were expressed as a 
percentage of the control (HEPES buffer). The MTT assay measures the ability of 
cells to convert MTT, which is a tetrazolium salt, to formazan. The mitochondrial 
dehydrogenases of a cell that is metabolically active reduces the tetrazolium salt 
to formazan (36,37). This conversion translates to a colour change from yellow 
to purple.

5.2.7 CCK and GLP-1 secretion studies:
Cells cultured in DMEM at 37°C and 5% CO2 humidified atmosphere, as mentioned 
above, were used for the hormone secretion studies. The cells were seeded in 
48-well plates with 500 µL of a 3×105 cells/mL cell stock solution. The plates were 
incubated for 48 h at 37°C and 5% CO2 humidified atmosphere. At the end of the 
48-h incubation period, the medium was removed, and the wells were washed 
twice with 500 µL HEPES buffer. The cells were then pre-incubated with 500 µL 
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HEPES buffer for 1 h at 37°C and 5% CO2. HMW peptides (>3 kDa) were mixed at 
0.5 mg/mL, 0.1 mg/mL, and 0.05 mg/mL in HEPES buffer. A 500 µL aliquot of the 
peptide solution was added to each well. The HEPES buffer was used as control. 
Cells were incubated with HMW peptides and HEPES control for either 1 h or 2 h. 
At the end of the incubation, the supernatants were transferred into tubes pre-
filled with a protease inhibitor, phenylmethylsulfonyl fluoride (PMSF). The final 
concentration of the PMSF was 0.6 mM. Levels of CCK and GLP-1 were measured 
according to the instructions provided in the commercial ELISA kits. Measure-
ments of each biological duplicate were performed in technical duplicates.

5.2.8 Statistical analysis:
Levels of CCK and GLP-1 were reported as mean ± standard deviation of biologi-
cal duplicate measurements. Two-way ANOVA (treatment x concentration) and 
Tukey post hoc test were used to determine significant difference (P <0.05).

5.3 Results and Discussion

5.3.1 Molecular weight profile of HMW peptides from in vitro 
digestion of pea and lentil proteins
After simulated in vitro digestion of pea and lentil proteins, the digested samples 
were fractionated to obtain >3-kDa peptides as a representation of the undi-
gested proteins. The molecular weight profile of peptides is shown in Figure 5.1. 
The HMW fractions obtained from the gastric phase of pea and lentil protein 
digestion (PP-gas, LP-gas) comprised large peptides with sizes up to about 100 
kDa. Fractions obtained at 1 h and 2 h timepoints during intestinal digestion 
demonstrated that the large peptides in the gastric phase were extensively 
hydrolysed, such that prominent bands were only observed around 11 kDa in 
PP-Int 1h and PP-Int 2h. Similarly for lentil protein, although faint bands were 
observed at 17–63 kDa, most prominent bands in LP-Int 1h and LP-Int 2h were 
observed around 11 kDa.

5.3.2 Cell viability in >3 kDa peptides:
In this study, we assessed the ability of >3-kDa peptides from gastrointestinal 
digestion of pea and lentil proteins to stimulate secretion of CCK and GLP-1 by 
exposing STC-1 cells to these peptides. The cells were incubated in the peptides 
for either 1 or 2 h. Before incubation of the cells, their mitochondrial activ-
ity in the test concentrations was evaluated using the MTT assay. Preliminary 
tests showed that exposing cells to HMW peptides at concentrations of 5 and 



5

119

Pea and lentil protein hydrolysates stimulate CCK and GLP-1 secretion in intestinal cells 

10 mg/mL resulted in low cell mitochondrial activity (<50%). Additionally, cells 
detached from the bottom of the 48-well plates due to residual trypsin activity 
in the digested samples. Therefore, samples were heated at 100 °C for 10 min to 
denature trypsin. The HMW peptide samples were further diluted to 0.05, 0.1, 
and 0.5 mg/mL. Percent mitochondrial activity of the resulting samples was over 
90%, indicating that the test samples did not substantially alter mitochondrial 
dehydrogenase activity of the cells, compared to the blank, as shown in Figure 
5.2.

5.3.3 CCK secreted by STC-1 cells after incubation in >3-kDa peptides:
The aim of this study was to evaluate the stimulatory effect of the undigested 
fraction produced after in vitro gastrointestinal digestion. Hence, cells were 
exposed to >3-kDa peptides produced from 2-h intestinal digestion. The cells 
were incubated in 0.05, 0.1, and 0.5 mg/mL of the HMW peptides (>3 kDa) for 1 or 
2 h. Levels of CCK released after exposing the STC-1 cells to these peptides were 
measured using competitive enzyme immunoassay (Figure 5.3). The digestion 
blank sample (BP-Int 2h) in our study, which contained pepsin and pancreatin, 
also stimulated CCK release at all tested concentrations, although at lower 
release levels. Considering that this digestion blank had no dietary protein but 
only the digestive enzymes, our finding shows that digestive enzymes, such as 
proteases, can also exert a satiating effect, although minimal.
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Similarly for lentil protein, although faint bands were observed at 17–63 kDa, most prominent 

bands in LP-Int 1h and LP-Int 2h were observed around 11 kDa. 

C o n v ic ilin s u b u n its

V ic ilin s u b u n its ( ,  ,  )

L e g u m in a c id ic s u b u n it

L e g u m in b a s ic s u b u n it

Figure 5.1: SDS-PAGE molecular weight profile of >3 kDa peptides produced from in vitro 
digestion of pea and lentil proteins. 

PP-gas: pea protein gastric phase, LP-gas: lentil protein gastric phase, PP-Int 1h: pea protein 1 h intes-
tinal digestion, LP-Int 1h: lentil protein 1 h intestinal digestion, PP-Int 2h: pea protein 2 h intestinal 
digestion, LP-Int 2h: lentil protein 2 h intestinal digestion
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The difference in CCK level released after 1-h and 2-h incubation was not sta-
tistically significant. Both pea and lentil peptides dose-dependently stimulated 
the release of CCK (Figure 5.3). No significantly different secretion levels were 
stimulated by the least tested concentration (0.05 mg/mL) of the digestion blank, 
pea and lentil protein, compared with the experimental blank (HEPES). However, 
a significant difference was observed among the peptides from the digestion 
blank, pea protein, and lentil protein at the highest concentration (0.5 mg/mL). 
Our results are consistent with findings from several studies in which intestinal 
digests induced CCK release (3,35,38,39).

Santos-Hernández et al. demonstrated that casein and whey peptides from the 
intestinal phase dose-dependently induced CCK release at a ten-fold increase, 
compared to the control (HEPES buffer) (39). Considering that peptides from the 
intestinal phase contain oligopeptides and free amino acids, the main inducers 
were unclear. However, when the cells were incubated in a mixture of free amino 
acids, no substantial difference was observed in comparison with the control, 
indicating that the observed stimulatory effect was attributable to the oligopep-
tides rather than free amino acids. Another study reported that CCK secretion 
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Figure 5.2: Percent mitochondrial activity of STC-1 cells in >3-kDa peptides at tested concentrations 

measured with the MTT assay. HEPES buffer was used as control. BP-gas: digestion blank gastric phase, 

PP-gas: pea protein gastric phase, LP-gas: lentil protein gastric phase, BP-Int 1h: digestion blank 1 h 

intestinal digestion, PP-Int 1h: pea protein 1 h intestinal digestion, LP-Int 1h: lentil protein 1 h intestinal 

digestion, BP-Int 2h: digestion blank 2 h intestinal digestion, PP-Int 2h: pea protein 2 h intestinal 

Figure 5.2: Percent mitochondrial activity of STC-1 cells in >3-kDa peptides at tested con-
centrations measured with the MTT assay. 

HEPES buffer was used as control. BP-gas: digestion blank gastric phase, PP-gas: pea protein gastric 
phase, LP-gas: lentil protein gastric phase, BP-Int 1h: digestion blank 1 h intestinal digestion, PP-Int 1h: 
pea protein 1 h intestinal digestion, LP-Int 1h: lentil protein 1 h intestinal digestion, BP-Int 2h: digestion 
blank 2 h intestinal digestion, PP-Int 2h: pea protein 2 h intestinal digestion, LP-Int 2h: lentil protein 
2 h intestinal digestion. Samples were incubated in 0.05, 0.1, and 0.5 mg/mL of the >3 kDa peptides. 
*Significantly different from HEPES.
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was induced by peptides with 4–11 amino acid residues (40,41). In our study, the 
STC-1 cells were incubated in larger peptides (>3 kDa), suggesting that these 
large peptides can also act as inducers of CCK secretion. In a study by Geraedts 
et al., pea and egg hydrolysates produced comparable levels of CCK (38). Con-
trastingly, other reports show that pea and whey hydrolysates could not activate 
CCK receptor-expressing cells, although both hydrolysates stimulated release of 
CCK (41). The hydrolysates used in these studies were from commercial produc-
ers, and authors did not provide the hydrolysis conditions under which these 
hydrolysates were obtained. However, the differences observed could be due to 
hydrolysis conditions used, extent of hydrolysis, absence of specific amino acid 
residues, and sequence of the peptide chain.

In our study, incubation of the STC-1 cells with the >3 kDa peptides simulated the 
luminal exposure of enteroendocrine cells to undigested peptides. CCK secret-
ing cells, I-cells, are predominantly located in the duodenum, yet mural colonic 
enteroendocrine cells can produce and store active forms of CCK (42). Nakajima 
et al. demonstrated that peptides >500 Da can use the calcium sensing receptor 
(CaSR) to induce CCK secretion (43). Other reports show that peptide-induced 
stimulation of CCK release is mediated by CaSR and G protein-coupled recep-
tor-93 (GPR93) mediate of CCK (40,44) and can be expressed in the caecum and 
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Figure 5.3: Levels of CCK released after incubating STC-1 cells in >3-kDa peptides produced from 

gastrointestinal in vitro digestion of pea and lentil proteins. BP-Int 2h: digestion blank 2 h intestinal 

digestion, PP-Int 2h: pea protein 2 h intestinal digestion, LP-Int 2h: lentil protein 2 h intestinal digestion. 

HEPES buffer was used as experimental blank. Samples were incubated in 0.05, 0.1, and 0.5 mg/mL 

of the >3-kDa peptides. Different letters indicate statistical difference (P <0.05). 
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proximal colon (45). Therefore, the ability of these HMW peptides to induce CCK 
secretion suggests their potential to produce a similar response in the distal gut 
in vivo. 

5.3.4 GLP-1 levels released by STC-1 cells after incubation in >3-kDa 
peptides:
Levels of GLP-1 released after incubating STC-1 cells in >3-kDa peptides from 
pea and lentil protein digestion were measured by immunologic quantification 
of biologically active forms of GLP-1. Results are shown in Figure 5.4. Relative to 
the lowest concentration used (0.05 mg/mL), we observed a five-fold increase 
in secretion levels after incubation in 0.1 mg/mL of pea and lentil peptides. 
However, no substantial increases were observed between 0.1 mg/mL and 0.5 
mg/mL (Figure 5.4). The digestion blank (containing digestive enzymes) recorded 
the lowest release levels without any concentration effects. Longer exposure 
periods did not yield an increase in level of GLP-1 released. 

A similar stimulatory effect of large (>3 kDa) and medium (3–0.5 kDa) peptides 
produced after in vitro gastrointestinal digestion of egg white was reported in 
0.0075–0.5 mg/mL test concentrations (35). Additionally, Cordier-Bussat et al. 

