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1.1. Benefits of consuming edible plant-tissues  

Plant-based foods provides important health and nutritional benefits to the diet. The regular 

consumption of fruits, vegetables, whole grains, seeds and legumes has been associated with 

the prevention of cardiovascular diseases and obesity1,2. Furthermore, plant-based foods are 

recommended as a good replacement for other high-energy dense products (e.g. snacks, baked 

goods) since they confer satiety and satiation due to the large amount of dietary fiber present3. 

In general, these products are good sources of several micro (Fe, Zn, Ca) and macronutrients 

(protein, starch, fat), sometimes even serving as a primary source of such nutrients to certain 

segments of the population that, due to ethical or religious reasons, do not consume animal-

based products. In this respect, legumes are particularly interesting due to their high protein and 

starch content that makes them a good substitute for products of animal origin. These two 

macronutrients are essential components of the diet since they provide energy and are useful 

for the correct regulation of metabolic processes4. Thus, understanding their digestibility and 

availability when contained within the plant matrix is of great importance and could aid in the 

development of strategies to modulate their utilization.  

1.2. Physiology of starch and protein digestion 

1.2.1 Digestion from the mouth to the ileum 

Starch digestion starts in the mouth during bolus formation, where food is mixed with saliva 

that contains α-amylase. The activity of this amylolytic enzyme is not limited to the few minutes 

of residence in the mouth since it may remain active for several minutes after the bolus have 

reached the stomach, depending on the kinetics of stomach acidification5. However, most of 

starch digestion and glucose absorption occurs in the small intestine of mammals (Fig. 1-1). In 

this portion of the digestive system, starch is hydrolysed by pancreatic α-amylase, an endo-

hydrolase, that cleaves accessible α (1-4) bonds of the starch molecule6. The products formed 

upon α-amylase catalysis are maltose, α-limit dextrins and linear oligomers. To be absorbed by 

the intestinal lumen, they must be further hydrolysed by brush border exo-hydrolases into 

glucose which is ultimately absorbed by the epithelial cells through active or facilitated 

transport. The brush border  enzymes have the capability of cleaving α (1-4) bonds but also α 

(1-6) present in α-limit dextrins7.  

As for proteins, their digestion starts in the stomach where pepsin, an aspartic protease, is 

secreted by chief cells located in the gastric mucosa (Fig. 1-1). Pepsin contains aspartic acid 
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residues at the catalytic site that activate water molecules for the hydrolysis of the peptide 

bonds8. Physiologically, pepsin is secreted as a zymogen (pepsinogen) which is later activated 

by the acidic environment of the gastric juice. This prevents the host tissues from self-

digestion9. Pepsin has a broad specificity, with a preference for cleaving peptide bonds between 

hydrophobic and aromatic amino acids such as phenylalanine, tryptophan and tyrosine8. 

Undigested proteins or peptide fragments produced after pepsin degradation are further digested 

by trypsin and chymotrypsin in the duodenum and proximal jejunum. Both enzymes are serine 

proteases that are produced in the pancreas as the zymogens trypsinogen and 

chymotrypsinogen, respectively. They are endopeptidases which cleave peptide bonds of non-

terminal amino acids with specificity towards certain amino acid residues at the scissile peptide 

bond. In the case of trypsin, its action is limited to hydrolyzing peptides at the site of the basic 

amino acids arginine and lysine while chymotrypsin acts upon phenylalanine, tryptophan and 

tyrosine residues10,11. Polypeptides produced by trypsin and chymotrypsin  are further cleaved 

into  their amino acid constituents by carboxypeptidases and aminopeptidases contained in the 

pancreatic secretions and dipeptidases present in the intestinal brush border9. Ultimately, free 

amino acids, dipeptides and tripeptides are absorbed by specialized transport proteins in the 

epithelium. 
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Fig. 1-1. Schematic representation of the digestive tract and the sites of enzyme production and activity12 . 
Copyright granted by Elsevier, license number 4711890444977. 

 

 

1.2.2. Colonic fermentation 

A substantial amount of nutrients escapes the small intestine undigested. In some cases, this is 

related to the fact that humans lack specific enzymes needed to degrade them. That is the case 

of the complex carbohydrates present in plant cell walls which together with resistant starch 

(RS), are the most abundant source of dietary fibre. The amount of dietary fibre reaching the 

colon highly depends on the diet and it increases with the amount of plant tissue consumed. 
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According to most nutritional guidelines, the intake of dietary fibre should range between 25-

35g per day13,14. Besides carbohydrates, a variable portion of proteins (around 10% of ingested 

protein15), fats and oligosaccharides may escape digestion becoming potential substrates for the 

microbiota present in the large intestine. The utilization of those undigested nutrients by 

resident microbiota has been found to influence the host physiology due to the metabolites 

produced16. 

The utilization of carbohydrates results in the production of short chain fatty acids (SCFA) and 

gas (CO2, CH4, and H2). It has been found that, in both humans and pigs, the predominant SCFA 

produced is acetate, followed by propionate and then butyrate17. In general, several health 

promoting effects have been ascribed to SCFA production such as lowering the pH of the colon, 

growth inhibition of pathogenic organisms and maintenance of normal bowel structure and 

function. More recently, butyrate production has drawn much attention due to its health related 

properties where the growth inhibition of colon-rectal cancer cells could be the most relevant18. 

Specific substrates, such as RS have been found to stimulate the growth of certain bacterial 

strains capable of producing higher amounts of butyrate19, hence its utilization in the design of 

functional foods has increased. Furthermore, it has been shown that the presence of RS shifted 

the utilization of other non-starch polysaccharides (NSP) to more distal parts of the colon20. 

This is of importance since carbohydrate depletion in the distal parts of the gut results in protein 

fermentation which produces toxic compounds such as ammonia, phenols, amines, thiols and 

branched chain fatty acids. Experimental evidence is accumulating from animal and in-vitro 

data, which shows that fermentation of dietary proteins might be one of the factors that increases 

the risk of colorectal cancer21. Fig. 1-2 shows a schematic representation of the bacterial 

content, substrate availability and optimal pH of the three portions that constitute the large 

intestine. 
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Fig. 1-2. Schematic representation of the bacterial content, substrate availability and SCFA production of the 
digestive tract22. 

1.3. Factors affecting protein and starch digestibility  

There are two concepts widely used by nutritionists and food scientists to characterize the 

behaviour of nutrients in the gastrointestinal tract and the fraction that is utilized by the host: 

bio-availability and bio-accessibility. The former refers to the proportion of an ingested nutrient 

that is delivered into the blood stream and has to do with the efficiency of absorption and 

utilization of it23. While the latter refers to the amount of an ingested nutrient that is available 

for absorption in the gut after digestion24. When it comes to macronutrients, such as starch and 

proteins, their hydrolysis by digestive enzymes into smaller units is the obvious pre-requisite 

for absorption in the bloodstream. In such cases one better refers to them in terms of 

digestibility, i.e. the fraction of macronutrient hydrolysed in smaller products by the action of 

digestive enzymes (amylase for starch and proteases for proteins) that could be either absorbed 

in the blood stream or available for absorption. Therefore, the proportion of an ingested nutrient 

that is delivered into the blood stream is more important than the total amount contained in the 

food.  

Starch digestibility has been subject of many research studies due to its huge impact on human 

health. The clear link between starch digestion and blood glucose levels led to the classification 

of foods according to their potential to rise post-prandial glycaemia and insulinemic indices25. 

Englyst and Cummings26 proposed  one of the first systems of starch classification based on its 

digestion kinetics identifying three types of starches: rapidly digestible, slowly digestible and 

resistant starch; showing the relationship between the distribution of these three fractions and 

the corresponding glycaemic index values measured in-vivo. Despite this classification is 
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nowadays questioned from a molecular point of view27, it represented a useful starting point to 

relate starch behaviour during digestion to the physiological response observed in-vivo. 

However, the food properties responsible for those differences remain to be elucidated. In fact, 

this is still a matter of investigation, but several factors have been found to be important. They 

are related to food structure (plant tissues28), physicochemical characteristics of starch granules 

(amylose: amylopectin ratio, granule size, shape and porosity29), the presence and interactions 

with other dietary components (dietary fibre, proteins and polyphenols30). Perhaps one of the 

most important factors modulating starch digestibility is related to the extent of granules 

gelatinization31; a thermal process by which native starch granules absorb water and swell 

losing their crystallinity and structural organization. The extent of gelatinization is affected by 

the type and amount of starch granules, temperature gradient, shear force and water content32. 

Therefore, high digestibility is achieved in fully gelatinized starch granules while native or 

crystalline forms of the molecule will result in very low levels of digestion. 

The factors affecting protein digestibility are very similar to those of starch and include: its 

origin and amino acid composition (primary structure), conformational configuration (i.e. 

secondary and tertiary structure, (un)folded state, aggregation level or cross-linking among 

individual polypeptides33 and  interactions with other macronutrients (e.g. dietary fibre) or food 

components (tannins and other polyphenols, trypsin inhibitors and phytates). Food processing 

has a large effect on protein digestibility; it has been observed that processes such as 

germination34 or extrusion35 could increase protein digestibility due to the reduction of anti-

nutritional factors. In general, heat treatments increase protein digestibility due to the unfolding 

of the tertiary structure as a consequence of protein denaturation. However, this is not always 

the case since severe heat treatments can produce protein aggregation or cross-linking as 

consequence of extensive denaturation and exposure of reactive moieties.  

One of the key factors that modulates digestibility and bio-accessibility (and in turn bio-

availability) of nutrients is related to the structural properties of the food matrix. Its influence 

has emerged as one of the most important and intriguing factors since its physical properties 

could affect enzymatic and chemical processes that occur during digestion23,24. 

1.4. Food structure 

Food structure is produced by the interaction and organization of food constituents at multiple 

spatial scales36. Those interactions are responsible for quality, sensorial and nutritional 

attributes of foods. When food ingredients are mixed, their individual properties will change 
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significantly affecting the properties of food. This is due to the heterogeneous nature of the 

ingredients but also to the processing methods employed. Therefore, a good understanding of 

the structural aspects of raw materials, their assembly into the food matrix through processing 

and the interaction forces between them will provide useful information that allow the delivery 

of tailored functionalities to create specific structural properties37. For example, it is possible to 

extend the shelf life of products by controlling microbial growth due to structural changes in 

the matrix such as limiting water availability38. Or microencapsulating ingredients to provide 

stability, thermal protection, improving sensorial profile or a delay release of specific 

compounds39. 

In general, food structures are complex; they range from intricate self-assembled structures 

formed by nature (e.g. plant and animal tissues) up to fabricated structures produced as 

consequence of food processing40. The properties of foods perceived by sensory attributes like 

texture, and taste constitute the macroscopic evidence of the interactions occurring at smaller 

length scales. This is due to the spatial arrangements of food structural elements, their chemical 

composition and in a large extent their interactions41. Thus, to have a global understanding of 

the mechanisms that confer a specific macroscopic attribute, food microstructures should be 

studied thoroughly. A global overview of a food product at different length scales could provide 

valuable information that will aid in the understanding of its functionality and facilitate the 

formulation of foods. Fig. 1-3 provides a graphical representation of a staple product, bread, at 

different length scales to illustrate the diverse levels of structural organization of the 

constituents in a typical food. At the smallest scale or molecular level, chemical structures of 

food constituents could be analyzed (e.g. glucose). Moving further to a larger scale or 

microscopic level, the aggregation of molecules and their assembly into components could be 

studied such as the ones present in starch granules. While at mesoscopic lengths, interactions 

between ingredients are assessed42 as what happens in gluten network formation in the case of 

bread.  
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Fig. 1-3. Graphical representation of different levels of organization in a typical food matrix. All the interactions 
occurring at low length scales (molecular, microscopic and mesoscopic) are responsible for the sensorial attributes 
perceived at macroscopic scale.  

Recently, a new aspect in food structuring research has emerged in which the disassembly of 

foods is studied. This is of importance as it gives us a better understanding of what happens to 

food products during consumption. Food perception will not only be affected by this but also 

its digestion and nutrient uptake by our bodies. By understanding the way in which foods 

disintegrate during oral processing and gastro-intestinal digestion, one can apply reverse 

engineering concepts to design foods with optimized digestion of specific nutrients 36. This in 

turn could be utilized to produce more tailor-made products to satisfy special needs of 

vulnerable segments of the population like infants, elderly and people with certain chronic 

diseases. In this thesis, we will focus on those structural aspects that modulate the digestion of 

macromolecules (starch and protein) within plant tissues. 

1.4.1. Food structure in nutrition and health 

The relationship between food structure and health has been investigated for several years. One 

of the earliest studies was performed by Harber and others43 when investigating the effect of 

consuming whole apples on plasma glucose, satiety and serum insulin production. They found 

that, by removing fiber or physically disrupting apple structure, the three aforementioned 

parameters changed unfavorably. Since then, several authors had contributed with additional 

evidence that reinforces the link between structure and nutrition. One of the most important 

studies that gave concrete evidence about the role of food structure in health is the in-vivo study 

conducted by Jenkins et al44 using whole meal and whole grain breads. The authors were able 
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to demonstrate that the glycemic index of patients that consumed whole wheat bread with intact 

barley kernels was significantly lower compared to a group which consumed bread made of 

finely milled kernels. This proves that the structure of plant tissues had larger influence in 

physiological responses than ingredient composition itself 45. 

1.4.2. Structure of plant-based foods 

The structures that constitute plant-based foods are very diverse: they include tissues that are 

assembled from molecules with a specific function, for instance fleshy parts that consist of a 

group of cells able to retain water and confer turgidity or encapsulated embryos that contain 

starch, proteins and fats46. The molecular constituents of plant-tissues, particularly proteins and 

polysaccharides, are organized into hierarchical structures. The main function of such structures 

is to confer specific biological functionalities to the living organism, such as providing 

protection and support to the cell or serving as an energy reservoir 47. Despite of the variety of 

structures present in plant-based foods, the continuous network of the cell walls is by far the 

most important structural feature especially from a nutritional point of view48.  

Cell walls (CW) are supramolecular structures that provide support and protection to plant cells 

and regulate communication with the environment. They are mainly composed of non-starch 

polysaccharides whose molecular composition differs among edible plant tissues. For instance, 

cereals CW contain cellulose, arabinoxylans, β-linked glucans, and very low or negligible 

amounts of pectic polysaccharides and xyloglucans49. Legumes, on the other hand, possess a 

thick and resistant CW predominantly composed of a mixture of cellulose, β-glucans, 

xyloglucans and pectins; this last molecule also constitutes the middle lamella that binds two 

adjacent cells together50. The compositional differences between cereal and legumes confers 

them contrasting mechanical properties. Cereal CW are thin and easily disintegrate; the 

structural integrity of the kernel is maintained by the starch/protein “concretion” of the 

endosperm, combined with the tough surrounding testa or seed coat 51 (Fig. 1-4A). On the 

contrary, legumes possess thick CW and their cytoplasmic matrix fills up the space enclosed 

within cell membrane with a mixture of starch granules, protein and/or oil bodies (Fig. 1-4B). 

For starch rich legumes, such as beans and chickpeas, the cytoplasmic matrix is tightly packed 

by starch granules embedded in a proteinaceous matrix51. Bean cells show high resistance to 

breakage when a mechanical force is applied after cooking. This is due to the solubilization of 

pectin present in the middle lamella that allows the separation of individual cells maintaining 

their physical integrity.  
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As for fruits and vegetables, their CWs consist mostly of cellulose, hemicellulose and pectin 

(Fig. 1-4C). During ripening, CW polysaccharides suffer structural changes mainly in pectin 

but also, to a minor extent, hemicellulose and cellulose material52.  

 

Fig. 1-4 Micrographs depicting wheat53 (A), chickpea54 (B) and tomato55 (C) cells. Cell walls could be clearly 
differentiated in the three images as the outer ring that encloses the cytoplasmic matrix that contains proteins, 
starch (A, B) and carotenoids (C). 

The presence of a CW in plant tissues has very important consequences from a nutritional point 

of view since human digestive enzymes are unable to hydrolyze the polysaccharides present in 

the CW that surround macromolecules such as proteins and starch46. Thus, the structure of those 

systems will act as encapsulating material that will largely determine the bio-accessibility of 

the nutrients contained within them. Therefore, all processes affecting cellular integrity could 

also have repercussions in the bio-accessibility of plant nutrients. For instance, grinding or 

milling will increase the surface area due to particle size reduction facilitating the exposure of 

intracellular components to digestive fluids56,57. This could have beneficial or detrimental 

implications on health, depending on the type of nutrient considered and on the target 

population. It has been widely recognized that this is an efficient strategy to increase bio-

accessibility especially for cereal matrices.   

1.5. Knowledge gap and research rationale 

The occurrence of a natural barrier in plant tissues (cell walls) that encapsulates starch, proteins 

and fats has been reported in literature for at least 30 years58. This has raised concern regarding 

the lower digestibility of nutrients entrapped within the CW of intact plant matrices. Studies 

using a variety of sources (legumes, cereals, nuts), treatments and particle sizes have described 

such effects on digestibility as affected by processing and different botanical origins56,59,60. 

Furthermore, efforts have also been made in understanding the resistance of these structures to 

digestive processes. In-vitro and in-vivo experiments have confirmed the resistance of CW to 

digestion in those cases where their physical integrity was not compromised before swallowing 
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(by cooking or oral processes). Two of the studies that provides conclusive evidence are in-vivo 

intervention studies using almonds61 and wheat endosperms62. In both cases, intact cells were 

recovered in the feces of healthy volunteers or in the effluents from ileostomy patients. Even 

though these findings provide an important contribution towards understanding the behavior of 

plant tissues during digestion, several key aspects still remain to be elucidated. One of the most 

important is related to the role of the CW as a barrier to pancreatic amylase during small 

intestinal digestion. Until know, this is still a matter of debate since contradictory information 

has been generated from studies conducted by different research groups where some describe 

the CW as an impermeable barrier to amylase 28,63. We believe that the lack of a mechanistic 

explanation about the system is the origin of those discrepancies. Furthermore, the role played 

by the intracellular matrix of intact cells in modulating macronutrients digestion remains to be 

elucidated. As for colonic fermentation, even though it is commonly accepted that CW 

polysaccharides could be fermented by gut microbiota, structural aspects of plant tissues are 

usually neglected when considering the utilization of its constituents by colonic bacteria. Thus, 

the role of CW integrity in modulating colonic fermentation of intracellular nutrients deserves 

investigation.   

This thesis aims at providing a comprehensive description of the main factors affecting 

digestion and fermentation of intact plant tissues with special attention to CW permeability and 

integrity. For this, four main objectives should be achieved:  

a) Determine the role of intact CW in nutrients digestibility in terms of its permeability to 

digestive enzymes. 

b) Provide a mechanistic explanation for the kinetics of digestion of nutrients encapsulated 

within plant-tissue matrices; 

c) Identify the influence of intrinsic factors (besides those of the CW) that could modulate 

the digestibility of nutrients in plant tissues; 

d) Provide insights about the effect of the plant structure, with special reference to CW 

integrity, on fermentation of intracellular nutrients and CW by colonic bacteria. 

In order to tackle this challenge, isolated cotyledon cells from red kidney beans were used as 

model systems. 
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1.6. Why using beans as study models? 

Beans, and legumes in general, are a staple food widely consumed in developing countries since 

it represents a good and cheap alternative for meat proteins. Furthermore, the consumption of 

this legume in certain areas has been strongly associated with ethnic and cultural background. 

That is the case of regions like Latin America, where the utilization of beans dates from pre-

Colombian civilizations. Beans consumption is strongly rooted and a diversity of preparations 

have been developed using this legume as main ingredient becoming part of Hispanic 

traditions64. In the last years, several western developed societies are also incorporating beans 

(and legumes) into their habitual diets. This is due to an increasing trend in reducing the 

consumption of animal-based products for health and sustainable reasons65.  

From a health perspective, beans are products with a high nutritional density due to their 

protein, starch and fibre content. Beans were the first type of foods recognized as having low 

glycaemic index (GI)66. Due to this, its consumption has been widely recommended to patients 

with diabetes and obesity where products with slowly digestible starches are highly preferred. 

Besides, other health benefits such as reducing the risk of coronary and heart disease together 

with a decrease in blood pressure have been also associated to bean consumption. This is due 

to the low amount of saturated fats present in the legume, its high content in dietary fibre (both 

soluble and insoluble)  and the relatively large amount of protein 66. Furthermore, the biological 

value of bean proteins is outstanding due to the large amounts of lysine it contains. Beans 

provide 25% of the total lysine requirements; this is of particular importance for people 

consuming plant-based diets67. That is why several health organizations encourage a frequent 

consumption of legumes65.   

All the health benefits mentioned above make beans an interesting study system. In particular, 

the relatively low GI of beans deserves special attention since it is intimately related to the 

unique structural properties of bean cotyledon cells. Moreover, beans (and many other legumes) 

are typically consumed as whole grains and it has been observed that the structural integrity of 

bean cells is limitedly affected by thermal treatments such as boiling in excess water, which is 

their most common method of preparation58. This is opposed to what is observed in other 

sources like cereals that have more brittle and thin cell walls and are normally milled into fine 

flours before their utilization. Therefore, the strength of the CW in bean cells facilitates the 

isolation of individual cells and their manipulation. All in all, beans could serve as a good study 



Chapter 1 
 

Page | 26 
 

model to understand and characterize all of those aspects that modulate the digestibility of 

starch and proteins contained within an intact plant matrix.  

1.7. Thesis outline 

The influence of food structure on nutrients digestibility has been investigated in the past 

decades. However, it is still not clear what is the role of the structural aspects of plant tissues 

in modulating intestinal digestion and fermentation. In this thesis, we aim at getting a better 

understanding of such mechanisms using red kidney beans as model systems. A 

multidisciplinary approach is followed that enables to understand the effect of structural aspects 

on nutrients utilization from the perspective of small and large intestine, where the influence of 

structural aspects present in kidney beans were tested. A graphical representation of the thesis 

outline is presented in Fig. 1-5. 

In Chapter 2, the role of plant cell walls in starch digestion is described. Cotyledon cells from 

red kidney beans were isolated and samples with different levels of cell wall integrity were 

produced by means of enzymatic or mechanic treatments. The influence of cell wall 

porosity/integrity in the different samples were assessed in terms of starch digestibility. In 

Chapter 3, the microstructural organization of intact bean cells and its effect on protein and 

starch digestibility were studied. Interactions between protein and starch as consequence of 

molecular confinement within the cytoplasmic matrix were related to starch and protein 

digestibility. The effect of molecular confinement on conformational changes of proteins during 

heat treatment was also investigated and related to proteins digestibility.  

In Chapter 4, a mechanistic mathematical approach was developed to understand the physical 

and biochemical phenomena responsible of the reduced digestibility of starch confined within 

intact cotyledon cells. The effect of enzyme diffusion and interactions with cell wall 

components were characterized and quantified experimentally. Validation of the model was 

performed using in-vitro digestion data of starch hydrolysis.  

Chapter 5 provides insights about the fate of intact cells during large intestinal fermentation 

using a dynamic in-vitro model (simulator of the human intestinal microbial ecosystem, 

SHIME®). The effect of CW entrapment in microbiota utilization of starch was studied. The 

degree of starch and fiber fermentation in samples with different cell wall integrity levels was 

investigated. Compositional changes on the microbiota population due to bean cells 

supplementation were assessed.  To complement the insight provided in chapter 5, in Chapter 



General Introduction 
 

Page | 27 
 

6, a batch fermentation system was employed to understand the efficiency of each colon portion 

when providing equal amounts of substrate. Bean cells integrity after microbiota fermentation 

was determined by using different microscopy techniques. Furthermore, the impact of 

microbiota adaptation to bean cells utilization was also investigated. 

Finally, Chapter 7 summarizes and integrates the main findings of all the chapters presented 

in this thesis. A discussion of the main results, its significance and new insights are presented. 

Furthermore, the scientific challenges and future directions are also outlined. 

 

 

Fig. 1-5. Graphical outline of the chapters contained in this thesis. Chapters 2, 3 and 4 studied the effect of 
cotyledon cell structure during in-vitro digestion while chapters 5 and 6 focussed on its influence during in-vitro 
colonic fermentation. MDC= mechanically damage cells, EDC= enzymatically damaged cells, ICC= intact 
cotyledon cells, SCFA= short chain fatty acids, colonic efficiency= rate and extent of ICC/MDC fermentation in 
each colon portion. 
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Abstract 

Isolated bean cells were used to understand the contribution of cell wall and cytoplasmic matrix 

on starch digestibility. Cotyledon cells were treated enzymatically and mechanically to reduce 

the level of cell intactness. SEM and chemical characterization revealed that enzymatic 

treatment modified cell wall thickness and porosity without altering the cytoplasmic matrix, 

whereas mechanical treatment completely disrupted cell structure. Decreasing cell intactness 

increased the rate but not the extent of starch digestion in-vitro. It was concluded that cell wall 

serves as a permeable barrier limiting the access of digestive enzymes. Cytoplasmic matrix, on 

the other hand, reduced further the accessibility of amylase to starch affecting its hydrolysis 

rate. In addition, it was proven that cell structural changes, if any, occurring during digestion 

had no effect on starch hydrolysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



A closer look to cell structural barriers affecting starch digestibility in beans 
 

Page | 35  
 

2.1. Introduction 

 

The beneficial role of legume consumption has been well documented in the past years and 

associated with the prevention or control of diabetes, obesity, and cardiovascular disorders1–3. 

One of the mechanisms for the health promoting effect of legumes relates to its high dietary 

fibre (DF) content and relatively low glycaemic index (GI). The latter is influenced by intrinsic 

and extrinsic factors of foods that alter gastrointestinal motility, the rate of starch digestion and 

absorption of glucose4. In legumes, cotyledon structure is one of the key factors responsible for 

low GI. One of the first studies showing such effect dates back to 1971 when Kon, et al5 

investigated starch digestibility of beans grinded before and after cooking. They observed that 

samples grinded after cooking preserved cell intactness. Consequently, starch hydrolysis rate 

and extent were markedly reduced. Since then, several authors have confirmed this 

hypothesis6,7 and multiple mechanisms have been proposed to explain the effect of cell integrity 

on starch digestion. For instance, Thorne, et al8 explained that starch entrapment in the cell wall 

matrix may limit gelatinization. Recently, Edwards, et al9 demonstrated that particle size have 

a direct influence in the extent of starch gelatinization in chickpeas. Therefore, it appears that 

the low GI in legumes is the result of several factors working simultaneously but not all of them 

have been investigated in detail or given the same importance. That is the case of the 

cytoplasmic matrix. Starch granules enclosed within intact cells are tightly packed, which 

considerably reduces starch surface area available to amylases. Studies performed on densely 

packed matrices, like pasta, have shown an important contribution of compactness in limiting 

the access and binding of enzymes during digestion10. This effect has been briefly addressed 

for cotyledon cells11 but direct evidence has never been shown. 

Undoubtedly, cell walls (CW) play a pivotal role in making legumes a low GI food. CW are 

composed of a complex network of polysaccharides whose function is determined by their 

specific carbohydrate composition and assembly12. Despite of being subject of intensive 

research, CW net contribution to starch digestibility in beans has not been conclusively 

assessed. There is not even a consensus whether CW are permeable to digestive enzymes11,13. 

In addition, little is known about the impact of cell wall modifications on starch hydrolysis. 

This work aimed at understanding the individual contribution of CW and cytoplasmic matrix 

in limiting starch digestibility of beans. For this, cotyledon cells with different levels of 

structural damage but the same level of starch gelatinization were digested in-vitro. In addition, 

chemical and physical characterization of damaged cells were performed to identify specific 

components of the wall that limit starch hydrolysis. 
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We hypothesized that the CW and cytoplasmic matrix influence starch digestibility in beans. 

The CW limits the access of digestive enzymes while the cytoplasmic matrix leads to an 

inefficient interaction between α-amylase and starch.  

 
2.2. Materials and Methods 

2.2.1.  Materials 

Red kidney beans were purchased from the local supermarket (Wageningen, Netherlands) and 

stored at room temperature. 

Pepsin (porcine gastric mucose 4200-4500 U/mg), trypsin (porcine pancreas 1000-2000 U/mg), 

α-chymotrypsin (bovine pancreas ≥40 U/mg), α-amylase (porcine pancreas 700-1400 U/mg), 

amyloglucosidase (aspergillus niger 120 U/mg) and Viscozyme® L (>100 FBGU/g) were 

purchased from Sigma-Aldrich Ltd. (St. Louis, MO, USA). Heat stable α-amylase (3000 

U/mL), protease (350 tyrosine U/mL) and amyloglucosidase (3300 U/mL) were obtained from 

Megazyme Inc. (Bray, Ireland). All other chemicals were of analytical grade unless stated 

otherwise.  

2.2.2.  Isolation of cotyledon cells  

Cotyledon cells from red kidney beans were isolated according to Dhital, et al13 with minor 

modifications. In short, beans were soaked overnight in ice chilled water followed by manual 

separation of the seed coat. De-hulled beans were boiled in water (ratio 2:1) for one hour with 

gentle stirring. Cooked beans were mashed by the use of a mortar and pestle, sieved in a wet 

sieve shaker and dispersed in sodium azide solution (0.02%). Intact cotyledon cells (ICC) were 

used immediately to prevent starch retrogradation or damage caused by prolonged storage.  

2.2.3. Isolation of free starch 

Free starch was obtained by blending 60 g of previously soaked and de-hulled beans with 60 

mL sodium azide solution (0.02%)  for 5 min under maximum speed. Blended material was 

sieved using a laboratory test sieve with mesh size of 70 µm. Sieved material was collected, 

mixed with 60 mL deionized water and brought to boiling temperature with constant stirring. 

Aluminum foil was used to cover samples and avoid water evaporation. Sample was kept below 

boiling temperature for 15 min and subsequently cooled down.   
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2.2.4. Modification of cotyledon cell structure 

2.2.4.1.  Mechanically damaged cells (MDC) 

Mechanical damage of isolated cotyledon cells was carried out with the method described by 

Dhital, et al13. A suspension of ICC was mixed by the use of a magnetic stirrer for 24 hours at 

1500 rpm until complete cell disruption. Light microscopy was used for visual inspection of 

cell integrity.  

2.2.4.2. Enzymatically damaged cells (EDC) 

ICC were treated with a commercial cocktail of cell wall degrading enzymes (Viscozyme®L, 

Sigma-Aldrich) to disrupt the integrity of the wall. 15 grams of ICC were mixed with 4.84 mL 

acetate buffer (pH 5.5) and 168 µL Viscozyme®L. Samples were incubated for 1 h at 44°C 

under constant agitation. Enzymatically damaged cells (EDC) were filtered with cheese cloth 

and washed several times with deionized water to remove soluble material, cell debris and 

enzymes. Samples were examined by light microscopy in order to confirm wall damage.  

2.2.5. Dry matter content 

Dry matter content was determined in triplicate by drying a known amount of sample overnight 

at 105°C in an oven to a constant weight. 

2.2.6. Total starch determination 

Starch content in intact and damaged cells (mechanical and enzymatic) was determined by Total 

Starch Assay Procedure (amyloglucosidase /α-amylase method), Megazyme Inc. (Bray, 

Ireland). Samples were subjected to mechanical disruption before the analysis to avoid 

underestimation of starch content. For EDC samples, a blank (without amylolytic enzymes) 

was included in the measurement. 

2.2.7.  In-vitro digestion 

A modified version of the protocol from Minekus, et al14 was used for running  two-phase in-

vitro digestion experiments. During the gastric phase, samples were combined with simulated 

gastric fluids and pepsin (2000 U/mL). The pH was adjusted to 3 with HCl and the tubes 

incubated at 37°C for 2 hours. For the intestinal phase, gastric chyme was combined with 

simulated intestinal fluids, trypsin (100 U/mL), chymotrypsin (25 U/mL) and pancreatic α-
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amylase (200 U/mL). The pH was adjusted to 7 and incubated at 37°C for 4 hours. The whole 

in-vitro experiment lasted 6 hours considering time 0 the moment of pepsin incorporation into 

the gastric phase. Digestion experiments were conducted inside an incubator to keep the 

temperature constant. Samples were mixed by the use of a laboratory rotator at constant speed 

(70 rpm). Aliquots were taken at different time points of gastric and intestinal digestion. 

Enzymatic reaction was stopped by the addition of absolute ethanol to  sample aliquots in a 

ratio of 4:1 respectively. Samples were left to rest for 30 min before centrifugation at 4000 x g 

for 15 min. Supernatants were collected for futher analysis.  

For enzymatic damaged cells, an additional sample was included as a control where no digestive 

enzymes were incorporated. 

2.2.8.  Glucose measurement 

Ethanolic supernatants were incubated with amyloglucosidase for conversion of α-amylase 

products into glucose15,16. 0.1 mL of supernatant was combined with amyloglucosidase solution 

(27 U/mL) in acetate buffer (pH 4.8) and incubated at 37°C for one hour. D-glucose assay 

procedure (GOPOD FORMAT, K-GLUC 09/14, Megazyme Inc., Bray, Ireland) was used to 

quantify the amount of glucose present at each time point tested. Glucose content was 

multiplied by a factor of 0.9 to convert it into the corresponding amount of starch. Results were 

presented as grams of hydrolysed starch per 100g of dry starch. Glucose content in blank sample 

was quantified and subtracted from EDC.  

