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Abstract 18 

This review aims at emphasizing the role played by physical characteristics and physico-19 

chemical properties of food matrix on the digestive and metabolic fate, and health effects of 20 

grain products. It is today obvious that the food matrix conditions the health effects of food 21 

products and that we are able to modify this matrix to control the digestive fate of foods, and 22 

the metabolic fate of nutrients and bioactive compounds (reverse engineering). In other 23 

words, there is no more to consider nutrition in a quantitative perspective (i.e., a food is a only 24 

sum of macro-, micro- and phyto-nutrients) but rather according to a qualitative perspective 25 

involving concepts of interaction of nutrients within the matrix, of enzymatic bioaccessibility, 26 

bioavailability and metabolic fate in relation with release kinetics in the gastrointestinal tract, 27 

and food nutrient synergy. This new perspective on the food health potential also reflects the 28 

urge to consider preventive nutrition research according to a more holistic and integrative 29 

perspective after decades of reductionist researches based on the study of the health effects of 30 

food components in isolation. To illustrate the importance of food structure, a focus has been 31 

made on grain-based products such as rice, leguminous seeds and nuts, and on soft 32 

technological treatments that preserve food structure such as pre-fermentation, soaking and 33 

germination.  34 
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1 Introduction: a little history 35 

In 1977, Haber et al. (1977)1 showed in healthy subjects that glycemic response after 36 

consumption of apples as whole, puree or juice was all the more faster than the food matrix 37 

was unstructured and satiety decreased parallel to the disintegration. It is known that, 38 

depending on the kinetic of arrival of carbohydrates in the blood, metabolic response is very 39 

different. In addition, an increased satiety contributes to a better control of food intake and 40 

ultimately weight. Today, we talk about rapid or slow sugars, this latter property being used 41 

by diabetics in their food choices in order to better regulate their blood sugar and insulin 42 

levels. In 1986, a study went in the same direction by showing that the act of swallowing 43 

foods rich in carbohydrates (sweet corn, apple, white rice and potatoes), rather than chewing, 44 

significantly reduced the glycemic response, the effect being similar to the administration of 45 

slow carbohydrates.2 Finally, in 1991, similar results were obtained in humans following 46 

consumption of pasta or bread made from the same starting ingredient, i.e., durum wheat, 47 

pasta resulting in reduced glycemic and insulin response - i.e., hormonal - compared to bread.3 48 

Thus, the nutritional property is not contained in the durum wheat as such but in the food 49 

matrix shaped by the technological process. These three studies clearly show that, at 50 

somewhat constant carbohydrate composition, the nature of the food matrix significantly 51 

affects the metabolic response, then the health effect; and therefore that food is not only the 52 

sum of its nutrients but a structured matrix that contributes to metabolic and health effects. 53 

It was only much later that we became interested in other nutrients than carbohydrates 54 

such as lipids and proteins. The concept of slow and fast proteins was thus proposed for the 55 

first time in 19974. Boirie et al. (1997)4 have shown that according to the physicochemical 56 

properties of the protein assemblies that are casein and whey, the rate of occurrence of amino 57 

acids in the plasma was not the same with a significant effect on the rate of postprandial 58 

protein synthesis. Concerning lipids, two years later, Armand et al. (1999)5 showed that, 59 
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depending on the size of lipid emulsions of identical chemical composition, the rate of 60 

digestion was not the same with metabolic consequences resulting in significant potential 61 

applications in enteral nutrition for individuals with pancreatic insufficiency and a deficiency 62 

of the enzyme lipase. 63 

Besides the main macronutrients that are carbohydrates, proteins and lipids, for other 64 

compounds such as vitamins, minerals and phytonutriments (e.g., polyphenols and 65 

carotenoids), we now know that for most of them there are both linked (to other compounds 66 

of the food) and free moieties. It is also known that depending on the nature of these 67 

interactions, speed and location of micronutrient absorption may differ. So there is only one 68 

step to broaden the concept of rapid and slow carbohydrates to all nutritional compounds in 69 

food. For example, ferulic acid - a polyphenol - is usually present both in free (~1-5%) and 70 

bound (~95-99%) form in whole grains. But each fraction has a different digestive fate with 71 

different metabolic modes of action, and therefore different health effects, so one can also 72 

almost define ‘slow’ and ‘rapid’ ferulic acid.6 However, except for carbohydrate - particularly 73 

starch - today one is very far from being able to unravel what are the long-term health effects 74 

according to the release kinetics of a particular nutrient. 75 

Therefore, it is no longer sufficient to modify the chemical composition of a food to 76 

alter its health effect: the physical structure and physicochemical properties of the matrix must 77 

also be taken into account. Yet, this shift from a quantitative nutrition (i.e., a food is a sum of 78 

nutrients) to qualitative (i.e., a food is a complex matrix that affects its health value) is 79 

relatively recent; and it is only recently that gradually emerges at the international level this 80 

awareness by the community of researchers in nutrition and food science. As a result, today, 81 

technologists search for controlling the physicochemical characteristics of the food matrices 82 

through process technology to control and optimize the health effect of foods (e.g., the degree 83 

of starch gelatinization, the degree of fibre solubility when incorporated into the food matrix 84 

Page 4 of 61Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



5 

 

or the nature of the molecular interactions between nutrient).7-9 This process is called reverse 85 

engineering, i.e., the process that consists of first defining the desired health effect to 86 

secondarily design the food in a reverse way. 87 

In the past, nutritionists were first concern whether or not a food contains a given 88 

nutrient, generally considered ‘good’ or ‘bad’ for health. Then we thought that all was 89 

digested in the gastrointestinal tract without really worrying about the kinetics of release of 90 

nutrients. But today we know that all the constituent elements of a food are not 100% 91 

bioavailable - a fraction thus arrives at the colon - and that their release kinetics can greatly 92 

impact the overall health effect of food. Today, research teams in Food Science applied to 93 

Nutrition tend to consider the food not as a set of isolated compounds, but as a sum of nested 94 

components, interacting with each other, but also with other foods and diet components.10 95 

This latter perspective is now to link with health effects. This trend also reflects the tendency 96 

to consider the nutrition research according to a more holistic and integrative perspective after 97 

decades of reductionist research based on the study of the health effects of food components 98 

in isolation.11,12 The reductionist approach has led to the development of functional foods often 99 

enriched in one compound recognized as improving a given physiological function.13 This has 100 

not prevented the development of the growing prevalence of unbalanced diet-related chronic 101 

and/or metabolic diseases such as obesity, diabetes, cardiovascular disease, hepatic setatosis, 102 

osteoporosis and cancer.12 103 

The main objective of this review is therefore to discuss the influence of physical 104 

and/or physicochemical properties of food matrices on their digestive and metabolic fate and 105 

their health effects. Grain-based foods (cereals, legumes, nuts and seeds) are chosen as 106 

examples since, among food products, they possess the more solid, structured and compact 107 

food structure. In other words, the objective is to highlight that the food matrix, beyond the 108 

mere chemical composition, primarily determines the health food effect. There is no more to 109 
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consider nutrition in a quantitative but qualitative perspective involving notions of interaction 110 

of nutrients within the matrix, the notions of enzymatic bio-accessibility, digestive 111 

bioavailability and metabolic fate depending on release kinetics within the gastrointestinal 112 

tract. First, we will briefly define what bioavailability means in nutrition science, notably as 113 

opposed to bio-accessibility. 114 

 115 

2 From bio-accessibility to health effects 116 

It is not enough that the food contains a particular beneficial nutrient so that it is fully utilized 117 

by the body. Between the food ready for consumption and its health effects, there is digestive 118 

fate, bio-accessibility of its components, their intestinal and/or colonic absorption, their 119 

metabolism and finally a potential health effect, namely the bioavailability (Fig. 1). The ‘path’ 120 

is long and the percentage of the compound that actually have an effect on the body is very 121 

difficult to determine accurately as shown by the few sensu stricto bioavailability studies 122 

conducted in humans, i.e., using radioactive compounds, such studies being expensive. 123 

Notably, the access to the human digestive tract is complicated and does not easily and 124 

accurately allow determining bio-accessibility of dietary compounds. 125 

We can distinguish four key steps of food compound fate in the human body (i.e., 126 

bioavailability): bio-accessibility at the level of gastrointestinal tract, intestinal absorption, 127 

metabolism and final health effect. These four steps primarily depend on both the physical 128 

structure and initial physicochemical properties of the food matrix (Fig. 2) and physiological 129 

parameters of digestion involving the degree of chewing, gastric emptying rate and time, the 130 

viscosity of the bolus and/or hormonal parameters. At this point, some definitions are needed 131 

to understand the issues that link structure of the food matrix and health effect. But back first 132 

briefly on the concept of food matrix. 133 

 134 
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2.1 The food matrix 135 

Recall that the term ‘matrix’ comes from the Latin word matricis, the latter being derived 136 

from mater meaning ‘mother’. Thus, a matrix is an element that provides support or structure 137 

and that is used to surround, to replicate or build. In the case of food, the matrix thus serves as 138 

a carrier or vehicle for bioactive food components. In addition, in the words of Parada and 139 

Aguilera (2007)14: “The concept of a “food matrix” points to the fact that nutrients are 140 

contained into a larger continuous medium that may be of cellular origin (in fruits and 141 

vegetables) or a microstructure produced by processing, where they may interact at different 142 

length scales with the components and structures of the medium" (page R22). Food matrices 143 

are either of natural or synthetic origin as a result of technological treatment applied (Fig. 2). 144 

