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A coarse-grained simulation to study the digestion and bioaccessibility 

of lipophilic nutrients and micronutrients in emulsion. 

 

Sébastien Marze 

UR1268 Biopolymères Interactions Assemblages, INRA, F-44300 Nantes, France 

 

ABSTRACT 

The digestion of lipophilic nutrients and micronutrients requires numerous and simultaneous 

processes of chemical, physical and biological natures. Studying these processes 

experimentally is challenging, explaining why there is only little information about the 

mechanisms and interactions involved. Nevertheless, the bioaccessibility of lipophilic 

micronutrients is poorly understood so new investigation approaches are needed, all the more 

when digestion of lipophilic nutrients is also involved. In this article, the development of a 

coarse-grained simulation with no adjustable parameter is reported, enabling the study of the 

chemical and physical processes controlling bioaccessibility in such systems. The intestinal 

digestion of a droplet of a pure triglyceride containing a lipophilic vitamin was simulated to 

obtain their bioaccessibility kinetics (via lipolysis and/or solubilization in bile salt). The 

parameters examined here were the type of triglyceride, the type of vitamin, the digestive 

fluid amount, the droplet size, and different digestion conditions reflecting the in vitro or in 

vivo cases. Among these structure and composition parameters, the type of triglyceride and 

the digestion conditions had the greatest effects on bioaccessibility. An interplay between 

triglyceride digestion and micronutrient bioaccessibility kinetics was evidenced, highlighting 

the roles of the different parameters, in agreement with the experimental literature. This new 

approach is shown to be relevant to both nutrition and pharmacology. 
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List of abbreviations 

IDF: intestinal digestive fluid, TG: triglyceride, DG: diglyceride, MG: monoglyceride, FA: 

fatty acid, MN: micronutrient, LR: lipolysis rate, SR: solubilization ratio, CTS: computation 

time step, MCT: medium chain triglyceride, LCT: long chain triglyceride, TC: tricaprylin, 

TO: triolein, TEP-DH: trieicosapentaenoin and tridocosahexaenoin, EPA: eicosapentaenoic 

acid, DHA: docosahexaenoic acid, vitA: vitamin A, vitE: vitamin E. 

 

1. Introduction 

Because the digestion of nutrients and micronutrients consists of complex interdependent 

processes, its parameters and mechanisms are not well known, all the more since they are of 

several natures, essentially chemical, physical and biological. The study of the whole 

digestion of a (micro)nutrient requires these three sciences, as the endpoint is generally the 

bioavailability, that is the proportion used by the tissues as delivered by the systemic 

circulation.1 In practice, there are so many processes from the ingestion to the use that only 

biological aspects are classically studied. However, the chemical and physical processes in the 

digestive tube constitute the first step, shown to be critical for many food structures and 

formulations.2,3 The endpoint of this first step is called bioaccessibility and is the proportion 

of a (micro)nutrient transformed in its absorbable form. This is equivalent to the proportion of 

drug released in pharmacology. In both domains, the molecule has to be liberated from its 

matrix and prepared for absorption. To do so, chemical processes such as hydrolysis and 

physical aspects such as structures evolution and molecular diffusion act simultaneously. So 

such processes have to be studied simultaneously in order to identify their parameters and 

interactions. This is experimentally challenging to achieve, and requires a simplification to 

model foods, such as emulsions. Such model foods may also be simulated, giving the 

opportunity to understand the mechanisms involved for their digestion. Generic simulations 
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exist mostly for bioavailability of drugs4-10 or hydrolysis of nutrients11-14 and only few 

establish a kinetic relation between one of these aspects and the matrix structural 

parameters.15,16 Promising methods enabling simulation of such dynamic complex systems 

consist of working at a coarse-grained scale, where the fine molecular structure is not taken 

into account, the smallest element being either a functional group of the molecule, the 

molecule itself, or an assembly of molecules. This allows an expansion of the simulated space 

and time scales, making the link between microscopic and mesoscopic levels possible.17 

In this article, a model is build to study by coarse-grained simulation the role of the 

parameters influencing the bioaccessibility kinetics of lipophilic nutrients and micronutrients 

in emulsion during intestinal digestion. The effect of each parameter is studied independently, 

with an emphasis in the interactions between lipophilic nutrients and micronutrients, poorly 

known in the literature. All processes, including the main ones, lipolysis and solubilization in 

bile salt, are simulated from molecular knowledge, using no adjustable parameter. The results 

are interpreted in order to reveal the interplay between lipolysis and solubilization of 

glycerides and solubilization of micronutrients. 