2.2.9. Cell wall isolation 

Water soluble (WSP) and insoluble (WIP) polysaccharides were isolated from ICC and EDC 

following the method of Shiga, et al17  with slight modifications. ICC and EDC were subjected 

to an intense shear stress by the use of a magnetic stirrer for 24 hours. Samples were dispersed 

in MES-TRIS buffer pH 8.2 and incubated with heat stable α-amylase (3000 U/mL) in a shaking 

water bath for 30 min at 98-100°C. Samples were cooled down to 60°C and incubated with 

protease (350 tyrosine U/mL) for 30 min. The pH was adjusted to 4.8; amyloglucosidase (3300 

U/mL) was added and incubated for 30 min at 60ºC. Suspensions were centrifuged for 15 min 

at 4700 x g; the supernatant was collected and brought to 80% (v/v) ethanol. Ethanolic mixture 

was left for precipitation at -20ºC for 24 hours. The precipitates were washed three times with 

ice cold ethanol (80% v/v), suspended in deionized water and freeze dried. This fraction 

represented water soluble polysaccharides (WSP). 
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The pellets obtained after enzymatic hydrolysis were washed at least twice with demineralized 

water and 0.5 M sodium phosphate buffer (pH 7.2). The pellets were subsequently treated twice 

with a solution of methanol: chloroform (1:1 v/v) for 30 min at 45ºC. DMSO (90%) was added, 

sonicated for 20 min and centrifuged. Finally, the remaining residue was washed with 90% 

DMSO and rinsed with water several times before freeze drying. The material recovered from 

the indicated treatment constituted the water insoluble polysaccharides (WIP) fraction. 

2.2.10.  Neutral monosaccharides and uronic acid composition 

Neutral monosaccharides were measured by gas chromatography after pre-hydrolysis of the 

samples in 72 % (w/w) sulfuric acid at 30 °C for 1 h, hydrolysis in 1 M sulfuric acid at 100°C 

for 3 h, and derivatization of monosaccharides to their alditol acetates with inositol as an 

internal standard 19. Uronic acid content in the hydrolysates were analysed using an automated 

colorimetric m-hydroxydiphenyl assay20.  

2.2.11.  Microscopy analysis 

Sample microstructure was investigated by light and scanning electron microscopy (SEM). For 

light microscopy, the samples (ICC, MDC and EDC) were placed in a glass slide with coverslip 

and visualized under Axioskop 2 plus microscope (Carl Zeiss, Gottingen, Germany). Images 

were obtained with an AxioCam HRc and AxioVision v3.1 microscope software (Carl-Zeiss, 

Gottingen, Germany). Samples previously stained with Lugol’s iodine solution 5% (w/v) were 

also examined to facilitate the identification of starch.   

ICC and EDC samples were snap frozen in liquid nitrogen and subsequently freeze dried for 

SEM analysis. Sample was attached on SEM sample holders using carbon adhesive tabs (EMS, 

Washington, USA), sputter coated with a 15 nm thick layer of tungsten (EM SCD 500, Leica, 

Vienna, Austria) and subsequently analyzed with a field emission scanning electron microscope 

(Magellan 400, FEI, Eindhoven, Netherlands) with SE detection at 2 kV and 6.3 pA. Size 

measurements were performed using the xT microscospe control software (FEI, Eindhoven, the 

Netherlands). 
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2.3. Results and discussion 
 

2.3.1. Isolation and modification of cotyledon cell structure 
 

ICC obtained after isolation of kidney beans had an average size of 100 µm and were mainly 

round in shape. Due to cooking process, individual cells were easily separated without affecting 

their structural integrity, which was confirmed by light microscopy (Fig. 2-1a, c). ICC was the 

starting material used for the preparation of MDC and EDC and for this reason; there was no 

difference in the extent of starch gelatinization between the samples. MDC structure was 

affected by the mechanical treatment which caused a complete separation of CW material and 

cytoplasmic constituents in accordance to what reported by Dhital, et al13. 

Light microscopy images (Fig. 2-1b, d) confirmed that the incubation of ICC with Viscozyme® 

L altered the structure of the CW. It could be seen that the outer ring, which surrounds the cells 

in ICC samples, was not visible anymore after the enzymatic treatment. It is important to point 

out that, despite the visible damage of the wall, cell compact structure was not affected by the 

treatment. This suggested that not all the CW material was removed. 

Several trials were performed using different enzyme concentrations and incubation times to 

obtain optimal treatment conditions. As a starting point, the method proposed by Guan & Yao21 

was used. However, with this relatively severe treatment, the damage of the cell wall was 

extensive causing a separation between the cell carcass and its content (micrographs not 

shown). Therefore, a milder treatment was applied reducing the amount of enzyme and the 

incubation time.  
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Fig. 2-1. Light micrographs of ICC before (a, c) and after Viscozyme® L treatment (b, d). Samples were stained 
with potassium iodide to highlight the presence of starch (c, d). Arrows indicate the presence of the wall in ICC. 

 

Light microscopy provided a general impression of the differences between ICC and EDC. 

However, a detailed characterization was necessary to determine the extent of EDC CW 

modification and the role played by the CW in holding the cytoplasmic matrix together. SEM 

(Fig. 2-2) was used to compare ICC and EDC CW structure. No cell debris or free starch could 

be observed (Fig. 2-2a) showing that the protocols employed (isolation and CW degradation) 

were efficient in obtaining clean and intact samples. When looking in more detail at cells 

surface (Fig. 2-2b), the effects of the enzymatic treatment were clearly visible on EDC. The 

surface of the cell was filled with “crates” or “holes” of different sizes as opposed to ICC, which 

showed a rough surface without any crevices. As an indication of the degree of CW damage, 

the diameter of several holes was measured giving a size range between 600-3200 nm. These 

openings were more than 100 times larger than the pores naturally present in the CW22. 

Furthermore, when taking a closer look at the samples surface (Fig. 2-2c) an homogeneous CW 

could be observed for ICC, while EDC showed patches with smoother and thinner appearance 

(where most of the holes were located). This might be an indication of enzymes preference 

upon specific regions of the cell surface. Consequently, it might not be unreasonable to think 

that enzymes were more effective in degrading some CW constituents rather than others. In 

general, legume CW are assembled as a continuous network of cellulose-xyloglucan in 

combination with a pectin matrix that serves as filling for the spaces between network 

(a) (b) 

 

(c) (d) 

50µm 50µm 

50µm 50µm 
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constituents, increases CW thickness and adds coherence23,24. Thus, it could be speculated that 

CW in EDC was degraded giving preference to those areas in which its building blocks were 

less tightly packed.  

 

Fig. 2-2. Scanning electron micrographs of ICC (left column) and EDC (right column) from red kidney beans. 

SEM technique confirmed that the enzymatic treatment was unable to remove completely the 

CW. However, it was still capable of producing some changes on its surface without altering 

the inner structure of the cell.  

EDC samples were subjected to preliminary tests in order to check their suitability as 

experimental material. In-vitro digestion experiments were performed without the addition of 

EDC 

EDC ICC 

ICC 

ICC 

EDC 
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digestive enzymes as explained in section 2.2.7 Those analyses aimed at determining the 

amount of glucose in the sample coming from a different source than starch. In addition, starch 

content of EDC was quantified before and after the digestion experiment. There was no 

variation in starch content between EDC samples (before and after digestion) even when 

compared to ICC (50% w/w). This indicates that the enzymes present in Viscozyme® L were 

not capable of using starch as substrate which agrees with what previously reported by Perez-

Carrillo & Serna-Saldivar (2006).  

2.3.2. Cell wall composition 

Fig. 2-3a summarizes the monosaccharide composition of ICC and EDC related to the CW 

material recovered from isolation. The main monosaccharides present in both samples were 

arabinose, glucose, uronic acid and xylose, which accounted more than 90% of total non-starch 

polysaccharides (NSP). Similar composition has been reported for kidney beans and other 

legumes such as mung beans, navy beans and lentils 26–29. In the present study, lower 

concentration of uronic acid was found compared to what others have reported. Previous studies 

were conducted using the entire cotyledon while the present one used isolated cells. Thus, it 

was reasonable to recover a lower concentration of uronic acid since cell isolation had already 

solubilized some pectin (D-galacturonic acid polymer and main constituent of middle lamella).  
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Fig. 2-3. a) Constituent monosaccharide composition and total NSP content of enzymatic damaged walls (EDW) 

and intact cotyledon walls (ICW) from red kidney beans. b) Monosaccharide content of water-soluble (WSP) and 

insoluble fraction (WIP) from EDW and ICW. Error bars denote standard deviation of two independent samples.  

Rha: rhamnose; Fuc: fucose; Ara: arabinose; Xyl: xylose; Man: mannose; Gal: galactose; Glc: glucose; UA: uronic 

acid. 
a Expressed as µg/ mg of recovered material. 

(a) 

(b) 
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The difference in monosaccharide composition between ICW and EDW were compared in Fig. 

2-3. A generalized decrease in monosaccharides concentration was evident for EDW. Among 

all monosaccharide constituents, arabinose and galactose appeared to be mostly affected by 

enzymatic treatment. Both are building blocks of arabinans and galactans respectively, the so-

called “hairy regions” or side chains of pectin rhamnogalacturonan I30. Their specific role in 

CW structure is still under investigation, but studies on potato relate galactans to the control of 

pore size and cotyledon firmness, while arabinans are thought to serve as an anchor of pectin 

to the rest of the CW24. The loss of both components in EDW highlights their importance since 

a notable reduction in its content has an impact in CW integrity and structure.  

In addition to the composition, the concentration of NSP in both samples differed notably. After 

the enzymatic-chemical treatment, the material recovered from ICC contained 50% NSP as 

opposed to 29% (w/w) from EDW. This is an additional indication of the extent of wall damage.  

NSPs were separated according to their solubility in water and its sugar constituents quantified 

(Fig. 2-3b). The highest concentration of monosaccharides was collected in the water insoluble 

fraction (WIP), representing 80% of the isolated material from EDW and 70% for ICW. 

Nevertheless, the difference among treatments was evident in both the water soluble fraction 

(WSP) and WIP. In general, higher concentration of sugars were found for ICW in both 

fractions. However, it is clear from Fig. 2-3 that this is not always the case as for glucose in 

WIP. Such discrepancy is caused by the enzymatic treatment since the fraction analysed 

contained only the sugar constituents of undigested NSP. The selective enzymatic hydrolysis 

of CW polysaccharides increased the relative concentration of the monosaccharide constituents 

from the less digested NSP. Besides this, no large differences were observed between other 

EDW soluble and insoluble constituents. Conversely, in ICW glucose, arabinose and xylose 

were found to be more abundant in WIP.  

Viscozyme® L is a multi-enzyme complex that contains a wide range of carbohydrases 

including cellulase, β-glucanase, arabanase, hemicellulase and xylanase 31. Thus, a substantial 

degradation of EDW cellulose-hemicellulose backbone was expected. Interestingly, only a 

limited damage was observed after the enzymatic treatment. This could be caused by the 

structural architecture of the CW and the limited time of enzymatic incubation. Consequently, 

the CW network was partially loosened hindering the contact between the enzyme mix and the 

cellulose-hemicellulose backbone. As a result, cell structure was prevented from pulling apart 
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maintaining its inner compactness while the surface of the cell wall showed some major 

physical modifications.  

Based on the results exposed in this section, it could be speculated that Viscozyme® L had a 

high affinity to pectin molecules especially to rhamnogalacturonan side chains (arabinans and 

galactans). The degradation of pectin could have facilitated the access of the enzymes making 

other NSP more available. Such degradation caused marked differences in CW structure 

between EDC and ICC in terms of porosity and CW thickness.  

2.3.3. In-vitro digestion 

2.3.3.1. Digestion kinetics of intact, enzymatic and mechanically damaged cotyledon 

cells. 

In Fig. 2-4, the rate of starch hydrolysis in ICC, MDC and EDC is reported. A sample with free 

starch was included in the experiment for comparison. All samples showed similar hydrolysis 

level (70% ICC and EDC, 77% MDC and free starch) after 6 hours of in-vitro digestion Fig. 

2-4a). Nevertheless, the rate of hydrolysis was higher in samples where cell integrity was 

compromised. In the case of MDC, 50% of undigested substrate was observed after 10 minutes 

of intestinal digestion (Fig. 2-4b). This occurred due to the high accessibility of starch where 

its depletion was the only limiting factor in the enzymatic reaction.  

 

Fig. 2-4. (a) Kinetics of starch hydrolysis from red kidney bean ICC, MDC, EDC and free starch. (b) zoom-in of 

the first 20 minutes of intestinal digestion. Error bars denote standard deviation of three independent samples.  

(a) 

(b) 
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On the contrary, in EDC and ICC starch was hydrolysed at a slower pace with approximately 

30% and less than 10% of starch hydrolysed in the first 10 min of digestion respectively. This 

data demonstrates the importance of CW integrity for the kinetics of starch digestion since a 

relatively mild damage in the CW structure has a large impact on the rate of starch hydrolysis.  

In addition to the barrier effect exerted by the CW, the role of the cytoplasmic matrix in starch 

digestion deserves attention. Cytoplasmic matrix is referred to as the microstructural 

organization of cellular constituents where globular starch granules are embedded in a protein 

matrix. This tightly packed network has consequences on starch hydrolysis by limiting the 

surface area between enzyme-substrate hindering α-amylase diffusion and catalysis. A clear 

demonstration of this effect is shown in Fig. 2-5, where ICC digestion was conducted in the 

absence of proteolytic enzymes. The hydrolysis of proteins facilitates the access of α-amylase 

to starch and stressess the importance of intra-cellular packing on starch hydrolysis. 

 

 

Fig. 2-5. Kinetics of starch hydrolysis from ICC with and without the use of pepsin, trypsin and chymotrypsin 
during in-vitro digestion. Error bars denote standard deviation of three independent samples.  

Legumes were already identified as low GI foods more than 30 years ago. Their contribution 

to health relies on the ability of reducing the amplitude and duration of postprandial 

hyperglycaemia8,32,33. Until now, this has been entirely attributed to the barrier effect of the CW 

sometimes even considered as an impenetrable barrier for digestive enzymes13. Based on the 

results shown, it is clear that the compact organization of the cytoplasmic matrix represent an 

additional barrier to starch hydrolysis by α-amylase. Recently, Bhattarai, et al34 observed that 
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binding interactions between amylases and cell wall components could also influence 

hydrolysis. Such effect is considered negligible in this study, since the in-vitro digestion 

protocol employed specified the use of higher concentration of α-amylase compared to what 

Bhattarai, et al. utilized. 

Our findings show that digestion is a cooperative process and that efficient hydrolysis of one 

substrate may be affected by the simultaneous hydrolysis of another. This goes in agreement to 

what Bhattarai, et al35 found for a simplified matrix (wheat flour) where the presence of an 

intact macronutrient (i.e. protein) hindered starch hydrolysis during digestion.  

2.3.3.2. Structural integrity of cotyledon cells during in-vitro digestion 

Fig. 2-6 compares the micrographs of ICC, MDC and EDC before, during and after in-vitro 

digestion. ICC and EDC samples retained their structural integrity throughout the digestion 

experiment. Additionally, it is apparent from Fig. 2-6 (panels a2, a3) that CW from ICC 

appeared thicker during digestion. Such increase in CW size might be attributed to osmotic flow 

of digestive fluids within the cell. Nevertheless, this seems unlikely since samples were already 

soaked and cooked for a considerable amount of time, enough to reach cells maximum 

hydrating capacity. If CW thickening occurred during digestion, MDC CW should have also 

been affected since no chemical modifications on its composition was produced. Therefore, the 

most likely explanation for our observation might be that, due to CW confinement, starch was 

hydrolysed from the periphery towards the core of the cell. Consequently, the empty space 

observed between cell cytoplasm and CW is being formed as digestion proceeds. This could 

not be observed in EDC possibly because CW modification facilitated the access of proteolytic 

enzymes which in turn loosened the cytoplasmic matrix increasing the mobility of α-amylase 

within the cells.  

Changes in starch content were also visualized by light microscopy. A pronounced decrease in 

iodine staining intensity was seen for MDC and EDC samples during digestion. This served as 

an additional indication of the difference in starch hydrolysis rate among the investigated 

samples. 
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Fig. 2-6. Light microscopy images of ICC (a), MDC (b) and EDC (c) at 0min (1), 150min (2) and 360min (3) of 
in-vitro digestion. Samples were stained with potassium iodide solution to highlight the presence of starch. 

The aforementioned results gave a general impression of sample structure during digestion. 

Nevertheless, it remained unclear if the mixing conditions used during the in-vitro experiment 

could damage the physical integrity of ICC. This was the case for Dhital, et al13 who reported 

that isolated cells were damaged when mixed by a magnetic stirrer. To check that, an 

experiment was designed in which ICC suspended in digestive fluids was rotated overnight 

using the same speed as the one employed for digestion. After these laps of time, in-vitro 

digestion was performed and the kinetics of starch hydrolysis measured. ICC sample without 

pre-mixing was included as a control. Results are reported in Fig. 2-7 and it is evident that both 

curves behaved identically during digestion.  Therefore, the mixing conditions were not altering 

in any possible way the barrier effect of the CW. 

The results presented in this section confirm that starch hydrolysis observed in ICC occurred 

because of enzyme diffusion through the CW and not to the physical disruption of it. They also 

prove that, at least in cooked (and thus fully rehydrated) bean cells, the limited changes in CW 
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structure (chemical and physical) occurring during digestion do not have any significant effect 

on starch hydrolysis.  

 

Fig. 2-7. Kinetics of starch hydrolysis from ICC pre-agitated for 12 hours and a control sample (no pre-agitation). 
Error bars denote standard deviation of three independent samples.  

2.4. Conclusion 

Legume cotyledon cells own a unique ability to decrease the rate of starch hydrolysis during 

digestion. Understanding the structural features that allow legumes to be a low GI food are of 

particular interest to scientists and industry, since new strategies could be developed in the 

formulation of legume-based functional ingredients. In this work, evidence of the mechanisms 

by which the structural features of beans decrease the rate of starch hydrolysis was provided. 

The barrier effect exerted by the intact cell wall and the packed cytoplasmic matrix were shown 

to be key factors in the delay of starch hydrolysis in bean cotyledon cells. Furthermore, this 

study gave insights about the importance of CW architecture and the influence of specific 

constituents in modulating CW permeability to digestive enzymes. This will open the 

possibility to produce modifications in the cell wall structure for specific applications not only 

for starch digestibility but also for other nutrients.  
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Abstract 

Cotyledon cells in kidney beans naturally encapsulate starch and proteins limiting the access of 

digestive enzymes to their substrates. In this study, we investigated the effect of cell wall on 

bean proteins digestibility and its relationship with starch digestion. Results showed that 

proteins contained in the cytoplasmic matrix influence the rate at which starch is digested in-

vitro. Confocal laser scanning microscopy revealed that storage proteins in the cytoplasm act 

as a second encapsulation system preventing starch digestion. This microstructural organization 

only affected starch since no changes in protein digestion rate or extent were observed due to 

the presence of starch granules. Fourier transform infrared spectroscopy revealed that cellular 

entrapment limited protein denaturation induced by thermal treatments. High concentrations of 

a fraction resistant to digestion were found in proteins that were heated when entrapped within 

intact cotyledon cells compared to those thermally treated as bean flour.   
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3.1. Introduction 

Beans (Phaseolus vulgaris L.) are an important staple food in many countries around the globe 

especially in developing regions of Africa and Latin America where it represents a good and 

cheap source of proteins. Besides proteins, beans provide carbohydrates (starch and dietary 

fibre), vitamins, minerals and low fat content1 to the diet. The consumption of beans and 

legumes in general, has been associated with the prevention of chronic disorders such as 

cardiovascular diseases and diabetes. Even though there is strong epidemiological evidence that 

supports this statement, the mechanisms by which these favourable properties take place is still 

lacking2. The health benefits associated with the consumption of beans are related to the low 

glycaemic index, which has been attributed to the dietary fibre present in legumes. However, 

legumes also have structural peculiarities that might play an important role in the way they are 

digested. In bean cotyledon cells, starch and proteins are surrounded by thick cell walls. 

Together, proteins and starch form a well-organized cytoplasmic matrix while a mixture of 

indigestible non-starch polysaccharides (cellulose, pectin, hemicellulose) constitute the 

building blocks from which the cell wall is made. Several studies have given insights about the 

importance of these cellular structures in digestion3. In a previous study4, we showed that intact 

cotyledon cells from kidney beans delay the rate of starch hydrolysis in-vitro. In the same study, 

it was also observed that the protein matrix (that embeds starch) is also important for 

modulating starch digestibility.  

Bean proteins consist of water-soluble albumins and salt soluble globulins. The latter one, also 

named phaseolin or vicilin, is the major storage protein in beans representing 40-50% of the 

total seed protein. Phaseolin is an oligomeric protein consisting of three types of similar sub 

units, α , β and γ (397, 411 and 412 amino acid residues respectively) with a molecular weight 

distribution ranging from 43 to 53kDa5.  From a nutritional point of view, this protein contains 

low sulphur amino acids and is poorly digested thus resulting in a limited nutritive value in raw 

conditions6. Several factors like the presence of lectins, phytic acid and polyphenols in the bean 

matrix possibly contributed to protein limited digestibility7. However, in-vitro studies have 

indicated that the  high resistance of phaseolin to the attack of proteolytic enzymes is the main 

contributor for limited protein digestion in beans8. This is particularly the case when raw 

phaseolin is digested, while thermal treatments have been found to be effective in improving 

drastically its digestibility. However, scarce information is available regarding the effect of 

cellular entrapment on protein digestibility as it happens in beans.  
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Interactions among macronutrients as consequence of structural entrapment have been also 

observed to influence digestibility. A well-known example could be found in pasta, where the 

digestibility of starch is delayed due to matrix compactness and the gluten network formed by 

proteins9. Nothing has been said about the repercussions that protein digestibility has in the 

degradation of starch also confined within intact cells of legumes.   

This study aims at understanding the effects of cellular confinement in protein digestibility of 

kidney beans. Furthermore, the changes in starch digestibility due to the degradation of the 

protein matrix will also be explored. We hypothesize that the cellular entrapment of proteins 

within intact cotyledon cells has an impact in its digestibility rate and extent. Due to the 

structural organization of the cotyledon cells, the changes in protein digestibility are also 

expected to influence the way starch is degraded in-vitro.  

3.2. Materials and methods  

3.2.1. Materials 

Red kidney beans were purchased from the local supermarket (Wageningen, Netherlands) and 

stored at room temperature. 

Pepsin (porcine gastric mucose 3200-4500 U/mg), trypsin (porcine pancreas 1000-2000 U/mg), 

α-chymotrypsin (bovine pancreas ≥40 U/mg), α-amylase (porcine pancreas 700-1400 U/mg), 

amyloglucosidase (from aspergillus Niger, 120 U/mg), protease Flavourzyme® (from 

aspergillus oryzae, ≥500 U/g) and serine proteinase inhibitor Pefabloc® SC were purchased 

from Sigma-Aldrich Ltd. (St. Louis, MO, USA). Heat stable α-amylase (3000 U/mL), and 

amyloglucosidase (3300 U/mL) were obtained from Megazyme Inc. (Bray, Ireland). NuPAGE® 

4-12% Bis-Tris Gels, MOPS running buffer and LDS sample buffer for SDS-PAGE analysis 

were provided by Thermo fisher scientific (Van Allen Way Carlsbad, CA, USA). Blue ray pre-

stained protein ladder (9–180 kDa) was purchased from Jena Bioscience (Jena, Germany). All 

other chemicals were of analytical grade unless stated otherwise.  

3.2.2. Isolation of cotyledon cells 

Isolation of cotyledon cells was carried out as described before4. In short, previously soaked 

and de-hulled beans were boiled in water (ratio 2:1) for 1 h with gentle stirring. After cooling 

to room temperature, cooked beans were mashed by the use of a mortar and pestle and then 

fractionated in a vibratory sieve shaker. Sample retained in a sieve with mesh size of 90 µm 
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correspond to intact cotyledon cells (ICC) and was the fraction utilized in this study. ICC were 

dispersed in sodium azide solution (0.02%) to prevent microbiological spoilage and used 

immediately to prevent starch retrogradation.  

3.2.3. Mechanically damaged cells  

Mechanical damaged cells (MDC) were obtained after the physical disruption of ICC following 

the procedure described in detail in a previous work4. Briefly, a suspension of ICC in sodium 

azide solution (0.02%) was mixed by the use of a magnetic stirrer for 24 h at 1500 rpm until 

complete cell breakage.  

3.2.4. Bean flour solution 

Soaked and de-hulled beans were dried at 40°C until achieving a moisture content of 10% prior 

to milling and sieving (mesh size 70 µm). Sieved bean flour was used for preparing an aqueous 

suspension with a protein concentration of 6.25 mg/mL in demineralized water. Bean flour 

solution (BFS) was boiled for 30 min with constant stirring; cooled to room temperature and 

used immediately to prevent sample spoilage10. 

3.2.5. Dry matter content 

Dry matter content was determined in triplicate by placing the sample in an oven at 105°C 

overnight until reaching a constant weight. 

3.2.6. In-vitro digestion 

Two-phase in-vitro digestion experiments were carried based on the harmonized INFOGEST 

protocol as described by Rovalino-Córdova, et al4 with some modifications. Samples were 

combined with simulated gastric fluids and pepsin (2000 U/mL). The pH was adjusted to 3 with 

HCl and the tubes incubated at 37°C for 2 h to complete gastric digestion. For the intestinal 

phase, gastric chyme was combined with simulated intestinal fluids, trypsin (100 U/mL), 

chymotrypsin (25 U/mL) and pancreatic α-amylase (100 U/mL). The pH was adjusted to 7 and 

incubated at 37°C for 4 h. Samples were mixed by the use of a laboratory rotator at constant 

speed (70 rpm) throughout the whole experiment. Aliquots were taken at different time points 

of gastric and intestinal digestion.  

Amylase and protease activity were stopped by the use of absolute ethanol and 15% 

trichloroacetic acid (TCA) respectively. In both cases, the addition of the reagent to sample 
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aliquot was in a ratio of 4:1. Samples were left to rest for 30 min before centrifugation at 4000g 

for 15 min. Supernatants were collected for further analysis. 

The influence of individual enzymes in the rate and extent of starch or protein digestion was 

tested. For this purpose, in-vitro digestion was conducted in the absence of either pepsin in the 

gastric phase (NGP), trypsin and chymotrypsin in the intestinal phase (NIP), all proteases (NP) 

or α-amylase in the intestinal phase (NA). Enzymes were replaced by the addition of simulated 

fluids in order to keep the ratio between sample: digestive fluids constant.  

3.2.7. Determination of starch hydrolysis 

0.1 mL of ethanolic supernatant was combined with amyloglucosidase solution (27 U/mL) in 

acetate buffer 0.1M (pH 4.8) and incubated at 37°C for 1 h. The amount of glucose present at 

each time tested was quantified by D-glucose assay procedure (GOPOD FORMAT, K-GLUC 

09/14, Megazyme Inc., Bray, Ireland). A factor of 0.9 was used to convert glucose into the 

corresponding amount of starch hydrolysed. Results were presented as grams of hydrolysed 

starch / 100 g of dry starch.  

3.2.8. Total starch 

Starch content was determined by Total Starch Assay Procedure (amyloglucosidase /α-amylase 

method), Megazyme Inc. (Bray, Ireland). Prior the determination, samples were mechanically 

disrupted to avoid underestimation of the starch content4. 

3.2.9. Determination of protein hydrolysis 

TCA diluted samples were subjected to an additional enzymatic treatment with exo-peptidase 

(Flavourzyme®) in order to quantify the degree of protein hydrolysis. 0.05 mL of sample was 

combined with a solution of Flavourzyme® in phosphate buffer (pH 8). The enzyme-substrate 

ratio (E/S) utilized was 100 LAPU (leucine aminopeptidase unit) /g protein as suggested by 

Clemente, et al11. Samples were incubated at 50°C for 1 h. Enzyme inactivation was obtained 

after heat treatment (85°C) for 10 min. The concentration of free amino groups (NH2) in 

digested samples was determined using the o-phthaldialdehyde method (OPA)12. 

Non-digested samples were hydrolysed by the use of HCl in order to estimate the total content 

of NH2 groups present in ICC, MDC and BFS. For this, samples were combined with HCl 6 M 

(5 mg protein /mL HCl) and incubated at 110 °C for 24 h 13. Free amino groups were quantified 

by OPA.  
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3.2.10.  Calculation of protein degree of hydrolysis 

Degree of Hydrolysis (DH) was estimated by the following equation:  

 

!"#(%) = ($"&('*) + $"&(,-.))$"&(/0,12) + $"&(,-.) × 344 

 Where:  

NH2 (DS) = Free amino groups from digested sample 

NH2 (t=0) = Free amino groups from samples at time 0 of digestion 

NH2 (Total) = Maximum amount of NH2 present in sample 

3.2.11.  Nitrogen content by Dumas combustion method 

Nitrogen content in samples was determined according to Dumas method using a flash EA 1112 

NC analyser (Thermo fisher scientific Inc., Waltman, USA) following the manufacturers 

protocol. Samples were combusted using helium as a carrier gas. D-methionine was used for 

constructing the calibration curve and cellulose as a control. Nitrogen content in the sample was 

converted to protein by the use of 6.25 as conversion factor.  

3.2.12.  Protein extraction 

The remainder of protein left in the pellet after digestion was extracted using a modified version 

of the method described by Aboubacar, et al14. After digestion, samples were centrifuged to 

separate the pellet from the supernatant. Enzyme inactivation (of both, pellet and supernatant) 

was performed by the addition of pefabloc© until reaching a concentration of 5 mM in the final 

mixture15. Subsequently, pellets were mixed with sodium tetraborate buffer 0.0125 M (pH 10) 

containing 1% SDS (w/v) and 2% 2-mercaptoethanol (v/v). Protein was extracted for 1 h at 

room temperature and centrifuged at 7500g for 10 min. The extraction was repeated  twice 

using the same conditions. Samples were freeze-dried; protein concentration was estimated by 

Dumas combustion method. Undigested samples were also included in the analysis as matter 

of comparison. Prior to protein extraction, ICC samples were subjected to intense mechanic 

stirring as described in section 3.2.3. to break down cell structure and facilitate protein 

solubilisation.   
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3.2.13.  Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed under non-reducing conditions. A mixture consisting of protein 

extract (2 µL), sample buffer (5 µL) and MilliQ water (15 µL) was centrifuged at 2000g for 2 

min and subsequently heated (70°C) for 10 min . Protein concentration was adjusted to the same 

level in all samples (4 mg/mL). Samples were loaded into each well of a 4-12% Bis-Tris Gel. 

Protein ladder (9–180 kDa) was added to a specific well in each gel and used for molecular 

weight calibration. Electrophoresis was ran at 200 V in MOPS buffer for approximately 50 min. 

Subsequently, gels were washed several times with water and stained with Coomassie Blue (R-

250) followed by destaining in washing buffer (10% absolute ethanol and 7.5% glacial acetic 

acid). The gels were analysed by Image Lab software TM (Bio-Rad Laboratories, California, 

USA). 

3.2.14.  Confocal laser scanning microscopy (CLSM) 

ICC microstructure of non-digested, gastric and intestinal digested samples was visualized 

using a Zeiss 510 inverted microscope (Carl Zeiss microscopy, Oberkochen, Germany). For 

this, samples were stained with calcoflour white and rhodamine B to highlight the presence of 

the cell wall and protein matrix respectively.  Samples were stained with the amount of dye 

necessary to achieve a final concentration of 0.005% rhodamine B and 0.01% calcoflour white 

and left overnight to assure complete dye diffusion and homogeneity. Samples were excited 

using an argon laser at 405 nm and 543 nm for calcoflour white and rhodamine B respectively. 

Images were taken using 20× (N.A. 0.5) and 40× (N.A. 1.3 oil immersion) objective lenses. 

Micrographs were analysed by the use of Zen blue 2.3 edition software (Carl Zeiss microscopy, 

Oberkochen, Germany). 

3.2.15.   Fourier transform infrared (FT-IR) spectroscopy 

Information about protein secondary structure was obtained by using FT-IR. For this, ICC, 

MDC and BFS were snap frozen in liquid nitrogen immediately after they were prepared and 

lyophilized. Subsequently, samples were grinded, sieved (mesh size 70µm) and stored inside a 

desiccator until FT-IR analysis was performed. A sample of raw bean flour (RB) was also 

analysed as a control. Spectra were obtained by measuring samples in the mid-infrared region 

(4000-350 cm-1), at a resolution of 4 cm-1 with 32 scans in a Bruker Tensor 27 (Bruker Optics, 

Ettlingen, Germany). Data collection was done by OPUS 7.0 software (Bruker Optics, 

Ettlingen, Germany). The region of interest in this study was 1600-1700 cm-1 (amide I band). 
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Data analysis was performed  using Origin lab® software (Northampton, MA, USA) and 

following the procedure of Carbonaro, et al16 with some modifications. In short, Fourier self 

deconvolution (FSD), second derivative (SD) and Gaussian curve fitting procedures were used 

for peak separation. FSD and SD were employed for determining peak frequencies. The ratio 

between the integrated intensity of each Gaussian component with the area of the whole amide 

I band were used to determine the relative spectral weight of each constituent peak. The 

maximum number of components found in the deconvoluted spectra was not higher than N=7 

in order to avoid correlation between the band constituents. Identification of the spectral ranges 

for protein secondary structures was done by using previous studies as reference16–18. The peak 

frequency range of the seven bands investigated were: intermolecular aggregates (A1) 1610-

1615 cm-1, intermolecular β-sheet (β-I) 1620-1630 cm-1, β-sheet (β) 1630-1640 cm-1, random 

coil (RC) 1640-1648 cm-1, α-helix (α) 1648-1658 cm-1, turns in the β-sheet (Τ) 1658-1670 cm-

1 and intramolecular aggregates (A2) 1670-1695 cm-1. 