((41). The hydrolysates used in these studies were from commercial producers, and authors did 
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the differences observed could be due to hydrolysis conditions used, extent of hydrolysis, 
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reported that peptones dose-dependently induced GLP-1 release, whereas a 
mixture of amino acids or an intact protein (bovine serum albumin) had no ef-
fect (46). Contrastingly, Geraedts et al. demonstrated that intact casein, egg, 
pea proteins, and wheat proteins induced GLP-1 release. However, not all their 
respective hydrolysates induced GLP-1 release. In that study, different commer-
cial pea protein powders were used. All the intact pea proteins were active in 
stimulating GLP-1 release, whereas only one of three pea hydrolysates induced 
GLP-1 release (38). In our study, the contribution of amino acids to GLP-1 secre-
tion was minimal, because we used the >3-kDa fraction.

Several studies suggest that intact proteins, peptides, and amino acids can 
stimulate production of GLP-1 through different signalling pathways (47–49). 
Miguens-Gomez et al. postulate that the signalling pathway specifically depends 
on the amino acids present, amino acid sequence, and peptide chain length (50). 
Intact proteins, amino acids, and peptides with either HMW or low MW can reach 
luminal chemo-sensors and activate GLP-1 secretion pathways (50). Therefore, 
the key factor is the presence of a motif that acts as the inducing site in the 
stimulant. In a recent study, a specific amino acid sequence was indicated to be 
essential in the release of GLP-1, such that modification of the N-terminus of 
peptides caused lower secretion levels (40).

Until now, the clearest mechanism by which protein digestion products stimulate 
GLP-1 is demonstrated to occur either after their uptake into cells as free amino 
acids through sodium-coupled transport or after uptake as peptides by peptide 
transporter 1 (PepT1) (51–53). Although data on the mechanism of large pep-
tides is lacking in literature, protein hydrolysates have been reported to increase 
intracellular calcium ion level, which then induces the secretion of GLP-1 (54). 
Therefore, the significantly higher GLP-1 release from pea and lentil peptides 
than from the blank points to the ability of these peptides to activate the intra-
cellular calcium ion-mediated GLP-1 release.

5.4 Conclusion

The stimulatory effect of HMW peptides (>3 kDa) from gastrointestinal diges-
tion of pea and lentil proteins on CCK and GLP-1 secretion in enteroendocrine 
cells was evaluated in STC-1 cells. We observed that the HMW fraction from both 
pea and lentil proteins stimulated release of CCK and GLP-1 in the STC-1 cells. A 
dose-dependent effect was observed in the levels of CCK and GLP-1 produced. 
Prolonging cell exposure time from 1 h to 2 h did not significantly increase secre-
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tion levels. Our results show that the unabsorbed and undigested large peptides 
that are produced after gastrointestinal digestion have the potential to influ-
ence satiety regulation. To the best of our knowledge, this study is the first to 
investigate the role of HMW peptides or undigested pulse proteins in satiety 
regulation. Additionally, the >3-kDa fraction of digestive enzymes (pepsin and 
pancreatin) can stimulate release of CCK, suggesting the stimulatory effect of 
endogenous proteins. These findings need to be further investigated in vivo to 
confirm the satietogenic effect of these peptides. However, our findings unveil 
the physiological relevance of undigested protein fraction and suggest that a 
diet with significant amount of low digestible proteins might have the potential 
to enhance satiety due to the long-term action of the undigested peptides reach-
ing the colon.
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6.1 Summary of findings

The global population is rising rapidly at a rate of 0.9% annually, which represents 
about 80 million people every year [1]. This poses a challenge in meeting the 
food security needs of everyone including their protein demands. Hence, food 
researchers are exploring more sources of food proteins beyond the traditional 
animal sources. This is particularly necessary because the energy requirements 
of animal production systems have detrimental effects on the environment and 
must reduce [2]. Current alternative sources of food proteins include algae, 
insects, legumes and pulses, cereals and pseudo-cereals, oilseeds, and tubers. 
Figure 6.1 shows emerging alternatives and their common food applications. 

Plant proteins are more suitable because they are more sustainable, have health 
benefits, and are already consumed in areas with low food security. However, 
the structural difference between animal and plant proteins poses a challenge 
to their digestibility when used in food applications [3]. Moreover, processing 
and interaction with other dietary components can affect plant protein digest-
ibility. In Chapter 2 and 3, we investigated the effect of protein-β-glucan and 

Figure 6.1: Current commercial food products from sustainable protein alternatives 

Figure was created in BioRender.com



134

Chapter 6

protein-tannic acid interaction on particle characteristics and digestibility of 
plant proteins. β-glucan and tannic acid were selected because they are com-
monly occurring in plant-based foods and added to functional food formulations 
for their health benefits. Chapter 2 focused on proteins isolated from lentil and 
yellow pea seeds whereas Chapter 3 and Chapter 4 focused on lentil proteins 
as model plant proteins. In Chapter 4, we evaluated how plant protein glycation 
during Maillard reaction also affect protein digestibility. Maillard reaction occurs 
frequently during processing of high protein foods and has been suggested to 
enhance techno-functionality of plant proteins [4]. An intense discussion is ongo-
ing among researchers on the effect of dietary advanced glycation end-products 
(dAGEs). A review of the available literature indicates that dAGEs have potential 
detrimental effects on health, however findings from clinical studies are incon-
clusive [5]. 

Considering that glycation can alter protein digestibility, the equilibrium be-
tween the peptides that are absorbed in the small intestine epithelium and those 
reaching the colon can also be affected and consequently determine the type of 
peptides transported to the colon. After protein digestion in the small intestine, 
partially digested fractions transported to the colon can be sensed by entero-
endocrinal cells and possibly induce gut hormone secretions [6]. These partially 
digested residues can also influence the gut microbiota. Therefore, in Chapter 4, 
we further assessed how undigested glycated lentil protein residues that poten-
tially reach the colon affect the gut microbiota. We used batch fermentation and 
the Simulator of Human Intestinal Microbiome Ecosystem (SHIME®). Chapter 5 
investigated the effect of high molecular weight pea and lentil protein hydroly-
sates on Cholecystokinin (CCK) and Glucagon Like Peptide 1 (GLP-1) secretion in 
intestinal endocrine cells, using Secretin Tumour Cell line (STC-1) cell model. 

The results from Chapter 2 – 5 are summarized in Figure 6.2. Results from Chap-
ter 2 and 3 show that interaction between pulse proteins and food components 
such as dietary fibre and phenolic compounds can produce complexes that alter 
the particle characteristics and structure of the proteins. Chapter 4 also dem-
onstrates that glycation of these proteins modifies the particle characteristics. 
Consequently, the structural modification reduces digestibility of the proteins. 
From Chapter 4, the extent of protein glycation during processing does not 
affect the short chain fatty acids (SCFAs), Branched Chain Fatty Acids (BCFAs), 
and ammonia produced in the colon, while the effect on the microbiota popula-
tion is dependent on the host and colon section. Chapter 5 demonstrates that 
undigested pea and lentil protein residues that reach the colon can stimulate 
production of satiety hormones CCK and GLP-1.
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6.2 Novelty of this thesis

In this thesis, we evaluated how processing and the interaction between pulse 
proteins and other dietary components affect protein digestibility. As food sci-
entists explore sustainable protein alternatives, it is important that we explore 
relevant factors such as their fate along the digestive tract. Figure 6.1 shows 
examples of food application of protein alternative sources and in-depth under-
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Figure 6.2: Summary of findings from research chapters. LP: Lentil protein, LPTA 0.5%: 

Lentil protein-Tannic acid mixture containing 1% w/v LP and 0.5% TA. LP+Fr: Lentil protein-

fructose mixtures. SCFAs: Short-chain fatty acids  

• Lentil protein and β-glucan formed aggregates,
whereas yellow pea protein was trapped within the β-
glucan network forming distinct phases.

• The interaction reduced in vitro protein digestibility in
the lentil protein−β-glucan by 27.3% and by 34.5% in
yellow pea protein−β-glucan mixtures compared to
the proteins only.

CChhaapptteerr  22
ββ--GGlluuccaann  IInntteerraaccttiioonn  wwiitthh  LLeennttiill  
((LLeennss  ccuulliinnaarriiss))  aanndd  YYeellllooww  PPeeaa  

((PPiissuumm  ssaattiivvuumm))  PPrrootteeiinnss  
LLiimmiittssTThheeiirr  IInn  VViittrroo  DDiiggeessttiibbiilliittyy

• Lentil protein and tannic acid interaction occurred
within the protein hydrophobic folds.

• Over 50% reduction in free amino groups of LPTA 0.5%,
relative to LP, was observed after pepsin digestion.

• Cleavage specificity of pepsin and peptidomic profile of
LP were modified by the presence of TA in LPTA 0.5%.

CChhaapptteerr  33
LLeennttiill  PPrrootteeiinn  aanndd  TTaannnniicc  AAcciidd  

IInntteerraaccttiioonn  LLiimmiittss  iinn  VViittrroo  
PPeeppttiicc  HHyyddrroollyyssiiss  aanndd  AAlltteerrss  
PPeeppttiiddoommiicc  PPrrooffiilleess  ooff  tthhee  

PPrrootteeiinnss

• Degree of hydrolysis of LP from LP+Fr decreased as
the incubation period increased.

• SCFAs and ammonia produced from fermentation of
the glycated proteins were comparable over 48 h

• The hydrolysates differentially modulated donors’
microbiota profile in the proximal and distal colon
sections after a 10-day SHIME fermentation

CChhaapptteerr  44
UUnnddiiggeesstteedd  ggllyyccaatteedd  lleennttiill  
pprrootteeiinnss  mmoodduullaattee  tthhee  gguutt    

mmiiccrroobbiioottaa  pprrooffiillee  bbuutt  nnoott  tthheeiirr  
mmeettaabboolliitteess  iinn  vviittrroo  

• >3kDa peptides from both pea and lentil protein 
digestion dose dependently stimulated the release of 
CCK and GLP-1 in the STC-1 cells. 

• Longer incubation period (an hour more) did not 
cause substantial increase in levels of CCK and GLP-1 
released.

CChhaapptteerr  55
PPaarrttiiaallllyy  ddiiggeesstteedd  pprrootteeiinnss  ffrroomm  
lleennttiillss  aanndd  ppeeaass  ssttiimmuullaattee  CCCCKK  
aanndd  GGLLPP--11  sseeccrreettiioonn  iinn  SSTTCC--11    

iinntteessttiinnaall  cceellllss

Figure 6.2: Summary of findings from research chapters. 

LP: Lentil protein, LPTA 0.5%: Lentil protein-Tannic acid mixture containing 1% w/v LP and 0.5% TA. 
LP+Fr: Lentil protein-fructose mixtures. SCFAs: Short-chain fatty acids 
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standing of fate of the proteins along the digestive tract is necessary because 
this determines the effect on the consumer’s health. This thesis shows differ-
ent mechanisms that influence protein digestibility of pulse proteins. Chapter 
2 shows that when dietary fiber is present in a food product along with pulse 
proteins, electrostatic interactions can occur between them to form complexes, 
or the dietary fiber can physically hinder the protein and then reduce protein 
digestibility. This finding provides an additional mechanism by which dietary 
fibre can reduce access of the digestive enzymes to proteins, beyond the effect 
of their viscosity, which is the mechanism most often mentioned in the scientific 
literature. Chapter 3 shows that phenolic compounds can form both soluble and 
insoluble complexes with proteins that limit pulse protein digestibility. Also, 
Chapter 3 shows that these complexes can modify the cleavage specificity of 
pepsin and alter the peptides released. This is the first study to characterize the 
peptides released after pepsin hydrolysis of lentil proteins.

