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A standardised semi-dynamic in vitro digestion method suitable for food -an international consensus

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

The emergence of diet-related diseases and conditions such as obesity, diabetes, cardiovascular diseases and food allergy, led to a need to understand how different foods behave in the human gut, which will eventually help to develop healthier food products and formulate appropriate dietary advice. To obtain detailed information about the mechanisms behind the degradation/digestion of foods or specific nutrient(s), it is essential to monitor their behaviour within the different compartments of the gastrointestinal (GI) tract using consistent and well-controlled conditions.

In vitro GI models can overcome many of the difficulties associated with human studies as the latter are often variable, costly, time-consuming and might generate ethical issues, depending on the study design and food being tested. However, the GI tract is a complex system that relies on a range of physical and biochemical processes (i.e. hormonal response, gastric emptying (GE), secretion of enzymes and digestive fluids, and motility) contingent on the individual and the food consumed. Sampling is often challenging in studies involving humans; the digesta may simply not be accessible without invasive procedures or it may not be homogeneous and thus not representative of the overall GI content. Moreover, the measurement of certain dynamic parameters, such as pH, may not be possible. Hence, an ideal model has to simulate the dynamic conditions of the different digestive compartments as closely as possible while keeping them consistent and rigorously monitored in order to measure the variable parameters of interest (e.g. products of digestion). [START_REF] Venema | Improving in vitro simulation of the stomach and intestines, in Designing Functional Foods: Measuring and Controlling Food Structure Breakdown and Nutrient Absorption[END_REF][START_REF] Guerra | Relevance and challenges in modeling human gastric and small intestinal digestion[END_REF] Our previous harmonized in vitro digestion model developed by the COST Action INFOGEST addresses the key biochemical components of in vivo digestion and simulates the compartments of the digestive tract where most of the digestion and absorption of nutrients is taking place (i.e. oral, gastric and duodenal phases). [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF][START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] However, this model suffers from some limitations. Gastric lipase, which is known to contribute to up to 25% (ref. 5) of lipid digestion in healthy adults, [START_REF] Armand | Lipases and lipolysis in the human digestive tract: where do we stand?[END_REF][START_REF] Carriere | Secretion and contribution to lipolysis of gastric and pancreatic lipases during a test meal in humans[END_REF] was not included in the previous protocol due to unavailability of commercial gastric lipases and non-relevant use of fungal lipases as gastric lipase substitutes in previous static models. [START_REF] Sams | Relevant pH and lipase for in vitro models of gastric digestion[END_REF] Nevertheless, sources of gastric lipase are now suggested. In addition, our static model recommends using a constant gastric pH value of 3.0, which is a good compromise considering that pepsin has an activity maxima at pH 2 and still displays 70% thereof at pH 4.5. [START_REF] Piper | pH stability and activity curves of pepsin with special reference to their clinical importance[END_REF] However, the optimum pH of gastric lipase lies between pH 4 and 6 depending on the triglyceride substrate, [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF][START_REF] Carriere | Purification and biochemical characterization of dog gastric lipase[END_REF] and salivary amylase activity, which is optimal between 6 and 7, is totally lost at pH 3.0. [START_REF] Freitas | The important role of salivary α-amylase in the gastric digestion of wheat bread starch[END_REF] Even though in the fasted state the gastric pH is usually around 2, it is well recognized that consumption of a meal elevates the pH of the gastric food-fluid mixture, potentially to almost 7 (ref. 8, 9, 12-16) due to the buffering capacity of the food ingested, particularly driven by the major buffering nutrient (i.e. protein). Subsequently, this pH rise is followed by meal-stimulated secretion of HCl, which together with the progressive GE, gradually decreases the gastric pH back to the fasted state value. The dynamic nature of gastric secretion is not currently captured in the INFOGEST static model; however, it is crucial for understanding the pH-mediated changes occurring in food structure. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF][START_REF] Sarkar | Behaviour of an oil-in-water emulsion stabilized by β-lactoglobulin in an in vitro gastric model[END_REF] For instance, during this transient acidification of the gastric content, "slow" proteins, such as caseins, are likely to coagulate around their isoelectric point resulting in a strong protein network with reduced accessibility to pepsin, which may result in delayed GE. On the other hand, "fast" whey proteins, which are partly soluble at low pH, might be easily emptied into the duodenum. [START_REF] Boirie | teins differently modulate postprandial protein accretion[END_REF][START_REF] Mulet-Cabero | Structural mechanism and kinetics of in vitro gastric digestion are affected by process-induced changes in bovine milk[END_REF] It could be argued that sophisticated dynamic in vitro models developed by the Nederlandse Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek (TNO), the former Institute of Food Research (IFR), Institut National de la Recherche Agronomique (INRA), etc., accurately simulate such meal-driven gastric secretions and represent in vivo conditions closely, [START_REF] Menard | Validation of a new in vitro dynamic system to simulate infant digestion[END_REF][START_REF] Minekus | Huis in't Veld, A computer-controlled system to simulate conditions of the large intestine with peristaltic mixing, water absorption and absorption of fermentation products[END_REF][START_REF] Wickham | In vitro digestion methods for assessing the effect of food structure on allergen breakdown[END_REF] however these computerised dynamic models are highly complex, time-consuming, require higher amounts of expensive enzymes and are thus far less accessible than static models.

Therefore, the aim of the current recommendation is to address these gaps and provide a semi-dynamic protocol based on the previous static version of the harmonized protocol with specific attention to mimicking the transient nature of gastric secretions and emptying. The overall objective of this work is to design a standardised semi-dynamic in vitro model of the digestion occurring in the upper GI tract of an adult human that can easily be used in laboratories across the world and to a wide range of foods.

Materials and equipment

Reagents

All chemicals are standard analytical grade. CaCl 2 (H 2 O) 2 (Merck, 2382), NaOH (Merck, 9141), HCl (J. T. Baker, 6081), KCl (Merck, 4936), KH 2 PO 4 (J. T. Baker, 0240), NaHCO 3 (Merck, 6329); NaCl (Merck, 6404), MgCl 2 (H 2 O) 6 (Merck, 5833), (NH 4 ) 2 CO 3 (Sigma-Aldrich, 207861). Enzyme inhibitor options: Pepstatin A (Sigma-Aldrich, P 4265), Orlistat (Sigma-Aldrich, O4139), Pefabloc SC (4-(2-aminoethyl)benzenesulfonyl fluoride (Sigma-Aldrich, 76307) and 4-bromophenylboronic acid (Sigma Aldrich, B75956). Ultrapure type I water, (e.g. generated by a Milli-Q® system or similar).

Enzymes and activity determination

The type of enzyme products, mostly provided by Sigma Aldrich (St Louis, MO, USA), are only suggested examples and similar products of comparable quality from other providers can be used. Human salivary α-amylase (e.g. Sigma-Aldrich, A1031 or pooled human saliva (LEE Biosolutions, 991-05-P), porcine pepsin (Sigma-Aldrich, P7012), rabbit gastric extract (RGE) from Lipolytech®, France are selected as a preferred option as recommended in the static digestion protocol of INFOGEST. [START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] Note that the latter contains gastric lipase and pepsin [START_REF] Sams | Characterization of pepsin from rabbit gastric extract, its action on β-casein and the effects of lipids on proteolysis[END_REF] (RGE 25-25 U mg -1 lipase and 800 U mg -1 pepsinthat corresponds to the lipase/pepsin ratio similar to the one found in humans). Bovine bile (Sigma-Aldrich, B3883) is selected as a preferred option. Alternatively, porcine bile extract can be used (Sigma-Aldrich, P8631). Pancreatin from porcine pancreas (Sigma-Aldrich, P7545) or, alternatively, individual pancreatic enzymes, namely, porcine trypsin (Sigma-Aldrich, T0303), porcine chymotrypsin (Sigma-Aldrich, C7762), pancreatic α-amylase (Sigma-Aldrich, A3176), porcine intestinal lipase (Sigma-Aldrich, L3126) and co-lipase (Sigma-Aldrich, C3028) can be used.

