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A B S T R A C T   

We present a dynamic, semi-mechanistic, compartmental protein digestion model to study the kinetics of protein 
digestion. The digestive system is described as a series of eight compartments: one for the stomach, one for the 
duodenum, two for the jejunum and four for the ileum. The digestive processes are described by a set of zero or 
first order differential equations. The model considers ingestion of a meal, secretion of gastric and pancreatic 
juices, protein hydrolysis, grinding, transit and amino acid absorption. The model was used to simulate protein 
digestion of a meal composed of a solid and a liquid phase or one where both phases are blended into a ho-
mogeneous phase. Luminal volumes and pH of gastric and duodenal contents were estimated for both meals. 
Further, gastric emptying is described as a function of the energy density of the bolus, instead of the more 
common mass action approach.   

1. Introduction 

In the last decades, in vitro models have aided in the study of food 
digestion complementing in vivo studies (Lucas-González et al., 2018). In 
silico models have only recently gained some momentum but have the 
potential to aid and steer the whole field by identifying causality, gaps 
and inconsistencies in our understanding (Le Feunteun, Al-Razaz, et al., 
2021; Le Feunteun et al., 2020). In vitro and in silico models are both 
simplified representations of the complex processes occurring during in 
vivo digestion. These models can integrate different stages of food 
digestion and shed more light on the underlying mechanisms. Le 
Feunteun, Verkempinck, et al. (2021) showcased the complementary 
value of in silico and in vitro dynamic models, regarding hydrolysis ki-
netics in particular. 

The use of physiologically based models to describe food digestion 
borrows concepts from the field of pharmacokinetics, i.e. the study of 
the kinetics of absorption, distribution, metabolism and excretion of 
pharmaceutical compounds (Turfus et al., 2017). Physiological systems 
are described as a set of interconnected biological compartments, often 
anatomical parts of the organism under study. In animal nutrition works, 
compartmental models have been used to study digestion in pigs 

(Bastianelli et al., 1996; Rivest et al., 2000; Strathe et al., 2008). Halas 
et al. (2018) gathered a comprehensive collection of feed intake, 
digestion kinetics, utilization and animal growth models. Meanwhile, Le 
Feunteun, Al-Razaz, et al. (2021) reviewed the models and tools 
currently available to study food digestion in humans and provided an 
outlook to the potential of the developing field. This review draws 
attention to the work of van Aken (2020), in which the digestion and 
absorption of all nutrients is simulated in a multicompartmental model 
that is able to predict hormonal responses, feedback mechanisms and 
interindividual variations. Mathematical models allow the replication of 
the dynamic nature of digestion, not only in terms of the flow within and 
throughout the gastrointestinal tract, but also the physicochemical 
properties of the food and its environment (van der Sman et al., 2020). 

Provided that enough knowledge on the underlying mechanisms is 
available, it is also possible to incorporate feedback processes. In silico 
models can therefore aid in understanding and quantifying abstract 
events and processes occurring during the digestion of food. In this way, 
in silico models contribute to understanding and predicting nutrient 
absorption kinetics. 

In this work, we developed a dynamic model of protein digestion, 
incorporating endogenous secretions, antral grinding, hydrolysis, 
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gastric emptying, transit through the small intestine and ultimately, 
absorption. This model is based on simple mass balances and the 
description of physiological mechanisms. Our objective is to study the 
effect of the physical state of the meal on its fate in the gastrointestinal 
tract. We were inspired by the work of Marciani et al. (2012) in which 
the gastric emptying of two meals was studied; a meal composed of two 
phases, one solid and one liquid, or a meal where the solid and liquid 
components were blended into a homogeneous, single phase. In our 
model, gastric emptying is described by assuming a constant energy 
(kcal) delivery into the duodenum compartment and an antral lag time is 
included to signal the start of antral grinding and gastric emptying for 
solid meals. To the best of our knowledge, the notion of gastric emptying 
as a function of the energy density of the digesta has only been explored 
in one recent model considering computational fluid dynamics within 
the stomach (Li & Jin, 2021). 

2. Model development 

The model assumes that for protein digestion, the gastrointestinal 
tract can be described with eight compartments, one for the stomach and 
seven for the small intestine (duodenum, jejunum 1 and 2, ileum 1, 2, 3 
and 4, Fig. 1) (Yu et al., 1996). The food bolus enters the stomach 
through the mouth and oesophagus. HCl and pepsin are secreted into the 
stomach from the parietal and chief cells, respectively. Gastric chyme is 
emptied from the stomach into the duodenal compartment, where 
NaHCO3 and endoproteases such as trypsin, chymotrypsin and elastase 
are secreted from the pancreas. Chyme continues to flow through the 
jejunal and ileal compartments. Hydrolysis is simplified by simulating 
protein hydrolysis into peptides in the stomach and small intestine 
compartments. Peptide hydrolysis into amino acids (AA) is simulated 
only from the jejunum 1 to the ileum 4 compartments, assuming that 
only brush border enzymes have exopeptidase activity and are only 
present in these compartments. AA are absorbed into and through the 
enterocytes of the jejunal and ileal compartments into the portal blood. 
Unabsorbed components flow out of the ileum 4 compartment into the 

colon, which is not part of the model anymore. 
The primary dependent variables of this model are the quantities or 

pool sizes, Qij, of each component, i, in a given compartment, j. These are 
defined by ordinary differential equations with the independent variable 
being the time (dQij/dt), hence the dynamic nature of the model. The 
rate of change in the size of each pool is described by the balance be-
tween inflows and outflows as depicted in the flow diagram. 

2.1. General assumptions and considerations 

To construct our model, we assume that the meal arrives in com-
partments that do not contain nutrients of prior meals. Diffusion is 
assumed to be instant, for instance, enzymes are in immediate contact 
with their substrate upon secretion. In the respect of protein or peptide 
hydrolysis, all peptide bonds are subject to cleavage, i.e. enzyme spec-
ificity is not considered. 

