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RESUmEN

En el presente articulo, un modelo matemático fue diseñado para la transfructosilación de 
esteviósido con b-fructofuranosidasa inmovilizada considerando el equilibrio de partición entre 
la fase liquida y la fase de partícula, difusión y reacción dentro de la partícula.  Las constantes 
cinéticas fueron estimadas mediante el ajuste de las ecuaciones cinéticas con los resultados 
experimentales de la síntesis de fructosil-esteviósido con enzima libre.  Las otras constantes 
fueron estimadas mediante el ajuste del modelo matemático con resultados experimentales de 
coeficiente de equilibrio de partición, y síntesis de fructosil-esteviósido con enzima inmovilizada.  
El modelo describe la formación de fructosil-esteviósido en el tiempo para varias condiciones de 
concentración inicial de sustrato y enzima total en el sistema.  
Palabras clave: transfructosilación, fructosil-esteviósido, análisis cinético, modelo matemático.

ABSTRACT

In the present article, a mathematical model for the  b- immobilized fructofuranosidase was 
constructed  considering the partition equilibrium between the liquid phase and the particle, 
diffusion and reaction within the particle. The kinetic constants were estimated by fitting the kinetic 
equations with the experimental data of the fructosyl-stevioside experiments using suspended 
enzyme. The other constants were estimated by fitting the mathematical model with experimental 
data of partition equilibrium coefficient, and fructosyl-stevioside synthesis using immobilized 
enzyme. The model could describe the fructosyl-stevioside formation under several conditions of 
initial concentration of substrate and total enzyme in the system.
Keywords: Transfructosilation, fructosyl – stevioside, kinetic analysis, mathematical model.

INTRODUCCION

Stevioside [1,2], the major sweet glycoside 
isolated from the leaves of Stevia rebaudiana 
Bertoni is commercially used as low calorie 
and non-cariogenic sweetener [3].  While this 
glycoside is about 140 times sweeter than 
sucrose at the concentration of 0.025% [4,5], 
it has slightly bitter taste and aftertaste.  In 
order to alleviate these concerns, enzymatic 
saccharification of stevioside is known to be 
very effective [6-9].  Fructosyl-stevioside, 
transferred a fructosyl-residue to stevioside 
using b-fructofuranosidase from Arthrobacter 
sp. K-1 [10,11], was reported to have a high 
intensity of sweetness and to be obtained at 
high yield [12].
The expensive enzyme is often used in an 
immobilized form in industry for the purpose of 
repeated or continuous uses.  

In this research, the transfructosylation of 
stevioside using suspended and immobilized 
b-fructofuranosidase in a buffer solution 
(pH 6.6) was performed experimentally.  
An appropriate support material for the 
immobilization of the enzyme was investigated.  
A mathematical model for this system was 
developed based on the reaction mechanism 
proposed in the suspended enzyme system 
[13]. The model constants were estimated by 
fitting the model with the experimental results 
for the partition equilibrium and the fructosyl-
stevioside synthesis. In order to efficiently 
synthesize fructosyl-stevioside, the appropriate 
conditions were investigated experimentally 
and theoretically.
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ExPERImENTAL PROCEDURE

Suspended system 
Materials
Stevioside was used as a substrate and 
its purity was 55%.  Sucrose was used as 
another substrate and its purity was 99%.  
b-fructofuranosidase from Anthrobacter sp. 
K-1 was used as an enzyme.  Fructose and 
glucose were used as a side products and its 
purity were 99%.

Fructosyl-stevioside experiment
The experiment was started by adding 1 cm3   
enzyme solution to 200 cm3 substrate solution 
(pH=6.6) in the flask.  The flask was shaken in 
a water bath (40 °C) at a well-mixed condition.  
The experiments were also performed with 
addition of side-products (Fig. 1).  The 
concentrations of substrates and products 
were analyzed by HPLC. 
The initial substrates and enzyme 
concentrations were varied (Table 1). In 
this table; Ste, Suc, Fru, Glu are stevioside, 
sucrose, fructose and glucose, respectively, 
and E is the enzyme.  

Figure 1. Schematic illustration of experimental 
apparatus in suspended enzyme system.

Table 1. Experimental conditions for 
transfructosylation of stevioside in suspended 
enzyme system.

Immobilized system 
Materials
The substrates and enzyme used were the 
same as those in the suspended enzyme 
system.  The strong base anion exchange 
resins, porous type; Diaion HPA25 (particle 
diameter of 250 mm) was selected for the 
immobilization of b-fructofuranosidase.  
Fructosyl-stevioside experiment
The enzyme was immobilized in Diaion HPA25, 
by ionic binding (Fig. 2).
  