3.3. Results and Discussion 

3.3.1. Starch and protein degree of hydrolysis 

Fig. 3-1a shows the amount of starch hydrolysed during digestion of intact bean cells under 

standard conditions (all proteases present) and when gastric (NGP), intestinal (NIP) or all 

proteolytic enzymes (NP) were not incorporated in the simulated digestion experiment. As it 

can be seen, around 60% of starch was digested in intact bean cells when all proteases were 

included, in accordance to what previously reported by us4.  However, the amount of digested 

starch was considerably lower when one or more digestive proteases were excluded from the 

digestion experiment, clearly proving that proteins represent an additional barrier to starch 

hydrolysis by pancreatic amylase. This was particularly evident in NP conditions where the 

level of starch hydrolysis represents only 50% of what obtained for samples that were digested 

with all proteases. Nevertheless, this 32% of starch hydrolysis found for NP sample showed 

that about one third of the starch present in ICC was directly accessible to α-amylase despite of 

the protein matrix intactness.  
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Fig. 3-1. Red kidney bean intact cotyledon cell (ICC) starch (a) and protein (b) hydrolysis as function of time 
during gastric and intestinal in-vitro digestion. Values are mean ± SD of three independent samples. Sample with 
all digestive enzymes were included as a control (All proteases). NP: no proteases, NIP: no intestinal proteases, 
NGP: no gastric proteases. 

When considering the role that gastric and intestinal proteases play in starch digestion, it is 

evident that the later ones are more efficient since the increment in starch degradation was 3 

times larger than with the solely use of pepsin (Fig. 3-1a). These results are related to the 

effectiveness of enzymes in degrading protein (Fig. 3-1b). Trypsin and chymotrypsin are 
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capable of hydrolysing 49% of protein after 360 min of in-vitro digestion, whereas pepsin only 

degrades 5% of the total protein available.  

Such differences are possibly due to enzymatic specificity, mode of action and conformational 

state of proteins. Pepsin is an aspartic protease that has a broad specificity with preference in 

cleaving peptide bonds between hydrophobic aromatic acids such as phenylalanine, tryptophan 

and tyrosine19. On the contrary, trypsin and chymotrypsin are serine proteases that cleave 

polypeptide chains at C-terminal basic amino acids (Arginine, Lysine) or large hydrophobic 

residues (Phenylalanine, Tryptophan, Tyrosine) respectively20,21. From a nutritional point of 

view, red kidney beans (and beans in general) are poor in sulphur containing amino acids and 

tryptophan but they still have considerable amounts of  glutamic and aspartic acid, lysine, 

leucine, arginine, phenylalanine and methionine22. Therefore, the most abundant amino acids 

present in kidney beans are substrate for trypsin activity making evident why the intestinal 

phase is more efficient in degrading proteins during in-vitro digestion. In addition, the strong 

similarities between pepsin and chymotrypsin cleaving sites might explain the lack of an 

increment in protein degradation when the three proteases are included in the digestion 

experiment5.  

Moreover, it is important to mention that our in-vitro digestion protocol only made use of endo-

proteases for protein digestion cleaving only peptide bonds within the protein molecule23. The 

peptides released during in-vitro digestion were initially quantified by OPA and clear 

differences were observed between our treatments (data not shown). However, the degree of 

protein hydrolysis we obtained was in all cases lower than 25%,  more than 50% lower 

compared to what reported by other authors and unrealistically low compared to the degree of 

protein hydrolysis achieved in-vivo8. Such discrepancy was due to the fact that most of the in-

vitro digestion experiments found in literature used pancreatin during the intestinal phase. The 

proteases present in pancreatin include enzymes (or their zymogens) such as trypsin, 

chymotrypsin, elastase and carboxypeptidases, these last ones being exo-peptidases attacking 

the terminal amino acid (either aromatic, neutral, acidic or basic) of a peptide molecule 

depending on its specificity (A1,A2, B1 and B2)24 ensuring a complete hydrolysis of dietary 

proteins. Since OPA method detects the adducts formed by the combination of α-amino groups 

(released during hydrolysis), o-phthaldialdehyde and β-mercaptoethanol it was clear that the 

lack of exo-peptidase in our experiments was underestimating the actual degree of protein 

hydrolysis obtained  with trypsin and chymotrypsin.  
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A new set of experiments was designed in order to include an exo-peptidase that allowed us to 

obtain comparable values for protein hydrolysis (Fig. 3-1b). In our study we used 

Flavouryzme®, an enzyme preparation derived from Aspergillus oryzae that is commonly used 

for industrial and research applications. Merz, et al25 characterized the enzymatic mixture and 

identified eight enzymes from which two were aminopeptidases. As could be seen in section 

3.2.9, Flavourzyme® incubation was performed upon the digests supernatant in order to achieve 

a complete conversion of the peptides generated by pancreatic proteases into amino acids. We 

decided to apply this extra exo-peptidase step on the supernatants rather than incorporating the 

exo-peptides during the digestion experiment to avoid further protein degradation by other 

enzymes present in the cocktail. Preliminary trials were carried out to standardize the 

experimental protocol and rule out the possibility that free amino groups deriving from 

flavourzyme autolysis could give rise to higher and incorrect digestibility values (data not 

shown). It is important to mention that the incorporation of this extra incubation step did not 

change the relative difference nor the trend in the degree of protein hydrolysis that we initially 

obtained between the treatments used in in this study. 

The kinetics of protein digestion obtained in our investigation are in line to those described by 

Montoya, et al26 using beans that differed in their phaseolin type. In none of the cases, the 

digestibility values found by these authors was higher than 61% after 240 min of in-vitro 

digestion. Similar results were observed by Zia-ur, et al27 when digesting samples from red 

kidney beans. However, other studies in which protein digestibility exceeded 80% were also 

found. It is likely that the nature of this discrepancy relies in the different sample microstructure 

utilized during those studies, given that they employed bean flour28 and sometimes even protein 

fractions for their digestibility experiments29. 

Fig. 3-1a highlights the major role that protein plays in delaying the degradation of starch. This 

could be well exemplified by the results obtained when pepsin was used as the only proteolytic 

enzyme. As discussed earlier, only 5% of proteins were degraded due to the action of gastric 

protease, however, this seemingly small proportion of protein hydrolysed produced a 20% 

increment in the amount of starch digested after 360 min of the in-vitro experiment. This 

evidence suggests that the physiological relevance of pepsin is more to facilitate starch 

degradation than to initiate the digestion of proteins that can be done very efficiently by 

intestinal proteases. 
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The cytoplasmic matrix consists of a compact structure made of protein bodies and starch 

granules that may hinder the access of digestive enzymes to their corresponding substrates. 

From the above data, it was clear that the presence of proteins restrained starch digestibility. 

However, it remained unclear if the digestion of proteins was somehow affected by the presence 

of starch. Hence, an in-vitro digestion experiment was conducted without the addition of α-

amylase. No differences were found in protein kinetic profile between samples digested with 

and without the addition of alpha amylase (Fig. 3A-1). These results indicate that the access of 

digestive proteases to the protein bodies is not hindered by the presence of starch.  

Previous studies have investigated how the presence of protein interferes in the digestibility of 

starch30,31 and, in most of the cases, the interactions between both macronutrients mutually 

affects their digestibility. For instance, Wong, et al32 showed that protein-starch interactions in 

sorghum influence the digestibility of both nutrients. The abundance of disulphide bonds and 

protein bodies tightly associated with starch was assumed to cause low digestibility. In kidney 

beans, this is less probable due to the lower amount of sulphur amino acid content, possibly 

leading to a less compact cytoplasmic structure and higher surface area in contact with 

proteases. Contrary to what described by other authors, in this study, the interactions between 

protein and starch (as consequence of molecular confinement within the cytoplasm) does not 

affect both macromolecules digestion in the same way. Thus, it could be inferred that for kidney 

beans, the microstructural organization of starch granules and protein bodies within the 

cytoplasmic matrix is one of the main factors that aids in the delay of starch hydrolysis. We 

believe that protein bodies might form a sort of protective layer appearing as an extra 

encapsulation system for starch granules. As consequence, when the physical entrapment 

formed by proteins was compromised by the use of proteases, the kinetics of starch hydrolysis 

changed among the treatments. This could be explained by the fact that the diffusion of amylase 

was facilitated when the protein matrix was partially degraded giving as consequence a change 

in the reaction kinetics. However, an active binding of amylase to bean proteins could not be 

ruled out as an additional factor that might contribute in the delay of starch digestion as 

indicated by Yu, et al33 on barley proteins. Furthermore, it is worth noticing that the kinetic 

curves for starch digestion depicted in Fig. 3-1 do not reach a plateau value despite of the 

extensive hydrolysis treatment they were exposed to. In our previous work4, we have shown  

that around 30% of the starch present in ICC is resistant to hydrolysis. This indicates that in 

NGP, NIP and NP there is still a portion of starch that could be utilized by alpha amylase but 

its hydrolysis is delayed due to the presence of the protein matrix. The observed dissimilarities 
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in digestion kinetics mostly reflect differences in the rate of digestion rather than the formation 

of starch fractions resistant to digestion34.  

CLSM was employed to visualize ICC microstructure before, during and after in-vitro 

digestion. The micrographs, reported in Fig. 3-2, clearly show the structural organization of 

ICC components due to the staining of the cell wall (light blue) and the protein matrix (red). 

Starch granules were left unstained but their presence could still be distinguished as black spots 

embedded inside the protein network. As can be seen in Fig. 3-2, no large differences could be 

identified between undigested (micrographs 3-2 a, d) and gastric digested samples (micrographs 

b, e). In both cases, the protein matrix that surrounds starch granules remains largely unchanged. 

This goes in line with the low protein digestibility values obtained after gastric digestion as 

explained earlier. However, when comparing the microstructure of ICC after gastro-intestinal 

digestion, it was not surprising to observe large changes in the protein matrix that showed a 

decrease in colour intensity and a reduction in the area stained in red (micrograph 3-2 f), 

suggesting that the protein network has shrunken. In general, a less dense cytoplasmic matrix 

could be appreciated due to the increasing amounts of dark spots that it contained. An empty 

space formed between the cell wall and the protein network (not identified in undigested 

samples) could be observed. The changes in ICC microstructure showed by CLSM are in 

agreement with the extent of protein hydrolysis found at the different stages of in-vitro digestion 

and discussed previously. We consider both as complementary information that contributes 

toward the understanding of how proteins (and starch) are hydrolysed.  
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Fig. 3-2. CLSM images of undigested ICC (a, d), after 2 h of gastric digestion (b, e) and at the end of gastro-
intestinal in-vitro digestion (c, f). Protein bodies were stained in red and cell walls in light blue. Micrographs a, b 
and c were taken using 20x objective lens while d, e, and f 40x.  

In addition, it is important to mention that CLSM micrographs demonstrate, once again, that 

cotyledon cells retained their integrity during in-vitro digestion, since no loss of intracellular 

material was evident, and no visible changes could be identified in the cell walls of ICC. 

As demonstrated before, the protein matrix is one of the factors that modulates the rate of starch 

hydrolysis. However, it is very difficult to discriminate between its net contribution and the one 
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provided by the barrier effect of the cell walls. In an attempt to differentiate between these two 

variables, ICC was incubated with proteases for 20h prior the incorporation of α-amylase. The 

objective of this pre-treatment was to hydrolyse completely the protein matrix in order to study 

the digestion kinetics of starch granules encapsulated within intact cells but without the 

protective protein layer.  When α-amylase was incorporated (Fig. 3-3a), the rate of starch 

digestion in proteases pre-treated ICC was higher in the first minutes compared to control ICC  

and eventually levelled up until reaching 60% of hydrolysis (as described in standard digestion 

conditions). The increment observed in the rate of starch hydrolysis at the initial stages of 

digestion demonstrate the barrier effect exerted by the protein layers on starch digestion. A 

quantitative assessment of its net effect compared to that exerted by the cell wall was not 

possible due to an incomplete digestion of proteins in our samples despite of the extensive 

proteolytic treatment.  The amount of protein hydrolysed after 20h was quantified and only 50% 

of protein was digested. These results are comparable to those previously obtained using 

standard digestion conditions (6h incubation) indicating  that only a marginal increase in the 

degree of protein hydrolysis was achieved upon additional incubation of ICC with proteolytic 

enzymes.  
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Fig. 3-3. a) Kinetics of starch hydrolysis during in-vitro intestinal digestion of red kidney beans ICC after 20 h of 
protease incubation (protease pre-treated). First time point (time zero) was taken immediately after the addition of 
α-amylase into the sample mixture. Error bars denote standard deviation of three independent samples. Red kidney 
beans ICC without protease pre-treatment were included as a control. b) CLSM of non-digested ICC (1), protease 
pre-treated ICC (2) and protease pre-treated ICC samples after digestion with α-amylase for 6 h (3). Micrographs 
were taken using 40x objective lens, red colour highlights the presence of protein bodies while light blue that of 
the cell wall.  

CLSM micrographs taken after protease pre-treatment (Fig. 3-3b) resemble those shown 

previously and further confirm the incomplete protein hydrolysis after 20h digestion. Overall, 

it is clear that the incomplete hydrolysis found for proteins is not related to an insufficient time 

for proteolytic activity. There seems to be other factors involved that contribute into the 

resistance of proteins towards digestion, which were investigated and discussed in the next 

sections. 

3.3.2. Influence of cell intactness on protein hydrolysis 

 Cotyledon cells intactness have a great influence on the rate of starch digestion4, but its effect 

on protein degradation has rarely been addressed 35. Fig. 3-4 compares the protein hydrolysis 
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kinetics of intact cotyledon cells (ICC), mechanically damaged cells (MDC) and bean flour 

solution (BFS) along 360 min of in-vitro digestion. When comparing ICC with MDC, an 

increase in the rate of hydrolysis could be observed for MDC especially in the gastric phase 

(the amount of protein hydrolysed is more than twice of what obtained for ICC). However, as 

digestion proceeds, the amount of protein hydrolysed eventually levels up reaching around 50% 

of digestion at the end of the experiment in both cases. This behaviour resembles what we 

previously described for starch digestibility and highlights the importance of the cell wall and 

cytoplasmic compactness in limiting the accessibility of enzymes to their substrates.  

 

Fig. 3-4. Kinetics of protein hydrolysis from red kidney bean intact cotyledon cells (ICC), mechanically damaged 
cells (MDC) and bean flour solution (BFS). First 120 min represent gastric phase, the subsequent time points 
correspond to intestinal digestion. Error bars denote standard deviation of three independent samples. 

Striking differences were found when comparing the behaviour of BFS with MDC. This was 

unexpected because of the negligible barrier effect of the cell wall and the comparable 

accessibility of digestive enzymes to bean proteins in both samples. However, BFS degree of 

hydrolysis (80%) was always higher to that found for MDC (56%) throughout the whole in-

vitro experiment. Therefore, we believe that besides the physical constraints provided by ICC 

there are other factors that might play a role in limiting protein digestibility. The origin of such 

discrepancy might have taken place during sample preparation (sections 3.2.3, 3.2.4). For 

MDC, beans were cooked prior the isolation and mechanical damage of the cotyledon cells; 

while in BFS beans were first milled and then cooked. Therefore, the level of protein 

denaturation between these samples might not be the same. The molecular confinement within 
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a tightly packed cytoplasm and the cell wall presence could have limited proteins water uptake 

and unfolding resulting in an incomplete denaturation when proteins are heated when still 

entrapped within the cells. This was not the case for BFS since proteins were free of any 

physical boundary, solubilized into the medium and directly exposed to heat during cooking. 

Hence, these results may indicate that cell intactness is not only important during digestion by 

acting as a physical barrier between proteases and proteins, but it might also influence the effect 

of thermal treatments on protein structure.  

This might be of particular importance for proteins present in the samples used in this study. 

Phaseolin, the main protein fraction in kidney beans, is known to be resistant to hydrolysis in 

raw conditions36. We believe that the tight packing inside ICC limits the degree of protein 

denaturation affecting its digestibility. This structural constraint might also have an impact in 

the extent of starch gelatinization and indeed, it has been suggested that molecular confinement 

(as experienced in the cytoplasmic environment of an intact legume cell) can change the 

gelatinization behaviour of starch by limiting water absorption and degree of swelling37. In our 

previous study 4, we determined that structural differences in ICC produced changes in starch 

digestibility rate but not in the extent at which starch was digested. Such behaviour could not 

be identified in the case of proteins, since large differences in the extent of digestion were found 

in samples with different structural characteristics. All together, this evidence indicates that the 

physical entrapment represents a large constraint for proteins digestibility associated to the 

stability of its molecular conformation.  

3.3.3.  Protein size distribution and secondary structure 

Fig. 3-5 shows the SDS-page protein profile of the supernatant (left) and pellet (right) from 

BFS, MDC and ICC. Bands between 41-53 kDa indicate the presence of phaseolin in non-

digested (ND) samples of both the pellet and supernatant fractions. MDC and ICC shared the 

same non-digested sample since prior conducting SDS-page experiment, cotyledon cells were 

broken to loosen all the protein they contained. Therefore, ND was included only once in the 

gel (Lane 5 in both gels). Large molecular weight proteins could be observed in all ND samples 

being more evident the ones in BFS of the supernatant fraction. Those protein fragments belong 

to the aggregates formed as consequence of protein denaturation. When looking at the protein 

profile of all digested samples supernatant, bands at approximately 14, 22 and 35 kDa were 

identified. The former one represents the smallest polypeptide size that could be obtained after 

the degradation of phaseolin by digestive (proteolytic) enzymes7. While 22 kDa could make 
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reference to degradation products that are the characteristic fingerprint of an incomplete 

digestion of phaseolin as it occurred in experiments conducted using this raw globulin5. 

Furthermore, it is also possible that these fragments are the product of partially digested 

aggregates formed after heat treatment as they were also observed when a non-fully denatured 

phaseolin was digested36. The bands appearing at around 35 kDa might belong to pepsin since 

this molecular weight was stated as the size of the enzyme in the manufacturer’s product 

information sheet and they are visible in the gastric phase of all the digested samples. In 

addition, a band at 53 kDa was visible only for ICC and to a lesser extent in MDC, possibly 

belonging to phaseolin. As mentioned earlier, phaseolin structure consists of three subunits that 

are similar in their backbone conformation and sequence homology. However, Montoya, et al26 

observed that the subunit with molecular weight of 53 kDa (α-phaseolin) was less susceptible 

to trypsin hydrolysis. This was attributed to differences in thermal stability, surface 

hydrophobicity, solubility and heat induced associations among the subunit. On the other hand, 

it has also been shown that phaseolin susceptibility to hydrolysis increases with heat 

treatment26,38 probably due to structural changes and higher accessibility to proteolytic 

enzymes.  Such effect could be clearly observed in BFS since its high digestibility and the 

absence of α-phaseolin band indicates that the heat treatment applied was more efficient in 

denaturing the protein present in kidney beans.  

 

Fig. 3-5. SDS-page protein profile of the supernatant (left panel) and pellet (right panel) from BFS, MDC and ICC 
before digestion (ND), after 2h of gastric digestion (GD) and 6h of gastro-intestinal digestion (ID). Molecular 
weight markers (Mw) are present in lane 1 of each gels. 

Regarding the proteins left in the pellet (Fig. 3-5 right panel), it is evident that for MDC and 

ICC no differences could be distinguished between ND and gastric digested samples, 
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confirming the results previously discussed about pepsin digestibility. Carbonaro, et al39 

performed an in-vivo study using rats and found high amounts of undigested protein remaining 

in the stomach content of the rodents after feeding them raw common bean globulins. The 

absence of phaseolin band in BFS after gastric digestion demonstrates that the treatment applied 

facilitated the utilization of proteins by the digestive enzymes. As for the intestinal phase, the 

only band remaining (from phaseolin) was that of 53 kDa in MDC and ICC as found in the 

supernatant. Smaller polypeptides (22 and ≤14 kDa) were also visible in the pellet of the three 

treatments indicating proteolytic activity of the enzymes during digestion.  

FT-IR was conducted on undigested BFS, MDC and ICC to determine the changes in amide I 

spectra as consequence of the treatments applied (Fig. 3-6). In general, legume proteins 

structure is characterized by a high content of β-sheet conformation and a relatively low amount 

of α-helix as could be seen in the spectra belonging to raw bean (RB) sample. The relative 

spectral weights (Wi) of RB deconvoluted spectra are in agreement with what Carbonaro, et al16 

described with β-sheet (0.50) as the main component from amide I band, followed by α-helix 

(0.15) and in minor extent intramolecular aggregates (0.19), turn conformations (0.09) and 

intermolecular aggregates (0.07). Heat treatment, as expected, changed the ratio between amide 

I components, where BFS showed the most notable differences compared to RB. In the former, 

the disappearance of α-helix and the formation of RC structures were the most notable 

modifications. RC has been related to an increment in digestibility due to its unstructured nature 

typical of denatured proteins17. This peak was also found in MDC and ICC but in a minor extent 

since the spectral weight of BFS was twice the size than the one present in the aforementioned 

samples. 

Carbonaro, et al16 also showed that protein digestibility did not involve those regions in which 

amino acids were arranged in β-sheet structures showing a negative correlation between the 

concentration of these structures and food digestibility values. Due to the heat treatment 

applied, no β-sheet peak could be identified in BFS, MDC and ICC but β-I band was detected 

instead. This peak (formed upon the disappearance of β-sheet) has been found to provide even 

more resistance to proteolysis than β-sheet itself due to protein aggregation with a very stable 

conformation.  The concentration of β-I band in MDC and ICC was higher than that found for 

BFS (0.28, 0.37, and 0.17 respectively). Those structural differences contribute in the 

understanding of the limited protein digestibility found in MDC and ICC compared to that of 

BFS. The remainder peaks that constitute amide I band had no remarkable differences among 

the samples and no direct correlation has been described between them and protein digestibility.  



Chapter 3 
 

Page | 76 
 

 

Fig. 3-6. Amide I band and its spectra deconvolution with Gaussian contribution of RB, BFS, MDC and ICC. A1: 
intermolecular aggregates, β: beta-sheet, β-I: intermolecular beta-sheet, RC: random coil, α: alpha-helix, Τ: turn 

conformations, A2: intramolecular aggregates.  

The results presented by FT-IR provide important insights in the role that intact cells molecular 

confinement has for protein denaturation. In fact, the large resemblance between the peak 

constituents of MDC and ICC demonstrate that the presence of the cell wall during cooking is 

determinant in the conformational organization of proteins, given that cell wall breakage after 

heat treatment has no large impact in the distribution of amide I constituents. The data presented 

in Fig. 3-6 provides evidence that changes in protein structure upon thermal treatments depend 

on the environment that surrounds proteins, i.e. food microstructure. Even though it has already 

been reported that protein stability to denaturation increases under conditions of molecular 

crowding or confinement40, this study demonstrates for the first time the indirect effect that this 

differential response to thermal treatment has on protein digestibility.  What is more, results 

presented here may also explain some apparent inconsistencies among previous studies.  

Studies have been done where different heat treatment processes were investigated, and in some 
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cases, it has been observed a higher resistance to digestion in samples after more intense thermal 

treatments. Unfortunately, for these experiments sample preparation has been disregarded and 

comparisons have been made between samples with different structural characteristics. There 

is evidence showing that cotyledon cells in beans are highly resistant to harsh treatments such 

as autoclaving. Berg, et al41 demonstrated that autoclaving navy beans at 121°C for 15 min did 

not damage the cotyledon cell structure or its ability to delay starch digestion. In our study, we 

have observed that cell wall disruption after heat treatment has negligible impact in the 

conformational organization of protein secondary structure. The evidence presented in this 

investigation highlights the importance of sample preparation and the pivotal role of food 

structure.  

3.4. Conclusion 

The present study demonstrate the influence of cellular entrapment in the digestibility of 

proteins in-vitro. Limited protein digestibility was observed for samples with intact cellular 

structures. Our findings indicate that the impact of intact cell encapsulation goes beyond its 

barrier function that limits the contact of digestive enzymes with its substrate. Cellular 

confinement also plays an important role during sample preparation and it determines the extent 

at which molecules are affected by processing treatments. In addition, it was demonstrated that 

protein digestion has a direct impact in the way that starch is hydrolysed: an incomplete protein 

degradation results in less starch being utilized in the intestinal phase during digestion.  

The results presented in this study contributed to unravel the importance of food structure 

during processing and on the extent of macronutrient digestion. By understanding the way in 

which the building blocks that constitute a food matrix interact, it is possible to modulate the 

rate and extent at which those products become available to the human body.  
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Appendix 3 

 

Fig. 3-A1 Kinetics of protein hydrolysis during digestion of red kidney beans intact cotyledon cells (ICC) with 
and without addition of α-amylase in the intestinal phase. First 120 minutes represent gastric phase, the subsequent 
time points correspond to intestinal digestion.  Error bars denote standard deviation of three independent samples. 
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Abstract 

The role of the plant matrix is recognized as the main factor restricting starch digestibility in 

beans, nevertheless the exact mechanism behind this process has not been elucidated yet. In this 

study, we developed a mechanistic model, which describes the main physical and biochemical 

phenomena that play a role in starch digestion in intact cotyledon cells. It was found that starch 

entrapped in intact cells could only be hydrolysed after the diffusion of enzymes through the 

cell wall. This process is limited by the pores naturally present in the cell wall and the adsorption 

of α-amylase to the cell wall surface. Both factors restrict the number of enzymes available for 

starch hydrolysis within the cells. The model was validated with in-vitro starch digestion data 

giving very accurate results. The proposed approach provides new information to understand 

the digestibility of starch, and possibly other macronutrients, in complex food matrices.  
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4.1. Introduction 

Starch is the primary carbohydrate produced by plants as energy storage and one of the main 

macronutrients in human diet1. Due to the primary role of starch in nutrition, substantial 

research has been conducted in order to understand the factors affecting its hydrolysis during 

gastro-intestinal digestion. Several factors have been found to affect starch digestion, from 

which food structure could be considered as one of the most relevant2. 

One of the best examples showing the importance of food structure in starch digestion are 

legumes, a type of food with a relatively low glycaemic index. This has been confirmed by in-

vitro studies, which indicate a slow digestion kinetics of starch in beans3. In a recent publication 

from our group4, we confirm those results and further demonstrate that the limited starch 

digestibility in beans was due to the restricted passage of α-amylase through the cell wall (CW). 

Even though this information gives us some insights about the low glycaemic index of legumes, 

further research is still needed to understand the mechanisms behind this effect.  

In the past few years, several researchers have postulated the use of models in an attempt to 

describe the mechanisms that govern starch hydrolysis. For instance, Goñi, et al5 developed a 

model to explain starch granules digestibility in raw and cooked conditions. Later on, Al 

Rabadi, et al6, Edwards, et al7 and Mahasukhonthachat, et al8 proposed  mathematical models 

to estimate the level of starch digestion in grains taking into account differences in particle size. 

These models were all of empirical nature and used only kinetic parameters, assuming that the 

only factors affecting starch hydrolysis were related to the enzymatic conversion of starch. This 

might be the case for simplified systems such as free starch granules, but when studying 

complex food matrices other aspects such as (enzyme) transport phenomena should also be 

considered. To the best of our knowledge, no mechanistic studies have been proposed so far, in 

which starch hydrolysis in complex food matrices is explained considering both enzyme 

kinetics and transport phenomena.  

Other interactions such as the binding affinity between digestive enzymes and dietary fibre 

components might also play an important role9. In a recent study, Dhital, et al10 demonstrated 

that α-amylase can bind to cellulose and bran fibre, thus serving as an inhibitor for amylolysis. 

This was further confirmed by Bhattarai, et al11 when observing a reduction in hydrolysis of 
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isolated starch due to the presence of cell wall material. The real impact of such interactions in 

a system where starch is entrapped within a cell wall matrix has never been described before. 

The aim of this study is to provide insight about the mechanisms behind the low digestibility of 

starch in beans. A mathematical mechanistic model, which incorporates equilibrium 

thermodynamics, transport phenomena and enzyme kinetics, was developed in order to 

understand the complex interaction between the different parameters involved in starch 

hydrolysis. We hypothesize that the hindered diffusion of α-amylase through the pores of the 

CW can be explained by the synergistic effect between steric factors and interactions with the 

CW components. 

4.2. Materials and methods 

4.2.1. Materials 

Red kidney beans were purchased from the supermarket (Wageningen, Netherlands) and stored 

at room temperature. Pepsin (porcine gastric mucose 3200-4500 U/mg), trypsin (porcine 

pancreas 1000-2000 U/mg), α-chymotrypsin (bovine pancreas ≥40 U/mg), α-amylase (porcine 

pancreas 700-1400 U/mg), amyloglucosidase (from aspergillus Niger, 120 U/mg), were 

purchased from Sigma-Aldrich Ltd. (St. Louis, MO, USA). All other chemicals were of 

analytical grade and purchased from Sigma-Aldrich Ltd unless stated otherwise.  

4.2.2. Sample preparation 

Intact cotyledon cells (ICC) from red kidney beans were isolated following the procedure 

described by Rovalino-Córdova4.  

4.2.3. In-vitro digestion experiments 

In-vitro digestion was carried out using a modified version of the protocol developed by 

Minekus, et al12. Briefly, ICC were gastric digested by the addition of simulated fluids (pH3) 

and pepsin. The resulting gastric chyme was combined with intestinal fluids (SIF), trypsin, 

chymotrypsin, α-amylase and incubated for 4h at pH7. The temperature was kept constant at 

37°C throughout the whole experiment. In this study, all experiments were performed using 

substantially lower concentration of α-amylase than what normally employed in conventional 

in-vitro digestion experiments. This was done to ensure that the amount of substrate was always 

in excess so that the reaction velocity was nearly that of  Vmax13. Samples were collected at 

different time points for determining the kinetics of starch hydrolysis and measure enzyme 
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concentration. In order to stay within the range of maximum reaction velocity, only a small 

fraction of the substrate (no more than 5%) should be consumed13. Therefore, only those time 

points that fulfilled this requirement were considered for the analysis.  

In a second set of experiments, in-vitro digestion at different enzyme concentrations (0.3, 1, 5, 

10 and 25 U/mL) was conducted to determine the partition coefficient between the CW and the 

aqueous phase. Samples were incubated for 20h to ensure equilibrium between both phases. 

Other experimental conditions remained constant as the ones described above. α-amylase 

concentration was quantified as described in the following sections.  

4.2.4. Quantification of starch hydrolysis  

Aliquots taken from in-vitro digestion were further hydrolysed with amyloglucosidase as 

described by Rovalino-Córdova, et al4 and the corresponding glucose concentration was 

quantified by GOPOD method following the manufacturer’s instructions (Megazyme Inc. Bray, 

Ireland).  

4.2.5. α-amylase concentration 

Enzyme concentration (in the bulk and ICC) was quantified after in-vitro digestion using a 

modified version of alpha amylase assay procedure (Ceralpha method) Megazyme, Inc. (Bray, 

Ireland). After incubation, tubes were opened and the supernatant was separated from ICC using 

a FalconTM cell strainer (mesh size 70µm). The cells collected were weighed and re-suspended 

in SIF in a ratio 1:7 respectively. This suspension was left overnight under stirring conditions 

to break down the cells. Enzyme concentration was determined by combining 0.1 mL of sample 

with Amylase HR reagent and incubating at 40 °C for 20 min. Subsequently, the reaction was 

stopped by the addition of 1.5 mL of stopping reagent (20% tri-sodium phosphate solution, pH 

11). The absorbance was read at 400 nm against distilled water. A calibration curve was 

constructed by plotting alpha amylase concentration versus absorbance. This curve was linear 

over the concentration range 0-25 µg/mL. A linear regression was fitted for quantitation. All 

time points tested were performed in duplicates.   

4.2.6. α-amylase fluorescent labelling  

Alpha amylase was fluorescently labelled using the FluoroTagTM Conjugation Kit from Sigma-

Aldrich (St. Louis, MO, USA) according to the manufacturer’s instructions with minor 

modifications. Briefly, the enzyme was combined with FITC in a molar ratio of 1:10 
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respectively. The sample was incubated for 2h at room temperature avoiding light exposure. 

Unbound FITC was separated from the conjugated fraction by a Sephadex gel filtration column 

(G-25M) using PBS buffer pH 7.4. Conjugated enzyme fractions were pooled, aliquoted and 

frozen14. The Fluorescein / Protein molar ratio (F/P) calculated for the conjugate formed was 

2.05. 

4.2.7. Confocal laser scanning microscopy (CLSM) 

CLSM micrographs were obtained following the procedure described by Rovalino-Córdova, et 

al4.  

