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Abstract

Since plant-based raw materials present a relative high level of nutrient encapsulation, processing is
often essential to increase susceptibility of nutrients to digestive compounds or to release nutrients
from their natural entrapment to become available for digestion/absorption. Next to food processing,
food (re)formulation is also an valuable strategy to steer nutrient digestive functionalities. These two
food design strategies create a range of different food (micro)structures which are broken down along
the gastrointestinal tract determining nutrients digestibility/bioaccessibility. Additionally, the role of
digestion conditions on nutrient digestion/bioaccessibility cannot be ignored, paving the way for

engineering strategies to develop food for specific target populations.

Keywords: processing; food design; microstructure; food formulation; pulses
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STRUCTURED RAW
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FROM PRESERVED TOWARDS
DISRUPTED (MICRO)STRUCTURES

TOWARDS FOODS WITH A TARGETED DIGESTIVE FUNCTIONALITY
FOR SPECIFIC SUBGROUPS OF THE POPULATION
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34 1 Introduction

35 Food has a complex organization [1] as it is structured by different digestible and non-digestible
36 compounds. Food composition determines the maximum amount of metabolites and bioactives that
37 can become available for absorption and metabolism [2]. However, food is not a sum of nutrients, yet
38  diverse food structural properties and food formulations result in different digestion/bioaccessibility

39  kinetics and physiological responses.

40 Food processing includes a variety of unit operations, the so-called food processing chain, to transform
41 raw or fresh foods into edible food products with increased shelf life and food safety [3,4]. This chain
42 is including but not limited to washing, reducing particle size (e.g. cutting, mixing), extracting,

43 dehydrating, heating (e.g. blanching, pasteurizing, cooking), refrigerating, freezing, or a combination
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of these processes [3]. Although each step of the processing chain has its specific impact on the quality

of a food product, the accumulated impact determines the final food quality.

Food quality is a multi-dimensional concept involving objective and subjective dimensions. Nutritional
quality is one aspect which is often judged based on the composition of a food [5]. As a result, foods
have predominantly been categorized based on nutrient composition. However, food classifications
based on nutritional composition solely fail to include nutrient release patterns, which significantly
affect physiological responses. Therefore, such classifications do not give a complete image of the
nutritional quality of the food, hereby insufficiently informing consumers. Therefore, in the last
decades, new types of classifications were on the rise, such as the NOVA classification, based on the
extent and purpose of processing. The NOVA classification groups foods into four categories from
unprocessed over (minimally) processed foods or ingredients to ultra-processed food products [6].
Especially ultra-processed foods gained much attention, also from consumers, as they are often linked
with negative health effects [7]. In practice, ultra-processed foods are identified based on the number
of ingredients they contain and specifically the presence of one or multiple ingredients not used in a
regular kitchen [6]. It should be noted however, that it is not processing itself that causes food
products to be unhealthy, but rather the combination of ingredients, created or isolated through
processing, into a food product. Those ultra-processed foods are frequently made from individual,
disintegrated ingredients so the final product has no or little natural structure, resulting in a (too) fast
digestion. In other words, the (micro)structural organization of nutrients within a food product (and
the lack thereof in ultra-processed foods) is most probably a determining factor in foods’ nutritional
functionality and consequently health effects. Hence, researchers shifted from studying food
composition towards studying food structural properties and their influence on nutrient digestion or
bioaccessibility [2,8]. These structural properties are frequently engineered by targeted food design

(e.g. processing and/or formulation) to steer the nutrient functionality.

This review will therefore give a brief overview of recent engineering approaches to steer food (micro-

)structure and in turn nutrient digestion kinetics and/or bioaccessibility. Specific attention will be

4
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given to the cases of food processing and food (re)formulation as strategies to regulate food
microstructure and in turn nutrient release, digestibility and/or bioaccessibility. The plant-based food
matrices mainly discussed are pulses as those require processing before consumption. In these cases,
appropriate processing (sequences) help to preserve natural microstructural properties attenuating
digestion. Additionally, specific fruits and vegetables are briefly discussed when relevant as well as oil-

in-water emulsions.