Figure 2. Schematic illustration of 
b-fructofuranosidase immobilized in the resin by 
the ionic binding

The experiment was started by adding 1 g-wet 
immobilized enzyme particles to 200 cm3 
substrate solution (pH=6.6).  The flask was 
shaken in a water bath (40 °C) at a well-mixed 
condition.   The initial substrate and enzyme 
concentration were regulated.
The experimental conditions are summarized 
in Table 2.

Table 2. Experimental conditions for 
transfructosylation of stevioside in immobilized 
enzyme system.

Partition Equilibrium Experiment
The uptake amount of the substrates 
and products by the support particle was 
determined under the partition equilibrium 
condition.  A weighed amount of the support 
particles without enzyme was immersed on 
25 cm3 of the solution containing the substrate 
and products.  This solution was well shaken 
(120 spm) in the water bath at 40 °C for 24 
h.  The initial concentrations of stevioside and 
saccharides (sucrose, glucose and fructose) 
in the solution were held constants at 0.5 
mol・m-3 and 20 mol・m-3, respectively.  The 
amount of support particles was varied in the 
range of 10-15g.  

 

 

 

  

  
run 

No. 

CSte,0 

[mol/m3] 

CSuc,0 

[mol/m3] 

CGlu,0 

 [mol/m3] 

 CFru,0 

 [mol/m3] 

CE,0 

[units/m3] 

1-1 0.5 20 0 0 2.0×105 

1-2 0.5 40 0 0 2.0×105 

1-3 1.0 20 0 0 2.0×105 

1-4 0.5 20 0 0 4.0×105 

1-5 0.5 20 40 0 2.0×105 

1-6 0.5 20 0 40 2.0×105 

 run 
No. 

CSte,0 
[mol/m3] 

CSuc,0 
[mol/m3] 

EC 
[units/m3-particle] 

Wp 

[g] 

2-1 0.5 20 312.4×106 1.0 
2-2 0.5 40 312.4×106 1.0 
2-3 1.0 20 312.4×106 1.0 
2-4 0.5 20 171.1×106 1.0 
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mathematical model
Suspended system 
Three parallel reactions occurred in the system.  
The transfructosylation of stevioside (Ste) 
followed Ping- Pong Bi-Bi mechanism.  Sucrose 
(Suc) hydrolysis, and fructosyl-stevioside 
(FSte) hydrolysis followed apparent ordered 
Uni Bi mechanism. [14]. The competitive 
inhibitions of fructose (Fru) and glucose (Glu) 
were also considered.  The overall reaction 
mechanism is shown in Fig.3.  Here, k1 to k12 
denote the rate constants of each elementary 
reaction.  

Figure 3. Schematic diagram of reaction mechanism

The reaction rates for each component i are 
expressed in Eqs.(1)-(6).

Ste mh 1 Ste Suc 5 FSte+ ) /V ( K C C K Cυ σ= −  (1)
FSte mh 1 Ste Suc 5 FSte( )V K C C K C /υ σ= −           (2) 
Suc mh 1 Ste Suc Suc( )V K C C C /υ σ= − −               (3) 
Fru mh 5 FSte Suc( )V K C C /υ σ= −  (4) 
Glu mh 1 Ste Suc Suc( )V K C C C /υ σ= +                  (5) 

{mh 1 2 Ste SucK K K C Cσ =
 (6) 

1 Fru I,Fru Glu I,Glu Ste( 1)+ K C / K + C / K + C

Suc mh 3 FSte 4 Suc SucC / K K C K C C+ + +

}Fru I,Fru Glu I,Glu 1C / K C / K+ + +

Immobilized system The following 
assumptions were considered: 1)enzyme is 
uniformly immobilized, 2)external mass transfer 
resistance is negligible, 3)there is a linear 
partition equilibrium of concentration i between 
the liquid surface and the particle as Eq.(7), 4)
intraparticle diffusion follows Fick’s law,  and 
the effective diffusitivities are described using 
a correlation in function of molecular weight 
as Eq.(8).  The mass balance equations in 
the liquid phase are expressed in Eqs.(9)-
(12).  Here, <Ci> and <ui> are the volumetric 
average concentration and reaction rate of i in 
the particle. The mass balance equations in

the particle are expressed in Eqs. (13)-(16). 
The nine unknown kinetic constants Vmh, Kmh, 
KI,Fru, KI,Glu, K1-K5 were estimated by fitting the 
experimental results in the suspended system.  
The partition coefficient, H, was determined 
from the partition equilibrium experiment.  
The regression coefficients for the effective 
diffusivity, A and B, were estimated by fitting 
the results in the immobilized system.