Milk, although being a beverage, is therefore regarded as a full food matrix because 145 

interactions between nutrients exist and are likely to influence their release into the digestive 146 

tract. 147 

Depending on the structure and physicochemical properties of the matrix, macro- and 148 

micronutrients will be more or less bio-accessible, then bioavailable. How nutrients are 149 

released into the digestive tract and then absorbed has a very significant impact on their 150 

metabolic fate, and therefore on long-term health. In a nutritional perspective, it is important 151 

to differentiate the four key steps listed above and not confuse them as has been done in the 152 

past: indeed, the proportion of the nutrient contained in the matrix and bio-accessible in the 153 

digestive tract is not necessarily equal to the fraction that will exert a health effect, i.e., the 154 

bioavailable fraction. 155 

 156 

2.2 Biovailability 157 

Duchateau and Klaffke (2008)15 defines ‘bioavailability’ as follows: “Bioavailability captures,  158 

in  a  single  value,  the  dose fraction  of  a  substance  entering  systemic  circulation  to elicit 159 
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the intended physiological function upon reaching the target  site" (page 207). According to 160 

Parada and Aguilera (2007)14, the bioavailable fraction of an ingested compound is "the 161 

fraction of ingested nutrient that is available for utilization in normal physiologic functions 162 

and for storage" (page R22). The concept of bioavailability therefore implies the notion of 163 

physiological target to be reached by the bioactive compound. It is understood that bio-164 

accessible fraction of a nutrient may not fully reach its target. This definition of Parada and 165 

Aguilera is the most accepted definition. 166 

 167 

2.3 Bio-accessibility 168 

Before being able to exert a beneficial effect in the body, a given nutrient or bioactive food 169 

compound must first be bio-accessible within the food matrix. And, in most cases, it is far 170 

from 100 % of the compound. According to Parada and Aguilera (2007)14, bio-accessible 171 

fraction of a compound is "fraction that is released from food matrix and is available for 172 

intestinal absorption (typically based on in vitro procedures)" (page R22), but, should we add, 173 

also for the colonic absorption concerning some compounds, e.g., minerals. Due to the 174 

obvious difficulties to access the human digestive tract, this fraction is usually measured by in 175 

vitro digestive systems. Thus, generally, in research articles reporting studies conducted with 176 

in vitro digesters, the term ‘bio-accessible’ and not ‘bioavailable’ should be used. We now 177 

understand the key role played by the food matrix but also the digestive process, including 178 

mastication that partly deconstructs the food matrix, the physicochemical conditions of 179 

digestion such as gastric acidity and stomach emptying rate which depends in part on the size 180 

of the food particles coming from mastication. There are compounds in free form that can be 181 

easily released from the food matrix as soon as the mastication step; then there is less 182 

accessible compounds that become more accessible due to the erosive action of digestive 183 
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enzymes. The residence time in the mouth, stomach and small intestine plays a very important 184 

role vis-à-vis enzymatic bio-accessibility, each step indeed involving enzymatic actions. 185 

For example, chewing time is critical: a food only chewed a little arrive in the stomach 186 

in the form of particles with greater size than if chewing would have been longer16; 187 

accordingly, particle size influences both the rate of gastric emptying toward small intestine 188 

and stomach enzyme action via pepsin and gastric lipase, but also via salivary α-amylase that 189 

may continue to act in the stomach as long as the pH is not too acidic, for example into 190 

swallowed food bolus.16 191 

 192 

2.4 Intestinal absorption and metabolic effects 193 

Any fraction bio-accessible in the gastrointestinal tract may not be fully absorbed. For 194 

example, raw banana starch digestion releases dextrins which are not absorbed.17 Indeed, 195 

banana starch is uncooked and its digestion may be long so that all products of digestion have 196 

not time to be absorbed, and reach the colon.  197 

The metabolic effect of a given nutrient can be therefore defined as the physiological 198 

effect resulting from a compound having reached its intended target(s), namely a specific 199 

metabolic function such as antioxidant, glycemic or anti-inflammatory effect. The ‘metabolic’ 200 

fraction is actually that used by the body; and metabolic effect strongly depends on the 201 

fraction absorbed (Fig. 1). 202 

 203 

2.5 Health effects    204 

Considering the health effect of a food compound allows going beyond just the metabolic 205 

effect. The health effect of a compound could thus be defined as the potential of the 206 

compound to reverse metabolic deregulated or disturbed functions in a positive direction, in 207 
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other words metabolic functions outside the normal (e.g., increased oxidative stress, 208 

hyperglycemia, hyperhomocysteinemia, increased inflammatory status, etc.). 209 

To be complete, this definition should also include the fact that the compound may 210 

simply participate in the functioning of a non-deregulated physiological function. 211 

Therefore, the health effect depends on the metabolic fate of the compound, the 212 

amount reaching the physiological target and the physiological status of the individual (Fig. 213 

1). In other words, is the individual already subjected or not to one or more diet-related 214 

chronic diseases (e.g., obesity, diabetes, osteoporosis, hepatic steatosis, cancer and/or 215 

cardiovascular disease) or is it healthy (preventive nutrition)? In either case, the fraction of the 216 

compound providing a real health effect will therefore not be the same. Through these 217 

theoretical definitions, we understand that there is a huge difference between the amount of a 218 

nutrient in a food and the amount that has a real health effect. 219 

Thus, beyond agronomic conditions and/or breeding, the main ways to act on the 220 

health value of a food are shaping its food matrix via processing (e.g., compactness, nutrient 221 

interaction, adding soluble or insoluble fibre) or the modification of the digestive physiology 222 

(e.g., satiety feeling, degree of mastication, gastric emptying rate, viscosity of the digesta). 223 

However, changing the digestive physiology is mainly realized via food: all therefore comes 224 

down to food design and formulation. 225 

 226 

2.6 Conclusions 227 

The food matrix is therefore a complex structure whose key parameters that affect the 228 

digestive fate of nutrients in the digestive tract are not well known. The exception is starch18 229 

and agro-food industry today knows how to use technological methods to increase the slowly 230 

digested and/or resistant starch fractions of foods.  231 
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After these theoretical considerations, the effect of grain-based food matrices type on 232 

their digestive fate and health effects will be addressed. Indeed, cereals, legumes, nuts and 233 

seeds well illustrate the effect of the food matrix on its health effects. 234 

 235 

 236 

3 Impact of grain food matrices on their digestive fate and health 237 

effects 238 

3.1 Grain-based products and food structure levels 239 

The main grain-based foods are cereals (e.g., wheat, rice and maize), pseudo-cereals (e.g., 240 

quinoa, amaranth and buckwheat), legumes (e.g., beans and lentils), nuts (e.g., walnuts and 241 

almonds) and oilseeds (e.g., linseed and sunflower seeds). Some grains, such as rice, staple 242 

food of more than half the world's population, and legume seeds (lentil, bean, chickpea, bean, 243 

etc.) are mostly consumed as whole grains not previously processed into flour or meal.  244 

Grain-based foods are generally considered rich in starch, the main source of energy 245 

for humans. But this applies especially to cereal grains (~73 g/100 g). Legumes and oilseeds 246 

are characterized by their high protein (~26 g/100 g) and fat (~55 g/100 g) content, 247 

respectively (Table 1). The ingestion of cereal grains and legumes in the body causes a 248 

glycemic response resulting in an increase then a decrease in blood sugar level. The intensity 249 

and duration of the glycemic response vary depending on parameters related to the food but 250 

also to subject. On the basis of this difference in use by the body of dietary carbohydrates, 251 

Jenkins et al. (1981)19 introduced the concept of glycemic index (GI) to characterize and 252 

quantify the glycemic response after consumption of different carbohydrate sources. The GI 253 

measures the evolution of the glycemic response after consumption of a test food with 254 

reference to glucose or white bread. However, the use of glucose as a reference is more 255 

relevant than white bread because its manufacturing differs across countries.20 This has 256 
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resulted in ranking foods into three categories according to the value of GI obtained: high GI 257 

(> 70), low GI (< 55) and moderate GI (55 < IG < 70). 258 

I will focus here to show that, in addition to their nutrient composition, the structure of 259 

the grain-based food matrix also influences their nutritional properties. All food will not 260 

obviously be addressed and I will focus on some low (rice, legumes, oilseeds and nuts) and 261 

highly (breakfast cereal and biscuits) processed grain-based foods. Because bread20 and 262 

pasta21-23 have already been the subject of many papers, these two products are not presented 263 

here. 264 

There are several levels of scale in the structure of foods derived from grains and seeds 265 

that may influence the digestive fate of nutrients. The structure will be discussed from the 266 

molecule (molecular level) until the particle size of the food during digestion (macroscopic 267 

scale), through interactions between the different starch, protein and fibre fractions 268 

(microscopic scale). Changes of food structure are derived from changes in product 269 

formulation (e.g., adding fibre, adding legume flour, etc.) and/or parameters of manufacturing 270 

processes (e.g., water content, temperature and pressure). In addition to changing the digestive 271 

fate of starch, the main component of cereal grains or starchy processed foods, the 272 

structuring/shaping of a food can also cause changes in the digestive fate of its other 273 

components such as protein, fat and fibre. 274 

 275 

3.2 Cereal products 276 

The relationship between physical structure and health effects of grain products has mainly 277 

been studied through their GI. 278 

 279 

3.2.1 Rice grain 280 
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Compared to glucose, glycemic index of rice under the form of grain varies from 32 281 

(Bangladeshi variety, traditionally parboiled, 27% amylose) to 139 (Turkish, white, low 282 

amylose, boiled).24 Based on the values reported in Foster-Powell et al. (2002)24 tables, it 283 

appears that the GI is highly dependent on the amylose content and cooking time; which 284 

seems logical enough: amylose is less accessible to α-amylase than amylopectin because of a 285 

more compact structure, and a longer cooking time increases the degree of starch 286 

gelatinization, so its water content and its accessibility to α-amylase. 287 

Such an explanation was partly supported by in vitro digestion studies. First, Wang et 288 

al. (2012)25 showed with ten rice cultivars that rice amylose contents, gel consistency and 289 

gelatinization temperatures have significant correlation with the resistant starch contents. 290 

