Sébastien Marze 
email: sebastien.marze@inrae.fr
  
Keywords: Compositional, Structural, and Kinetic Aspects of Lipid Digestion and Bioavailability: In Vitro, In Vivo, and Modeling Approaches Lipid, kinetics, digestion, bioavailability, modeling

HAL is

INTRODUCTION

Although the physiology and pathophysiology of the gastrointestinal tract are well-known, the detailed study of digestion processes only started recently. This came from the realization that several physical and chemical events within the gastrointestinal tract have a strong effect on metabolism, and in turn on health status. The first evidence was obtained for carbohydrate digestion rate and postprandial kinetics, resulting in the construction of the glycemic index [START_REF] Jenkins | GLYCEMIC INDEX OF FOODS -A PHYSIOLOGICAL-BASIS FOR CARBOHYDRATE EXCHANGE[END_REF], related to type 2 diabetes, coronary heart disease [START_REF] Barclay | Glycemic index, glycemic load, and chronic disease risk -a metaanalysis of observational studies[END_REF], and cardiovascular disease [START_REF] Blaak | Impact of postprandial glycaemia on health and prevention of disease[END_REF]. Much later, a relation between protein digestion rate and postprandial kinetics was also observed [START_REF] Boirie | Slow and fast dietary proteins differently modulate postprandial protein accretion[END_REF][START_REF] Dangin | The digestion rate of protein is an independent regulating factor of postprandial protein retention[END_REF], related to sarcopenia [START_REF] Dangin | The rate of protein digestion affects protein gain differently during aging in humans[END_REF]. In the late 2000s, other perspectives opened when intestinal microbiota composition and catabolism were found to play a significant role in host metabolism, and were related to obesity [START_REF] Backhed | The gut microbiota as an environmental factor that regulates fat storage[END_REF][START_REF] Turnbaugh | An obesity-associated gut microbiome with increased capacity for energy harvest[END_REF]2009).

Later, intestinal microbiota composition was found to influence postprandial glycemia, explaining in part inter-individual variability [START_REF] Zeevi | Personalized Nutrition by Prediction of Glycemic Responses[END_REF].

The case of lipid is still uncertain, postprandial kinetics being probably involved in various health conditions: insulin resistance and the metabolic syndrome [START_REF] Van Oostrom | The metabolic syndrome in relation to complement component 3 and postprandial lipemia in patients from an outpatient lipid clinic and healthy volunteers[END_REF], cardiovascular disease (O' Keefe et al., 2007;[START_REF] Jackson | Postprandial lipemia and cardiovascular disease risk: Interrelationships between dietary, physiological and genetic determinants[END_REF][START_REF] Pirillo | Postprandial lipemia as a cardiometabolic risk factor[END_REF][START_REF] Kolovou | Postprandial Hypertriglyceridaemia Revisited in the Era of Non-Fasting Lipid Profile Testing: A 2019 Expert Panel Statement, Narrative Review[END_REF], and insulin resistance in obesity [START_REF] Nakajima | Hypothesis: Postprandial remnant lipoproteins are the causal factors that induce the insulin resistance associated with obesity[END_REF]. However, no clear relation was established between lipid digestion rate and postprandial kinetics. This might be due to several complications: i) lipid digestion products are not soluble in water (contrary to carbohydrate and protein digestion products), and ii) lipid digestion products follow complex circulation pathways, that will be presented later (carbohydrate and protein digestion products go to the liver through the blood portal vein).

Lipid digestion involves many physicochemical processes [START_REF] Singh | Structuring food emulsions in the gastrointestinal tract to modify lipid digestion[END_REF], the most important ones being: i) lipolysis of triglyceride and phospholipid (and of some lipophilic compounds, such as esters of fat-soluble vitamins and of carotenoids), catalyzed by various lipases and esterases, and ii) incorporation of lipolytic products (free fatty acid, monoglyceride, lysophospholipid, free vitamins and carotenoids, etc.) in intestinal bile assemblies (micelles, vesicles, etc.), carrying them to their absorption site. Note that incorporation is also referred to as solubilization (making water-insoluble compounds apparently soluble) or bioaccessibility (giving compounds access to their absorption site), measured for lipids as the proportion of a compound transferred to the intestinal aqueous micellar phase (transparent supernatant).

[Bioaccessibility: proportion of a specific food compound released from the food matrix in the gastrointestinal tract in an absorbable form]. Absorption of lipids (and lipophilic compounds) by duodenal, jejunal, and ileal enterocytes is molecular, lipolytic products leaving bile assemblies, bile salts being mainly absorbed in the ileum [START_REF] Borgstrom | SITE OF ABSORPTION OF CONJUGATED BILE SALTS IN MAN[END_REF][START_REF] Krag | ACTIVE AND PASSIVE BILE-ACID ABSORPTION IN MAN -PERFUSION STUDIES OF ILEUM AND JEJUNUM[END_REF], and thus reused throughout the small intestine to form new assemblies. These processes are summarized in figure 1. From the enterocyte, short and medium chain FFA and MG (up to 12-carbon chain) are directly secreted into the blood portal vein that leads to the liver, where they are elongated and reesterified as very low-density lipoproteins VLDL (assemblies made of TG, CH, and proteins).

In contrast, long chain FFA and MG (from 14-carbon chain) are re-esterified in the enterocyte as chylomicrons (another type of lipoprotein) secreted into the lymph, reaching blood circulation at the left subclavian vein via the lymph thoracic duct [START_REF] Greenberger | MEDIUM-CHAIN TRIGLYCERIDES -PHYSIOLOGIC CONSIDERATIONS AND CLINICAL IMPLICATIONS[END_REF]. In blood capillaries, chylomicrons are lipolyzed to chylomicron remnants, able to enter the liver. Note that VLDL secreted by the liver into blood capillaries are also lipolyzed to remnants (IDL and LDL, i.e. intermediate-and low-density), peripheral tissues producing HDL (high-density), all able to enter the liver. These processes are summarized in figure 2. Lipid absorption is usually quantified in vivo using kinetic measurements of TG concentration in the blood plasma after a meal (i.e. post prandium), the time curve being called the postprandial triglyceridemia (or lipemia, or lipidemia). Note that TG concentration in the chylomicron fraction can also be used to exclude liver lipoproteins quantification. The triglyceridemia extent is usually quantified as the incremental area under the curve (iAUC), which is the integral of the time curve from which the initial concentration is subtracted. This quantity is often referred to as a bioavailability, this term being more appropriate for drugs or vitamins than for lipids, as endogenous lipid production is far from being negligible (unless only the chylomicron fraction is considered). [Bioavailability: proportion of a specific food compound reaching the systemic circulation after absorption]. Note that bioavailability definition accounts more and more for bioactive metabolites of the initial compound, especially important for highly metabolized compounds such as phenolics [START_REF] Kay | Anthocyanins and Flavanones Are More Bioavailable than Previously Perceived: A Review of Recent Evidence[END_REF]. Also note that most oral bioavailability values reported are relative, absolute oral bioavailability being rarely investigated as its quantification requires isotope tracers.

From these considerations, it is evident that lipid metabolism is highly kinetic in nature. Yet, only lipid bioavailability kinetics was studied extensively, and lipid digestion kinetics was rarely reported, its role being usually presumed when different foods are tested. In this chapter, the effect of food composition and structure on in vitro lipid digestion kinetics will be reviewed, including fat-soluble (also termed lipophilic) compounds when relevant. Then, recent in vitro, in vivo, and modeling approaches to investigate the link between lipid digestion kinetics and bioavailability kinetics will be examined. This analysis will enable future research strategies to be defined at the food science and nutrition interface, ultimately aiming at food, meal, and diet design for optimal lipid metabolism, thus for better health.