RESULTS AND DISCUSSIONS

Estimation of the kinetic constants
The four kinetic constants for the sucrose 
hydrolysis, Vmh, Kmh, KI,Glu, KI,Fru, and the other 
kinetic constants, K1 - K5 were estimated 
by fitting the kinetic model with the results 
obtained from the experiments for the sucrose 
hydrolysis and the fructosyl-stevioside 
synthesis, respectively.  Here, Vmh depends 
on the initial enzyme concentration, CE,0, and 
hence, Vmax (=Vmh/CE,0) was estimated instead 
of Vmh.  The estimation procedure was similar 
to that described in the previous paper.
The experimental and fitted results by the 
model under 2 conditions are shown in 
Figure 4 by the symbols and the solid lines, 
respectively.  In this figure, the symbols denote 
the experimental results and the lines denote 
the calculated values. The ordinates of the 
upper figure denote the concentrations of 
stevioside and fructosyl-stevioside, and those 
of the lower figure, denote the concentrations of 
sucrose, fructose and glucose.  When the initial 
stevioside concentration increased from 0.5 
mol・m-3 (Fig 4(a)) to 1.0 mol・m-3 (Fig. 4(b)), the 
maximum concentration of fructosyl-stevioside
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became higher. However, the depletion time of 
sucrose hardly changed.  This is because the 
initial stevioside concentration was much lower 
(1/40 to 1/20) than that of sucrose.
 
The calculated lines were in good agreement 
with the experimental results under all 
conditions.  

Figure 4. Experimental and calculated results for 
the transfructosylation of stevioside in suspended 
enzyme system

Therefore, the proposed reaction mechanisms 
were considered to be valid.  The model 
equations could describe the fructosyl-
stevioside synthesis under various conditions 
in suspended enzyme system. The estimated 
values of the kinetic constants which gave the 
minimum error between the experimental and 
calculated values are shown in Table 3.  The 
estimated value of the Michaelis constant for 
the sucrose hydrolysis, Kmh, of 8.75 mol・m-3 
was close to the literature value of 9.1 mol・m-3 
[12]. There were no literature values for the 
other constants.

Table 3. Estimated values of kinetic constants in 
suspended enzyme system.

Estimation of Partition Equilibrium 
Coefficients
Figure 5 shows the results of partition 
equilibrium experiments for stevioside and 
saccharides.  It shows a linear relationship 
between the concentration of stevioside and 
saccharides in liquid and particle phase.  
The partition equilibrium coefficient Hi was 
estimated from the slope of these data using 
the least squares method and the calculated 
values are shown in Table 4. 　

Figure  5. Equilibrium concentration of each 
component in support particle vs. those in liquid 
phase (a) stevioside, (b) saccharides (sucrose, 
fructose, glucose).

Table 4. Estimated values of partition coefficients.

Estimation of Effective Diffusion 
Coefficients
The regression coefficients for the effective 
diffusivity were estimated by fitting the 
mathematical model and the experimental 
results for the transfructosylation of stevioside 
using immobilized enzyme.  For the kinetic 
constants and the partition coefficients, the 
estimated values listed in Tables    were 
used.  Using an arbitrary set of constants for 
A and B, the dimensionless form of the mass 
balance equation in the support particle was 
numerically solved for the concentration of 
each component in the particle by Crank-
Nicholson method. Next, the volumetric 
average concentration and the reaction rate in 
the support particle were calculated.  The mass 
balance equations were numerically solved by 
the finite difference method to calculate the 
concentration in the liquid phase.  The best 
fitted values of the constants were determined 
using the Simplex method [15] by minimizing 
the squared-sum of the relative errors between

0

 constants  estimated values 
K1 5.41 × 10-2 [m3・mol-1] 

K2 6.74 [m3・mol-1] 

K3 0.53 [m3・mol-1] 

K4 14.0 [m6・mol-2] 

K5 7.18 [ – ] 
KI,Fru 8.57 [mol・m-3] 

KI,Glu 1.04 [mol・m-3] 

Kmh 8.75 [mol・m-3] 