4.2.8. Mathematical modelling approach 

A mechanistic dynamic model based on Fick’s law was developed for enzyme diffusion within 

ICC, and subsequently for the diffusion of starch hydrolysis products from the inner part of ICC 

towards the exterior liquid phase (bulk). Considering the high affinity of the enzyme to the cell 

wall components10, the measurement of α-amylase partition coefficient (56) allowed us to 

incorporate the effect of enzyme adsorption in the model. Moreover, besides the resistance 

exerted by the CW, the effect of the stagnant layer in proximity to the CW was included in the 

model by using film theory. Fig. 4-1 shows a schematic view of the concentration profiles for 

the enzyme (Ce) and starch hydrolysis products (Cs). 

 

Fig. 4-1. Schematic representation of α-amylase diffusion through the stagnant layer and cell wall, and the exit of 
the hydrolysis products towards the bulk phase. Dotted lines represent the concentration gradient through the 
stagnant layer and cell wall. The dashed red line indicates the stagnant layer. Ceb= enzyme concentration in bulk; 
Csb= substrate concentration in bulk; Cew= enzyme concentration in CW; Cein= enzyme concentration within ICC; 
Csin= substrate concentration within ICC; Ceav= Enzyme concentration in the combined CW + ICC compartment. 
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Since the enzyme concentration in the wall (Cew) and inside ICC (Cein) could not be measured 

separately, an average of them is considered in the model (7819), which represents the 

measured concentration in the pellet of intact cells. Eq.1 shows this relation in which : stands 

for volume fraction. 

 7819 = 78;:; < 78>?:>? Eq.1 

Considering that, by definition, the partition coefficient Pe is the ratio of the concentration of a 

compound in two immiscible phases (aqueous and cell wall) at equilibrium, we can state: 

 56 = 78;(6@)78A(6@) = 78;(6@)78>?(6@) Eq.2 

By combining Eq.1 and Eq.2 and considering that  78;(,) B 5678>?(,) , we obtain the following 

relation which express Cein as a function of Ceav at any time: 

 7>?(,) = 7819#(,)56:; < :>? 
Eq.3 

The dynamic model is represented by a system of four differential equations (Eq.4-Eq.7), which 

together with Eq.3 are sufficient to represent the entire dynamic system. These equations 

represent the change in the concentration of the enzyme and hydrolysis products (Cs) over time. 

Eq.4, Eq.5 and Eq.7 have a comparable structure, in which two terms can be distinguished at 

the right hand side: the resistance (first bracket) and the driving force for diffusion (second 

bracket). The former is the sum of the stagnant layer resistance, represented by 1/k, and the 

resistance of the CW (3 C (!DE#56FG)), which is a more complex term that includes the 

diffusion coefficient (!), the thickness of the cell wall (E), the partition coefficient (56) and the 

hindrance coefficient (FG). The driving force, on the other hand, is the difference of the 

concentration in the bulk and inside ICC. Evidently, equilibrium is obtained once these two 

concentrations reach equal values. In Eq. 4-7, A stands for the total area of the surface of ICC, 

while VIC and VT are the volume of ICC and the liquid phase respectively. On the other hand, 

Eq.6 contains the aforementioned structure with one additional term, which represents the 

production rate of the hydrolysates. A detailed explanation about the derivation of this set of 

differential equations could be found in the appendix. Likewise, the calculation of the mass 

transfer coefficient k for the enzyme and the product is also detailed there. 

 dHeIJdt = ( 3kK < 3LKM PKkdK)
NO(HeQ + HeRS) TVUW 

Eq.4 
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 G78AGX = +( 3F6 < 3!6E 56FG6)NO#(78A + 78>?)
YZ/ ######### 

Eq.5 

   

 dHsRSdt = k[I\HeRS + ( 3k] < 3L]M P]kd])
NO(HsRS + HsQ) TVUW## 

Eq.6 

   

 dHsQdt = ( 3k] < 3L]M P]kd])
NO(HsRS + HsQ) TV^ 

Eq.7 

The model assumes that all ICCs have the same size and spherical shape, uniform CW thickness 

and pore size. In order to simplify the kinetics of the enzymatic reaction, all experiments were 

performed under excess substrate concentration allowing us to assume that Vmax conditions 

were met. It is also assumed that local equilibrium takes place at the interface between water 

and the CW. The parameters used for the resolution of the model are presented in Table 4-1. 

Table 4-1. Parameters utilized for the resolution of the mathematical model.  

Parameter Value Reference 

α-amylase diffusion in water 8.05 x 10-11 (m2.s-1) Meyer, E.H., & Bernferld, (1947) 

α-amylase products (DP3) diffusion in water 5.94 x 10-10 (m2.s-1) Sano & Yamamoto, (1993) 

ICC diameter 100 x 10-6 (m) Rovalino-Córdova et al., (2018) 

Molecular weight α-amylase 56000 (g.mol-1) Edwards et al., (2014) 

Pore diameter ICC 5.5 x 10-9 (m) Brett & Waldron, (1996) 

ICC density 1.12 x 103 (Kg.m-3) Determined experimentally by volume displacement 

Cell wall thickness 2 x 10-6 (m) McEwen, Dronzek, & Bushuk, (1974) 

 

4.2.9. Turnover number (kcat) determination 

The reaction kinetics are represented in our model by Kcat. This parameter was calculated upon 

starch hydrolysis of ICC samples whose structural integrity was previously disrupted to 

determine the catalytic action of enzymes without having the structural constraints exerted by 

the CW. For this purpose, ICC were mixed for 24h using a magnetic stirrer at high speed rate 

as described by Rovalino-Córdova, et al4. Structural disruption of the cells was confirmed by 
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visual inspection under a light microscope. Hereinafter these samples will be referred as 

mechanically damaged cells (MDC).  

MDC was enzymatically hydrolyzed at different α-amylase concentrations (0.03U/mL, 

0.3U/mL, 1U/mL). These concentrations were at least 2 orders of magnitude lower than what 

normally used when conducting in-vitro digestion experiments in order to ensure an excess of 

substrate as described in section 4.2.3.  Starch quantification was performed (section 4.2.4) and 

only those time points, in which less than 5% of starch was hydrolyzed, were considered for F_1, determination. F_1, was calculated from Eq.6 considering that in this case there were no 

structural barriers affecting the enzyme kinetics, therefore: 

 F_1, = `abcf`gh6cf = ij026l#(0m#*no)×j>?pq×jrpqij026l#0m#uN1jv21l6×jrpq   

Eq.8 

 

The results obtained for kcat at different α-amylase concentrations are detailed in the appendix 

section.  

4.2.10. α-amylase partition coefficient 

 For determining the partition coefficient an adsorption isotherm of α-amylase binding to ICC 

was constructed using enzyme concentration data at equilibrium conditions. The calculation 

was done assuming that at equilibrium conditions both the bulk and the inner part of ICC have 

the same enzyme concentration (78A(6@) = 78>?(6@)) as schematically represented in Fig. 4-2. 

Moreover, for this calculation it was also assumed that the concentration of enzyme and 

hydrolysis products were homogeneous within ICC (no internal gradients). By definition, the 

partition coefficient could be calculated upon the ratio of the enzyme concentration in two 

immiscible phases (Eq.2), therefore, it was necessary to first determine the concentration of the 

enzyme in the CW.  
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Fig. 4-2. Schematic representation of α-amylase concentration at equilibrium conditions (left side). Radio of total 
ICC (rT) and the inner part of it without taking into account the CW (rin) (right side). Red dashed line represents 
the stagnant layer and the black dotted line enzyme concentration in the CW. Ceb= enzyme concentration in bulk; 
Cew= enzyme concentration in CW; Cein= enzyme concentration within ICC; Ceav= Enzyme concentration in the 
combined CW + ICC compartment.  

Since 7819 is the added contribution of the enzyme concentration in the CW and within ICC, a 

mass balance was proposed to determine the concentration of α-amylase in the CW: 

 78; × Z; < 78>? × Z>? = 7819 × Zwh 

 

Eq.9 

78; × Z;Zwh < 78>? × Z>?Zwh = 7819 × ZwhZwh  

78; × x;Zwh < 78>? × (3 + x;)Zwh = 7819 

Where Vw, Vin and VICC represent the volume of CW, within ICC and total volume (Vw + Vin) 

respectively. The only unknown parameter from Eq.9 is Vw since it is assumed that at 

equilibrium conditions 78A(6@) = 78>?(6@) ; VIC and Vin were calculated from ICC diameter and 

CW thickness information found in literature (100 µm4;  2 µm 19 respectively) and Ceav was 

determined experimentally. All the terms in Eq.9 were divided by VIC to express Vw as a volume 

fraction which was calculated as follows: 

 x; = Zwh + Z>?Zwh = ywhz + y>?zywhz = 3 + y>?zywhz  
Eq.10 

After obtaining α-amylase concentration in the CW, the partition coefficient was calculated 

from Eq.2.   
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4.3. Results and discussion 

In this study, we propose a mathematic model to unravel the mechanism behind the low 

digestibility of starch in ICC. As determined in a previous publication4, starch confined in ICC 

could be hydrolysed by α-amylase despite cells preserving their structural intactness during 

digestion. This implies that the enzyme needs to diffuse through the CW before getting in 

contact with starch granules. As consequence, enzymatic hydrolysis takes place within ICC and 

the products of starch digestion diffuse out of the cell towards the bulk phase after hydrolysis. 

We consider that the complex mechanism behind starch hydrolysis in ICC is due to the 

simultaneous action of several factors that will be discussed in detail in this section.  

4.3.1. Enzyme transport within ICC 

Equations 1 and 2 describe the change in enzyme concentration of ICC (Ceav) and the bulk 

(Ceb), where the former increases and the later decreases as digestion proceeds. The system of 

differential equations was solved by using several parameters found in literature and reported 

in Table 4-1. However, other parameters like Pe had to be determined experimentally in order 

to describe accurately the conditions present in the system. As described in section 4.2.3, 

different α-amylase concentrations were utilized to obtain the partition coefficient. ICC was 

extensively digested to provide the enzyme enough time (~20h) to diffuse within ICC until 

reaching equilibrium concentrations in the supernatant and pellet prior quantification and 

construction of the adsorption isotherm (Fig. 4-3). As seen in Fig. 4-3 a linear behaviour in 

enzyme concentration between the bulk and ICC was found independently from the initial 

amylase concentration used. This indicates a direct relation between α-amylase concentration 

in the bulk and its affinity with the CW. Due to the low concentration of enzyme utilized in this 

study, a saturation of CW binding sites was not achieved which resulted in a linear behaviour 

of the isotherm. We are aware that at higher enzyme concentrations the adsorption isotherm 

will eventually reach a plateau due to saturation of the binding sites present in the CW. The 

analysis of those concentrations was not reported since they were out of the scope of this study.   
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Fig. 4-3. Adsorption isotherm of α-amylase into cell walls of ICC at equilibrium conditions. Circles represent the 
experimental measurement, each colour being an independent set of samples, dotted line depict the trend line of 
the analysis.  Note the slope >1 is an indication of the interaction between α-amylase and the CW. 

The enzyme hindrance coefficient kde represents the resistance of mass transfer through the CW 

and normally occurs due to the interactions between the diffusing molecule and the pores20. In 

this study, the enzyme hindrance coefficient (kde) was obtained by fitting the model to in-vitro 

digestion data that quantified enzyme concentration in the bulk phase over time (Fig. 4-4). A 

value of 1.23 x 10-5 (dimensionless number) for the hindrance coefficient at an enzyme 

concentration of 0.3 U/mL was obtained. kde was also calculated at other enzyme concentrations 

and values of the same order of magnitude were obtained (data not shown). The kde value 

obtained in this study is considered very low compared to the results of other authors who have 

investigated the diffusion of proteins through different food matrices. That is the case of Fardet, 

et al21 who studied the diffusion of BSA through protein network of pasta. They found a two-

fold reduction in the diffusion of BSA in comparison to its behaviour in pure aqueous solvent. 

Kde value obtained by our model decreases the diffusion of α-alpha amylase by five orders of 

magnitude showing a great difference to what the aforementioned authors have found. We 

believe that the cause of such discrepancy is the structural difference between pasta and ICC. 

In pasta, the gluten network has a porosity ranging from 0.3-30 µm while porosity of the CW 

in ICC ranges from 3.5-5.5 nm. Considering that the cell wall porosity allows the passage of 

proteins of around 50KDa18, it is reasonable to have a higher hindrance coefficient since this 

value generally becomes significant when the diffusing molecule and the pore size are of 

comparable size20. Diffusion studies performed in highly constricted pores (such as the ones 
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present in ICC) using synthetic membranes, indicate that  FG was more than four orders of 

magnitude smaller than when proteins are diffusing in free solutions22. Furthermore, it is known 

that the reduction in transport through constricted pores is caused by two phenomena: 

hydrodynamic effects and equilibrium partitioning. The former refers to the frictional drag of 

the molecules while the later relates to steric effects and electrostatic interactions22. We believe 

that these two phenomena also explain the relative low hindrance value that our model 

calculated for the diffusion of amylase through cell wall pores. In first place, both enzyme and 

CW pore size have dimensions of the same order of magnitude already creating important 

limitations for free (and fast) diffusion. In addition to this, the interactions between the CW and 

α-amylase limits further its diffusion. Dhital, et al10 reported the inhibition of α-amylase by 

cellulose and bran fibre, demonstrating a strong and rapid binding interaction between these 

two components. Such interaction was also present in our study and could be clearly identified 

when plotting the concentration of enzyme present in the bulk and ICC during in-vitro 

digestion. As depicted in Fig. 4-4, after 1h of hydrolysis, the concentration of α-amylase in ICC 

was remarkably higher than the one found in the bulk, a clear indication that an adsorption 

mechanism was taking place. If no adsorption phenomena had taken place, α-amylase 

concentration in both phases would have been comparable when reaching equilibrium. This 

adsorption process occurred in all samples tested, independently of the enzyme concentration 

employed.  

 

Fig. 4-4. Average α-amylase concentration in ICC (Ceav) and bulk phase (Ceb) as a function of time. Lines represent 
the change in enzyme concentration predicted by the model. Open symbols denote data collected experimentally 
for each of the phases.  



Chapter 4 
 

Page | 96 
 

The partition and hindrance coefficient reflect the combined effect of enzyme diffusion through 

constricted pores in ICC and the adsorption of α-amylase to CW components. The hindrance to 

diffusion due to pore size limitations are attributable to a combination of particle-wall 

hydrodynamic interactions and steric restrictions. The former depends on the particle proximity 

to the CW so any force that influences its position affects them. Even when considering those 

forces negligible, the finite size of the solute restricts its access to the region near the CW 

affecting its flux23.  

Furthermore, from Fig. 4-4 it is evident that adsorption also has a tremendous impact in the 

amount of enzyme that diffuses inside ICC. This phenomena is dependent on enzyme 

concentration since it has been found that cellulose has a limited number of binding sites for 

the enzyme to attach10. Therefore, at very low enzyme concentrations, the CW material will 

deplete the enzyme from the solution causing a larger effect in starch hydrolysis. This might be 

the most plausible explanation of the discrepancy in the degree of starch hydrolysis reported by 

different research groups when studying starch digestibility in intact bean cells. 

Fig. 4-5 depicts CLSM micrographs of ICC digestion by a fluorescently labelled α-amylase. 

These images are a qualitative evidence of the diffusion of α-amylase through the CW. During 

early stages of digestion, the presence of alpha amylase could be identified in the outer 

periphery of ICC, whereas as digestion proceeds the enzyme starts diffusing towards the core 

of the cell until starch granules were clearly stained by the fluorescent dye. These results are in 

agreement with those found by Pallares Pallares, et al24 when studying the effect of different 

thermal treatments on starch digestibility.  
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Fig. 4-5. CLSM micrographs of fluorescently-labelled α-amylase at 15, 45, 100 and 200 min of in-vitro digestion.  
Right column depicts fluorescent channel and left column an overlaid visualization between fluorescent and bright 
field channels to facilitate the localization of the enzyme within ICC.  
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Furthermore, in Eq.4 and Eq.5 the effect of the stagnant layer is also taken into account to 

describe the system. This layer is an additional diffusion barrier immediately adjacent to the 

CW, next to a region of slow laminar flow in which convection due to stirring do not cause any 

significant mixing of the solution and only diffusion takes place25. Stirring conditions will 

modify the thickness of the stagnant layer, hence reducing its influence during diffusion. In our 

study, mixing conditions were applied to all treatments trying to resemble what is normally 

occurring during digestion. We found that the resistance opposed by the stagnant layer (ke-1) 

was 2000 times smaller compared to what obtained for the CW ((!DE#56FG)NO). Therefore, 

we can state that due to the characteristics of the system described in this study, the stagnant 

layer has a very limited effect in delaying the diffusion of α-amylase through the CW. The 

impact of this layer could be more relevant in other systems with higher viscosities as occurring 

due to the presence of soluble dietary fibres or reduced mixing conditions26. 

4.3.2. Starch hydrolysis within ICC 

As described before, α-amylase needs to overcome adsorption and diffusion restrictions 

imposed by the CW in order to hydrolyse starch. Due to the nature of those interactions, the 

average concentration (Ceav) of α-amylase measured experimentally in ICC does not reflect the 

amount of enzymes that were able to penetrate the CW. Instead, this concentration also included 

those enzymes adsorbed by the surface of the cell that were not actively involved in starch 

hydrolysis. Based on the mathematical model, we were able to determine and quantify the 

amount of enzymes that were able to penetrate the CW and as consequence capable of 

hydrolysing starch. As it could be seen in Fig. 4-6, the concentration of α-amylase shows an 

asymptote behaviour that has a slow increase in the first minutes of digestion, followed by an 

exponential rise and ending in a plateau with no further increment in enzyme concentration. In 

the first 30 min of digestion, the amount of α-amylase present within ICC was 25% of the 

amount originally present in the bulk. As enzyme concentration reached a plateau, this value 

increased up to 3.98 x 10-6 mol/m3 within ICC, that is, 75% of what originally present in the 

bulk.  Since only a fraction of the enzymes can “work” upon starch degradation, the low 

digestibility values found for starch in legumes is a logical outcome.  
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Fig. 4-6. Model calculation of the increase in α-amylase concentration within ICC (Cein) as a function of time. 
Changes in enzyme concentration in the bulk (Ceb) are also included for comparison.    

It is important to mention that in the present model, enzyme kinetics was calculated when less 

than 5% of the total starch was consumed (velocity similar to Vmax). In this situation, the 

reaction velocity is at its maximum level due to an excess of substrate that allows all the active 

sites of the enzyme to be complexed27. For this study, we determined that at 0.3U/mL, the 

system remained at this condition until 200 min of intestinal incubation allowing us to model 

starch hydrolysis for a considerable amount of time. We are aware that these enzymatic 

concentrations do not resemble the physiological environment; however, the transport of 

enzyme through the CW is independent of the concentration used and the model perfectly 

represents the mechanism of the system. We used lower amounts of enzyme due to experimental 

reasons since at larger enzyme concentrations the diffusion process will occur very fast making 

it impossible to quantify experimentally. Additionally, it allowed us to simplify the mathematic 

representation of starch hydrolysis in the model. When using high enzyme concentrations its 

ratio with the substrate will change moving the reaction velocity away from Vmax. At this stage 

other factors such as product inhibition and substrate exhaustion might also play a role in the 

kinetics of hydrolysis28.  

In order to represent starch hydrolysis for our experimental conditions, it was necessary to 

determine the catalytic constant of the reaction (kcat). This constant reflects enzyme accessibility 

to susceptible glycosidic linkages and the influence of structural constraints that might hinder 

starch hydrolysis28. For ICC, the presence of the cytoplasmic matrix (i.e. other starch granules 
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and protein bodies) represented a structural constraint that could influence starch kinetics. For 

this reason, mechanically damaged cells (MDC) were used as substrate to reflect as consistently 

as possible the properties of ICC without the CW entrapment. By doing so, we ensured that the 

enzyme could work at a velocity similar to Vmax but still considering the influence of the 

cytoplasmic matrix that was otherwise impossible to be determined independently. We obtained 

experimentally a kcat value of 3.2 x 104 min-1, which is considerably small to what normally 

reported for isolated starch (1.6 x 105 min-1)28. Most likely, such discrepancy occurred since the 

cytoplasmic matrix effect is included in our catalytic constant where the presence of proteins 

have also been found to affect starch hydrolysis due to the binding of α-amylase to insoluble 

proteins29.  Furthermore, it is important to highlight that starch in MDC was hydrolysed despite 

of the presence of CW material. It has been previously found that the nature of the interactions 

between α-amylase and the CW  is non-active site mediated10. 

4.3.3. Diffusion of starch hydrolysis products towards the bulk phase: model validation 

As starch digestion proceeds, the products formed by enzymatic hydrolysis will diffuse through 

the CW due to the generation of a concentration gradient between ICC and the bulk phase. From 

literature it is known that α-amylase produces small dextrins being maltotriose one of the most 

abundant30. This was further confirmed by HPAEC-PAD analysis performed at different time 

points during in-vitro digestion (Appendix Fig. 4-A2). Therefore, only maltotriose was 

considered as starch degrading products to facilitate the construction of the model. In addition 

to this, the only parameter considered to influence the diffusion through the CW pores was the 

size of the molecule (0.55 nm radius). Due to the lack of electric charges in the oligomers 

formed upon starch hydrolysis, electrical interactions with the CW components can be ruled 

out. As consequence, the passage of starch hydrolysates towards the bulk phase will occur at a 

much faster rate than what observed for α-amylase. The hindrance coefficient estimated for 

maltotriose, kds, was four orders of magnitude larger than what found for α-amylase (kde).  

The products of starch hydrolysis that diffused through the CW were quantified experimentally 

and used to validate the model. As seen in Fig. 4-7, the amount of oligomers predicted by the 

model goes in accordance to what determined experimentally after starch hydrolysis. This 

provides strong evidence that supports our theory about the mechanism by which starch is 

hydrolysed in beans. The limited starch hydrolysis in legumes has been described before by 

several authors3,4,24; however, this is the first time that a mechanistic explanation is provided 

giving insights about the phenomena responsible for the reduced starch digestion in these 
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complex systems. In particular, our model provides a mechanistic explanation to the lag phase 

and the apparent sigmoidal kinetics that is observed for starch digestion in intact bean cells4,31  

which is produced by the building up of the enzyme concentration in the intracellular 

compartment. 

 

Fig. 4-7. Starch hydrolysis products in the bulk phase during in-vitro digestion of ICC. Continuous line represents 
the model prediction, red crosses represent the data obtained experimentally.  

4.4. Conclusion 

The consumption of plant based diets and whole grain foods has been increasing over the last 

years. Therefore, understanding how those complex matrices are digested should be of great 

concern for food scientists and industry. Due to the paucity of models that can quantitatively 

account for the effect of food matrix on nutrients digestion, this study proposed a mechanistic 

approach designed to investigate the physical and kinetic factors involved in the reduced starch 

digestibility of beans. It was found that the constricted pores present in the CW matrix and the 

adsorption interactions with α-amylase were the most determinant factors that cause a delay in 

starch hydrolysis. Consequently, the concentration of amylase within ICC was always lower 

than the concentration of enzyme present in the system. By this, it was shown that the CW 

function goes beyond serving as a mere physical barrier that encapsulates starch. This structure 

also has the ability to adsorb enzymes towards its surface reducing the amount of available 

enzymes for hydrolysis. We believe that the knowledge gathered by this investigation is of 

significant relevance and helps to understand the complexity of the food matrix and its 
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implications in hydrolysis. Finally, the outcome of this research has wider implications than 

starch digestibility in beans. Other macronutrients encapsulated in different legume sources or 

plant-based matrices could follow similar hydrolysis mechanisms since all digestive enzymes 

may be affected in a comparable way by the presence of the CW. 
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Appendices 4 

Diffusion of enzyme and products in and out of ICC 

Due to affinity/adsorption of the enzyme to cell wall components, the concentration of α-

amylase will be different in the cell wall (78;) and inside the intact cell (78>?) 1. These 2 

concentrations could not be measured separately; therefore, we defined 7819, as the average of 

the aforementioned concentrations, and corresponds to the concentration of the pellet of intact 

cells after centrifugation.  

The increase of 7819 in time can be represented by Eq.A1, in which $6 is the enzyme flux due 

to diffusion, Y is the total surface area of the intact cells and Zwh their total volume. 

 G7819GX = $6(X) YZwh 

 

Eq. A1 

 

In the same way, the reduction in the concentration of α-amylase in the bulk (78A) could be 

represented by Eq. A2, in which V is the volume of the bulk phase. 

 G78AGX = +$6(X) YZ 

 

Eq. A2 

 

The transport of the hydrolysates could be represented in a similar fashion. The only addition 

is a production term representing the hydrolysis rate inside the intact cell(#F{|X78}~). Thus, 

the change in concentration of the hydrolysis products inside ICC (7�>?) and in the bulk (7�A) 
were expressed as shown in Eq. A3 and A4, in which $l represents the flux of the hydrolysis 

products from ICC towards the bulk.  

 G7�>?GX = F{|X78}~ + $l(X) YZwh 

 

Eq. A3 

 G7�AGX = $l(X) YZ 

 

Eq. A4 

 

The enzymes diffuse through two ‘layers’.  The first one is the stagnant layer located just outside 

the surface of the cell wall. Here, according to film theory, convection due to stirring does not 
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occur and only diffusion takes place (Fig. 4-A1)2.  The second layer is the cell wall, in which 

diffusion is hindered due to constriction and electrical interactions. Therefore, it is necessary to 

multiply the enzyme diffusion coefficient (!6) by a correction factor (�G6) commonly known 

as hindrance factor.  

Considering the concentrations as depicted in Figure 4-A1, one flux equation per component 

can be written using Fick’s law for each layer. Eq. A5 and A6 correspond to the enzyme 

diffusion through the stagnant layer and cell wall respectively. Notice that the same $6#applies 

for both layers.  

 $6 = !6 (78A + 78A>)�  

 

Eq. A5 

 $6 = !6#FG6 (78;> + 78;�)E  

 

Eq. A6 

 

 

Fig. 4-A1. Schematic representation of α-amylase concentration profiles (�) and starch hydrolysis products (�) 
across the stagnant layer (�) and cell wall(�). The scheme includes the concentration in the bulk of the phases and 
in the interphases (� and �).  
We define a partition coefficient 5, which is the ratio of the concentration of a component at 

equilibrium in two contiguous phases. Since in this case, we assume local equilibrium at the 

interface, we obtain: 

 56 = 78;(6@)78A(6@) = 78;(6@)78>?(6@) = 78;>78A> = 78;�78>?  
Eq. A7 
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Notice that we assume that the inner phase and the bulk phase are similar. Thus, the same 

enzyme partition coefficient, 56, describes the equilibrium between the cell wall and bulk, and 

between the cell wall and the inside part of the intact cell. 

Additionally, we can define the external mass transfer coefficient F as follows: 

 F6 = !6�  

 

Eq. A8 

Considering the definition of 56 and F6, we can rewrite Eq. A5 and A6: 

 $6 � 3F6� = �78A + 78;>56 � 

 

Eq. A9 

 $6 � 3!6 #FG6#56E � = �78;>56 + 78>?� 

 

Eq. A10 

 

By summing Eq. A9 and A10, we can obtain an expression for $6 as function of 78A and 78>?.  

 $6 = � 3F6 < 3!6#FG6#56E �
NO
(78A + 78>?) Eq. A11 

 

By defining 5l and Fl and following a similar approach as done with the enzyme, an equivalent 

expression could be obtained for the products of hydrolysis. 

 $l = � 3Fl < 3!l #FGl#5lE �
NO
(7�>? + 7�A) Eq. A12 

 

By replacing Ne and Ns (Eq. A11 and A12) in Eq. A1-A4 a set of differential equations could 

be obtained. They represent the change in concentration of enzymes and products in the system 

during starch hydrolysis. 

 

 dHeIJdt = ( 3kK < 3LKM PKkdK)
NO(HeQ + HeRS) TVUW 

Eq. A13 
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 G78AGX = +( 3F6 < 3!6E 56FG6)NO#(78A + 78>?)

YZ/  
Eq. A14 

 dHsRSdt = k[I\HeRS + ( 3k] < 3L]M P]kd])
NO(HsRS + HsQ) TVUW 

Eq. A15 

 dHsQdt = ( 3k] < 3L]M P]kd])
NO(HsRS + HsQ) TV^ 

Eq. A16 

 

Calculation of �, � and � 

Although the mass transfer coefficient is defined as F = !D�, it cannot be calculated in this 

way since � is unknown. F is calculated using the following empirical expression obtained by 

Brian and Hales for freely moving particles with low Reynolds number 3. 

 F = !Gwh �� < 3��3 ��8�#�2�2 #! �.��� 

Eq. A17 

 

In which Gwh corresponds to the diameter of ICC, while �2 and �2 are the viscosity and density 

of the surrounding liquid (water) at the experimental temperature.  

For the calculation of Reynolds (�8�) and Galilei number (�|) we used the following 

expressions, in which � corresponds to the gravity constant, and �whh the density of the particle, 

in this case the density of  ICC, which was found to be 1200 kg/m3.  

 �8� = �|D18 Eq. A18 
 

 �| = �#Gwhz#�2(�whh + �2)�2&  
Eq. A19 

 

Since the enzyme is a charged molecule, electrical interactions (adsorption) is expected to take 

place inside the cell wall1. Thus, besides the steric exclusion due to its size, more mechanisms 

affect its diffusion inside ICC. Consequently, an upfront estimation of 56 and �G6 is not 

possible. On the other hand, the hydrolysis products are neutral dextrins, for which the only 

mechanism affecting its diffusion through the cell wall is steric exclusion4. In this case, 5l and 
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�Gl can be estimated by approximating these molecules to a spherical geometry and by 

considering the cell wall pores to be cylindrical. 

The first step was to find the radius of DP3 dextrin (yl) by using Stokes-Einstein equation in 

which F� is the Boltzmann constant.  

 yl = F�����2!l Eq. A20 

 

The diffusion coefficient of the dextrin could be obtained as function of its molecular weight 

as obtained by Sano and Yamamoto5.  

 !* = � �¡# · 34Oz¢£lODz##�¤&¥ 
Eq. A21 

 

The following equations are normally used in membrane science to calculate 5 and �G for 

neutral spherical molecules6: 

 5l = (3 + ¦l)& 
 

Eq. A22 
 
 
 

 ¦l = yly� 

 

Eq. A23 
 
 
 

 �G = "5l Eq. A24 
 
 
 

 "(¦) = 3 <  § ¦¨~© + 3�¡�4ª�¦ < 4�¡�§3¡¡¦& < 3� 3¡�3¦z+ ��§3 4ª¦« < 4��¬4¬§§¦­ < 3�3433¡¦�+ 4��ª¡ ªª¦� 
Eq. A25 

 

High performance anion-exchange chromatography (HPAEC-PAD) 

The chain length distribution of starch hydrolysis by α-amylase was qualitatively assessed by 

high performance anion exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD). Hydrolysed samples were centrifuged at 4000 x g for 15 min after which the 
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supernatant and pellet were separated. Supernatants were collected and diluted in water until 

reaching a concentration of 1 mg/mL. Samples were filtered with 0.45µm PFTE filter prior 

injection. HPAEC-PAD system comprised a CarboPac PA-1 column (2 × 250 mm) equipped 

with an electrochemical detector (Thermo Fisher Scientific, Breda, The Netherlands). Eluents 

A, B and C consisted of water, 100mM NaOH and 0.5M NaOAc respectively.  A flow rate of 

0.25mL min-1 was applied, and the column equilibrated with 20mM NaOH. Elution was 

performed by mixing eluent A, B and C as follows: 0 min, (80:20:0); 5 min, (80:20:20); 60 min, 

(20:20:60); 60.1 min, (80:20:0); 75 min, (80:20:0). Glucose, maltotriose, maltopentahose and 

maltoheptaose were used as standards for peak identification. The data was analysed in 

Chromeleon software, version 7.2 (Dionex Corporation, Sunnyvale, CA, USA). 

 

Fig. 4-A2.  High performance anion exchange chromatography (HAPEC) patterns of starch hydrolysis in ICC after 

15, 45 and 150 min of in-vitro digestion. Degree of polymerization (DP) are indicated in the standard as reference.  

Catalytic constant determination (kcat) 

The catalytic constant was determined using mechanically damaged cells (MDC) as substrate. 

Samples were hydrolysed in-vitro following the guidelines of Minekus, et al7 with some 

modifications. Briefly, samples were subjected to gastric digestion with pepsin for 30 min and 

subsequently the pH was increased up to 7 for intestinal incubation. Trypsin, chymotrypsin and 

alpha amylase were incorporated in the system and the samples where hydrolysed for up to 80 

min. Different α-amylase concentrations were utilized (0.03, 0.3 and 1 U/mL) for starch 

hydrolysis. Aliquots where taken at different time points during digestion, incubated with 
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amyloglucosidase and the products of digestion quantified by GOPOD method as described by 

Rovalino-Córdova, et al8. Samples were expressed as mmol of maltotriose per Litre and the 

percentage of starch consumed at each time point was calculated. The data points where starch 

was hydrolysed less than 5% were selected for kcat calculation. The formula employed for kcat 

quantification expresses the number of moles of substrate transformed per minute per mole of 

enzyme (units per µmole of enzyme). 

 F_1, = Z®|¯°±², = ³®´¨8�(µ ¶ 5) ×®}~NO³®´¨8�(´¸#±) × ®¹NO = ®}~NO 
Eq. A26 

 

Where the numerator was calculated from the slope of the linear portion of the curve that 

represents starch hydrolysis versus time and the denominator the concentration of enzyme 

utilized in the experiment.  