2 Food processing to steer nutrient in vitro digestion or bioaccessibility

2.1 Food processing as a tool to create edible foods

In the case of pulses (i.e. annual leguminous crops harvested solely for use as dry grains), processing
is essential to provide a consumable product that has low levels of potentially toxic antinutritional
factors and so is more susceptible to digestion [9,10]. A first processing step applied in this case is
soaking, to hydrate the dry pulse seed. Generally, water is used as the soaking medium, yet cations
can be added to steer subsequent cooking time. Soaking time and temperature can be varied as well
which also impact cooking time [11]. Soaked pulse seeds are mostly thermally treated to create
palatable pulse seeds. The heat applied induces several structural modifications within a pulse seed
like cell wall, starch, and protein changes [9]. The cumulative impact of the intrinsic properties of a
pulse seed and extrinsic processing conditions will determine the final hardness of a pulse seed which

is often linked to digestion properties [9,11]. Only sufficiently softened pulse seeds are consumed.

In the case of fruits and vegetables, processing is generally not essential to create consumable
products. However, especially in the case of vegetables, processing is frequently applied to increase
shelf life and/or create a more pleasant and digestible product. The application of processing to fruits
and vegetables can have both negative and positive effects on particular nutrients [12]. In this sense,
it is known that certain phytochemicals such as glucosinolates and S-alk(en)yl-L-cysteine sulfoxides,
are precursors of bioactive compounds, but do not affect health in their original state. Conversion of

these non-bioactive precursors only takes place when endogenous enzymes interact with their

5
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substrate which can be initiated through processing (e.g. particle size reduction techniques) [13,14].
In contrast, other health-related compounds such as vitamins and carotenoids are sensitive to light,
oxygen, and/or heat and as a result, processing often negatively impacts their concentration [12,15].
The nutrient concentration present after creating such edible food products is one aspect that
determines the amount of metabolites and bioactives that have potential to be absorbed by the body

(i.e. bioaccessible fraction).

2.2 Food processing as a tool to alter microstructure of foods

The term microstructure is frequently used to refer to elements present and interactions occurring
among them at the microscopic level (below the 100 um range). Typical examples are plant cells, cell
walls, starch granules, protein assemblies, oil droplets and colloidal structures [16]. It became clear
that food microstructure plays a controlling role in the digestive fate of nutrients since different food

microstructures are broken down to different extents along the gastrointestinal tract [17].

Pulses are an excellent case study on this matter. They consist of a seed coat surrounding two
cotyledons. Within a cotyledon, numerous cells are present containing starch granules and protein
bodies, with each cell being surrounded by a cell wall [9]. This complex structural organization of pulse
seeds results in a natural encapsulation of nutrients, which can be strategically modified by processing
[18]. It this sense, different foods and ingredients can be created from pulses with different (digestive)

functionalities.

Pulses are mostly consumed as seeds after processing. Generally, longer cooking times are linked to a
higher level of cell separation due to pectin solubilization in the middle lamella and therefore higher
proportions of individual cotyledon cells upon mechanical disintegration [19]. Oppositely, insufficient
cooking, gives rise to cell breakage and the release of free macronutrients. In other pulse types,
shorter cooking times have been related to the separation of cell clusters. These differences in
microscopical organization give rise to different levels of nutrient encapsulation and thus (starch)

digestion kinetics [20][19,21]. Additionally, Edwards et al. [22] investigated the effect of cell wall



120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

properties of two seed producing plants, durum wheat (monocot) versus chickpea (dicot), and the
consequences on in vitro starch digestion kinetics. These authors concluded that intrinsic differences
in cell wall properties of pulses (cotyledon) and wheat (endosperm) determined the rate and extent
of starch digestion, with pulse cell walls being less permeable for a-amylase [19]. Different types of
processing have been explored for pulses as well [22,23], yet hydrothermal processing remains the
most applied way of pulse seed softening. Overall, the delayed starch digestion kinetics associated
with encapsulated starch granules in pulse seeds gives large potential in the formulation of low
glycemic index foods (cfr. Section 3) in which ingredients derived from pulse seeds play an innovative

role.

In recent years, research not only focused on understanding starch digestion as affected by the
primary cell wall barrier of pulses, yet the protein matrix entrapping starch granules and therefore
acting as a secondary barrier got in the spotlight as well. More specifically, gradual proteolysis and
reduction of this secondary barrier, leading to amylolysis facilitation is being investigated, for example
by Do et al. [24] for navy beans. Although there are several indications that this hypothesis holds for
all pulses, it should still be confirmed for understudied pulse types. In this context, new approaches
and quantification methods were developed to gain more in-depth insight into protein digestion of

pulses [25] but also of other plant-based foods [26,27].