This thesis proceeded further to study how the undigested protein fraction that 
potentially reaches the colon affects the gut microbiota and the intestinal cells. 
We recovered the large peptides from the digested samples as a representa-
tive sample of the fraction that potentially reaches the colon. To the best of our 
knowledge, this study is the first to use the large peptide fractions from plant 
proteins (as a representative sample of the fraction that reaches the colon) to 
evaluate the potential of stimulating satiety hormones in the colon. Most studies 
use native proteins or whole digests which limit their physiological relevance. The 
>3-kDa fraction of digestive enzymes (pepsin and pancreatin) used in Chapter 5 
also stimulated release of CCK, suggesting the stimulatory effect of endogenous 
proteins. This provides more insights into the role of endogenous proteins in 
host satiety.

Additionally, Chapter 4 shows that structural modification caused by Maillard 
reaction reduces digestibility of proteins and potentially limit bioavailability of 
essential amino acids such as lysine. Chapter 4 provides more insight into how 
protein structural changes from processing influences the fate of proteins along 
the digestive system. The study enhances our knowledge on how the gut micro-
biota ferments glycated proteins in the colon. Consideration of the fate of pulse 
proteins in the colon and their contribution as a sustainable protein alternative is 
novel and has not been extensively studied in the past. Although STC-1 cells are 
entero-endocrinal cells and not native to the colon, their ability to produce CCK 
and GLP-1 when exposed to undigested proteins suggest the potential of these 
undigested proteins to stimulate similar responses in colon entero-endocrinal 
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cells. Findings in Chapter 5 advance the knowledge on satiety enhancing effect 
of food proteins along the digestive tract. 

6.3 Pulse protein digestibility: effect of protein 
interactions and processing

6.3.1 Effect of protein interactions on protein digestibility
The major molecular forces in protein interactions are hydrogen bonds, electro-
static interactions, hydrophobic forces, and covalent disulfide bonds which involve 
the protein’s reactive side chains and functional groups [7]. Proteins interact with 
other proteins through aggregation or even phase separation, depending on the 
net forces of the proteins involved [7,8]. For instance, electrostatic attraction 
among native proteins due to the opposite surface charge can result in aggrega-
tion of these proteins. When the concentration of the more reactive protein is 
low, phase separation can occur. pH is key in these interactions; therefore, at the 
isoelectric point of the proteins, they aggregate. However, at other pH, the side 
chains form both intramolecular and intermolecular complexes [9]. The nature of 
protein interactions is determined by molecular size, pH, hydrophobicity, amino 
acid residues, and spatial orientation. Other relevant factors include the physical 
state of the matrix and the matrix components. 

The reactivity of the side chains of the protein’s amino acid residues determines 
their interaction with other dietary components and as such the presence of 
other reactive food components can induce formation of protein complexes. 
This interaction can in turn alter protein secondary structure and consequently 
modify their digestibility. In Chapter 2, the decrease in percent transmittance 
of the protein−β-glucan complexes suggested the formation of insoluble 
complexes. The pH of the protein-β-glucan mixtures was around neutral which 
means that the net charge of the proteins was negative, favouring electrostatic 
repulsion between the proteins and β-glucan. At low concentrations, the phos-
phate group of β-glucan is considered to impart a negative charge. The lower 
(less negative) ζ-potential recorded in the protein-β-glucan mixtures compared 
to the protein controls (with no β-glucan), indicates that β-glucan covers the 
protein surface and the charged residues. Hence, the complexes display a lower 
electrostatic repulsion and can easily aggregate. Consequently, compared to 
the protein controls, the protein-β-glucan complexes recorded lower degree of 
protein hydrolysis. This confirms previous reports that insoluble complexes and 
their aggregates can hinder sufficient access of pepsin and pancreatin to the 
proteins [10,11]. 
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Based on fluorescence imaging of the aqueous mixtures, lentil protein and 
β-glucan formed aggregates, whereas yellow pea protein was trapped within 
the β-glucan network forming distinct phases. This caused a more extensive 
decrease in the degree of hydrolysis in the pea protein- β-glucan complexes. 
Although lentil and yellow pea have similar protein types, the relative amounts 
of the fraction with different molecular features are different. Lentil proteins 
are more glycosylated which make them more soluble and prone to hydrophilic 
interactions.

In Chapter 3, fluorescence quenching of the protein in the presence of tannic 
acid (TA) indicates binding of tryptophan residues or binding of other residues 
that alter the conformation of the protein and expose the tryptophan residues. 
Tryptophan residues are usually located in the hydrophobic core of the protein, 
thus, decrease in the tryptophan fluorescence intensity suggests an interaction 
within the hydrophobic core. This possibly occurred through hydrogen bonding 
and strong hydrophobic interactions. The bimolecular quenching rate constant 
also indicates about 1:1 lentil protein-tannic acid molecules in the complexes 
formed. As a result, the secondary structure was modified. Increasing TA content 
caused an overall increase in the regular and distorted α-helix fractions whereas 
the β-structures remained fairly constant. Few tannic acid concentrations (0-
0.005% w/v) were selected for the secondary structure determination based 
on the fluorescence quenching ability. Therefore, it is unclear if the highest TA 
concentration (0.5%) used in this study could have altered the proportion of 
β-structures. However, the β-structures were more abundant than the α-helical 
structures, hence, the low digestibility of the proteins. Β-structures reduce ac-
cess of proteases to the proteins and consequently reduce their digestibility 
[12,13]. The in vitro protein digestibility by pepsin, as measured by the level of 
free amino groups in the digesta shows a substantial decrease (56.8%) in the 
LPTA 0.5% mixture compared to the lentil protein control (without TA). LPTA 
0.5% is the Lentil protein-Tannic acid mixture containing 1% w/v LP and 0.5% TA

Findings from Chapter 2 and 3 show that pulse proteins can interact with other 
food biomolecules through several mechanisms; electrostatic interactions, hy-
drogen bonding, and hydrophobic interaction depending on the food biomol-
ecules. The type of interaction also determines how protein digestibility will 
be affected. For instance, in protein-β-glucan interaction, the negative surface 
charge of the proteins supports electrostatic repulsion within the complexes. 
However, bulk hindrance from β-glucan likely contributed to reducing access of 
pepsin and pancreatin enzymes. Other reports also suggest that dietary fibres 
can increase the viscosity of the mixtures and reduce sufficient mixing of the 



6

139

General discussion: Relevance, Limitations, Future directions  

enzyme [14]. Results from Chapter 2 confirm that complexes formed from the 
electrostatic interaction between proteins and dietary fibre is an additional 
mechanism by which access of the digestive enzymes can be reduced. In the 
case of protein-tannic acid, both soluble and insoluble complexes were formed 
depending on the levels of TA. Protein-TA interaction begins with hydrogen 
bonding to produce soluble complexes and proceeds further to hydrophobic in-
teractions to produce aggregates depending on the levels of TA present. Results 
from Chapter 3 show that soluble complexes were formed at 0.1% TA whereas 
insoluble complexes were formed at 0.5% TA. These complexes reduced peptic 
hydrolysis of the proteins. Two possible mechanisms for this outcome could be 
that: (1) structural changes that occurred from the interaction reduced the pro-
tein’s susceptibility to pepsin hydrolysis. (2) TA could have bound to the pepsin 
and reduced its hydrolytic effect. However, previous studies show that reduction 
in digestibility of proteins in the presence of TA is predominantly due to obstruc-
tion of the protein surface [15]. 

6.3.2 Effect of processing on protein digestibility
Protein structure is a core determinant of protein digestibility. Thus, factors that 
affect the protein structure consequently alters the digestibility. Digestibility 
of food proteins are determined by intrinsic and extrinsic factors. The intrinsic 
factors comprise the protein structure such as disulphide bonds, cross-linkages, 
β-sheets, and in plants sources, anti-nutritional factors that might be present. 
The extrinsic factors include the other biopolymers present in the food or the 
formulation, pH, temperature [16,17]. During food processing, both intrinsic and 
extrinsic factors can be altered to enhance or decrease protein digestibility. 

Protein structural changes caused by food processing can also influence protein 
digestibility and the type of peptides released. Food processing methods are 
used to enhance edibility and improve the functionality of the proteins, yet 
their structures can be modified during processing [17]. The native structure of 
proteins can be altered upon heat treatment, change in pH and ionic strength. 
Heating, change in pH and ionic strength can disrupt secondary structure and 
cause the proteins to unfold. After unfolding, proteins can easily aggregate be-
cause they can reform inter- and intra- molecular bonds such as disulphide bonds 
and cross-linkages [18]. Possible structural changes and modifications that occur 
after native proteins unfold has been presented in Figure 6.3. Structural changes 
such as increase in β-structures improve thermal stability of the proteins, yet this 
change can reduce their digestibility. 
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In Chapter 4, protein digestibility of thermally treated samples was slightly lower 
than that of unheated samples. Digestibility of lentil proteins reduced by 20% af-
ter incubation at 60°C for 48 hours. Although the difference was not statistically 
significant, the decrease confirms the possibility of thermal processing to alter 
digestibility of proteins. Thermal treatment can also inactivate trypsin inhibitors 
and reduce their inhibitory effect on the digestibility of plant proteins. However, 
pulse proteins used in this thesis were extracted by alkaline extraction and iso-
electric precipitation which reduces levels of trypsin inhibitor by about 70% [19]. 
This means that effect of trypsin inhibitors on protein digestibility is significantly 
reduced, and rather pointing to the structural changes of the proteins. 

Globular proteins unfold at high temperatures, such as 60 °C ​(24)​ and become 
more reactive and accessible to digestive enzymes. As a result, digestibility of 
the denatured (unfolded) proteins increases. However, after protein unfolding, 
they can also form interprotein cross-linkages or undergo Maillard reaction to 
form digestion-resistant end products as shown in Figure 6.3. Condensation 
reactions that occur during glycation, even at the initial stage of the Maillard 

Figure 6.3: Possible structural changes and modifications that occur after native proteins 
unfold. 

Figure was created in BioRender.com
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reactions, involve covalent interactions and cross-linkages that yield products 
that are less susceptible to proteases ​(25,26)​. The structural change around 
the reacting amino group likely reduces the proteins’ susceptibility to digestive 
enzymes. Therefore, the overall effect of thermal treatment can increase or 
decrease the protein digestibility depending on the chemical composition of the 
various foods.

Thermal processing is a common processing method used in making pulse pro-
teins edible [20,21]. For instance, during thermal processing, the proteins can 
be denatured such that the globular structure can unfold and make the proteins 
more accessible to the digestive enzymes and increase digestibility. On the other 
hand, unfolded proteins can aggregate and reduce accessibility of digestive 
enzymes [22]. Also, in the presence of other reactive food molecules such as 
sugars, Maillard reactions can occur. These insights are relevant in the applica-
tion of pulse proteins as functional ingredients or for their health benefits. When 
added to product formulations for their health benefits, profound attention 
should be given to the processing method used and other dietary components 
in the formulation in a way that protein digestibility is either improved or unaf-
fected. Their digestibility is significant in determining if they are a sustainable 
source of food proteins. It is important that the benefits of their food applica-
tions outweigh their environmental impact. Additionally, given the impact of 
processing on protein digestibility, food product design can be used to target 
the digestibility of proteins based on protein requirements of different groups 
in the population. This is feasible because the processing conditions determine 
the digestibility of proteins and consequently, the amount of free amino acids 
absorbed and the type of peptides that move to the large intestine. Thus, pro-
tein digestion, absorption, and colonic fermentation can be modulated with the 
appropriate product formulation.