 

Fig. 4-A3. kcat determination using 0.03U/mL of α-amylase. Left column indicates the time points selected for 
analysis which showed a linear relationship between product formation and time. All the time points selected in 
the analysis satisfied the condition of having less than 5% of the total starch hydrolysed.  
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Fig. 4-A4. kcat determination using 0.3U/mL of α-amylase. Left column indicates the time points selected for 
analysis which showed a linear relationship between product formation and time. All the time points selected in 
the analysis satisfied the condition of having less than 5% of the total starch hydrolysed. 
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Fig. 4-A5. kcat determination using 1U/mL of α-amylase. Left column indicates the time points selected for 
analysis which showed a linear relationship between product formation and time. All the time points selected in 
the analysis satisfied the condition of having less than 5% of the total starch hydrolysed. 
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Abstract 

Colonic fermentation of starch provides health benefits for the host. However, physical 

characteristics of the food matrix could limit the availability of starch and other dietary fibres 

for microbiota utilization. In this study, the influence of food structural aspects was studied by 

using cotyledon cells from red kidney beans with different levels of cellular integrity.  In-vitro 

colonic fermentation was conducted in the simulator of the human intestinal microbial 

ecosystem (SHIME®) where the utilization of starch and other non-starch polysaccharides was 

investigated along the three colon regions. Results indicate that plant cell integrity modulates 

nutrient utilization by gut microbiota where higher amounts of starch were delivered to distal 

regions of the colon in intact samples. Other dietary fibre constituents, such as pectin, were also 

differentially fermented depending on the level of cellular integrity. Moreover, bean 

supplementation produced changes in microbiota population favouring the proliferation of 

Bifidobacterium species.  
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5.1. Introduction 

Colonic fermentation of carbohydrates  provides beneficial physiological effects for human 

health1. Non-digestible polysaccharides, commonly known as dietary fibre, are the primary 

source of carbon and energy for gut microbiota which favours bacterial diversity2, production 

of gas, organic acids and short chain fatty acids (SCFA)3,4. Therefore, changes in the quantity 

and type of carbohydrates consumed in the diet will influence bacterial population and the 

metabolic products formed by their metabolism5. It has been found that dietary fibres are not 

equally fermented by the gut microbiota and a hierarchic order is followed where simple sugar, 

oligosaccharides and starch are preferred over soluble and insoluble non-starch polysaccharides 

(NSP)6. Differences in solubility, size, chemical structure and types of linkages within the fibres 

are the main factors responsible of those preferences1. 

Due to this, special attention has been payed to resistant starch (RS), i.e. the portion of starch 

(or its hydrolysis products) that escapes digestion and reach the large intestine. Several health 

benefits are associated with the fermentation of RS, the most relevant being related to a higher 

production of butyric acid, which has been associated to the improvement of bowel health 

against ulcerative colitis and colon cancer7–10. The resistance of starch to small intestinal 

digestion has been attributed to several causes: physical entrapment by cell wall polymers, 

(crystalline) structure of the starch granule, retrogradation, chemical modification or 

crosslinking11. Therefore, the amount of RS in the diet will vary depending on food 

composition, structure and the cooking methods applied.  

Beans, and legumes in general, possess structural and compositional characteristics that has 

deserved the attention of many scientists in the last years. Legumes are mainly composed of 

carbohydrates (500-700 g.kg-1 dry basis) a fraction of which is undigested in the small intestine 

thereby becoming substrate for colonic fermentation4. Those fractions include RS, poly- and 

oligosaccharides that exert beneficial effects for the gut health12. Colonic fermentation studies 

conducted with legumes using human and animal inoculum revealed that their indigestible 

fraction increases butyric acid concentration4,10 and produces changes in bacterial population5. 

However, most of these studies were performed using bean powders instead of intact plant 

tissues thereby neglecting the influence of the food matrix. In legumes this is of particular 

importance since the cell wall matrix (which encapsulates starch and proteins) has a great 

influence in macronutrients digestion13. We believe that the structural integrity of bean cells 

could have a great impact on microbial fermentation of RS and other bean components. To the 
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best of our knowledge, the fermentation of NSP within a complex cell wall matrix (CW) and 

its impact on RS utilization by microbiota has not been fully addressed. Only few studies that 

used intact legume structures were conducted employing fermentation models that were not 

able to differentiate between the three portions of the colon14.  

This study aims at unravelling the fate of intact cotyledon cells (ICC) from red kidney beans 

and RS utilization along the large intestinal tract using the simulated human intestinal microbial 

ecosystem (SHIME®). We hypothesize that due to cell wall entrapment RS could be fermented 

slower and more distally compared to a sample wherein this natural encapsulation was lost. The 

integrity of bean cells could also trigger changes in microbiota population along the three 

portions of the large intestine.  

5.2. Experimental section 

5.2.1. Materials 

Red kidney beans were purchased from the local supermarket (Wageningen, Netherlands). All 

other reagents were of analytical grade and purchased from Sigma Aldrich (St. Louis MO, 

USA) unless stated otherwise.  

5.2.2. Preparation of intact and mechanically damaged cells  

Intact cotyledon cells (ICC) were isolated from red kidney beans according to the protocol 

described by Rovalino-Cordova, et al13. In short, soaked beans were cooked for 1h in boiling 

water and subsequently mashed with the use of a mortar and pestle. Bean cells were isolated by 

the use of a wet sieve shaker; samples retained in a sieve with a mesh size of 70µm were 

collected and used for further analysis. Mechanically damaged cells (MDC) were obtained by 

stirring ICC for 24h at high speed rate (1500rpm). Cell disruption was confirmed by the use of 

a light microscope as indicated by Rovalino-Cordova et al13. 

5.2.3. Simulator of the human intestinal microbial ecosystem (SHIME®) model 

SHIME® system (PRODIGEST, Belgium) was employed to mimic large intestinal 

fermentation. This reactor comprise a series of double jacketed vessels connected in sequence 

that mimic the human gastrointestinal tract (Fig. 5-1). The temperature of all vessels was kept 

constant at 37°C with a total retention time of 72h and anaerobiosis ensured by daily nitrogen 

flushing of the head space (10 min)15. In this study, the samples were only subjected to colonic 

fermentation; therefore, they were not treated with simulated gastric or pancreatic juices. Three 
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separate vessels were used to represent the ascending (AC) (pH 5.60-5.90), transverse (TC) (pH 

6.15-6.40) and descending (TC) (pH 6.60-6.90) colon and the pH of each vessel was kept 

constant by the use of automated pH controllers16. Experimental setup started by stabilizing 

faecal inoculum in each of the three vessels representing AC, TC and DC colon respectively as 

described by Koper, et al17. Two healthy volunteers of Caucasian ethnicity, non-smokers, aged 

between 25-35 years old with no history of antibiotic treatment for at least 6 months before 

stool collection were recruited as donors. Bacterial inoculum was left for stabilization (basal 

period) in the SHIME® system for ten days prior the start of the treatment. During this time, 

bacteria were fed three times per day with a carbohydrate rich medium [1.2 g L–1 

arabinogalactan, 2.0 g L–1 pectin, 0.5 g L–1 xylan, 0.4 g L–1 glucose, 3.0 g L–1 yeast extract, 1.0 

g L–1 special peptone, 3.0 g L–1 mucin, 0.5 g L–1 l-cysteine- HCl, and 4.0 g L–1 starch17] enabling 

the microbial community to adapt to the environmental conditions of the different colon vessels. 

After the stabilization period, the system was fed three times per day for 12 consecutive days 

with a mixture of a carbohydrate-based medium that contained all the components previously 

mentioned except for starch that was replaced by the addition of either ICC or MDC. The ratio 

of bean cells and medium employed was 60:40 respectively to preserve as consistently as 

possible the initial feed concentration. Samples were taken from each vessel every three days 

by withdrawing an aliquot that did not exceed 10% of the content in each vessel. These aliquots 

were always taken at the same time of the day, i.e. before the start of the second feeding. 

Immediately after sampling, aliquots were centrifuged (10 min, 2000 x g), the pellet and 

supernatant separated and frozen at -20°C until further use. The same procedure was followed 

for each of the two biological replicates used in this study.  
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Fig. 5-1. Schematic representation of the SHIME® system. Feed + sample (ICC, MDC) was pumped to the vessels 
representing the ascending (AC), transverse (TC) and descending (DC) colon. Temperature (37°C), pH and 
anaerobiosis was automatically controlled.  

5.2.4. Total starch analysis 

The pellets collected at different time points were freeze dried and the amount of starch present 

was quantified by using Total Starch Kit from Megazyme, Inc. (Bray, Ireland) following the 

manufacturers guidelines. For ICC, structure was disrupted by mechanical shear force prior 

freeze-drying as described by Rovalino-Cordova et al 13. The samples were expressed as grams 

of starch per 100 g of unfermented feed.  
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5.2.5. Non-starch polysaccharides (NSP) extraction 

Unfermented NSP were extracted following the protocol described by Jonathan, et al.9 with 

minor modifications. Briefly, ICC (previously broken by shear force) and MDC fermentation 

pellets were freeze dried and subsequently enzymatically degraded with α-amylase (0.5 h) 

protease (0.5 h) and amyloglucosidase (1.5 h) to hydrolyse remnant starch and proteins from 

the matrix. Total NSP were extracted by precipitation with acidified absolute ethanol, 85% 

acidified ethanol, absolute ethanol and acetone in a sequential order followed by centrifugation 

(1500 x g, 10 min). Excess acetone was removed by placing samples in a water bath at 75°C 

and further overnight drying at 50°C in an incubator. The dried samples were analysed for 

monosaccharide composition. NSP from unfermented ICC was also extracted for comparison.  

5.2.6. Constituent monosaccharide composition 

Constituent monosaccharide composition of extracted NSP were analysed following the 

procedures of Gouveia et al18 with minor modifications. In short, cell wall (CW) material was 

hydrolysed in 72% sulphuric acid (w/w) for 1h at 30°C and further diluted with water until a 

concentration of 1M of the acid was obtained. This mixture was incubated further for 3h at 

100°C and subsequently cooled in ice and centrifuged (3000 x g, 15 min). The pH was adjusted 

with barium carbonate until a clear magenta colour was obtained. The mixture was filtered in a 

0.45µm PTFE filter and the monomeric sugar constituents analysed by high performance anion 

exchange chromatography (HPAEC) using a ICS-3000 ion chromatography HPLC system 

equipped with a CarboPac PA-1 column (2 x 250mm) in combination with a CarboPac PA 

guard column (2 x 25mm) and pulsed amperometric detector (Dionex, Sunnyvale, USA). A 

flow rate of 0.3mLmin-1 was used and the column was equilibrated with water. Elution was 

performed by mixing eluent A (500mM NaOH), B (150mM NaOH) and C (H2O) in the 

following ratios: 0 min (0:0:100); 53 min (0:0:100); 63 min (00:100:0); 63.1 min (100:0:0) 78 

min (100:0:0); 83 min (0:0:100); 100 min (0:0:100). Monomer detection was possible after post 

column addition of 0.5M NaOH (0.1 mL.min-1). L-Rhamnose, L-fucose, D-mannose, L-

arabinose, D-glucose, D-xylose, D-galactose, D-glucuronic and D-galacturonic acid (Sigma–

Aldrich) were used as standards for identification. All analyses were performed in duplicate. 

5.2.7. Microbial analysis 

Genomic DNA isolation, bacterial 16s rRNA gene (V3-V4) PCR amplification and library 

preparation was performed by BaseClear (Leiden, The Netherlands). Paired-end sequence reads 
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were collapsed into pseudo-reads using sequence overlap with USEARCH version 9.2. 

Classification of these pseudo-reads was performed based on the results of alignment with 

SNAP version 1.2.23 against the RDP database for bacterial organisms, while fungal organisms 

were classified using the UNITE ITS gene database. Further analysis and statistics were 

performed using the online Microbiome Analyst tool (www.microbiomeanalys.ca), with 

filtering steps: minimal count 4, prevalence 10 % and removal of 2 % standard deviation. 

Statistical analysis was performed by comparing MDC, ICC and a control sample in which 

microbiota was fed with a commercial diet.  

5.2.8. Short chain fatty acids (SCFA) 

Fermented supernatants were centrifuged (9000 x g, 5min, 4°C), filtered (15mm 0.2µm RC 

filter) and combined with an internal standard (2-ethylbutyric acid in 0.3 M HC and 0.9 M 

oxalic acid) for SCFA quantification. Solutions of acetic, propionic, butyric, valeric, iso-butyric 

and iso-valeric acids were prepared for identification and quantification. The measurement was 

performed using a Shimadzu GC-2014 gas chromatograph (Kyoto, Japan) equipped with a 

Flame-ionization gas detector (FID), a capillary fatty acid-free Stabil wax-DA column (1µm x 

0.32mm x 30 m) (Restek, Bellefonte, PA, USA) and a split injector. The carrier gas was nitrogen 

and the temperature of the injector and detector were 100 and 250°C respectively19. The ratio 

between branched and linear fatty acids, indicated as branched-chain ratio (BCR) and the total 

SCFA production was calculated according to Warren, et al14. 

5.2.9. Statistical analyses 

Repeated measures analysis of variance was conducted using the GLM procedure (SAS 9.4 for 

Windows, Cary, NC, USA). Significant differences between treatments and days of 

fermentation were tested using Tukey’s studentized range test. 

5.3. Results and discussion  

Bean samples with identical composition but different structural properties (intact - ICC and 

mechanically damaged - MDC cells) were fermented for 12 days using a semi-dynamic in-

vitro fermentation model. 
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5.3.1. Changes in starch fermentation due to structural characteristics of the matrix 

Fig. 5-2 depicts the amount of unfermented starch in each colon portion after 3, 6, 9 and 12 

days of in-vitro colonic fermentation. These time points were selected for sampling since the 

residence time in the SHIME® system (i.e. the effective residence time of a sample in the 

system) is 72h16. As seen in the figure, AC was the portion with the highest levels of 

unfermented starch, followed by TC and DC independently of the treatment considered (ICC, 

MDC). However, a clear difference in starch utilization between the two samples was observed. 

For ICC samples, large amounts of unfermented starch were recovered in AC during the first 6 

days of fermentation, where nearly 30% of the feed collected was constituted by starch. As 

fermentation progressed, the amount of starch utilized by the microbiota increased considerably 

until 15% of the unfermented pellet was identified as starch. This pattern was not observed for 

MDC samples where a relatively constant amount of unfermented starch (approximately 10%) 

was collected throughout the 12 days of fermentation. In general, ICC always contained higher 

levels of unfermented starch compared to MDC in the three colon regions. However, a 

significant difference between the treatments (ICC and MDC) was only found in the AC during 

the first six days of colonic fermentation (p<0.05). Furthermore, in the TC and DC the 

concentration of unfermented starch remained relatively constant during the 12 days of 

fermentation independently of the treatment studied. It is important to mention that in both 

samples starch had the same degree of gelatinization since thermal treatments were applied to 

intact cotyledons before disrupting cellular integrity. Therefore, the differences observed in 

starch utilization are only related to the structural properties of the bean cells, i.e. their level of 

integrity. Similar results were obtained by Rose, et al.20 when studying the effect of starch 

encapsulation in alginate beads. In that study the authors found that when starch was entrapped 

in an alginate matrix there was a decrease in the rate of starch fermentation compared to free 

starch granules.  
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Fig. 5-2. Unfermented starch content in ICC and MDC in ascending, transverse and descending colon after 3, 6, 9 
and 12 days of in-vitro fermentation in the SHIME® system. Error bars denote standard deviation of two biological 
donors.  

The SHIME® is a semi-dynamic fermentation model that is used to represent the different 

portions of the digestive system. In this model, a homogeneous distribution is ensured in the 

vessels by the use of a magnetic stirrer. Even though the integrity of ICC can be affected by the 

application of mechanical force, in this study the particle size distribution of fermented samples 

was not affected by stirring (data not shown). This was probably due to the low mixing rates 

applied (100 rpm) compared to those normally used for CW disruption (1400rpm). Therefore, 

this indicates that in ICC, microbiota accessibility to starch was restricted by the presence of 

CW material and the lower fermentability found (compared to MDC) could be related to this 

effect. The mechanism employed by the microbiota to ferment entrapped starch is not clear yet; 

however, due to the  pore size diameter of the CW (6 nm on average21) it is unlikely that 

micrometre range bacteria could diffuse through CW and ferment starch. Even though the 

isolation procedure to obtain ICC may increase CW porosity, it is unlikely that this change 

facilitates the access to bacteria.  Hence, it is possible that starch fermentation in ICC follows 

a similar mechanism as observed during small intestinal digestion22 i.e. enzymes diffuse 

through the CW matrix to hydrolyse starch and the products formed upon digestion exit the 

cells to be further utilized by the microbiota. Further research is needed to confirm this 
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hypothesis where microscopy techniques could be employed to provide information on the 

colonization of entrapped starch and the apparent porosity of ICC CW. This is important 

because the composition and metabolic activity of bacterial communities colonizing food 

particles and carbohydrate substrates is different from communities dispersed in a liquid phase 

environment23. One may speculate that bacteria and its metabolism involved in starch utilization 

would be different according to its accessibility for microbiota. Moreover, Fig. 5-2 also shows 

that a portion of starch in ICC and MDC remains unfermented despite of the extensive 

fermentation treatment provided. Further research is needed to understand if a portion of starch 

resistant to fermentation exists, due e.g. to structural aspects of the molecule or if this is an 

artefact of the in-vitro model utilized. 

5.3.2. Fermentation of cell wall constituents is linked to structural integrity of cotyledon 

cells 

In order to identify if cellular integrity influences the fermentability of CW constituents, 

monosaccharide composition was analysed in the three colon regions at the beginning and at 

the end (after 3 and 12 days) of colonic fermentation (Table 5-1). During the first 3 days of 

fermentation, the total amount of carbohydrates present was higher in MDC than ICC in each 

of the three colon regions (13% higher in AC, 26% in TC and 60% in DC). This trend could be 

explained when considering the results obtained for starch fermentation since the amount of 

unfermented starch in ICC was 2 times higher than what recovered for MDC. Therefore, it 

seems that the lower availability of starch in ICC directed bacterial metabolism towards CW 

utilization. After 12 days of fermentation, this trend was maintained for the AC where larger 

differences were observed between the two treatments (32%) and to a minor extent for the TC 

(7%). However, for DC the opposite was observed since the amount of CW constituents 

recovered for ICC were higher than those of MDC (22%).  

Differences were also observed when comparing the total carbohydrates present in the colon 

regions within each treatment. In the case of ICC, the ascending colon had twice as much CW 

constituents than the TC and four times more than the DC after 3 days of fermentation. 

However, after 12 days of fermentation, no differences were observed between the amount of 

total carbohydrates present in the AC and TC. While for DC, an opposite trend was found since 

higher amounts of CW constituents were collected (14%) at the end of fermentation compared 

to what found for the ascending colon. Based on the data showed in Table 5-1, we could infer 

that the long-term feeding with beans increased proximal bacteria efficiency in using NSP since 



Chapter 5 
 

Page | 126 
 

there was an increase of 32% in the amount of CW constituents utilized by the microbiota after 

12 days of fermentation. This was not the case for the other two colon segments since almost 

no variation in the total carbohydrates content was observed for TC while in the DC there was 

an important reduction in the amount of fermented material (65%).  We could infer that as AC 

colon became more efficient in utilizing the substrate available, lower amounts of fermentable 

material were available for the microbiota present in the distal sections of the colon. This could 

be the main reason why the efficiency of the aforementioned colon sections is reduced.  

In the case of MDC, the AC was the colonic portion with the higher amounts of total 

carbohydrates present. The proximal region had 30% more CW constituents than the TC and 

40% more than the DC. However, contrary to what occurred in ICC, this trend remained 

constant in both time points analysed. Regarding the changes in fermentation in each colon 

section, after 12 days of diet exposure the amount of sugar constituents decreased by 13% in 

the AC, 16% TC and 11% in the DC. These results indicate that for MDC, the prolonged 

fermentation time allowed bacteria to adapt and degrade CW constituents even further in each 

colon region especially considering that the extent of starch fermentation in these samples 

remained relatively constant throughout the experiment. Furthermore, the reduction of CW 

constituents obtained for MDC in the three colon regions rules out the possibility that the higher 

concentration of total carbohydrates collected in the distal region of ICC are due to artefacts of 

the in-vitro system employed (sample accumulation). 

Table 5-1. Constituent monosaccharide composition of total non-starch polysaccharides present in ICC and MDC 
after 3 and 12 days of colonic fermentation. Unfermented sample (control) was also analysed for comparison 
purposes.  

  w/w% 
 Colon Day Fuc Ara Rha Gal Glc Xyl Man UA Total 
 

Control 
  

0.98±0.00 
 

12.13±0.30 
 

0.40±0.00 
 

2.44±0.01 
 

21.59±0.38 
 

4.41±0.05 
 

1.04±0.11 
 

1.46±0.01 
 

44.44±0.65 
           
 
 

ICC 

AC 3 0.88±0.21 10.85±4.95 0.11±0.00 3.54±0.17 18.3±1.75 4.13±0.61 0.74±0.04 1.81±0.16 40.35±5.85 
12 0.91±0.00 0.18±0.00 0.10±0.00 2.95±0.90 18.45±4.84 2.64±1.90 1.00±0.33 1.49±0.57 27.62±6.07 

TC 3 0.12±0.08 3.14±1.86 1.04±0.33 2.96±0.64 9.91±4.83 1.43±0.02 4.13±2.11 0.68±0.08 23.83±5.13 
12 0.00±0.00 0.00±0.00 0.07±0.00 2.80±1.10 19.56±3.71 0.65±0.01 1.31±0.15 0.42±0.00 25.06±2.36 

DC 3 0.03±0.00 0.54±0.00 0.60±0.01 1.41±0.52 2.57±1.61 0.20±0.08 5.39±0.11 0.43±0.01 11.15±2.77 
12 0.00±0.00 0.00±0.00 0.18±0.00 2.93±0.77 25.55±4.38 0.69±0.04 2.05±0.64 0.60±0.08 32.00±4.12 

           
 
 

MDC 

AC 3 0.49±0.04 10.75±0.16 0.33±0.00 3.15±0.93 27.26±2.14 3.27±0.19 1.00±0.35 0.20±0.00 46.44±1.56 
12 0.37±0.09 4.94±2.26 0.12±0.05 2.73±0.71 28.07±0.41 2.59±0.18 1.39±0.48 0.31±0.18 40.48±1.97 

TC 3 0.20±0.00 0.45±0.01 0.33±0.00 2.38±0.82 25.24±8.01 1.62±0.23 2.18±0.74 0.00±0.00 32.39±6.70 
12 0.20±0.04 0.20±0.03 0.26±0.20 2.82±1.08 20.37±9.07 1.54±0.09 1.76±0.82 0.00±0.00 27.13±8.51 

DC 3 0.15±0.02 0.23±0.04 0.25±0.00 2.22±0.74 19.83±12.04 1.53±0.06 4.01±1.16 0.00±0.00 28.20±10.22 
12 0.19±0.08 0.14±0.00 0.32±0.24 2.68±1.41 18.11±10.19 1.38±0.17 2.16±0.81 0.00±0.00 24.97±9.10 

 

ICC: intact cotyledon cells, MDC, mechanically damaged cells, AC: Ascending colon, TC: transverse colon; DC: 
descending colon, Fuc: fucose, Ara: arabinose, Rha: rhamnose, Gal, galactose, Glc: glucose, Xyl: xylose, Man: 
mannose, UA: Uronic acids. Superscripts indicate the standard deviation of two biological replicates.  
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Regarding the utilization of individual CW constituents, structural characteristics of the 

samples (ICC, MDC) provided changes in the fermentability of the molecules present in the 

CW. The most important differences observed were related to the arabinose, uronic acid and 

glucose content. During the first 3 days of fermentation, arabinose was degraded in the three 

colon portions of both ICC and MDC where the latter showed higher consumption of the 

monosaccharide. However, after 12 days of fermentation, most of the arabinose present in ICC 

was consumed in the AC colon depleting the system of this molecule. This was not observed in 

MDC since even though a decrease in the amount of arabinose was observed in the AC, the 

presence of this compound could still be detected in the other two colon regions. As for uronic 

acid, microbiota was able to degrade this compound completely in MDC while in ICC this was 

not achieved despite of the long incubation period. Both arabinose and uronic acid are 

constituents of pectin from which the former is part of the building blocks of the so-called hairy 

regions of rhamnogalacturonan I24 while the latter is the backbone of homogalacturonan which 

is the main type of pectin present in cell walls25. Studies conducted in rats have shown that 

pectin is highly utilized by colonic microbiota, however structural aspects of the molecule such 

as its degree of methylation could affect the rate of fermentation26. We are aware that arabinose, 

xylose and galactose were not only supplied in the diet as ICC or MDC constituents since they 

were also part of the commercial feed. Therefore, is it possible that some of the NSP collected 

during sampling do not belong to bean cells. The experimental design used in this study could 

not provide a distinction between both sources. However, it could still be seen that structural 

properties of the samples provided differences in substrate utilization independently of their 

origin. As for glucose, it could be observed that during the first 3 days of fermentation 

microbiota present in the TC and DC degraded this CW constituent extensively in ICC samples 

compared to what observed for MDC. Nevertheless, after 12 days of treatment the amount of 

glucose fermentation decreased considerably in ICC probably due to higher extent of 

fermentation of other CW constituents. This was not observed for MDC since even though 

glucose reduction was not extensive, a decreasing trend in its concentration was observed 

throughout these 12 days of treatment. Furthermore, it is important to mention that the 

monosaccharides degraded to a higher extent in both ICC and MDC are the main constituents 

present in beans CW24. The results obtained in our study are in accordance to those found by 

van Laar27, et al which showed that pectin or pectin related sugars (arabinose, uronic acid) were 

fermented faster than cellulose in isolated CW from peas, faba and soya beans.  
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In the present study, we have demonstrated that besides NSP molecular characteristics, 

structural aspects of the food matrix modulate the way in which its constituents are fermented. 

It has been already reported that isolated soluble polysaccharides are fermented faster compared 

to when they occur in complex supramolecular assembly as CW28. Here we hypothesized that 

by increasing the surface area after the application of mechanical force, microbiota had more 

access to other CW constituents (e.g. pectin) that are normally interlinked in the tight network 

of undamaged cells. This effect would be similar to the increase in the fermentation rate 

observed upon reduction of NSP particle size, e.g. an increase in the available sites for 

enzymatic attack27.  

Studies have revealed that the fermentation of fibres when present in a mixture is delayed due 

to a hierarchical utilization of them by gut microbiota9,29. Therefore, when fast-fermenting 

substrates such as RS and pectins are present, the utilization of other NSP are delayed to more 

distal portions of the colon9,30. However, in none of these studies the effect of food 

microstructure has been considered. Our study is one of the few that illustrates the importance 

of food structure in modulating microbiota utilization of plant tissue constituents when present 

in a matrix.  

5.3.3. Diversity of microbiota communities as a response to ICC and MDC treatments 

Samples from the different colon vessels of the SHIME® after ICC and  MDC treatment were 

analysed in terms of alpha and beta diversity at OTU level in order to identify if cellular integrity 

produced changes in sample richness, evenness (Shannon index) and abundance (beta diversity 

index) (Fig. 5-3). Microbiota taken before the application of the bean treatment was also 

included in the analysis to assess the effect of bean supplementation (control). No statistical 

significance was observed in the Shannon index between ICC, MDC and control, indicating no 

differences in terms of the number of species and the uniformity of the population size of each 

of them. On the contrary, a significant difference was observed in the beta diversity when 

comparing MDC, ICC and the control (p<0.001). This showed that different microbial species 

were present after bean diet supplementation. Legumes ability to modulate microbial 

population has already been described in literature. These changes have been found to be 

favourable for gut health due to the proliferation of probiotic species probably due to the high 

amount of dietary fibre (including RS) present in legumes5,12. Furthermore, it is interesting to 

observe that for beta diversity ICC samples from the two biological donors were clustered 



Effect of bean structure on microbiota utilization of plant nutrients using a SHIME model 
 

Page | 129  
 

together with MDC of donor 1, while the samples belonging to donor 2 were more distant from 

the group.   

 

Fig. 5-3. Alpha (left) and beta (right) diversity at OTU level, using the Bray-Curtis PCoA index indicating the 
effects of treatment (control, ICC, MDC) on the overall microbial composition. 

5.3.4. Changes in microbiota composition due to samples structural properties 

Fig. 5-4 depicts the relative microbial abundance of ICC, MDC and control in the three colon 

portions after 12 days of in-vitro colonic fermentation. Large differences were evident between 

the microbial distribution of the control compared to the bean treatments in all colon sections. 

In the control, the most abundant phylum present was Firmicutes, while after the treatments 

with bean supplementation the most abundant phylum was Actinobacteria. Even though 

microbiota composition varies according to several factors from which the diet is one of the 

most important, it is generally accepted that in adults the phyla Bacteroidetes and Firmicutes 

usually dominate the microbiome, whereas Actinobacteria, Proteobacteria and 

Verrucomicrobia are generally present in minor proportions31. Larger differences were also 

found between the two biological donors especially in the AC where the microbiota distribution 

was not even similar for the control diets. When comparing the effect of bean cell structure in 

changes on microbiota distribution, ICC sample showed lower abundance of Actinobacteria in 

the AC and TC for donor 1, while in the DC both samples showed similar levels of this phylum. 

This trend was not followed in donor 2 where the amount of Actinobacteria was very similar 

between both samples and in some cases, ICC showed a slight increase in its relative abundance.  
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Fig. 5-4. Relative abundance of 16 rRNA sequencing at phylum level after 12 days of ICC or MDC 
supplementation in the ascending, transverse and descending colon for two biological replicates. Control indicates 
16 rRNA sequencing of samples prior the start of the treatments for comparison.  

In order to identify the differences in microbial composition between samples, Fig. 5-5 depicts 

a bar graph indicating microbiota abundance of all samples at family level in all colon regions. 

A table with a detail information about the relative abundance in all samples is also included in 
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the appendix (Table 5A-1, 2, 3). Larger differences were observed in the microbiota present in 

the control compared to that of ICC and MDC. In general, it can be seen that after treatment 

with ICC and MDC Bifidobacteriaceae was the most abundant family present while for the 

control Selenomonadaceae was the most prevalent one. This was the case for all colon regions 

and biological replicates. When looking at the species with higher abundance within these 

families it was found that Bifidobacterium adolescentis was the bacterial specie present at 

higher relative abundance after ICC treatment in all colon regions and biological donors. On 

the other hand, after MDC treatment, B. adolescentis was the specie with higher abundance in 

donor 1 while B. longum was the predominant one in the case of donor 2. The genus 

Bifidobacterium is long considered the hallmark probiotic genus and has been found to confer 

positive health benefits to the human host and have been used to prevent various gastrointestinal 

disorders such as diarrhoea and inflammatory bowel disease32. The abundance of this genus 

declines with the age of the host where changes in the type of dominant species have also been 

observed33. In infants, B. bifidum and B. longum are the dominant species while B. longum and 

B. adolescentis dominate the adult gut microbiota34. The high prevalence of Bifidobacterium 

found in our study goes in accordance to an in-vivo research conducted by  Fernando et al5 who 

demonstrated that chickpea supplementation produced a shift in faecal microbial population 

where Bifidobacterium species was present in high concentrations. As for the control sample 

Megamonas funiformis was found as the strain with higher abundance in all the colon regions. 

This bacterial strain is able to utilize several monosaccharides from which arabinose, glucose 

and xylose are the most relevant35,36.  
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Fig. 5-5. Bar graph of the 16S RNA microbial analysis at family level in the ascending, transverse and descending 

colon in ICC and MDC for two biological replicates (D1, D2). A control sample was included where microbiota 

was fed with a commercial feed that contained isolated starch. Colour code indicates difference in microbiota 

abundance in all samples analysed. AC= ascending colon; TC= transverse colon; DC= descending colon. 

Microbial species differ in their substrate preferences, therefore the balance of species in the 

gut could be modulated by the selective consumption of nutrients to trigger the proliferation 

and persistence of specific strains37. In the present study, we have shown that bean consumption 

(independently of its structural properties) produce changes in the microbial population in the 

gut. Even though changes in the structural properties of the samples did not confer larger 

differences in the type of microbiota present at family level, it seems that cell intactness 

increased the abundance of bacterial species in proximal portions of the colon that were 

otherwise not detectable. That is the case of Bacteroides cellulosilyticus who was only found 

in the DC of MDC and control while in ICC its presence was detected also in the TC. This type 

of bacteria are known for degrading cellulose present in plant cell walls38. It seems like the 

presence of the CW triggers the proliferation of bacteria that are able to produce CW degrading 

enzymes.  

5.3.5. SCFA content 

The concentration of SCFA produced at different days of colonic fermentation is shown in 

Table 5-2. In this table, the concentration of SCFA present in the basal diet (prior bean cells 



Effect of bean structure on microbiota utilization of plant nutrients using a SHIME model 
 

Page | 133  
 

supplementation) is also included for comparison. As it can be seen, higher amounts of SCFA 

were observed for acetate and butyrate in ICC and MDC while propionate decreased at the later 

stages of fermentation in all colon regions. In most cases, the concentration of SCFA upon 

treatment with MDC showed significantly higher levels during the first 3 days of fermentation 

compared to ICC. This could be due to the higher substrate accessibility where structural 

damage of bean cells facilitated the access of colonic microbiota. However, in the later stages 

of fermentation the concentration of SCFA in ICC reached the same level than those in MDC 

samples. When comparing the concentration of SCFA after 12 days of fermentation with those 

of the basal diet, it could be seen that in all cases bean cell supplementation (independently of 

its structural integrity) showed higher amounts of acetate, propionate and butyrate.  