 

2. Simulation methods 

NetLogo 4.1.3 was used to build the simulation. It is an agent-based modeling software using 

the Logo programming language. It is able to operate multiple agents independently and 

works in both 2D and 3D.18 

2.a. Geometry 

The model simulates a single lipid droplet stabilized by an interfacial layer and dispersed in 

an intestinal digestive fluid (IDF). It is built in 2 dimensions (2D). A square is used to 

represent the droplet in order to simplify the control of the interfacial layer particles during 

the digestion. This does not affect the specific interfacial length as the perimeter to surface 

Page 4 of 30Food & Function



area ratio is the same for a square and a circle. A square simulation box is defined, with a 

length of 316 patches and periodic boundary conditions. The droplet is set so that its 

equivalent volume ranges from 0.4 to 3% of the total simulation box equivalent volume, thus 

representing a dilute emulsion. The droplet length d ranges from 100 to 50 patches. The 

dimensions were chosen in order to limit the total number of particles in the simulation. The 

initial number of triglycerides (TG) is set to 3/)1( 2
−d , so that the number of final digestion 

products, that are fatty acids (FA) and monoglycerides (MG), (FA+MG = 3.TG) equals the 

initial number of patches inside the droplet. The initial number of lipophilic micronutrient 

(MN) is set to 0.2% of the number of FA+MG. The density of the droplet is assumed to 

remain constant during digestion. 

2.b. Particles 

Each type of molecule is defined as an agent, drawn as a specific round particle. For each type 

of molecule, a single particle represents a mass unity. Each simulation box patch can only be 

occupied by one particle at a time. Initially, TG and MN particles are set at random positions 

inside the droplet (lipid phase) whereas IDF particles are set at random positions outside the 

droplet (aqueous phase). The bile salt and lipase are not distinguished in this simulation so 

each IDF particle is actually defined as a bile/lipase complex, which was demonstrated to be 

the active form at the oil/water interface of emulsion.19 The concentration is such that lipase is 

in excess and bile salt is above its critical micelle concentration, so each IDF particle is 

actually a micelle. The interfacial layer is represented by particles situated on the patches 

delimiting the droplet perimeter. Using a random walk scheme, each particle is free to diffuse 

in its environment delimited by the interfacial layer particles, the latter being immobile. The 

step lengths of the walk for the lipid particles are set relatively to each others as a ratio 

between the square root of their diffusion coefficients determined from the Stokes-Einstein 

equation according to the molar mass and the local viscosity.20 The MN are assumed to have 
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the same solubility in each glyceride class (some literature reports an increased solubility in 

the digestion products21-24), so the step length of their walk is set for an averaged lipid phase 

viscosity, according to their molar mass. At each computation time step, the IDF particles are 

displaced to random positions outside the droplet, reflecting the much higher diffusion 

coefficient for these particles compared to the lipid ones, and also the possible convection of 

the whole droplet relative to the aqueous phase. 

2.c. Digestion 

The simulated digestion consists of lipolysis with specific lipolysis rates (LR) and 

solubilization of the digestion products and MN in the digestive micelles with specific 

solubilization ratios (SR, mass of solubilizate/mass of bile salt). Table 1 reports some 

literature experimental values for LR and SR. The lipolysis reactions 1TG → 1DG + 1FA and 

1DG → 1MG + 1FA where DG are the diglycerides, are used to generate the digestion 

products, eventually resulting in a MG:FA molecular ratio of 1:2. The difference due to the 

mass basis of the calculations was neglected as it is small but would imply different fractional 

reactions depending on the TG used. In practice, the interfacial layer particles are initially set 

to green. During the simulation, each time a IDF particle is on a patch in contact with an 

interfacial layer particle, the latter becomes red to signify a IDF particle adsorption. A 

reaction occurs when a TG or a DG particle is in contact with a red interfacial layer particle, 

the latter becoming green again to signify IDF particle inactivation. Depending on the 

lipolysis rate, which is assumed to be the same for TG and DG,38 the reaction is complete 

after a given number of contacts, inversely proportional to the LR. Similarly, partial 

solubilization occurs when a MG, a FA or a MN particle is in contact with a red interfacial 

layer particle, the latter becoming green again to signify bile solubilization. Depending on the 

solubilization ratio, the complete solubilization occurs after a given number of contacts, 

inversely proportional to the SR. In a simulation reflecting in vitro conditions where digestive 
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micelles are assumed to saturate with solubilizates, the number of IDF particles is decreased 

in proportion to the number of contacts needed to solubilize the digestion products and MN. 