6.4 Contribution of undigested pulse protein residues in 
the colon

In assessing the health benefits of dietary proteins consumed, the primary inter-
est of researchers was initially focused on the effect realized after their absorp-
tion and the outcome after uptake into the systemic circulation. More recently, 
the fate of the undigested fraction that moves to the large intestine is receiving 
research attention, especially considering the long residual time. The colon cells 
and gut microbiota are the key determinants of the contribution of peptides that 
reach the colon as shown in Figure 6.4. The figure shows the fate of pulse proteins 
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along the intestinal tract after consumption of a thermally treated pulse-based 
meal such as Waakye (rice and beans). The proteins are likely denatured from 
boiling of the beans. In the presence of other dietary components, these dena-
tured (unfolded) proteins can also interact with these components to produce 
complexes with low susceptibility to the digestive enzymes. Hence, the digest-
ibility of the proteins decreases, and the undigested proteins are transported to 
the colon where they can interact with the gut microbiota and colon cells. The 
following sub-sections explain the possible effect of the undigested proteins on 
the gut microbiota and the entero-endocrinal cells in the colon. 

6.4.1 Gut microbiota
Proteolytic fermentation by the gut microbiota produces short-chain fatty acids, 
branched chain fatty acids, ammonia, amines, indoles, phenols, and hydrogen 
sulphide [23,24]. These metabolites can be absorbed and enter the systemic 
circulation [25]. Short fatty acids and branched fatty acids are reported to play 
crucial role in maintaining amino acid balance and host metabolism and signal-
ling [26]. Additionally, short-chain fatty acids produced by the gut microbiota 
has been reported to induce GLP-1 secretion and this has been confirmed by 
the presence of SCFA receptor G-protein-coupled receptor 43 (GPR43) in L-cells 
[27,28]. On the other hand, other metabolites such as ammonia and hydrogen 

Figure 6.4: Fate of pulse proteins from legume-based meals along the gastrointestinal tract. 

Figure was created in BioRender.com
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sulphide can limit oxygen uptake in the mitochondria of the colon cells, depend-
ing on the levels present in the colon [29]. The gut microbiota can influence 
overall health outcome of host through the interplay between the metabolites 
and the gut-brain axis [30]. 

The type of metabolites produced by the gut microbiota is dependent on the 
type of substrates it is exposed to. Processing methods enhance functionality of 
proteins, yet during processing, the native structure of proteins can be altered 
upon heat treatment, change in pH, and ionic strength. This means that it can 
alter susceptibility of the proteins to proteases, thereby determining amount 
of free amino acids released and absorbed in the small intestine epithelium, 
and the amount and nature of peptides transported to the colon. Processing 
can also change the susceptibility of the peptides to bacterial proteases and 
possibly make them less fermentable substrate for the gut microbiota. Thus, we 
investigated how glycation of proteins during processing affects the gut micro-
biota in the colon. The levels of short- and branched-chain fatty acids produced 
upon 48 hours fermentation were the same for samples with different levels of 
glycation (incubated with fructose at 60°C for 0 and 48 hours). Our findings show 
that the extent of glycation does not affect the metabolites produced in the 
colon. However, the microbiota population was modulated differently based on 
the host and colon section. It was expected that fermentation of highly glycated 
peptides will yield less SCFA and BCFA because steric hindrance and possible 
structural changes will limit microbial protease action, as reported [31,32]. Xu 
et al reported slight reduction (about 10%) in total SCFA [31] and Dominika et al 
reported no statistical difference [32]. 

Previous studies have indicated that MRPs can either have detrimental or ben-
eficial effect on gut microbiota and host metabolism [33,34]. However, from 
Chapter 4, the levels of SCFAs, BCFAs, and ammonia produced from highly gly-
cated proteins were similar to those produced from less glycated proteins. Our 
findings, along with Xu et al and Dominika et al show no increase in the concen-
tration of potentially harmful ammonia after fermentation of glycated proteins 
compared to the unglycated proteins. This shows that the gut microbiota is able 
to breakdown the MRPs at levels comparable to the unglycated proteins. Differ-
ent metabolic pathways might be used, but similar levels of metabolites are pro-
duced. For instance, certain bacterial strains can remove glucose residues from 
glycated proteins. Aspergillus sp. and Corynebacterium sp. have fructosyl amine 
oxidase which can ‘deglycate’ fructosyl-amino acids [35,36]. However, we did not 
observe a higher SCFA concentration (end products of carbohydrate utilization 
by bacteria) after fermentation of the glycated proteins. Amadori products can 
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be converted to butyric acid by Intestinimonas AF211 and its related gut bacteria 
[37]. Bifidobacteria has also been reported to use melanoidins as source of car-
bon and nitrogen for their metabolism [38].

Fermentation of digestion resistant MRPs can also produce bioactive metabolites 
with antioxidant capacity [39]. Proteins and MRPs can also enhance the microbial 
population profile diversity [40] and protect host against inflammation of the 
epithelial lining of the colon [41–43]. The effect of MRPs on gut microbiota is 
determined by the stage of Maillard reaction [33]. Our findings show that Mail-
lard reaction does not alter end-products of protein fermentation by the gut 
microbiota. 

It is clear that the in vitro models used in Chapter 4 is not able to fully mimic the 
physiology and anatomy of the human digestive tract. However, this provides in-
sights into possible outcomes in vivo. It is also possible that higher temperature 
and longer incubation time might produce more extensively crosslinked glycated 
proteins and Maillard reaction products that might be utilized differently by the 
gut microbiota. Yet, Chapter 4 provides a clear understanding that processing 
affects protein digestibility and consequently influence the fate of proteins 
along the digestive system. More interestingly, the study provides additional 
knowledge on how the gut microbiota ferments glycated proteins in the colon 
which has not been extensively studied in the past.

6.4.2 Gut hormones: CCK and GLP-1
As discussed earlier, food processing can cause structural changes to the protein 
and facilitate interactions with other proteins or other components in the food 
matrix. This structural change and interaction can reduce the digestive enzyme’s 
access to the proteins, thus, reduce protein digestibility. When the undigested 
fraction reaches the colon, they can interact with enter-endocrinal cells as shown 
in Figure 6.4. 

The colon epithelium is densely populated with intestinal cells that differentiate 
into entero-endocrinal, goblet, paneth, tuft, and absorptive cells [44,45]. The 
entero-endocrinal cells have subtypes that are located amidst other intestinal 
cell types such as the absorptive cells. These subtypes include K, I, and L cells 
which secrete Glucose dependent Insulinotropic Polypeptide (GIP), CCK, and 
GLP-1, respectively. The I-cells are predominantly located in the duodenum and 
jejunum; however, I-cells are also located in the colon. CCK was initially known 
for controlling gall bladder contraction but has recently been found to modulate 
gastric emptying and reduce further food intake [46]. L-cells are found along the 
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entire gastrointestinal tract with elevated levels in the distal ileum and colon 
[44,47–49]. Entero-endocrinal cells are open cells with their microvilli reaching 
the lumen and thus, can detect and interact with the content of the lumen. The 
entero-endocrine cells sense luminal peptides through calcium sensing recep-
tors and initiate a calcium dependent stimulation of the secretion of the gut 
hormones [50,51]. 

In Chapter 5, we incubated entero-endocrinal cells in >3kDa peptide fraction 
from digestion of pea and lentil protein. The >3kDa peptide fraction was used 
as a representation of partially digested proteins. The digestion blank (which 
contained pepsin and pancreatin) stimulated release of CCK although lower 
than levels recorded for the pea and lentil proteins. These results suggest that 
endogenous proteins can influence satiety in the host. The ability of the large 
peptides used in Chapter 5 to also stimulate secretion of CCK and GLP-1 in STC-1 
cells within an hour demonstrate their potential to contribute to satiety. More 
interestingly, these findings suggest that partially digested proteins that are not 
absorbed into systemic circulation can still provide beneficial effects for the host. 
These benefits include regulation of host energy metabolism through the ability 
of these gut hormones to stimulate secretion of insulin, promote β-cell prolifera-
tion, control glucagon production, and regulate appetite and food intake [52,53]. 

6.5 Methodologies used: their suitability and limitations

6.5.1 Model food systems 
Model food systems can be used to study possible interaction between co-
existing food components, the effect of their pH, temperature, concentration, 
and physical state on this interaction [54,55]. These systems are easy to formu-
late to study multiple interactions with no need for specialized equipment [56]. 
However, model systems show the interaction occurring, and not necessarily the 
kinetic and thermodynamic aspect of the interaction [54]. An additional benefit 
of model systems is the ease of isolating an effect by modifying the conditions 
used. The model system formulated in Chapter 2 and 3 showed the type of inter-
action occurring between the proteins and β-glucan and tannic acid. 

6.5.2 Simulated in vitro digestion model
In understanding the effect of food matrix interaction and processing on the di-
gestibility of pulse proteins, it is essential to evaluate their fate along the diges-
tive tract. The entire digestion process from the mouth, stomach, small intestine, 
and large intestine can be studied in vitro or in vivo. In vivo methods might be 
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more physiologically relevant; however, their use is limited by inter-individual 
differences, cost, and ethical considerations. Animal studies also have many 
limitations and there is a strong societal pressure to minimize the use of animal 
experiments. In vitro methods are used due to the low cost involved, simplicity, 
ease of mechanistic study of separate sections [57]. In the last few years, several 
complex in vitro systems have been developed to mimic the human physiological 
conditions especially in vitro intestine systems.

The in vitro methods can either be static, semi-dynamic, or dynamic and the 
suitability of the method depends on the research question. The aim of this 
thesis was to evaluate the effect of other food components and processing 
on the digestibility of pulse proteins and so the COST INFOGEST static in vitro 
method was used due to the availability of a standardized method with harmo-
nized digestion conditions. The COST INFOGEST static in vitro digestion method 
provides a physiologically relevant protocol with uniform conditions such as pH, 
temperature, and enzyme activity [57–59]. However, a major challenge with this 
method is that it does not consider the body-food feedback system that happens 
when food interacts with various parts of the digestive system [58]. On the other 
hand, a major advantage of in vitro models of digestion is that the effect of inter-
individual variation is removed. 

The COST INFOGEST method involves a 2-min oral phase, 2-hour gastric phase, 
and 2-hour intestinal phase. The pH suggestion for the gastric phase is 3 whereas 
that of the intestinal phase is 7 [58]. Unlike in most in vitro methods, digestion 
in vivo is dynamic such that the gastric phase starts with an initial mixing of the 
food with hydrochloric acid and gradually adjust pH to 2, after suppressing the 
buffering effect of the food. The enzymes are also released periodically to reach 
an enzyme-substrate ratio halfway through the gastric phase. All these condi-
tions are determined in vivo by the feedback system depending on the individual, 
dietary pattern, the consistency of the meal, and nutrient density of the food 
consumed. Therefore, the main difference between the static models and the 
dynamic models occurs in the gastric phase [60]. 

Considering this difference in relation to the in vitro method used in our study, 
the gastric transit time of protein complexes would be different from the 
protein controls. For instance, it is likely that in the in vivo system, the protein 
controls would exit the stomach faster than the protein- β-glucan complexes due 
to the viscosifying effect of β-glucan. However, the amount of β-glucan used in 
this study and the simulated salivary and gastric fluids added during the in vitro 
digestion produced a chyme with low viscosity. Moreover, the contribution of 
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peptic hydrolysis to overall protein digestibility is reported to be minimum and 
so the difference in gastric transit time would not have caused remarkable dif-
ference in protein digestibility trends observed in our study. Pepsin activity how-
ever determines the polypeptides transported to the small intestine for trypsin 
digestion [61]. Thus, although the trend would not differ significantly, it cannot 
be excluded that different levels of protein digestibility could be observed in 
vivo. 

Additionally, the correlation between the in vitro and in vivo conditions used 
remains debatable [59]. Previous reports indicate that dynamic in vitro methods 
can better mimic physiological conditions [62,63]. In vitro models such as the 
The Dynamic Gastric Model (DGM) [64], human gastric simulator [65], and TNO 
gastro-intestinal model [66] address this challenge. The TNO gastro-intestinal 
model comprises separate compartments to mimic separate sections of the di-
gestive tract, simulate peristaltic movements, control transit time, control flow 
rates, and collect digested materials and metabolites. Thus, comparable to in 
vivo conditions.