The protocol and the chemicals needed for the determination of the activity have been detailed in the recently published protocol. [START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] The α-amylase (EC 3.2.1.1) activity is based on soluble potato starch: one unit liberates 1.0 mg of maltose equivalent from starch in 3 minutes at pH 6.9 at 20 °C. Rabbit gastric lipase (EC 3.1.1.3) activity is based on tributyrin as a substrate: one unit liberates 1 µmol butyric acid per minute at 37 °C and at pH 5.5. Porcine and/or rabbit pepsin (EC 3.4.23.1) activity is based on bovine blood haemoglobin as a substrate: one unit will produce a ΔA280 of 0.001 per minute at pH 2.0 and 37 °C, measured as TCA-soluble products. Porcine trypsin (EC 3. 3) activity is based on tributyrin as a substrate: one unit liberates 1 µmol butyric acid per minute at 37 °C and at pH 8.0. Bile salt concentrations should be measured using a commercial kit (e.g. Sigma-Aldrich, MAK 309 or ECOLINR Acides Biliaires, DiaSys, 122129990313), or alternatively using LC-MS/MS analysis. [START_REF] Humbert | Bile acid profiling in human biological samples: comparison of extraction procedures and application to normal and cholestatic patients[END_REF] 

Simulated digestive fluids

The electrolyte for the simulated fluids for the different phases, namely, electrolyte simulated salivary fluid (eSSF), electrolyte simulated gastric fluid (eSGF) and electrolyte simulated intestinal fluid (eSIF) are prepared by mixing the different electrolyte stock solutions, according to Table 1. The preparation of these electrolyte simulated digestion fluids at 1.25× concentration (400 mL) can be stored at -20 °C for one year or 2-5 °C for approximately one month. The addition of enzymes, Ca 2+ solution and water will result in the correct electrolyte concentration in the final solution (1×) to provide the simulated digestive fluids, namely, simulated salivary fluid (SSF), simulated gastric fluid (SGF) and simulated intestinal fluid (SIF).

Equipment

The type of equipment needed is listed below and is only meant as a guide to the general requirements and not as a recommendation of specific apparatus. Oral phase. Shaking incubator (e.g. MaxQ™ 400, Thermo Scientific, order num. SHKE4000-1CE) and mincer (e.g. Eddingtons Mincer Pro, order num. 86002).

Gastric phase. Fig. 1 shows an example of the apparatus of the gastric phase. Auto-titrator (e.g. Titrando 836, Metrohm, order num. 2.836.0020) including an attached pH probe and dosing unit, or alternatively a syringe pump and a pH meter using an electrode designed for food systems (Metrohm Viscotrode, order num. 6.0239.100) can be used. A vessel with thermostat jacket (e.g. Metrohm, order num. 6.1418.150), vessel lid with some openings (e.g. Metrohm, order num. 6.1414.010), heated circulating bath (e.g. WVR, order num. 89400-970), twin/single syringe infusion pump (e.g. Harvard Apparatus PHD Ultra Syringe Pump, order num. 70-3007). Stirring is achieved either with an orbital shaker (e.g. Stuart mini gyro-rocker, SSM3) as seen in Fig. 1 or with an overhead stirrer with a low speed between 10-15 rpm (e.g. R100CT pilot plant overhead stirrer, Cat Scientific) including paddle stirrer blade. The size of the paddle stirrer will depend on the geometry of the vessel and the files for 3D printing stirrer paddles for some recommended vessels can be obtained in ESI 1. † Finally, plastic tubing to connect the end of the syringe with vessel lid and the water bath to the jacket vessel, a vortex mixer (e.g. VORTEX 3, IKA, order num. 0003340002) and a pH meter (e.g. Mettler Toledo, order num. 30266658).

Small intestinal phase. Shaking incubator (e.g. MaxQ™ 400, Thermo Scientific, order num. SHKE4000-1CE).

An indication of the basic material needed is as follows: Eppendorf tubes (2 mL), centrifuge plastic tubes (15 mL, 50 mL), pipettes (e.g. Gilson P200 and P1000, P5000) and tips, plastic syringes and serological pipettes (hand cut tip with, for instance, a blade to get a diameter of ∼3 mm). The latter is for the simulation of the gastric emptying. Volumetric flasks and glass beakers for preparation of solutions.

Preparations prior to the digestion procedure

Preparation of stock solutions of simulated digestion fluids

The electrolyte simulated fluids, namely, eSSF, eSGF and eSIF are prepared as described in the INFOGEST standardised static in vitro digestion. [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF] The only difference is that the eSGF is adjusted to pH 7 instead of pH 3 (Table 1) because the pH decrease during gastric phase will be obtained by a gradual addition of HCl.

Determination of enzyme activities

The protocols for the assays of the enzymes to be used during oral, gastric and intestinal phases are described in the recently published Nature Protocols article by Brodkorb, et al. [START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] It is important to note that RGE contains both gastric lipase and pepsin, [START_REF] Sams | Characterization of pepsin from rabbit gastric extract, its action on β-casein and the effects of lipids on proteolysis[END_REF] therefore the activity of both enzymes should be measured. If the pepsin activity in the RGE is not enough in order to reach the final activity required (4000 U mL -1 in SGF), this should be supplemented with pepsin from porcine origin.

Determination of dry weight of food

The sample to be digested referred to as "food" should represent a real meal that can be consumed and be related to a serving of food. Thus, it should contain a quantity of liquid that is typically consumed together with the food. [START_REF] Bellisle | The structure of meals in humans: eating and drinking patterns in lean and obese subjects[END_REF] Low moisture solids, for instance cheese or bread, are often consumed together with liquids. Therefore, this dilution should be con-sidered when applying this digestion model. The dry weight (or dry matter) of food to be digested should be measured/ known since it is needed for the oral phase calculations. The ratio of SSF added to dry weight of the food is defined as 1 : 1.

Determination of caloric content of food

GE is based on the caloric content of food to be digested (kcal per gram of food). Therefore, this value needs to be known. The caloric content is found in the package of the commercial foods. Otherwise, this can be determined by direct energy measurement or calculated theoretically. The caloric content can be calculated by knowing the composition of protein, lipid and carbohydrate in the sample and applying the standard Atwater factors (1 g of lipid yields 9 kcal, 1 g of protein yields 4 kcal and 1 g of carbohydrates yields 4 kcal).

pH test tube

This test is performed in order to determine the volume and concentration of HCl needed to decrease the pH of the tested food to pH 2. The method, described in ESI 2, † excludes two opposing factors, i.e. the gastric enzymes and the GE. Adding the enzymes will increase the buffering capacity of the system while the emptying will lower it. By excluding both factors, the aim is to have a simple compromise solution that still gives a useful result.

A mock digestion experiment under the conditions of the actual digestion is recommended to check the final pH, which should reach pH 2 at the end of gastric phase as accurately as possible.

Practical considerations and calculations for simulation of gastric dynamics

Some aspects need to be considered before digestion. (i) The amount and type of food; this will be subject to the capacity of the reaction vessel and the amount of food available. In addition, the amount of food at the last points of gastric phase should be enough in order to keep the pH probe, located inside the vessel, covered and working properly. For practicality in the calculations, the amount of food selected is scaled down from a standard meal volume of 500 mL. This value is taken as reference but it can be changed in the spreadsheet provided (ESI 3 †) if required. It needs to be realistic for the digested food, e.g. a yogurt could be 150 mL and milk could be 250 mL. (ii) Number of GE aliquots; emptying refers to the food that is delivered from the stomach to the intestine through the pylorus, which acts as a sieve allowing liquid and particles of less than approximately 3 mm to pass through. We recommend a minimum of three aliquots to achieve results showing the kinetics of nutrient digestion. (iii) The initial food and the collected aliquots can be considered by weight if food undergoes large changes in consistency during the gastric phase. The simulated fluids and other solutions used during the digestion are considered to have a density of 1 g m -3 . (iv) It is important to note that the pH values that can be recorded inside of the vessel might be different to the emptied aliquots due to the intra-gastric heterogeneity. (v) The emptying is preferably performed in a stepwise manner using a pipette with a modified tip with an end inner diameter of ∼3 mm. Another option is a syringe with attached tubing with the same end size. Alternatively, this can be achieved continuously using a peristaltic pump. Emptying should be from the bottom part of the vessel. It should be noted that sampling (different from emptying) can also be performed during gastric phase as considered appropriate. (vi) The mixing during the gastric phase depends on the consistency of the sample during the gastric phase. The use of an orbital shaker at 35 rpm should be adequate in samples that do not present significant changes to provide enough mixing with the fluids. However, there are systems with complex nature and/or samples in which the consistency changes drastically during the gastric phase, which makes the emptying and sampling difficult. In these cases, we recommend the use of an overhead stirrer with a paddle type stirrer blade placed in the lowest possible part of the vessel and using low speed (e.g. 15 rpm). (vii) In the fasted state, the stomach retains a certain basal level of secretion. We propose to use 10% of the total gastric secretion to provide that basal volume (taken as equal to the volume of the total oral mixture). In this way, the pH of the food will drop as soon as the food is added to the simulated stomach and the pH of the gastric content will be higher than the gastric secretion.