No processes are modelled past the ileum 4 compartment. Proteic 
compounds (protein, peptide or AA pools) are considered to be undi-
gested if they arrive in the colon. Likewise, no further metabolism is 
modelled after AA absorption through the enterocytes into the portal 
blood. Interindividual variability is not considered. 

2.2. Meal characterization 

The model considers meals with two possible physical states, one 
where a solid phase is consumed next to liquid, e.g. water, henceforth 
referred to as ‘solid/liquid’ and one where the solid and liquid compo-
nents form a single, homogeneous phase, this meal is referred to as 
‘blended’ (Marciani et al., 2012). The composition of the solid/liquid 
meal is divided into three pools: protein, water, and non-protein/non- 
water (npnw5 mm, representing particles of 5 mm diameter). Mean-
while, the blended meal is described by two pools, protein and non- 
protein (including water, npBlended, representing the blended meal) 
pools (Table 1). To further ease the description of some fluxes, the 
protein pool is expressed in AA equivalent units. This unit conversion is 

Fig. 1. Flow diagram of the protein digestion model for solid/liquid and blended meals. Solid lines represent fluxes, dashed lines represent influential factors that do 
not contribute to the protein-peptide mass balance. The jejunum 2, ileum 1, 2 and 3 compartments are not shown but are located after jejunum 1, with the same pools 
and fluxes as this compartment. npnw5, non-protein, non-water 5 mm; npB, non-protein blended; AA, amino acid. 
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possible if an average molecular weight and number of AA in the protein 
sequence is known. In other cases, a representative protein can be 
chosen to estimate the weight of protein to AA equivalents considering 
its molecular weight and number of AA in the sequence. 

Other meal characteristics required to enter into the model are the 
pH, the volumetric mass, the energy density of the full meal and its in-
dividual pools and the number of AA with pH buffering capacity in the 
acid and alkaline environment (histidine, glutamic and aspartic acid, 
Table 1), which can be obtained from the primary structure of the 
chosen representative protein. 

2.3. Intake 

A single meal, either solid/liquid or blended, is consumed at a con-
stant rate for the duration of the meal. The solid phase (henceforth called 
npnw5 mm and protein5 mm) of the solid/liquid meal is assumed to be 
broken down in the mouth into particles of 5 mm diameter. 

2.4. Gastric juice secretion 

The rate of secretion from the chief and parietal cells of water, pepsin 
and HCl, into the gastric lumen was modelled as a zero order function 
triggered by the arrival of bolus into the stomach (Goetze et al., 2009). 
When the gastric contents of food are lower than 0.5 g, either in the 
fasted state or after most of the chyme has been emptied into the duo-
denum, the rate of secretion of gastric juice is assumed marginal. 

2.5. Antral grinding 

The 5 mm solid particles of the solid/liquid meal (npnw5 mm and 
protein5 mm) that arrive in the stomach compartment are considered too 
large to pass through the pylorus. We incorporated a lag time between 
ingestion and the onset of antral contractions and peristalsis into the 
model (Brown et al., 1993; Houghton et al., 1988). In vivo, a lag time has 
been experimentally observed between ingestion and emptying of solids 
out of the stomach, and not necessarily of the antral contractions 
(Camilleri et al., 1985; Siegel et al., 1988). After the lag time (45 min), 

antral grinding, i.e. the flux between the 5 mm pools into the 2 mm 
pools, starts (Fig. 1). This size reduction is described by a zero order 
function. To signal the end of antral grinding, when most of the large 
particles have been ground, the flux from the 5 mm pools to the 2 mm 
pools is then described by a first order rate equation as a function of the 
remaining npnw5 mm and protein5 mm pools. 

2.6. Gastric emptying 

Solids are retained in the stomach for a longer period of time 
compared to liquids. This is known as gastric sieving. Furthermore, 
many stimuli (mineral acids, fats and fatty acids, osmotic factors, 
duodenal distension) and receptors in the proximal duodenum and 
jejunum are involved in inhibiting gastric peristalsis and, as a result, 
slowing down gastric emptying (Dooley et al., 1984; Roman, 1982; 
Rønnestad et al., 2014). It has been observed that meals of high energy 
density are emptied more slowly than meals with lower energy density 
(Hunt & Stubbs, 1975; Keto et al., 2012). This phenomenological rela-
tion between the energy density and the gastric emptying rate probably 
captures the complex feedback mechanisms that in fact regulate the 
delivery of chyme into the small intestine. In our model, gastric sieving 
is accounted for by the lag time to antral grinding and thus gastric 
emptying of the solid fraction of the solid/liquid meal. Gastric emptying 
of the non-protein and the other proteic pools (protein2 mm and peptide) 
is therefore described by a constant rate of energy delivery into the 
duodenal compartment (2–2.5 kcal/min) (Hunt et al., 1985). The flux of 
water, H+ and pepsin from the stomach into the duodenum compart-
ment are described by zero order kinetics with rate constants for each of 
the components. When most of the gastric content has been emptied, the 
flux out of the stomach is described by mass action kinetics with a 
postprandial gastric emptying rate constant. 

2.7. Pancreatic juice secretion 

Pancreatic secretion is mediated by various hormonal pathways, 
triggered by the presence of acid and nutrients in the duodenal lumen, 
among other stimuli (Pandol, 2011; Vella, 2016). Secretion of pancreatic 
juice (water, HCO3

– and endoproteases) into the duodenal compartment 
is described by zero order kinetics. This flux is prompted by the presence 
of proteic contents in the duodenum. Secretion starts when the size of 
the protein and peptide pools combined is larger than 0.1 aa meq, and 
stops when only this amount remains in the compartment. Endoprotease 
delivery into the jejunum and ileum compartments results from transit 
from the duodenum. 