In a simulation reflecting in vivo conditions where digestive micelles are assumed to empty 

during lipid absorption and recycle for other solubilizates,39,40 the number of IDF particles is 

set constant. In all cases, lipolysis reactions do not reduce the number of IDF particles. To 

conserve the density, the perimeter of the droplet is decreased as particles leave the lipid 

phase. All particles are counted at each computation time step and the result is expressed 

either as relative proportions of different particles or as a bioaccessibility. The latter is 

expressed for FA, MG and MN as the proportion of particles solubilized in bile salt relative to 

the amount of particles initially inside the droplet (2.TG for FA and 1.TG for MG). The 

digestion products are counted once they are solubilized in bile salt, not when they are still 

inside the droplet after lipolysis. The kinetics of bioaccessibility is characterized by the half 

life, that is the time (given as the number of computation time steps, CTS) at which half of the 

final bioaccessibility is reached. This enables a direct comparison of the effect of each 

parameter that does not require the fitting with a specific model. In summary, fig. 1 presents a 

diagram illustrating the model used for the simulation. 

2.d. Systems under study 

The systems were chosen on the basis of the availability of digestion data in the literature, 

where mostly MCT oils (usually composed of caprylic and capric acids) and LCT vegetable 

oils (usually rich in oleic and linoleic acids) are represented. Thus, the digestion of tricaprylin 

(TC) and triolein (TO) were investigated, as well as a model long chain n-3 triglyceride 

interpolated from trieicosapentaenoin and tridocosahexaenoin (TEP-DH). To model integer 

data, the LR values of table 1 were rounded to 2, 1 and 1/6 respectively, and the SR values for 

digestion products (considering that FA and MG have the same SR) were rounded to 3.5, 0.5 

and 0.1 respectively. The latter was extrapolated by noticing that ln(SR) as a function of the 
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number of carbons in the aliphatic chain n follows a linear law of the form (-0.5.n + b) for 

saturated MG and FA. For unsaturated glycerides, data are available only for oleic acid, 

monoolein and linoleic acid, with a common SR value around 0.5. An extrapolation from this 

value to n=21 using a linear law with the same slope gives a SR of approximately 0.1 for 

TEP-DH digestion products. The SR of lipophilic MN is not well documented, in contrast 

with lipophilic drugs.41 Nethertheless, some SR were measured for a few vitamins and sterols. 

Vitamins A and E (retinol abbr. vitA and α-tocopherol abbr. vitE) were chosen because they 

present a low and a high SR respectively. Again, the SR values were rounded, to 0.005 and 

0.1 respectively. The initial number of IDF particles was set as a ratio of the expected number 

of particles of digestion products (3.TG), of 0.5, 1 or 2, which is in the typical range for the 

bile salt/(FA+MG) ratio evaluated from in vivo studies.42-44 

In summary, the parameters that were varied in the present simulation were the IDF particles 

conditions (saturated or recycled, IDF/(FA+MG) ratio), the types of triglyceride and of 

micronutrient, and the size of the droplet (square of length of 50, 75 or 100). The number of 

particles treated simultaneously during the simulation ranged typically between 10000 and 

30000. Several simulations could be run simultaneously on a dedicated normal PC, with a 

duration ranging typically between 0.5 and 5 h. 

All simulations were run in triplicate and the results are given as averages and standard 

deviations. 

 

3. Results 

First, control simulations with no MN were run to define the contact rules needed to 

reproduce the relative LR between the three TG in various conditions. In these simulations, 

only lipolysis was taken into account and no solubilization was permitted, therefore the 

droplet size and the number of IDF particles remained constant. When the relative LR were 
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recovered, simulations with solubilization and no MN were run to quantify the contribution of 

the solubilization of the lipolysis products in the same conditions. For TC, the half life was 

not affected within 10% whereas for TO and TEP-DH, it was increased by a factor 2.3 ± 0.3 

and 1.7 ± 0.1 respectively. This shows that the limiting process is lipolysis for TC and 

solubilization for TO and TEP-DH. 

Then, full simulations with MN were run. Tables 2-5 report the final bioaccessibility and half 

life of FA and MN for all conditions described in the methods part. First, FA final 

bioaccessibility and FA half life do not significantly differ depending on the MN, and are also 

similar for the simulations with no MN (results not shown). Then, FA final bioaccessibility 

ranges from 4.5% to 100% and FA half life may differ by a factor of more than 60 depending 

on the conditions, the greatest effect being due to the TG chain length. Similarly, MN final 

bioaccessibility ranges from 2.5% to 100% and MN half life may differ by a factor of more 

than 60 depending on the conditions, the greatest effect being due to the bile condition 

(saturated or recycled). These results will be commented in the discussion part. 