COMPOSITIONAL ASPECTS OF LIPID DIGESTION KINETICS

The study of TG lipolysis kinetics started in the 1960s, and expanded in the 1970s when various interfacial (surface monolayer and droplet tensiometry) and bulk (pH-stat titration) methods were developed by enzymologists to quantify lipase activity [START_REF] Marze | Bioaccessibility of Nutrients and Micronutrients from Dispersed Food Systems: Impact of the Multiscale Bulk and Interfacial Structures[END_REF]2017). In the context of food digestion, those methods started to be used in the 2000s, and pH-stat titration is now commonly used for lipid digestion. Although this is an appropriate method for kinetics, it must be kept in mind that the measured extent of lipolysis is highly dependent on lipid ionization properties, so an additional back-titration at high pH (usually pH 9) is required to correct values measured at pH close or lower than the pKa of the lipid [START_REF] Helbig | In vitro study of intestinal lipolysis using pH-stat and gas chromatography[END_REF][START_REF] Chatzidaki | Water-in-oil microemulsions versus emulsions as carriers of hydroxytyrosol: an in vitro gastrointestinal lipolysis study using the pHstat technique[END_REF]. The main factors controlling lipid digestion were already reviewed (Marze, 2015;[START_REF] Mcclements | Enhanced delivery of lipophilic bioactives using emulsions: a review of major factors affecting vitamin, nutraceutical, and lipid bioaccessibility[END_REF]. Here, the scope is limited to research investigations demonstrating effects with a kinetic analysis.

Kinetic modeling

One of the first studies linking lipid composition and intestinal digestion kinetics is that by [START_REF] Li | New Mathematical Model for Interpreting pH-Stat Digestion Profiles: Impact of Lipid Droplet Characteristics on in Vitro Digestibility[END_REF]. Modeling the FFA release from lipid emulsions of various compositions, these authors found that the rate constant per unit surface area increases with decreasing molecular weight of FA (TG type), decreasing lipid droplet concentration, and increasing droplet size (when the rate constant is not expressed per unit surface area, this latter trend is reversed). Although an error was later noted in the derivation of the kinetic equation, these trends hold true in the corrected equation [START_REF] Gaucel | Comment on New Mathematical Model for Interpreting pH-Stat Digestion Profiles: Impact of Lipid Droplet Characteristics on in Vitro Digestibility[END_REF]. In a kinetic study of lipid digestion using many techniques (emulsion, pH-stat, HPLC, droplet tensiometry), Marze and Choimet (2012) derived various equations, confirming the trends found before, the best results being obtained for first order kinetics including interface mechanical properties due to the emulsifier type (rate constant decreases with increasing interfacial viscosity or elasticity). The main factor was found to be the TG type, TG with longer and more unsaturated chains being digested more slowly and to a lower extent [START_REF] Li | New Mathematical Model for Interpreting pH-Stat Digestion Profiles: Impact of Lipid Droplet Characteristics on in Vitro Digestibility[END_REF]Marze and Choimet, 2012;[START_REF] Marze | In vitro digestion of fish oils rich in n-3 polyunsaturated fatty acids studied in emulsion and at the oil-water interface[END_REF]. The droplet size effect was found to be an interfacial area effect, the rate constant increasing with increasing interfacial area. When interpreting in terms of droplet size, other factors must therefore be accounted for, namely the lipid concentration and the number of droplets, these factors and the droplet size being interrelated, all changing dramatically during lipid digestion (Marze, 2015). A good illustration of the interfacial area effect is provided in the modeling of [START_REF] Giang | Dynamic modeling highlights the major impact of droplet coalescence on the in vitro digestion kinetics of a whey protein stabilized submicron emulsion[END_REF]2016), showing that droplet coalescence during the intestinal digestion of an emulsion explained most of the measured lipolysis kinetics slowdown.

Interfacial composition

In contrast, the interfacial area did not explain different lipolysis rate constants for homogenized milks compared to raw milk [START_REF] Berton | Effect of the size and interface composition of milk fat globules on their in vitro digestion by the human pancreatic lipase: Native versus homogenized milk fat globules[END_REF]. This was understood as an effect of the droplet interface, composed of a phospholipid globule membrane for the raw milk and of a protein layer due to membrane rupture for homogenized milks. [START_REF] Fondaco | Biophysical Aspects of Lipid Digestion in Human Breast Milk and Similac((TM)) Infant Formulas[END_REF] confirmed this result by comparing various infant formulas to human breast milk in a dynamic digestion system (TIM-1). [START_REF] Bellesi | Comparative behavior of protein or polysaccharide stabilized emulsion under in vitro gastrointestinal conditions[END_REF] also found that the interfacial area could only explain the early digestion kinetics of emulsion, late kinetics being influenced by the type of emulsifier at the interface. Similarly, [START_REF] Yao | The influence of non-ionic surfactant on lipid digestion of gum Arabic stabilized oil-in-water emulsion[END_REF] observed a biphasic behavior when a polysorbate emulsifier was added to a gum Arabic-stabilized emulsion, with slow early kinetics and fast late kinetics. This was explained by a stiffening of the interfacial network by the polysorbate, delaying lipase adsorption.

Droplet scale experiments

Microfluidic devices were also used to study lipid digestion kinetics at the droplet scale. This allowed more factors to be controlled, namely the digestive fluid residence time, the number of droplets, droplet-droplet interactions, using monodisperse droplets with a typical diameter between 65 and 135 µm [START_REF] Marze | A microfluidic device to study the digestion of trapped lipid droplets[END_REF]. Individually-trapped droplets could be submitted to sequential gastrointestinal digestion, droplet size being measured throughout digestion. The one-hour gastric lipolysis with a fungal lipase did not influence the subsequent intestinal digestion kinetics. The main effect on intestinal digestion was again due to the TG type, fast kinetics being obtained for tricaprylin, slow kinetics for fish oil (rich in 20:5, 22:6, and 16:0 FA), and intermediate kinetics for triolein and olive oil. The values of the rate constant per unit surface area were much higher than those for the corresponding emulsion experiments, what was attributed to the diluted condition and the absence of droplet coalescence in the microfluidic experiments [START_REF] Marze | A microfluidic device to study the digestion of trapped lipid droplets[END_REF]. Another microfluidic study was conducted by [START_REF] Scheuble | Microfluidic Technique for the Simultaneous Quantification of Emulsion Instabilities and Lipid Digestion Kinetics[END_REF] to compare the gastrointestinal lipolysis kinetics of single droplet vs. multiple droplets in traps, with a typical diameter between 25 and 65 µm. Lipolysis kinetics was always faster for a single droplet compared to multiple droplets, due to droplet coalescence events slowing down digestion, attributed to a decreased specific interfacial area. Intestinal lipolysis kinetics was faster without previous gastric lipolysis, but the lipolysis extent was higher with previous gastric lipolysis. For single droplet experiments, the intestinal digestion duration increased almost linearly with increasing initial droplet size, meaning that the mass transfer coefficient (duration × size) depended only weakly on the initial droplet size.

Kinetic bioaccessibility of lipophilic compounds

Food lipids usually contain lipophilic compounds, and lipid digestion plays an essential role for their release within the gastrointestinal tract [START_REF] Mcclements | Emulsion Design to Improve the Delivery of Functional Lipophilic Components[END_REF]Marze, 2015). As these processes are highly dependent on food composition, lipid type, and lipophilic compound type, the characterization of the bioaccessibility kinetics of both the lipid and the lipophilic compound is required. One of the first studies reporting both kinetics is that by [START_REF] Nik | Release of lipophilic molecules during in vitro digestion of soy protein-stabilized emulsions[END_REF].

For various lipophilic compounds in soybean oil emulsion, these authors confirmed the nonkinetic result of [START_REF] Borel | Carotenoids in biological emulsions: Solubility, surfaceto-core distribution, and release from lipid droplets[END_REF] for carotenoids, that the extent of compound release (bioaccessibility) is proportional to the extent of TG lipolysis. Using agent-based computer simulations, [START_REF] Marze | A coarse-grained simulation to study the digestion and bioaccessibility of lipophilic nutrients and micronutrients in emulsion[END_REF]2015b) studied various composition parameters for a single TG droplet containing vitamin A, and predicted the compound bioaccessibility-lipid digestion relation to be super-linear rather than linear, lipid digestion kinetics being always faster than vitamin A bioaccessibility kinetics (sub-efficient relation). Later, these results were confirmed experimentally by Nguyen et al. (2019b) at the single droplet scale using a microfluidic digestion method. These studies evidenced the importance of kinetic bioaccessibility measurements, as lipophilic compound bioaccessibility is likely controlled by lipid digestion kinetics. Comparing the static bioaccessibility from different TGs after a fixed intestinal digestion time (usually 2 hours) probably leads to underestimation for slowly digested TGs, the average transit time in the small intestine being close to 4 hours [START_REF] Read | SIMULTANEOUS MEASUREMENT OF GASTRIC-EMPTYING, SMALL-BOWEL RESIDENCE AND COLONIC[END_REF]. Kinetic curves enable the quantification of bioaccessibility efficiency, comparing data at the same lipid digestion extent rather than at the same digestion time (or at least at a longer time of 4 hours when lipophilic compounds are studied). All these concepts are illustrated in figure 3, showing that the order of the bioaccessibility values is reversed depending on the interpretation. 