Vmax 1.71 × 10-4 [mol・units-1・s-1] 

 

  partition coefficients  estimated values 

 HSte, (HFSte) 1.30 [m3-particle・m-3-liquid] 

 HSuc, HFru, HGlu, 1.02 [m3-particle・m-3-liquid] 
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the calculated values in the liquid phase and 
the four sets of experimental data obtained 
under various conditions as shown in Table 
4.  For the numerical calculation, the time step 
was set at 0.1 h, and the coordinate in the 
support particle, r, was divided into 50 points.  
Figure 6 shows the fitted and experimental 
results for the transfructosylation of stevioside 
using immobilized enzyme.  Under the control 
condition (Figure 6(a)), the experimental 
stevioside concentration decreased for 2 hour 
and then gradually increased.  The change 
of the fructosyl-stevioside concentration was 
opposite to the stevioside concentration and 
the maximum value was obtained at 2 h.  The 
sucrose concentration decreased and reached 
almost zero after 4 h. The concentrations of 
glucose and sucrose increased up to 4 hours 
and then asymptotically approached constant 
values.  In the immobilization system, therefore, 
the transfructosylation of stevioside was found 
to occur similarly to the suspended system.

Figure 6. Experimental and calculated results 
for transfructosylation of steviode in immobilized 
enzyme system.

The fitted lines described the change of each 
component concentration and could predict the 
reaction time giving the maximum conversion 
of stevioside.  
The estimated values of the regression 
coefficients for the effective diffusivities A and 
B, are listed in Table 5.  

Table 5. Estimated values of regression coefficients 
for effective diffusivity.

(b)(a)

Estimation of Partition Equilibrium 
Coefficients
Figure 5 shows the results of partition 
equilibrium experiments for stevioside and 
saccharides.  It shows a linear relationship 
between the concentration of stevioside and 
saccharides in liquid and particle phase.  
The partition equilibrium coefficient Hi was 
estimated from the slope of these data using 
the least squares method and the calculated 
values are shown in Table 4. 　

Figure  5. Equilibrium concentration of each 
component in support particle vs. those in liquid 
phase (a) stevioside, (b) saccharides (sucrose, 
fructose, glucose).

Table 4. Estimated values of partition coefficients.

Estimation of Effective Diffusion 
Coefficients
The regression coefficients for the effective 
diffusivity were estimated by fitting the 
mathematical model and the experimental 
results for the transfructosylation of stevioside 
using immobilized enzyme.  For the kinetic 
constants and the partition coefficients, the 
estimated values listed in Tables    were 
used.  Using an arbitrary set of constants for 
A and B, the dimensionless form of the mass 
balance equation in the support particle was 
numerically solved for the concentration of 
each component in the particle by Crank-
Nicholson method. Next, the volumetric 
average concentration and the reaction rate in 
the support particle were calculated.  The mass 
balance equations were numerically solved by 
the finite difference method to calculate the 
concentration in the liquid phase.  The best 
fitted values of the constants were determined 
using the Simplex method [15] by minimizing 
the squared-sum of the relative errors between

0

The effective diffusivities of each component in 
the support particle were calculated with these 
values.  The calculated values are shown in 
Table 6 compared with those from the empirical 
equations reported by Kimura and Nakao [16] 
in aqueous solution.  For all compounds, the 
values in the support particle were slightly 
lower than those in aqueous solution, that 
indicates there is low intraparticle diffusion.

Table 6. Comparison of diffusivities in support 
particle and those in aqueous solution.

CONCLUSION

The experiments of fructosyl-stevioside 
synthesis using suspended and immobilized 
b-fructofuranosidase in buffer solution were 
performed experimentally.  A mathematical 
model for the system was constructed by 
considering considering the partition equilibrium 
between the liquid and support particle and the 
diffusion and the reaction in the particles.  The 
kinetic constants were estimated by fitting the 
kinetic equations with the experimental results 
for the fructosyl-stevioside synthesis using the 
suspended enzyme.  The other constants were 
estimated by fitting the mathematical model with 
the experiment result for partition equilibrium 
coefficient and the fructosyl-stevioside 
synthesis using immobilized enzyme.  The 
model well described the synthesis behavior 
of fructosyl-stevioside under the various 
conditions of the initial substrate concentration 
and the total enzyme amount in the system.  
The model can predict not only the appropriate 
conditions to efficiently synthesize the fructosyl-
stevioside, but also the reaction time giving 
the maximum conversion in the immobilized 
enzyme system.  
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