Furthermore, it was also observed that during the early stages of fermentation, ICC samples had 

lower SCFA concentration comparted to MDC. This trend was not constant throughout the 12 

days of fermentation since at the end of the in-vitro experiment the amount of SCFA in both 

treatments (ICC, MDC) was very similar.  Furthermore, the concentration of butyrate in ICC 

and MDC reached similar values than those obtained for propionate after 12 days of 

fermentation. This is interesting since in general terms the concentration of SCFA follows the 

order acetate>propionate>butyrate. It is possible that the presence of Bifidobacterium strains in 

both ICC and MDC are partly responsible for the high amount of butyrate produced. During 

carbohydrate fermentation, Bifidobacterium produce acetate and lactate which in turn could be 

converted into butyrate by other bacteria species through cross-feeding interactions34.  

Moreover, it could also be observed that after 12 days of bean supplementation, the ratio 

between branched and linear SCFA showed a significant difference compared to the basal diet 

indicating microbiota preference to carbohydrate fermentation since branched fatty acids have 

been associated with protein degradation. 
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Table 5-2. SCFA concentration (mmol/L) in the ascending, transverse and descending colon at different days of 
treatment with ICC and MDC.  

  ICC MDC 

  Ascending Transverse Descending Ascending Transverse Descending 
 

  
Basal 

 
17.28±5.50a 

 
31.00±7.50ab 

 
37.38±1.82b 

 
18.27±6.70a 

 
34.17±3.44a 

 
36.64±7.96ab 

 

 

Acetate 

3rd day 19.27±2.61a* 18.49±4.68a* 27.08±3.80a* 26.88±1.92a* 33.50±5.82a* 33.26±2.43a* 

6th day 29.57±0.97b* 37.75±2.04bc 32.96±4.00ab 38.92±4.10b* 36.03±2.62a 37.86±9.49ab 

9th day 36.50±2.41b 44.71±7.94c 53.75±3.97c 40.10±3.80b 52.00±8.01b 43.32±2.30ab 

12th day 35.53±4.75b 39.34±7.15bc 48.77±4.97c 37.85±0.88b 33.29±4.29a 52.26±10.58b 
        
 Basal 12.42±1.66a 17.15±3.15a 22.25±0.74a 16.12±2.95a 21.78±2.41a 20.90±2.91a 

 

Propionate 
3rd day 2.62±0.85b 6.65±1.73b* 15.82±2.19b 3.62±1.74b 12.11±1.23b* 18.42±4.88ab 

6th day 2.13±1.12b 6.61±0.60b 7.61±0.62c* 1.13±0.57b 8.41±2.40bc 12.27±2.06bc* 

9th day 1.62±0.29b 6.03±1.23b 8.88±0.50c 1.03±0.28b 9.26±0.41bc 8.90±1.92c 

12thday 1.50±0.34b 5.47±1.36b 8.79±0.99c 0.87±0.29b 6.31±1.15c 11.46±1.96c 

        
 Basal 1.37±0.31a 2.61±0.67a 3.55±0.80a 0.75±0.47a 1.63±0.13a 2.69±0.93a 

 

Butyrate 
3rd day 2.74±1.12ab 1.74±0.26a* 4.02±1.62a 4.02±0.15b 4.06±0.33ab* 5.03±1.38ab 

6th day 6.47±2.43bc 6.59±2.34ab 5.35±2.48a 7.41±0.65c 6.73±1.81bc 7.61±1.43bc 

9th day 8.27±1.99c 9.32±3.82b 10.81±3.17b 8.89±1.50c 10.55±1.33cd 9.74±3.39cd 

12thday 8.24±2.09c 8.67±3.25b 10.88±2.85b 7.46±0.59c 8.53±2.59d 13.22±1.75d 
        
 Basal 31.07±7.02ab 50.76±11.28a 63.19±2.93a 35.14±9.68ab 57.58±5.76ac 60.23±11.77a 

 

Total 
3rd day 24.63±2.96a* 26.88±6.28b* 46.92±2.04a* 34.52±2.57a* 49.67±5.61ab* 56.71±5.56a* 

6th day 38.18±0.01bc* 50.95±3.83a 45.91±6.93b* 47.45±3.72ab* 51.17±5.10ab 57.74±6.97a* 

9th day 46.38±3.26c 60.06±12.87a 73.45±6.11b 50.02±4.23b 71.81±7.48c 61.96±5.47a 

12thday 45.26±5.80bc 53.49±11.45a 68.44±7.64b 46.17±1.79ab 48.12±8.00b 76.93±12.37a 

        
 Basal 0.072±0.022a 0.055±0.024a 0.081±0.017a 0.068±0.027a 0.086±0.007a 0.072±0.006a 
 

BCR 
3rd day 0.052±0.008ab 0.007±0.001b 0.017±0.005b 0.064±0.030ab 0.007±0.001b 0.014±0.004b 

6th day 0.029±0.007bc 0.007±0.001b 0.010±0.003b 0.023±0.009b 0.007±0.001b 0.010±0.002bc 

9th day 0.023±0.010c 0.004±0.001b 0.005±0.001b 0.022±0.013b 0.004±0.001b 0.006±0.002c 

12thday 0.024±0.008c 0.005±0.001b 0.006±0.002b 0.022±0.011b 0.005±0.001b 0.005±0.002c 

        

Different upper-case letters in the same column indicate statistical difference to the Tukey test (p<0.05). Data 
represent the mean of two donors, ± indicate standard deviation of the biological replicates. At each time point and 
colon region, * indicate statistical significance between ICC and MDC. 

5.4. Concluding remarks  

In the present study, we have showed that plant cell integrity modulates nutrient utilization by 

gut microbiota. Higher amounts of starch were delivered to the distal parts of the colon in bean 

samples where an intact CW matrix was present. NSP constituents of the CW were also 

differentially fermented in samples depending on their structural properties. Furthermore, bean 

cell supplementation produced remarkable changes in microbial population with a large 

increase in the abundance of Bifidobacterium species after the bean treatments. However, 

structural changes between bean samples did not produce large differences in the microbial 

population. The evolution of SCFA concentration suggests that the main changes produced by 

structural properties are related to the differential utilization of the substrates available and 

those differences disappear upon long-term supplementation. Therefore, microstructural 
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properties of food systems could be used as a strategy to modulate colonic fermentation but 

the efficacy of such strategy on the long term needs to be further explored.  
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Appendices 5 

Table 5-A1. 16S RNA microbial analysis at family level in the ascending colon for ICC and MDC of two 
biological replicates. A control sample was included where microbiota was given a commercial feed that contained 
isolated starch.  
 

Relative Abundance  
Donor 1 Donor 2 

Family Control ICC MDC Control ICC MDC 
Acidaminococcaceae 0.44% 0.36% 0.00% 0.04% 0.00% 0.00% 

Alcaligenaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 
Aspergillaceae 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 

Bacillaceae 0.04% 0.09% 0.04% 0.00% 0.01% 0.03% 
Bacteroidaceae 1.62% 5.27% 1.57% 0.01% 0.01% 0.00% 

Bifidobacteriaceae 19.32% 59.94% 58.30% 1.66% 91.43% 79.38% 
Brucellaceae 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 

Clostridiaceae 0.07% 2.50% 0.32% 0.90% 2.81% 3.62% 
Comamonadaceae 0.77% 0.41% 0.02% 0.00% 0.13% 0.10% 
Coriobacteriaceae 0.00% 4.72% 35.12% 0.00% 0.00% 0.00% 
Enterobacteriaceae 0.99% 3.01% 1.33% 0.43% 0.19% 0.79% 
Enterococcaceae 0.00% 1.86% 0.91% 0.00% 0.34% 0.03% 

Erwiniaceae 0.01% 0.01% 0.00% 0.02% 0.00% 0.00% 
Eubacteriaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 

Fabaceae 0.00% 0.00% 0.00% 0.00% 0.01% 0.00% 
Lachnospiraceae 1.19% 4.12% 0.11% 0.01% 0.03% 0.01% 
Lactobacillaceae 0.09% 0.16% 0.02% 0.02% 0.10% 0.03% 

Leuconostocaceae 0.00% 0.00% 0.00% 0.00% 0.00% 1.99% 
Listeriaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 

Microbacteriaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.02% 
Morganellaceae 0.01% 0.08% 0.03% 0.00% 0.00% 0.00% 
Nocardiaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.08% 

Paenibacillaceae 0.00% 0.14% 0.00% 0.00% 0.02% 0.00% 
Prevotellaceae 0.00% 0.00% 0.00% 0.00% 0.02% 0.01% 

Pseudomonadaceae 0.00% 0.06% 0.06% 0.09% 0.06% 0.05% 
Peptostreptococcaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 
Porphyromonadaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 

Ruminococcaceae 0.00% 0.01% 0.00% 0.00% 0.02% 0.02% 
Selenomonadaceae 67.13% 0.53% 0.04% 89.40% 0.14% 0.02% 

Sphingobacteriaceae 0.00% 0.04% 0.00% 0.00% 0.01% 0.00% 
Streptococcaceae 0.00% 5.78% 0.00% 0.00% 0.01% 10.90% 

Sutterellaceae 0.08% 0.00% 0.00% 0.00% 0.00% 0.00% 
Unclassified 0.38% 0.28% 0.12% 0.06% 0.08% 0.08% 

unclassified Actinobacteria 0.01% 0.07% 0.03% 0.00% 0.00% 0.00% 
unclassified Burkholderiales 0.00% 0.05% 0.01% 0.00% 0.01% 0.00% 

unclassified Gammaproteobacteria 0.01% 0.02% 0.02% 0.01% 0.00% 0.01% 
Veillonellaceae 7.66% 10.07% 1.67% 7.23% 4.29% 2.26% 

Xanthomonadaceae 0.00% 0.10% 0.10% 0.00% 0.05% 0.37% 
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Table 5-A2. 16S RNA microbial analysis at family level in the transverse colon for ICC and MDC of two 
biological replicates. A control sample was included where microbiota was given a commercial feed that contained 
isolated starch. 

 Relative abundance 

 Donor 1 Donor 2 

Family Control ICC MDC Control ICC MDC 
Acidaminococcaceae 1.38% 0.48% 0.01% 0.75% 0.06% 0.06% 

Akkermansiaceae 0.60% 0.11% 0.00% 0.00% 0.00% 0.00% 
Atopobiaceae 0.00% 0.00% 0.00% 0.00% 0.83% 0.97% 
Bacillaceae 0.01% 0.12% 0.00% 0.01% 0.01% 0.01% 

Bacteroidaceae 10.39% 8.84% 0.57% 3.82% 0.88% 1.08% 
Bifidobacteriaceae 14.53% 49.66% 72.29% 11.38% 83.21% 87.20% 

Brucellaceae 0.01% 0.01% 0.00% 0.00% 0.00% 0.00% 
Caulobacteraceae 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 

Clostridiaceae 0.43% 0.89% 0.06% 0.46% 0.23% 0.10% 
Comamonadaceae 0.16% 0.43% 0.00% 0.00% 0.23% 0.07% 
Coriobacteriaceae 1.05% 4.33% 23.53% 1.84% 6.36% 2.70% 

Corynebacteriaceae 0.03% 0.00% 0.00% 0.00% 0.00% 0.00% 
Defluviitaleaceae 0.01% 0.00% 0.00% 0.01% 0.00% 0.00% 

Desulfovibrionaceae 1.74% 0.13% 0.02% 2.81% 0.41% 0.12% 
Eggerthellaceae 0.01% 0.01% 0.01% 0.01% 0.14% 0.11% 

Enterobacteriaceae 0.73% 3.37% 0.92% 0.38% 0.17% 0.30% 
Enterococcaceae 0.00% 1.98% 0.17% 0.00% 0.34% 0.03% 

Erysipelotrichaceae 0.02% 0.31% 0.00% 0.11% 0.01% 0.00% 
Erwiniaceae 0.00% 0.04% 0.00% 0.01% 0.00% 0.00% 

Eubacteriaceae 1.65% 0.50% 0.01% 3.60% 0.09% 0.20% 
Fusobacteriaceae 0.00% 0.00% 0.00% 0.57% 0.07% 0.13% 

Gracilibacteraceae 0.00% 0.00% 0.04% 0.00% 0.00% 0.00% 
Lachnospiraceae 9.51% 12.36% 0.52% 6.54% 1.19% 1.43% 
Lactobacillaceae 0.10% 0.18% 0.02% 0.03% 0.02% 0.00% 

Leuconostocaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.70% 
Listeriaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 

Morganellaceae 0.02% 0.00% 0.00% 0.01% 0.00% 0.00% 
Nocardiaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.02% 

Oscillospiraceae 0.00% 0.10% 0.00% 0.00% 0.03% 0.00% 
Odoribacteraceae 0.03% 0.00% 0.00% 0.00% 0.00% 0.00% 
Paenibacillaceae 0.00% 0.10% 0.00% 0.00% 0.00% 0.00% 
Peptococcaceae 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 

Porphyromonadaceae 3.07% 0.64% 0.06% 5.96% 0.19% 0.09% 
Prevotellaceae 0.00% 0.00% 0.00% 0.00% 0.01% 0.01% 

Pseudomonadaceae 0.00% 0.10% 0.02% 0.05% 0.12% 0.02% 
Pseudeurotiaceae 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 

Rikenellaceae 0.16% 0.10% 0.20% 0.05% 0.53% 0.14% 
Ruminococcaceae 0.30% 0.19% 0.64% 1.08% 1.95% 0.54% 
Selenomonadaceae 46.96% 0.62% 0.01% 55.13% 0.12% 0.01% 

Sphingobacteriaceae 0.00% 0.02% 0.00% 0.00% 0.00% 0.00% 
Streptococcaceae 0.01% 0.90% 0.00% 0.00% 0.00% 2.18% 

Sutterellaceae 0.18% 0.07% 0.00% 0.23% 0.01% 0.10% 
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Continues... 

 
Relative abundance  

Donor 1 Donor 2 

Family Contro
l 

ICC MDC Control ICC MDC 

Thermoactinomycetaceae 0.01% 0.00% 0.00% 0.00% 0.00% 0.00% 
Unclassified 0.73% 0.53% 0.10% 0.70% 0.14% 0.11% 

Unclassified Actinobacteria 0.00% 0.03% 0.00% 0.00% 0.00% 0.00% 
Unclassified Bacteroidales 0.00% 0.00% 0.00% 0.02% 0.00% 0.00% 

Unclassified Betaproteobacteria 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 
Unclassified Burkholderiales 0.00% 0.05% 0.00% 0.00% 0.01% 0.00% 

Unclassified Clostridiales 0.17% 0.22% 0.06% 0.08% 0.16% 0.23% 
Unclassified Gammaproteobacteria 0.02% 0.01% 0.01% 0.00% 0.00% 0.00% 

Unclassified Rhodospirillales 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 
Veillonellaceae 5.71% 12.11% 0.49% 4.14% 2.24% 0.96% 
Victivallaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.03% 

Xanthomonadaceae 0.00% 0.01% 0.00% 0.00% 0.02% 0.06% 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 
 

Page | 142 
 

Table 5-A3. 16S RNA microbial analysis at family level in the descending colon for ICC and MDC of two 
biological replicates. A control sample was included where microbiota was given a commercial feed that contained 
isolated starch. 

 Relative abundance 

 Donor 1 Donor 2 

Family Control ICC MDC Control ICC MDC 
Acidaminococcaceae 1.72% 0.47% 0.61% 0.83% 0.09% 0.68% 

Akkermansiaceae 0.73% 0.19% 0.07% 0.14% 0.00% 0.00% 
Alcaligenaceae 0.00% 0.03% 0.01% 0.00% 0.01% 0.02% 
Atopobiaceae 0.00% 0.00% 0.00% 0.01% 1.56% 0.20% 
Bacillaceae 0.00% 0.05% 0.22% 0.01% 0.02% 0.03% 

Bacteroidaceae 10.64% 4.02% 7.78% 10.67% 1.36% 2.20% 
Bifidobacteriaceae 17.38% 57.08% 47.23% 8.77% 71.37% 65.06% 

Brucellaceae 0.01% 0.02% 0.01% 0.00% 0.00% 0.00% 
Catabacteriaceae 0.00% 0.01% 0.00% 0.00% 0.00% 0.00% 
Caulobacteraceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 

Christensenellaceae 0.00% 0.03% 0.03% 0.00% 0.00% 0.01% 
Clostridiaceae 0.89% 1.70% 1.39% 1.02% 0.23% 0.47% 

Clostridiales Family XIII. Incertae Sedis 0.00% 0.00% 0.33% 0.03% 0.03% 0.14% 
Comamonadaceae 0.11% 0.46% 0.07% 0.00% 0.21% 0.37% 
Coriobacteriaceae 1.86% 4.29% 4.64% 1.83% 12.43% 0.68% 

Corynebacteriaceae 0.01% 0.00% 0.00% 0.01% 0.00% 0.00% 
Defluviitaleaceae 0.01% 0.00% 0.00% 0.02% 0.00% 0.00% 

Desulfovibrionaceae 2.43% 0.32% 0.13% 2.97% 0.45% 0.81% 
Eggerthellaceae 0.02% 0.02% 0.00% 0.07% 0.28% 0.03% 

Enterobacteriaceae 0.78% 3.49% 11.22% 0.32% 0.16% 3.54% 
Enterococcaceae 0.00% 1.07% 4.31% 0.01% 0.50% 0.32% 

Erwiniaceae 0.02% 0.02% 0.06% 0.01% 0.00% 0.01% 
Erysipelotrichaceae 0.01% 0.20% 0.09% 0.07% 0.03% 0.00% 

Eubacteriaceae 2.84% 1.20% 0.22% 3.28% 0.10% 0.97% 
Fusobacteriaceae 0.00% 0.00% 0.00% 0.18% 0.08% 0.02% 

Gracilibacteraceae 0.00% 0.00% 0.16% 0.00% 0.00% 0.00% 
Heliobacteriaceae 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 
Lachnospiraceae 12.68% 10.42% 6.52% 6.38% 1.41% 6.27% 
Lactobacillaceae 0.06% 0.16% 0.08% 0.04% 0.02% 0.06% 

Listeriaceae 0.00% 0.01% 0.01% 0.00% 0.00% 0.00% 
Leuconostocaceae 0.00% 0.00% 0.00% 0.00% 0.00% 1.00% 

Methanobacteriaceae 0.02% 0.08% 0.84% 0.00% 0.00% 0.00% 
Morganellaceae 0.01% 0.07% 0.28% 0.00% 0.00% 0.09% 
Nocardiaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.02% 

Odoribacteraceae 0.06% 0.00% 0.01% 0.00% 0.00% 0.00% 
Oscillospiraceae 0.19% 0.16% 0.19% 0.23% 0.05% 0.38% 
Paenibacillaceae 0.00% 0.06% 0.00% 0.00% 0.01% 0.00% 
Pectobacteriaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 
Peptococcaceae 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 

Phyllobacteriaceae 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 
Porphyromonadaceae 2.89% 1.03% 1.36% 4.20% 0.37% 0.85% 
Pseudomonadaceae 0.00% 0.13% 0.03% 0.02% 0.38% 0.30% 
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Continues... 

 Relative abundance 

 Donor 1 Donor 2 

Rikenellaceae 0.21% 0.76% 1.32% 0.11% 1.70% 0.70% 
Rhizobiaceae 0.00% 0.00% 0.00% 0.01% 0.00% 0.00% 

Ruminococcaceae 0.36% 0.47% 1.84% 1.08% 2.77% 1.70% 
Selenomonadaceae 38.82% 0.28% 0.17% 52.98% 0.15% 0.10% 

Sphingobacteriaceae 0.01% 0.04% 0.02% 0.00% 0.01% 0.00% 
Staphylococcaceae 0.00% 0.00% 0.01% 0.00% 0.00% 0.00% 
Streptococcaceae 0.00% 0.28% 0.00% 0.00% 0.01% 2.20% 

Streptomycetaceae 0.00% 0.01% 0.01% 0.00% 0.00% 0.00% 
Sutterellaceae 0.34% 0.10% 0.13% 0.48% 0.02% 0.28% 
Unclassified 0.81% 0.31% 0.51% 0.58% 0.14% 0.22% 

Unclassified Actinobacteria 0.00% 0.02% 0.01% 0.00% 0.00% 0.00% 
Unclassified Bacteroidales 0.01% 0.00% 0.01% 0.05% 0.00% 0.00% 

Unclassified Burkholderiales 0.00% 0.06% 0.00% 0.00% 0.00% 0.05% 
Unclassified Clostridiales 0.36% 0.40% 0.46% 0.11% 0.28% 1.59% 

Unclassified Gammaproteobacteria 0.00% 0.03% 0.12% 0.02% 0.00% 0.04% 
Veillonellaceae 3.38% 10.15% 7.03% 3.20% 3.51% 8.09% 
Victivallaceae 0.00% 0.00% 0.01% 0.02% 0.01% 0.04% 

Xanthomonadaceae 0.01% 0.01% 0.01% 0.00% 0.00% 0.05% 
Yersiniaceae 0.00% 0.00% 0.01% 0.00% 0.00% 0.01% 
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fermentation of kidney beans depend on cotyledon cells integrity and microbiota adaptation to 

the diet. Submitted for publication. 



Chapter 6 
 

Page | 146 
 

Abstract 

In the present study, we investigated the effect of cellular integrity on starch fermentation by 

gut microbiota. Cotyledon cells from red kidney beans with different levels of structural 

integrity were fermented in-vitro by microbial communities previously adapted to the 

conditions of ascending, transverse and descending colon.  The effect of bacterial adaptation to 

substrate was assessed by using microbiota exposed to a diet rich in bean cells. Microscopy 

analyses indicate that cell integrity was maintained during fermentation suggesting that sample 

structural properties are an important factor for modulating substrate utilization. Moreover, 

adapted bacterial communities were more efficient in fermenting bean cells where higher 

amounts of butyrate were produced in all colon sections independently of sample integrity. 

Bacterial communities of the distal colon appeared to be the most efficient in carbohydrate 

degradation. This suggests that the relatively high protein fermentation observed in-vivo in the 

distal colon is due to carbohydrates depletion. 
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6.1. Introduction 

In the past few years, the large intestine has been recognized as one of the most metabolically 

active organs of the human body, where its dynamic microbial ecosystem is the main 

responsible of those functions. Considerable research was conducted in order to unravel the 

complex mechanism by which gut microbiota affect the host’s health1. Several factors have 

been found to influence microbiota metabolic activity that include: host genetics, 

immunological factors, antibiotic usage and diet2.  

Extensive studies were performed to elucidate the mechanism by which diet alters human 

microbiota. It has been suggested that factors such as the composition of the diet, habitual 

intake, acute compositional changes and nutrient availability impact the microbial community 

in the large intestine1,3. For instance, in a study performed by De Filippo, et al4 on European 

and rural African children large differences in their microbiota composition were found. 

African children microbiota was enriched with strains capable of hydrolyzing cellulose and 

xylan, that where completely lacking in European children. This was attributed to dietary 

differences since the African population consumed high concentrations of fiber, inferring that 

their microbiota evolved to maximize the energy intake from the nutrients available in their 

diet. In the same line, a recent study performed by Conterno, et al5 a difference in gut bacterial 

composition was found between lean and obese individuals. Such changes were attributed to 

dietary differences, where high-fat low-fiber diet had a dramatic impact on the gut microbiota 

variation. This indicates that the type of nutrients that escape digestion/absorption and reach 

the lower gut are key factors in the regulation of microbiota composition6. Thus, the intake of 

specific dietary ingredients is a viable mechanism to induce microbiota modulation7. That is 

why the consumption of specific substrates, collectively known as prebiotics, have been widely 

investigated and included in dietary guidelines for improving colonic health1. 

Structural assembly of foods, i.e. the interaction of its constituents at different length scales is 

an important factor that determines not only the sensorial properties of foods but also its 

utilization by the human body. The relationship between food structure and nutrients 

digestibility has been investigated in the last years8–10. However, its influence during colonic 

fermentation is still largely unexplored. To our knowledge, only few studies had investigated 

the effect of food structure on colonic fermentation, mostly referring to molecular structural 

aspects of individual dietary components11,12 rather than to the complex food matrix systems13 

as normally present in physiological conditions. In a recent study performed by our group, we 
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determined that starch fermentation was delayed towards distal parts of the colon when 

entrapped within a plant tissue matrix as it occurs in red kidney beans. The magnitude of this 

effect decreased in time due to changes in microbiota composition caused by prolonged 

substrate exposure. Based on these findings we hypothesize that food matrix plays an important 

role in modulating the rate of starch fermentation and that colonic efficiency in macronutrients 

utilization is limited to substrate availability. In the present study, we used an in-vitro batch 

fermentation model inoculated with bacterial populations originating from that study to 

compare the fermentation pattern of bean cells with different levels of structural integrity. The 

influence of bacterial adaptation to substrate and its effects on fermentation were also explored 

to understand if food microstructure affects substrate utilization by microbiota even after 

adaptation to a bean diet. By using batch fermentation experiments, the kinetics of starch, 

protein and dietary fibre utilization was also assessed.  

6.2. Materials and methods 

6.2.1. Materials  

Red kidney beans were purchased from the local supermarket (Wageningen, Netherlands). All 

chemicals were of analytical grade and obtained from Sigma Aldrich (St. Louis MO, USA) 

unless stated otherwise.  

6.2.2. Sample preparation  

Intact cotyledon cells (ICC) were isolated according to Rovalino-Cordova, et al10 with minor 

modifications. Briefly, Red kidney beans were soaked overnight in an ice bath and subsequently 

peeled and boiled for 1h. Cotyledons were mashed by gentle abrasion and fractionated by the 

use of a wet sieve shaker. Samples retained in a sieve with mesh size of 70 µm were collected 

for further use and represented the ICC fraction. To obtain mechanically damaged cells (MDC), 

ICC integrity was mechanically disrupted by the use of a magnetic stirrer at high speed rate 

(1500 rpm) for 24 h. Structural damage was assessed by the use of light microscopy. 

6.2.3. Preparation of faecal inoculum  

Human faecal inoculum was obtained after the stabilization of faecal sample in the simulator 

of the human intestinal microbial ecosystem (SHIME®) according to the protocol described by 

Koper, et al14. In short, three stage multi chamber reactor vessels were used to mimic the 

ascending, transverse and descending colon. Stabilized bacteria prepared from fresh faeces of 
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two healthy volunteers (non-smoking healthy adults, consuming normal western diets and no 

antibiotic treatment at least 6 months before faecal donation) was placed in each of the vessels 

corresponding to the different colon portions. Bacteria was left for stabilization in the SHIME® 

system for 10 days prior inoculation of the penicillin bottles used in this study. During the 

stabilization period, microbiota was given a standard feed in which starch was readily available 

for its utilization. All the components present in this free starch feed and their concentration are 

described in Table 6-114,15. Subsequently, a set of penicillin bottles containing intact or 

mechanically damaged cells were inoculated with bacteria coming from either the ascending, 

transverse or descending colon. These treatments hereinafter will be identified as non-adapted 

ICC (NAICC) and non-adapted MDC (NAMDC).  

Table 6-1. Composition of feed given to microbiota in the SHIME® system. 

Component  Free starch feed (g L-1) Entrapped starch feed (g L-1) 

Arabinogalactan 1.2 0.72 

Pectin 2.0 1.2 

Xylan 0.5 0.3 

Glucose 0.4 0.24 

Yeast extract 3.0 1.8 

Special peptone 1.0 0.6 

Mucin 3.0 1.8 

L-Cysteine HCl 0.5 0.3 

Starch 4.0 0.0 

ICC 0.0 4.0 

 

In a second stage, the microbiota present in the SHIME® was given a diet that contained 

entrapped starch. For this, intact cells were included in the feed replacing free starch. The 

concentration of free starch diet constituents was modified in order to avoid over-dosing of 

protein and non-starch polysaccharides due to their presence in ICC. Microbiota in the SHIME® 

system was fed this starch entrapped diet for 12 consecutive days. Subsequently, a new set of 

penicillin bottles containing either intact or mechanically damaged cells were inoculated with 

these bacteria. These treatments hereinafter will be identified as adapted ICC (AICC) and 

adapted MDC (AMDC) respectively. For details on the microbiota composition of the inocula 

used, readers are referred to our previous study (Chapter 5).  
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6.2.4. In-vitro Fermentation  

Samples (NAICC, NAMDC, AICC and AMDC) were subjected to in-vitro fermentation using 

a modified version of the method described by Van Den Abbeele, et al16. ICC or MDC were 

weighed (6 g L-1 of starch dry basis) into penicillin bottles for each time point (8, 16, 24, 48, 

72, 120 h) analysed. Subsequently, a basal medium previously autoclaved (2 g L-1 NaHCO3; 2 

g L-1 yeast extract; 2 g L-1 peptone; 1 g L-1 mucin; 0.5 g L-1 L-cysteine HCl; 2 mL L-1 Tween 

80; phosphate buffer 0.15 mol L-1) was added. Separate in-vitro colonic fermentations were 

performed for each of the three colon portions namely: ascending (pH 5.6-5.9), transverse (pH 

6.1-6.4) and descending colon (pH 6.6-6.9). All the experiments were conducted under 

anaerobic conditions by replacing O2 by N2 in a gas exchange system with 0.5 bar overpressure 

for 5 cycles.  

On the day of inoculation, 7 mL aliquot was withdrawn from the SHIME® vessels and injected 

into its respective penicillin bottle in aseptic conditions. Samples were then incubated in an 

oven at 37°C with constant agitation (90 rpm) for up to 120 h. At each time point analysed, its 

respective penicillin bottles were opened; centrifuged (10 min, 2000 x g) and the pellet was 

separated from the supernatant. Samples were stored at -20 °C until further analysis. The 

experiment was repeated following the same conditions for two biological donors. For all 

treatments, a time point zero was included in the measurement. The values obtained from this 

sample represented a base line and the contribution of the starting medium and inoculum. 

6.2.5. Cumulative Gas Production 

Cumulative gas production was measured by an adapted version of Theodorou, et al17. In this 

method, the gas volume was measured at fixed intervals by the use of a manometer and a syringe 

to measure the pressure and volume of gas respectively. This experiment was performed in 

triplicate for each biological donor.  

The kinetics of gas fermentation was determined by the use of a monophasic exponential 

model18,19 as follows:  

  

!¢7Z = Yº
»3 < ¼7X½�¾
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Where:  

DMCV= Total gas (mL g-1 DM sample) produced at time t 
Ag= Asymptotic value for gas production (mL g-1 DM sample) 
Cg= time at which half of the asymptotic value has been reached (h) 
t= time (h) 
Bg= switching characteristics of the curve 

 

Two additional parameters were calculated, the maximum rate of gas production (RM) and the 

time at which RM  occurred (TRM) using the following equations19: 

 

�¿ = (Yº × À7ºÁ�Â × Ãº × �Ä¿(N�Âpq)À3 < (7º�ÂÁ × ¼�Ä¿N�Â½)&  

 

 

�Ä¿ = 7º × »Ãº + 3Ãº < 3¾
O�Â

 

 

6.2.6. Short chain fatty acids (SCFA) quantification 

Supernatants collected after fermentation were analysed for SCFA composition following the 

protocol described by Guo, et al20. Briefly, centrifuged and filtered supernatants were combined 

with an internal standard (2-ethylbutyric acid in 0.3 M HC and 0.9 M oxalic acid) prior SCFA 

analysis. Acetic, propionic, butyric, valeric, iso-butyric and iso-valeric solutions (0.01-0.45 

mg/mL) were prepared for identification and quantification. The measurement was performed 

using a Shimadzu GC-2014 gas chromatograph (Kyoto, Japan) equipped with a Flame-

ionization gas detector (FID), a capillary fatty acid-free Stabilwax-DA column (1µm x 0.32mm 

x 30 m) (Restek, Bellefonte, PA, USA) and a split injector. Nitrogen was used as the carrier gas 

and the temperature of the injector and detector were 100 and 250°C respectively. The ratio 

between branched and linear fatty acids (BCR) and the total SCFA production was calculated 

according to Warren, et al12.  

6.2.7. Nitrogen content by Dumas combustion method 

Protein content in the fermented samples was determined by Dumas combustion method in a 

flash EA 1112 NC analyser (Thermo fisher scientific Inc., Waltman, USA) following the 
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manufacturers protocol. Fermented samples were combusted using helium as a carrier gas, D-

methionine was used for the calibration curve and cellulose as a control. A factor of 6.25 was 

employed to convert the nitrogen content in the sample to protein.  

6.2.8. Total starch and dietary fibre determination 

Starch and total dietary fibre was quantified by the use of Total Starch Assay Procedure 

(amyloglucosidase/α-amylase) and Total Dietary Fibre methods, Megazyme Inc. (Bray, 

Ireland) respectively according to the manufacturer’s instructions. Prior performing the 

analysis, ICC structure was mechanically disrupted to avoid underestimation of the studied 

components. 

6.2.9. Dry matter content 

A known amount of sample was left overnight at 105°C in an incubator until constant weight 

to determine the dry matter content of all samples investigated.  