KU Leuven kinetic bioaccessibility studies

Recently, systematic kinetic studies of carotenoid bioaccessibility from emulsions were conducted in Marc Hendrickx Lab (KU Leuven). Because HPLC analysis was used, less time points were investigated, but the quantification of all TG lipolytic products (FFA, MG, glycerol, and intermediate DG, both in the oil phase and in the micellar phase) and of carotenoids was performed. The results showed a sub-efficient linear relation between carotenoid bioaccessibility and lipid bioaccessibility [START_REF] Mutsokoti | Carotenoid bioaccessibility and the relation to lipid digestion: A kinetic study[END_REF], faster bioaccessibility kinetics with smaller oil droplets [START_REF] Salvia-Trujillo | Lipid digestion, micelle formation and carotenoid bioaccessibility kinetics: Influence of emulsion droplet size[END_REF], moderate kinetic effects of TG unsaturation degree (18:1 ≥ 18:2  18:3 -rich TGs, Verkempinck et al., 2018a), slower bioaccessibility kinetics for emulsifiers promoting gastric droplet coalescence (sucrose esters, vegetable sera, compared to stable polysorbate emulsion, Verkempinck et al., 2018b;[START_REF] Santiago | In vitro digestibility kinetics of oil-inwater emulsions structured by water-soluble pectin-protein mixtures from vegetable purees[END_REF], slower bioaccessibility kinetics from emulsions containing high methylesterified pectin compared to low methylesterified pectin (Verkempinck et al., 2018c), and a moderate effect of cocoa butter compared to corn oil [START_REF] Salvia-Trujillo | Lipid nanoparticles with fats or oils containing betacarotene: Storage stability and in vitro digestibility kinetics[END_REF]. In all articles, the kinetic data were modeled using an empirical first order rate equation to extract rate constants and final digestion/bioaccessibility extents. In a more recent article, the lipid digestion data were modeled using multiresponse modeling (multiple reactions) accounting for glycerol production. A set of first order rate equations was found to best describe the kinetics of TG disappearance and of lipolytic products appearance [START_REF] Verkempinck | From single to multiresponse modelling of food digestion kinetics: The case of lipid digestion[END_REF]. These kinetic approaches plus the kinetics of emulsion droplet size were further used to analyze the role of emulsifier type on gastric digestion (rabbit gastric lipase was used) and gastrointestinal digestion (Infantes-Garcia et al., 2021a;2021b). Lipid digestion kinetics was found to depend on both the emulsifier type and the droplet size kinetics during the gastric stage, whereas it mainly depended on the final gastric state (droplet size distribution and lipolysis extent) during the intestinal stage.

More kinetic bioaccessibility studies

A recent interesting work is a kinetic study of vitamin D3 bioaccessibility from corn oil (digestible) or mineral oil (indigestible) emulsions [START_REF] Tan | Impact of an indigestible oil phase (mineral oil) on the bioaccessibility of vitamin D-3 encapsulated in whey protein-stabilized nanoemulsions[END_REF]. Confirming previous results, bioaccessibility was much higher from the emulsions containing corn oil, but maximal values were reached after 30 min and decreased to low values similar to that for the mineral oil emulsion after 5 hours and more. It was checked that the total concentration of vitamin D3 in the samples did not change appreciably, and the decrease was then attributed to calcium-micelle interactions, forming precipitating soaps because of the high calcium concentration in the digestive fluid. This effect was confirmed in a following study investigating beta-carotene bioaccessibility from a corn oil emulsion at various calcium concentrations [START_REF] Tan | Impact of calcium levels on lipid digestion and nutraceutical bioaccessibility in nanoemulsion delivery systems studied using standardized INFOGEST digestion protocol[END_REF].

This highlights two major points. First, this confirms that bioaccessibility should be studied kinetically, allowing the identification of different behaviors depending on experimental conditions. Then, this recalls that the total concentration of the bioactive compounds must be measured simultaneously, as many of them are prone to degradation (or transformation), what may lead to bioaccessibility underestimation. Another recent and comprehensive study was reported about the role of triglyceride mixtures (tristearin and/or MCT) on the kinetics of curcumin bioaccessibility [START_REF] Feng | The influence of oil composition on the transformation, bioaccessibility, and intestinal absorption of curcumin in nanostructured lipid carriers[END_REF]. Similarly to KU Leuven studies, the kinetics of triglyceride intestinal lipolysis, fatty acid release, and fatty acid micellization were measured and modeled using a fractional conversion model. The kinetics of curcumin transformation and bioaccessibility were also measured and modeled, showing that these kinetics depended on tristearin content. Specifically, curcumin transformation was slower and lower for higher tristearin contents, and its bioaccessibility followed the kinetics of stearic acid micellization.

He et al. ( 2020) also investigated curcumin bioaccessibility kinetics, showed to be gradual from rapeseed oil body during the intestinal stage (only 10% curcumin released during the gastric stage without lipase), even though fatty acid release kinetics was fast. [START_REF] Gahruie | Co-encapsulation of vitamin D(3)and saffron petals' bioactive compounds in nanoemulsions: Effects of emulsifier and homogenizer types[END_REF] investigated the release kinetics of vitamin D3 from emulsions prepared by either high-pressure or ultrasonic homogenization and stabilized by various emulsifiers. They showed that vitamin D3 release kinetics and extent were significant (20%), but independent on the emulsion type in the gastric stage (no lipase). In the intestinal stage, vitamin D3 release kinetics and extent increased, only depending on the emulsifier type. [START_REF] Luo | Evaluation of the bioaccessibility of carotenoid esters from Lycium barbarum L. in nano-emulsions: A kinetic approach[END_REF] studied the intestinal bioaccessibility kinetics of carotenoid esters from goji berry in nanoemulsions of olive oil or soybean oil (a gastric stage without lipase was performed but not monitored). Bioaccessibility was faster and reached higher extents using olive oil, and for carotenoid diesters compared to monoesters, although these differences were not systematically significant.

STRUCTURAL ASPECTS OF LIPID DIGESTION KINETICS

Intestinal bile assemblies

The results presented in the previous section mostly relate to chemical effects of lipid digestion.

However, as presented in the introduction, an essential aspect of lipid digestion is the formation of nanometer-scale assemblies made of bile components and lipolytic products. Their structures were extensively investigated in the context of lipophilic drugs, and were shown to have a strong effect on drug solubilization. More recently, these structures were also investigated in the context of food digestion, and the main studies were already reviewed (Marze, 2017a).

Briefly, most of the kinetic studies were conducted using small-angle X-ray scattering (SAXS), allowing the characterization of assembly morphology (sizes and shapes). The results showed that various assemblies form either in coexistence or successively during emulsion digestion.

At low bile salt concentration (fasted state or disease), various inverted liquid-crystalline structures formed successively inside the oil droplets during digestion, making aqueous vesicles as final assemblies [START_REF] Salentinig | Transitions in the internal structure of lipid droplets during fat digestion[END_REF][START_REF] Marze | Bioaccessibility of Nutrients and Micronutrients from Dispersed Food Systems: Impact of the Multiscale Bulk and Interfacial Structures[END_REF]2015). At high bile salt concentration (fed state), aqueous vesicles and presumed elongated micelles quickly formed and persisted throughout digestion [START_REF] Salentinig | Transitions in the internal structure of lipid droplets during fat digestion[END_REF]. At high bile salt concentration, the coexistence of vesicles and micelles was later confirmed, their size increasing and their number density decreasing during digestion, micelles being always 10 5 -10 6 more numerous than vesicles [START_REF] Marze | In vitro digestion of emulsions: high spatiotemporal resolution using synchrotron SAXS[END_REF]. Note that assembly kinetics was previously investigated in the same conditions using other techniques, namely diffusing wave spectroscopy and nuclear magnetic resonance, also identifying vesicles and micelles, likely in coexistence, but being detected at early and late digestion times, respectively (Marze et al., 2012).