6.5.3 Estimation of protein digestibility
Amino acids, the end-product of dietary proteins, are involved in the energy 
production cycle and are essential components in protein synthesis in the body. 
Thus, the quality of a protein is determined by its amino acid composition and its 
digestibility along the digestive tract. Food and Agriculture Organization (FAO) 
recommends the digestible indispensable amino acid score (DIAAS) as a better 
representation of protein quality than the protein digestibility corrected amino 
acid score (PDCAAS). DIAAS focuses on ileal digestibility of the essential amino 
acids instead of fecal digestibility of the protein. 

Protein digestibility measures the release of free amino groups upon hydrolysis 
of the native proteins [67] and so digestibility is influenced by structure of the 
protein and how easy the peptide bonds can be cleaved [68]. From this, various 
in vitro methods are used to estimate the digestibility of dietary proteins. The 
focus of these in vitro methods is to determine the proportion of amino acids 
and peptides produced after the enzyme’s hydrolytic activity on the protein. It 
can also be considered as the fraction of peptide bonds cleaved after hydrolysis. 

Free amino groups can be measured as an estimate of the bonds that have been 
cleaved with the TNBS (trinitrobenzensulfonic acid) and OPA (o-phthaldial-
dehyde) method or as the level of soluble nitrogen in aqueous trichloroacetic 
acid [69]. Gel electrophoresis can also show the change in molecular weight of 
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peptides in the digesta as a qualitative measure of digestibility. The released 
peptides can also be characterized to determine digestibility. Other researchers 
also measure the decrease in pH from cleavage of peptide bonds [70] or use the 
osmometer to detect the change in the freezing point depression during the 
hydrolysis [69]. These in vitro methods are useful when multiple samples must be 
evaluated. However, their comparability to the actual conditions in vivo has not 
been confirmed. These in vitro methods can underestimate the actual digestibil-
ity since oligopeptide fractions might not be accounted for in the determination. 
Under in vivo conditions, oligopeptides (tripeptides and dipeptides) are further 
hydrolyzed by the mucosal and brush border membrane peptidases which is not 
included in in vitro methods [71]. 

In Chapter 2 and 3, we measured digestibility using the OPA method as sug-
gested by Nielsen (2001) [69]. In this method, dithiothreitol and primary amino 
groups react with OPA to produce an isoindole derivative [69]. This derivative is 
colored and can be measured with a spectrophotometer at 340 nm. This method 
is specific for primary amino groups. Thus, OPA gives a good estimate of cleaved 
bonds. Compared to other in vitro methods, the OPA method is more reliable 
based on the low variability in degree of hydrolysis obtained [69]. As expected 
in colorimetric methods, background color of samples might interfere with ab-
sorbance readings which is challenging when comparing samples with different 
colors. Levels of tannic acid (0.001-0.5% w/v) used in lentil protein-tannic acid 
complexes were considerably low to cause a drastic change in color of entire 
digesta. Additionally, preliminary tests proved that at 340 nm, tannic acid does 
not interfere with absorbance readings.

Mendes et al reported a strong correlation between in vitro and in vivo methods, 
however the pH drop method was used and thus not widely applicable [72]. 
Therefore, correlation between in vitro methods and in vivo measures such as 
protein digestibility corrected amino acid score (PDCAAS), digestible indis-
pensable amino acid score (DIAAS) remains unclear [73]. Additionally, protein 
digestibility obtained from in vitro measurements does not entirely indicate the 
proportion that will be absorbed for metabolic use by the body. For instance, 
the OPA measures the fraction of cleaved bonds. A large polypeptide can have 
a cleaved bond but will not be absorbed since only tripeptides, dipeptides, and 
amino acids are usually absorbed by the enterocytes [68]. However, these in vitro 
methods are appropriate for kinetic studies, comparing protein digestibility 
among samples, and evaluating the role of protein structure and reactivity dur-
ing digestion. Thus, the OPA method was selected for this thesis.
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6.5.4 In vitro colonic fermentation models
The contribution of the gut microbiota and its metabolites gives a full picture 
of the health benefits of foods consumed. The colon is highly colonized by gut 
bacteria that can further break down undigested or partially digested food 
components that are transported there [74]. As the undigested fraction passes 
through the caecum and the ascending colon, they are mixed and further trans-
ported to the distal parts of the colon. Various parts of the colon have distinct pH, 
substrate availability, bacterial population, and density [75]. Therefore, colonic 
fermentation can be compared to a multistage continuous culture system [76].

In mimicking colonic fermentation, the feed or substrate fractions used must 
represent digestion residues in the ileal effluents that are transported to the 
colon in vivo. In chapter 4, the whole digesta produced from in vitro digestion 
was subjected to acid precipitation at pH 4 to recover insoluble high molecular 
weight fractions to represent the unabsorbable, undigested, or partially digested 
glycated lentil proteins. HCl was used in pH adjustment during acid precipita-
tion, instead of trichloroacetic acid to reduce possible exposure to traces in the 
gut microbiota culture. Whole digesta can also be dialyzed to obtain the pellet 
[77] but simple precipitation and centrifugation was used because it is less time 
consuming and laborious.

Several in vitro set-ups have been used to mimic the colon. It is necessary that the 
set-up closely simulates physiological conditions such as pH conditions, anerobic 
conditions, and complex gut microbiota. A physiologically relevant model should 
also consider fluid uptake, dissolved oxygen levels, a mucus layer, and epithelial 
cells [78]. The in vitro colonic fermentation methods available have varying levels 
of these factors involved. Current methods span from simple batch fermentation 
models to dynamic models. Dynamic models include the Reading model, Simula-
tor gastro-intestinal model (SIMGI), Polyfermentor Intestinal model (PolyFermS) 
[79] and small-scale models such as MiniBio model, Copenhagen MiniGut [80], 
smallest intestine in vitro model (TSI) [81,82]. 

In Chapter 4, we used batch fermentation to assess the metabolites (SCFA, BCFA, 
and NH3) produced from glycated lentil proteins. In batch fermentation, single 
vessels are inoculated with pure or mixed cultures grown under anaerobic condi-
tions and fed with the substrate of interest. They are exposed to the substrate 
for periods of up to 72 hours. This method is simple and can be used in evaluat-
ing several substrates [82]. The fermentation vessels are closed and sampled 
at desired timepoints. This means that possible exhaustion of substrate makes 
it difficult to do long incubation times. Also, there is no means to remove the 
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metabolites produced. Hence, the metabolites can build up and possibly affect 
further microbial activity. Thus, it is only suitable for short fermentation periods 
to assess the microbial metabolites from substrates or compare fermentation 
end products of different dietary components. 

On the other hand, dynamic methods comprise multiple vessels to represent 
different segments of the gut and are incubated at predetermined pH [83]. 
Current dynamic methods include the TNO In Vitro Model of the Colon (TIM-2) 
and the Simulator of the Human Intestinal Microbial Ecosystem (SHIME®). Each 
of these has its advantages and limitations. For instance, the TIM-2 like TIM-1 
have peristaltic simulations and a dialysis system [84]. SHIME includes gastric and 
intestinal simulations and can further be adapted to focus on one colon segment 
[85]. SHIME is very flexible and so can be customized to a parallel set up or even 
involve mucosal and luminal microbiome in the M-SHIME setup. The proximal and 
distal colon sections were simulated, and three vessels were assigned to each 
section, allowing treatments to run concurrently. These vessels were assigned 
to the basal feed (as control) and the two protein treatments (hydrolysates from 
lentil proteins incubated for 0 and 48 h) used in Chapter 4.

SHIME fermentation can be conducted over longer periods to monitor possible 
modulation in the gut microbiota. Thus, the SHIME was used to evaluate how 
glycated lentil proteins influence the gut microbiota population profile. A clear 
limitation of SHIME is the lack of peristaltic simulations and dialysis systems. 
However, the controlled periodic waste removal from the last vessel avoids ac-
cumulation of metabolites over the long incubation period. Another limitation of 
both SHIME and TIM-2 is lack of contribution from epithelial cells. However, these 
models can be connected to a host-gut microbiota interaction model. Addition-
ally, although challenging, metabolites produced from these in vitro methods 
can be exposed to intestinal cell models. The inoculation method used is also a 
crucial factor in the reproducibility [74]. To reduce variability in inoculum, pool-
ing in fecal samples has been suggested. However, the pooled samples result in 
a new ‘microbiota’ [86].

The population profile and changes can be assessed with many meta-omics 
approaches depending on the target or desired information. Next-generation 
sequencing techniques such as shotgun metagenomics and the 16s rRNA gene 
amplicon sequencing can be conducted to identify the composition. The aim of 
Chapter 4 was to evaluate possible changes in population profile and so 16s rRNA 
gene amplicon sequencing was selected to provide a qualitative measure of how 
the microbial population was affected by the glycated proteins. Beyond the 
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composition, DNA metagenomics and meta-transcriptomics can be done to delve 
into the transcription and translation mechanism of the bacteria. Metabolomics 
can also provide insights into the metabolism of bacteria [87]. However, 16s 
rRNA gene amplicon sequencing was adequate in showing changes in population 
profile and thus, was selected.

6.5.5 In vitro cell models
In an attempt to mimic the in vivo interactions of the intestinal epithelium, 
several methods have been developed. Currently, organoids, primary intestinal 
monolayers, organoid derived monolayers, isolated perfused intestine, Ussing 
Chambers, and isolated entero-endocrinal cells are used. Relevant factors that 
must be considered in the selection of appropriate models include the through-
put, cell-cell contact and interaction, ability to secrete hormones of interest, 
and experiment time window [88]. Although models such as the isolated intes-
tinal perfusion possess better similitude to the intestinal epithelium, their low 
throughput, time consideration, and need for specialized techniques limit the 
ease of use. In vitro cell models like STC-1 cells are simplified and have limited 
physiological relevance because they are used as monolayers without the total 
influence of the intestinal cell conditions [89]. They originate from tumors, and 
this might present deviations in their polarity, morphology, and gene expres-
sions. However, STC-1 cells have demonstrated significant similarities with in vivo 
cells at the transcriptomic level [88]. Their high throughput and ease of use also 
facilitate their use in understanding intestinal responses to multiple stimuli. 

Our primary interest in Chapter 5 of this thesis was to study the ability of pep-
tides to directly stimulate entero-endocrinal cells to release CCK and GLP-1. 
Secretion of these hormones in vivo are mediated by cytoplasmic cAMP, intracel-
lular calcium, G-protein coupled receptors, and PepT1 [45]. Previous studies have 
demonstrated the ability of STC-1 to express these receptors [90,91], thus STC-1 
cell model was appropriately selected. A further step to understand the pathway 
of stimulation would have been challenged by the lack of cell-cell interaction. 
Also, interexperimental and interlaboratory differences have been reported 
and attributed to heterogeneity of the STC-1 cells. However, we addressed this 
challenge by using cells that have been passaged over ten times as suggested by 
McCarthy et al [89].
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6.6 Implication and Societal relevance of findings 

Findings from this study demonstrate that pulse proteins can interact with other 
dietary components and these interactions can limit protein digestibility. Ad-
ditionally, large peptides produced from partial digestion of the pulse proteins 
and their complexes can play significant roles in the colon when transported 
there. The large peptides can modulate the gut microbiota and their metabolites. 
The entero-endocrinal cells also secrete satiety hormones in response to these 
large peptides. The satiety hormones CCK and GLP-1 studied in this thesis play 
significant roles in energy metabolism and homeostasis. CCK regulate digestion 
by delaying gastric emptying to halt further food intake. GLP-1 stimulates insulin 
release from β-cells of the pancreas when blood glucose levels increase. GLP-1 
can also enhance satiety, and thus reduce food intake. This means that in addi-
tion to their nutritional function, pulse proteins can also prolong satiety when 
the undigested fractions reach the colon. Initially, the satiety enhancing effect 
of pulses was mainly associated with dietary fibre [92,93] because of its bulking 
capacity which reduces food intake and elongates gastric transit time. Recent 
studies demonstrate that pulse proteins can also enhance satiety [94,95]. This 
thesis demonstrates that pulse proteins can stimulate production of satiety pro-
moting hormones in vitro which can reduce further caloric intake. Consequently, 
this can reduce the risk of developing obesity, Type 2 diabetes, and related 
metabolic disorders. Our findings provide insights into plant protein utilization 
in food applications and food product designs and will also inform development 
of functional food formulations. 