However, while the amylose contents could not serve as an indicator to predict starch 291 

digestion, cohesiveness has a significant positive correlation with starch digestion index.25 In 292 

seven rice mutants different in resistant starch contents, the degree of hydrolysis showed 293 

significant correlation with resistant starch, apparent amylose content, lipid content, and other 294 

starch physiochemical properties (gelatinization enthalpy and protein content).26 However, 295 

digestibility was affected mostly by lipid content for mutants with similar resistant starch 296 

content. Finally, the integrity of aggregated starch and numbers of round granules observed 297 

after cooking contributed greatly to slow starch digestibility.26 Second, cooking treatment (or 298 

thermal history) is an important factor influencing digestion process of rice with pre-soaking, 299 

higher water-rice ratio, or longer cooking time favoring higher digestion rate.27 300 

Although a high proportion of amylose in a grain of rice is usually associated with 301 

lower GI, it appears that the porosity of the rice grains after cooking also plays an important 302 

role: thus, three varieties of amylose-rich rice give very different GI of 61, 72 and 91; 303 

differences that the authors relate to different degrees of hydration as unraveled by 304 

microscopic observations showing more voluminous spaces for water within the matrix of the 305 
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rice with the highest GI.28 Otherwise, polishing brown rice (with external envelopes) into 306 

white rice does not really cause any significant difference in GI, which remains at around 70.29 307 

The nutritional benefits of brown rice are therefore based primarily on fibre and protective 308 

micronutrients contents from the outer layers of the grain. Finally, cooking methods may also 309 

influence rice starch digestibility in the following order for the highest degree of in vitro 310 

digestibility: autoclaving > electric cooker > microwave oven > stone pot.30 311 

These results clearly show that, contrary to common belief, rice is not necessarily a 312 

source of slow carbohydrates and may in some cases be a source of very rapid carbohydrates. 313 

Its average GI (73 ± 4) remains higher than that of pasta (means of ~50)29 and is highly 314 

dependent on technological processes used in its preparation. 315 

Finally, in addition to the effects of technological processes, the degree of chewing has 316 

recently been shown to significantly influence the glycemic response to 30 minutes after 317 

ingestion of rice, highlighting the role of particle size - and therefore by the degree of integrity 318 

of the physical structure of the food matrix - on physiological effects.31,32 319 

 Concerning rice digestive process within intestine, studies have been conducted in 320 

vitro or in pigs. No study in humans could have been found. In pigs, Bornhorst et al. (2013)33 321 

reported that brown and white rice follow distinct breakdown patterns during gastric 322 

digestion, bran layer of brown rice influencing its breakdown. This accounts for a slower 323 

protein emptying in pigs that had consumed brown rice compared to white rice.34 In addition, 324 

it was previously observed that “the bran layer of brown rice had a profound effect on its 325 

gastric digestion, as it inhibited the absorption of moisture and acid leading to decreased 326 

texture degradation, thus delaying the rice disintegration as well as dissolution and slowing 327 

emptying of solids” (page E450).35 Thus, non-starch polysaccharide enzymes significantly 328 

increased the digestibility of dry matter, and crude protein in early rice grain and brown rice 329 

by 16.3 and 27.5%, and 9.1 and 26.4%, respectively.36 330 
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 331 

3.2.2 Other cereal grains 332 

Other minimally processed grain products and/or incorporating more or less whole grain are 333 

sweet corn (GI ≈ 52), wheat consumed in the form of grain (e.g., Ebly®, GI ≈ 52), couscous 334 

(GI ≈ 65), bulgur (GI ≈ 48) muesli (GI ≈ 57) and breads containing more or less intact cereal 335 

grains (mainly consumed in the Scandinavian countries, GI ≈ 53). Their GI is generally less 336 

than 70 and usually around 50,24,29 making them a good source of slow carbohydrates. 337 

 338 

3.2.3 Breakfast cereals 339 

Breakfast cereals are products widely consumed worldwide in many different forms. Their 340 

study is interesting because unlike the products mentioned above, they are often highly 341 

processed and will, in contrast, further emphasize the importance of the structure of the food 342 

matrix on its health effects. 343 

One notes that the more drastic are the technological treatments applied to breakfast 344 

cereals during their manufacture the higher their GI is, mainly due to a significant breakdown 345 

of the physical structure of the initial grain matrix of cereals used. Thus, while the porridge 346 

and muesli - that contain little processed cereals - have GI lower than 70 (moderate GI),24 347 

puffed or flaked cereals have higher GI because of the disintegration of the starting matrix, 348 

strong starch gelatinization and the addition of simple sugars (GI generally > 70).24 349 

 350 

3.3 Leguminous seeds 351 

If there is a food group to which the physical structure of the food matrix plays an important 352 

role in the nutritional and health value, it is that of legumes. In our Western countries, these 353 

are generally consumed directly after soaking followed by a long cooking time in boiling 354 

water. 355 
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The matrix structure of legumes before consumption is very different from that of 356 

cereals having generally undergone several processing steps. The seeds are composed of a 357 

plurality of cells each constituted by a cell wall encapsulating starch granules more or less 358 

gelatinized and protein clusters (Fig. 3A). The rigidity of the cell walls limiting the diffusion 359 

of water to the starch during cooking is responsible for the partial swelling and gelatinization 360 

of the starch grains.37 In beans, rich in amylose, partial gelatinization retains the crystalline 361 

structure of starch.38 At ileum level in humans, the barrier effect of the cellular structures is 362 

illustrated by the presence of intact bean cotyledon cellular structures - that is to say having 363 

retained their physical integrity - and the absence of starch grains released from the cells.38 364 

The conservation of the physical structure of the beans is also observed in vitro after 4 365 

hours of digestion (Fig. 3B).39 As a barrier to digestive enzymes, the cell walls are more 366 

effective than the protein network in pasta. Although this latter surrounds the starch granules, 367 

it is degraded in the digestive tract by pancreatic proteases.40 368 

The combination of a physical barrier to enzymatic accessibility of the starch by α-369 

amylase and a partly gelatinized starch explains the very slow and gradual release of glucose 370 

from legume starch in the blood. It is not surprising that the GI of legumes is generally among 371 

the lowest of all the foods, namely between 10 and 50, most often between 30 and 40.19,24 372 

In addition to the slow digestion of starch, a significant fraction of the latter is not 373 

digested and reaches the colon intact: an estimate made in intubated healthy subjects (to 374 

recover the digestion products of white beans at ileum level) showed that about 17 % of the 375 

starch was not digested.38 This value is close enough to the levels of resistant starch measured 376 

in vitro.41 Samples collected from the stools show that starch and fibre are fermented in the 377 

colon, starch being finally degraded to almost 99%.38 This is not surprising, the cell walls 378 

being composed primarily of dietary fibre fermented in colon. 379 
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Legumes also contain anti-nutrients such as phytic acid, lectins, α-galactosides, 380 

inhibitors of trypsin and chymotrypsin and tannins. Some, such as bean tannins, can 381 

contribute to inhibit the digestion of carbohydrates by inhibiting the enzymatic activity of α-382 

amylase, maltase, saccharase and lactase, and thus affect intestinal absorption of glucose.42 383 

These anti-nutritional factors may also interact with the proteases and reduce protein 384 

digestibility.43 Indeed, tannins can weaken the digestibility of the proteins forming tannins-385 

proteins complexes that reduce the bioavailability of the amino acids. 386 

Legume-based foods therefore prove to be very interesting from a nutritional point of 387 

view, particularly because they are cheap sources of protein, carbohydrates, fibre and many 388 

phyto- micronutrients.44 They are also easy to store for long periods and can be cooked by the 389 

majority of the world population. Unfortunately, today they are mainly consumed in 390 

developing countries, their preparation time - among other factors - being unsuited to Western 391 

lifestyles. 392 

 393 

3.4 Nuts and oleaginous seeds 394 

Oilseeds are the third category of foods consumed as grain after cereals and legumes. They 395 

are characterized by a high lipid content ranging from 40 (flaxseed) to 70% (pecans) with an 396 

average around 55% (Table 1). Their digestive fate has been very little studied, except the 397 

almonds in relation to different physiological effects (oxidative stress, glucose, insulin, 398 

satiety). It should be known that almonds, with other types of nuts and oilseeds, can reduce 399 

serum LDL cholesterol levels45 and therefore cardiovascular risk46, although yet considered as 400 

important sources of energy. The synthesis of detailed results for this seed can be considered 401 

fairly representative of the digestive fate of other seeds of the same type which are of closed 402 

composition and physical structure. 403 
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As for legumes, it is especially the preservation of the physical structure of almonds 404 

during digestion which provides positive nutritional effects (Fig. 4A-D). 405 

It is thus observed, in subjects consuming almonds, intact cotyledon cells in the feces 406 

which encapsulate lipids.47 The cell walls are therefore a very significant factor limiting 407 

enzyme bio-accessibility then the digestion and absorption of lipids.47 Furthermore, an 408 

increase in the proportion of almond in a composite meal is correlated with a decrease in 409 

blood glucose response.48 The effect could be explained by the joint action of reducing the 410 

rate of gastric emptying and increasing of fibre content of the meal.48 However, almonds 411 

containing mostly insoluble fibre, the effect is likely to be attributed to anti-nutritional factors 412 

associated with fibres (e.g., inhibitors of α-amylase activity),48 and now designated by the 413 

more positive term of ‘fibre co-passengers’.49 Finely ground almonds show the higher  414 

percentages of release of lipids (39%), protein (45%) and vitamin E (44%) after duodenal 415 

digestion, these percentages portending the fundamental role played by the physical structure 416 

of the food and in particular the plant cell wall as a physical barrier to the release and 417 

digestion of nutrients. Thus, the less almonds are chewed, the more fecal fat excretion, the 418 

greater the feeling of satiety and the more slowly the level of plasma insulin declines.50 419 