Pickering emulsion

Kinetic aspects were also studied depending on food structures at various scales. The droplet size effect was already discussed in the previous section in relation to the interfacial area, and the interface composition was shown to influence digestion kinetics. Specific structures can also be designed to reach this goal. At the interface scale, one of the most studied system is the particle-stabilized droplet, named Pickering emulsion as a dispersion. For food-grade particles, an early study concerned the use of chitin nanocrystal particles to stabilize a Pickering emulsion, which was digested more slowly and to a lower extent compared to emulsions stabilized by milk proteins, although droplet coalescence was prevented or promoted, respectively [START_REF] Tzoumaki | In vitro lipid digestion of chitin nanocrystal stabilized o/w emulsions[END_REF]. This was explained by the irreversible adsorption of particles at the interface, hindering pancreatic lipase and bile salt adsorption. Later, [START_REF] Sarkar | In vitro digestion of Pickering emulsions stabilized by soft whey protein microgel particles: influence of thermal treatment[END_REF] confirmed this mechanism using emulsions stabilized by whey protein microgel particles, stable under intestinal digestion, but unstable under gastric digestion due to protein hydrolysis. Using emulsions stabilized by whey protein-cellulose nanocrystal mixtures, Sarkar et al. ( 2018) could reduce the rate and extent of intestinal lipolysis, especially at high particle concentration. A model was developed to account for the effect of specific particle structures at the interface, confirming the hindered pancreatic lipase and bile salt adsorption hypothesis, and introducing the hypothesis that droplet shrinkage is limited by the packing of the nondesorbable particles at the interface [START_REF] Sarkar | In vitro digestion of Pickering emulsions stabilized by soft whey protein microgel particles: influence of thermal treatment[END_REF]2019). A reduction of the rate and extent of intestinal lipolysis was also obtained using emulsions stabilized only by cellulose nanocrystals, attributed to droplet flocculation in the gastric stage and cellulose/bile salts interfacial interactions in the intestinal stage [START_REF] Le | Gastrointestinal digestion of Pickering emulsions stabilised by hydrophobically modified cellulose nanocrystals: Release of short-chain fatty acids[END_REF]. Two other studies were about

Pickering emulsions, investigated in a dynamic digestion system (TIM-1). The first one compared the kinetic bioaccessibility of curcumin from non-emulsified corn oil or a Pickering emulsion stabilized by milled starch particles. The much faster and higher curcumin bioaccessibility for the Pickering emulsion could be attributed to its much higher interfacial area, actually not to its Pickering nature [START_REF] Lu | Assessment of dynamic bioaccessibility of curcumin encapsulated in milled starch particle stabilized Pickering emulsions using TNO's gastrointestinal model[END_REF]. The second study compared the kinetic bioaccessibility of flavonoids from non-emulsified MCT oil, large droplet Pickering emulsion stabilized by milled cellulose particles, or small droplet nanoemulsion. The smaller the droplet was, the faster the bioaccessibility kinetics was. The same conclusion as above can be drawn, the difference between the interfacial areas being so large that it hides any potential Pickering structure effect [START_REF] Lu | Evaluation of Oral Bioaccessibility of Aged Citrus Peel Extracts Encapsulated in Different Lipid-Based Systems: A Comparison Study Using Different in Vitro Digestion Models[END_REF].

Encapsulation in double emulsion

Structures were also designed at the droplet scale to control lipid digestion kinetics. One of the most studied structure is the double (or multiple) water-in-oil-in-water emulsion. It consists of a water-in-oil primary emulsion dispersed in a continuous water phase. Internal water droplets are thus protected from the surrounding aqueous environment by an oil phase, making this structure relevant for the encapsulation of hydrophilic compounds [START_REF] Dickinson | Double Emulsions Stabilized by Food Biopolymers[END_REF]. In one of the first kinetic studies [START_REF] Kaimainen | Encapsulation of betalain into w/o/w double emulsion and release during in vitro intestinal lipid digestion[END_REF], betalain encapsulated in a double emulsion stabilized against osmotic pressure was shown to be released only when coalescence of the internal water droplets was favored by the intestinal lipolysis of the oil phase. Two hours after the beginning of intestinal digestion, no coalescence occurred anymore, resulting in no further betalain release (up to three hours of digestion). In the absence of pancreatic lipase and bile salt, no coalescence occurred, resulting in no betalain release. A study by [START_REF] Mun | Lipase digestibility of the oil phase in a water-in-oilin-water emulsion[END_REF] showed a slower hydrophilic dye release from a double emulsion at a low pancreatic lipase concentration, correlated to slower lipolysis kinetics. However, at normal to high pancreatic lipase concentrations, most dye was released immediately, independently of lipolysis kinetics, suggesting a fast physical process occurred. [START_REF] Giroux | Controlled release of caseinderived peptides in the gastrointestinal environment by encapsulation in water-in-oilin-water double emulsions[END_REF] demonstrated that lipolysis was required to release azocasein peptides efficiently from double emulsions containing digestible oils or a non-digestible oil. Gastrointestinal release was indeed found to be very high or very low, respectively. For digestible oils, significant release was also measured throughout gastric digestion, although no lipase was present in the gastric fluid. A slow diffusion mechanism through the oil phase was suggested. [START_REF] Andrade | In vitro digestion behavior of water-in-oil-in-water emulsions with gelled oil-water inner phases[END_REF] studied the kinetic release of multiple nutrients from double emulsions made of various oils. The hydrophilic compound (vitamin B12) was highly released after the 30 min gastric stage (no lipase), and there was no further release during the intestinal stage, except when the internal water phase was gelled using pectin. Microscopy showed that internal water droplets coalesce and exit the oil phase, the double emulsion structure being partially lost after the gastric stage and completely lost at the beginning of the intestinal stage, explaining vitamin B12 release. For lipophilic compounds (vitamin D3 or beta-sitosterol), low release was observed after the gastric stage, in agreement with a low lipolysis extent. In the intestinal stage, the release was immediate and 2-to 8-fold higher than gastric release, in agreement with an immediate high extent of 

Encapsulation in biopolymers

Other encapsulation strategies were also used to modulate lipid digestion kinetics. [START_REF] Corstens | Emulsion encapsulation in calcium-alginate beads delays lipolysis during dynamic in vitro digestion[END_REF] studied lipolysis kinetics and lipid bioaccessibility for emulsions encapsulated or not in macroscopic calcium alginate beads, investigated in a dynamic digestion system (DIDGI).

They found that bead encapsulation delayed lipolysis in all digestion stages, leading to a lower lipid bioaccessibility after 4 hours of digestion (3.3 % vs. 53.3 % for the non-encapsulated emulsion). [START_REF] Zhang | In situ monitoring of lipid droplet release from biopolymer microgels under simulated gastric conditions using magnetic resonance imaging and spectroscopy[END_REF] used Magnetic Resonance Imaging to investigate lipid release (i.e. liberation in this context) for a nanoemulsion encapsulated in alginate or carrageenan microgels during the gastric stage (no lipase). They found that potassium carrageenan microgels followed accelerating release kinetics, reaching 100% release after 2 hours, whereas calcium alginate microgels were so stable that no lipid release was detected during this period. These results were due to the biopolymer properties as well as to the crosslinking ion (monovalent vs. divalent). [START_REF] Dekkers | Biodegradable biopolymer network structures to create delayed burst digestive release of encapsulated lipids[END_REF] encapsulated an emulsion in a core-shell structure, the core being an emulsion of sunflower oil in gelatin, and the shell being a mixture of beta-lactoglobulin and xanthan, gelled around the core. These structures were submitted to in vitro gastrointestinal digestion, intestinal lipolysis being immediate and fast for the core structure alone, or displaying a lag time after which fast lipolysis took place for the core-shell structure. This lag time was found to increase exponentially with beta-lactoglobulin concentration, and to decrease slightly with xanthan concentration. These results were explained by the small mesh size of the shell gel, which prevented lipase diffusion, gel surface erosion being required before lipase could access lipid droplets in the core. [START_REF] Gonzalez | Effect of particle size on in vitro intestinal digestion of emulsion-filled gels: Mathematical analysis based on the Gallagher-Corrigan model[END_REF] reported similar results for intestinal lipolysis kinetics of soy oil emulsions encapsulated or not in macroscopic calcium alginate cubes, these cubes inducing an initial slow lipolysis followed by a fast step due to gel structure degradation, reaching a lower lipolysis extent after 2 hours digestion (60 vs. 70 %). The particle size area of the cubes was found to have a small effect, only significant during the fast step of lipolysis, as quantified using an empirical model.