Once the parameters needed (initial amount of food, dry weight, HCl volume and concentration, caloric content per gram of food, enzyme activities, number of GE points) have been decided/measured, these can be entered in the spread sheet provided (ESI 3 †). This will automatically calculate the amount of the remaining solutions needed as well as the volume and time of emptying. The calculations for the gastric emptying dynamics are based on the delivery of 2 kcal min -1 of a food volume of 500 mL based on in vivo considerations. This means that the digestion time is proportional to the energy content of the food but it does not scale with the in vitro volume of food only with the "in vivo" volume of the food. Table 2 shows an example of the calculations used in that dynamic step.

Semi-dynamic digestion protocol

Fig. 2 shows an overview of the semi-dynamic digestion protocol, which builds on the previous static version. [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF][START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] The details regarding the choice and concentration of chemicals, inclusion or omission of certain steps and their justification are discussed in the first paper [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF] and some issues are corrected and complemented in the recently published paper by Brodkorb, et al. [START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] A detailed example of the parameters used in the three digestion phases of the semi-dynamic digestion model is illustrated in Table 3.

Oral phase

The inclusion of an oral phase is recommended for all foods, solid or liquid, in order to be consistent with dilution factors. The amount of salivary secretion added corresponds to a final ratio of dry weight of food to SSF of 1 : 1 (w/v). The addition of amylase will not be required in the absence of starch. For starch containing food, amylase is added to achieve 150 U mL -1 in the SSF, followed by CaCl 2 (H 2 O) 2 to achieve 1.5 mmol L -1 in SSF and the necessary amount of water to obtain the required concentration of SSF. Users of pancreatic amylase should be aware that it may retain some protease activity and this should be checked. The recommended time of contact with the enzyme is two minutes at 37 °C, which requires the pre-warming of all reagents to 37 °C. A detailed step by step procedure can be found in ESI 4. † Solid foods need to be chewed, which is simulated by mincing an appropriate amount of food using a commercially available manual or electric mincer, commonly used in kitchens to mince meat. If necessary, water can also be added during mincing.

Gastric phase

The gastric phase is intended to be dynamic and thus the simulated secretions are added gradually. The fasting level is 10% of the total amount of gastric secretion to be added. The justification of this value is outlined below. As with the static protocol the aim is to obtain a final ratio of oral phase content to SGF of 1 : 1 (v/v) after addition of all other components.

In addition to changes in volume, the pH also needs to decrease from an initially high level determined by the buffering capacity of the food to pH 2. This is achieved by adding the 10% of SGF volume in the gastric reaction vessel at the start of the gastric phase. The remaining 90% of the simulated gastric electrolyte mixture, which contains eSGF, CaCl 2 (H 2 O) 2 and water without enzymes, is gradually delivered and has a pH defined by the volume of HCl added to reach pH 2 at the end of the gastric digestion. It is recommended that the amount of acid required is determined in a test experiment prior to digestion. The remaining 90% of enzyme volume is also gradually delivered in a separate device(s). We recommend the addition of gastric lipase using rabbit gastric extract (RGE) to provide 120 U mL -1 of lipase in the final SGF solution, which corresponds to the average gastric lipase activity in the human gastric juice. [START_REF] Carriere | Secretion and contribution to lipolysis of gastric and pancreatic lipases during a test meal in humans[END_REF] Pepsin should be added to provide 2000 U mL -1 in SGF solution. The enzymes should be dissolved in eSGF. The reaction vessel needs to be held at 37 °C and a small water jacketed vessel is recommended. Very limited mixing during digestion is recommended, especially in the top part of the reaction vessel. This is in order to mimic the in vivo situation where only the antrum experiences significant shear. This can be achieved by using an overhead stirrer with a stirrer head turned at a rate of 15 rpm. The template for this design is given in the attachments of the ESI 1. †

The gastric phase also includes emptying into the intestinal phase and in order to keep things simple we suggest a constant emptying rate based on the energy content of the food (scaled from 2 kcal min -1 in what would be fed in vivo, see Table 2). The emptying is performed in a step-wise manner by manually taking the selected aliquots at calculated times from the bottom of the vessel using a selected laboratory tool with an end diameter of ∼3 mm.

A detailed step by step procedure can be found in ESI 4. † This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Intestinal phase

This part of the protocol remains similar to the static version published previously and is performed individually with each aliquot emptied from the gastric phase (Fig. 2). The aim is to obtain a final ratio of emptied digesta from gastric phase to SIF of 1 : 1 (v/v) after addition of all other components, which includes eSIF, enzyme solution, bile, water, CaCl Table 3 Example of a set of parameters used in the semi-dynamic model. It considers 20 mL of food characterised by: 3 g of dry weight and a nutrient composition of 5% lipid 3.8% protein, 5% carbohydrate. The energy content is 0.80 kcal mL -1 , as calculated using the Atwater factors of 9 kcal g -1 for lipid and 4 kcal g -1 for protein and carbohydrates, and the test tube showed that 2 mL of HCl 1.5 mol L -1 is needed to reach pH 2. The gastric emptying was scaled down from the considered in vivo emptying average of 2 kcal min -1 in a 500 mL meal, [START_REF] Hunt | Effect of meal volume and energy density on the gastric emptying of carbohydrates[END_REF] meanwhile maintaining the same gastric half time (t 1/2 ). Five gastric emptied aliquots of 9.2 mL are taken during the gastric digestion to fulfil the so-estimated gastric emptying dynamics. The density of food was assumed 1 g cm -3 , which allows the conversion of mass and volume

Food sample (example)

Food volume (mL) 20 Energy content (kcal mL -1 ) 0. 

Sampling and stopping reaction

Sample conservation depends on the study focus (food structure, bioaccessibility, enzymatic digestion product, etc.), and should be carefully considered for each study. It may be advisable to perform the intestinal phase in the tube where the emptied aliquot from the gastric phase is collected. Sampling during gastric phase can be performed and should take into consideration that the sample in the gastric compartment might experience structural changes and might not be homogenous.

In order to stop the reaction after the gastric digestion the pH can be raised to 7.0 with NaOH or NaHCO 3 (1 mol L -1 or higher concentration), which is similar to the in vivo conditions of the small intestine. An alternative is to stop pepsin activity by adding pepstatin A (7.2 µmol L -1 final concentration in the digesta). To stop gastric lipase activity, the use of Orlistat® (tetrahydrolipstatin) is recommended at a final concentration of 1 mmol L -1 . After intestinal digestion, Pefabloc® SC (4-(2-aminoethyl)-benzolsulfonylfluorid-hydrochloride) can be added for serine protease (trypsin and chymotrypsin) inhibition (5 mmol L -1 final concentration). The addition of a lipase inhibitor such as 4-bromophenylboronic acid (5 mmol L -1 final concentration) is recommended to inhibit lipolysis by pancreatic lipase. After the addition of the inhibitor, or the pH drift, it is recommended to snap freeze in liquid nitrogen. Alternatively, both gastric and pancreatic lipases can be irreversibly inactivated by using immediately the samples for lipid extraction and analysis, e.g. by sample acidification with HCl and addition of organic solvents. Finally, when starch digestion is being studied, amylase activity should also be stopped at both the gastric and intestinal stages. To do so, it is recommended to heat the samples at 100 °C for 5 min immediately after their collection. [START_REF] Goñi | A starch hydrolysis procedure to estimate glycemic index[END_REF] 

Anticipated results

The semi-dynamic digestion model allows the study of structural changes of foods during simulated gastric digestion, evaluating the effect of the matrix on food disintegration and nutrient delivery to the small intestine. Mulet-Cabero, et al. [START_REF] Mulet-Cabero | Structural mechanism and kinetics of in vitro gastric digestion are affected by process-induced changes in bovine milk[END_REF] used the semi-dynamic model and assessed several physicochemical parameters in the emptied aliquots to follow the digestion kinetics of nutrients. Moreover, an adaptation of this model, using in vivo data, provided a close simulation of the structural changes in the gastric phase of two dairy foods when compared with the human stomach. [START_REF] Mulet-Cabero | Dairy food structures influence the rates of nutrient digestion through different in vitro gastric behaviour[END_REF] In this section, we provide some indicative examples of results that can be obtained using the semi-dynamic model.

Structural changes in milk proteins during semidynamic gastric digestion

The following results are based on two milk protein solutions at 8% (w/w) made of whey protein isolated (WPI), BiPRO, purchased from Davisco (Foods international NC, USA) and milk protein concentrate (MPC), Solmiko MPC 80, obtained from Glanbia Ingredients, Ireland.

The gastric behaviour of tested foods was visually followed (Fig. 3). The WPI sample presented some precipitation in early stage of gastric digestion but it was dissolved in the course of the digestion, resulting in a clear solution. In contrast, the MPC sample presented strong aggregation and, then, the formation of a tight coagulum that was persistent until the end of the digestion.