In addition, the particle size significantly influence postprandial blood hormonal 420 

response in GLP-1 (glucagon-like peptide-1) which is lower after 25 compared to 40 chews.50 421 

Finally, more recently, it was shown that there was no effect of the type of grinding almonds 422 

(whole, sliced or ground, < 0.5 mm) on blood lipid and α-tocopherol levels after 4 weeks of 423 

consumption in hyperlipidemic subjects, chewing probably having leveled the differences in 424 

size of the ground particles.51 425 

It is interesting to note that, as for almonds, Traoret et al. (2008)52 found higher fat and 426 

fecal energy losses after eating whole peanut seeds compared with peanut oil, butter or flour, 427 
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demonstrating a probably reduced nutrient availability. These results suggest that all oilseeds 428 

could exhibit quite similar digestive fate and nutritional properties. 429 

 430 

3.5 Conclusions 431 

Compared to cereals consumed as grains (i.e., only a little transformed), legumes and oilseeds 432 

(e.g., almond) usually keep a longer physical structure intact during digestion, giving them 433 

protective nutritional effects. This effect is attributed to the highly resistant cell walls of these 434 

seeds. The slow, gradual and partial degradation of their starch fraction is interesting from 435 

several points of view to health, especially for diabetics who find a relevant food to reduce 436 

and better manage their postprandial glucose. Thus, legumes have been used to enhance the 437 

nutritional quality of pasta providing complementary nutrients to wheat (e.g., amino acids) 438 

while maintaining a progressive hydrolysis of starch.53,54 Legumes also promote satiety55 and 439 

therefore help to avoid snacking between meals, allowing better control of food intake and, 440 

ultimately, better control of weight gain. The increase satiety by preserving the physical 441 

structure, as for legumes and almonds, is certainly one of the key parameters to be studied in 442 

more foods, especially by comparing the evolution of satiety according to their structure or 443 

the size of their particles. 444 

It is clear, through the example of legumes, that one cannot be based solely on the 445 

chemical composition of food to assess its health effect. The physical structure of the matrix 446 

interacts to qualitatively change the digestive fate of its nutrients. 447 

The relation linking the structure of foods derived from grains and seeds and the 448 

effects on blood glucose is difficult to establish because of the number and the variety of 449 

factors that may be involved. They can be related to food (composition and structure), the 450 

physiology of the digestion and the intra and inter-individual variability. The health status of 451 

the individual (healthy or diabetic) is also involved in the way glucose is used by the body.56,57 452 
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In this context, it is extremely difficult to predict the in vivo digestive fate of a food by 453 

in vitro methods that cannot simulate all the parameters influencing the digestion of starch in 454 

vivo.58,59 Efforts are now being made to improve these methods and couple them with 455 

mathematical models estimating the reality to the closest.60 456 

From the viewpoint of the food, if it is desired to ultimately direct its shaping to 457 

control the digestive fate of starch, it is important to characterize the food matrix at the 458 

various scales of structure and at all stages of life of food (production, preparation, storage, 459 

chewing, gastric and intestinal fates) and connect this structure to data digestibility. Variations 460 

in the structure of a starchy food can be obtained by changes in the formulation (additions of 461 

fibre, legumes, etc.) and/or in the technological processes, which may have additive or 462 

antagonistic effects. The shaping, however, should not affect the nutritional quality of the 463 

food (e.g., loss of essential amino acids) or safety (allergenicity). 464 

 465 

 466 

4 Slow carbohydrates, pre-hydrolysis and pre-fermentation of grain 467 

products 468 

The nutritional quality of plant-based foods can be improved by many more or less drastic 469 

technological processes. Among the drastic methods are especially distinguished extrusion 470 

cooking and refining. These two treatments usually decrease the nutritional value of plant 471 

products by drastically reducing the levels of bioactive compounds of interest (reducing 472 

nutrient density) through refining or by deconstructing the original food matrix and gelling 473 

starch excessively (extrusion-cooking at high pressures). Today, less drastic technological 474 

treatments are sought to preserve both the physical structure of plant products (effect on 475 

satiety) and nutrient density of bioactive compounds such as fibre, vitamins, minerals and 476 

phytonutrients. Moreover, due to the functional properties of certain ingredients, we know 477 
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how to make more slowly digestible starch (slow carbohydrates) to reduce the glycemic 478 

response. Among technological treatments reported as less drastic or as preserving a certain 479 

naturalness of the food, pre-fermentation and/or germination are widely used, particularly in 480 

developing countries, to increase the nutrient density in bioactive compounds by releasing 481 

bound fraction in the food matrix or generating, via bacterial metabolism, novel compounds 482 

of interest. 483 

 484 

4.1 Holistic versus reductionist approach to food 485 

Undeniably, technological treatments alter the physical structure of the food matrix and hence 486 

its nutritional value, either positive or negative. There is obviously no question of eating 487 

cereal grains or legumes without hydrothermal treatment because starch has to be gelatinized, 488 

even slightly, to be digestible. However, excessive refining followed by recombination of 489 

isolated ingredients generally leads to energy-dense foods and of lower nutritional quality, 490 

even very poor as in the case of white bread. Technological processes should be therefore 491 

used wisely to maximize the nutritional value of plant products and not degrade it. 492 

The reductionist approach used in research in food science and human nutrition mostly 493 

explains this fact (Fig. 5)12. The food was indeed reduced to a single sum of compounds 494 

leading both to study each compound alone and to restrict/reduce food nutritional value to 495 

some compounds only. The role of the food matrix in the nutritional effect of plant foods has 496 

been largely neglected leading to fractionation-recombination processes of food ingredients 497 

and/or excessive refining. 498 

Instead, a holistic approach to food considers the food matrix as a complex structure 499 

that plays a role on the health effects of food through the satiety potential, different nutrient 500 

release kinetics and possible synergistic effects of the compounds in the human body (Fig. 5). 501 

According to this view, food is a complex set of macro-, micro- and phyto-nutrients in 502 
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permanent complex interaction: in other words, a holistic vision of the food means that 1+1 > 503 

2 and not 1+1 = 2. 504 

I will present some examples of soft technologies allowing improving the health 505 

potential of plant products, in particular through the modification of the physical and physico-506 

chemical properties of food matrices, specifically cereals and legumes. Indeed, in these foods, 507 

beyond the single chemical composition, physical structure of the food matrix plays an 508 

important role in their health and nutritional effects (see above). 509 

 510 

4.2 Increasing the content in slow carbohydrates and resistant starch 511 

Carbohydrates are the most important part of the energy (~45-55%), especially in the form of 512 

starch mainly via grain products, legumes, bananas and potatoes. 513 

Generally, one ranks starch of plant products in three fractions: rapidly digestible, 514 

slowly digestible and resistant41. Depending on the speed of digestibility, starch therefore does 515 

not provide the body with the same nutritional benefits. For example, the rapid fraction can be 516 

interesting during exercise since quickly mobilized (e.g., for a runner), the slow fraction 517 

before exercise for intense efforts over the long term (e.g., the eve of a soccer match) and 518 

resistant starch provides the body with butyric acid after fermentation in the colon, the latter 519 

serving as fuel for cells of the colonic mucosa. 520 

Based on the knowledge gained in the digestive fate of starch of various foods and its 521 

physicochemical properties, we today know how to increase the levels of slow carbohydrates 522 

and resistant starch in foods. Technological means are numerous. They all have in common to 523 

act on the physical structure of either food matrix or starch. The literature on the subject is 524 

oversized and we therefore restrict ourselves here to a brief summary. 525 

 526 

4.2.1 Slow carbohydrates 527 
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Regarding the increase in the content of slow carbohydrates, one can modify either directly 528 

the food or digestive physiology by slowing the rate of absorption of sugars. At the basis of 529 

the reduction of starch digestion kinetics, there is either a reduction of its accessibility to 530 

enzymes or the slowing of the diffusion of the digestion products of starch (dextrins and 531 

glucose) to absorptive mucosa. This can be achieved at macroscopic (mm), microscopic (µm) 532 

and molecular (nm) levels of the food, i.e., by increasing or maintaining the size of the 533 

particles during digestion (thus promoting food matrices with high cohesive structure), by 534 

encapsulation of the starch with protein networks modeled by technology (pasta) or natural 535 

fibrous networks (legumes), and by modifying the chemical structure of the starch, namely 536 

limiting its degree of gelatinization thus reducing its porosity and enzyme accessibility; 537 

increasing the amylose content (unbranched polymer that are less accessible to α-amylase 538 

than amylopectin); or alternatively to complex starch with lipids, the amylose-lipid complexes 539 

being digested more slowly. We also know how to create artificial fibre networks in food to 540 

reduce the accessibility of starch to α-amylases, as has been shown with bread and 541 

galactomanannes from guar gum61 or β-glucans62-64 (Fig. 6A-B). One could also reduce the 542 

glycemic response of the bread by increasing the density of the crumb.65 However, it has been 543 

shown that, whatever the percentage of β-glucan (from barley) used (4 to 8%), if their 544 

molecular weight is low, they have no significant effect on the reduction of glycemic 545 

response.66 546 

One can also change the digestive physiology via two principal mechanisms such as 547 

slowing the rate of gastric emptying or increase the viscosity of digestive effluents to slow the 548 

rate of diffusion of the degradation products of starch to the absorption zones, but also to slow 549 

the rate of diffusion of the α-amylases to the food, the network of fibre forming a dense 550 

matrix around the food. The means used are mainly viscous fibre (especially soluble 551 

arabinoxylans and β-glucans, guar gum, etc.: see Fig. 6B) or the formulation of starchy foods 552 
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with a matrix structure which keeps longer during digestion to slow the rate of gastric 553 

emptying. For example, breads with whole and/or more or less intact cereal grains can be 554 

baked or more compact food structures can be developed, this latter solution having been little 555 

tested up today. The best known example of compact matrix structure preserved during 556 

digestion is that of pasta through the extrusion process.67,68 Others have shown that barley 557 

under the form of flakes rather than finely milled renders starch more resistant to digestion in 558 

the ileostomy subjects.69 The thickness of oat flake was also tested (1 versus 0.5 mm): thicker 559 

flakes significantly reduced the glycemic and insulinemic responses compared to finer 560 

flakes.70 This result was also observed with linguine pasta types of different thickness.3 In the 561 

case of the viscosity effect of fibre, Wood et al. (1994)71 evaluated that 79-96 % of changes in 562 

plasma glucose and insulin could be attributed to the viscosity. 563 

 564 

4.2.2 Resistant starch 565 

Review on the subject are many and I invite the reader to refer to them; the goal here is 566 

mainly to show that it is today known how to control the digestive fate of starch.72-75 567 