2.8. pH changes 

The molar concentration of H+ in a given compartment was calcu-
lated from the balance between inflows, from food and secretions, and 
outflows, buffering capacity, (de)protonation after hydrolysis, transit 
and neutralization in the duodenum. Volume of contents within com-
partments was also calculated dynamically considering the basal volume 
of gastric or pancreatic juice in a given compartment and the sum of 
volumes from water, proteic and non-protein pools. As the content in the 
compartments in this model were considered to be ideally mixed, no 
spatial differences in pH would be observed within the stomach 
compartment or small intestine compartments.  

– Buffering capacity 

The pH in the gastrointestinal tract can be as low as 2, in the fed mid- 
distal stomach, and as high as 6.7 in the fed mid-distal duodenum 
(Abuhelwa et al., 2016; Kalantzi et al., 2006; Simonian et al., 2005). The 
AA with a dissociating side chain having a pKa within this range are 
histidine (6.5–7.4), aspartic and glutamic acids (4.0–4.8) (Mathews 
et al., 2000). The buffering rate (mmol H+/min, Eq. (1)), represents the 

Table 1 
Meal properties and composition parameters included in the model description.  

Meal attribute Value used 
in 
simulation 

Unit 

Buffering capacity 0.0009 mmol/l 
pH 

pH (homogenized meal) 5.8  
Molecular weight of protein 41876.7 g/mol 
Number of amino acids in sequence 377 aa eq 
Number of glutamic and aspartic acid in protein 

sequence 
50 aa eq 

Number of histidine, glutamic and aspartic acid in 
protein sequence 

59 aa eq 

Rate of food ingestion 30 g/min 
Duration of meal 15 min   

Solid/liquid 
meal 

Blended meal    

Composition water – 0.56 0 g/g meal  
non-protein non-protein (water 

included) 
0.41 0.97  

protein 0.03  
Density non-protein non-protein (water 

included) 
1.28 1.10 g/ml  

protein 1.35   
food 1.11  

Energetic 
content 

non-protein non-protein (water 
included) 

0.98 0.42 kcal/g 

protein 4  
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flow out (or in) of the H+ pool into (or out of) protein, more specifically 
the protonatable (or de-protonatable) AA in the structure. However, it is 
a so called non-additive flux or influential factor to the protein pool, as it 
does not affect the protein mass balance as such 

+ H+ 
acidification

alkalinization

Buffering rate =
kf QH+ QB−

Qw
− kbQA (1) 

In the acid-base reactions, kf and kb (min− 1) are the forward and 
backward rates of buffer reaction (conjugate base− + H+ D weak acid) as 
described by Weinstein et al. (2013). In this expression, QH+, QB- and QA 
(mmol) are the amounts of protons, deprotonated and protonated amino 
acid in the protein or peptide sequence, respectively, and QW (mmol) is 
the amount of water.  

– (De-)protonation after hydrolysis 

A proton is removed or added after a peptide bond cleavage cata-
lysed by pepsin or pancreatic endoproteases, depending on the sur-
rounding pH. A carboxyl and an amino group are released when a 
peptide bond is hydrolysed. The structure of the resulting peptides in-
fluences the pKa of the newly exposed groups. The pKa of α-COOH is 
between 3.5 and 4.0, while for α-NH2 ranges between 8 and 9 (Mathews 
et al., 2000). 

Thus, the flux of protons in or out of the recently exposed carboxyl 
and/or amino group (mmol H+/min) is proposed to be equal to the rate 
of cleavage itself, i.e., the flux from the protein to the peptide pool (AA 
eq/min).  

– Neutralization of acid chyme 

As gastric emptying starts, acidic chyme enters a more alkaline or 
neutral environment in the duodenum. The bicarbonate already present 
in the duodenum plus that which begins to be secreted as a result of the 
presence of nutrients in the compartment neutralizes the acid protons 
entering in the acid chyme. A water molecule is produced from one 
molecule of sodium bicarbonate and one of hydrochloric acid. The re-
action is correctly balanced with the formation of CO2 and NaCl, how-
ever this is not considered in the model. The neutralization rate (mmol/ 
min) in the duodenum is described by mass action kinetics considering 
the forward (kw, mM min− 1) and backward (ko, min− 1) rate constants of 
the neutralization reaction. 

Neutralization rate1 = kw [H+]1 QHCO3− 1 − ko Qwater1 (2) 

The pH is not calculated beyond the duodenal compartment as any 
pH-dependency of the global activity of pancreatic proteases is not 
considered. 

2.9. Intestinal transit 

The compartmental transit model from Yu et al. (1996) divides the 
small intestine in seven compartments to better simulate the flow and 
axial mixing within the organ. This is presented as a suitable compro-
mise between a complex dispersion model and a single compartment 
one. In the model from Yu et al. (1996), the duodenum represents the 
first half of the compartment 1, the jejunum the second half along with 
compartments 2 and 3; and the ileum the remaining four compartments. 
For simplicity, we consider the complete first compartment to represent 
the duodenum, the jejunum as compartment 2 and 3 and, the ileum as 
compartments 4–7. 

Transit through the small intestine compartments and out of the 
ileum 4 into the colon is described by a fractional passage rate with first 
order kinetics proportional to the pool size of each component in a given 
compartment. The fractional passage rate is the inverse of the mean 
retention time which is considered equal for all components of the 
digesta, in each compartment or the complete small intestine divided by 
the seven compartments. 