Fig. 4 shows the pH profile obtained during gastric digestion. The initial pH was around 1 simulating the basal stage of the stomach. Following the addition of food, the pH increased rapidly due to the buffering capacity of the food, after which the pH decreased gradually back to the basal conditions.

The nutrient composition in each emptied aliquot can be determined, providing the extent and rate at which the nutrients are released from the simulated stomach to the small intestine. As seen in Fig. 5, the WPI sample presented high protein delivery in the first points of gastric digestion with a decreasing pattern, showing the lowest protein delivery at the last GE point. This contrasts to the pattern observed in the MPC sample, in which there was a relatively low and constant delivery of protein at the beginning of the digestion ending with a significant increase at the GE5 point. These trends are linked with the structural changes in the gastric compartment observed in Fig. 3; the formation of that firm coagulum in the MPC sample delayed the emptying of proteins in comparison to the more homogenous digesta obtained in the WPI sample.

Evolution of protein hydrolysis of skim milk powder during semi-dynamic digestion

Gradual protein hydrolysis in skim milk powder (SMP) was followed during semi-dynamic digestion from whole proteins to Fig. 3 Images of the gastric behaviour of the WPI and MPC solutions at the time points corresponding to different gastric emptying (GE) points: GE1 (16 min), GE3 (48 min) and GE5 (80 min). Note that these gastric emptying time points are specific for these samples according to their caloric content (8% protein). The images were taken immediately before the emptying.

Food & Function Paper

This peptides and total free amino acids using sodium dodecyl sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), liquid chromatography-mass spectrophotometry (LC-MS) and the o-phthaldialdehyde (OPA) method, as previously described elsewhere. [START_REF] Egger | Digestion of milk proteins: Comparing static and dynamic in vitro digestion systems with in vivo data[END_REF] Electrophoretic separation in samples emptied (from the bottom of the vessel, using a tip of ∼3 mm internal diameter) after 8 and 16 min of gastric digestion showed major bands from intact caseins (Fig. 6). A clear evolution in casein hydrolysis was observed in samples emptied between 24 and 49 min and in later samples no intact casein bands were detected. In contrast to this, intact β-lactoglobulin was visible until the end of gastric digestion, although with a decrease in intensity ( possibly through dilution of the sample due to addition of simulated gastric fluid). On the other hand, no bands from intact milk proteins could be observed in the emptied gastric aliquots after intestinal digestion, indicating that they were rapidly hydrolysed at the beginning of the intestinal phase independently of the duration of the gastric phase.

All samples were analysed by LC-MS and the evolution during the gastric phase was clearly visible for α s1 -casein, shown as low peptide abundance (blue) for the earlier gastric emptying points and increasing at later time points (Fig. 7). Only a few casein peptides were visible in all intestinal samples. In contrast, few β-lactoglobulin peptides were detected in the gastric samples and increasing intensities were observed in the intestinal phase, confirming previously published data on the resistance of this protein to gastric digestion. The individual gastric emptying points were performed without prior homogenization. Thus, depending on the solubility of the food and the formation of a coagulum during the Fig. 5 Protein content (%, w/w) in each gastric emptying (GE) aliquot selected to simulate the gastric emptying. GE1, GE2, GE3, GE4 and GE5 correspond to the gastric times of 16, 32, 48, 64 and 80 min, respectively. The protein content was determined by the Dumas method as previously described in Mulet-Cabero, et al. [START_REF] Mulet-Cabero | Structural mechanism and kinetics of in vitro gastric digestion are affected by process-induced changes in bovine milk[END_REF] A conversion factor of 6.38 was used to obtain the protein content from the nitrogen content. Data represent one replicate as indicative of the results that can be obtained. gastric phase, the collected samples had a higher variability. For example, in the sample emptied after 32 min of gastric digestion, caseins were less hydrolysed compared to the previous sample emptied after 24 min. This variability was visible at the level of whole proteins (Fig. 6) and peptides (Fig. 7), but no longer at the level of free amino acids (Fig. 8). The analysis of total free NH 2 groups with the OPA method showed that only a small amount of free amino groups was released during the gastric phase with a constant slight increase during this phase (Fig. 8, inlet graph). All intestinal samples had a similar high content of free NH 2 at the end (Fig. 8), indicating that protein hydrolysis was equal also for samples with shorter gastric digestion times.

Evolution of lipid hydrolysis in presence of gastric lipase

The effects of gastric lipase on lipid and protein hydrolysis were investigated during semi-dynamic digestion of whole homogenised ultra-high temperature processed milk. Time resolved digestions were either performed in the presence or absence of gastric lipase, using rabbit gastric extract (RGE) as source for gastric lipase. Total free fatty acids (FFA, non-esterified fatty acid kit, Fujifilm Wako Diagnostics, US) were quantified with a colorimetric enzymatic method for non-esterified fatty acids. [START_REF] Duncombe | The colorimetric micro-determination of non-esterified fatty acids in plasma[END_REF] As expected, a gradual liberation of free fatty acids was only observed in gastric samples taken at different time points (16, 32, 48, 64, 80, 96, 112, 128, 144, 160 min) where gastric lipase was present, whereas no free fatty acids were detected in samples without lipase taken at the same time points (Fig. 9, inlet graph). In the intestinal phase which was individually performed for 120 min for each gastric endpoint, this higher free fatty acid release persisted in the samples containing gastric lipase until the end of intestinal digestion, leading to a higher fatty acid hydrolysis in total of these samples (Fig. 9). The high increase observed in the intes- tinal phase from the last gastric aliquot was due to the formation of a cream layer in the gastric phase leading to the emptying of a higher amount of lipid at the end of the digestion.

Discussion

Oral phase

The main functions of the oral phase related to food structure are: (a) breaking foods into small pieces by mastication, (b) mixing pieces with secreted saliva for bolus formation and enzyme impregnation. The latter mainly initiates starch hydrolysis by salivary α-amylase.

6.1.1. Mastication and duration of oral phase. Mastication has been extensively studied for purposes related to dentistry and food sensory, but much less for digestion. Several studies reported the particle size distribution in the bolus after mastication. [START_REF] Guo | The breakdown properties of heat-set whey protein emulsion gels in the human mouth[END_REF][START_REF] Hoebler | Particle size of solid food after human mastication and in vitro simulation of oral breakdown[END_REF][START_REF] Jalabert-Malbos | Particle size distribution in the food bolus after mastication of natural foods[END_REF][START_REF] Bleis | Destructuration mechanisms of bread enriched with fibers during mastication[END_REF][START_REF] Grundy | Effect of mastication on lipid bioaccessibility of almonds in a randomized human study and its implications for digestion kinetics, metabolizable energy, and postprandial lipemia[END_REF] Results show a mean particle size ranging from about 0.3 mm to about 3 mm, depending on the type of food. This value can reach up to 10 mm for specific foods such as long pasta. [START_REF] Jalabert-Malbos | Particle size distribution in the food bolus after mastication of natural foods[END_REF][START_REF] Hoebler | Physical and chemical transformations of cereal food during oral digestion in human subjects[END_REF] For the preparation of the food bolus, we recommend the use of a mincer allowing a breakdown into particles smaller or equal to 3 mm. The residence time in the mouth has been extensively studied. [START_REF] Bleis | Destructuration mechanisms of bread enriched with fibers during mastication[END_REF][START_REF] Foster | Effect of texture of plastic and elastic model foods on the parameters of mastication[END_REF][START_REF] Kohyama | Chewing behavior observed at different stages of mastication for six foods, studied by electromyography and jaw kinematics in young and elderly subjects[END_REF][START_REF] Laguna | Influence of mixed gel structuring with different degrees of matrix inhomogeneity on oral residence time[END_REF][START_REF] Peyron | Effects of increased hardness on jaw movement and muscle activity during chewing of visco-elastic model foods[END_REF] It depends on the type of food but in a narrower range than the particle size, from 10 s up to 60 s for solid foods, with an average around 30 s. For the sake of practicality, we recommend a duration of 2 min for the oral phase in order to obtain a homogenous bolus.

6.1.2. Volume of salivary secretions. The amount of saliva secreted relative to the amount and type of food ingested (saliva incorporation) is less documented. [START_REF] Laguna | Influence of mixed gel structuring with different degrees of matrix inhomogeneity on oral residence time[END_REF][START_REF] Drago | Relationships between saliva and food bolus properties from model dairy products[END_REF][START_REF] Kleinberg | The pH of dental plaques in the different areas of the mouth before and after meals and their relationship to the pH and rate of flow of restin saliva[END_REF][START_REF] Tournier | The impact of mastication, salivation and food bolus formation on salt release during bread consumption[END_REF][START_REF] Watanabe | The effects of different foods and concentrations of citric acid on the flow rate of whole saliva in man[END_REF] The values typically range from 0.05 to 0.5 g saliva per g food. Such a range is difficult to link to the types of food, but a quantitative relation can be found between saliva incorporation and the dry weight of various foods in the data of Watanabe et al. [START_REF] Watanabe | The effects of different foods and concentrations of citric acid on the flow rate of whole saliva in man[END_REF] Therefore, the proportion of saliva added with the dry matter provides a more relevant relationship.