Real food structures

Finally, the effect of various real food matrices was investigated. During the intestinal stage, matrix degradation was completed within 30 min for the lowcalcium gel, yet lipolysis kinetics was slower than that of the high-calcium gel for at least 60 min (for rapeseed oil lipolysis, not significant for milk fat). [START_REF] Mat | In vitro digestion of foods using pH-stat and the INFOGEST protocol: Impact of matrix structure on digestion kinetics of macronutrients, proteins and lipids[END_REF] studied liquid or solid whey protein emulsions made of rapeseed oil using the pH-stat method. They showed that pH-stat titration quantified the hydrolysis of both proteins and lipids. By titrating the whey protein solution or gel alone, they could discriminate these hydrolyses, protein hydrolysis representing half or more of the titration. In the early stage of the intestinal digestion, both hydrolysis kinetics were faster for the liquid emulsion compared to the solid emulsion. In the late stage, the extents of hydrolysis depended on the matrix physical state (liquid, solid) and the protein state (native, heat-denaturated). In a second study, [START_REF] Mat | Gastro-intestinal in vitro digestions of protein emulsions monitored by pH-stat: Influence of structural properties and interplay between proteolysis and lipolysis[END_REF] investigated additional whey protein emulsion structures by varying droplet size and thermal gelation. After 2 hours of gastric digestion, protein hydrolysis extent was low and hardly depended on the matrix, only slightly higher for gelled matrices (6 % vs. 4 %). After 2 hours of intestinal digestion, the protein hydrolysis extent was much higher, again only slightly higher for gelled matrices (58 % vs. 53 %). However, the intestinal lipolysis extent was significantly higher for matrices containing small droplets compared to large droplets (68 % vs. 48 %), not significantly dependent on the matrix physical state. Mulet-Cabero et al. ( 2017) designed a semi-dynamic gastric system to compare the digestion kinetics of two isocaloric foods with different structures (but also different ingredients). The liquid food creamed whereas the semi-solid food sedimented during the gastric stage (rabbit gastric lipase was used). Creaming induced slower digestion kinetics for both protein and lipid during the intestinal stage. In contrast, bioaccessible nutrients were only significantly different for lipid. For whole milk from different species, Roy et al. ( 2021) investigated curd formation (coagulation) and macronutrient release in a dynamic gastric digestion system (no lipase). They found that pasteurized milks formed less structured curds compared to raw milks, leading to faster kinetics of fat and protein release from the curd, related by a linear relation whatever the origin of the milk was. Fat release was interpreted to depend on the disintegration and hydrolysis kinetics of the protein structure, namely the casein network.

LINK BETWEEN LIPID DIGESTION KINETICS AND BIOAVAILABILITY

KINETICS

All the above findings were obtained using in vitro methods. Although most of the individual mechanisms are expected to be similar, more interactions occur in vivo and physiological processes regulate many of them. On one hand, numerous studies were conducted to understand nutrient absorption and postabsorptive physiology in animals and humans. On the other hand, gastrointestinal processes were investigated in only a few of these studies. Thus, the link between gastrointestinal food digestion and nutrient bioavailability is poorly documented. To our knowledge, the first comprehensive article reporting the characterization of both digestion and absorption in humans is that by Borgström et al. (1957). The intestinal content of most nutrients and their absorption were measured throughout the small intestine. The secretion of the digestive fluid was also measured (spatially and temporally) and characterized (enzymes and bile salts). Neutral fat, FFA, as well as phospholipid were considered. This study constitutes a conceptual landmark showing that many aspects need to be quantified simultaneously in vivo to really understand food digestion and absorption.

Early kinetic digestion-bioavailability studies

For lipids, most of the subsequent investigations were conducted in the rat, the first comprehensive study being that by [START_REF] Clark | REGIONAL INTESTINAL ABSORPTIVE CAPACITIES FOR TRIOLEIN -ALTERNATIVE TO MARKERS[END_REF]. These researchers indeed measured the intestinal content of all lipid classes and bile salts in segments of the small intestine upon continuous duodenal infusion of triolein, characterizing lipolysis rate as well as absorption rate.

A mass balance model was developed to determine lipid kinetics in and out of the intestinal tissue segments. More studies were reported in the 1990s, starting with the work of [START_REF] Borel | WHEAT BRAN AND WHEAT-GERM -EFFECT ON DIGESTION AND INTESTINAL-ABSORPTION OF DIETARY LIPIDS IN THE RAT[END_REF]. These researchers administrated emulsified meals in the rat stomach and measured the content of all lipid classes in the stomach and in three intestinal segments as a function of digestion time. Moreover, they determined the amount of lipids in the intestinal tissue segments, and in blood serum as a function of time. Later, [START_REF] Borel | DIGESTION AND ABSORPTION OF TUBE-FEEDING EMULSIONS WITH DIFFERENT DROPLET SIZES AND COMPOSITIONS IN THE RAT[END_REF] investigated the effect of emulsion composition and droplet size distribution on similar parameters in the rat. Their influence on gastrointestinal lipolysis and on blood plasma lipids (total or in chylomicrons)

were actually attributed to different gastric emptying kinetics. An alternative approach was taken by [START_REF] Tso | INTESTINAL DIGESTION, ABSORPTION, AND TRANSPORT OF STRUCTURED[END_REF], administrating TG using continuous duodenal infusion, studying lipid classes in intestinal lumen and tissue segments, and characterizing bioavailability kinetics as the temporal recovery of lipids in the lymph. A similar approach was taken by [START_REF] Ikeda | Digestion and lymphatic transport of eicosapentaenoic and docosahexaenoic acids given in the form of triacylglycerol, free acid and ethyl ester in rats[END_REF], administrating TG using continuous gastric infusion, but only studying lipid classes in the lymph, digestion kinetics being determined in vitro. Human experiments followed with the works of [START_REF] Armand | Digestion and absorption of 2 fat emulsions with different droplet sizes in the human digestive tract[END_REF] and [START_REF] Borel | Processing of vitamin A and E in the human gastrointestinal tract[END_REF], reporting lipid kinetics in the stomach and in the duodenum, as well as postprandial blood TG kinetics, also including vitamin A and vitamin E quantification in the second article. The results showed that emulsion droplet size distribution did not influence these parameters significantly.

Recent kinetic experiments in rodents

Recent experiments were conducted in rodents. [START_REF] Prakash | Fat digestion and absorption in spicepretreated rats[END_REF] studied pancreatic and intestinal enzyme activities, bile secretion, and fat absorption in rats fed diets containing different spices (ginger, curcumin, piperine, capsaicin). All these parameters systematically increased for the spice-containing diets compared to a control diet, confirming that enzyme activities and bile secretion control fat absorption. Couëdelo et al. (2015) compared the kinetic bioavailability of alpha-linolenic acid from flaxseed oil emulsions in the lymph of rats and the in vitro kinetic lipolysis of these emulsions (with both gastric and pancreatic lipases). These kinetics were highly correlated, emulsifiers inducing faster and higher lipolysis also inducing faster and higher alpha-linolenic acid bioavailability. [START_REF] Lecomte | Milk Polar Lipids Affect In Vitro Digestive Lipolysis and Postprandial Lipid Metabolism in Mice[END_REF] characterized the kinetics of lipid classes in the intestinal lumen and of postprandial blood plasma TG in the mouse fed emulsions stabilized by milk polar lipids or soybean polar lipids.