2.10. Enzymatic hydrolysis 

Protein hydrolysis has been simplified into the conversion from 
intact protein to peptides, regardless of the size or number of the latter 
since the proteic pools are modelled as AA equivalents. The protein hy-
drolysis rate (aa meq/min) in our model depends on a fractional con-
version rate (kE or kN, mM min− 1), the pool size of protein (aa meq) and 
the concentration of enzyme (mM), considering the dynamicity of the 
volume of the contents of a given compartment (Eq. (3)). 

Hydrolysis ratepancreatic endoproteases = kE [endoprotease]j Qproteinj
(3) 

Furthermore, the activity of digestive proteases depends on the pH 
(Fersht & Renard, 1974; Goldberg et al., 1969; Hess et al., 1970; Piper & 
Fenton, 1965). As an aspartic enzyme, pepsin behaves as a diacid and it 
is active to catalyse hydrolysis in its first deprotonated form. The pro-
portion of the active form of pepsin as a function of pH was expressed by 
Kondjoyan et al. (2015) and originally derived by Cornish-Bowden and 
Knowles (1969) (Eq. (4)). 

Xpepsinactive =
1

1 +
[H+]

Ka1
+ Ka2

[H+]

(4)  

where Ka1 and Ka2 are the first and second dissociation constants. This 
results in an additional term to Eq. (3) to consider the effect of pH on the 
pepsin-catalysed hydrolysis rate (aa meq/min). 

Hydrolysis ratepepsin = kN Xpepsinactive [pepsin]i Qproteini
(5) 

Residual pepsin activity might continue in the first part of the small 
intestine while the pH is low enough for the enzyme to be in its active 
form. Therefore next to hydrolysis in the gastric environment, Eq. (3) 
and Eq. (5) also express the hydrolysis that might take place in the 
duodenum. 
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2.11. Absorption 

Peptides are assumed to be small enough to arrive at the brush border 
and to be the only substrates for exopeptidase-catalysed hydrolysis into 
single AA in the jejunal and ileal compartments (Fig. 1). The 
exopeptidase-catalysed hydrolysis is described by first order kinetics, 
dependent on the amount of peptide present in a given compartment. As 
AA are produced from the peptide pools, they can diffuse or be trans-
ported through the intestinal epithelium. AA absorption is described by 
Michaelis Menten-type kinetics to consider the affinity and preference of 
AA to specific transporters (Bröer, 2008). 

2.12. Model simulations 

The model was built on the Smart (Simulation and Modelling As-
sistant for Research and Training) environment (Scholten et al., 
1998–2020). This is a user-friendly, free package in which ordinary 
differential equations can be solved. Once the equations and parameters 
were entered, simulations were run with the fourth order Runge-Kutta 
fixed step length numerical integration algorithm with a time step of 
6 × 10− 4 min, for 420 min. Thorough instructions on the use of Smart 
have been detailed elsewhere (Gerrits et al., 2021). Model parameters 
are listed in Table 2; when available, parameters were obtained from 
literature. 

3. Model output 

The use of our model to simulate the digestion of protein from solid/ 
liquid and blended meals draws inspiration from the work from Mar-
ciani et al. (2012). The participants in this study consumed a solid/liquid 
meal consisting of chicken, vegetables and water as beverage, or a 
blended meal consisting of the same components as a homogeneous 
liquid. The nutrient composition, meal size and duration from this study 
were used as input to our model. As the main source of protein in this 
meal is chicken meat, actin was chosen as the representative protein to 
convert g protein into aa eq (Murakami & Uchida, 1985; The UniProt 
Consortium, 2018). 

3.1. Gastric phase 

3.1.1. Antral grinding 
Particles in the food bolus from the solid/liquid meal are considered 

to be too large to pass through the pylorus. Therefore, a particle size 
reduction step is included. While it is not clear whether particles are 
ground during this retention time, in our model, grinding starts after an 
‘antrum lag’ and, consequently, also gastric emptying of the ground 
particles. Fig. 2 shows, first, the ingestion of 185 g of the non-protein, 
non-water fraction of the meal, over 15 min. Second, the ‘antrum lag’, 
during which there is virtually no change in the pool size of 5 mm 
particles (Qnpnw5) for 30 min after ingestion. Third, the flux from 
npnw5 mm to npnw2 mm starts (Fig. 1), as indicated by the reduction in 
the 5 mm pool or the increase in the cumulative pool of ground material. 

Table 2 
Parameter values of the model simulating protein digestion.  

Parameter Description Value Unit Ref 

Gastric juice 
Vs0 Basal gastric volume 0.025 l Vertzoni et al. (2005) 
kgj Rate of gastric juice secretion (fed) 0.01 l/min Versantvoort and Rompelberg (2004) 
kgjfast Rate of gastric juice secretion (fasted) 0.00001 l/min  
Wgj Water content in gastric juice 0.999 l/l 1 

Hgj H+ content in gastric juice 65 mmol/l 1 

Ngj Pepsin(ogen) content in gastric juice 0.026 mmol/l Malagelada et al. (1976) 
kn Rate constant of pepsin-catalysed hydrolysis of protein 60 min− 1 2 

ka1 Dissociation constant for first proton pepsin 0.025 – Kondjoyan et al. (2015) 
ka2 Dissociation constant of second proton pepsin 0.003 –  
kfb Forward rate of buffering 3000 ml/meq min  
kbb Backward rate of buffering 1 min− 1  

Gastric emptying 
antrumlag Lag time to grinding and gastric emptying of solid bolus 45 min  
kagNP Rate of grinding of a non-protein particle from 5 to 2 mm 1.5 g/min  
kagP Rate of grinding of a protein particle from 5 to 2 mm 1.5 aa meq/min  
kge Rate constant of gastric emptying of food 2.5 kcal/min Hunt and Stubbs (1975) 
kgeW Rate constant of gastric emptying of water 890 mmol/min  
kgeN Rate constant of gastric emptying of pepsin 0.00005 mmol/min  
kgeH Rate constant of gastric emptying of acid 0.2 mmol/min  
kgepost Rate constant of postprandial gastric emptying 0.5 min− 1  