Here, a few representative results are presented starting in fig. 2 with pictures from a 

simulation in a case where bile is saturated. The different types of particles are visible, from 

pure TG/MN to mixed TG/DG/MG/FA/MN inside the droplet. Obviously, the number of IDF 

particles decreases. Note that the digestion products are mainly located near the interface 

before solubilization (after, they are removed from the simulation together with the IDF 

particles). The relative percentages of each glyceride are given in fig. 3 in another case where 

bile is saturated, showing an incomplete digestion due to a limiting number of bile salt. These 

relative percentages should not be confused with bioaccessibility, the maximum for the 

digestion products being 66.7 % for FA and 33.3% for MG. For the same conditions, those 

values are indeed reached in the case where bile is recycled, providing bile salt in excess 
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hence a complete digestion (fig. 4). Note that all glycerides except DG display sublinear 

kinetics. 

Fig. 5 shows the main results allowing a comparison between the digestion of the three 

TG+vitA systems in a case where bile is saturated. Very different kinetics are obtained, only 

TC being completely digested, as illustrated by the 100% bioaccessibility of its fatty acids. 

This is reflected in the decrease of the droplet length which is complete for TC, only partial 

for TO and very limited for TEP-DH. In contrast, the vitA bioaccessibility is low in all 

systems, although the same ordering is recovered. Note that all kinetics are sublinear except 

for vitA in TC being superlinear. 

In fig. 6, the same systems are compared in a case where bile is recycled. Again the kinetics 

are very different depending on the system, but here all TG digestions are complete. The 

ordering for all quantities is the same as in fig. 5, but here all vitA kinetics are superlinear and 

higher values are reached for TO and TEP-DH. 

Note that all sublinear bioaccessibility curves actually display the typical shape associated to 

lipid digestion kinetics. In contrast, the shape of the superlinear bioaccessibility curves was 

unexpected. 

 

4. Discussion 

In this part, the results in the tables are described in terms of trends which are compared to 

experimental data from the literature. All the trends are statistically significant except when 

mentioned. Then, the simulation is discussed in the context of available models and 

simulations of the literature. 

4.a. Effect of the triglyceride 

Except when bile is recycled where final FA bioaccessibility is always 100%, tables show that 

final FA bioaccessibility decreases and FA half life increases with the chain length of TG. 
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This is an expected result due to both LR and SR decreasing as a function of the chain length 

of TG (see table 1 and ref. 3). 

When bile is saturated, final MN bioaccessibility decreases with the chain length of TG and 

MN half life is not significantly affected. When bile is recycled, final MN bioaccessibility 

increases and MN half life increases with the chain length of TG. This contradiction is 

reflected in the literature. Most authors reported an increase of MN bioaccessibility with the 

chain length of TG in vitro45-53 and in vivo.54-61 Nevertheless, some authors reported a 

decrease of MN bioaccessibility with the chain length of TG (refs. 52-53 for fish oil, and refs. 

62-66) or no clear effect of the chain length of TG (ref. 46 for lutein, and refs. 23,24,67,68). 

The present simulation when bile is recycled shows that increasing the chain length of TG 

results in longer digestion, giving more time for MN to solubilize in bile salt, hence a higher 

MN bioaccessibility. Thus, an interplay is evidenced between the duration of the TG digestion 

and the MN bioaccessibility. In fact, the same would be true if bile was in excess in the cases 

where bile is saturated, as proven by fig. 7 showing that MN bioaccessibility as a function of 

FA bioaccessibility is almost not affected by the bile condition. Fig. 7 also suggests that the 

relation between these bioaccessibilities is not strictly linear as postulated by several 

authors,69-70 but might rather be superlinear with seemingly linear parts. This superlinearity 

could be due to the evolution of the droplet length, decreasing towards the molecular diffusion 

length as digestion progresses. 

4.b. Effect of the micronutrient 

Whatever the other conditions are, vitE always shows a higher final MN bioaccessibility and 

shorter MN half life than vitA. No data are available to check this prediction and the in vivo 

data of absorption are highly variable, typically from 50 to 90%,71 making a direct 

comparison difficult. 
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The type of MN does not significantly affect final FA bioaccessibility and FA half life, which 

is an expected result as the concentration of MN in TG is very low. 

4.c. Effect of the IDF/(FA+MG) ratio 

When bile is saturated, final bioaccessibility increases and half life increases with the 

IDF/(FA+MG) ratio, except for TC where final bioaccessibility is not significantly affected 

and half life decreases with the IDF/(FA+MG) ratio, showing that bioaccessibility is more 

efficient at high IDF/(FA+MG) ratios. For TEP-DH, even though the mean half life increases 

with the IDF/(FA+MG) ratio, the difference is not always significant taking the standard 

deviation into account. For TO+vitE, the trend of the MN half life is uncertain. 

