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ABSTRACT

In current commercial mixtures of inulin-type fructooligosaccharides (FOS) synthesized from sucrose by fungal 
fructosyltransferases, 1-kestose has superior bifidus-stimulating effect than nystose and frutosyl-nystose. In this study, 
a recombinant sucrose:sucrose 1-fructosyltransferase (1-SST, EC 2.4.1.99) from the plant Schedonorus arundinaceus (Sa) 
was the enzyme of choice to maximize the batch production of 1-kestose in a jacketed agitated vessel. Mathematical 
models were developed to predict the optimal conditions for the sucrose conversion reaction and the subsequent 
enzyme inactivation to prevent 1-kestose hydrolysis. After programed heat inactivation of Sa1-SSTrec in optimized 
batch experiments with different enzyme and sucrose concentrations, 1-kestose represented more than 90% of total 
FOS content (53%-58%, w/w) in the reaction mixture. The mathematical models described herein are suitable tools 
for the cost-effective production of 1-kestose in scaled batch reactions.
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INTRODUCTION

Prebiotics confer health benefits associated with a selective 
enhancement of beneficial bacteria in the human gut microbiota, 
such as Bifidobacteria and Lactobacilli [1,2]. 

Some of the most commonly investigated oligosaccharides for 
prebiotic activity are fructooligosaccharides (FOS). Generally, 
they are a mix of fructose-based oligomers mainly composed of 
1-kestose (GF2

), nystose (GF
3
) and frutosyl-nystose (GF

4
). Some 

studies demonstrated that 1-kestose exerts a strong growth activity 
on Bifidobacterium and Faecalibacterium prausnitzii [3-7]. The 
strong bifidogenic activity of 1-kestose, was associated with several 
beneficial effects in the host, increased level of cecal butyrate and 
decreased level of serum insulin [3], but also 1-kestose-rich diet 
has a potential to enhance antioxidative activity [8] and might 
lead to an improvement in atopic dermatitis symptoms in infants 
[4], also an increase in muscle mass associated with the prebiotic 
effects of 1-kestose in super-elderly patients with sarcopenia has 
been observed [9]. It has been reported the superiority of 1-kestose 
to mixed FOS in the selective stimulating activity on beneficial 
microbiota [10,11]. These findings suggest the potential of 1-kestose 

to be a prebiotic for improving the health of the host.

FOS is in novo synthesized from sucrose by β-D-fructosyltransferases, 
EC 2.4.1.99). The transfructosylation of sucrose takes place via 
the cleavage of the β-2,1-glycosidic bond and the transfer of the 
fructosyl moiety onto any acceptor other than water, such as 
sucrose or a fructooligosaccharide. This synthesis is a complex 
process in which occurs a consecutive set of reactions, GFn+GFn 
→ GFn−1+GFn+1, both in parallel and in series, because short 
chain FOS are also potential substrates of fructosyltransferases [12-
14]. 

Sa1-SSTrec is a recombinant fructosyltransferase from tall fescue 
(Schedonorus arundinaceus) constitutively expressed in Pichia pastoris. 
The free Sa1-SSTrec or the immobilized recombinant P. pastoris 
reaction with sucrose, at the optimal time, lack of intrinsic 
sucrose hydrolysis and yield 1-kestose and nystose with their sum 
representing 55%-60% (w/w) of total sugars. However as the 
reaction proceeds the fructosyl moiety of sucrose is transferred 
to 1-kestose and the nystose concentration increases, also the use 
of 1-kestose as fructosyl donor regenerates sucrose and a small 
quantity of fructose appears reflecting the beginning of 1-kestose 
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hydrolysis [15,16]. As consequence, if the reaction is not stopped 
at the proper time there is a reduction in 1-kestose yield. Efficiency 
of 1-kestose production can be improved by enzyme inhibition at a 
time that avoid its conversion to GF

3
 but let reach the higher GF

2
 

concentration. 