Pancreatic juice 
V10 Basal duodenal volume 0.00614 l Mudie et al. (2014)3 

pH10 pH in mid-duodenum (fasted) 4.9 – Ovesen et al. (1986) 
kpj Secretion rate of pancreatic juice 0.004 l/min Pandol (2011) 
Wpj Water content of pancreatic juice 0.999 l/l  
Opj HCO3

– content of pancreatic juice 300 mmol/l  
kw Forward rate of neutralization 100,000 l/mmol min  
ko Backward rate of neutralization 0.00001 min− 1  

Epj Endoprotease content of pancreatic juice 13 mmol/l  
ke Rate constant of endoprotease-catalysed hydrolysis of protein 15 l/mmol min 2 

Transit and absorption 
ksi Small intestine transit constant 0.025 min− 1 Worsøe et al. (2011) 
vx Rate constant of exopeptidase-catalysed hydrolysis 0.06 min− 1 2 

vt Maximum rate of aa transport 0.03 aa meq/l min 2 

kt MM constant of aa transport 0.09 aa meq/l 2 

References included for values found in literature, parameter that do not have a reference were based on estimations from calculated values. 
1 Estimated from the composition of gastric juice reported by Malagelada et al. (1976). 
2 Rates of hydrolysis and absorption represent global, simplified rates from e.g., protein to peptides by all pancreatic endoproteases. 
3 Based on the average small bowel resting water volume for the duodenum. 
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Small particles are emptied out of the stomach as soon as they appear. 
This results in a very small pool size of 2 mm particles and in an overlap 
of the cumulative pools of ground and emptied material. 

3.1.2. Gastric emptying 
Gastric emptying is described by a constant delivery of calories into 

the duodenum compartment from the nutrient pools (2 mm or blended). 
Meanwhile water, being a non-caloric component, was described with 
an independent emptying rate (explained by gastric sieving and also the 
so called Magenstrasse effect (Pal et al., 2007)). It should be noted that 
in our model, the water from the gastric juice secretion contributes to 
the water pool in the stomach. To show these effects, we calculated the 
volume of the contents in the stomach compartment (Fig. 3). After 
ingestion of the solid/liquid meal, gastric emptying showed a two-phase 
character. Water is emptied as soon as the meal is ingested, while the 

emptying of solids is delayed by the ‘antrum lag’. As antral grinding 
starts, so does the emptying of nutrients. 

The blended meal was emptied at a constant rate for most of the 
duration of the gastric phase. This meal is emptied at a faster rate than 
that of the solids from the solid/liquid meal because of its lower caloric 
density. Regardless, the volume of gastric contents was higher from the 
blended meal than from the solid/liquid meal due to the fast emptying of 
water. 

Including the ‘antrum lag’ and describing the gastric emptying of 
nutrients in terms of calories delivered to the duodenum allows us to 
mimic the biphasic nature of gastric emptying of a solid/liquid meal and 
the monophasic nature of homogenized liquid meals as presented in 
Fig. 3 (Marciani et al., 2012; Siegel et al., 1988). Nevertheless, in the 
study of Marciani et al. (2012), gastric content from both meals were 
emptied over a similar period of time (ca. 170 min). From our simula-
tion, most of the contents of the stomach compartment from the blended 
meal are emptied nearly an hour before they are for the solid/liquid 
meal, suggesting that there are more phenomena that determine the 
duration of the gastric phase than those that are currently described in 
our model. 

3.1.3. pH of gastric content 
The contents within each compartment are assumed to be instantly 

mixed. Thus, a single pH throughout the stomach is estimated based on 
the inflows of H+, (1) from the meal which is rather marginal, (2) from 
the basal gastric juice content from the fasted state and, more signifi-
cantly, (3) from the secretion of gastric juice in the fed state (Fig. 1). The 
outflows are (1) the buffering capacity of the protein, (2) the proton-
ation after protein hydrolysis and (3) gastric emptying of acid into the 
duodenum compartment. The volume of the gastric contents is consid-
ered to be dynamic and changing with time, which of course also affects 
the calculation of the H+ concentration. 

Gastric juice secretion is stimulated by the presence of nutrients in 
the stomach compartment. A basal volume of gastric juice, including 
acid, is present in the fasted state (Fig. 4, time 0), even though the 
amount of basal gastric juice is negligible compared to the fed state 
secretion as can be observed in the following time points. It can be seen 
for the solid/liquid meal that secretion proceeds until 180 min, whereas 
it reaches a maximum at 120 min for the blended meal. The end of the 
fed secretion rate corresponds to the moment when most of the gastric 
contents have been emptied out, which for the solid/liquid meal, is 
related to the assumed rate of breakdown of larger particles and the 

Fig. 2. Simulated antral grinding of 5 mm particles and gastric emptying of 2 
mm particles from the solid/liquid meal. Solid lines indicate absolute pools of 5 
and 2 mm non-protein particles, dashed lines indicate cumulative pools of 
ground and emptied particles. 

Fig. 3. Volume of gastric content from solid/liquid and blended meals, model output in orange and data points from Marciani et al. (2012) in blue. Note that the 
model was not fitted. Time zero indicates the time of meal ingestion. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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gastric emptying of the smaller ones. Afterwards, it returns to a post-
prandial or fasted secretion rate which is much lower. 