When bile is recycled, whatever the other conditions are, final bioaccessibility is not 

significantly affected and half life decreases with the IDF/(FA+MG) ratio. 

The literature shows that when the concentration of IDF increases at constant glycerides 

concentration (as in the present simulation), the lipolysis and bioaccessibility of glycerides72-

75 and the bioaccessibility of lipophilic MN75-78 follow non-monotonic curves with a 

maximum plateau at intermediate concentrations. Reciprocally, when the concentration of 

glycerides increase at constant IDF concentration, the same non-monotonic trends are 

reported for lipolysis and bioaccessibility of glycerides48,50,73,74 and the bioaccessibility of 

lipophilic MN.46,48,50,52,59,61,79 

The present simulation recovers these results, what may again be understood as an interplay 

between the duration of the TG digestion and the MN bioaccessibility. When bile is saturated 

(equivalent to high TG or low IDF concentrations), the digestion duration decreases with 

decreasing IDF/(FA+MG) ratio (increasing TG concentration), giving less time for the MN to 

solubilize hence a lower MN bioaccessibility. When bile is recycled (equivalent to 

intermediate TG or IDF concentrations), the digestion duration increases with decreasing 

IDF/(FA+MG) ratio (increasing TG concentration), giving more time for the MN to 
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solubilize, but resulting in a MN bioaccessibility plateau because the duration of the MN 

solubilization also increases. 

4.d. Effect of the droplet size 

Whatever the other conditions are, final FA bioaccessibility is not significantly affected and 

FA half life decreases with the droplet length. This is a known effect of the specific interfacial 

area (increasing with the droplet length in this single droplet simulation), of which the 

increase results in faster glycerides digestion and bioaccessibility (see refs. in 3). This should 

not be confused with the effect of the droplet size in emulsion where the number of droplets 

and the dispersed volume fraction may also vary, making the specific interfacial area and the 

droplet size inversely proportional.20 

For the vitA systems, final MN bioaccessibility increases with the droplet length and MN half 

life is not significantly affected, except for TC where MN half life decreases with the droplet 

length. For TC+vitA when bile is recycled, the trend of the final MN bioaccessibility is 

uncertain. For the vitE systems, final MN bioaccessibility and MN half life are not 

significantly affected by the droplet length. The same effect of the specific interfacial area 

explains these results, but vitE is less affected because it is always solubilized faster and to a 

higher extent. In the literature, recent articles reported an increasing MN bioaccessibility with 

decreasing particle size,78,80-83 or increasing specific interfacial area, thus in agreement with 

the present simulation results. 

4.e. Effect of the bile condition 

When bile is recycled, final FA bioaccessibility is always 100% because this is the endpoint 

of the simulation. So it is always equal or higher than when bile is saturated. At a comparable 

final FA bioaccessibility of 100% (for TC systems), FA half life is not significantly affected 

by the bile condition. 
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Final MN bioaccessibility and MN half life are always greater when bile is recycled than 

when bile is saturated, except for TC systems where the differences are not statistically 

significant. 

These results may explain the high variability of bioaccessibility and bioavailability data 

found in the literature,3,71 especially when in vitro and in vivo data are compared. The 

absorption of EPA and DHA was indeed found to be higher than 98% in vivo,84 whereas the 

bioaccessibility was about 50% in a static in vitro study.85 The present simulation shows that 

in most static in vitro cases, bile salt is in lower total concentration than in vivo, limiting 

glycerides and lipophilic MN solubilization. However, fig. 7 suggests that in excess presence 

of bile salt, the in vitro cases would follow the same MN bioaccessibility vs. FA 

bioaccessibility curve as the in vivo cases. Nevertheless, it is known that a high bile salt 

concentration inhibits lipolysis,72,74 so using dynamic in vitro methods is preferable.86 

4.f. Comparison to other simulations 

With a similar aim in mind, that is studying digestion and/or bioavailability, hydrolysis 

modeling by enzymologists11-14 or generic dissolution/absorption simulations by 

pharmacologists4-10 treated one part of the present problem, and did not consider the detailed 

matrix structural parameters (only a size is included in the dissolution number by 

pharmacologists). When hydrolysis and solubilization both affect the structure, only a few 

attempts exist in the literature by food scientists.15,16,87 Nevertheless, none of these are 

completely satisfactory, because these do not include MN and either treat hydrolysis and 

solubilization with a single parameter,15,16 or neglect the matrix structural details.87 Moreover, 

all communities use adjustable parameters, which are not always linked to experimentally 

measurable quantities. 