Generally, it can be stated that hydrothermal processing of pulses is associated with improved protein
nutritional quality. This is explained by thermal degradation of protease inhibitors and causing protein
denaturation reducing protease resistance. Oppositely, the Maillard reaction and/or protein
denaturation increasing protease resistance is linked to thermal processes in absence of moisture or
when overheating protein [10]. Improving the protein nutritional quality of pulse-based products

continues to be a challenge in which targeted processing techniques can play a key role.

Fruits and vegetables also possess naturally encapsulated nutrients, which are often localized within

specific plant cell structures surrounded by an undigestible cell wall. Consequently, cell wall intactness
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is a determining factor in the bioaccessibility of these nutrients. Processing can be employed to
stimulate nutrient release and/or bioaccessibility, by affecting cell wall integrity and/or other
microstructural properties. Different processing techniques can be utilized for this aim: thermal
processing, particle size reduction by high pressure homogenization or mixing, pulsed electric field
treatments, enzymatic processes, etc. [28]. These processes can be applied for water-soluble nutrients
which are naturally entrapped in cell structures to promote their release and/or absorption [14,29].
However, for lipid-soluble nutrients such as carotenoids and vitamin D, the nutrient amount that is
released from the matrix is not necessarily equal to the amount that is absorbed. In these cases, the
(lipid) digestion process during which mixed micelles are formed as well as nutrient interactions play

a key role in the nutrient fraction finally absorbed [18,30].

3 Food formulation to control nutrient digestion kinetics

Not only food processing but also food (re)formulation can be applied as a strategy to steer nutrient
digestibility (kinetics) or bioaccessibility, and is very often done by strategically including nutrients

with a specific microstructural organization.

In the case of oil-in-water emulsions for example, it became obvious that several factors influence
lipid digestion: (i) oil phase properties, (ii) oil droplet size, (iii) interfacial properties, (iv) properties of
the continuous phase [31]. However, one recent research trend aims to explore and understand the
use of a mix of emulsifiers to modulate emulsion stability and/or lipid digestion [32,33]. For this, both
traditional molecular emulsifiers are studied as well as colloidal (nano)particles such as proteins,
polysaccharides and polyphenols. Pickering and nano-emulsions are of interest in food industry to act
as delivery systems for bioactives (e.g. curcumin, carotenoids), replacers of fats and yolk, or edible
food packaging films [34]. Furthermore, natural oil droplets and emulsions extracted from different
sources like nuts and oil seeds, gained more attention from researchers to replace synthetic oils

(droplets) in a range (food) products [35,36].
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Another emerging trend is to reformulate current food products, driven by the protein transition or
the need to create lower caloric foods, for instance. In this context, the use of pulse flours is a new
strategy to replace (part of) wheat flour in wheat-based foods such as pasta, bread, and other bakery
products [37—-39] aiming to increase protein content for example. Additionally, consumption of foods
made from ingredients of different plant sources results in an enriched nutrient intake [39]. Both
purified (e.g. protein isolates, isolated cell fraction) and whole ingredients (e.g. whole pulse flours) of
pulses are currently under investigation, yet the isolation and/or purification of pulse-based
ingredients is accompanied by the production of several waste streams questioning the sustainability
aspect of these food ingredients [40]. Additionally, pulse flours can be produced from either dry,
uncooked pulses or from cooked pulses [41]. When mechanically disintegrating dry pulse seeds, cell
breakage will be the prevalent mode of action, while sufficiently cooked pulse seeds will present
predominantly cell separation [9]. These two types of pulse-flours have a completely different
microstructure which is directly linked with macronutrient digestion kinetics. While predominantly
raw-milled flowers are used by industry at this moment, there is increasing research showing the
advantages of using cellular flours (i.e. flours made of cooked pulse seeds) in food products since the
natural encapsulation of nutrients is preserved in that case [41], creating opportunities to tune

digestion phenomena [42—-44] and in vivo responses [39,45].

In this context, it is very important to realize that nutrients can behave differently in their isolated
form compared to when they are present in a food or meal [1]. Guevara-Zambrano et al. [46] studied
the impact of different protein microstructural organizations in the presence of emulsified oil droplets
on both lipid and protein digestion kinetics. A direct link was observed between the level of
accessibility of protein for digestive enzymes and protein digestion kinetics. In other words, naturally
encapsulated protein can be used as tool to delay its digestibility. Additionally, the presence of the
protein matrix delayed lipid hydrolysis, showing the importance of not only studying nutrients in their
isolated form. A similar observation was made by Calvo-Lerma et al. [47], yet the impact of the protein

content seemed negligible for foods with a high lipid content. More and more research focusses on
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investigating and understanding these nutrient, food, or even meal interactions [30] which remains a

highly relevant research topic.