The most significant outflux from the H+ pool at the beginning of the 
gastric phase is the protonation of acidic AA, which accounts for the 
proteins’ buffering capacity. This outflux increases slightly after 30 min, 
i.e. most of the buffering capacity is expressed as soon as the protein is 
ingested. It is assumed that all binding sites are exposed instantaneously 
after having been ingested, and readily available for protonation. By 
incorporating a diffusion term, the buffering capacity could be more 
realistically represented as a sustained flux for a longer period of time. A 
more sophisticated empirical model to predict the buffering capacity of 
protein gels and dispersions was proposed by Mennah-Govela et al. 
(2019). That model accounts for the exposure of acidic amino acids by 
considering the surface area of particles. For simplicity, this model was 
not used as it considers diffusion phenomena and requires a number of 
fitting parameters as well as an accurate characterization of the protein’s 
amino acid profile. 

The protonation flux belongs to the more interesting ones as the 
pepsin activity is influenced by the concentration of H+, and protonation 
after pepsin-catalysed hydrolysis influences the H+ pool. As will be 
discussed further, the pepsin-catalysed hydrolysis of protein progresses 
along the gastric phase, in part because of the decreasing pH, and hence 
the protonation of the resulting amino groups does as well. Less pro-
tonation was recorded for the blended meal reflecting a lower extent of 
protein hydrolysis. 

Lastly, the gastric emptying of acid also influences the concentration 
of H+ in the gastric contents. More acid is emptied from the stomach 
compartment during the digestion of the solid/liquid meal. This is again 
explained by the retention of the gastric contents for a longer period for 
this meal than for the blended meal, as the acid emptying rate constant is 
higher in the fed state than in the fasted state as a proxy for the overall 
emptying of chyme. 

The pH resulting from the contribution of these fluxes to the H+ pool 
as well as the dynamic volume of the gastric contents shows a different 
profile for the two meals (Fig. 5). For both meals, the initial increase 
results from the meal ingestion and dilution of the basal gastric juice 
present in the compartment. Our results follow a trend qualitatively 
similar to that observed by Malagelada et al. (1979) as the bolus from 
the blended meal reaches a higher pH than that from the solid/liquid 
meal. The sharp decrease can be associated to both the onset of gastric 
secretions but also to the reduction of the gastric volume. The pH 
reduction is dampened by the protein’s buffering capacity but more 
significantly by the start of the pepsin-catalysed hydrolysis. This con-
tinues until the end of the gastric phase or when most of the contents 
have been emptied. At this point, both the secretion and emptying slow 
down and the pH remains relatively constant. Unlike the results from 
(Malagelada et al.), the pH of the solid/liquid meal is consistently higher 
than that from the blended meal during the acidification of the gastric 
chyme. 

The concept of the gastric pH, just as that of other compartments, is 

Fig. 4. Cumulative pools from the in and out fluxes of the H+ pool (bars) and absolute H+ pool (line) in the stomach compartment from solid/liquid and 
blended meals. 

Fig. 5. pH of gastric contents from solid/liquid and blended meals, (A) data points from Malagelada et al. (1979), (B) model output: pH (solid lines) and, fractional 
pepsin in its active form (dashed lines). 
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rather ambiguous. It is known that pH in the stomach not only changes 
over time but also spatially throughout the stomach (Bornhorst et al., 
2014; Simonian et al., 2005) and even within particles (van der Sman 
et al., 2020). Furthermore, pH will also be heterogeneous within the 
digesta composed of solid particles of various sizes, a liquid phase from 
the meal and the gastric juice. A potential approach to describe the local 
pHs could be to fragment the stomach compartment into several sub- 
compartments with their own H+ pools and fluxes. Le Feunteun et al. 
(2014), for example, described the stomach as two compartments 
instead of one and simulated the secretion rate of the gastric juice using 
a gaussian step function.  

– Pepsin activity. 

The pH influences the amount of pepsin that is in its active form. 
Fig. 5 shows the time interval at which pepsin is most active, i.e. when 
the highest possible proportion of pepsin is in its active form. In the first 
30 min, when the pH is the highest, a very small fraction of pepsin is 
active. As the pH drops sharply, the pepsin activity increases and its 
maintained roughly between pH 2.2 and 1.7. When pH decreases further 
until ca. 1, the pepsin activity drops accordingly. 

3.2. Small intestinal phase 

3.2.1. pH of duodenal contents 
The influx to the H+ pool in the duodenum compartment is the 

gastric emptying of acid chyme. The outfluxes are the protonation after 
protein hydrolysis (if pH < 5) and neutralisation by the bicarbonate 
secreted in the pancreatic juice. As in the gastric phase, the pH profile of 
the duodenal contents shows the interplay of many events occurring in 
the gastrointestinal tract (Fig. 6A and B). Acid chyme arrives in the 
duodenum compartment increasing the size of the H+ pool and causing 
the pH to drop. 

In our model, pancreatic secretion is stimulated by the presence of 
proteic (protein and/or peptide) pools in the duodenum compartment. 
Protein from the solid/liquid meal must be ground in the stomach before 
it can be emptied into the duodenum, but protein5 mm is subject to 
pepsin-catalysed hydrolysis from the moment of ingestion. The resulting 
peptides can flow out of the stomach as they are being formed. However, 

only a small part of pepsin is in its active form during the first minutes of 
the gastric phase because of the relatively high pH. Thus, virtually no 
peptides are formed initially. In sum, the physical state of the meal and 
the pH of the gastric content cause pancreatic secretion to start only ca. 
30 min after the meal has started. It is only then that the pH starts to 
return to the basal pH of the duodenum. Conversely, the pH of the 
duodenal contents from the blended meal does not show a significant 
drop, as the protein arrives earlier in the duodenum and, as a result, the 
pancreatic secretion starts earlier than in the case of the solid/liquid 
meal (Fig. 6B point 1). 

