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1. Small intestine- volume, residence time and flow  

1.1. Volume of the small intestine 
The volume of the small intestine was calculated using the parameters of a model describing the fluids 

and carbohydrate digestion in the small intestine.(1) The publication stated an average diameter of the 

small intestine of 1.73 cm and an average length of the human small intestine of 325 cm. The volume 

was calculated by using the volume equation for a cylinder.  

Cross section area of the small intestine A:  

𝐴 = 𝑟2𝜋 = (
𝑑

2
)

2

𝜋 = (
1.73

2
)

2

𝜋 = 2.4 𝑐𝑚2 

Calculation 1 

𝑉 = 𝐴 ∗ 𝑙 = 2.4 𝑐𝑚2 ∗ 325 𝑐𝑚 = 764 𝑚𝐿 = 0.764 𝐿 

Calculation 2 

This estimation fits very well with the reported volume of the small intestine including gas and luminal 

content in 20 healthy patients, which was determined to be between 639 and 899 mL and on average 

713 mL.(2) 

1.2. Average residence time and flow 
The average residence time in the small intestine was estimated to be 3.5 h by comparing several 

studies.(1) The flow through was calculated by reversing the average time. 

𝐹𝑙𝑜𝑤 − 𝑡ℎ𝑟𝑜𝑢𝑔ℎ =
1

3.5ℎ
=

 1

210 𝑚𝑖𝑛
= 4.76 ∗ 10−3𝑚𝑖𝑛−1 

Calculation 3 

2. Friendzyme – scaffold and Lactobacillus plantarum  
The volume of the scaffolds was estimated to be 1 mL in order to fit the number of bacteria and to 

assume a reasonable volume of an orally administered drug.  

2.1. Number of cells/weights of Lactobacillus  
In order to estimate a number of lactobacilli, we looked for the dose of probiotic bacteria and found a 

review reporting the different effects of dosing of probiotic bacteria.(3) The author reported dosing 

between 107 and 1011 CFU/day.  

The dry weight of one Lactobacillus was reported to be 1.62 pg/CFU.(4) We estimated the wet weight 

to be approximately five times higher than the dry weight of the cell, resulting in 8.1 pg. By using 260 

mg of Lactobacillus, this would equal approximately 3.2∙1010 CFU/dose, which seems to be a 

reasonable number compared to the stated probiotic dosing regimens.  

260 𝑚𝑔 𝐿𝑎𝑐𝑡𝑜𝑏𝑎𝑐𝑖𝑙𝑙𝑢𝑠 (𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡)

8.1
𝑝𝑔

𝐶𝐹𝑈

 ∗
109𝑝𝑔

𝑚𝑔
= 3.2 ∗ 1010𝐶𝐹𝑈 

Calculation 3 

2.2. Secretion rate of the enzymes 
We assumed the secretion rate to be 0.4 h-1 (0.007 min-1). The secretion rate is highly dependent on 

the promoter, the enzyme to be excreted, the secretion signal and the strain. As it was not possible to 

measure the rate in the lab, an estimation was done by assessing the literature values of the growth 

rate of lactobacilli. Several sources reported different growth rates of lactobacilli. Alvarez et al. (2010)(5) 
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reported a specific growth rate of Lactobacillus rhamnosus and L.casei between 0.7 and 2.2 h-1, another 

source determined a growth rate of around 0.5h-1 and a generation time of around 1.3 h for 

Lactobacillus sp. and acidophilus.(6) Compared to the reported growth rates and generation times our 

secretion rate is set to be rather high. Further discussions on the value and importance of this 

parameter can be found in the model description.  

2.3. Diffusion of the enzymes out of the scaffold into the small intestine 
Due to missing literature values, we assumed the diffusion from the scaffold into the small intestine 

to be not affected and hindered by the scaffold and to be the same for every enzyme. Since there are 

three enzymes and we assume the amount of all three enzymes to be the same, we assumed the 

release rates to be 0.33 h-1, which equals 0.0056 min-1. 