4 In vitro approaches to investigate digestion

Throughout the years, diverse approaches have been used to simulate digestion in vitro [48]. Static in
vitro models are predominantly employed in that case, since they are based on in vivo observations,
nonetheless being more standardized, less expensive, of higher throughput, and having less ethical
constraints than in vivo models [48,49]. Static models only apply a single set of initial conditions and
are thus unable to include any time dependency of the dynamic digestion process within a particular
digestive phase [49]. Hence, semi-dynamic in vitro models are of interest as these models allow to
make strategic choices on which relevant dynamic factors to include [50,51]. The dynamic nature of
secretions (e.g. digestive enzymes, pH) and gastric emptying are two important aspects that impact
digestion kinetics [50,52,53] as they modify microstructural properties, enzymatic activity, substrate-
enzyme contact time, etc. Additionally, particular digestive compounds may interact with nutrients
impacting their or other nutrients’ digestibility/bioaccessibility. Interesting examples are the
interaction of pectin with lipase and/or bile salts reducing the availability of these digestive
compounds for lipid digestion when used as emulsion stabilizer [54]. More recently, it was found that
certain bean compounds also retain bile salts which might be linked to a cholesterol-lowering effect
[55]. Overall, it is important to choose an appropriate in vitro digestion protocol for the research
guestion in mind [56]. Moreover, the impact of food structure on oral processing cannot be forgotten
[57,58]. Additionally, more and more in vitro fermentation protocols are available as well which can
deliver additional insight into the nutritional impact of food structure as affected by food processing

or food formulation [59,60].

Until now, most digestion studies focused on digestion conditions typical for healthy adults. However,
there is a growing need to unravel the digestive fate of nutrients for specific populations with altered

digestion conditions [61]. Examples are children, elderly, women, people with anorexia, obesity or
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that underwent bariatric surgery, whom have altered transit times, pH conditions, enzyme
concentrations and/or bile salt concentrations [62—65]. These altered digestive conditions will impact
nutrient digestibility and bioaccessibility and we need to engineer foods for these populations as well.
Providing food according to the health status of particular populations appears an emerging research

field to which food scientists could and should contribute [66,67].

5 Conclusions and future perspectives

Engineering approaches like food processing or food (re)formulation remain interesting tools to
modulate the digestive fate of nutrients. In recent years, food scientists more and more focused on
the link between food processing, food (micro)structural properties and the final nutritional
functionality of a food product or ingredient. Generally, when food (micro)structure gets lost by, for
example, processing or formulating products from individual ingredients, the nutritional quality is
largely altered. However, many effort is being made by food scientists to investigate the potential of
intelligently designed new or reformulated foods to steer their digestive functionality. Since focus
shifted from studying food composition towards studying food (micro)structure and its relation with
nutrient digestibility and/or bioaccessibility, new tools should be developed to better quantify this
relation. Additionally, there is a need to evolve from investigating single nutrients towards co-ingested

nutrients in food and meal approaches spanning diverse subgroups of the whole population.

Funding

The authors acknowledge the financial support of the KU Leuven Research Fund. S.H.E. Verkempinck
is a postdoctoral researcher partially funded by Flanders Innovation & Entrepreneurship (VLAIO) in

the context of the VeggieChain project (HBC.2019.0131).

11



243

244

245

246

247

CRediT roles

Sarah H.E. Verkempinck: Conceptualization; Visualization; Writing - original draft
Marc E. Hendrickx: Writing - review & editing
Ann Van Loey: Writing - review & editing

Tara Grauwet: Conceptualization; Writing - review & editing

12



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

Reference List

Capuano E, Janssen AEM: Food Matrix and Macronutrient Digestion. Annu Rev Food Sci

Technol 2021, 12:193-212.

** This review provides an overview on how food matrices can influence macronutrient
digestibility.
Parada J, Aguilera JM: Food microstructure affects the bioavailability of several nutrients. J

Food Sci 2007, 72:21-32.

Ghoshal G: Emerging Food Processing Technologies. Food Processing for Increased Quality and

Consumption 2018, doi:10.1016/B978-0-12-811447-6.00002-3.

Drewnowski A, Detzel P, Klassen-Wigger P: Perspective: Achieving Sustainable Healthy Diets

Through Formulation and Processing of Foods. Curr Dev Nutr 2022, 6:6006012.

* This review summarizes how food processing and food (re)formulation can be employed to

increase the sustainability aspect of food products.