The pH is roughly constant for 60–120 min for the solid/liquid meal, 
and until 90 min for the blended meal. Afterwards, the pH decreases. 
These times coincide with the onset of a progressively slower rate of 
protein hydrolysis in the duodenum compartment (Fig. S1). H+ accu-
mulates as there is less protonation after protein hydrolysis, and the 
pancreatic juice secretion is not sufficient to neutralize the incoming 
acid from the stomach compartment. This pH drop continues until most 
of the gastric contents have been emptied, and the gastric secretion and 
emptying slows down. 

3.2.2. Secretion of pancreatic endoproteases 
Endoproteases are secreted from the pancreas into the duodenum 

along with HCO3
– and water. As described for HCO3

– secretion, endo-
protease secretion starts as proteic components arrive in the duodenum 
compartment. Fig. 6C and D show the onset of pancreatic endoprotease 
secretion occurring earlier for the blended than the solid/liquid meal. 
This relates to the gallbladder contraction observations from Marciani 
et al. (2012), which were greater for the blended meal and thus expected 
to induce a higher pancreatic secretory response than the solid/liquid 
meal. For the solid/liquid meal, the onset of pancreatic secretions is 
stimulated by the arrival of peptides from protein hydrolysis in the 
stomach. 

The pancreatic juice is modelled to only be secreted into the duo-
denum (Fig. 1). The endoproteases flow from the duodenum through the 
jejunum and ileum compartments along with the rest of the digesta. 
Besides the onset of pancreatic juice secretion, no major differences 
emerge from the intake of the two types of meals on the size of the 
endoprotease pools in the small intestine compartments. The secretion 
of pancreatic juice stops when most of the proteic pools have flowed out 

Fig. 6. (A-B) pH and pepsin activity in the duodenum compartment, (1) start of pancreatic juice secretion, (2) maximum rate of protein hydrolysis in duodenum 
compartment, (3) end of gastric secretion in the fed state. (C-D) Pancreatic endoproteases in the small intestine compartments. (E-F) Protein hydrolysis in the 
duodenum, contribution from pepsin and endoproteases. 

A. Rivera del Rio et al.                                                                                                                                                                                                                        



Food Research International 157 (2022) 111271

9

of the duodenum into the jejunum 1 compartment (Fig. S2). 
As previously discussed, the pepsin activity depends on the pH of the 

medium. Some residual pepsin-catalysed hydrolysis could be observed 
in the duodenum, as both pepsin and acid are emptied within the chyme 
from the stomach compartment. However, the fraction of active enzyme 
is considerably lower in the duodenum than in the stomach compart-
ment (Fig. 6A and B). As a result, pepsin-catalysed hydrolysis is virtually 
non-existent in the duodenum and nearly all of the protein hydrolysis 
occurs due to the action of pancreatic endoproteases (Fig. 6E and F). 

3.3. Transit of proteic pools 

The compartmental modelling allows monitoring of the concentra-
tion of a given component in a given compartment at any moment in 
time during digestion. Fig. 7 shows the transit and appearance of the 
intact protein, peptide and AA pools throughout the stomach, small 
intestine and portal blood compartments. As previously discussed, the 
solid protein in the solid/liquid meal is retained for a longer time in the 
stomach compartment than the protein in the blended meal. Interest-
ingly, peptides resulting from pepsin-catalysed hydrolysis in the stom-
ach from the blended meal accumulate in this compartment and are 
retained longer than those from the solid/liquid meal. As large particles 
are retained in the stomach during the ‘antrum lag’, peptides from the 
solid/liquid meal are the only nutrients that can be emptied out of the 
stomach (Fig. S3). Meanwhile, for the blended meal, non-protein, pro-
tein and peptides are emptied at the same time. Peptides, therefore, 
accumulate in the stomach compartment since proteins are hydrolysed 
and emptied at a slower rate, compared to those from the solid/liquid 
meal. 

The earlier arrival into the duodenum of protein from the blended 
meal also implies earlier formation of peptides in the small intestine 
compartments. When protein arrives in the duodenum compartment, it 
initially accumulates as the rate of gastric emptying is higher than that of 
the protein hydrolysis in the duodenum, while the transit into the 
following small intestine compartment, jejunum 1 is still zero. 

The exopeptidases that catalyse the hydrolysis of peptides into AA 
are located in the jejunum and ileum compartments. It can be seen that 
there is very little accumulation of AA in the jejunum and ileum com-
partments. This is because the AA are quickly absorbed by the enter-
ocytes as soon as they are being formed (Fig. S4). As expected, the onset 
of the AA absorption fluxes from the jejunum 1 to ileum 4 compartments 

into the portal blood starts earlier for the blended than for the solid/ 
liquid meal. 

3.4. Protein hydrolysis 

From our model, pepsin-catalysed hydrolysis is particularly signifi-
cant as many events influence its extent and rate, i.e. enzyme and sub-
strate (5 mm, 2 mm or blended) concentration in the compartment, and 
pH, which is in turn influenced by protonation after protein hydrolysis 
(Fig. S5). We observe that protein hydrolysis does not start until about 
15 min after either meal has been ingested. This is explained by the high 
pH, thus low proportion of pepsin in its active form, as well as the dy-
namic secretion of pepsin in the gastric juice. 

The physical state of the meal influences protein hydrolysis, and 
more specifically, the extent of protein hydrolysis in a given compart-
ment. A longer residence time in the stomach, e.g. for the solid/liquid 
meal where more protein is retained, results in a higher degree of hy-
drolysis than a shorter residence time (Fig. 8). For the blended meal, a 
small fraction of the protein is hydrolysed in the stomach compartment. 
Nevertheless, protein hydrolysis in the duodenum compensates for these 
differences. A similar extent of hydrolysis is achieved by the end of the 
duodenal phase for both meals, granted that the start and end of protein 
hydrolysis in the duodenum occur earlier for the blended meal. Most 
hydrolysis takes place in the duodenum, since protein hydrolysis is 
described by mass action kinetics from both the substrate and the 
enzyme, even though the initial hydrolysis in the stomach is crucial as it 
liquifies the digesta and makes it available for further hydrolysis. 