Pulse proteins can be used in food formulations for their satiety promoting roles 
in the small intestine and the colon. However, from this thesis, it can be deduced 
that digestibility of the proteins can be impacted by processing and interac-
tion between proteins and other dietary components. Therefore, these factors 
should be considered in the product design or improvement process because 
they can influence the type of peptides and amino acids released. Essential amino 
acids might not be bio-accessible due to the structural modifications caused by 
processing. In this thesis, we observed that glycation did not alter production 
of short-chain fatty acids and ammonia when the glycated pulse proteins were 
subjected to in vitro fermentation. However, clear differences were observed in 
population diversity in the colon sections of the different donors.

From this thesis, it is shown that in the case of reduced protein digestibility, they 
can still provide satiety-related benefits in the colon. Their effect on satiety is 
however beneficial or detrimental depending on the physiological conditions 
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like age and health condition. For instance, in the case of the elderly, prolonged 
satiety from these peptides might be detrimental. However, in adults, prolonged 
satiety is beneficial in the maintenance of a healthy body weight. 

Focusing on sustainability, these findings support the use of plant proteins as a 
sustainable alternative. Although protein quality has typically been based on its 
bioavailability, our study shows that the contribution in the colon should be fac-
tored in the sustainability equation. Due to the low digestibility of pulse proteins 
when compared to traditional animal proteins, it is expected that large quanti-
ties of pulse proteins will not be digested or absorbed, but rather move to the 
colon. This thesis shows that pulse proteins have beneficial roles beyond those 
that occur after intestinal absorption because the undigested pulse proteins 
have the potential to prolong satiety through their ability to stimulate satiety 
hormones in entero-endocrinal cells. This benefit might outweigh the relatively 
low protein yield and digestibility. Therefore, cultivation of underutilized pulses 
such as lentils can be increased to make healthy foods more accessible to people 
of all socio-economic groups. This, in turn, will improve global food and nutrition 
security and contribute to the United Nation’s Sustainable development goals, 
especially Goal 2 which aims to end hunger, achieve food security, improve nutri-
tion, and promote sustainable agriculture [96]. 

6.7 Future directions

The contribution of pulse proteins towards meeting the increased protein de-
mands of the growing global population warrants the need to explore sustainable 
protein alternatives with added health benefits beyond their nutritional role in 
the body. Our findings in Chapter 2 of this thesis points to the ability to modulate 
protein digestibility by changing the physical characteristics of the food matrix. 
Additionally, Chapter 3 demonstrates that levels of other dietary components 
in the food matrix determines the nature of interaction and consequently, the 
effect on digestibility. Therefore, plant protein interactions with other food bio-
molecules should be further explored considering the significant role of matrix 
interactions on protein quality. Furthermore, the proposed evaluations should 
be conducted under frequently used domestic and industrial processing meth-
ods, and under emerging novel processing methods. This will provide a clearer 
relationship between food matrix, the processing methods, and protein quality. 

The optimum conditions and the necessary modifications needed for desired 
health benefits should be explored in different age groups and health states. For 
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instance, the satietogenic effect produced in the colon as observed in Chapter 4 
might be beneficial in a healthy adult but not in the elderly nor infants. Addition-
ally, the physiological relevance of CCK and GLP-1 levels released in response 
to the test peptides used in this thesis should be investigated in vivo with more 
physiologically relevant evaluation methods to confirm the findings of these 
studies in vivo. 

In Chapter 4 of this thesis, we found that structural modification of the proteins 
does not alter the metabolites (short-chain fatty acids and ammonia) produced 
in the gut microbiota. However, it is unclear if the same is true for other protein 
fermentation products like hydrogen sulphide, carbon dioxide, phenols, and 
organic acids. Therefore, effect of these metabolites on host energy metabolism 
should be explored to ascertain whether these peptides impart beneficial or 
detrimental attributes in the colon. It is also important to further identify pro-
tein substrate levels that provide metabolites with beneficial roles rather than 
produce detrimental effects. The effect of harsher glycation conditions that are 
used in thermally processed foods should also be evaluated since the extent 
of protein structural modification might differ from what was observed in the 
model system used in this thesis. The effect of dAGEs produced in actual food 
products on the gut microbiota might differ from the effect in model systems.



6

155

General discussion: Relevance, Limitations, Future directions  

References

[1]	 The World Bank. Population growth (annual %) n.d. https://data.worldbank.org/
indicator/SP.POP.GROW (accessed December 8, 2022).

[2]	 Willett W, Rockström J, Loken B, Springmann M, Lang T, Vermeulen S, et al. Food 
in the Anthropocene: the EAT–Lancet Commission on healthy diets from sustain-
able food systems. The Lancet 2019;393:447–92. https://doi.org/10.1016/S0140-
6736(18)31788-4.

[3]	 Day L, Cakebread JA, Loveday SM. Food proteins from animals and plants: Dif-
ferences in the nutritional and functional properties. Trends Food Sci Technol 
2022;119:428–42. https://doi.org/10.1016/j.tifs.2021.12.020.

[4]	 Kutzli I, Weiss J, Gibis M. Glycation of plant proteins via maillard reaction: Reac-
tion chemistry, technofunctional properties, and potential food application. Foods 
2021;10. https://doi.org/10.3390/foods10020376.

[5]	 Nowotny K, Schröter D, Schreiner M, Grune T. Dietary advanced glycation end prod-
ucts and their relevance for human health. Ageing Res Rev 2018;47. https://doi.
org/10.1016/j.arr.2018.06.005.

[6]	 Gribble FM, Reimann F. Enteroendocrine Cells: Chemosensors in the Intestinal 
Epithelium. Annu Rev Physiol 2016;78. https://doi.org/10.1146/annurev-physi-
ol-021115-105439.

[7]	 Alrosan M, Tan TC, Easa AM, Gammoh S, Alu’datt MH. Molecular forces governing 
protein-protein interaction: Structure-function relationship of complexes protein in 
the food industry. Crit Rev Food Sci Nutr 2022;62:4036–52. https://doi.org/10.1080
/10408398.2021.1871589.

[8]	 Firoozmand H, Rousseau D. Microstructure and rheology design in protein-protein-
polysaccharide composites. Food Hydrocoll 2015. https://doi.org/10.1016/j.food-
hyd.2015.04.003.

[9]	 Bengoechea C, Romero A, Aguilar JM, Cordobés F, Guerrero A. Temperature and 
pH as factors influencing droplet size distribution and linear viscoelasticity of O/W 
emulsions stabilised by soy and gluten proteins. Food Hydrocoll 2010. https://doi.
org/10.1016/j.foodhyd.2010.04.005.

[10]	 Kaspchak E, Mafra LI, Mafra MR. Effect of heating and ionic strength on the interac-
tion of bovine serum albumin and the antinutrients tannic and phytic acids, and 
its influence on in vitro protein digestibility. Food Chem 2018;252:1–8. https://doi.
org/10.1016/j.foodchem.2018.01.089.

[11]	 Kaspchak E, Bonassoli ABG, Iwankiw PK, Kayukawa CTM, Igarashi-Mafra L, Mafra 
MR. Interactions of antinutrients mixtures with bovine serum albumin and its influ-
ence on in vitro protein digestibility. J Mol Liq 2020;315. https://doi.org/10.1016/j.
molliq.2020.113699.

[12]	 Yu P. Protein secondary structures (α-helix and β-sheet) at a cellular level and 
protein fractions in relation to rumen degradation behaviours of protein: a new ap-
proach. British Journal of Nutrition 2005;94. https://doi.org/10.1079/bjn20051532.

[13]	 Shevkani K, Singh N, Chen Y, Kaur A, Yu L. Pulse proteins: secondary structure, 
functionality and applications. J Food Sci Technol 2019;56:2787–98. https://doi.
org/10.1007/s13197-019-03723-8.



156

Chapter 6

[14]	 Capuano E. The behavior of dietary fiber in the gastrointestinal tract determines its 
physiological effect. Crit Rev Food Sci Nutr 2017;57:3543–64. https://doi.org/10.10
80/10408398.2016.1180501.

[15]	 AW T ‐L, SWANSON BG. Influence of Tannin on Phaseolus vulgaris Protein Digestibility 
and Quality. J Food Sci 1985;50:67–71. https://doi.org/10.1111/j.1365-2621.1985.
tb13279.x.

[16]	 Joye I. Protein digestibility of cereal products. Foods 2019;8. https://doi.
org/10.3390/foods8060199.

[17]	 Duodu KG, Taylor JRN, Belton PS, Hamaker BR. Factors affecting sorghum pro-
tein digestibility. J Cereal Sci 2003;38:117–31. https://doi.org/10.1016/S0733-
5210(03)00016-X.

[18]	 Dutson TR, Orcutt MW. Chemical changes in proteins produced by thermal process-
ing. J Chem Educ 1984;61. https://doi.org/10.1021/ed061p303.

[19]	 Barbana C, Boye JI. In vitro protein digestibility and physico-chemical properties 
of flours and protein concentrates from two varieties of lentil (Lens culinaris) n.d. 
https://doi.org/10.1039/c2fo30204g.

[20]	 Ma Z, Boye JI, Simpson BK, Prasher SO, Monpetit D, Malcolmson L. Thermal process-
ing effects on the functional properties and microstructure of lentil, chickpea, and 
pea flours. Food Research International 2011;44:2534–44. https://doi.org/10.1016/j.
foodres.2010.12.017.

[21]	 Boye J, Zare F, Pletch A. Pulse proteins: Processing, characterization, func-
tional properties and applications in food and feed. Food Research International 
2010;43:414–31. https://doi.org/10.1016/j.foodres.2009.09.003.

[22]	 Dallas DC, Sanctuary MR, Qu Y, Khajavi SH, Van Zandt AE, Dyandra M, et al. Personal-
izing protein nourishment. Crit Rev Food Sci Nutr 2017;57. https://doi.org/10.1080
/10408398.2015.1117412.

[23]	 Macfarlane GT, Gibson GR, Beatty E, Cummings JH. Estimation of short-chain 
fatty acid production from protein by human intestinal bacteria based on branched-
chain fatty acid measurements. FEMS Microbiol Ecol 1992;101:81–8. https://doi.
org/10.1111/j.1574-6941.1992.tb00002.x.

[24]	 Rodríguez-Romero J de J, Durán-Castañeda AC, Cárdenas-Castro AP, Sánchez-
Burgos JA, Zamora-Gasga VM, Sáyago-Ayerdi GS. What we know about protein gut 
metabolites: Implications and insights for human health and diseases. Food Chem X 
2022;13. https://doi.org/10.1016/j.fochx.2021.100195.

[25]	 Portune KJ, Beaumont M, Davila AM, Tomé D, Blachier F, Sanz Y. Gut microbiota 
role in dietary protein metabolism and health-related outcomes: The two sides 
of the coin. Trends Food Sci Technol 2016;57:213–32. https://doi.org/10.1016/j.
tifs.2016.08.011.