European Commission: Knowledge Centre for Food Fraud and Quality. 2021,

Monteiro CA, Cannon G, Levy RB, Moubarac JC, Louzada MLC, Rauber F, Khandpur N, Cediel G,
Neri D, Martinez-Steele E, et al.: Ultra-processed foods: What they are and how to identify

them. Public Health Nutr 2019, 22:936-941.

Srour B, Fezeu LK, Kesse-Guyot E, Alles B, Méjean C, Andrianasolo RM, Chazelas E, Deschasaux
M, Hercberg S, Galan P, et al.: Ultra-processed food intake and risk of cardiovascular disease:

prospective cohort study (NutriNet-Santé). BMJ 2019, 365.

Moughan PJ: Holistic properties of foods: a changing paradigm in human nutrition. J Sci Food

Agric 2020, 100:5056-5063.

13



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

10.

11.

12.

13.

14.

Pallares Pallares A, Gwala S, Palchen K, Duijsens D, Hendrickx M, Grauwet T: Pulse seeds as
promising and sustainable source of ingredients with naturally bioencapsulated nutrients:

Literature review and outlook. Compr Rev Food Sci Food Saf 2021, 20:1524—-1553.

Gu J, Bk A, Wu H, Lu P, Nawaz MA, Barrow CJ, Dunshea FR, Suleria HAR: Impact of processing
and storage on protein digestibility and bioavailability of legumes. Food Reviews International

2022, doi:10.1080/87559129.2022.2039690.

** |n this review, an integrated overview is given on how processing can affect proteolysis of

pulse protein.

Wainaina I, Wafula E, Sila D, Kyomugasho C, Grauwet T, Van Loey A, Hendrickx M: Thermal
treatment of common beans (Phaseolus vulgaris L.): Factors determining cooking time and
its consequences for sensory and nutritional quality. Compr Rev Food Sci Food Saf 2021,

20:3690-3718.

Lépez-Gamez G, Elez-Martinez P, Martin-Belloso O, Soliva-Fortuny R: Recent Advances toward
the Application of Non-Thermal Technologies in Food Processing: An Insight on the

Bioaccessibility of Health-Related Constituents in Plant-Based Products. Foods 2021, 10.

Lu Y, Zhang M, Huang D: Dietary Organosulfur-Containing Compounds and Their Health-

Promotion Mechanisms. Annu Rev Food Sci Technol 2022, 13:287-313.

Delbaere SM, Bernaerts T, Vancoillie F, Buvé C, Hendrickx ME, Grauwet T, Van Loey AM:
Comparing the effect of several pretreatment steps, selected to steer (bio)chemical
reactions, on the volatile profile of leek (Allium ampeloprasum var. porrum). LWT 2022,

172:114205.

* In this research paper volatile quantification is used as an indicator for the occurrence of
(bio)chemical conversions of nutrients as affected by different processing techniques and

sequences.

14



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cilla A, Bosch L, Barberd R, Alegria A: Effect of processing on the bioaccessibility of bioactive
compounds — A review focusing on carotenoids, minerals, ascorbic acid, tocopherols and

polyphenols. Journal of Food Composition and Analysis 2018, 68:3—15.

Aguilera JM: Why food microstructure? J Food Eng 2005, 67:3-11.

Singh H, Ye A, Ferrua MJ: Aspects of food structures in the digestive tract. Curr Opin Food Sci

2015, 3:85-93.

Verkempinck S, Pallares Pallares A, Hendrickx M, Grauwet T: Processing as a tool to manage

digestive barriers in plant-based foods: recent advances. Curr Opin Food Sci 2020, 35:1-9.

Khrisanapant P, Leong SY, Kebede B, Oey |: Effects of Hydrothermal Processing Duration on
the Texture, Starch and Protein In Vitro Digestibility of Cowpeas, Chickpeas and Kidney

Beans. Foods 2021, 10.

* This research paper links hydrothermal processing intensity with texture and consequently

with in vitro starch and protein digestion of different pulse types.

Duijsens D, Gwala S, Pallares AP, Palchen K, Hendrickx M, Grauwet T: How postharvest
variables in the pulse value chain affect nutrient digestibility and bioaccessibility. Compr Rev

Food Sci Food Saf 2021, 20:5067-5096.

Duijsens D, Verkempinck SHE, De Coster A, Palchen K, Hendrickx M, Grauwet T: How Cooking
Time Affects In Vitro Starch and Protein Digestibility of Whole Cooked Lentil Seeds versus

Isolated Cotyledon Cells. Foods 2023, 12.