Key factors for the enzyme stability are temperature and the total 
concentration of saccharides in a reaction mixture. Model the rate 
of enzyme inactivation in function of the temperature may allow 
a maximum 1-kestose synthesis. Different mechanisms have been 
proposed to describe enzyme inactivation by increasing temperature. 
The two-state model postulates an active enzyme form that 
irreversibly transforms into a denatured form upon heating [17,18]. 
The Equilibrium Model introduces an inactive intermediate state 
which is in rapid equilibrium with the active state of the enzyme. 
This inactive intermediate simultaneously denatures irreversibly, 
albeit at a slower rate [19-22]. The Transient model is based on a 
microscopic approach. Similar to Equilibrium model, the Transient 
model postulates that each enzyme molecule can exist in one of 
three states: Active, and two reversibly inactive states. Transitions 
between these states are driven by thermodynamic factors [23]. 
Also, enzyme inactivation has been described by a very simple one-
stage mechanism in which it is assumed that the enzyme suffers a 
highly cooperative conformational transition from a native active 
structure to an unfolded completely inactive form [24]. To select a 
model, it should adequately fit the experimental data but is better 
to use the simplest one so as to deal with a reasonable number of 
inactivation parameters. 

However the enzyme thermal inactivation also depends of the 
temperature in the system. Agitated vessels are used very commonly 
in the industrial production; it is very well known that agitating 
improves the heat transfer. The overall heat transfer coefficient 
in the jacketed agitated vessel should be determined, to know 
the variation of the temperature in the reaction system. So, if a 
maximum of GF

2
 is desired, mathematical models of 1-kestose 

synthesis, enzyme inactivation and the temperature change in the 
reactor are need. 

The aim of this work is to apply a general model for an isothermally 
jacketed agitated vessel to predict the Sa1-SSTrec reaction progress 
and stop it, by heating the system, to maximize the synthesis of 
1-kestose from sucrose. The integration of different models is of 
great interest for defining strategies that allow the optimization and 
industrial scale-up of these bioprocesses.

MATERIALS AND METHODS

Enzyme and reagents

The enzyme sucrose-sucrose 1-fructosyltransferase (Sa1-SSTrec) 
from Schedonorus arundinaceus was obtained as described Hernández 
et al. [15]. Class I refined sugar was used in the experiments. The 
rest of the reagents used were supplied by the commercial company 
AppliChem (Germany).

Carbohydrate analysis

Quantitative sugar analysis was performed by HPLC using an 
Aminex HPX-42C column (0.78 × 30 cm, BIORAD) equipped 
with a refractive index detector. The column temperature was kept 
at 85°C. Water was used as a mobile phase at a flow rate of 0.5 mL/
min. Samples were appropriately diluted before injection. Fructose, 
glucose, sucrose, nystose and 1-kestose (20 mg/mL) were used as 

Enzyme assays

One unit of Sa1-SSTrec is defined as the amount of enzyme 
required to release 1 μmol of glucose per min in the initial rate of 
the reaction with 1.46 M (500 g/l) sucrose in 0.1 M sodium acetate 
buffer (pH 5.5) at 30°C. Glucose released from the substrate 
was quantified by the Dinitrosalicylic Acid (DNSA) colorimetric 
method [25].

Time-course FOS production from sucrose

Product profile was determined in time-course reactions using 
6000 U/L of Sa1-SSTrec at 600 g/L of sucrose. Samples (0.5 mL) 
were withdrawn at time intervals, incubated in boiling water for 
5 min to stop the reaction, and analyzed by HPLC. The effect of 
sucrose concentration on FOS production was examined in 10 
min reactions using 6000 U/L of Sa1-SSTrec at different initial 
sucrose concentrations. Glucose released from the substrate was 
quantified by the Dinitrosalicylic Acid (DNSA) assay. To validate 
the application of the integrated models, 1-kestose formation 
kinetics was carried out at a sucrose concentration of 600 and 
800 g/L with 6000 and 4000 U/L of Sa1-SSTrec, respectively, the 
enzyme was inactivated heating with water at 71.5°C. All reaction 
mixtures were prepared in 0.1 M sodium acetate buffer (pH 5.5). 
Batch reactions were conducted in a 0.1-L jacketed reactor with 
stirring at 100 rpm and 45°C. 