6.1.3. Amylase activity and pH. As saliva is mixed with the food particles, the enzymatic degradation of starch is initiated by salivary α-amylase, the main enzyme in saliva, which breaks down amylose and amylopectin into maltose, maltotriose and α-limit dextrins by cleaving their α-1,4 glycosidic bonds. [START_REF] Bornhorst | Bolus formation and disintegration during digestion of food carbohydrates[END_REF] Despite its short duration, oral processing can result in the hydrolysis of about 13% of bread starch, and 9% of spaghetti starch, into oligosaccharides. [START_REF] Hoebler | Physical and chemical transformations of cereal food during oral digestion in human subjects[END_REF] The recommended salivary amylase activity is 150 U mL -1 in SSF, as reported values in the literature related to human saliva typically range between 100 and 200 U mL -1 . [START_REF] Neyraud | Continuous analysis of parotid saliva during resting and short-duration simulated chewing[END_REF][START_REF] Méjean | Salivary composition is associated with liking and usual nutrient intake[END_REF][START_REF] Aji | Salivary α-Amylase Activity and Starch-Related Sweet Taste Perception in Humans[END_REF] The pH of saliva in resting conditions is often reported to be close to 7. However, pH in the mouth is known to decrease locally due to food fermentation, as represented by the plaque pH. [START_REF] Kleinberg | The pH of dental plaques in the different areas of the mouth before and after meals and their relationship to the pH and rate of flow of restin saliva[END_REF] This pH usually reaches a minimum 5 to 20 min after the food consumption, and goes back to the resting pH of saliva within 30 to 60 min. As this protocol is intended to follow the passage of food through the GI tract, this effect is not relevant and we recommend a constant pH of 7 for the oral phase.

Gastric phase

The main functions of the stomach are to provide a reservoir for food and to perform mechanical and chemical disintegration of the contents in order to deliver digested material into the duodenum in a regulated manner. In the stomach, the meal is mixed and digested with gastric secretions including enzymes and hydrochloric acid, ground by antral movements, and gradually emptied into the duodenum. The significance of physiological and simulated gastric parameters will be discussed. 6.2.1. Volume and rate of gastric secretions. The gastric secretion provides optimal digestion of nutrients and contains mainly hydrochloric acid and digestive enzymes at a certain osmolarity. Secretion is subject to complex regulation mechanisms and varies in the fasted and fed conditions. The rate of secretion also depends on amount, nutrient content and consistency of food. [START_REF] Marciani | Effect of meal viscosity and nutrients on satiety, intragastric dilution, and emptying assessed by MRI[END_REF] A liquid meal will usually require from half to one volume of gastric secretion for digestion whereas two volumes of gastric fluids are secreted for a solid meal. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF][START_REF] Burton | Relationship of gastric emptying and volume changes after a solid meal in humans[END_REF][START_REF] Wisen | Gastrointestinal function in obesity: motility, secretion, and absorption following a liquid test meal[END_REF] The gastric volume is maximal in the first 30 min after the intake of a solid meal due to mainly the high rates of gastric secretion and the limited time for gastric emptying. [START_REF] Burton | Relationship of gastric emptying and volume changes after a solid meal in humans[END_REF] In this protocol, the use of one volume of SGF for one volume of oral content is recommended, as previously indicated in the static protocol, taking into account the food volume, regardless of the physical state of the meal. The rate of gastric fluid delivery has been set constant for the duration of the gastric phase in order to simplify the protocol. We recommend the separate addition of the enzyme solution in order to avoid its autodegradation.

The volume of gastric secretion in the fasted state has a high degree of inter individual variability but is typically 4-65 mL. [START_REF] Koziolek | Intragastric volume changes after intake of a high-caloric, high-fat standard breakfast in healthy human subjects investigated by MRI[END_REF] In the study by Koziolek et al., [START_REF] Koziolek | Intragastric volume changes after intake of a high-caloric, high-fat standard breakfast in healthy human subjects investigated by MRI[END_REF] the average was actually 31.4 ± 19.7 mL (n = 12). The initial addition of 10% of SFG at low pH in the vessel simulates the basal content in the stomach, [START_REF] Malagelada | Measurement of gastric functions during digestion of ordinary solid meals in man[END_REF] which lowers the pH of food coming from the mouth. The amount of acid added in the protocol aims to reach a final pH close to 2 and will depend on the properties of the food being studied.

6.2.2. Gastric pH. Gastric fluid contains hydrochloric acid (HCl) by which pH gradually decreases leading to food degradation and activation of pepsin. The fasting gastric pH in healthy subjects is commonly found below 2. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF] After meal consumption, the gastric pH generally rises quickly close to the pH of the food. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF] This pH value depends on buffering capacity factors including amount, composition and consistency of food. [START_REF] Malagelada | Measurement of gastric functions during digestion of ordinary solid meals in man[END_REF] Then, the pH gradually declines to the fasted-state pH due to the secretion of acid and the emptying of chyme that lowers gastric buffering capacity. This is re-established (usually within 1-2 hours after ingestion), again depending on the quantity, composition and pH of food. [START_REF] Dressman | Upper gastrointestinal (GI) pH in young, healthy men and women[END_REF][START_REF] Malagelada | Measurement of gastric functions during digestion of ordinary solid meals in man[END_REF] 6.2.3. Shape and mixing. The stomach is a J-shaped organ, which can be divided into three main parts (fundus, body and antrum). The construction or purchase of this kind of shape can be difficult. In the present gastric model, we suggest the use of a simple glass reaction vessel. A vessel with V-form allows the digestion of smaller volumes and it simulates the shape of the body part of the Dynamic Gastric Model developed by the former Institute of Food Research. [START_REF] Kitty | The Impact of Food Bioactives on Health: In Vitro and Ex Vivo Models[END_REF] The stomach is a major site of food disintegration and is also responsible of pumping the gastric content into the duodenum in a controlled manner. Gastric motility is characterised by two types of motion. There is a slow motor activity at the upper part of the stomach, fundus and body, by which gastric contents are pushed into the antrum. Therefore, the body part mainly acts as a storage place with negligible mixing. In contrast, the strongest fluid motions are found in the antral part and are responsible for the major food grinding and mixing with gastric fluids. [START_REF] Ferrua | Modeling the fluid dynamics in a human stomach to gain insight of food digestion[END_REF][START_REF] Berry | Functional physiology of the human terminal antrum defined by high-resolution electrical mapping and computational modeling[END_REF][START_REF] Harrison | Investigating mixing and emptying for aqueous liquid content from the stomach using a coupled biomechanical-SPH model[END_REF] These peristaltic contraction waves originate in the proximal stomach and their strength increases as they travel toward the pylorus in a sequential manner. [START_REF] Berry | Functional physiology of the human terminal antrum defined by high-resolution electrical mapping and computational modeling[END_REF] The pylorus acts as a sieve in which liquid and particles smaller than approximately 3 mm can pass through from the stomach into the duodenum. [START_REF] Meyer | Human postprandial gastric emptying of 1-3-millimeter spheres[END_REF][START_REF] Rhie | Drug marker absorption in relation to pellet size, gastric motility and viscous meals in humans[END_REF] Particles greater in size are subjected to a process called retropulsion for further degradation. [START_REF] Kong | Disintegration of solid foods in human stomach[END_REF] However, the simulation of these mechanical forces is rather difficult due to their complexity in amplitude, frequency and intensity. The present model does not allow an accurate simulation of the gastric motility in particular the mechanical forces of the antrum. We propose a weak mixing during the gastric period simulating the upper part of the stomach, fundus and body, by the use of low frequency orbital shaking or an overhead stirrer using a head of the design outlined in ESI 1. † The latter system may be preferred for more structured gastric content. This allows the mixing of the fluids added with the food, in particular to disperse the acid solution in the vessel. We do not recommend the use of a magnetic stirrer inside the vessel since the type of shear would be different from the stomach physiology and this might disrupt the initial matrix or/and any possible structure formed during digestion. For instance, studies have shown phase separation in the stomach, highlighting the low mixing in the body [START_REF] Mackie | Specific food structures supress appetite through reduced gastric emptying rate[END_REF][START_REF] Marciani | Enhancement of intragastric acid stability of a fat emulsion meal delays gastric emptying and increases cholecystokinin release and gallbladder contraction[END_REF] contradicting the idea of intragastric homogenisation of the food. In this regard, the present protocol is realistic as it leads to a poor mixing of the gastric contents.