Edwards CH, Ryden P, Mandalari G, Butterworth PJ, Ellis PR: Structure—function studies of
chickpea and durum wheat uncover mechanisms by which cell wall properties influence

starch bioaccessibility. Nat Food 2021, 2:118-126.

Nasibeh S, Mustafa M, Jitendra P, Filiz K: Development of Cellular High-Protein Foods : Foods

2022, 11:38.

15



318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

24,

25.

26.

27.

28.

29.

Do DT, Singh J, Johnson S, Singh H: Probing the Double-Layered Cotyledon Cell Structure of
Navy Beans: Barrier Effect of the Protein Matrix on In Vitro Starch Digestion. Nutrients 2022,

15:105.

** This research paper studied for the first time the role of the protein matrix as a secondary

barrier for starch digestion using an in vitro digestion approach.

Duijsens D, Palchen K, Verkempinck S, Guevara Zambrano J, Hendrickx M, Van Loey A, Grauwet
T: Size exclusion chromatography to evaluate in vitro proteolysis: a case study on the impact
of microstructure in pulse powders. Food Chem 2023,

doi:10.1016/J.FOODCHEM.2023.135709.

* This research paper presents an HPLC-SEC method to quantify in vitro proteolysis and
compared it with a commonly used quantification technique to see if additional insights could

be obtained.

Rieder A, Afseth NK, Bocker U, Knutsen SH, Kirkhus B, Mahre HK, Ballance S, Wubshet SG:
Improved estimation of in vitro protein digestibility of different foods using size exclusion

chromatography. Food Chem 2021, 358:129830.

Wubshet SG, Mage |, Bocker U, Lindberg D, Knutsen SH, Rieder A, Rodriguez DA, Afseth NK:
FTIR as a rapid tool for monitoring molecular weight distribution during enzymatic protein

hydrolysis of food processing by-products. Anal Methods 2017, 9:4247-4254.

Atencio S, Verkempinck SHE, Bernaerts T, Reineke K, Hendrickx M, Van Loey A: Impact of
processing on the production of a carotenoid-rich Cucurbita maxima cv. Hokkaido pumpkin

juice. Food Chem 2022, 380:132191.

Yong SXM, Song CP, Choo WS: Impact of High-Pressure Homogenization on the Extractability

and Stability of Phytochemicals . Frontiers in Sustainable Food Systems 2021, 4.

16



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

30.

31.

32.

33.

34.

35.

36.

37.

Antoine T, Icard-Verniere C, Scorrano G, Salhi A, Halimi C, Georgé S, Carriere F, Mouquet-Rivier
C, Reboul E: Evaluation of vitamin D bioaccessibility and mineral solubility from test meals
containing meat and/or cereals and/or pulses using in vitro digestion. Food Chem 2021,

347:128621.

McClements DJ: Food Emulsions. CRC Press; 2015.

Cui S, Yang Z, McClements DJ, Xu X, Qiao X, Zhou L, Sun Q, Jiao B, Wang Q, Dai L: Stability
mechanism of Pickering emulsions co-stabilized by protein nanoparticles and small
molecular emulsifiers by two-step emulsification with different adding sequences: From

microscopic to macroscopic scales. Food Hydrocoll 2023, 137:108372.

Infantes-Garcia MR, Verkempinck SHE, Saadi MR, Hendrickx ME, Grauwet T: Towards
understanding the modulation of in vitro gastrointestinal lipolysis kinetics through emulsions

with mixed interfaces. Food Hydrocoll 2022, 124:107240.

Li W, Jiao B, Li S, Faisal S, Shi A, Fu W, Chen Y, Wang Q: Recent Advances on Pickering Emulsions
Stabilized by Diverse Edible Particles: Stability Mechanism and Applications . Frontiers in

Nutrition 2022, 9.

Abdullah, Weiss J, Zhang H: Recent advances in the composition, extraction and food

applications of plant-derived oleosomes. Trends Food Sci Technol 2020, 106:322—-332.

Acevedo-Fani A, Singh H: Biophysical insights into modulating lipid digestion in food

emulsions. Prog Lipid Res 2022, 85:101129.

** This review describes how emulsion design can be used as a tool to steer lipid digestion.

Marchini M, Carini E, Cataldi N, Boukid F, Blandino M, Ganino T, Vittadini E, Pellegrini N: The
use of red lentil flour in bakery products: How do particle size and substitution level affect

rheological properties of wheat bread dough? LWT 2021, 136:110299.