[26]	 Diether NE, Willing BP. Microbial fermentation of dietary protein: An important 
factor in diet–microbe–host interaction. Microorganisms 2019;7. https://doi.
org/10.3390/microorganisms7010019.

[27]	 Karaki SI, Mitsui R, Hayashi H, Kato I, Sugiya H, Iwanaga T, et al. Short-chain fatty acid 
receptor, GPR43, is expressed by enteroendocrine cells and mucosal mast cells in 
rat intestine. Cell Tissue Res 2006;324. https://doi.org/10.1007/s00441-005-0140-x.

[28]	 Psichas A, Sleeth ML, Murphy KG, Brooks L, Bewick GA, Hanyaloglu AC, et al. The 
short chain fatty acid propionate stimulates GLP-1 and PYY secretion via free fatty 
acid receptor 2 in rodents. Int J Obes 2015;39. https://doi.org/10.1038/ijo.2014.153.



6

157

General discussion: Relevance, Limitations, Future directions  

[29]	 Andriamihaja M, Davila AM, Eklou-Lawson M, Petit N, Delpal S, Allek F, et al. Colon 
luminal content and epithelial cell morphology are markedly modified in rats fed 
with a high-protein diet. Am J Physiol Gastrointest Liver Physiol 2010. https://doi.
org/10.1152/ajpgi.00149.2010.

[30]	 Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: Interactions be-
tween enteric microbiota, central and enteric nervous systems. Ann Gastroenterol 
2015;28.

[31]	 Xu D, Li L, Zhang X, Yao H, Yang M, Gai Z, et al. Degradation of Peptide-bound Mail-
lard Reaction Products in Gastrointestinal Digests of Glyoxal-glycated Casein by 
Human Colonic Microbiota. J Agric Food Chem 2019. https://doi.org/10.1021/acs.
jafc.9b03520.

[32]	 Dominika Ś, Arjan N, Karyn RP, Henryk K. The study on the impact of glycated 
pea proteins on human intestinal bacteria. Int J Food Microbiol 2011;145:267–72. 
https://doi.org/10.1016/j.ijfoodmicro.2011.01.002.

[33]	 ALjahdali N, Carbonero F. Impact of Maillard reaction products on nutrition and 
health: Current knowledge and need to understand their fate in the human diges-
tive system. Crit Rev Food Sci Nutr 2019;59. https://doi.org/10.1080/10408398.201
7.1378865.

[34]	 Tuohy KM, Hinton DJS, Davies SJ, Crabbe MJC, Gibson GR, Ames JM. Metabolism of 
Maillard reaction products by the human gut microbiota - Implications for health. 
Mol Nutr Food Res 2006;50. https://doi.org/10.1002/mnfr.200500126.

[35]	 Horiuchi T, Kurokawa T. Purification and properties of fructosylamine oxidase from 
aspergillus sp. 1005. Agric Biol Chem 1991;55. https://doi.org/10.1080/00021369.1
991.10870584.

[36]	 Horiuchi T, Kurokawa T, Saito N. Purification and properties of fructosyl-amino 
acid oxidase from corynebacterium sp. 2-4-1. Agric Biol Chem 1989;53. https://doi.
org/10.1271/bbb1961.53.103.

[37]	 Bui TPN, Ritari J, Boeren S, de Waard P, Plugge CM, de Vos WM. Production of butyr-
ate from lysine and the Amadori product fructoselysine by a human gut commensal. 
Nat Commun 2015;6. https://doi.org/10.1038/NCOMMS10062.

[38]	 Borrelli RC, Fogliano V. Bread crust melanoidins as potential prebiotic ingredients. 
Mol Nutr Food Res, vol. 49, 2005. https://doi.org/10.1002/mnfr.200500011.

[39]	 Patrignani M, Rinaldi GJ, Rufián-Henares JÁ, Lupano CE. Antioxidant capacity of 
Maillard reaction products in the digestive tract: An in vitro and in vivo study. Food 
Chem 2019;276. https://doi.org/10.1016/j.foodchem.2018.10.055.

[40]	 Seiquer I, Rubio LA, Peinado MJ, Delgado-Andrade C, Navarro MP. Maillard reaction 
products modulate gut microbiota composition in adolescents. Mol Nutr Food Res 
2014;58. https://doi.org/10.1002/mnfr.201300847.

[41]	 Yang Q, Li T, Lyu S, Ge H, Yang M, Liu X, et al. Ovalbumin and its Maillard reaction 
products ameliorate dextran sulfate sodium-induced colitis by mitigating the im-
balance of gut microbiota and metabolites. Int J Biol Macromol 2022;222:715–24. 
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2022.09.224.

[42]	 Zhang Z, He S, Cao X, Ye Y, Yang L, Wang J, et al. Potential prebiotic activities of soy-
bean peptides Maillard reaction products on modulating gut microbiota to alleviate 
aging-related disorders in D-galactose-induced ICR mice. J Funct Foods 2020;65. 
https://doi.org/10.1016/j.jff.2019.103729.



158

Chapter 6

[43]	 ALJahdali N, Gadonna-Widehem P, Delayre-Orthez C, Marier D, Garnier B, Carbonero 
F, et al. Repeated Oral Exposure to N ε-Carboxymethyllysine, a Maillard Reaction 
Product, Alleviates Gut Microbiota Dysbiosis in Colitic Mice. Dig Dis Sci 2017;62. 
https://doi.org/10.1007/s10620-017-4767-8.

[44]	 Moran-Ramos S, Tovar AR, Torres N. Diet: Friend or foe of enteroendocrine cells: 
How it interacts with enteroendocrine cells. Advances in Nutrition 2012;3. https://
doi.org/10.3945/an.111.000976.

[45]	 Osinski C, Moret D, Clément K, Serradas P, Ribeiro A. Enteroendocrine System and 
Gut Barrier in Metabolic Disorders. Int J Mol Sci 2022;23. https://doi.org/10.3390/
ijms23073732.

[46]	 Moran TH, Kinzig KP. Gastrointestinal satiety signals. II. Cholecystokinin. Am J Physi-
ol Gastrointest Liver Physiol 2004;286. https://doi.org/10.1152/ajpgi.00434.2003.

[47]	 Santos-Hernández M, Miralles B, Amigo L, Recio I. Intestinal Signaling of Proteins 
and Digestion-Derived Products Relevant to Satiety. J Agric Food Chem 2018;66. 
https://doi.org/10.1021/acs.jafc.8b02355.

[48]	 Posovszky C, Wabitsch M. Regulation of appetite, satiation, and body weight 
by enteroendocrine cells. Part 1: Characteristics of enteroendocrine cells and 
their capability of weight regulation. Horm Res Paediatr 2015;83. https://doi.
org/10.1159/000368898.

[49]	 Jorsal T, Rhee NA, Pedersen J, Wahlgren CD, Mortensen B, Jepsen SL, et al. En-
teroendocrine K and L cells in healthy and type 2 diabetic individuals. Diabetologia 
2018;61:284–94. https://doi.org/10.1007/s00125-017-4450-9.

[50]	 Santos-Hernández M, Vivanco-Maroto SM, Miralles B, Recio I. Food peptides as 
inducers of CCK and GLP-1 secretion and GPCRs involved in enteroendocrine cell 
signalling. Food Chem 2023;402:134225. https://doi.org/https://doi.org/10.1016/j.
foodchem.2022.134225.

[51]	 Nakajima S, Hira T, Hara H. Calcium-sensing receptor mediates dietary peptide-
induced CCK secretion in enteroendocrine STC-1 cells. Mol Nutr Food Res 2012;56. 
https://doi.org/10.1002/mnfr.201100666.

[52]	 Nauck MA, Niedereichholz U, Ettler R, Holst JJ, Ørskov C, Ritzel R, et al. Glucagon-
like peptide 1 inhibition of gastric emptying outweighs its insulinotropic effects in 
healthy humans. Am J Physiol Endocrinol Metab 1997;273. https://doi.org/10.1152/
ajpendo.1997.273.5.e981.

[53]	 Nauck MA. Unraveling the Science of Incretin Biology. Eur J Intern Med 
2009;20:S303–8. https://doi.org/10.1016/J.EJIM.2009.05.012.

[54]	 Harper WJ, Hewitt SA, Huffman LM. Model food systems and protein functionality. 
Milk Proteins: From Expression to Food, 2019. https://doi.org/10.1016/B978-0-12-
815251-5.00015-3.

[55]	 Tolstoguzov V. Structure-Property Relationships in Foods. ACS Symposium Series 
1996;650. https://doi.org/10.1201/9781482279085-9.

[56]	 Owusu-Apenten RK. Testing protein functionality. Proteins in Food Processing, 
2004. https://doi.org/10.1533/9781855738379.2.217.

[57]	 Brodkorb A, Egger L, Alminger M, Alvito P, Assunção R, Ballance S, et al. INFOGEST 
static in vitro simulation of gastrointestinal food digestion. Nat Protoc 2019;14. 
https://doi.org/10.1038/s41596-018-0119-1.



6

159

General discussion: Relevance, Limitations, Future directions  

[58]	 Minekus M, Alminger M, Alvito P, Ballance S, Bohn T, Bourlieu C, et al. A standardised 
static in vitro digestion method suitable for food-an international consensus. Food 
Funct 2014;5:1113–24. https://doi.org/10.1039/c3fo60702j.

[59]	 Hur SJ, Lim BO, Decker EA, McClements DJ. In vitro human digestion models 
for food applications. Food Chem 2011;125. https://doi.org/10.1016/j.food-
chem.2010.08.036.

[60]	 Zhou H, Tan Y, Mcclements DJ. Applications of the INFOGEST In Vitro Digestion 
Model to Foods: A Review. Annual Review of Food Science and Technology Annu Rev 
Food Sci Technol 2023 2022;17:45. https://doi.org/10.1146/annurev-food-060721.

[61]	 Del Rio AR, Keppler JK, Boom RM, Janssen AEM. Protein acidification and hydrolysis 
by pepsin ensure efficient trypsin-catalyzed hydrolysis. Food Funct 2021;12. https://
doi.org/10.1039/d1fo00413a.

[62]	 Lucas-González R, Viuda-Martos M, Pérez-Alvarez JA, Fernández-López J. In vitro 
digestion models suitable for foods: Opportunities for new fields of application 
and challenges. Food Research International 2018;107. https://doi.org/10.1016/j.
foodres.2018.02.055.

[63]	 Thuenemann EC. Dynamic digestion models: General introduction. The Impact 
of Food Bioactives on Health: In Vitro and Ex Vivo Models, 2015. https://doi.
org/10.1007/978-3-319-16104-4_4.

[64]	 Thuenemann EC, Giuseppina GM, Rich GT, Faulks RM. Dynamic gastric model (DGM). 
The Impact of Food Bioactives on Health: In Vitro and Ex Vivo Models, 2015. https://
doi.org/10.1007/978-3-319-16104-4_6.

[65]	 Ferrua MJ, Singh PR. Human gastric simulator (riddet model). The Impact of Food 
Bioactives on Health: In Vitro and Ex Vivo Models, 2015. https://doi.org/10.1007/978-
3-319-16104-4_7.

[66]	 Minekus M. The TNO gastro-intestinal model (TIM). The Impact of Food Bioactives 
on Health: In Vitro and Ex Vivo Models, 2015. https://doi.org/10.1007/978-3-319-
16104-4_5.

[67]	 Rieder A, Afseth NK, Böcker U, Knutsen SH, Kirkhus B, Mæhre HK, et al. Im-
proved estimation of in vitro protein digestibility of different foods using size 
exclusion chromatography. Food Chem 2021;358. https://doi.org/10.1016/j.food-
chem.2021.129830.