We have previously reported on the influence of the pH and hydro-
lysis history of proteins and peptides during the gastric phase on the 
extent and efficiency of subsequent hydrolysis of trypsin in small in-
testinal conditions (Rivera del Rio et al., 2021). This influence was not 
considered in the current model, it would however be interesting to 
incorporate in further versions. 

Similarly, the fraction of peptides that is hydrolysed is highest in the 
jejunum 1 compartment, with respect to the other jejunum and ileum 
compartments. Because of the earlier arrival of protein from the blended 
meal into this compartment, peptide hydrolysis into AA as well as AA 
absorption, occurs earlier than for the solid/liquid meal. However, the 
extent of hydrolysis and absorption is similar with both meals. 

Fig. 7. Simulated proteic (protein, peptide and amino acid) pools in the stomach, small intestine and portal blood compartments.  
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3.5. AA absorption 

Effectively, the AA absorption curves depicted in Fig. 7 and Fig. 8 
represent the disappearance of AA from the small intestine. This can be 
compared to the measure of true ileal digestibility, which has been re-
ported to be ca. 92% for chicken meat, similar to the outcome of the 
model (Faber et al., 2010; Kashyap et al., 2018). The proteic content 
(protein, peptide and AA) that is not absorbed through the enterocytes, 
flows into the colon and is virtually lost for AA utilization. 

Naturally, the absorbed AA do not accumulate in the portal blood. It 
is difficult to compare the rate of AA absorption from our model to that 
occurring in vivo. The AA metabolism has been reported to start already 
in the intestinal tissues during absorption, the so called first-pass 
metabolism (van der Schoor et al., 2002). The AA are utilized to main-
tain the gut mucosa, to generate intestinal energy and for oxidative 
purposes, before they are available for whole-body metabolism. Schop 
et al. (2020) argue that the quality of the net portal appearance of AA 
data available is insufficient to compare to simulated AA absorption 
kinetics. 

In vitro experimental methods are advanced enough to mimic protein 
hydrolysis in the small intestinal lumen, however the action of brush 
border enzymes as well as absorption into and through enterocytes are 
not readily available to apply in a laboratory setting. Furthermore, 
predicting the effect of passage is easier when done through an in silico 
model, compared to a static or semi-dynamic in vitro setting. An in silico 
approach as the one presented in this work can complement the in vitro 
observations, simulating complex processes during food digestion. 

3.6. Future perspectives 

The current model relies on several parameters (Table 2), some were 
obtained from literature while others were estimated to simulate 
digestive processes. To better inform these estimated values some 
experimental work is still required. For instance, parameters influencing 
pH, such as forward and backward rates of buffering or neutralization 
should be determined in realistic in vitro digestion media. 

Future versions of the model should incorporate more aspects that 
influence gastric emptying, beyond caloric density and physical state of 
the meal. Protein properties also influence gastric emptying. It is well 
known that milk proteins show different behaviour in the gastrointes-
tinal tract; whey proteins are quickly emptied from the stomach, while 
casein coagulates and is emptied later and more slowly than whey 
proteins (Boirie et al., 1997; Huppertz & Chia, 2021). 

The composition and rheological properties of chyme are also rele-
vant to the gastric emptying rate. For instance, it was reported that the 
source of the calories, i.e., from proteins, carbohydrates or fats, in-
fluences the rate of gastric emptying. Giezenaar et al. (2018) found that 
the rate of calorie delivery to the duodenum in the first 60 min after 
ingestion was 2.7 kcal/min for a drink with whey protein. An isocaloric 
drink with whey protein, dextrose and olive oil was emptied approxi-
mately 1.4 times faster. 

The presence of dietary fibre delays and slows down the gastric 
emptying of protein (Bornhorst et al., 2013). This was associated to 
layering within the stomach of brown rice bran fragments in the antrum. 
Interestingly, this effect was only observed for protein and not for starch 
or dry matter. Further, the viscosity of chyme has been reported to be 
inversely related to the rate of gastric emptying and overall transit 
through the gastrointestinal tract (Darwiche, Björgell, & Almér, 2003; 

Fig. 8. Simulated protein hydrolysis into peptides by pepsin and pancreatic endoproteases, peptide hydrolysis into amino acids by brush border exopeptidases, and 
cumulative pool of absorbed amino acids. Pools are normalized to the total amount of protein consumed. 
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Ménard et al., 2018). 

4. Concluding remarks 

An adequate representation of the gut physiology is required to study 
the relevance of the physical state of meals. We chose for a dynamic, 
semi-mechanistic, compartmental model to describe protein digestion. 
The components of the digesta that were deemed most relevant for 
protein digestion were included. Fluxes between pools were described 
by simple functions with a physiological meaning. 

The model uses the Smart environment for computation, which is a 
free and user friendly tool that is suitable as a first step into in silico 
modelling. The qualitative agreement with experiments on gastric pH 
and volume of the gastric contents is good considering that the model 
consists of independent equations and was not fitted to the data. Ex-
tensions and testing against experimental observations will improve the 
predicted accuracy and versatility of the model. 

The model was applied to investigate the influence of the physical 
state of meals and was examined on transit, digestive protein hydrolysis, 
and amino acid absorption. The digesta from the blended meal was 
emptied first and faster from the stomach, compared to that of the solid/ 
liquid meal. The model was able to simulate the biphasic nature of 
gastric emptying from solid/liquid meals as reported from in vivo trials. 
Furthermore, we show the dynamic behaviour of the pH and its effect on 
the enzymatic protein hydrolysis, both in gastric as well as the duodenal 
environment. 
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