The present bioaccessibility simulation is able to take all these aspects into account (not 

including absorption) with no adjustable parameter, the required molecular properties coming 
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from experimentally measurable quantities of the literature. It recovers the typical lipolysis 

profiles modeled by enzymologists11-14 (fig. 3). It confirms the roles of the formulation and 

structural parameters at different scales from microscopic (interface) to mesoscopic (droplet 

size) found for TG digestion,15,16 and extends those to lipophilic MN bioaccessibility. It thus 

precises the parameters that could be used by pharmacologists to specifically design 

emulsion-based drug dosage formulations. 

 

5. Conclusion 

To highlight the results, first the coarse-grained simulation presented here is only based on 

experimentally measurable quantities, using no adjustable parameter. Then, although it is a 

single droplet model, it features the same parameters than for emulsion, and enables the study 

of their effects independently. Applied to lipophilic (micro)nutrients digestion and 

bioaccessibility, it was able to identify the limiting processes as well as the mechanisms 

responsible for the effects of each parameter. This new approach is thus promising to 

formulate emulsion-based foods or drugs. The present simulation constitutes a fundamental 

starting point, but is flexible so independent particles could be used for bile and lipase, or the 

role of calcium on the formation of salts of saturated fatty acids could be integrated, for 

instance. It will be refined to gain realism by using e.g. triglycerides mixtures, different 

emulsifiers and their competition or inhibition at interface, a gastric step, multiple nutrients 

and associated hydrolases (mainly proteases), other lipophilic micronutrients, mixed micelles 

structure, micronutrient solubility in digestion products. Another improvement will be to 

make the time step explicit in order to be fully quantitative. To validate the effects of these 

parameters, a dynamic experimental setup is currently designed to reproduce the conditions of 

a single droplet digestion, and overcome the limitations of static in vitro methods. 
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Molecules n LR SR (FA) SR (MG) 

Caprylic glycerides 8 2.06 ± 0.97  3.5 

Capric glycerides 10 1.56 ± 0.62  0.88 

Lauric glycerides 12 1.06 ± 0.34 0.78 0.58 

Myristic glycerides 14 0.596 ± 0.336  0.16 

Palmitic glycerides 16 0.362 ± 0.245 0.086 0.053 

Stearic glycerides 18 0.283 ± 0.283 0.042  

Oleic glycerides 18* 1 0.62 0.52 

Linoleic glycerides 18*  0.48  

Eicosapentaenoic 

glycerides 
20* 0.162 ± 0.027   

Docosahexaenoic 

glycerides 
22* 0.158 ± 0.071   

Retinol (vitA)    0.0043 

α-tocopherol (vitE)    0.12 ± 0.06 

 

Table 1: Data from the literature for the lipolysis rate of triglycerides normalized to triolein 

(LR), and the mass by mass solubilization ratio (SR) for fatty acids FA or monoglycerides 

MG in bile salts. LR are given as averages and standard deviations from the values in refs. 25-

32. SR for monoglycerides are from Hofmann.
33

 SR for fatty acids are from Freeman.
34

 SR 

for retinol is from El-Gorab.
35

 SR for α-tocopherol is given as an average and standard 

deviation from the values in refs. 36-37. The stars identify the unsaturated glycerides. 

 

 

 
 

 
IDF/(FA+MG) 

mass ratio 
TC+vitA TO+vitA TEP-DH+vitA TC+vitE TO+vitE TEP-DH+vitE 

Bile is saturated       

0.5 
100.0 ± 0.0 

144 ± 7 

23.7 ± 0.1 

185 ± 1 

4.4 ± 0.2 

335 ± 11 

100.0 ± 0.0 

146 ± 2 

24.2 ± 0.1 

186 ± 18 

4.5 ± 0.1 

324 ± 1 

1 
100.0 ± 0.0 

89 ± 1 

47.2 ± 0.2  

229 ± 14 

9.6 ± 0.2 

321 ± 13 

100.0 ± 0.0 

85 ± 4 

48.1 ± 0.1 

225 ± 13 

9.6 ± 0.2 

301 ± 24 

2 
100.0 ± 0.0 

61 ± 9 

93.1 ± 0.9 

308 ± 7 

20.0 ± 0.2 

365 ± 8 

100.0 ± 0.0 

59 ± 5 

96.9 ± 0.3 

331 ± 19 

20.1 ± 0.2 

359 ± 12 

Bile is recycled       

0.5 128 ± 1 675 ± 64 3636 ± 125 131 ± 7 684 ± 25 3704 ± 44 

1 84 ± 6 439 ± 29 2386 ± 96 89 ± 3 444 ± 33 2334 ± 71 

2 62 ± 1 297 ± 1 1546 ± 95 66 ± 7 287 ± 40 1552 ± 90 

 