6.2.4. Gastric emptying. The peristaltic movements of the antrum promote emptying by forcing the contents towards the pyloric sphincter. Liquid, semi-liquid and particles with a size below 3 mm pass though the pylorus and enter the duodenum during the fed state. [START_REF] Meyer | Human postprandial gastric emptying of 1-3-millimeter spheres[END_REF][START_REF] Rhie | Drug marker absorption in relation to pellet size, gastric motility and viscous meals in humans[END_REF] In the present model this size cut off might be simulated by sampling with a tip/tube having a diameter end of ∼3 mm.

The gastric emptying rate is affected by different physicochemical properties of a meal. It has been shown that high viscosity, osmolarity and, high lipid content delay the gastric emptying. [START_REF] Flourie | Effect of increased amounts of pectin on a solid-liquid meal digestion in healthy man[END_REF][START_REF] Larsson | High-fat dairy food and conjugated linoleic acid intakes in relation to colorectal cancer incidence in the Swedish Mammography Cohort[END_REF][START_REF] Read | Is the transit time of a meal through the small intestine related to the rate at which it leaves the stomach?[END_REF] Large volumes have been seen to increase the rate of emptying and its duration (in the case that there is much more volume to empty). [START_REF] Mitchell | The influence of volume on gastric emptying and fluid balance during prolonged exercise[END_REF][START_REF] Moran | Interactions between gastric volume and duodenal nutrients in the control of liquid gastric emptying[END_REF] However, the caloric density of the food has been seen as the major factor controlling gastric emptying, a high caloric density inducing a slower/ longer gastric emptying (again in the case that there are more calories to empty). [START_REF] Moran | Interactions between gastric volume and duodenal nutrients in the control of liquid gastric emptying[END_REF][START_REF] Calbet | Role of caloric content on gastric emptying in humans[END_REF][START_REF] Collins | Gastric emptying in normal subjects-a reproducible technique using a single scintillation camera and computer system[END_REF][START_REF] Hunt | The volume and energy content of meals as determinants of gastric emptying[END_REF] For example, an increasing caloric density of the food results in a decrease in gastric emptying rate in terms of mL min -1 , but an increase in term of kcal min -1 . [START_REF] Hunt | Effect of meal volume and energy density on the gastric emptying of carbohydrates[END_REF] In addition, increasing meal volume can also increase the gastric emptying rate but in this case we assume a fixed food volume of 500 mL. A linear relationship has been mostly reported between the caloric content and the intraduodenal calorie delivery rate, [START_REF] Calbet | Role of caloric content on gastric emptying in humans[END_REF][START_REF] Hunt | The volume and energy content of meals as determinants of gastric emptying[END_REF][START_REF] Moore | Gastric emptying of varying meal weight and composition in man. Evaluation by dual liquid-and solid-phase isotopic method[END_REF] in a range from 0.5 to 8 kcal min -1 , with a mean value around 2 kcal min -1 (but this depends on the time range over which this rate is calculated and the physi- cal state of the gastric content). [START_REF] Calbet | Role of caloric content on gastric emptying in humans[END_REF][START_REF] Hunt | The volume and energy content of meals as determinants of gastric emptying[END_REF][START_REF] Moore | Gastric emptying of varying meal weight and composition in man. Evaluation by dual liquid-and solid-phase isotopic method[END_REF] The delivery of nutrients initiates feedback mechanisms mediated by duodenal receptors which control the gastric volume through the propulsive forces and pyloric opening to provide regulated intraduodenal nutrient loads. [START_REF] Janssen | Review article: the role of gastric motility in the control of food intake[END_REF] The physical state of meal (solid or liquid) has been shown to influence the gastric emptying behaviour. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF][START_REF] Camilleri | Relation between antral motility and gastric emptying of solids and liquids in humans[END_REF] The emptying from the stomach is slower for solids compared to liquids. Liquid foods empty from the stomach following first order exponential kinetics. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF][START_REF] Collins | Gastric emptying in normal subjects-a reproducible technique using a single scintillation camera and computer system[END_REF][START_REF] Camilleri | Relation between antral motility and gastric emptying of solids and liquids in humans[END_REF][START_REF] Hellstrom | The physiology of gastric emptying[END_REF] The emptying behaviour for solids has been shown to be more complicated and is still controversial. Some studies showed a biphasic emptying behaviour of semi-solid foods, where the solids empty linearly after a lag period (zero emptying). [START_REF] Malagelada | Measurement of gastric functions during digestion of ordinary solid meals in man[END_REF][START_REF] Collins | Gastric emptying in normal subjects-a reproducible technique using a single scintillation camera and computer system[END_REF][START_REF] Camilleri | Relation between antral motility and gastric emptying of solids and liquids in humans[END_REF][START_REF] Siegel | Biphasic nature of gastric emptying[END_REF] This lag phase can be explained by the action of the antrum to achieve a suitable particle size, during which no duodenum activity has been seen. The variations among studies of type, caloric content and weight of solid, antral motility as well as the methodology used for gastric emptying measurement, make it difficult to study the lag phase. Also, the different colloidal behaviour in the stomach has been shown to induce changes in emptying profiles. [START_REF] Marciani | Enhancement of intragastric acid stability of a fat emulsion meal delays gastric emptying and increases cholecystokinin release and gallbladder contraction[END_REF][START_REF] Steingoetter | Imaging gastric structuring of lipid emulsions and its effect on gastrointestinal function: a randomized trial in healthy subjects[END_REF] A simple model cannot take all these variables into account. Thus, we recommend the use of a linear rate of emptying regardless of the physical state of the sample which seems a good approximation due to the ability of the antrum and pylorus to maintain a relatively constant emptied volume. The rates of emptying of the three major macronutrients (lipid, carbohydrate and protein) are indeed regulated so that equal numbers of calories are delivered to the duodenum with an average rate of 2 kcal min -1 . [START_REF] Hunt | The volume and energy content of meals as determinants of gastric emptying[END_REF] 6.2.5. Gastric enzymes activity. Pepsin output has been shown to differ with the physical state of meal. [START_REF] Malagelada | Different gastric, pancreatic, and biliary responses to solid-liquid or homogenized meals[END_REF] However, this observation is not very helpful in terms of the development of a standard approach. Thus, we propose to use the same rationale as in the previous static simulation, [START_REF] Minekus | A standardised static in vitro digestion method suitable for food -an international consensus[END_REF] i.e. the use of a constant concentration of pepsin in SGF.