Regarding the increase of the resistant starch content, its digestion in the small 568 

intestine is prevented so that it is fermented in the colon in order to act as a prebiotic, namely 569 

a compound that promotes, through its fermentation, development of bacterial flora in favor 570 

of health;76 that is to favor increased production of butyric acid. Furthermore, according to the 571 

structure and nature of the resistant starch, one can generate more or less butyric acid77, a 572 

volatile fatty acid with important nutritional properties, for example its anti-carcinogenic 573 

effect. 574 

As for slow carbohydrates, the technological means used are now well developed. One 575 

can simply directly add, during formulation of foods, resistant starch of commercial type 576 

(chemically modified resistant starch type 4, RS4); or one may favor the presence of native 577 
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crystalline non-gelatinized starch (naturally occurring under the form of starch grains, e.g., in 578 

raw potatoes, green bananas, or high-amylose maize variety, RS2); or still one can promote 579 

retrogradation of starch (resistant starch which forms by retrograding amylose, RS3); finally, 580 

there is also starch physically inaccessible, present for example in seeds or legumes or in 581 

unground whole grains (RS1).72 582 

 583 

4.3. Reducing plasma hyperlipidemia 584 

The reduction in plasma hyperlipidemia - especially for patients at risk of cardiovascular 585 

disease or subjects with hyperlipidemia - mainly concerns cholesterol and triglycerides. As for 586 

glucose from starch, it is today known some simple ways to reduce hyperlipidemia, via 587 

mainly the increase - in food or diet - of the soluble viscous fibre content, also potentially 588 

capable of binding lipids.78 Note also that the cell structure of oilseeds (flax, sunflower...) and 589 

nuts (almond, walnut...) favors a reduced accessibility of lipids and a feeling of prolonged 590 

satiety and may participate in cardiovascular protection despite a significant energy input.79 591 

For example, the addition of 6 g of partially hydrolyzed guar gum in 200 g of yoghurt 592 

in healthy subjects significantly reduces postprandial serum hypertriglyceridemia.78 In another 593 

study, the consumption of bread made from 6 g of β-glucan (oat soluble fibre) by overweight 594 

and moderately hypercholesterolemic subjects results in significantly lower levels of plasma 595 

cholesterol associated with lipoprotein.80 These results were confirmed on several occasions 596 

thereafter81. 597 

The mechanisms involved were studied in vitro using a digester and the results 598 

showed that partially hydrolyzed guar gum reduced bio-accessibility of triglycerides and 599 

cholesterol in a dose-dependent manner.82 The primary mechanism involved is an effect of de-600 

emulsification of lipid by the guar gum. In addition to this mechanism, the authors suggest the 601 

effect of another mechanism they call flocculation depletion: in short, partially hydrolyzed 602 
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guar gum has no surface activity and is therefore not adsorbed to the surface of lipid droplets, 603 

leaving a space without polymers around the droplets which would promote coalescence and 604 

flocculation of the latter.82 But the emulsification of fat by bile salts is essential for their 605 

proper digestion step. Concerning more specifically cholesterol, soluble fibre can trap or 606 

sequester bile salts in the intestine, thus reducing their re-absorption and thus their return to 607 

the liver. The reduction of concentrations of hepatic bile acid activates the enzyme CYP7A1 608 

(cholesterol 7 α-hydroxylase or cytochrome P450 7A1) that converts cholesterol into bile 609 

acids: it follows a reduction in plasma cholesterol associated with lipoproteins via an 610 

accelerated transfer of this cholesterol to the liver. It has also been shown in vitro on rat 611 

intestines that β-glucans could reduce lipid absorption, particularly through inhibition of genes 612 

regulating intestinal absorption and lipid synthesis.83 613 

But it seems that we should also take into account the physicochemical properties of 614 

viscous fibres used, such as molecular weight: thus, oat β-glucan with a molecular weight of 615 

210,000 is 50% less efficient than β-glucans with a molecular weight of 2,210,000 or 530,000 616 

vis-à-vis the reduction of serum cholesterol associated with low density lipoproteins.84 617 

 618 

4.4 Pre-hydrolyzing fibre 619 

In the nutritional properties of food products of plant origin, soluble/insoluble fibre ratio is 620 

important, each fibre type having its own physicochemical properties. The trend today is to 621 

seek to increase the proportion of soluble fibre, especially in cereal products, not only for their 622 

ability to increase the viscosity of digestive effluents in the upper gastrointestinal tract, but 623 

also for their faster fermentation in the colon. One was especially concerned with the pre-624 

hydrolysis of arabinoxylans and β-glucans, these two types of fibre having both soluble and 625 

insoluble fractions in the cereal products. 626 
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We can consider the pre-hydrolysis of fibre from two angles: pre-hydrolyzing initially 627 

insoluble fibre to make them soluble and increase the soluble/insoluble ratio; or pre-628 

hydrolyzing already soluble fibre, thus reducing their molecular weight, to change their 629 

physicochemical properties, such as their ability to bind compounds and their viscous 630 

potential, or even change the speed of their colonic fermentation. 631 

Generally, the more the fibres are pre-hydrolyzed the less their viscous effect in the 632 

gut.85 Thus, a smaller reduction in serum cholesterol associated with low density lipoprotein84 633 

or in glycaemia86-88 with lower molecular weight β-glucans was measured. For example, 634 

without glucanases, β-glucans tend to increase the viscosity of the digesta and the ability to 635 

form gels, which disrupts intestinal motility and decreases digesta, enzymes and other 636 

compounds mixtures; and they also tend to form a fibrous physical barrier to the 637 

diffusion/mobility of digestive enzymes to their substrates and increase the thickness of the 638 

unstirred layer at the absorptive surface of the intestinal microvillus, thereby limiting the 639 

absorption of nutrients. 640 

Moreover, the incorporation of xylanases during baking increasing bread AXOS 641 

(arabinoxylan-oligosaccharides) levels, which have particular prebiotic properties, and 642 

generally have a positive effect on digestive health.89 However , the pre-hydrolysis of wheat 643 

arabinoxylans by adding xylanases during kneading of the bread was tested in 644 

insulinoresistant subjects, but no significant effect was observed on lowering blood glucose 645 

and insulin responses compared to normal bread.90 646 

Enzymes hydrolyzing fibrous compounds known to bind or sequester minerals or trace 647 

elements were also added to increase mineral bioavailability. Phytic acid and the majority of 648 

fibre have indeed a high capacity to bind minerals.91 Thus, the bioavailability of minerals has 649 

been tested in vitro with bread with or without xylanase and fungal phytase: the addition of 650 
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enzymes increases the solubility of complexed minerals (from 1.4 to 2.5 times higher), while 651 

only solubility and dialysability of zinc is increased three times by the presence of xylanase.92 652 

On the physiological effect of the increase in the soluble/insoluble fibre ratio in cereal 653 

products in humans, the work is, to our knowledge, inexistent. But given the results presented 654 

above, one can imagine that optimized pre-hydrolysis of fibre of some cereal products may be 655 

promising on health effects. This pre-hydrolysis is also naturally produced in sourdough bread 656 

where active acidity activates some enzyme activities (see below). 657 

 658 

4.5 Pre-hydrolyzing phytonutrients 659 

Given the ability of phytic acid to complex minerals and to reduce their intestinal absorption, 660 

it has been sought to limit this effect, in particular via its pre-hydrolysis. This can be done 661 

using a pre-fermentation step of foods containing the most, such as cereals and legumes, but 662 

also via soaking and germination. Pre-fermentation indeed activates phytases (at acidic pH) 663 

which pre-hydrolyze phytic acid. But we can also promote its pre-hydrolysis via technological 664 

processes as hydrothermal treatment in the presence of lactic acid93 or via the incorporation of 665 

exogenous phytase as those from the yeast Saccharomyces cerevisiae,94 Aspergillus oryzae,92 666 

Bifidobacterium pseudocatenulatum95 or from lactic acid bacteria96 such as Pediococcus 667 

pentosaceus.97 In humans, it has thus been shown that degradation of phytic acid via 668 

sourdough fermentation resulted in higher absorption of iron (13.6%) compared to other 669 

cereal products not including a fermentation step and pre-hydrolysis of phytic acid, such as  in 670 

chapattis (7.4% iron absorption) or in extruded products (5.6% iron absorption).98 While the 671 

fermentation may cause the almost complete disappearance of the phytic acid, the extrusion 672 

cooking allows only a partial hydrolysis of about 20 %.98 Note, however, that despite the 673 

chelating effect of phytic acid, the mineral intake via bread made from whole-meal flour is 674 
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such that the supply to the body will always remain greater than that obtained with white 675 

bread without phytic acid, this latter being very poor in minerals. 676 

Phytates pre-hydrolysis, apart from increasing mineral bioavailability and content of 677 

free myo-inositol (myo-inositol is a lipotrope and may therefore participate in preventing 678 

excessive hepatic lipid deposition)99, could also contribute to suppressing the proliferation of 679 

colorectal cancer cells: the compound involved here is a hydrolyzate of phytic acid rich in IP3 680 