17



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

38.

39.

40.

41.

42.

43.

44,

Garcia-Valle DE, Bello-Pérez LA, Agama-Acevedo E, Alvarez-Ramirez J: Structural
characteristics and in vitro starch digestibility of pasta made with durum wheat semolina and

chickpea flour. LWT 2021, 145:111347.

Perez-Moral N, Saha S, Pinto AM, Bajka BH, Edwards CH: In vitro protein bioaccessibility and
human serum amino acid responses to white bread enriched with intact plant cells. Food

Chem 2023, 404:134538.

** This research paper investigates the impact of partial wheat replacement by cellular flour
obtained from chickpea cells on in vitro protein digestion as well as on postprandial serum

responses.

Van Der Goot AJ, Pelgrom PJM, Berghout JAM, Geerts MEJ, Jankowiak L, Hardt NA, Keijer J,
Schutyser MAI, Nikiforidis C V., Boom RM: Concepts for further sustainable production of

foods. J Food Eng 2016, 168:42—51.

Duijsens D, Palchen K, De Coster A, Verkempinck SHE, Hendrickx ME, Grauwet T: Effect of
manufacturing conditions on in vitro starch and protein digestibility of (cellular) lentil-based

ingredients. Food Research International 2022, 158:111546.

Edwards CH, Ryden P, Pinto AM, van der Schoot A, Stocchi C, Perez-Moral N, Butterworth PJ,
Bajka B, Berry SE, Hill SE, et al.: Chemical, physical and glycaemic characterisation of
PulseON®: A novel legume cell-powder ingredient for use in the design of functional foods. J

Funct Foods 2020, 68:103918.

Choe U, Osorno JM, Ohm JB, Chen B, Rao J: Modification of physicochemical, functional
properties, and digestibility of macronutrients in common bean (Phaseolus vulgaris L.) flours

by different thermally treated whole seeds. Food Chem 2022, 382:132570.

Yu Z, Fan Y, Wang X, Xia M, Cai Y: In vitro and in vivo digestibility of pea and chickpea powder

prepared by cooking and drying treatment. Int J Food Prop 2020, 23:1187-1199.

18



388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

45.

46.

47.

48.

49.

50.

51.

52.

Bajka BH, Pinto AM, Perez-Moral N, Saha S, Ryden P, Ahn-Jarvis J, van der Schoot A, Bland C,
Berry SE, Ellis PR, et al.: Enhanced secretion of satiety-promoting gut hormones in healthy
humans after consumption of white bread enriched with cellular chickpea flour: A

randomized crossover study. Am J Clin Nutr 2022, 117:477-489.

Guevara-Zambrano JM, Verkempinck SHE, Muriithi B, Duijsens D, Hendrickx ME, Loey AMV,
Grauwet T: Protein accessibility level affects macronutrient digestion kinetics of plant-based

shakes. Food Hydrocoll 2023, 137:108428.

Calvo-Lerma J, Fornés-Ferrer V, Heredia A, Andrés A: In Vitro Digestion of Lipids in Real Foods:
Influence of Lipid Organization Within the Food Matrix and Interactions with Nonlipid

Components. J Food Sci 2018, 83:2629-2637.

Colombo R, Ferron L, Frosi |, Papetti A: Advances in static in vitro digestion models after the

COST action Infogest consensus protocol. Food Funct 2021, 12:7619-7636.

Bohn T, Carriere F, Day L, Deglaire A, Egger L, Freitas D, Golding M, Le Feunteun S, Macierzanka
A, Menard O, et al.: Correlation between in vitro and in vivo data on food digestion. What

can we predict with static in vitro digestion models? Crit Rev Food Sci Nutr 2017, 0:1-23.

Verkempinck SHE, Duijsens D, Michels D, Guevara-Zambrano JM, Infantes-Garcia MR, Palchen
K, Grauwet T: Studying semi-dynamic digestion kinetics of food: Establishing a computer-

controlled multireactor approach. Food Research International 2022, 156:111301.

Mulet-Cabero A-l, Egger L, Portmann R, Ménard O, Marze S, Minekus M, Le Feunteun S, Sarkar
A, Grundy MM-L, Carriére F, et al.: A standardised semi-dynamic in vitro digestion method

suitable for food — an international consensus. Food Funct 2020, doi:10.1039/C9F001293A.