There is some good evidence showing the relevant contribution of the gastric lipase in the overall digestive process. For this reason, the inclusion of gastric lipase is suggested even though pancreatic lipase is the main enzyme responsible for the digestion of triglycerides. Gastric lipolysis accounts for 10-25% of the overall lipid digestion [START_REF] Carriere | Secretion and contribution to lipolysis of gastric and pancreatic lipases during a test meal in humans[END_REF][START_REF] Armand | Digestion and absorption of 2 fat emulsions with different droplet sizes in the human digestive tract[END_REF][START_REF] Armand | Émulsions et absorption des lipides : importance des propriétés physico-chimiques[END_REF][START_REF] Carrière | Inhibition of gastrointestinal lipolysis by Orlistat during digestion of test meals in healthy volunteers[END_REF] mainly by hydrolysing triglycerides into diglycerides and fatty acids and contributes up to 7.5% to the duodenal lipolysis. [START_REF] Carriere | Secretion and contribution to lipolysis of gastric and pancreatic lipases during a test meal in humans[END_REF] Also, gastric lipase is responsible to enhance the pancreatic lipase action. [START_REF] Armand | Lipases and lipolysis in the human digestive tract: where do we stand?[END_REF] Human gastric lipase (HGL) concentration has been seen to increase in the gastric content as function of the time and gastric emptying, with lipase activities ranging from 10 U mL -1 after meal intake to 120 U mL -1 at the end of the meal gastric emptying. [START_REF] Carriere | Secretion and contribution to lipolysis of gastric and pancreatic lipases during a test meal in humans[END_REF] Since 120 U mL -1 corresponds to the gastric lipase activity in gastric juice, [START_REF] Carriere | Secretion and contribution to lipolysis of gastric and pancreatic lipases during a test meal in humans[END_REF] we suggest using this activity level in SGF. It is worth noticing that the same activity has been proposed for the new version of the INFOGEST static model. [START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] The pH for optimal gastric lipase activity has been described in the range from 4 to 5.4. [START_REF] Sams | Relevant pH and lipase for in vitro models of gastric digestion[END_REF][START_REF] Carriere | Purification and biochemical characterization of dog gastric lipase[END_REF] Since obtaining HGL is limited and subjected to ethical restrictions, we suggest the use of RGL which has been found to have similar activities and specificities to those of HGL. [START_REF] Moreau | Purification, characterization and kinetic properties of the rabbit gastric lipase[END_REF][START_REF] Capolino | In Vitro Gastrointestinal Lipolysis: Replacement of Human Digestive Lipases by a Combination of Rabbit Gastric and Porcine Pancreatic Extracts[END_REF] A recent review compared gastric lipases to microbial lipases and showed the unique characteristics of human and animal gastric lipases. [START_REF] Sams | Relevant pH and lipase for in vitro models of gastric digestion[END_REF] Therefore, in case of inaccessibility, we advise not to include any other alternative source of lipase such as microbial lipases which exhibit different activities and specificities. [START_REF] Zentler-Munro | Therapeutic potential and clinical efficacy of acid-resistant fungal lipase in the treatment of pancreatic steatorrhoea due to cystic fibrosis[END_REF] With regards to salivary amylase, it should be noticed that this enzyme remains active until gastric pH reaches ∼3.5. [START_REF] Freitas | The important role of salivary α-amylase in the gastric digestion of wheat bread starch[END_REF][START_REF] Bernfeld | Sur les enzymes amylolytiques XI. Propriétés de l'α-amylase de salive humaine cristallisée[END_REF][START_REF] Walker | The mechanism of carbohydrase action. 7. Stages in the salivary α-amylolysis of amylose, amylopectin and glycogen[END_REF] Data from human studies showing that salivary amylase can remain active in the stomach long after the oral phase, and might even reach the small intestine without becoming inactive, indicate that this enzyme can be responsible for hydrolysing an important fraction of starch. [START_REF] Fried | Passage of salivary amylase through the stomach in humans[END_REF] As summarized by Davenport, [START_REF] Davenport | The gastric mucosal barrier[END_REF] a number of studies around the beginning of the 20 th century indeed reached that conclusion. The exact contribution of salivary amylase to starch digestion at the gastric level remain controversial but recent in vitro studies reported that up to 70-80% of bread starch and 15-30% of pasta starch can be hydrolysed, with about half thereof into the form of small oligosaccharides. [START_REF] Freitas | The important role of salivary α-amylase in the gastric digestion of wheat bread starch[END_REF][START_REF] Freitas | Oro-gastro-intestinal digestion of starch in white bread, wheat-based and gluten-free pasta: unveiling the contribution of human salivary α-amylase[END_REF] This correlates well with the human study of Bergeim 90 who reported that up to 76% of the starch in mashed potatoes, and 59% of that in bread, was extensively hydrolysed by salivary amylase in the stomach. The semi-dynamic protocol proposed in here might therefore be useful to gain knowledge on this phenomenon.

6.2.6. Bile salts and phospholipids. Bile is rarely found in the stomach during a meal but it is sometimes detected in the antral region as a result of backflow through the pylorus and this varies depending on the time of day. [START_REF] Gotthard | High gastric bile acid concentration in prepyloric ulcer patients[END_REF] In a study of 12 healthy participants, 91% of daytime gastric samples were found in the range between 0 and 0.25 mmol L -1 and only 2% greater than 0.5 mmol L -1 of bile salts. This is in contrast to night samples where 62% were lower than 0.25 mmol L -1 and 27% were higher than 0.5 mmol L -1 (ref. 91) of bile salts. With such low daytime values, inclusion of bile in SGF is unlikely to be important and a similar case can be made for the exclusion of phospholipids, where studies have shown low levels (∼0.15 mmol L -1 ) to be present in fasted state. [START_REF] Wenner | Influence of smoking and Helicobacter pylori on gastric phospholipids[END_REF] 

Small intestinal phase

Absorption of most nutrients and micronutrients takes place in the duodenum and jejunum, although some micronutrients are only absorbed in the ileum. [START_REF] Johnson | Gastrointestinal Physiology[END_REF] The physiological conditions we want to model should thus be relevant to the whole small intestine. The pH is known to vary from about 7 to between 6 and 5 in the duodenum due to acidic gastric emptying. [START_REF] Dressman | Upper gastrointestinal (GI) pH in young, healthy men and women[END_REF] In contrast, it is more stable in the jejunum and ileum, with a value around 7 in healthy adults. [START_REF] Evans | Measurement of gastrointestinal pH profiles in normal ambulant human subjects[END_REF][START_REF] Mikolajczyk | Assessment of Tandem Measurements of pH and Total Gut Transit Time in Healthy Volunteers[END_REF] As the duodenum length is small compared to the other parts of the small intestine, we recommend a constant pH of 7 for the intestinal phase. Concerning the transit time, it should represent the passage through the whole small intestine. This has been characterized in many studies as the small intestine (or small bowel) transit time, with an average value of 240 ± 60 min. [START_REF] Marze | Modeling of Food Digestion[END_REF] It is suggested that the duration of the intestinal phase is 2 hours, as recommended in the static INFOGEST protocol, [START_REF] Brodkorb | INFOGEST static in vitro simulation of gastrointestinal food digestion[END_REF] with a maximal duration of 4 hours to study specific cases of lower intestinal absorption (ileum).

Differences from the static model

As stated above, the oral and intestinal phase remains essentially the same with the same static approach. However, the chyme emptied from the gastric phase is digested separately in parallel. The rationale for this approach as opposed to simply passing gastric samples into a single intestinal vessel is that segmentation within the small intestine means that the content can in some senses be treated as a plug flow [START_REF] Jaime-Fonseca | Digestion of starch in a dynamic small intestinal model[END_REF] and thus digested separately from samples emptied at other time points.

The static protocol of the COST Action INFOGEST has been seen as useful for the assessment of the end values but it cannot provide data about the kinetics of nutrient digestion. This has been overcome in the present model by the inclusion of the main dynamics of gastric physiology including gradual pH decrease, gastric fluid secretion and gastric emptying. The kinetics of nutrient digestion are very much linked with the possible structural changes of the food matrix in the gastric compartment, which can be simulated using this semidynamic model. For instance, caseins have been denoted as slow proteins in relation to the amino acid absorption, which was suggested to be due to the formation of solid coagula in the stomach. This coagulation can be achieved using the semidynamic model, which was not possible with the static model.

Advantages and limitations of model

The main advantage of this semi-dynamic protocol is the simulation of the transient nature of gastric secretions, gradual acidification and gastric emptying. This allows the evaluation of the changes occurring in food structure and disintegration. For instance, this semi-dynamic setup allows photographic/video record of digesta appearance and visual observation of the changes during gastric digestion at macroscopic level. In addition, the dynamic pH profile can be recorded in situ as well as at each gastric emptying point. Different physicochemical parameters might be assessed in the emptied aliquots to follow the digestion kinetics of nutrients. These analyses include particle size, microscopy and extent of protein, starch and lipid hydrolysis among others.

In this model, gastric emptying is simplified and based on the caloric content of food to be digested and set at 2 kcal min -1 . This parameter has been found as one of the major factors controlling gastric emptying and is easy to calculate by knowing the composition of protein, lipid and carbohydrate of the food. The provided spreadsheet (see ESI 3 †) helps with calculations of this parameter. In addition, the model takes into account the particles that pass through the pylorus by sampling with a tube of a diameter end of ∼3 mm. For those foods that coagulate during gastric residence, like casein, and this results in a delayed gastric emptying, the limited size of the emptying simulates the sieving effect of the pylorus.

Therefore, the semi-dynamic gastric model can be valuable for the assessment of the rate and extent of nutrient bioaccessibility which might give indication of the level of nutrient bioavailability in a more accurate way than static protocols. As occurs for static protocols, this semi-dynamic setup can be used with different volumes and therefore does not consume high amounts of expensive enzymes. Similarly, it is easy to operate and does not require expensive or sophisticated equipment. These advantages make it suitable for a wide range of foods and it can be easily applied in laboratories across the world.

However, as with any in vitro protocol, this semi-dynamic setup has also some limitations. Some parameters, such as, the amount of food, number of gastric emptying aliquots, mixing speed, have to be fixed for each digestion assay which could bring variability between different laboratories. Some dynamic gastric models, such as the Human Gastric Simulator, use more physiologically relevant mechanical forces that simulates the contractions waves of the stomach that might provide more physiologically relevant results in terms of the disintegration of food in the stomach, in particular for complex structured foods. [START_REF] Kong | A Human Gastric Simulator (HGS) to Study Food Digestion in Human Stomach[END_REF] Nevertheless, Mulet-Cabero, et al., [START_REF] Mulet-Cabero | Structural mechanism and kinetics of in vitro gastric digestion are affected by process-induced changes in bovine milk[END_REF] using the semi-dynamic model in processed milks, obtained similar results to those of Ye, et al. [START_REF] Ye | Effect of homogenization and heat treatment on the behavior of protein Food & Function Paper[END_REF] using the Human Gastric Simulator in terms of coagulation behaviour, timing, consistency of the gastric digesta and protein digestion.