3. The enzymes 

3.1. Enzyme activity inulinase 
The enzyme activity of inulinase was modeled using literature values from.(7) The authors introduced 

a kinetic model that simplified the complex degradation reactions of polymers with different chain 

lengths like inulin. For the breakdown of inulin, a commercially available enzyme mixture Fructozyme 

L, isolated from A. ficuum, which is a mix of endo- and exoinulinases, was used. As we worked with 

an enzyme mixture of endo-inulinase and levanase, which has an additional exo-inulinase activity, we 

could use the kinetic parameters of the model.(8)  

For validation of their kinetic model and deriving of the kinetic parameters, Ricca et al. (2009)(7) used 

chicory inulin. The source and the actual molecular composition are very important for the substrate 

affinity and efficiency of degradation. They measured their kinetic values at a pH of 5.  

For calculation of the kinetic parameters at 37 °C, we used the Arrhenius equation.  

𝐾𝑚 = exp (ln 𝐾𝑚0 −
𝐸𝑎

𝑅𝑇
) = exp (27.4 −

7630

𝑇
) 

−𝐾𝑚 = exp (27.4 −
7630

(273.15 + 37)
) = 16.43 𝑔/𝐿 

Calculation 4 

𝑘𝑐𝑎𝑡 = exp (ln 𝑘𝑐𝑎𝑡 −
𝐸𝑎

𝑅𝑇
) = exp (21.4 −

9450

𝑇
) 

𝑘𝑐𝑎𝑡 = exp (21.4 −
9450

(273.15 + 37)
) = 1.16 ∗ 10−4 𝑔 𝑈−1𝑚𝑖𝑛−1 

Calculation 5 

It was necessary to convert kcat values into universal units of s-1 or min-1 to use them in SimBiology. In 

the experiments the authors used an enzyme with an activity equal to 5500 U g-1:  

𝑘𝑐𝑎𝑡 = 1.16 ∗ 10−4𝑔 𝑈−1 𝑚𝑖𝑛−1 ∗ 5500 𝑈 𝑔−1 = 0.6334 𝑚𝑖𝑛−1 = 0.010557 𝑠−1 

Calculation 6 

We finetuned the enzyme activity to fit our model by a factor of 10.  

3.2. Enzyme activity levanase 
The kinetic parameters of the enzyme activity from levanase were taken from Wanker et al. (1995)(8). 

The molecular mass of their substrate levanase was 107 g mol-1. They determined the kinetic 
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parameters at 55 °C and at a pH of 5.5 and Km to be 1.2 µM and kcat to be 370 s-1. With a molecular 

mass of 107 g mol-1 for levan the Km value equals 12 g L-1. The enzyme showed a temperature optimum 

between 47 and 55 °C. 

Especially the kcat value was decreased significantly to adjust the enzyme activity to the conditions in 

the small intestine, which are not in the optimum range for the levanase activity. 

3.3. Enzyme activity xylose isomerase  
The enzyme activity of xylose isomerase was based on a publication by Van Bastelaere et al.(9) where 

several xylose isomerases were experimentally evaluated. The kinetic parameters of the organism L. 

xylosus with the substrate fructose were used. The experiments were conducted at a pH of 7.5 and a 

temperature of 35 °C, which are close to physiological conditions. The kcat value was 0.073 s-1 and the 

Km value was determined to be 98 mmol L-1, which equals 18 g L-1 converting the unit using the molar 

mass of fructose (180.18 g mol-1). 

The parameters were adjusted by a factor of 10 to fit the model. 

3.4. Protease resistance of the enzymes  
Literature values on the protease resistance could only be obtained for the enzyme xylose isomerase. 

Therefore, inulinase and levanase were estimated to have similar stability properties.  