They found that lipolysis and triglyceridemia were faster for the emulsion stabilized by milk polar lipids. The same trend was observed for in vitro lipolysis, including both gastric (fungal lipase) and intestinal stages. These results were explained by more gastric droplet flocculation for the emulsion stabilized by soybean polar lipids, as measured in vitro. [START_REF] Deloid | Reducing Intestinal Digestion and Absorption of Fat Using a Nature-Derived Biopolymer: Interference of Triglyceride Hydrolysis by Nanocellulose[END_REF] reported slower postprandial blood serum TG for heavy cream with 1% cellulose nanofiber compared to heavy cream alone in the rat. This was explained in vitro by slower lipolysis kinetics due to droplet coalescence and bile salt sequestration by cellulose nanofibers. Macho- [START_REF] Macho-Gonzalez | Effects of Fiber Purified Extract of Carob Fruit on Fat Digestion and Postprandial Lipemia in Healthy Rats[END_REF] studied the effect of a carob fruit extract (rich in insoluble dietary fibers) on the postprandial blood plasma TG in the rat. The kinetics slowed with increasing carob fruit extract concentration, the amount of fat remaining in the lumen at the end of the postprandial period also increasing for all lipid classes. Pancreatic lipase activity was also shown to decrease with increasing carob fruit extract concentration in vitro. The authors concluded that insoluble dietary fibers (and possibly some polyphenols) were responsible for the reduced fat digestion and absorption. Ye et al. (2019a;2019b) reported the postprandial blood serum lipids in the rat after gavage with emulsions of different oils but identical mean droplet diameter. In most of the cases, the blood TG kinetics was faster and higher for oils that were lipolyzed faster and to a higher extent in vitro (determined using first order kinetics modeling). This trend was confirmed for blood individual FA kinetics. A statistical analysis showed that blood TG kinetics was positively correlated with the palmitic acid level and negatively correlated with the linoleic acid level in the oils. In contrast, blood individual FA kinetics was positively correlated with both the linolenic acid level and the oleic acid level in the oils. [START_REF] Niu | Nanoemulsion structure and food matrix determine the gastrointestinal fate and in vivo bioavailability of coenzyme Q10[END_REF] designed a nutrientrich beverage including a nanoemulsion to deliver the lipophilic compound coenzyme Q10 (ubiquinone). The inclusion into this food matrix resulted in much faster intestinal lipolysis kinetics compared to that for the nanoemulsion alone, and increasing the amount of starch greatly increased ubiquinone bioaccessibility. In vivo ubiquinone oral bioavailability in the rat was found to increase 1.55-fold for the beverage compared to the nanoemulsion, and this was attributed to the intestinal behavior differences found in vitro.

Recent kinetic experiments in humans

In the human, the role of the composition of emulsions with identical initial droplet size distributions was first investigated by [START_REF] Golding | Impact of gastric structuring on the lipolysis of emulsified lipids[END_REF], [START_REF] Keogh | Slowly and Rapidly Digested Fat Emulsions Are Equally Satiating but Their Triglycerides Are Differentially Absorbed and Metabolized in Humans[END_REF][START_REF] Day | Tailoring the digestion of structured emulsions using mixed monoglyceride-caseinate interfaces[END_REF]. The postprandial blood TG kinetics was found to be significantly faster for a pure canola oil compared to a canola oil/hydrogenated fat mixture, and slower for a sodium caseinate/MG mixture as the emulsifier compared to other emulsifiers. This was explained in vitro by the gastric stability of emulsion droplets (against flocculation, coalescence, and creaming), lipids in stable emulsions being absorbed faster and reaching a higher concentration in the blood, compared to lipids in unstable emulsions (canola oil/hydrogenated fat mixture and/or sodium caseinate/MG emulsifier). In contrast, intestinal digestion kinetics determined in vitro did not always follow this trend, suggesting a significant role of gastric emptying in vivo. In vitro gastrointestinal digestion (including a fungal lipase) was performed, resulting in a slower and lower gastric lipid release and a slower and lower intestinal lipolysis for the solid food (no significant difference between the semi-solid and liquid foods). In the human, the postprandial blood plasma TG curves were slightly but significantly different between the liquid (highest) and the solid food (lowest), semi-solid food behavior being intermediate. Thus, the in vivo results were in agreement with the in vitro results, although the extent of the structure effect was rather low. Similarly, [START_REF] Hiolle | In vitro digestion of complex foods: How microstructure influences food disintegration and micronutrient bioaccessibility[END_REF] studied the in vitro gastrointestinal digestion of four real foods of identical composition but different structures (solid to liquid), with added vitamin B9 and lutein. No significant effect was found for the hydrolysis kinetics of protein and carbohydrate, whereas a large effect was observed for lipolysis kinetics in the intestinal stage (no lipase in the gastric stage), in the order biscuit  sponge cake  pudding  custard. This result was unexpected as the initial lipid droplet size decreased in this order, so it was suggested that droplet flocculation/coalescence was prevented in solid foods, in relation to their different processing and/or microstructure. The release kinetics of vitamin B9 from the food matrices was only different in the gastric stage, faster for the biscuit and the sponge cake, and the release kinetics of lutein was only different in the intestinal stage, faster for the custard. The food structure was found to be the main factor responsible for these differences, but no specific feature was suspected. In a complementary in vivo study in the human, these foods were tested for their postprandial triglyceride and vitamin responses [START_REF] Gleize | Food Structure Modulates the Bioavailability of Triglycerides and Vitamin D, and Partly That of Lutein: A Randomized Trial with a Crossover Design in Adults[END_REF]. Chylomicron triglyceride profiles depended on the food structure, but in the reverse order as the in vitro lipolysis kinetics, that is the postprandial response was faster for smaller initial lipid droplet size. Chylomicron lutein and vitamin D3 profiles were only significantly modified for biscuit, slower and lower than for the other food structures, in partial agreement with the in vitro results.

Impact of the intestinal microbiota

The microbiota aspect of lipid digestion and absorption was explored in the work of [START_REF] Martinez-Guryn | Small Intestine Microbiota Regulate Host Digestive and Absorptive Adaptive Responses to Dietary Lipids[END_REF]. Lipid metabolism was studied in specific pathogen free (SPF, presence of intestinal microbiota) or germ free (GF, absence of intestinal microbiota) mice. Upon corn oil gavage, postprandial blood plasma TG was found to be faster and higher for SPF compared to GF mice. After 7 hours, the TG level in duodenum, jejunum, and liver tissues was also found to be higher for SPF compared to GF mice (no significant difference in ileum and muscle tissues). After 2 hours, FFA uptake in the jejunum and the ileum was also found to be higher for SPF compared to GF mice, and lipase activity in duodenum and jejunum contents followed the same trend, although with a lower statistical significance. When GF mice were transplanted with a SPF jejunal microbiota, their 7-hour postprandial blood plasma TG increased to the SPF mice level. It was concluded that the small intestinal microbiota plays a regulation role on fat digestion and absorption, probably through the signaling activity of some metabolites produced by the microbiota. These results suggest that subjects with different intestinal microbiota composition might exhibit different postprandial lipid kinetics, in analogy to the finding that microbiota composition has a small but consistent effect on human postprandial carbohydrate kinetics [START_REF] Zeevi | Personalized Nutrition by Prediction of Glycemic Responses[END_REF]. This hypothesis was recently tested by [START_REF] Berry | Human postprandial responses to food and potential for precision nutrition[END_REF] by studying numerous factors affecting human postprandial responses to seven different meals based on a muffin and a complementary food or beverage. The inter-individual variation in postprandial glucose response was mainly explained by meal composition (15.4 % of the variance explained), and genetics (9.5 %), gut microbiome composition accounting for 6.0 %.

Postprandial triglyceride response was mainly explained by various fasting serum markers (43.0 % of the variance explained in total), compared to 7.1 % for gut microbiome composition.

Meal composition explained even less variance (3.6 %), but the analysis was based on the comparison of only two meals for triglyceride, whereas it was based on all seven meals for glucose. These data were further analyzed by [START_REF] Asnicar | Microbiome connections with host metabolism and habitual diet from 1,098 deeply phenotyped individuals[END_REF], showing that gut microbiome had a stronger association with postprandial triglyceride concentration than with postprandial glucose concentration. This was explained in part by a large effect of gut microbiome on fasting serum lipid markers, in particular HDL and VLDL lipid concentration and size.