(myo-inositol triphosphate) whose efficiency is higher than that of phytic acid (IP6) with 681 

respect to cell proliferation.100 682 

However, to our knowledge, it seems that no product containing phytases has found 683 

application in the food market.101 684 

The same type of approach has been tested for polyphenols - including tannins - 685 

considered - as well as phytic acid - as being potentially anti-nutrients. Thus, addition of 686 

tyrosinase oxidase (polyphenol oxidase from mushroom) following the reduction of the levels 687 

of phytic acid with phytase improves the in vitro bio-accessibility of iron, the degree of 688 

improvement depending on the applied technological pretreatment, namely: no processing, 689 

cooking, soaking or germination (the strongest effect: about 2% to 10%).102 690 

The case of ferulic acid, found mainly in cereals, also deserves special attention. 691 

Indeed, it exists both in free (1-5%) and bound (95-99%) forms in cereal brans, particularly in 692 

the aleurone layer6. Given the many potential positive effects to the body of free ferulic acid 693 

(antioxidant potential103-105 and anti-carcinogenic106, hypoglycaemic107, anti-inflammatory108, 694 

anti-atherogenic109 and hypolipidemic110 effects), it has also therefore been sought to pre-695 

hydrolyze it within foods to obtain a greater fraction of free ferulic acid, usually absorbed in 696 

the upper gastrointestinal tract - while the bound fraction directly reach the colon, where it 697 

can be utilized by the microorganisms fermenting the dietary fibre fraction.111-112 Differences 698 

in metabolic fate of free and bound fractions of ferulic acid therefore led me to formulate the 699 
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concept of rapid and slow ferulic acids, which could be probably extended to all phenolic 700 

acids.6 According to Rosa & Micard (2013)113: "The feruloyl esterase thus appear as very 701 

effective tools to release free ferulic acid from feruloylated oligosaccharides of grain 702 

fractions, but their action is still more effective when combined with methods able to 703 

deconstruct the complex structure of the cereal matrix". 704 

 705 

4.6 Soaking, pre-fermentation and germination 706 

Germination, presoaking and pre-fermentation were primarily concerned by developing 707 

countries of Asia, Africa and Latin America because they are cheap ways to get food with 708 

high nutritional density via modifications of the physical structure, physicochemical 709 

properties and bioactive compound contents of the food.114 The literature on this subject is 710 

plethoric. However, recently, we have been interested in the pre-fermentation and germination 711 

as a means of improving the nutritional quality of cereal products in developed Western 712 

countries.115-117 One of the main advantages of pre-ferment is to promote the development of 713 

various enzymatic activities which either generate new bioactive compounds or release 714 

fractions of compounds originally linked to other components, making them more potentially 715 

bioavailable, or hydrolyze components known as anti-nutrients such as phytic acid (known to 716 

limit the bioavailability of many minerals) via activation of phytases, or even degrade dietary 717 

fibre, making them more fermentable. The increase in percentage of free fractions of some 718 

nutrients through the pre-fermentation will therefore potentially impact on health, including 719 

increasing the bioavailable fraction in the small intestine. 720 

In general, the pre-fermentation primarily relates to cereal grains118 and legumes 721 

seeds,119 although this method is also applied to fruits and vegetables to produce, e.g., wine 722 

from grapes or sauerkraut from cabbage. 723 

 724 
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4.6.1 Germination and soaking 725 

Germination is to boost development and metabolic activities of seeds that were dormant. 726 

This is achieved by changing the conditions of temperature, moisture and light. Reactivation 727 

of metabolism results in the recovery of enzymatic activities that generate new compounds, 728 

hydrolyze fractions linked to other micronutrients or even degrade compounds considered as 729 

anti-nutritional such as phytic acid. In addition, germination alters the physical structure of the 730 

grain or seed, in particular softening it. Germination can also be used to enhance the 731 

functionality of some proteins, making them more soluble or simply to increase the protein 732 

content. For example, oat grains germination for 24 hours results in an increase in lysine 733 

content of almost 30% and a significant decrease in starch content (from 60 to 20%) with an 734 

increase in levels of soluble sugars, while the phytic acid content decreases from 0.35 to 735 

0.11%.120 Germination can thus improve the nutritional value of proteins that can be 736 

hydrolyzed to polypeptides, essential amino acids and more easily assimilated free amino 737 

acids, as has been shown with lentils and peas compared to bean.121 738 

Germination is therefore a simple way to increase the nutritional value of grains and 739 

seeds.117 A study has also shown that you can increase the total polyphenol content and thus 740 

ultimately the antioxidant potential of several types of seeds (wheat, lentil, radish, mustard, 741 

broccoli, sunflower, onion, etc.) after 7 days of germination.122 Studies on the effect of 742 

germination on the nutritional density of foods are plethoric and all cannot be described here: 743 

what we need to remember is that this procedure improves the nutritional potential of grains 744 

and seeds increasing the levels of various nutrients and bioactive compounds and/or 745 

increasing the digestibility of some nutrients for various types of food, as has been 746 

demonstrated, for example with soybean123 and sesame seeds.124 747 

Soaking treatment is a domestic technology which comprises soaking the seeds in 748 

water to soften the texture and reduce the cooking time. Soaking is therefore also part of many 749 
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technological treatments such as boiling, canning, germination and fermentation. As for 750 

germination, these conditions reactivate seed metabolism and therefore the enzymatic 751 

activities. 752 

A study of legume seeds and pearled millet can highlight the respective effects of 753 

soaking and germination on the degradation of phytic acid which is at least 2.5 times higher 754 

with germination (32-56% versus 13-19%).125 Germination also tends to further increase the 755 

calcium, zinc and iron contents of seeds and grains, while the differences between soaking 756 

and germination were leveled for magnesium, manganese and copper.125 It is otherwise 757 

interesting to note that soaking can reduce the levels of β-galactosides - at the origin of 758 

flatulence (16-27%) - and trypsin inhibitor (12%) - an anti-nutritional factor, the latter being 759 

solubilized then eliminated via the steep water. Concerning another type of legume, 760 

fenugreek, soaking improves the protein and starch digestibility and mineral bioavailability.126 761 

Similarly, soaking improves the metabolic utilization of various minerals in rats consuming 762 

cooked beans (calcium, phosphorus and magnesium)127 or pea flour (zinc and magnesium).128 763 

The combination of soaking and germination is a common practice to increase the 764 

digestibility and palatability of legume seeds - which are also associated with flatulence.44,129 765 

However, soaking can also lead to loss of nutrients by solubilization, as for carbohydrates and 766 

minerals, but also for free polyphenols, being likely to cause a reduction in the percentage of 767 

their bioavailability or a reduction of the antioxidant potential of food. A specific method of 768 

soaking (autolysis) applied to wheat and its milling fractions allows producing free amino 769 

acids from the aleurone layer of bran, especially branched amino acids (leucine, isoleucine 770 

and valine), arginine and lysine, and the γ-amino-butyric acid, for which many positive 771 

biological activity (reduction of blood pressure, vascular dilation effect, etc.) have been 772 

reported.130 Derivatives milling byproducts could then potentially be used to fortify foods. 773 

 774 
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4.6.2 Pre-fermentation 775 

The fermentation is mainly to promote bacterial activity (e.g., Saccharomyces cerevisiae and 776 

Lactobacillus rhamnosus) in acidic medium to generate a large number of metabolic changes 777 

within food. The best known are the ethyl/alcoholic (e.g., alcoholic beverages and bread) and 778 

lactic acid (e.g., sauerkraut and yogurt) fermentations. 779 

As for germination or soaking, pre-fermentation in liquid medium is a widespread 780 

method and applied primarily to grains and seed type food, especially in Africa, Asia and 781 

Latin America, but also to fruit purees (e.g., Makumbi in Zimbabwe) and milks (e.g., hodzeko 782 

in Zimbabwe).131 These products are very varied and include malt, alcoholic and non-alcoholic 783 

beverages and porridges. Numerous studies show that fermentation improves the nutritional 784 

quality of foods, including increased levels of essential amino acids (e.g., lysine, methionine 785 

and tryptophan), vitamins, polyphenols and minerals. The fermentation may also inhibit the 786 

activity of pathogenic bacteria causing diarrhea. 787 

Pre-fermentation applied to cereal products or different fractions of wheat - bran or 788 

whole-meal flour, including bread - brings them undeniable nutritional plus-value, that is to 789 

delay the rate of starch digestion and thus to reduce the glycemic response (due to a slowing 790 

of the rate of gastric emptying in the presence of increased levels of organic acids), and to 791 

modulate levels and bio-accessibility of many bioactive compounds, to improve mineral 792 

bioavailability (via increased phytic acid degradation), to produce indigestible carbohydrates, 793 

to change the accessibility of the fibrous matrix to intestinal microbiota or to partially degrade 794 

gluten (via activation of proteases by acidification), which could potentially make bread more 795 

acceptable for people with celiac disease (gluten intolerance), and finally to increase protein 796 

digestibility116. 797 

For example, in humans, the consumption of pre-fermented whole-grain barley flour 798 

enhances iron bioavailability of 94 % (from 3.0 to 5.5%), this difference being also observed 799 
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using an in vitro digester.132 However, if the acidity associated with the fermentation process 800 

can reduce the rate of gastric emptying and absorption of glucose, other studies show that the 801 