Table 2: Bioaccessibility (%) and half life (CTS) for the fatty acids as a function of the 

IDF/(FA+MG) mass ratio. The result is expressed as the average and standard deviation of 

triplicates. When bile is recycled, the bioaccessibility is necessarily 100 % so only half life is 

reported. 
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IDF/(FA+MG) 

mass ratio 
TC+vitA TO+vitA TEP-DH+vitA TC+vitE TO+vitE TEP-DH+vitE 

Bile is saturated       

0.5 
9.2 ± 1.2 

450 ± 21 

2.6 ± 0.2 

246 ± 33 

3.6 ± 1.0 

268 ± 86 

97.2 ± 2.5 

313 ± 34 

26.2 ± 10.6 

274 ± 77 

26.0 ± 2.6 

216 ± 48 

1 
12.6 ± 2.2 

264 ± 42 

8.0 ± 1.5 

285 ± 71 

4.3 ± 1.8 

314 ± 128 

97.0 ± 2.6 

146 ± 15 

64.3 ± 6.1  

300 ± 48 

24.8 ± 0.3 

226 ± 73 

2 
11.8 ± 0.7 

149 ± 23 

24.5 ± 5.7 

597 ± 43 

8.5 ± 1.3 

482 ± 80 

98.7 ± 2.3 

97 ± 12 

97.3 ± 0.6 

150 ± 16 

40.7 ± 10.3 

263 ± 66 

Bile is recycled       

0.5 
9.5 ± 1.4 

306 ± 10 

35.2 ± 4.4 

1312 ± 150 

86.2 ± 1.9 

6238 ± 853 

98.0 ± 1.7 

209 ± 24 

100.0 ± 0.0 

752 ± 48 

100.0 ± 0.0 

2367 ± 488 

1 
11.0 ± 1.1 

213 ± 19 

38.8 ± 3.8 

837 ± 94 

91.6 ± 2.7 

3739 ± 568 

97.8 ± 2.6 

161 ± 51 

100.0 ± 0.0 

557 ± 79 

100.0 ± 0.0 

1572 ± 149 

2 
14.2 ± 1.4 

146 ± 14 

43.9 ± 3.2 

556 ± 37 

95.2 ± 3.1 

2147 ± 300 

97.7 ± 1.9 

102 ± 16 

100.0 ± 0.0 

285 ± 21 

100.0 ± 0.0 

1212 ± 206 

 

Table 3: Same as table 2 for vitamins. 

 
 

 
Length TC+vitA TO+vitA TEP-DH+vitA TC+vitE TO+vitE TEP-DH+vitE 

Bile is saturated       

50 
100.0 ± 0.0 

122 ± 10 

48.0 ± 0.2 

324 ± 8 

8.8 ± 0.4 

687 ± 30 

100.0 ± 0.0 

130 ± 14 

48.2 ± 0.2 

353 ± 2 

8.4 ± 0.4 

647 ± 21 

75 
100.0 ± 0.0 

96 ± 4 

47.8 ± 0.3 

253 ± 3 

9.3 ± 0.2 

417 ± 17 

100.0 ± 0.0 

98 ± 2 

47.9 ± 0.2 

272 ± 9 

9.3 ± 0.1 

426 ± 27 

100 
100.0 ± 0.0 

89 ± 1 

47.2 ± 0.2 

229 ± 14 

9.6 ± 0.2 

321 ± 13 

100.0 ± 0.0 

85 ± 4 

48.1 ± 0.1 

225 ± 13 

9.6 ± 0.2 

301 ± 24 

Bile is recycled       

50 111 ± 6 592 ± 15 3116 ± 55 114 ± 8 598 ± 41 3100 ± 64 

75 93 ± 3 476 ± 24 2600 ± 47 93 ± 6 474 ± 11 2650 ± 19 

100 84 ± 6 439 ± 29 2386 ± 96 89 ± 3 444 ± 33 2334 ± 71 

 

Table 4: Bioaccessibility (%) and half life (CTS) for the fatty acids as a function of droplet 

length. 