[68]	 Tomé D. Protein digestion and bioavailability. Reference Module in Food Science, 
2021. https://doi.org/10.1016/b978-0-12-821848-8.00034-2.

[69]	 Nielsen PM, Petersen D, Dambmann C. Improved method for determining 
food protein degree of hydrolysis. J Food Sci 2001;66:642–6. https://doi.
org/10.1111/j.1365-2621.2001.tb04614.x.

[70]	 Wolzak A, Bressani R, Gomez Brenes R. A comparison of in vivo and in vitro estimates 
of protein digestibility of native and thermally processed vegetable proteins. Quali-
tas Plantarum Plant Foods for Human Nutrition 1981;31. https://doi.org/10.1007/
BF01093886.

[71]	 Gray GM, Cooper HL. Protein Digestion and Absorption. Gastroenterology 
1971;61:535–44. https://doi.org/10.1016/S0016-5085(19)33506-1.

[72]	 Mendes FQ, de Almeida Oliveira MG, Costa NMB, Pires CV, Passos FR. Capability of 
in vitro digestibility methods to predict in vivo digestibility of vegetal and animal 
proteins. Arch Latinoam Nutr 2016;66.



160

Chapter 6

[73]	 Butts CA, Monro JA, Moughan PJ. In vitro determination of dietary protein and 
amino acid digestibility for humans. British Journal of Nutrition 2012;108. https://
doi.org/10.1017/S0007114512002310.

[74]	 Payne AN, Zihler A, Chassard C, Lacroix C. Advances and perspectives in in vitro 
human gut fermentation modeling. Trends Biotechnol 2012;30. https://doi.
org/10.1016/j.tibtech.2011.06.011.

[75]	 Macfarlane GT, Gibson GR, Cummings JH. Comparison of fermentation reactions in 
different regions of the human colon. Journal of Applied Bacteriology 1992;72:57–
64. https://doi.org/10.1111/J.1365-2672.1992.TB04882.X.

[76]	 Macfarlane GT, Macfarlane S. Models for intestinal fermentation: association 
between food components, delivery systems, bioavailability and functional 
interactions in the gut. Curr Opin Biotechnol 2007;18. https://doi.org/10.1016/j.
copbio.2007.01.011.

[77]	 Ashaolu TJ, Saibandith B, Yupanqui CT, Wichienchot S. Human colonic microbiota 
modulation and branched chain fatty acids production affected by soy protein hy-
drolysate. Int J Food Sci Technol 2019;54:141–8. https://doi.org/10.1111/ijfs.13916.

[78]	 Fritz J V., Desai MS, Shah P, Schneider JG, Wilmes P. From meta-omics to causality: 
Experimental models for human microbiome research. Microbiome 2013;1. https://
doi.org/10.1186/2049-2618-1-14.

[79]	 Fehlbaum S, Chassard C, Haug MC, Fourmestraux C, Derrien M, Lacroix C. Design 
and investigation of PolyFermS in vitro continuous fermentation models inoculated 
with immobilized fecal microbiota mimicking the elderly colon. PLoS One 2015;10. 
https://doi.org/10.1371/journal.pone.0142793.

[80]	 Wiese M, Khakimov B, Nielsen S, Sørensen H, van den Berg F, Nielsen DS. CoMiniGut-
A small volume in vitro colon model for the screening of gut microbial fermentation 
processes. PeerJ 2018;2018. https://doi.org/10.7717/peerj.4268.

[81]	 Nissen L, Casciano F, Gianotti A. Intestinal fermentation in vitro models to study 
food-induced gut microbiota shift: An updated review. FEMS Microbiol Lett 
2020;367. https://doi.org/10.1093/FEMSLE/FNAA097.

[82]	 Veintimilla-Gozalbo E, Asensio-Grau A, Calvo-Lerma J, Heredia A, Andrés A. In vitro 
simulation of human colonic fermentation: A practical approach towards models’ 
design and analytical tools. Applied Sciences (Switzerland) 2021;11. https://doi.
org/10.3390/app11178135.

[83]	 Kleiveland C, Lea T, Mackie A, Requena T, Swiatecka D, Wichers H. Kitty Verhoeckx 
· Paul Cotter Iván López-Expósito The Impact of Food Bioactives on Health In Vitro 
and Ex Vivo Models. n.d.

[84]	 Venema K. The TNO in vitro model of the colon (TIM-2). The Impact of Food Bioac-
tives on Health: In Vitro and Ex Vivo Models, 2015. https://doi.org/10.1007/978-3-
319-16104-4_26.

[85]	 van de Wiele T, van den Abbeele P, Ossieur W, Possemiers S, Marzorati M. The 
simulator of the human intestinal microbial ecosystem (SHIME®). The Impact 
of Food Bioactives on Health: In Vitro and Ex Vivo Models, 2015. https://doi.
org/10.1007/978-3-319-16104-4_27.

[86]	 Aguirre M, Ramiro-Garcia J, Koenen ME, Venema K. To pool or not to pool? Impact 
of the use of individual and pooled fecal samples for in vitro fermentation studies. 
J Microbiol Methods 2014;107. https://doi.org/10.1016/j.mimet.2014.08.022.



6

161

General discussion: Relevance, Limitations, Future directions  

[87]	 Zhang X, Li L, Butcher J, Stintzi A, Figeys D. Advancing functional and translational 
microbiome research using meta-omics approaches. Microbiome 2019;7. https://
doi.org/10.1186/s40168-019-0767-6.

[88]	 Goldspink DA, Reimann F, Gribble FM. Models and Tools for Studying Enteroendo-
crine Cells. Endocrinology 2018;159. https://doi.org/10.1210/en.2018-00672.

[89]	 McCarthy T, Green BD, Calderwood D, Gillespie A, Cryan JF, Giblin L. STC-1 Cells. 
The Impact of Food Bioactives on Health, Cham: Springer International Publishing; 
2015, p. 211–20. https://doi.org/10.1007/978-3-319-16104-4_19.

[90]	 Tanaka T, Katsuma S, Adachi T, Koshimizu TA, Hirasawa A, Tsujimoto G. Free fatty 
acids induce cholecystokinin secretion through GPR120. Naunyn Schmiedebergs 
Arch Pharmacol, vol. 377, 2008. https://doi.org/10.1007/s00210-007-0200-8.

[91]	 Young SH, Rey O, Sternini C, Rozengurt E. Amino acid sensing by enteroendocrine 
STC-1 cells: Role of the Na +-coupled neutral amino acid transporter 2. Am J Physiol 
Cell Physiol 2010;298. https://doi.org/10.1152/ajpcell.00518.2009.

[92]	 Lunde MSH, Hjellset VT, Holmboe-Ottesen G, Høstmark AT. Variations in postpran-
dial blood glucose responses and satiety after intake of three types of bread. J Nutr 
Metab 2011;2011. https://doi.org/10.1155/2011/437587.

[93]	 Dahl WJ, Foster LM, Tyler RT. Review of the health benefits of peas (Pisum sati-
vum L.). British Journal of Nutrition 2012;108:S3–10. https://doi.org/10.1017/
S0007114512000852.

[94]	 Chan CKY, Fabek H, Mollard RC, Jones PJH, Tulbek MC, Chibbar RN, et al. Faba bean 
protein flours added to pasta reduce post-ingestion glycaemia, and increase satiety, 
protein content and quality. Food Funct 2019;10:7476. https://doi.org/10.1039/
c9fo01186b.

[95]	 Smith CE, Mollard RC, Luhovyy BL, Harvey Anderson G. The effect of yellow pea 
protein and fibre on short-term food intake, subjective appetite and glycaemic re-
sponse in healthy young men. British Journal of Nutrition 2012;108:S74–80. https://
doi.org/10.1017/S0007114512000700.

[96]	 THE 17 GOALS | Sustainable Development n.d. https://sdgs.un.org/goals (accessed 
May 27, 2023).

 





163

Summary

Summary

The global population is rising rapidly with about 80 million people being added 
every year. This poses a challenge to global food security and food scientists are 
currently exploring means of addressing this challenge. Particularly, meeting the 
protein demands of the global population requires that beyond the traditional 
animal sources, we explore more sources of food proteins which have less det-
rimental effects on the environment. Current sustainable protein alternatives 
include legumes and pulses, cereals and pseudo-cereals, oilseeds, tubers, algae, 
and insects. Of these protein alternatives, plant proteins such as pulses contrib-
ute significantly to global protein demand because they are more sustainable, 
have health benefits, and are already consumed in areas with low food security. 
However, the structural difference between animal and plant proteins poses a 
challenge to their digestibility when used in food applications. Processing and 
interaction with other dietary components can modify the native plant protein 
structure and affect digestibility of the proteins. This thesis evaluated how pro-
cessing conditions such as thermal treatment and interaction with other dietary 
components influence plant protein digestibility. Lentil and yellow pea proteins 
were selected as model plant proteins because these pulses are commonly con-
sumed, and their proteins are gaining attention for use in food applications.

In Chapter 2, we investigated the influence of β-glucan interaction on the 
particle characteristics and in vitro digestibility of proteins isolated from lentil 
and yellow pea seeds. In Chapter 3, we evaluated the effect of tannic acid in-
teraction on particle characteristics, structure, thermal stability, peptide profile, 
and in vitro peptic digestibility of lentil proteins. Results from Chapter 2 and 
3 show that interaction between pulse proteins and food components such as 
dietary fibre and phenolic compounds can produce complexes that alter the 
particle characteristics and structure of the proteins. These structural changes 
consequently limit digestibility of the proteins. In Chapter 4, we evaluated how 
plant protein glycation during Maillard reaction also affects protein digestibility. 
Maillard reaction occurs frequently during processing of high protein foods and 
has been suggested to enhance techno-functionality of plant proteins. Chapter 
4 demonstrated that glycation of these proteins modifies the particle character-
istics and consequently reduce digestibility of the proteins.

After digestion, residual proteins which are partially hydrolyzed polypeptides po-
tentially move to the colon and can interact with the intestinal entero-endocrine 
cells and the gut microbiota. To investigate this, in Chapter 4 we assessed how 
glycated lentil protein hydrolysates that reach the colon affect the metabolites 
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and population of the gut microbiota using batch fermentation and the Simula-
tor of Human Intestinal Microbiome Ecosystem (SHIME®). We observed that the 
extent of protein glycation during processing does not affect the short-chain 
fatty acids (SCFAs), branched-chain fatty acids (BCFAs), and ammonia produced 
in the colon, while the effect on the microbiota population is dependent on the 
host and colon section.

Several studies have reported that food proteins and peptides can stimulate 
secretion of satiety hormones such as CCK and GLP-1. However, it is unclear if 
digestion-resistant fractions also lead to a similar outcome. Hence, Chapter 5 
explored the effect lentil protein hydrolysates have on CCK and GLP-1 secretion 
in intestinal endocrine cells, using Secretin Tumor Cell line (STC-1). We used 
high molecular weight peptides (>3 kDa) to represent the digestion-resistant 
fraction. The peptides from both pea and lentil stimulated production of satiety 
hormones CCK and GLP-1.

A general discussion of the summary of the findings of this thesis and their 
relevance, limitations, and future directions is reported in Chapter 6. This thesis 
shows that digestibility of pulse proteins can be limited by processing and in-
teraction with other dietary components, yet the undigested fraction proteins 
have the potential to modulate the gut microbiota and prolong satiety through 
their ability to stimulate satiety hormones in entero-endocrine cells. This benefit 
might outweigh the relatively low protein yield and digestibility. Therefore, cul-
tivation of underutilized pulses such as lentils can be increased to make healthy 
foods more accessible to people of all socio-economic groups. Although the in 
vitro methods used in this study limit their physiological relevance, our findings 
provide insights into plant protein utilization in food applications and guide food 
product designs in the functional food industry.
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