MODELING LIPID DIGESTION AND BIOAVAILABILITY KINETICS

From the research results summarized above, it is evident that fat metabolism is highly complex, composed of many interrelated kinetic processes. In such situation, mathematical modeling can help discriminating between primary and secondary factors. For the time being, no comprehensive model for lipid digestion and bioavailability exists, the only extensive model published being that by [START_REF] Bastianelli | Mathematical modeling of digestion and nutrient absorption in pigs[END_REF] and [START_REF] Strathe | A dynamic model of digestion and absorption in pigs[END_REF] for nutrient digestion and absorption kinetics in the pig. On the metabolic side, there is one kinetic model describing lipid metabolism between blood plasma, liver, muscle and adipose tissues [START_REF] Pratt | Mathematical modelling of hepatic lipid metabolism[END_REF].

Both are multi-compartment models. Based on this type of model, and including physicochemical properties of the food matrix, a simplified model scheme for lipid digestion and bioavailability kinetics is proposed, as shown in figure 4. The model is based on a solid meal containing 25 g fat. The duration of each process was evaluated in isolation using in vitro or in vivo kinetic data normalized to 25 g fat. Only transit times could not be evaluated in isolation, as they are the result of multiple physical, chemical, and biological processes. These durations depend on the amount of fat in the meal, on interactions between various processes, as well as on other factors listed in each box. For each process, only one or two representative articles are cited, a literature review of all factors being out of the scope (more references can be found in Marze, 2017b). When a range is indicated, there is a large uncertainty in the duration value due to the lack of data. In the mouth, lipid is released (i.e. liberated) from the food matrix depending on food structures and molecular interactions (with other various food compounds, and physiological molecules).

Because transit is very short in the mouth (Marze, 2017b), lipid release is low and would require a very long time to be completed (based on the results of [START_REF] Grassby | In vitro and in vivo modeling of lipid bioaccessibility and digestion from almond muffins: The importance of the cell-wall barrier mechanism[END_REF]. Hydrolysis helps in this process, although only amylase activity is significant in the mouth [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF].

Faster and usually complete lipid release follows in the stomach, depending on the same factors, hydrolysis of all nutrients occurring there. Gastric TG hydrolysis (lipolysis) is long and only yields one FFA, due to the sn-3 stereospecificity of gastric lipase (Carrière et al., 2000).

Moreover, gastric lipase activity depends on pH so that lipolysis is impacted by the buffering capacity of the food (or chyme as named once in the stomach). As seen above, lipolysis kinetics also depends on droplet state (size distribution, dispersed, aggregated…), controlling the interfacial area available for reaction. Moreover, gastric lipase activity depends on the FA profile of TG, through their position, chain length, and unsaturation degree. Various molecular interactions also enhance or inhibit lipolysis. Transit time in the stomach (linked to gastric emptying) also varies with the droplet state, especially in case of aggregation or phase separation [START_REF] Read | SIMULTANEOUS MEASUREMENT OF GASTRIC-EMPTYING, SMALL-BOWEL RESIDENCE AND COLONIC[END_REF][START_REF] Edelbroek | GASTRIC-EMPTYING AND INTRAGASTRIC DISTRIBUTION OF OIL IN THE PRESENCE OF A LIQUID OR A SOLID MEAL[END_REF], and may vary with chyme viscosity [START_REF] Moxon | Effect of chyme viscosity and nutrient feedback mechanism on gastric emptying[END_REF]. However, several studies showed that food energy density, independently on nutrient proportions, is a major factor controlling gastric emptying [START_REF] Hunt | MECHANISMS AND DISORDERS OF GASTRIC-EMPTYING[END_REF], in turn triggering hormonal regulation. In the small intestine, lipolysis is faster due to a higher pancreatic lipase activity and its sn-1,3 stereospecificity, enabling the production of two FFA and one MG from one TG (Carrière et al., 2000). Intestinal lipolysis kinetics depends on the same factors as gastric lipolysis, except buffering capacity, as pH in the small intestine is much more stable than in the stomach. The same factors also govern the kinetics of FFA and MG solubilization in bile assemblies, occurring at the droplet interface. In addition, the lipid/bile ratio determines the type of mixed assembly formed. For the time being, solubilization kinetics is not well known but is probably fast, as discussed above. FFA and MG absorption is done molecularly, depending on lipid type, molecular interactions (e.g. with carrier proteins, microbiota metabolites), and hormonal regulation. Absorption duration is estimated with ex vivo kinetic data in the rabbit [START_REF] Westergaard | MECHANISM WHEREBY BILE-ACID MICELLES INCREASE RATE OF FATTY-ACID AND CHOLESTEROL UPTAKE INTO INTESTINAL MUCOSAL CELL[END_REF] or in the rat [START_REF] Thomson | DIETARY-FAT SELECTIVELY ALTERS TRANSPORT-PROPERTIES OF RAT JEJUNUM[END_REF], and extrapolated to the human (Synder et al., 1975). Transit time in the small intestine is determined by the lipid type (all lipid classes) as well as by other nutrients and digestion products reaching the ileum, triggering the "ileal brake" hormonal regulation [START_REF] Maljaars | Ileal brake: A sensible food target for appetite control. A review[END_REF]. It is usually longer than the gastric transit time [START_REF] Read | SIMULTANEOUS MEASUREMENT OF GASTRIC-EMPTYING, SMALL-BOWEL RESIDENCE AND COLONIC[END_REF]. The large intestine is not included, as most lipid absorption and hormonal regulation occur before, yet depending on health status. Once FFA and MG are absorbed, they follow different pathways depending on their chain length, reaching the general circulation in the form of TG, as described above. The intracellular processes following absorption are usually considered instantaneous, although a transient state is seen depending on lipid status [START_REF] Clark | BILE SALT REGULATION OF FATTY ACID ABSORPTION AND ESTERIFICATION IN RAT EVERTED JEJUNAL SACS IN VITRO AND INTO THORACIC DUCT LYMPH IN VIVO[END_REF][START_REF] Wu | TRANSMUCOSAL TRIGLYCERIDE TRANSPORT RATES IN PROXIMAL AND DISTAL RAT INTESTINE INVIVO[END_REF][START_REF] Cartwright | Increased dietary triacylglycerol markedly enhances the ability of isolated rabbit enterocytes to secrete chylomicrons: an effect related to dietary fatty acid composition[END_REF]. Similarly, lymph and/or blood transits are usually neglected, inducing a delay of about the minute (Guyton and Hall, 2016). Finally, FAs are removed from the blood in a two-step process involving lipolysis of TG by lipoprotein lipase, and FFA uptake by peripheral tissues, together named clearance. Its kinetics depends on hormonal regulation (mainly by insulin, but not only) as well as on blood lipid profile [START_REF] Cohen | CHYLOMICRON TRIGLYCERIDE CLEARANCE -COMPARISON OF 3 ASSESSMENT METHODS[END_REF][START_REF] Mortimer | EFFECTS OF TRIACYLGLYCEROL-SATURATED ACYL CHAINS ON THE CLEARANCE OF CHYLOMICRON-LIKE EMULSIONS FROM THE PLASMA OF THE RAT[END_REF]. Not accounting for endogenous sources of lipid (mainly from the liver through lipoprotein metabolism), bioavailability kinetics is a result of the balance between absorption kinetics and clearance kinetics of the chylomicron fraction. Overall, this model enables a qualitative appreciation of the main factors involved in lipid bioavailability, and constitutes a basis for the quantitative study of their relative effects, targeting the prediction of postprandial lipid kinetics for various oils, fats, and lipophilic compounds in food. Ultimately, joint effort between food, nutrition, physiology, and computational scientists should enable the kinetic bioavailability of all nutrients from foods to be modeled.