Another critical point of variability is the manual and stepwise emptying. It is important to note there could be losses of the sample through the emptying process, which will largely depend on the complexity of the studied sample, and the properties of any structures that they form. In that case, it might be advisable to consider the weight of the initial food and the collected aliquots instead of the volume for further calculations. Nevertheless, previous studies using this semidynamic model showed suitable reproducibility considering the complexity of structures tested. [START_REF] Mulet-Cabero | Structural mechanism and kinetics of in vitro gastric digestion are affected by process-induced changes in bovine milk[END_REF][START_REF] Mulet-Cabero | Dairy food structures influence the rates of nutrient digestion through different in vitro gastric behaviour[END_REF] Mulet-Cabero, et al. [START_REF] Mulet-Cabero | Structural mechanism and kinetics of in vitro gastric digestion are affected by process-induced changes in bovine milk[END_REF] quantified the nutrient content in terms of proteins and lipid in each of the five gastric emptying points taken during the gastric digestion of the six milk samples differing in dairy treatment. The average of coefficient of variation was 17.5% and 28.3% for the protein and lipid data respectively.

Oral and intestinal phases are performed static, and it is recommended that the intestinal phase is performed individually with each gastric emptying aliquot. This contrasts with the semi-dynamic two step gastrointestinal model used by Luiking, et al., 100 which consists of computer-controlled reactors. However, this uses more complex and expensive equipment that is less available for most laboratories. It is important to highlight that the semi-dynamic model is a simple model and will never be as consistent as this type of dynamic computerised versions. Moreover, it remains to be elucidated if significant differences will be found at the end of the intestinal phase starting from different gastric points. Preliminary results for SMP digestion have shown that the peptide patterns were similar for all gastric endpoints after the completion of the intestinal phase (Fig. 7). These differences can vary with the food or the nutrient considered and therefore, the application of this semi-dynamic model to different food matrices merits further research. 
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Fig. 1

 1 Fig. 1 Example of the apparatus of the gastric digestion phase.
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Fig. 2

 2 Fig. 2 Overview and flow diagram of the simulated semi-dynamic in vitro digestion method. Simulated salivary fluid (SSF), simulated gastric fluid (SGF), simulated intestinal fluid (SIF) and gastric emptying (GE). Enzyme activities are in units per mL of the simulated digestive solution added at each digestion phase (SSF, SGF or SIF).
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  2 (H 2 O) 2 and base. Addition of base (e.g. 1 mol L -1 NaOH) will be required to neutralise the mixture to pH 7.0 in case it was not added to stop the pepsin activity in the gastric phase. Digestive enzymes can be added as either pancreatin from porcine pancreas or individual enzymes. The amount of pancreatin added is based on the trypsin activity (200 U mL -1 TAME activity in the SIF). If the food contains lipid and lipid digestion is at the centre of the study, pancreatin concentration should be either based on the lipase activity and if necessary, additional porcine pancreatic lipase and colipase should be added to achieve 2000 U mL -1 lipase activity in the final mixture. Alternatively, individual enzymes can be added to the digestion mixture to achieve the following activities in the final mixture: porcine trypsin (200 U mL -1 in SIF), bovine chymotrypsin (50 U mL -1 in SIF), porcine pancreatic α-amylase (400 U mL -1 in SIF), porcine pancreatic lipase (4000 U mL -1 in SIF) and porcine pancreatic colipase (2 : 1 colipase to lipase molar excess, equivalent to a mass ratio of roughly 1 : 2 co-lipase to lipase as the mass of human pancreatic lipase is 51.2 kDa and the mass of human co-lipase is 10 kDa). Bile is added to give a final concentration of 20 mmol L -1 of bile salts of the SIF volume. CaCl 2 (H 2 O) 2 is added to reach 0.6 mmol L -1 in the SIF. The pH may need readjustment before finally adding water to the mixture to obtain the required concentration of SIF. The pH may need re-adjustment during digestion. This can be achieved either manually or by automated laboratory titrator. The recommended time of intestinal digestion is two hours at 37 °C.A detailed step by step procedure can be found in ESI 4. †

3 .|

 3 Small intestinal static digestion for individual GE aliquot (e.g. 9.2 mL) (37 °C, high shear, Pancreatin solution (200 U mL -1 in eSIF, based on trypsin) (enzyme solution made in eSIF) Food Funct., 2020, 11, 1702-1720 This journal is © The Royal Society of Chemistry 2020 Open Access Article. Published on 10 February 2020. Downloaded on 5/28/2020 2:02:22 PM. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

  journal is © The Royal Society of Chemistry 2020 Food Funct., 2020, 11, 1702-1720 | 1709 Open Access Article. Published on 10 February 2020. Downloaded on 5/28/2020 2:02:22 PM.This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Fig. 6

 6 Fig. 6 SDS-PAGE of protein hydrolysis during semi-dynamic digestion of SMP. For each of the gastric emptying aliquots (gastric) an individual static intestinal digestion for 120 min was performed (intestinal) and separated on gel. Undigested SMP is shown as control.

Fig. 4

 4 Fig. 4 Example of the pH profile of WPI and MPC solutions. The pH curves were obtained using (A) the pH probe inside the vessel, which measures the digesta remaining in the simulated stomach and (B) pH values in each emptied aliquot.

Fig. 7

 7 Fig. 7 Peptide patterns after LC-MS analysis as previously described 27 for αs1-casein and β-lactoglobulin after different times of semi-dynamic gastric digestions (gastric), followed by 120 min of static intestinal digestion (intestinal) individually for each gastric sample. The colour index shown for both proteins indicates blue colour for low abundance and red colour for high abundance of amino acids identified within the protein sequence. White stretches indicate no identified protein regions.

Fig. 8

 8 Fig.8Release of total free NH 2 groups analysed with the OPA method in mmol per mL of SMP. The different gastric emptying time points were individually subjected to intestinal digestion during 120 min. The inlet graph shows the evolution in NH2 release during gastric digestion using a smaller scale.
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Fig. 9

 9 Fig.9Release of total free fatty acids (FFA, non-esterified fatty acid kit, Fujifilm Wako Diagnostics, US) analysed with a colorimetric method.[START_REF] Egger | Digestion of milk proteins: Comparing static and dynamic in vitro digestion systems with in vivo data[END_REF] The different gastric emptying time points were individually subjected to intestinal digestion during 120 min. The inlet graph shows the evolution in FFA release during gastric digestion using a smaller scale. The Blank sample shows the FFA content in the intestinal fluid. Data represent one replicate as indicative of the results that can be obtained.
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Table

  

  Preparation

Table 2

 2 Example of the calculations for the dynamic parameters of the gastric phase

	Food sample (example)
	Food volume (mL)
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  Pepsin 4000 U mL -1 and gastric lipase 120 U mL -1 in SGF (enzyme solutions made in eSGF)

						80
	Total solids (g)					3.0
	1. Oral static digestion (37 °C, high shear, 2 min)					
	Compound			SSF (mL)		SSF (%)
	eSSF CaCl 2 (H 2 O) 2 (1.5 mmol L -1 in SSF) α-Amylase (150 U mL -1 in SSF)			2.40 0.015 0.15		80 0.5 5.0
	MilliQ® water			0.435		14.5
	Total			3.00		100
	2. Gastric dynamic digestion (37 °C, low/medium shear, duration depends on food calories)		
					Simulated gastric	
	Compound	SGF (mL)	SGF (%)	Basal (mL)	electrolyte mixture (mL). Rate 0.093 mL min -1	Enzyme solution (mL). Rate 0.010 mL min -1
	eSGF CaCl 2 (H 2 O) 2 (0.15 mmol L -1 in SGF)	16.1 0.01	70.0 0.04	1.61 0.001	14.49 0.009	--
	MilliQ® water HCl (1.5 mol L -1 )	2.59 2	7.78 8.7	0.259 0.20	2.331 1.80	--
		2.3	10	0.23	-	2.07
	Total	23	100	2.3	18.63	2.07

will be released and the pH will increase with time. However, as the pH is being altered anyway during the gastric phase, this might only be a problem during the intestinal phase. b eSSF, eSGF, eSIF are prepared at a concentration of 1.25× in order to add other solutions (e.g. HCl, enzymes) and to adjust the fluids ionic strength. c Addition immediately before the use.
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