Pongracz et al. (2010)(10) investigated the use of xylose isomerase for an oral enzyme therapy for 

treating fructose malabsorption. They investigated the resistance of xylose isomerase against 

pancreatic enzymes at physiological conditions. The xylose isomerase experienced an activity loss of 

25 % after 180 min incubation with pancreatic enzymes, which would equal an enzymatic degradation 

rate of 2.31*10-5 s-1. 

𝑘𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
0.25

180
𝑚𝑖𝑛 = 1.389 ∗ 10−3 𝑚𝑖𝑛−1 = 2.31 ∗ 10−5𝑠−1 

Calculation 7 

4. Inulin and levan doses  
The doses were calculated for an average pizza margherita with a homemade tomato sauce without 

any added garlic or onions. We did not include any possible amounts of glucose or fructose in the meal 

as our focus was only on the degradation of inulin and levan.   

Lavigne et al. (1978)(11) reported that a person with 70 kg has 50 % of the chyme in the stomach emptied 

in one hour. Therefore, we approximated an average time of two hours to empty the stomach into the 

small intestine and neglected any chyme residues that would not be emptied in this time. This fits also 

well with the values reported in Klinge et al. (2021)(2), where gastric emptying times of about 2.4 h in 

average are stated. 

The inulin content in flour is reported to be 2.4/100 g on average.(12) For one pizza 250 g of flour is 

needed, which results in a total inulin amount of 6 g. Levan content in the flour often makes up 1 % of 

the flour(13), yielding an amount of 2.5 g in this case. The self-made tomato sauce and mozzarella 

cheese should not contain any inulin and levan.(14)  

The rate of inulin and levan influx were calculated with the gastric emptying time and the amount of 

inulin/levan.  

𝑖𝑛𝑢𝑙𝑖𝑛 𝑟𝑎𝑡𝑒 =
6 𝑔

120 𝑚𝑖𝑛
= 0.05

𝑔

𝑚𝑖𝑛
 

Calculation 8 
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The levan rate was calculated in the same manner and resulted in 0.0208 g min-1. 

 

5. Active transport of glucose  
In Zheng et al. (2012)(15) the uptake of glucose by SGLT-1 and GLUT-2 in Caco-2 cells was investigated. 

The reported values are only valid until a concentration of 25 mM glucose as this is the capacity of the 

SGLT-1 transporter. At concentrations higher than 25 mM, the transport capacity increases 

significantly which cannot be explained solely by enhanced transporter activity.(15) Since the glucose 

concentrations in our model do not exceed the 25 mM (=4.5 g L-1), we did not consider this effect.  

The authors determined a Km value of 18.7 mmol L-1 and a Vmax of 1564 nmol mg-1 10 min-1. In order to 

normalize their results to the amount of cells, the Vmax is given in nmol glucose (mg total protein min)-

1. With a molecular mass of glucose 180.56 g mol-1, this equals a Km value of 3.37 g L-1 and a Vmax value 

of 653 mg mg-1 s-1.   

The estimated amount of protein per cell volume was found to be between 0.1-0.2 g mL-1, therefore 

we used a protein density of 0.1 g mL-1 cell volume.(16) (Milo 2013). The volume of enterocytes in 

humans was determined to be 1400 µm3.(17) The number of enterocytes was estimated to be 6.9*108, 

which results in a total cell volume of 0.96 mL, and therefore an amount of protein in the small 

intestinal enterocytes of 0.096 g. This results in a Vmax of the glucose uptake of 2.7 g min-1. 

6. Calculation of the clinical threshold 
It is reported that an amount of over 0.2 g fructans per serve could induce symptoms and discomfort 

in patients.(18) Fructans cannot be degraded by the human gut, and they induce symptoms when they 

reach the small and, more severely, large intestine. This value was therefore used to set a clinical 

threshold that should not be exceeded in the small intestine.  

𝐹𝑟𝑢𝑐𝑡𝑎𝑛 𝑡𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
0.2 𝑔 

0.764 𝐿
= 0.2618 𝑔 𝐿−1 

Calculation 9 
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