CONCLUSION

The kinetic approach to lipid digestion and bioavailability appears to be essential to understand lipid metabolism. In food science, this aspect just starts to be implemented, mainly by using (dynamic) in vitro digestion experiments. In nutrition and physiology, this aspect is much more implemented, as it is related to several diseases, but the gastrointestinal digestion processes are rarely studied. This review shows that food composition and structure may have a large impact on the kinetics of these processes, in turn impacting the kinetics of lipid bioavailability. Kinetic modeling is proposed to study lipid bioavailability, each process being controlled by various factors (chemical, physical, biological). First, such approach will enable knowledge gaps to be addressed, namely for lipid release and lipid solubilization, and for factors of other processes, in particular structural and molecular interactions. Then, it will enable the simulation of postprandial lipid kinetics depending on oils and fats in thus constituting a tool to design food, meal, and diet for optimal lipid metabolism, for various populations (in health, obesity, cardiovascular disease…). In the long term, this strategy could result in the design of new foods (structure and composition accounting for all nutrients and their interactions) for special medical purposes, or in the update of food-based dietary guidelines for the general population at different ages.
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 1 Figure 1: Lipid intestinal digestion. TG: triglyceride, DG: diglyceride, LC: lipophilic compound, PL: phospholipid, CH: cholesterol, BS: bile salt, LPL: lysophospholipid, FA: (free) fatty acid, MG: monoglyceride. Updated representation based on Ros (2000), with the help of Hoang Thanh Nguyen.
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 2 Figure 2: Lipid bioavailability and lipoprotein metabolism.Figure adapted from Barros and Garcia-Rio (2019).

Figure 3 :

 3 Figure 3: Beta-carotene (BC) bioaccessibility from different oils determined with the efficiency curve constructed using kinetic data. For a lipid digestion extent of 80 %, BC bioaccessibility (horizontal lines) is high and does not vary much with the type of oil, highest for the fish oil. After 35 min intestinal digestion, BC bioaccessibility (arrows) is highly dependent on the type of oil, lowest for the fish oil. Modified from Nguyen et al. (2019b), with permission from Elsevier.

  lipolysis.[START_REF] Lin | Anthocyanin-loaded double Pickering emulsion stabilized by octenylsuccinate quinoa starch: Preparation, stability and in vitro gastrointestinal digestion[END_REF] encapsulated anthocyanins in double emulsions stabilized by starch granules and could find optimal compositions for which release mainly occurred during the intestinal stage (no lipase in the gastric stage), controlled by starch hydrolysis kinetics.[START_REF] Sun | In vitro digestion behavior of (W1/O/W2) double emulsions incorporated in alginate hydrogel beads: Microstructure, lipolysis, and release[END_REF] encapsulated double emulsion droplets into alginate beads to protect the hydrophilic compound tartrazine during gastrointestinal digestion (no lipase in the gastric stage). The double emulsion structure was retained during the gastric stage and no tartrazine was appreciably released. During the intestinal stage, although intestinal lipolysis kinetics was controlled by the concentration of alginate forming the beads, tartrazine release kinetics did not differ significantly between non-encapsulated and encapsulated double emulsions at any alginate concentration. This was attributed to the instability of double emulsions in the intestinal conditions, always releasing their internal water droplets quickly, and thus tartrazine concurrently.

  [START_REF] Lamothe | Influence of cheese matrix on lipid digestion in a simulated gastro-intestinal environment[END_REF] studied the degradation of the matrix of different cheeses under gastrointestinal digestion. They found that the kinetics of oil release (i.e. liberation) from the matrix followed the kinetics of matrix degradation. However, intestinal lipolysis kinetics did not follow the same trends, only the endpoints being correlated. The different digestion behaviors were related to some mechanical properties of the cheeses, namely elasticity and cohesiveness. In a second study,[START_REF] Lamothe | Antioxidant activity and nutrient release from polyphenol-enriched cheese in a simulated gastrointestinal environment[END_REF] evaluated the cheddar matrix for polyphenol release and antioxidant properties. The kinetics of matrix degradation followed the kinetics of protein hydrolysis, slow during the gastric stage, and fast during the intestinal stage. The presence of a green tea extract (containing polyphenols) within the matrix structure slightly slowed intestinal lipolysis, release of polyphenols being slow during the gastric stage and fast during the intestinal stage, following the kinetics of protein hydrolysis. Polyphenol bioaccessibility was lower when they were not integrated into the matrix structure, resulting in a lower antioxidant activity. The formation of polyphenol-protein complexes was likely responsible for these effects. Similar experiments were conducted by[START_REF] Mcintyre | Altering the level of calcium changes the physical properties and digestibility of casein-based emulsion gels[END_REF] for casein-based emulsion gels made of milk fat or rapeseed oil, tuning their mechanical properties thanks to calcium. A low calcium content gave a high-hardness gel, slowly degraded during the gastric stage. Conversely, a high calcium content gave a low-hardness gel, quickly and almost completely degraded during the gastric stage.

  Finally,[START_REF] Wooster | Impact of different biopolymer networks on the digestion of gastric structured emulsions[END_REF] incorporated the unstable sodium caseinate/MG emulsion in various food matrices, showing that the postprandial blood TG kinetics was faster for faster intestinal digestion of lipids determined in vitro. In contrast,[START_REF] Augustin | Digestion of microencapsulated oil powders: in vitro lipolysis and in vivo absorption from a food matrix[END_REF] reported no correlation between in vitro lipolysis and postprandial blood TG kinetics for oil powders, microencapsulated in five formulations composed of various nutrients. Nevertheless, one formulation resulted in high lipid absorption and another one resulted in fast lipid absorption, what was related to their composition and physical stability. More recently,[START_REF] Grassby | In vitro and in vivo modeling of lipid bioaccessibility and digestion from almond muffins: The importance of the cell-wall barrier mechanism[END_REF] studied lipid absorption and postprandial kinetics in one ileostomy volunteer eating a muffin containing either almond particles or equivalent almond flour (48 g of lipid). After 24hour monitoring, unabsorbed lipid was about 30 g (62 %) and 3 g (6 %), respectively (about 15 g and 1.5 g after 8 hours). The 8-hour blood serum TG iAUC was about 92 and 149 mM.min, respectively. A 1-hour gastric (including a fungal lipase) and 8-hour intestinal in vitro digestion of these muffins including a preceding in vivo mastication stage resulted in 42 % and 3 % of lipid unreleased from the matrix, respectively. These values were found to be in excellent agreement with the unabsorbed lipid values after 10 hours. It was concluded that in the case of almond particles, lipid was likely trapped in the tissue structure, as confirmed with the microscopy observation of intact cell walls in the digestates, hindering lipid release and thus lipid digestion and absorption.[START_REF] Scheuble | Tailoring Emulsions for Controlled Lipid Release: Establishing in vitro-in Vivo Correlation for Digestion of Lipids[END_REF] designed emulsions stabilized by different biopolymers (whey protein isolate WPI, methyl cellulose MC, nanocrystalline cellulose NCC), that were submitted to in vitro gastric and intestinal digestion. Gastric lipolysis kinetics was fast with WPI, and very slow with MC and NCC, despite droplet coalescence with WPI, flocculation with NCC, and no instability with MC. Subsequent pancreatic lipolysis kinetics was fast with WPI and MC, and slower with NCC. However, with WPI and NCC, in the absence of the gastric stage, there was no difference in pancreatic lipolysis kinetics, showing the importance of gastric-induced destabilization. Imaging of the human stomach confirmed that these emulsions behave differently, creaming being observed with WPI, flocculation with NCC, and homogeneous distribution with MC. The postprandial blood plasma TG curves were also different, especially fast and high with WPI and slow and low with NCC, intermediate in the MC case, although closer to the WPI case. It was concluded that droplet flocculation, hindering lipase adsorption and activity in the NCC case, was the main mechanism preventing lipid absorption. In contrast, coalescence and creaming did not hinder lipase adsorption and activity in the WPI case, so lipid absorption was normal. As these destabilization mechanisms could be reproduced in vitro, the intestinal lipolysis kinetics was found to predict postprandial lipid kinetics.[START_REF] Dias | Effect of the food form and structure on lipid digestion and postprandial lipaemic response[END_REF] designed three real foods of identical composition but different structures (liquid, semi-solid, or solid).
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 4 Figure 4: Simplified scheme for kinetic modeling of lipid digestion and bioavailability.