fermentation increases the in vitro starch digestibility - and also that of proteins - and reduces 802 

the resistant starch content, as has been shown for sorghum dough (endosperm protein 803 

restricting accessibility of the starch would be affected by the fermentation and render the 804 

starch more accessible), commonly used in the semi-arid tropical countries as the basis of 805 

various cereal products, giving them a better nutritional value.133 As with soaking, the 806 

fermentation may increase the nutritional value of cereal bran by increasing the levels of 807 

bioactive compounds, as has been shown with rye bran where folates and ferulic acid levels 808 

are increased.134 809 

If cereal pre-fermentation can provide such health benefits, one can easily imagine that 810 

the extension of this method to other food products could be very promising from a health 811 

perspective in humans. For example, a fermented food made from fruits, oil seeds (nuts) and 812 

vegetables rich in polyphenols - trade name Regulat® - improves some parameters of the 813 

immune system such as intracellular glutathione level of lymphocytes, monocytes and natural 814 

killer cells and brings positive effects on antioxidant and anti-inflammatory systems in 815 

healthy subjects compared to placebo.135 816 

Otherwise, the pre-fermentation may pre-hydrolyze anti-nutrients such as tannins and 817 

increase the percentage digestibility of protein and starch, as has been shown in vitro with two 818 

sorghum cultivars.136 Moreover, the fermentation of sorghum gruel with added wheat phytases 819 

and mushroom polyphenol oxidase reduces by 39% the content of phytic acid and 57 % of the 820 

total polyphenol content: it follows an increase in the in vitro bio-accessability of iron from 1 821 

to 3%. 822 

It should also be noted that the fermentation can degrade bioactive compounds of 823 

interest, as has been shown with alkylresorcinols in sourdough bread made from wheat and 824 
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whole rye.137 The alkylresorcinols are phenolic lipids which have potentially positive 825 

nutritional properties (antioxidant or reduce plasma cholesterol). 826 

The combination of germination and sourdough fermentation was also tested, 827 

including rye, where these processes reduce the levels of prolamins and provide an interesting 828 

way to produce cereal foods for people intolerant to gluten.138 The advantage of these natural 829 

fermentations is that they use an enzyme pool that may lead to more efficient hydrolysis of 830 

gluten than a single enzyme. The combination fermentation-germination therefore seems to 831 

optimize the increase of bioactive compounds levels in cereals: for example, the fermentation 832 

of germinated rye increased folates, free phenolic acids, total polyphenols, lignans and 833 

alkylresorcinols levels more significantly compared to the single fermentation,139 or even 834 

increases the in vitro protein digestibility of a mixture of grain flour of breadfruit and soybean 835 

and reduces the content of phytic acid more efficiently than the single fermentation or 836 

germination.140 Another study showed that the fermentation was more effective than soaking 837 

to reduce the phytic acid content of whole-grain brown rice.141 838 

 839 

4.7 Conclusions 840 

Today, with relatively simple technologies (that could also be called mild/soft versus 841 

conventional and drastic hydrothermal treatments at high pressures), it is therefore known 842 

how to increase the levels of slow carbohydrates and bioactive compounds of some foods, 843 

including cereal and legume seeds. These modifications are based on a reduction of the 844 

enzymatic availability of the starch, the activation of endogenous enzymes in the food and/or 845 

the use of exogenous hydrolytic enzymes. From the standpoint of preventive nutrition, these 846 

treatments are used to develop foods reducing hyperglycemia and/or hyperlipidemia, 847 

increasing mineral bioavailability and/or concentrations of bioavailable antioxidants or 848 

reducing the allergenic potential of some proteins. Moreover, these treatments allow a relative 849 
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preservation of the initial physical structure of the plant food matrix as opposed to 850 

fractionation-refining then recombination of isolated ingredients. 851 

However, a functional food alone cannot solve everything and prevent all metabolic 852 

deregulation associated with overeating: they must register under balanced diets promoting 853 

dietary diversity and consumption of less refined foods combining lower energy density and 854 

higher nutrient density (in the form of bioavailable bioactive compounds). 855 

Such a shift in the transformation of plant products can only be done by developing a 856 

more holistic vision of the food that more respect its natural complexity, and therefore its 857 

long-term health potential.12,142-144 858 

 859 

5 Food structure modification for optimum health effects? 860 

5.1 Natural versus reconstructed food matrices 861 

A careful examination of the scientific literature tends to show that it would be preferable for 862 

health to preserve the initial food structure or at least to modify it in a less drastic way: 863 

indeed, in general, the more the initial and natural food is manufactured, the more it loses its 864 

initial matrix cohesion and at the same time its full health potential: in other words, these 865 

foods appear to have a less solid and compact matrix that disintegrates faster during digestion 866 

and releases nutrients faster with a reduced effect of satiety; while most natural matrices 867 

retain good structural cohesion due to pre-existing interactions; and these interactions are 868 

apparently stronger than those artificially reconstructed. Moreover, the preservation of an 869 

intact and natural food matrix or moderately processed can contribute to a prolonged feeling 870 

of satiety, stronger than with recombined products - as has been shown with carrots145 - and 871 

thus contribute to a better control of weight gain. 872 

Indeed, food matrices can be of natural origin - more or less transformed - or coming 873 

from the recombination of originally isolated ingredients from natural food matrices (Fig. 2). 874 
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Scientific literature suggests that the matrices of natural origin and only a little processed 875 

gradually release nutrients in the digestive tract, while very processed or recombined matrices 876 

appear to be digested faster. Probably the interactions between nutrients in natural matrices 877 

are stronger than in highly processed foods. Some matrices obviously need to be processed 878 

before consumption; however, between consuming unprocessed and highly processed foods, 879 

there may exist an intermediate path that is to be applied to food matrices, i.e., softer and less 880 

drastic technological processes to preserve the nutritional value of food (what is called 881 

‘minimal processing’). 882 

The physical structure therefore plays a major role in the digestive fate of grain 883 

products and seeds. It interacts with particular stages of digestion as the degree of mastication, 884 

the rate of gastric emptying, satiety, enzyme accessibility and digestive motility. If the 885 

chemical composition of the food is important, it is clear that it is primarily physical and 886 

physicochemical characteristics of the matrix (particle size, cohesion of the matrix, porosity, 887 

interaction between nutrients, etc.) that first determine digestive fate of the food. 888 

A question arises: should we focus on functional and reconstructed foods or on natural 889 

foods? In this regard, it may be useful to better highlight, through comparative studies, health 890 

effects of natural food versus reconstructed matrices on the basis of identical chemical 891 

composition. However, it remains that recombining ingredients to create new foods is an 892 

essential aspect of creativity that man needs. I think the main issue, as unraveled by literature 893 

linking diet-related chronic diseases and adhesion to  ultra-processed foods146, is to based our 894 

diet on natural complex and minimally processed foods, not on those made of re-combined 895 

ingredients. 896 

 897 

5.2 Differential release kinetics versus differential health effects 898 
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Unlike macronutrients - such as starch - virtually no study has tried to link the differences in 899 

release kinetics of a micronutrient in the gut with metabolic and health effects. For example, 900 

to the best of my knowledge, the following question has never been addressed: has the kinetic 901 

to which a given mineral is released and absorbed within gut a real impact on the mineral 902 

status, bone health, etc.? Moreover, the problem of polyphenols bioavailability appears of 903 

nutritional value: indeed, because of their generally initial low bioavailability, it is reasonable 904 

to assume that an increase - even small - of their bioavailable fraction in the small intestine 905 

will result in significant metabolic effects. For example, ferulic acid in wheat is only a little 906 

bioavailable (< 5% ): an increase, would that double, must necessarily have undeniable health 907 

effects because of all the health effects reported for ferulic acid used as free and isolated 908 

compound.147 909 

This is probably true for any compound originally very few bioavailable. In the field 910 

of reverse engineering, it is therefore important to address the right issues in relation to the 911 

desired nutritional effects. For example, one might ask if there are slow and rapid B vitamins 912 

- like for starch - and whether or not differences in kinetics are reflected by real optimized 913 

health effects. This also means that a significant amount of micronutrients reaches the colon, 914 

but we do not really know for which nutritional effects? 915 

 916 

5.3 Technological processes: the ‘good’ and the ‘bad’… 917 

In addition, deconstructing food matrices, isolating ingredients or compounds and 918 

recombining them to form a new food may seem like a waste of time, money and energy for 919 

little obvious health benefits. It also follows a rather high associated carbon cost with these 920 

treatments for the environment. Paradoxically, however, these recombined and processed 921 

foods are often cheaper than natural foods having preserved intact their matrix structure.  922 
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Technological treatments can also improve the health value of foods, e.g., by 923 

destroying anti-nutritional factors or by increasing the bio-accessibility of some 924 

micronutrients in the digestive tract, like carotenoids in processed tomatoes. Therefore, 925 

technology is also a way to optimize and better control the health effects of some foods. Thus, 926 

canning and fermentation can promote the release of bioactive compounds initially bound to 927 

other components. Technological processes may also contribute to create new more compact 928 

food matrices, which generally maintain a structural condition for longer time during 929 

digestion, limiting enzymatic bio-accessibility of some nutrients, like pasta, sources of slow 930 

carbohydrates whereas the initial semolina cooked as such is rather a source of rapid 931 

carbohydrates. It was also shown that one can make breads with more dense and compact 932 

crumb and reduce the glycemic response.65 From a technological point of view, the margin for 933 

change - increase or decrease - the bioavailability of nutrients is therefore very wide; but for 934 

which health benefits? 935 

The structural characteristics of the food matrix therefore determine its health effect, 936 

as it affects the kinetics of release of nutrients and the amount absorbed in the upper 937 

gastrointestinal tract. In view of the scientific literature, it is no longer possible today to rely 938 

solely on the chemical composition of foods to assess their nutritional value. 939 