 

 

 
Length TC+vitA TO+vitA TEP-DH+vitA TC+vitE TO+vitE TEP-DH+vitE 

Bile is saturated       

50 
6.6 ± 1.8 

347 ± 50 

3.9 ± 0.2 

362 ± 170 

2.5 ± 0.8 

244 ± 73 

100.0 ± 0.0 

267 ± 62 

68.7 ± 1.2 

309 ± 166 

47.3 ± 2.3 

356 ± 128 

75 
9.5 ± 1.8 

221 ± 24 

4.3 ± 1.2 

347 ± 150 

3.3 ± 0.4 

398 ± 20 

99.1 ± 1.6 

195 ± 33 

60.9 ± 10.3 

199 ± 19 

22.7 ± 5.1 

369 ± 135 

100 
12.6 ± 2.2 

264 ± 42 

8.0 ± 1.5 

285 ± 71 

4.3 ± 1.8 

314 ± 128 

97.0 ± 2.6 

146 ± 15 

64.3 ± 6.1 

300 ± 48 

24.8 ± 0.3 

226 ± 73 

Bile is recycled       

50 
9.6 ± 1.7 

316 ± 41 

20.3 ± 5.5 

1080 ± 96 

65.1 ± 8.4 

5234 ± 359 

98.0 ± 2.0 

183 ± 14 

100.0 ± 0.0 

614 ± 165 

100.0 ± 0.0 

1855 ± 195 

75 
8.9 ± 0.7 

222 ± 24 

33.0 ± 4.0 

1006 ± 56 

90.1 ± 0.5 

3807 ± 339 

96.7 ± 3.7 

142 ± 48 

100.0 ± 0.0 

461 ± 122 

100.0 ± 0.0 

1468 ± 28 

100 
11.0 ± 1.1 

213 ± 19 

38.8 ± 3.8 

837 ± 94 

91.6 ± 2.7 

3739 ± 568 

97.8 ± 2.6 

161 ± 51 

100.0 ± 0.0 

557 ± 79 

100.0 ± 0.0 

1572 ± 149 

 

Table 5: Same as table 4 for vitamins. 
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Figure 1: Diagram summarizing the simulation rules in the case where bile is saturated. In the 

case where bile is recycled, the same diagram applies except no IDF are removed. The 

numbers N, N’ and N’’ are taken inversely proportional to LR, SR and SR respectively. 
 

 

 

Glycerides Micronutrient IDF 

Throughout the simulation: 

- diffusion 
- 1 contact activates 

1 interface (red) 

Lipid phase Aqueous Throughout the simulation: 

- diffusion 
- 1 contact inactivates 

1 interface (green) 

TG 

DG 

Lipolysis after 

N contacts with 

activated interfaces 

MG FA 

Lipolysis after 

N contacts with 

activated interfaces 

FA 

1 FA or 1 MG 

removed 

Solubilization after 

N’ contacts with 

activated interfaces 

1 MN 
removed 

Solubilization after 

N’’ contacts with 

activated interfaces 

N’ IDF removed or 

N’’ IDF removed 

1 IDF removed for 

1 solubilization contact 

Droplet size d 

decreases to d-1 

Simulation ends when number of glycerides = 0 or 

number of IDF = 0 

Number of solubilized 

FA+MG = 2.d - 3 
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Figure 2: Pictures from a simulation of the digestion of TO+vitE with a droplet length of 100 

and a IDF/(FA+MG) mass ratio of 2 (bile is saturated). Top: first step of the simulation, 

bottom: step at which half of the bile was saturated. TG is yellow, MN is orange, IDF is red, 

interface is green, DG is blue, MG and FA are pink. The numbers represent the number of 

contacts needed to solubilize the products in bile. 
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Figure 3: Representative result for the relative percentage of glycerides from a simulation of 

the digestion of TO+vitA with a droplet length of 100 and a IDF/(FA+MG) mass ratio of 1 

(bile is saturated). Same colors as figure 2. 
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Figure 4: Same as figure 3 except bile is recycled. 
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Figure 5: A representative set of results from a simulation of the digestion of various 

TG+vitA with a droplet length of 100 and a IDF/(FA+MG) mass ratio of 1 (bile is saturated). 

TC is blue, TO is green and TEP-DH is red. 
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Figure 6: Same as figure 5 except bile is recycled. 
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Figure 7: VitA bioaccessibility as a function of fatty acids bioaccessibility. Top: data from 

figure 6. Bottom: close-up to compare data from figure 6 (dashed lines, bile is recycled) and 

data from figure 5 (full lines, bile is saturated). 
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Graphical abstract: Study of the parameters influencing the intestinal digestion and 

bioaccessibility of lipophilic nutrients and micronutrients using a coarse-grained simulation. 
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