6.2.10.  Light and Scanning electron microscopy 

Changes in sample microstructure during fermentation were monitored by light and scanning 

electron microscopy (SEM). The analyses were done using the methods described by Rovalino-

Cordova, et al10. 

6.2.11.   Statistical analysis 

Data for cumulative gas production was the result of the mean from three replicates per 

biological donor. All the other analyses were performed in duplicate per donor. The parameters 

of significance from all the results was evaluated using the statistical software SAS, version 9.4 

(SAS institute Inc., NC, U.S.A.). N-way ANOVA was performed using the GLM procedure, 

individual means were compared using the Tukey's test (*p < 0.05). The main effects studied 

were cells integrity, colon region, bacterial adaptation and biological donor.  

6.3. Results and Discussion 

 
6.3.1. Cumulative gas production after the utilization of ICC and MDC by microbiota 

during in-vitro fermentation 

H2 and CO2 are primary products of carbohydrate fermentation together with SCFA21. 

Therefore, gas production could be used as an indicator of dietary fibre fermentation in the 
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colon. The kinetics of gas production of ICC and MDC with adapted and non-adapted bacteria 

are shown in Table 6-2. Significant differences were observed between the samples, with higher 

gas production obtained for MDC compared to ICC. The maximum rate of gas formation 

reached by NAICC took place after 23 h, which was more than three times longer than for 

NAMDC. This suggests that the substrate structure plays a role in the kinetics of gas production. 

It could be speculated that due to structural damage, cellular contents were more exposed to 

colonic microbiota hereby facilitating fermentation. Studies conducted on mango, banana and 

carrots showed that cell integrity was a determinant factor in the rate of fermentation since 

larger particle sizes (clusters of intact and broken cells) showed higher amounts of gas 

production than individual and undamaged cells22,23. Differences were also observed between 

the colon regions (*p<0.05). For all parameters tested, the rate of gas production followed the 

order descending> transverse> ascending. In-vivo studies indicate  that the proximal colon is 

the most active site of carbohydrate fermentation and thus of gas production24,25. However, our 

experimental set-up suggests that the low activity observed in-vivo for the distal region is rather 

due to carbohydrate depletion than to a lower microbial efficiency in fermenting carbohydrates. 

When microbiota from the three colon portions were given the same substrate concentration, 

the distal part appeared to be the most active site. Our results go in accordance to what have 

been previously reported by Bauer, et al19 when fermenting different types of fibres using a pig 

inoculum.  

In addition, significant differences in gas production were observed between the two types of 

bacteria utilized in this study. Adapted microbiota (i.e. exposed to ICC for 12 days prior batch 

inoculation) showed a significantly higher gas production compared to its non-adapted 

counterpart. This type of bacteria was not only producing higher amounts of gas but also at a 

faster rate, with the maximum amount of gas occurring 5.8 h after the start of fermentation. 

This could be caused by the shift in microbiota population observed in our previous study 

(Chapter 5) due to bean cells supplementation. Prolonged diet exposure could also produce 

changes on gene expression by which metabolic pathways could be altered26. It is important to 

mention that an increase in the rate of gas production was observed for the adapted microbiota 

independently of the changes on the structural properties of the samples utilized (ICC, MDC). 

As for the donors, statistical differences were observed only in DMCV where inoculum from 

donor 2 produced more gas. No differences were observed for C, Rm and TRm between the 

donors suggesting that the fermentation kinetics between both of them was similar differing 

only in the amount of gas produced. Microbial inter-individual variation has been investigated  
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by Turnbaugh, et al27. They found that despite of the high diversity of bacterial phylotype 

present among individuals there was a great resemblance in the microbial genes involved in 

various important metabolic functions. Therefore, despite the variation in microbiota 

population, large similarities in substrate utilization were found when providing microbiota 

with the same diet.  

Interestingly, it was observed that several interactions between main factors were statistically 

significant. For instance, the amount of gas produced in the descending colon for adapted 

bacteria was higher than when fermented with non-adapted microbiota. A similar situation 

occurred when mechanically damaged cells were fermented with the descending colon 

microbiota. The interaction between the four parameters (structure, bacteria, donor and colon 

region) was also found to have statistical meaning. For all parameters tested, the interaction of 

all factors was important and contributed to the changes observed during in-vitro fermentation.  
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Table 6-2. Kinetic parameters for gas production upon fermentation of NAICC, NAMDC, AICC and AMDC. For 
clarity of representation, only the mean values are reported. 

 

Variable 

DMCV  C  Rm  TRm  

(mL g-1DM) (h) (mL h-1) (h) 
Structure     

Intact 57.213a 9.764a 8.716a 23.131a 

Broken 73.331b 9.274b 9.274b 7.695b 

Probability <0.0001 <0.0001 <0.0001 <0.0001 
MSD 3.200 2.753 2.753 2.076 

     
Colon region     

     
Ascending 36.137a 10.801a 14.937a 3.682a 

Transverse 60.289b 20.167b 14.607a 17.559b 

Descending 99.389c 27.588c 7.554b 24.999c 

Probability <0.0001 <0.0001 <0.0001 <0.0001 
MSD 4.715 4.055 5.073 3.058 

     
Bacteria     

     
Adapted 77.038a 31.748a 6.106a 24.952a 

Non-adapted 53.506b 7.290b 18.626b 5.875b 

Probability <0.0001 <0.0001 <0.0001 <0.0001 
MSD 3.200 2.753 3.443 2.076 

     
Donor     

     
1 58.089a 20.516a 11.933a 14.876a 

2 72.454b 18.522a 12.799a 15.951a 

Probability <0.0001 0.1518 0.6151 0.303 
MSD 3.200 2.753 3.443 2.076 

     
Interactions     

     
S*C <0.0001 <0.0001 0.2384 <0.0001 
S*B 0.1091 <0.0001 0.214 <0.0001 
C*B <0.0001 0.0006 <0.0001 <0.0001 
B*D 0.0008 0.6634 0.2310 0.0009 
C*D <0.0001 0.0044 0.3692 0.1626 
S*D 0.0040 0.6733 0.0562 0.0005 

S*C*B*D <0.0001 <0.0001 0.0021 <0.0001 
Different superscript letters within each treatment denote significance level *p<0.05. DMCV= cumulative gas 
production during 72h of fermentation, C= Time at which half the asymptotic has been reached, Rm= maximum 
rate of gas production, TRm= time of maximum rate of gas production, MSD= minimum significant difference. 
Main factors analysed are indicated as follows: S=structure, C=Colon, B=type of bacteria, D=donor.  

6.3.2. Starch utilization by intestinal microbiota  

The rate of starch utilization by microbiota was monitored for up to 120 h after inoculation.  

Fig. 6-1illustrates the portion of starch left unfermented in NAICC, NAMDC, AICC and 

AMDC from ascending (a), transverse (b) and descending (c) colon. It is evident from the graph 

that there are large differences in starch fermentation between NAMDC and NAICC, where the 
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former showed higher fermentation levels than the latter. This variation was clearly observed 

in all the colon segments during the first 20 h of incubation. However, as fermentation 

continued, such differences were no longer detected for the ascending and transverse colon, 

whereas they persisted in the descending region even after 40 h of in-vitro incubation.  

 

 

 

a) 

b) 
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Fig. 6-1. Starch fermentation kinetics of NAICC, NAMDC, AICC and AMDC on ascending (a), transverse (b) 
and descending (c) colon. Error bars denote standard deviation between two biological donors. NAICC= intact 
cotyledon cells inoculated with non-adapted bacteria, NAMDC= mechanically damaged cells inoculated with non-
adapted bacteria, AICC= intact cotyledon cells inoculated with adapted bacteria, AMDC= mechanically damaged 
cells inoculated with adapted bacteria. 

Differences were also observed when comparing starch fermentation by microbiota either 

adapted or not to bean cells. Contrary to our expectations, the amount of starch fermented in 

AICC was markedly reduced than to what obtained for NAICC. Less than 20% of the starch 

present in AICC was degraded during the first 20 h of fermentation compared to nearly 60% 

obtained for NAICC. As fermentation proceeded, the amount of starch in AICC gradually 

decreased until reaching values comparable to what obtained for NAICC. A similar trend was 

observed in the three colon portions. Interestingly, this behaviour could not be observed for 

AMDC in any of the colon segments since its fermentation pattern resembled to that of 

NAMDC.  

Light and scanning electron microscopy were employed to get a qualitative impression of the 

samples structure and starch degradation during the course of in-vitro fermentation. In general, 

the three colon regions showed a similar trend in starch consumption and structure degradation 

(data not shown). However, only samples fermented in the DC are shown in Fig. 6-2 and Fig. 

6-3 since in this colon region the structural changes were more evident than in the other two 

regions. Despite of the extensive fermentation treatment, it can be seen that NAICC and AICC 

maintained their structural integrity even after 72 h of incubation. This demonstrates that cell 

integrity has the potential to resist not only intestinal digestion8–10 but also microbial 

degradation. Light micrographs also evidence heterogeneity in starch utilization among 

c) 
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individual cells. This behaviour has been already observed in the small intestine and is likely 

related to CW porosity resulting in different levels of starch accessibility to bacteria. 

Differences in the microstructural properties of ICC were observed between the two types of 

microbial inoculum utilized. ICC containing unfermented starch granules were present in large 

amounts in AICC after 48 h of fermentation. Whereas at 72 h, it appears as if higher amounts 

of debris were present in AICC compared to NAICC. For the treatments where cell integrity 

was disrupted (NAMDC, AMDC) no apparent differences were observed between microbiota 

adapted or not adapted to bean cells (data not shown). Therefore, only one set of images was 

utilized to illustrate the changes in fermentation for both treatments. For these samples, starch 

granules could only be identified after 8 h of fermentation; their presence at a later stage was 

not clearly visible. 

 

Fig. 6-2 Light micrographs of NAMDC, AMDC, NAICC and AICC at 0, 8, 48 and 72 h of in-vitro fermentation 
in the descending colon. Samples were stained with potassium iodide to highlight the presence of starch. For all 
samples, micrographs were taken using 20x magnification lens. NAICC= intact cotyledon cells inoculated with 
non-adapted bacteria, NAMDC= mechanically damaged cells inoculated with non-adapted bacteria, AICC= intact 
cotyledon cells inoculated with adapted bacteria, AMDC= mechanically damaged cells inoculated with adapted 
bacteria. 

SEM micrographs depicted in Fig. 6-3 allow the identification of structural differences in the 

CW of samples treated with adapted and non-adapted microbiota. In general, it was observed 

that the adapted microbiota was able to consume higher amounts of CW material compared to 

its non-adapted counterpart. This could be appreciated by the large crevices and irregular 
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surface found in AICC compared to the holes of small diameter (approximately 1.5 µm) 

encountered in NAICC.  

 

Fig. 6-3. SEM micrographs of NAICC (c, d) and AICC (e, f) after 72 h of in-vitro colonic fermentation in the 
descending colon. Unfermented samples (a, b) were used as control to highlight the changes produced during 
fermentation. Right column indicate a higher magnification of the micrographs shown in the left column.   

When comparing starch fermentation between colon regions, it was found that the microbiota 

present in the descending colon fermented the largest amount of starch independently of the 

treatments studied. The efficiency of starch fermentation followed the order 

descending>transverse>ascending colon. These results reinforced what previously discussed 

about the higher gas production of the microbiota present in the descending portion. In addition, 

it is important to point out that for all treatments investigated, starch was not fermented further 

than 80%. Thus, the difference between the treatments relied in the rate at which this level was 

reached. Further research is needed to clarify what are the causes that prevent residual starch 

from being fermented. We infer that the factors responsible for this incomplete fermentation 

could be related to structural properties of the starch granule (e.g. crystallinity, level of packing 

of amylose or amylopectin side chains) or protein-starch interactions. However, variations in 

microbial activity due to the absence of an absorption step to get rid of the metabolites formed 

by microbiota cannot be ruled out. 
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6.3.3. Macronutrients utilization during in-vitro fermentation 

The concentration of unfermented starch, protein and fibre was analysed after 72 h of in-vitro 

fermentation. Compositional differences were observed between the treatments when compared 

to the unfermented samples (Fig. 6-4). For all samples, the amount of residual starch was lower 

and statistically different respect to the one present in the unfermented sample. This behaviour 

was similar in all colon regions. Furthermore, AICC samples contained the highest amount of 

unfermented starch, being the ascending colon (Fig. 6-4 a) the region with less starch utilization. 

A similar pattern was observed for proteins where all treatments showed a lower amount of 

proteins when compared to the control (*p<0.05). In regard to fibre content, the control showed 

significant variation only for NAICC and NAMDC where higher concentrations of the non-

starch polysaccharide were recovered. As for samples treated with adapted bacteria, lower 

amounts of fibre were quantified specially for AICC suggesting that this type of microbiota was 

more prone to fibre utilization. The present findings illustrate the differences in nutrient 

degradation due to microbiota adaptation. In first place, and as mentioned before, adapted 

bacteria produced higher amounts of gas compared to its non-adapted counterpart. This 

increment in gas production could not be explained by starch degradation since this microbiota 

showed a delayed consumption as described before. Therefore, other nutrients should have been 

degraded in larger extents to produce those levels of gas. That was the case of fibre, since lower 

amounts of unfermented material were recovered for AMDC and AICC after 72 h of incubation. 

We can therefore infer that microbiota adaptation to encapsulated starch made them more 

efficient in fibre degradation than when starch was supplied in a high available form. Starch 

was still degraded to a large extent by microbiota adapted to bean cells but its fermentation was 

delayed. This behaviour could also be observed by SEM micrographs (Fig. 6-3) since there is 

a difference in cells appearance when incubated with these two types of bacteria as described 

previously. We believe that the structural organization of foods entering the colon may be a 

determinant factor that will influence the hierarchy of substrate utilization by colonic 

microbiota. Hierarchical utilization of fermentable substrates have only been assessed in terms 

of molecular characteristics of the substrate that might have an effect in fermentation28. 

However, to the best of our knowledge, the influence of food structure in substrate utilization 

has not been mentioned before.  

Secondly, in the case of proteins the amount left unfermented did not show striking differences 

among the treatments as the ones observed for starch and fibre. With the exception of AMDC 

in the ascending colon, all the other treatments showed no significant difference in their protein 
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content after 72 h of fermentation. Hence, we could infer that protein fermentation was not 

directly affected by microbiota adaptation. This is a reasonable outcome considering that the 

vast majority of bacteria present in the large bowel have predominantly saccharolytic 

metabolism, therefore carbohydrate availability is one of the most important factors that 

determine bacterial activity2. 

Finally, we observed that cell integrity played an important role for starch degradation 

independently of the type of bacteria used. This was not the case for protein and fibre since no 

statistical differences were found between ICC and MDC.  When checking the efficiency of 

each colon portion, it was observed that the descending colon was the region with highest starch 

degradation. While for fibre, the three regions showed no significant difference after post-hoc 

analysis. Interestingly, in the case of protein, the descending colon (Fig. 6-4 c) was found to be 

the region in which the least amount of protein was fermented. Protein fermentation is known 

to occur predominantly in the distal colon and has been associated with health related issues 

such as irritable bowel syndrome and cancer29,30. Therefore, identifying mechanisms to produce 

lower protein degradation might be of enormous relevance. In this study, by providing equal 

amounts of substrate to the three colon regions we have shown that microbiota present in the 

distal portion is not inherently more efficient in fermenting proteins. It is very likely that the 

high protein fermentation observed in-vivo is due to carbohydrate depletion. 
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Fig. 6-4. Compositional changes in starch, protein and fibre after 72 h of in-vitro colonic fermentation in NAICC, 
NAMDC, AICC and AMDC in ascending (a), transverse (b) and descending (c) colon. A control sample with no 
fermentation was included for comparison. Error bars denote standard deviation between two biological donors. 
NAICC= intact cotyledon cells inoculated with non-adapted bacteria, NAMDC= mechanically damaged cells 
inoculated with non-adapted bacteria, AICC= intact cotyledon cells inoculated with adapted bacteria, AMDC= 
mechanically damaged cells inoculated with adapted bacteria. The abundance of these components was determined 
experimentally for this reason in some cases the sum of these values does not sum exactly 100%.  

6.3.4. SCFA, BCR and pH in intact and broken cotyledon cells 

The distribution of acetic, propionic and butyric acid after 72 h of colonic fermentation are 

depicted in Fig. 6-5, whereas their absolute concentrations are reported in Table 6-3. Acetic, 

propionic and butyric acid are the most abundant metabolites produced during fermentation31. 

For all colon regions, acetic was the SCFA present in highest concentrations, followed by 

propionic and butyric acid. Several studies have found that the molar ratio of acetic: propionic: 

butyric acid is 60:20:20, respectively24. In the present study, this ratio was not observed in all 

treatments since higher propionic acid concentrations were obtained for NAMDC in the 

ascending and transverse colon. Such discrepancy might be due to the type of microbiota 

present and substrate availability. Non-adapted microbiota had high abundance of Bacteroides, 

a type of bacteria that has been recognized as propionate producers32. Even though NAICC was 

also inoculated with the same type of microbiota, it is likely that substrate accessibility favoured 

propionate production in NAMDC.  

a) b) 

c) 
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When checking the efficiency of the three colon portions, we found that the concentration of 

SCFA was the highest when fermented by the microbiota adapted to the descending colon as 

observed in Table 6-3 (*p<0.05). Interestingly, the highest amount of butyric acid was also 

produced by the descending colon microbiota. This metabolite has been found to be important 

for promoting large bowel health33 since it is the preferred energy substrate for colonocytes34. 

MDC lead to higher butyric acid production compared to ICC, probably due to a better starch 

accessibility for the microbiota since it is known that this fatty acid is produced from 

fermentation of starch35. For the other two SCFAs, no statistical differences were found in the 

concentration of acetic and propionic acid between transverse and descending colon while the 

ascending region produced the least amount of them. When testing for statistical significance 

between substrates, it was observed that butyric acid production was the only fatty acid 

influenced by cell structure. 

Furthermore, adapted bacteria were able to produce higher amounts of butyric acid for all colon 

sections independently of the substrate structure. Significant differences were found in all 

SCFA, showing that adapted bacteria were more efficient in organic acid production. Inter-

individual variations also played a role in the distribution of SCFA produced. Microbiota from 

donor 2 generated lower amounts of acetic acid and significantly higher quantities of butyric 

acid. However, no differences between the two donors were observed for the total SCFA 

produced. 
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Fig. 6-5. Distribution of acetic, butyric and propionic acid in NAICC, NAMDC, AICC, AMDC after 72 h of in-
vitro fermentation. Left column and right column indicate the SCFA distribution of donor 1 and 2 respectively in 
ascending transverse and descending colon. NAICC= intact cotyledon cells inoculated with non-adapted bacteria, 
NAMDC= mechanically damaged cells inoculated with non-adapted bacteria, AICC= intact cotyledon cells 
inoculated with adapted bacteria, AMDC= mechanically damaged cells inoculated with adapted bacteria.  

Table 6-3 also depicts the branched chain ratio (BCR). This factor is an indication of the ratio 

between linear and branched chain fatty acids. BCR was expressed as acetic acid equivalents 

(AAE g-1DM) to normalise all SCFA in terms of their carbon content19.  Interestingly, it was 

observed that for adapted bacteria this value was lower than for its non-adapted counterpart. 

Such results indicate that these type of bacteria were not only capable of producing higher 

amounts of fatty acids but they were particularly able of generating linear organic acids, 

something that has been demonstrated to be beneficial for gut health since branched chain fatty 

acids are specific products of fermentation of certain amino acids29.  



Colonic fermentation of beans depend on cells integrity and microbiota adaptation  
 

Page | 165  

 

 As mentioned in section 6.2.5, each colon region had a different pH value in order to mimic 

physiological conditions during fermentation. After 72 h of incubation, the pH was measured 

in order to observe changes due to fermentation. Statistical differences were observed between 

ICC and MDC where the latter reached lower pH values that are normally associated to a more 

active fermentation24. The type of bacteria and biological replicates also showed statistical 

differences. For the former, adapted bacteria gave rise to higher pH levels the same as for donor 

2. While for the colon sections, the three of them differed in pH values even after 72 h of 

fermentation indicating that there was a good buffering capacity of the medium22.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6 
 

Page | 166 
 

Table 6-3. Mean values of SCFA, BCR and pH after 72 h of in-vitro colonic fermentation of NAICC, NAMDC, 
AICC and AMDC by microbiota from different colon sections and either adapted or not to a bean diet. 

 

Variable 

Acetic 

acid 

Propionic 

acid 

Butyric 

acid 

Total 

SCFA 

BCR pH 

(mmol g-1DM) (mg AAE g-1DM) 
Structure       

Intact 1.693a 0.431a 0.294a 2.583a 0.048a 4.973a 

Broken 1.723a 0.458a 0.443b 2.789a 0.047a 4.820b 

Probability 0.7553 0.2105 <0.0001 0.0827 0.8507 0.0132 
MSD 0.197 0.042 0.019 0.235 0.006 0.118 

       
Colon region       

       
Ascending 1.401a 0.255a 0.161a 1.946a 0.052a 4.468a 

Transverse 1.721b 0.519b 0.267b 2.769b 0.047a 4.859b 

Descending 2.002b 0.559b 0.678c 3.433c 0.044a 5.363c 

Probability <0.0001 <0.0001 <0.0001 <0.0001 0.0733 <0.0001 
MSD 0.292 0.062 0.029 0.348 0.009 0.175 

       
Bacteria       

       
Adapted 1.934a 0.279a 0.517a 2.865a 0.038a 4.961a 

Non-adapted 1.482b 0.609b 0.219b 2.508b 0.058b 4.832b 

Probability <0.0001 <0.0001 <0.0001 0.0045 <0.0001 0.0330 
MSD 0.197 0.042 0.019 0.235 0.006 0.118 

       
Donor       

       
1 1.826a 0.459a 0.307a 2.705a 0.045a 4.811a 

2 1.590b 0.429a 0.430b 2.612a 0.050a 4.982b 

Probability 0.0021 0.1512 <0.0001 0.2044 0.1130 0.0070 
MSD 0.197 0.042 0.019 0.235 0.006 0.118 

       
Interactions       

       
S*C <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0263 
S*B <0.0001 <0.0001 0.0004 0.1943 0.0070 0.0017 
C*B 0.8651 <0.0001 <0.0001 0.1575 0.0049 0.1810 
B*D <0.0001 0.0002 0.2516 <0.0001 0.1737 0.8973 
C*D 0.0082 0.9668 <0.0001 0.2503 0.0193 0.6942 
S*D <0.0001 0.2885 <0.0001 0.0012 <0.0001 0.9419 

S*C*B*D 0.0003 0.0001 <0.0001 0.0033 0.0004 0.5935 
Different superscript letters within each treatment denote significance level *p<0.05. Main factors analysed are 
indicated as follows: S=structure, C=Colon, B=type of bacteria, D=donor.  

6.4. Concluding remarks 

The results obtained in the present study indicate a clear impact of microbiota community on 

nutrients utilization in beans. Microbial adaptation to a bean diet was shown to produce changes 

in bean cells fermentation. Modulation and changes in the microbiota composition were not the 

only factors determining the rate and extent of nutrients utilization. In particular, we showed 
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here that the degree of cell integrity modulates the potential beneficial (or detrimental) effects 

of microbial activity by changing the relative accessibility of fermentable substrates to 

microbiota. The descending colon is the most active section of the large bowel in fermenting 

plant components. The experimental set-up employed in the present study helped also in 

understanding that the microbiota present in the distal part of the colon are particularly efficient 

in producing beneficial metabolites such as butyric acid. These findings could be employed as 

basis to design intelligent food structures that target the delivery of prebiotics, like resistant 

starch, to the distal parts of the colon.  
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7.1. Introduction 

Food structure is nowadays recognized as an important factor for modulating nutrients 

bioaccessibility. In plant tissues, the intricate network of cell walls resistant to digestion in the 

small intestine of humans results in low digestibility of the nutrients encapsulated within them. 

Up to know, most of the research performed on nutrients digestibility in plant tissues were either 

limited to a pure description of the observed phenomena or to providing very simplified 

explanations that were unable to offer an accurate overview of all the important aspects 

involved. Therefore, the overall aim of this thesis was to identify those key factors limiting the 

digestibility and fermentability of nutrients when entrapped within a plant tissue matrix. 

Cotyledon cells from red kidney beans were used as model systems to study the digestibility of 

its nutrients, with special emphasis on starch. The present chapter intends to discuss the main 

findings obtained in this study (Fig. 7-1) and to offer a broader perspective about the 

implications, relevance, challenges and future developments in this field.  
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Table 7-1. Summary of the main results obtained in this thesis.  

Aim Main Results 

 

Starch and protein digestion 

 
 
· Understand the influence of cell wall and 

cytoplasmic matrix in starch digestion. 
(Chapter 2) 

· Cell wall is permeable to digestive 
enzymes.  

· Rate of starch digestion could be 
modulated by changing cell wall porosity. 

· Cytoplasmic matrix limits α-amylase 
accessibility. 
 

 
· Determine the effects of cell wall 

confinement in protein digestion.  
(Chapter 3) 

· Proteins in the cytoplasmic matrix act as 
a second barrier for starch hydrolysis. 

· Rate and extent of protein digestion is 
limited due to cell wall entrapment. 

· Cell wall confinement limits protein 
denaturation. 

 

Mechanism of starch hydrolysis 

 

 

· Investigate the physical and kinetic 
processes involved in starch digestion 
when confined within cell wall matrix.  
(Chapter 4) 

· Enzymatic hydrolysis of starch takes 
place within cotyledon cells after enzyme 
diffusion through cell wall pores.  

· α-amylase binding to cell wall layer 
· Difference in α-amylase concentration 

between the bulk and within intact 
cotyledon cells (catalytically active 
enzymes). 

 

Colonic fermentation of bean cells 

  
 

· Study the fate of intact bean cells along 
the large intestinal tract.  
(Chapter 5) 

 

 

· Understand the role of food matrix in 
starch fermentation and colonic 
efficiency.  
(Chapter 6) 

· Cell wall entrapment delays starch 
fermentation towards distal parts of the 
colon. 

· Food structure modulates the utilization 
of substrates present in the diet. 
 

· Structural integrity of intact cotyledon 
cells is preserved after colonic 
fermentation. 

· Microbiota present in distal colon showed 
highest efficiency in cell wall utilization.  

· Microbial adaptation to substrate is 
affected by structural properties of the 
matrix. 
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7.2. Role of the cell walls in limiting digestion 

In bean cells, the presence of an intact cell wall (CW) made up of non-starch polysaccharides 

(NSP) that entraps nutrients reduces the rate of protein and starch digestion. This phenomenon 

was already described by others in the past, but a consensus was not yet reached regarding CW 

permeability to digestive enzymes. Part of the uncertainty arose because most of the studies 

claiming that the CW is permeable to enzyme diffusion were performed using samples treated 

with harsh mechanical processes to reduce their particle size which questioned the effect of 

such treatments on the integrity of the cells1. In addition, some of those studies have used very 

low or sometimes even no mixing regimes when conducting in-vitro experiments. In the present 

study, we isolated intact cotyledon cells to ensure that the results obtained after in-vitro 

digestion were performed in samples with homogeneous conditions (intact cells). Microscopy 

techniques were employed to obtain qualitative evidence of the cells integrity using dyes to 

localize the different cell components. Furthermore, appropriate mixing conditions were 

applied without compromising the samples structural integrity. In such a way, it was possible 

to demonstrate that starch could be hydrolysed in-vitro despite of being entrapped within an 

intact CW, indicating the permeability of CW to digestive enzymes (Chapter 2). Nevertheless, 

the degree of CW permeability was shown to be one of the factors that limits the digestibility 

of starch in this system. Modulating CW permeability alters the rate of starch (and possibly 

protein) digestion as we demonstrated by digesting intact cells pre-treated with a mixture of 

CW degrading enzymes that increased CW porosity. These results together with the qualitative 

evidence provided in chapter 4 about pancreatic amylase accumulation within intact cells during 

digestion, demonstrate that CW in legumes serve as a physical barrier that limits the access of 

digestive enzymes to the intracellular environment. As consequence, a delay in starch 

hydrolysis occurs due to the lower concentration of enzymes present within intact cells during 

digestion compared to those present in the bulk. Interestingly, this delay is not only caused by 

the barrier effect exerted by the CW, but it is also due to the interactions between α-amylase 

with some NSP components of the CW. These interactions were previously described by Dhital, 

et al2 when hydrolysing free starch granules in the presence of cellulose and wheat bran.  

By using the mathematical model described in Chapter 4, the effect of CW-amylase interaction  

was assessed by calculating the concentration of α-amylase within intact cells (indicated as Cein 

in chapter 4) if no adsorption processes were present. In this calculation, the size of the enzymes 

was considered as the only factor limiting its diffusion through the CW, neglecting their 

electrical charge. In Fig. 7-1 a simulation of the change in α-amylase concentration within intact 
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bean cells in presence or absence of interactions with the CW is depicted. The figure shows a 

fast and steep increase in α-amylase concentration since the very first minutes of digestion in 

the absence of interactions between amylase and the CW. This is also reflected by the value 

obtained for the hindrance coefficient (indicated as kde in Chapter 4) which was calculated to 

be three orders of magnitude higher than what obtained when CW interactions were considered. 

A higher concentration of catalytically active enzymes within intact cells will result in a faster 

rate of starch digestion producing a large impact on the glycaemic index of foods. 

 

Fig. 7-1 Estimation of α-amylase concentration within intact cotyledon cells in the presence (blue line) or absence 
(orange line) of adsorption interactions between the enzymes and the CW.  

All in all, it could be stated that the CW is a powerful barrier that modulates the passage of 

digestive enzymes. This effect is achieved due to its unique structural properties that limits 

diffusion by the combined effect of electrostatic interactions with α-amylase (and very likely 

other digestive enzymes) and its constricted porosity. It is important to mention that the nature 

of α-amylase interactions with CW constituents are not catalytic site mediated. This explains 

why in mechanically damaged cells starch is extensively digested despite of having the same 

concentration of CW components present in the system.  

7.3. Are there any additional roles played by the cell wall? 

The strong barrier effect exerted by the CW is perhaps the most evident factor limiting the 

digestibility of nutrients in plant cells. However, CW presence could also reduce nutrients 

digestibility through other mechanisms. One of them consists in preserving the integrity of the 

cytoplasmic matrix formed by proteins and starch (Chapter 3). This is particularly important 
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for starch digestion due to the unique architecture of bean cells where starch granules are 

immersed in a proteinaceous matrix. Therefore, for starch, the cytoplasmic matrix serves as an 

extra protective layer that delays its degradation during in-vitro digestion. The influence of 

protein matrix was already described for other plant-based tissues, such as sorghum, when  

starch digestibility in samples of different particle size was investigated3. Until know, this effect 

was only described in plant tissues where a strong interaction between starch granules and 

proteins were known such as those occurring in sorghum and maize, however our findings have 

shown that this principle could be extended to a larger group of matrices. Furthermore, it was 

interesting to observe that the interactions between proteins and starch in the cytoplasmic matrix 

of bean cells did not affect the digestibility of both molecules in the same way, since the 

presence (or absence) of starch granules in the cytoplasmic matrix had no effect in protein 

digestion (Chapter 3). In Chapter 3 we also highlighted another potential role of the CW, 

demonstrating that the reduced digestibility observed for proteins in intact beans was also 

related to their molecular confinement within the packed intracellular environment. Molecular 

confinement may have repercussions on protein digestibility due to the impairment of its 

unfolding upon thermal treatments (Chapter 3). But it could also facilitate protein crosslinking 

and aggregation when harsh thermal treatments are applied that also has detrimental 

repercussions in digestibility. It is important to mention that the effect of molecular confinement 

is not limited to proteins. Differences in the extent of starch swelling during gelatinization have 

been observed between samples where starch granules are entrapped within a CW matrix 

compared to isolated starch granules4.  

7.4. An integrated look at the effect of intact CW on nutrients digestibility 

In this section, we will provide an integrated description of the effect of the CW on starch 

digestibility based on the findings described in chapter 2, 3 and 4. Starch digestion is an 

enzymatic reaction where α-amylase increases the rate of starch conversion into low molecular 

weight dextrins. This reaction is generally expressed by the equation depicted in Fig. 7-2, where 

E represents the enzyme; S the substrate; ES the enzyme-substrate complex and P the products 

formed. In this section, such equation is used to illustrate how intrinsic and extrinsic factors 

related to starch entrapment within an intact CW affects starch digestibility.  

As described in Chapter 4, the digestion of starch entrapped within an intact CW matrix could 

be described as the succession of three events: enzyme diffusion through stagnant layer and 

CW, the conversion of starch into hydrolysis products and the transport of the hydrolysates 
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from the intracellular environment to the intestinal lumen. Each of these events is affected 

directly or indirectly by the presence of (an intact) CW. The diffusion of enzymes from the bulk 

to the cytoplasm is governed by CW properties and external factors of the system. Both effects 

modulate the concentration of the enzyme, E, available for starch hydrolysis in the equation 

presented in Fig. 7-2. In the case of the CW, its physical (porosity) and electrostatic (adsorption) 

properties are the factors responsible of limiting the access of digestive enzymes. The reduction 

in starch hydrolysis is the direct consequence of this restriction since only a fraction of enzymes 

(those who managed to diffuse through the CW) were found to be catalytically active during 

hydrolysis. Furthermore, an intact CW preserves the integrity of the intracellular matrix which 

represents an extra barrier that limits the digestion of α-amylase. On the other hand, the external 

factors refer to other characteristics of the system that are not influenced directly by the CW 

presence and are related to the viscosity, mixing conditions and enzyme concentration of the 

system. This part of the reaction has been found to be affected by the initial enzyme 

concentration and the amount of CW material since the affinity between the two is limited to 

the binding sites available in the CW. Thus, in an in-vivo scenario, factors such as gastric 

emptying, other diet components and rheological properties of the chyme could also influence 

the diffusion of enzymes through the CW.  