 940 

 941 

6 Perspectives 942 

6.1 To control food digestion: for which benefit? 943 

Food formulation with controlled release matrices of nutrients during digestion seems a 944 

promising area for future research. However, progress in this area can only be done when we 945 

have accumulated enough significant and convincing in vivo data linking differences in 946 

release kinetics and health effects. But today, apart from carbohydrates and to a lesser extent 947 
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proteins and lipids, we do not know much. One issue could be, at first, to apply the approach 948 

used for starch (fast and slow sugars) more systematically to lipids and proteins. 949 

 950 

6.2 Toward more in vitro digestion procedures 951 

Before creating new food matrices which we could control the digestive fate, one must 952 

understand and study in detail the digestive fate of food: however, as paradoxical as it may 953 

seem, as noted above, we know pretty little thing about such an issue (the difficulty to access 954 

the digestive tract probably have contributed to this fact!). As highlighted by Norton et al. 955 

(2007)8: "All foods pass through a common unit operation, the gastrointestinal tract, yet it is 956 

the least studied and least understood of all food processes. To design the foods of the future, 957 

we need to understand what happens inside people in the same way as understanding any 958 

other process." (page 84). 959 

The fate of food in the digestive tract is indeed extremely complex and depends on 960 

physical, physico-chemical and hormonal parameters. To simulate it with in vitro digesters in 961 

order to approach this complexity may appear at first sight as illusory and impossible since 962 

digestive parameters also depend on the individual and their genetic profile. The in vivo 963 

reality therefore being not modeled to perfection, it is advantageous to use in vitro 964 

standardized and simple digesters integrating mastication and gastric emptying, two key steps 965 

to deliver nutrients to the small intestine, the major site of absorption. 966 

In particular, one would hope, in a near future, greater harmonization of the in vitro 967 

digestion systems used with the creation of an international standard that would raise a large 968 

number of data obtained in the same conditions to compare them. Indeed, today there are 969 

nearly as many in vitro digestion systems as laboratories working in this field. One should 970 

also define some standard diets within which we would study the digestive fate of a particular 971 

nutrient in a food or a given new matrix. Such standardization would get long to achieve, but 972 
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once accepted, would quickly gather essential nutritional data on the bioavailability of 973 

nutrients according to new food matrices; and we will get an indication of their potential in 974 

vivo release kinetics. The collection of these data will then enable the development of in silico 975 

models that can predict and simulate the digestive fate of various types of food matrices, 976 

which will save time and money... 977 

 978 

6.3 Toward a more holistic approach… 979 

Willingness to study the digestive fate of a single nutrient in a reductionist approach and 980 

connect it to a single metabolic or health effect, then seek to control through technological 981 

processes its digestive fate has its limits. Functional foods have not made it possible to reduce 982 

public health problems related to unbalanced nutrition.12 The prevalence of obesity and 983 

chronic diseases (including cancer, cardiovascular disease and type 2 diabetes) are increasing 984 

in developed countries but also in developing countries, where the nutrition transition has 985 

often been more rapid. This type of approach is certainly useful for identifying mechanisms of 986 

action of metabolites or to solve specific health problems (e.g., type 2 diabetes and slow 987 

carbohydrates) but it should not be used first.12 988 

It is also very important to better understand how the food is degraded in the digestive 989 

tract (‘black box’). However, along with this reductionist approach, should be developed in 990 

food and nutritional sciences more holistic approaches considering the food as a whole (i.e., 991 

the whole package). Food is not the only sum of its parts and should not be considered as a 992 

drug148. It contains a set of macro and micronutrients released in the gastrointestinal tract 993 

according to a variety of kinetics; and often synergistic action of several components is more 994 

effective than that of an isolated component then reincorporated in food at high doses - as has 995 

been demonstrated with antioxidants. The holistic approach should also consider the food in 996 
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interaction both with other foods of the diet and digestive environment during digestion, 997 

which is another level of complexity. 998 

 999 

Abbreviations 1000 

GI, Glycemic index 1001 

RS, Resistant starch 1002 
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Figure Legends 1263 

Fig. 1 From food matrix to health effects 1264 

Fig. 2 From raw materials to bioavailability 1265 

Fig. 3A-B (A) Cross section of white bean cotyledon cells by optic microscopy: the starch 1266 

grains are embedded in cells separate with rigid cell walls (source: INRA Library); (B) Cross 1267 

section of red bean before and after 4 hours of in vitro digestion (U: beans before digestion ; 1268 

D: beans after digestion: beans keep their physical structure).39  2012, Elsevier.  1269 

Fig. 4A-D Cross sections of almond seeds after bucco-ileal digestion;149 A-C: cross section by 1270 

optic microscopy after 3 hours of in vitro gastro-duodenal digestion (A), after 3.5 hours of 1271 

digestion in human (B: ileal contents) and after 12 hours of digestion in human (C: ileal 1272 

contents); D: cross section by transmission electronic microscopy after 12 hours of in vivo 1273 

digestion: both intact and fractured cells can be observed.  2008, American Chemical 1274 

Society. 1275 

Fig. 5 Holistic versus reductionist view of grain products (with permission from Surget & 1276 

Barron for image of whole-grain wheat)150 1277 

Fig. 6A-B Scanning electronic microscopy of a bread piece. (A) Common wheat bread with 1278 

visible starch granules (S) and the gluten protein network (M); (B)similar bread containing 6 1279 

g/100 g of guar gum showing starch granules embedded by compounds identified as 1280 

galactomannans,61 these latter limiting starch accessibility to digestive α-amylases.  1996, 1281 

Elsevier.  1282 
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Table 1 Main nutritional characteristics of grain products 1283 

 Watera Starcha Proteinsa Lipidsa Fibresa Glycaemic 
Indexb 

Whole-grain 

cereals 

10.1 72.5 12.3 3.4 11.0 51 

Legumes 10.9 46.0 25.7 7.4 14.0 25 

Nuts & Seeds 5.2 8.1 18.7 54.5 12.0 4c 

aMeans calculated from 7, 4 and 8 types of cereal grains (soft wheat, durum wheat, brown rice, maize, oat, barley 1284 

and rye), leguminous seeds (common bean, lentil, soya bean and chickpea), and nuts and seeds (sesame seed, 1285 

linseed and sunflower seed, walnut, Pecan nut, hazelnut, almond and peanut), respectively (From USDA Food 1286 

Tables (2005));151 bMeans calculated from GI tables by Foster-Powell et al. (2002)29 and Atkinson et al. (2008)24 1287 

with glucose as reference food (GI = 100) ; cFrom Kendall et al. (2011)152 1288 
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Figure n°1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Food matrix 
(depends on technological processes and botanical 

source) 

1. Bio-accessibility 
(depends on the food matrix 

properties) 

2. Absorption (depends on 
the site of absorption and 

physiological parameters) 

3. Metabolic effects 
(depends on the site of action 

and metabolisation) 

4. Health effects 
(depends on subject health 

status) 

Macro-, micro-

and phyto-

nutrients 

The 

example of 

starch: 

X% in the 

food 

Y% bio-

accessible ≤ X% 

X-Y% = 

resistant 

starch 

Z% bioavailable 

≤ Y% 

Y-Z% = dextrines 

fermented within 

colon , e.g., 

banana 
Generally, Z% 

exert metabolic 

effect 

Not always true, 

e.g., with some 

micronutrients 

excreted in urine 

after entering the 

bloodstream 

If Z% ≠ 

healthy 

level 

Z% > healthy level 

→ hyperglycemia 

→ hyperinsulinemia 

→ increased oxidative stress 

 

Z% < healthy level 

→ hypoglycemia 

→ other symptoms 

(e.g. dizziness) 

Diabetes, 

obesity, … 
Psychological 

disorders,… 
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Figure n°2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raw 

materials 

Fruits 

Vegetables 

Cereal grains 
Meat 

Fish 

Milk 

… 

No technological 

processes 
Refining, 

fractionation, 

cooking, extrusion… 

Ingredients (starch, 

protein isolates, soluble 

fibres, isolated 

micronutrients…) 

Cooked products 

(cooked meats, 

pasta, bread, cooked 

fruits…) 

Natural food 

products (fruits, 

milk, crude 

vegetables…) 

Processed 

food matrix 

Formulation, re-

assembling and 

processes 

Natural 

food matrix 

Enzyme accessibility within 

food matrix during oro-

gastro-intestinal transit 

• Particle size (macroscopic level, mm) 

• Porosity, fibrous and protein networks/barrier 

(microscopic level, µm) 

• Molecular steric hindrance (nanoscopic level, nm) 

Physiological parameters 
• Gastric emptying 

• Intestinal motility 

• Effluent viscosity 

Nutrient 

bioavailability 

• fibrous (muscles) 

• fleshy (fruits) 

• encapsulated embryos (cereal grains) 

• complex fluid: milk 

• Colloidal dispersions 

• Emulsions 

• Amorphous or crystalline phases 

• Gel networks 
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Figures 3A-B 
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Figure 4A-D 
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Whole-grain cereal 

Reductionnist approach 

Holistic approach 

Preservation of the 
whole package (soft 
processes) 

Fractionation 
(refining)-
recombination 
(drastic processes) 

- More or less isolated 
compounds 
-  Reconstructed/rec-
ombined foods 
- Possible supra-
nutritional doses 

- Packages of 
functional 
compounds 
(antioxidants, 
lipotropes…) 
- Nutrient interaction 
- Food structure 
preservation 
- Nutritional doses 

● More satiating 
● Synergy of 
nutrient action 
● Slow and rapid 
compounds 
● Fibre co-
passengers 

● Poorly satiating 
● Energy-dense 
● More free than 
bound compounds 
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Figure 6A-B 
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