Palchen K, Michels D, Duijsens D, Gwala ST, Pallares Pallares AK, Hendrickx M, Van Loey A,
Grauwet T: In vitro protein and starch digestion kinetics of individual chickpea cells: from

static to more complex in vitro digestion approaches. Food Funct 2021, 12:7787-7804.

19



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

53.

54.

55.

56.

57.

58.

59.

60.

Sams L, Paume J, Giallo J, Carriere F: Relevant pH and lipase for in vitro models of gastric

digestion. Food Funct 2016, 7:30-45.

Espinal-Ruiz M, Parada-Alfonso F, Restrepo-Sanchez LP, Narvaez-Cuenca CE, McClements DJ:
Interaction of a dietary fiber (pectin) with gastrointestinal components (bile salts, calcium,
and lipase): A calorimetry, electrophoresis, and turbidity study. J Agric Food Chem 2014,

62:12620-12630.

Lin T, O’Keefe S, Duncan S, Fernandez-Fraguas C: Retention of primary bile salts by dry beans
(Phaseolus vulgaris L.) during in vitro digestion: Role of bean components and effect of food

processing. Food Research International 2020, 137:109337.

Duijsens D, Péalchen K, Guevara-Zambrano JM, Verkempinck SHE, Infantes-Garcia MR,
Hendrickx ME, Van Loey AM, Grauwet T: Strategic choices for in vitro food digestion

methodologies enabling food digestion design. Trends Food Sci Technol 2022, 126:61-72.

Devezeaux De Lavergne M, Young AK, Engmann J, Hartmann C: Food Oral Processing—An

Industry Perspective . Frontiers in Nutrition 2021, 8.

Pallares AP, Loosveldt B, Karimi SN, Hendrickx M, Grauwet T: Effect of process-induced
common bean hardness on structural properties of in vivo generated boluses and
consequences for in vitro starch digestion kinetics. British Journal of Nutrition 2019,

doi:10.1017/50007114519001624.

Rovalino-Cérdova AM, Fogliano V, Capuano E: Effect of bean structure on microbiota
utilization of plant nutrients: An in-vitro study using the simulator of the human intestinal

microbial ecosystem (SHIME®). J Funct Foods 2020, 73:104087.

Bhattarai RR, Dhital S, Williams BA, Yang HJ, Mikkelsen D, Flanagan BM, Gidley MJ: In vitro
fermentation of legume cells and components: Effects of cell encapsulation and

starch/protein interactions. Food Hydrocoll 2021, 113:106538.

20



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

61.

62.

63.

64.

65.

66.

67.

* In this research paper, the impact of nutrient encapsulation on several fermentation

characteristics was investigated.

Shani-Levi C, Alvito P, Andrés A, Assungao R, Barbera R, Blanquet-Diot S, Bourlieu C, Brodkorb
A, Cilla A, Deglaire A, et al.: Extending in vitro digestion models to specific human populations:
Perspectives, practical tools and bio-relevant information. Trends Food Sci Technol 2017,

60:52-63.

Steenackers N, Vanuytsel T, Augustijns P, Tack J, Mertens A, Lannoo M, Van der Schueren B,
Matthys C: Adaptations in gastrointestinal physiology after sleeve gastrectomy and Roux-en-

Y gastric bypass. Lancet Gastroenterol Hepatol 2021, 6:225-237.

Steenackers N, Wauters L, Van der Schueren B, Augustijns P, Falony G, Koziolek M, Lannoo M,
Mertens A, Meulemans A, Raes J, et al.: Effect of obesity on gastrointestinal transit, pressure
and pH using a wireless motility capsule. European Journal of Pharmaceutics and

Biopharmaceutics 2021, 167:1-8.

* This research paper describes the effect of the gastrointestinal physiology of people having

obesity on different digestive parameters.

Lee S, Jo K, Jeong HG, Choi Y-S, Yong HI, Jung S: Understanding protein digestion in infants and

the elderly: Current in vitro digestion models. Crit Rev Food Sci Nutr 2021, 0:1-18.

Lajterer C, Shani Levi C, Lesmes U: An in vitro digestion model accounting for sex differences
in gastro-intestinal functions and its application to study differential protein digestibility.

Food Hydrocoll 2022, 132:107850.

Ueland @, Altintzoglou T, Kirkhus B, Lindberg D, Rognsa GH, Rosnes JT, Rud |, Varela P:

Perspectives on personalised food. Trends Food Sci Technol 2020, 102:169-177.

Aguilera JM, Covacevich L: Designing foods for an increasingly elderly population: a challenge

of the XXI century. Curr Opin Food Sci 2023, 51:101037.

21