The second step needed for starch hydrolysis to take place is the formation of a stable enzyme-

starch complex, ES. Hence, all the factors that affect the formation of such complex could delay 

or inhibit hydrolysis. There is no question about the fact that individual molecular 

characteristics of starch and proteins can affect their digestibility. The amylose: amylopectin 

ratio in starch and the disulphide bonds for proteins are one of various factors that could 

modulate the affinity of the enzyme to the target molecular bonds hereby limiting catalytic 

action of enzymes. In the intact cell system, confinement produced by the presence of an intact 

CW facilitates the interaction between molecules and its physical presence will serve as a 

protective layer that mitigate the effects of thermal treatments which induce changes in the 

molecules facilitating their digestibility. Therefore, the CW has influence in the preservation of 

those intrinsic properties of the molecules that make them resistant to digestion. As discussed 

in the previous section, the CW plays a fundamental role in reducing the digestibility of starch 

and proteins either directly by limiting the access of enzymes or indirectly by preserving the 

cytoplasmic matrix. Therefore, structural features of the CW, such as porosity and thickness, 

could make a large difference in modulating the properties of the entire system. In turn, it is 

evident that CW characteristics are dependent of the processing methods applied. If this 
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attempts against the integrity of the cells (e.g. milling), there will be considerable implications 

in all the other factors that will have repercussions in nutrients digestibility.  

Finally, the rate of glucose appearance in the blood would depend on the rate of diffusion of 

starch hydrolysis products from their site of generation (i.e. inside intact cells), to the epithelial 

cells lining the small intestinal mucosa. The rate of diffusion of those products from the cells 

towards the exterior or bulk phase could be modulated by external factors such as the viscosity 

and the mixing conditions applied to the medium and not by the presence of the CW due to the 

small molecular weight of the hydrolysates and the absence of electrical interactions between 

them with CW constituents (Chapter 4).  

 

Fig. 7-2. Schematic representation of the factors affecting starch digestion when encapsulated within intact bean 
cells. E=enzyme; S=substrate; ES= enzyme-substrate complex; P=product formation.  

7.5. Cell wall encapsulation limits nutrients accessibility for microbiota utilization 

Similar to what occurs during gastro-intestinal digestion; structural characteristics of foods also 

influence microbiota fermentation in the colon. The first obvious reason for that, which is 
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evident from the results reported in chapter 2 and 3, is that the level of CW integrity determines 

the amount of intracellular nutrients that escapes digestion in the small intestine and is delivered 

to the colon. Apart from this “indirect” effect, another factor with perhaps more direct influence 

could be related to the specific structure of the plant matrix. In chapters 5 and 6, we have 

demonstrated that the diet composition is not the only factor capable of modulating intestinal 

microbiota and its metabolism; but food structure also plays a role in this respect.  Previous 

studies had already shown that the presence of different types of dietary fibre in the diet 

modulates the fermentability of individual polysaccharides due to a hierarchical order of 

fermentation5. However, very scarce information was found regarding the fermentability of 

starch entrapped within plant-tissue matrix. In some studies, a delay in starch fermentation was 

observed as consequence of encapsulation of starch in polysaccharides resistant to digestion6,7. 

Yet, nothing was known about the fate of individual cells along the whole colonic tract and its 

utilization by microbiota present in the three colon regions. We decided to fill that knowledge 

gap by studying the fermentability of intact and mechanically damaged cells using static and 

dynamic in-vitro fermentation tools. By comparing two different structural matrices with the 

same compositional characteristics it was possible to observe changes in microbial metabolism 

due to substrate availability. In samples that contained encapsulated starch, a higher NSP 

fermentation was observed since bacteria needed to degrade the CW to a certain extent before 

getting access to starch. SEM images allowed the visualization of micron size holes created by 

the bacteria for such purposes. This shows that intact cells are not only resistant to small 

intestinal digestion8 but also to  colonic fermentation.  

In both, batch and SHIME® fermentation experiments the amounts of microbial metabolites 

formed from mechanically damaged cells was higher than what obtained from its intact 

counterpart. This indicates that the structure plays an important role in substrate utilization by 

microbiota. It is a logic outcome to obtain more metabolites produced by mechanically damaged 

cells due to the larger availability of substrate. In physiological conditions, this might not be 

the case since mechanically damaged cells would reach the colon almost depleted of starch. For 

our experiments, we decided not to pre-digest bean samples prior fermentation to isolate the 

effect of the structural organization (intact vs. mechanically damaged cells) from those 

occurring when different amounts of nutrients are delivered to the colon due to variations in 

digestibility. In this way, it was also possible to observe that during the first days of 

fermentation cellular entrapment delayed starch utilization towards distal portions of the colon. 

Furthermore, batch fermentation experiments allowed us to understand that the reduced 
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fermentation of polysaccharides (and consequently the increased protein fermentation) that is 

observed in-vivo in the distal parts of the colon is due to polysaccharide depletion and not to 

microbiota inefficiency. In general, these experiments showed us that the role of food structure 

should not be neglected when studying the fermentation mechanism of the diet in the colon. 

The fermentability patterns of individual fibres give insights of what will happen in ideal 

conditions that are generally not occurring in human (or animal) colonic fermentation processes 

due to the complex matrices present in foods. Furthermore, it is very likely that the fermentation 

kinetics of other macromolecules, such as proteins, could follow a behaviour similar to that 

observed for starch with a steady degradation by colonic microbiota due to matrix constraints.  

7.6. Methodological aspects 

This section will describe the main features, challenges and limitations of the most important 

methodologies used in this thesis.   

7.6.1.    In-vitro digestion model 

In-vitro digestion models are widely used to test the digestibility of foods in a relatively simple 

and inexpensive way. There are several types of in-vitro methods available; they range from 

rather simple static systems where only the biochemical processes involved in digestion are 

reproduced to more complex dynamic or semi-dynamic models in which other aspects of the 

digestive processes are also represented (e.g. absorption, peristalsis, flow of food and digestive 

secretions). In the present thesis, a static in-vitro digestion model was chosen for studying the 

digestibility of protein and starch encapsulated within a CW matrix. The choice of a static model 

was driven by the fundamental nature of the study and the fact that we aimed at understanding 

the digestion mechanism of a complex matrix. The selection of a rather simple digestion model 

allowed us to understand all the factors inherent to the plant tissue matrix that played a role in 

its digestion. This would have been impossible when using an in-vivo model where many 

factors cannot be controlled, and the digested sample could not be monitored. Furthermore, we 

opted for a static rather than a dynamic model because we were not specifically interested in an 

accurate prediction of starch digestibility (which requires the accurate replication of 

physiological conditions) but we were more interested in the comparison between samples with 

different structural organizations that could be achieved using a simpler model with a 

considerable saving of resources. In addition, even though dynamic systems can reproduce 

more accurately physiological conditions, most of them have been validated using specific food 

products raising the question if they might be useful for other systems with different rheological 
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properties9. It is important to mention that even though the selected digestion method was not 

replicating exactly what occurring at physiological conditions, it still contained the main 

processes taking place in the human or animal digestive system due to the utilization of the 

newly developed INFOGEST model. This simulated in-vitro digestion model is comprised of 

a series of steps that represent the oral, gastric and intestinal phases in which constant ratios of 

meal to enzymes, salts, bile acids etc. are used at each step of digestion. The method was 

developed using as a reference the current state of knowledge on in-vivo digestion conditions 

but employing widely available instrumentation and chemicals and represents the most 

successful attempt to develop a standardized, consensus model of in-vitro small intestinal 

digestion10.  

Comparing the results obtained in our study to those obtained by other research groups was 

somehow challenging. In some cases, and despite of several methodological differences, similar 

trends for digestion kinetics1,11 were obtained. However, in other cases, large discrepancies 

were observed like in the case of the study of Dhital, et al12 who concluded that the CW of 

legumes was impervious to the access of digestive enzymes. We believe that there are some 

key aspects responsible for obtaining such contradictory results. They are related to sample 

processing, type of enzymes and their concentration, and in-vitro mixing conditions. Regarding 

sample processing, it is evident that changes in the CW properties (e.g. integrity) will alter the 

digestibility of starch and proteins contained in the matrix as already discussed in previous 

sections. Therefore, cooking beans for short periods of time or at low temperature may result 

in a partial gelatinization of starch or an incomplete solubilization of pectin (present in the 

middle lamella between two adjacent cells) which influences CW permeability.  

Enzyme concentration is another factor that can explain discrepancies of our results with those 

of others since it will determine the rate of hydrolysis. This is particularly important for starch, 

due to the affinity between α-amylase and the CW. At low enzyme concentrations, most of the 

enzymes present in the system will be adsorbed by the CW surface almost depleting it of free 

enzymes capable of catalysing starch hydrolysis2. Furthermore, if proteolytic enzymes are not 

employed in the in-vitro method, the digestibility of starch could be hindered even further due 

to the intactness of the cytoplasmic matrix as explained in Chapter 3. The decision of including 

enzymes that mimic the function of those present at the brush border is another point of 

attention. This is sometimes done to better mimic the physiological conditions where starch 

hydrolysis is simultaneously completed by the activity of brush border enzymes. In this study, 

we decided not to include such enzyme(s) directly during the simulated digestion because it 
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might also affect the degradation of starch. Usually for in-vitro systems brush border enzymes 

are replaced by amyloglucosidase from Aspergillus niger which has a different optimal pH than 

that of porcine α-amylase. Therefore, if both enzymes are used simultaneously, a compromise 

in their optimal pH must be achieved to ensure proper activity of the two of them. Furthermore, 

fungal amyloglucosidase has been found capable of utilizing starch as substrate that could result 

in higher amount of starch hydrolysed13. Even though in-vivo evidence has indicated the 

presence and activity of brush border enzymes in the digesta14, very little is known about the 

concentration of these enzymes not bound to the membranes of epithelial cells and catalytically 

active in starch degradation. 

Finally, another important but rather underestimated aspect is represented by the mixing 

conditions employed while conducting in-vitro digestion experiments.  As shown in Chapter 4, 

the mixing regime is one of the factors that limits digestion because it affects the transport of 

α-amylase through the combined stagnant and CW layer. When no agitation is applied, a 

considerable contribution of the stagnant layer is expected hampering enzyme-substrate 

contact. If, on top of that, low concentration of amylase is used, the digestion process will take 

a considerable amount of time before starch hydrolysis products are detectable. This could 

provide misleading information appearing as if no digestion is taking place. However, when 

given enough time to overcome the stagnant layer resistance, starch (and other nutrients) 

hydrolysis will eventually occur. To prove this, an experiment was performed on intact cells 

using low concentration of enzymes (0.5 U/mg starch) with mixing and non-mixing conditions. 

As seen in Fig. 7-3, the amount of starch hydrolysed in samples that were incubated with mixing 

conditions was twice as high compared to those in which mixing was absent at all time points 

analysed. Furthermore, by extending the incubation time to 200 min, an increase in starch 

hydrolysis could be observed in both samples despite of their mixing conditions.  

All the factors mentioned above are important to consider in the design of digestion experiments 

for complex matrices as those present in legumes. A clear and detailed explanation of the 

methods employed could also help understand the different results obtained between research 

groups.  
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Fig. 7-3. In-vitro digestion kinetics of starch in intact cells from red kidney beans with and without mixing 
conditions during the experiment. The dashed red line indicates the end of the intestinal digestion phase in the in-
vitro model employed.  

7.6.2. In-vitro Fermentation models 

As what occurs with digestion models, in-vitro fermentation could also be studied using static 

(batch), dynamic and semi-dynamic systems. The difference between these models resides in 

the accuracy of representing physiological conditions (substrate replenishment, continuous 

fermentation of the three colon portions), the duration of the experiments and the control of the 

fermentation parameters (anaerobiosis, gas production, absorption of metabolites)15.  In this 

thesis, we used both batch and semi-dynamic models to get insights about the fermentation of 

starch encapsulated within beans CW. The use of these two systems allowed us to answer 

different research questions that otherwise would have not been possible by using only one 

model. These questions were related to understanding the influence of food structure in colonic 

fermentation, cell integrity and microbiota composition.  

The SHIME® model was employed to determine the fate of starch fermentation along the three 

portions of the colon when entrapped within a CW matrix. It is important to mention that this 

system was originally developed to study the metabolic behaviour of microbiota and not for 

understanding how structural aspects of foods could modulate their response. That is why, in 

most of the cases, the system is fed with purified powdered compounds that could be easily 

dissolved and pumped from one reactor to another. In our case, we used a suspension of either 

intact or mechanically damaged bean cells. Therefore, the main challenge was related to 

preserving structural integrity of the samples while providing proper mixing conditions and 

ensuring no blockage of the system while conducting the experiment. Even though mixing by 
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means of a magnetic stirrer (which is the mixing condition provided by the SHIME® model) 

has been found to affect cells integrity12, particle size analysis showed no changes in the 

distribution of intact cells size due to stirring in our fermentation experiments probably due to 

the low mixing rate utilized. Overall, the SHIME® system represents a valuable tool to 

investigate different aspects of fermentation that would not be possible to study otherwise. 

These are related to understanding the effect of prolonged diet exposure to asses changes in the 

microbiota composition and gaining insights about the fate of nutrients through the different 

colonic portions.  In this study, by use of the semi-dynamic SHIME® model we could identify 

different fermentation patterns due to structural changes in the matrix in terms of starch 

utilization (distal portions of the colon) and microbiota metabolism. However, we do believe 

that there are several aspects of the model that deserve attention and optimization. One of them 

is related to the absence of a system that reproduce the metabolites absorption by the colon 

epithelium. This typically results in the accumulation of microbial metabolites in the distal 

portions of the colon making it difficult to estimate the net metabolites production in each 

compartment. Furthermore, this lack of absorption does not simulate the actual exposure of 

bacteria to nutrients or waste products, which may produce alterations in their metabolism.  

In the case of batch fermentation model, this tool was useful to provide insights about cells 

integrity during fermentation. Due to the flexibility of the system it was possible to use a 

different mixing condition than stirring during sample incubation. This allowed us to investigate 

the changes in intact cells structure due to microbiota fermentation. Furthermore, batch 

fermentation was also useful to determine the efficiency of each colon portion when given equal 

amounts of substrate. This was achieved by inoculating the system with microbiota previously 

equilibrated in the SHIME model and adapted to the different colon segments. The main 

challenge found when conducting these experiments arise in the relatively long period of time 

needed for samples fermentation (especially for intact cells). Five days of fermentation were 

required to reach a plateau in gas production, this was more than twice of what other authors 

have described16 for other plant tissues.  

7.6.3.    Mathematical modelling 

Mathematical models are important tools in science that aid in understanding the mechanism 

of a physical system. By using mathematical simulations, physical phenomena can be described 

and quantified allowing us to have a better overview of the system’s behaviour and the 

individual contribution of the factors involved in it. Furthermore, these tools are useful to 
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predict the behaviour of a physical system and are a good option for understanding systems that 

are very difficult to reproduce experimentally in a laboratory setting. These characteristics made 

it very suitable for exploring complex mechanisms such as those taking place during the 

digestion of plant tissue matrices. So far, several models have been proposed to describe starch 

digestibility data, but such models are of empirical or semi-empirical nature, often based only 

in reaction kinetics (first order or double exponential kinetics). In all these models, the effect 

of the food matrix (or food structure) is hidden in the estimated values of the apparent kinetic 

parameters17,18. From our knowledge, the model proposed in this thesis is the first to offer a 

mechanistic approach to understand the effect of cell wall entrapment in starch digestion. One 

of the most important assets of our model relies in the possibility of predicting changes in starch 

digestion when the food matrix or digestive conditions are altered, which is not possible when 

using empirical models19,20. The model is accurate enough to describe the role played by the 

CW during starch digestion, but we believe there are still possibilities of improvement. Perhaps 

one of the most evident could be related to model starch degradation when the reaction velocity 

is not comparable to Vmax (substrate depletion). In this case, other factors such as the 

cytoplasmic matrix (protein and starch interactions) will have a more predominant role and 

should be quantified independently. In our study, this effect was included in α-amylase catalytic 

constant that was determined experimentally by us. We decided to use this approach since this 

was the first attempt to describe the system in a mechanistic way and some simplifications had 

to be done to develop the model. Overall, we believe that the mathematic description provided 

in this thesis is a good starting point to understand the phenomena occurring during digestion 

of macromolecules entrapped in plant tissues. 

7.7. Knowledge utilization 

This thesis provides fundamental knowledge about the complex interaction between food 

structure and digestion. Using individual cells as the smallest unit in plant tissue allowed us to 

understand all the different factors involved in the digestibility of macronutrients encapsulated 

within CW matrices. We believe that all the knowledge gathered in this thesis provides an 

important contribution to science and could be used for different applications; some of them 

will be discussed in this section.  
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7.7.1. Applicability in food technology 

Understanding other plant matrices 

Even though structural differences exist between plant tissues of different origin, there are key 

factors applicable to all matrices that play an important role in determining the extent of 

macronutrients digestion. These are related to CW properties (porosity, thickness) and 

cytoplasmic matrix architecture. The individual properties of each matrix will determine the 

rate and extent of nutrients digestion. However, by using the mathematical model developed in 

this thesis, starch (and other nutrients) digestibility could be predicted by knowing specific 

aspects of the plant matrix such as CW thickness and porosity. For instance, the digestibility of 

nutrients in cereal matrices can be predicted using this approach. The architecture of cereals 

cell wall (which has negligible amounts of pectin) makes individual cell isolation a very 

complicate and cumbersome process. We have tried to isolate individual cells from sorghum 

with unsuccessful results since a low yield of material was collected and contained a mixture 

of broken and intact cells as seen in Fig. 7-4. Recently, Bhattarai and others21 developed a 

method for isolating individual cells from cereal sources. This method, besides of being 

complex and time consuming, was also not able to successfully provide intact cells since the 

presence of partially broken and fragmented cells was unavoidable due to the similar size in the 

isolation range of single intact cells. Hence, the mathematical model could be of great use in 

this situation to understand the mechanism of starch (and other nutrients) hydrolysis in these 

matrices.  

 

Fig. 7-4. Light micrograph of isolated intact cells from cooked sorghum. Cell isolation was done after gentle 
abrasion of cooked sorghum endosperm followed by sieving in a wet sieve shaker. Despite of the extensive 
separation treatment, isolation of intact cells could not be obtained since free starch granules and broken cells 
could be identified in the micrograph.   
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Cell wall entrapment, an efficient system to reduce and delay starch digestion 

Due to the large incidence of metabolic disorders and obesity worldwide, in the last years a 

reduction in starch digestibility of foods has been focus of attention. Starch is a macromolecule 

that besides of providing energy, possesses techno-functional properties that have been widely 

exploited by the food industry. Therefore, the need of finding strategies to reduce or delay its 

digestibility has been of great concern for researches and industry. In that respect, and based on 

the evidence found in this thesis, plant cell encapsulation has a lot of potential since it is one of 

the most efficient ways to delay starch digestion but also to deliver part of it towards the large 

intestine for colonic fermentation. In the past, several strategies to reduce starch digestion were 

explored such as the use of starch granules with different structural and molecular properties 

(e.g. porosity, amylose content) or the application of mild thermal treatments to limit its degree 

of gelatinization. However, the practical implications of these strategies are limited especially 

for products of human consumption since thermal processes applied during food preparation 

will compromise those effects. Lately, other ways of inhibiting starch digestion have been 

proposed such as the use of polyphenols, to inhibit the activity of amylolytic enzymes. In-vitro 

experiments conducted using these compounds have proven their effectiveness in reducing the 

digestibility of starch rich matrices such as bread22. However, very high concentrations of 

purified phenolic compounds have been found necessary to achieve amylase inhibition that 

could not be provided by the concentrations of phenolic compounds naturally present in the 

diet. Furthermore, due to the nature of the inhibition (catalytic site mediated), in-vitro 

experiments might not be a good representation of physiological conditions in terms of 

additional pancreatic enzymes secretion as a physiological response of enzyme inhibition. This 

will not occur in case of starch entrapment by plant tissues since the mechanism behind the 

reduction in digestibility is not directly related to kinetic aspects of amylases but on the 

structural aspects of the CW encapsulating material. The resistance of plant tissue to digestion 

has already being demonstrated by few researchers proving again that they are very effective 

tools to delay starch hydrolysis and delivering substrates for microbial fermentation in the 

gut8,23.  

Implications for food design  

The resistance of starch encapsulated within intact bean cells makes them interesting 

ingredients for manufacturing starchy foods with a lower glycaemic index. The versatility and 

strength of legumes cells allows the production of bean flour that could be incorporated into 
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bread formulations as a partial replacer of cereal flour. Fully substitution of cereal flour by bean 

flour will not be desirable since organoleptic properties of the bakery products will be 

compromised. It is important to mention that to fully exploit this encapsulation strategy to 

produce low glycaemic index ingredients beans need to be subjected to thermal treatments 

before their conversion into flour to preserve their cellular integrity and subsequently the 

protective effect on starch. Milling of the bean cotyledons before thermal treatments will result 

in breakage of the cells with partial loss of the encapsulation effect. Furthermore, this 

encapsulation strategy can be extended to other grains, e.g. cereals and be exploited to produce 

bakery products with lower GI. This could be achieved by using flour made up of larger 

particles (cell clusters), i.e. containing a large fraction of intact cells. However, the reduction in 

starch digestion will largely depend on intrinsic properties of the matrix like cell wall thickness 

and composition. 

The cytoplasmic matrix of legumes is not only constituted by starch since (depending on the 

source) proteins and fats are also present. In the case of proteins, higher digestibility levels are 

desirable due to their essential role in human and animal physiological processes and since its 

fermentation in the large intestine is considered to have detrimental effects on health. Therefore, 

the knowledge gathered in this thesis could also be used to find strategies for increasing proteins 

digestibility. In this respect, we can infer that increasing the fraction of broken cells would 

increase protein digestibility. Another option could be increasing the pore size in plant tissues 

CW, which can be obtained by means of processing. However, this effect has been recently 

shown to be relatively less important for protein digestibility in intact cells24. Unfortunately, 

due to the simultaneous presence of starch and proteins in many staple grains, it is not possible 

to obtain a high digestibility for protein without increasing that of starch. Consequently, a 

balance must be reached to take advantage of this natural encapsulating system without 

affecting protein intake.  

Applicability in human and animal nutrition  

We believe that all the findings described in this thesis could be utilized by other fields of 

science besides Food Technology. The first and foremost field that can benefit from this 

knowledge is human (and animal) nutrition. Even though the food matrix is recognized as a 

factor that modulates the rate and extent of nutrients absorption, this concept is not entirely 

implemented in nutrition research. This could be clearly observed in intervention studies where 

the role of food structure is normally not considered. An accurate description of the structural 
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details of plant materials present in dietary interventions will facilitate the interpretation of in-

vivo trials that otherwise might provide counterintuitive results leading to inappropriate 

conclusions. In a similar fashion, the plant tissue structure should be considered as a relevant 

factor in the design of dietary interventions because its presence would determine the amount 

of nutrients and bioactive compounds that are absorbed. Moreover, since the nutrients that 

escape digestion in the small intestine are delivered to the colon; the structure of foods must 

also be considered for the design and interpretation of results in those studies aiming at 

investigating the link between plant tissues and microbiota since substrate utilization largely 

depends on the architectural composition and the interactions among the constituents of the 

matrix. Furthermore, it is important to consider that the presence of CW in plant tissues will not 

only hinder nutrients bioaccessibility but also will determine the degree at which they are 

affected by thermal treatments as what observed with proteins denaturation in Chapter 3. Thus, 

providing details on the way foods are processed in combination with information regarding its 

structural properties will further help understanding the observed outcomes.  

Moreover, the increasing evidence about the importance of food structure (as those provided in 

this thesis) in digestion should motivate nutritionists and dieticians to modify dietary guidelines 

and recommendations. Recently, a study published by Capuano, et al25 demonstrated that the 

caloric content of foods is affected by structural properties of the food matrix. In this study, the 

authors demonstrated that the digestibility factor normally employed for calculating the 

metabolizable energy provides an overestimation of the caloric content in foods rich in plant 

tissue matrices. Therefore, dietary guidelines should stress the importance of food structure and 

recommend the consumption of a diverse diet not only in terms of nutritional composition but 

also in structural properties. This will allow the consumers to make more conscious choices and 

hopefully shift their diets to more healthy alternatives.  

7.8. Future research 

In this thesis, we have used a multidisciplinary approach to understand the effects of plant tissue 

encapsulation in digestion and fermentation. The efforts made have brought new insights about 

the most important aspects that govern this effect. However, we believe that there is still plenty 

of space for optimization and research to bring more lights into understanding the system at its 

fullest.  In this section, we will discuss some of the things that we consider worth exploring.  
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7.8.1.  Validation of the mathematical model and extrapolation to other matrices 

We are confident that the model described in chapter 4 is one of the strongest contributions of 

this thesis to the scientific world. However, we believe that there is still room for improvement 

to increase its robustness. This could be achieved by validating the model with additional in-

vitro data using different legume sources (i.e. samples with different CW composition and 

permeability), different mixing regimes or rheological properties of digesta.  

Furthermore, even though the model presented here is limited to intact cells, it can be used as a 

starting point to describe more complex plant matrices, like cell clusters where encapsulated 

and non-encapsulated starch structures occur simultaneously. But also, the same approach 

based on Fickean diffusion can be applied to other types of structural barriers to starch (e.g. 

gluten network in pasta or bread) or even different types of nutrients digestibility (e.g. proteins, 

fats).  

7.8.2. Role of oral processing and salivary α-amylase 

One of the few studies that addressed the effect of oral processing of legumes on starch 

digestibility was mainly focussed on the mechanical process of mastication and its influence in 

digestion due to differences in the bolus particle size26. In this study, the authors concluded that 

the textural properties of legumes (after cooking) have a large effect on the particle size 

distribution of the bolus and, in turn, on starch digestion by pancreatic amylase. However, the 

effect of salivary amylase was excluded from that research since bolus samples were pre-

washed before in-vitro digestion. It is generally accepted that the activity of salivary α-amylase 

is not limited to the few minutes that food resides in the oral cavity. Instead, this enzyme has 

been found to be active for around 30 min after it reaches the gastric phase until the pH drops 

to values inferior to 3.027. This gives salivary α-amylase enough time to hydrolyse substantial 

amounts of starch present in the chyme. A recent study using wheat bread nicely demonstrates 

this issue since up to 80% of starch was hydrolysed in the first 30 minutes of gastric digestion28. 

In the case of plant tissues, very little is known about the effect of CW encapsulation on 

digestion of starch by salivary amylase. We believe that understanding how encapsulated starch 

is digested by salivary amylase would be of huge importance since this will determine the 

amount of starch reaching small intestine already pre-digested. Furthermore, it would also be 

interesting to determine if CW encapsulation serves as a protective layer that could extend 

amylase activity in the stomach for longer periods of time.    
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7.8.3. Effect of digesta rheological properties 

Another aspect that might be worth exploring is how physical factors like the viscosity of the 

intestinal lumen affects digestibility of starch within intact cells. Viscosity has been widely used 

as a strategy to reduce starch digestibility where some NSP, like β-glucan, has been recognized 

for such properties 29. However, most of the studies that have been performed to understand the 

effect of lumen viscosity have used systems in which the natural entrapment of starch has been 

lost. In some of these studies, it has been concluded that viscosity reduces starch digestibility, 

however maintaining high viscosity levels in the system is only possible at low shearing rates 

(below physiological values) 30. While in other cases, it was found that the interactions between 

some NSP and α-amylase were more efficient in reducing starch digestibility than viscosity 

itself 31. Furthermore, it was found that starch granules contribute to the viscosity of the lumen 

content since a decrease in viscosity has been observed as digestion proceeds and the granules 

integrity are lost. This is an interesting finding worth to explore using intact cells since no 

contribution to viscosity from starch itself is expected due to CW encapsulation. Moreover, we 

believe that by increasing the viscosity of the chyme, the effect obtained by the stagnant layer 

will also increase not only for enzyme diffusion but perhaps also for the diffusion of starch 

hydrolysis products out of the cells delaying even further starch digestion and absorption.  
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Summary 

The consumption of plant-based foods have been increasing in the last years. Such rise is related 

to health and environmental benefits provided by these food products. In this sense, legumes 

represent an important constituent of plant-based diets due to its high nutritional content which 

makes them a good option for replacing certain products of animal origin. One of the most 

interesting aspects of legumes are related to its low glycaemic index that have been shown to 

be beneficial for health, in particular to those segments of the population with metabolic 

disorders. It has been found that microstructural aspects of legumes are responsible of such 

effects since in these systems, starch is naturally encapsulated within a cell wall matrix of non-

starch polysaccharides. Therefore, it is essential to understand the mechanism by which those 

structures confer this low glycaemic index. Thus, in this thesis we have used red kidney beans 

as model systems to provide more insights about the role of plant-tissue structure in starch 

digestion.  

In chapter 2, in-vitro digestion of cotyledon cells with different levels of cell wall integrity 

were tested in order to understand starch hydrolysis when entrapped within this matrix. Three 

levels of structural integrity were investigated. The first one comprised samples where intact 

cotyledon cells encapsulated starch as normally occurring in cooked beans. The second type of 

sample represented an intermediate level of cell integrity since the thickness and porosity of the 

cell wall was modified by enzymatic treatment without affecting the integrity of the cytoplasmic 

matrix. The third type of sample was made up of cells whose structure was completely disrupted 

by the effect of mechanical treatments. Results indicated that by decreasing cell intactness, the 

rate of starch digestion increased. Moreover, it was also found that the cytoplasmic matrix, 

constituted by starch embedded in a protein matrix, reduced further the accessibility of amylase 

affecting also the rate of starch digestion. Finally, it was confirmed that structural changes in 

intact cotyledon cells occurring during digestion had no effect in starch hydrolysis.   

Since proteins were also encapsulated within a cell wall matrix, it was interesting to explore 

how its digestibility was affected by the physical entrapment (chapter 3). It was observed that 

cell wall encapsulation limited protein denaturation induced by thermal treatment causing a 

reduction in digestibility. High amounts of an indigestible protein fraction were identified when 

proteins were cooked during cell wall confinement. Disrupting cell wall integrity after applying 

thermal treatments did not increase the extent of protein digestion indicating the resistance of 
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this fraction. Furthermore, opposed to what found for starch, protein digestion was found to be 

unaffected by the presence of starch granules in the cytoplasmic matrix. 

In chapter 4, a mathematical model was developed to provide a mechanistic explanation about 

the digestibility of starch when confined within an intact cell wall matrix. The process behind 

the digestibility of starch entrapped in bean cells consisted of a series of steps that started with 

the diffusion of α-amylase through the cell wall. It was found that the porosity and the 

interaction of amylase with cell wall constituents limited enzyme diffusion. As a result, lower 

amount of enzymes were available within the cell causing a reduction in starch digestion. The 

model was validated using in-vitro starch digestion data with very accurate results. This 

approach provided a useful tool to understand the effect of plant-tissue encapsulation in starch 

hydrolysis. 

The following chapters of this thesis were designed to understand the effect of food structure 

in colonic fermentation. In chapter 5, the simulator of the human intestinal microbial 

ecosystem (SHIME®) was used to determine the fate of starch fermentation when entrapped 

within a cell wall matrix. The results indicate that during the first days of fermentation, 

encapsulation reduced the amount of starch fermentation compared to a sample where cell 

intactness was disrupted. However, after 12 days of fermentation, the amount of starch utilized 

by the microbiota was comparable to a sample devoided of cell wall entrapment. Furthermore, 

it was also observed that bean supplementation changed the composition of the microbiota 

present in the three colon regions where a higher relative abundance of Bifidobacterium was 

identified independently of the structural properties of the sample.  

In chapter 6, by using a batch fermentation model, we studied the efficiency of the microbiota 

present in each colonic region and assessed the changes in fermentation due to microbiota 

adaptation to bean cells. For the former, by providing equal amounts of substrate to colonic 

microbiota it was possible to determine that bacteria present in the descending colon was the 

most efficient in fermenting carbohydrates. This indicated that the high amounts of protein 

fermentation observed in-vivo are probably due to carbohydrate depletion instead of a 

preference of microbiota to utilized protein. As for the later, the effect of microbial adaptation 

was studied by using inocula obtained from the SHIME® system before and after 12 days of 

exposure to intact bean cells. It was found that bacterial adaptation to substrate increased 

fermentation efficiency since higher amounts of gas were produced. However, it was found that 
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structural integrity of bean cells affected the rate of starch utilization independently of the type 

of microbiota utilized.  

Finally, in chapter 7 all the findings provided in this thesis were discussed. A summary of the 

most important results were stated together with an overview of their potential applicability by 

other scientific fields and industry. Furthermore, the methodological approach was evaluated 

and its limitations were described. This section ends with an overview of the ongoing challenges 

that could not be covered in this thesis and suggest a direction for future research.  
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