Effect of temperature on enzymatic inactivation

To evaluate the effect of temperature on enzymatic inactivation, 
experiments were carried out at temperatures between 45 and 70°C 
under reactive conditions. All reaction mixtures were prepared 
in 0.1 M sodium acetate buffer (pH 5.5). Batch reactions were 
conducted in a 0.1-L jacketed reactor with stirring at 100 rpm. 
To 80 mL of sucrose 800 g/L enzyme was added at 6000 U/L 
and samples were taken at regular intervals depending on the 
incubation temperature. The samples (100 μL) were chilled on ice 
and enzymatic activity was performed after the appropriate dilution. 
For blanks, samples were deactivated at 100°C for 5 minutes and 
enzymatic activity was performed. In both cases, enzyme assay was 
performed as described above. 

The model proposed by Illanes (2008) was used to describe the 
behavior of enzymatic deactivation [24].

− = D
dE K E
dt

        
   (1)

The integral of the equation explains a decreasing exponential 
profile of enzyme activity as a function of time:

exp( )= − D oE K t E       (2)

Resulting:

exp = − 
 

ia
D Do

EK K
RT

     (3)

Where E
o
 is the initial enzyme concentration (U/L); E is the residual 

enzyme concentration (U/L); k
D
 is the first-order inactivation rate 

constant (min-1); k
Do

 is the inactivation constant (min-1); E
ia
 is the 

energy of activation of the process of enzyme inactivation (kJ/mol); 
R is the universal gas constant (kJ/mol K) and T is the temperature 
(K).

Calculation of the overall heat transfer coefficient

The overall heat transfer coefficient (U) was theoretically 

standards.
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determined assuming that the heat flux is one-dimensional flow of 
heat across the radial direction and that the jacket heating medium 
is an isothermal liquid [26,27].

For the calculation of the individual heat transfer coefficients (h) 
both in the jacket and in the reaction mixture, the equations that 
relate it to the dimensionless numbers Nusselt (Nu), Reynolds (Re) 
and Prandlt (Pr) were taken into account.

Below are the corresponding equations for calculating the heat 
transfer coefficient for the jacket, where water is used as the heating 
medium.

0,14
0,8 b

1(Re) (Pr)
µ
µ

 
= =  

 

j j j

j w

h D
Nu A

K
  (4) 

Re
ρ

µ
= j j

j

D v          
  (5)
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2( )

   
= = =   +  

f
j h

h
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    (6)

2

4
π

=
 
  
 

j

Qvv
D

        
 (7)

rP
µ

= j j

j

Cp
K

          
 (8)

The heat transfer coefficient of the jacket heating medium was 
calculated by rearranging the terms in equation (4):

2
0,143

1 ρ µ µ
µ µ

      
=                 

b

j j j j j j
j

j j j w

K A D v Cp
h

D K
    (9)

The corresponding equations for calculating the heat transfer 
coefficient for the reaction mixture are shown below.

1
3

2
3

2 (Re) (Pr) µ
µ

 
= =  

 

M

B v B
u

B w

h DN A
K

  (10)

2

e
( )R ρ

µ
= A B

B

L N
      (11)

rP µ
= B B

B

Cp
K

         
  (12)

The heat transfer coefficient for the reaction mixture was calculated 
by rearranging the terms in equation (10):

1
32

2 3
2 ( ) µρ µ

µ µ
     

=      
     

B

M
BB A B B

B
V B B w

CpK A L Nh
D K     (13)

Subscripts J and B correspond to the terms referring to the jacket and 
the reaction mixture, respectively. h is the heat transfer coefficient 
of the liquid (W/m2•K); DJ is the equivalent diameter of the cross 
flow in the jacket (m); rh is the wet radius (m); Af is the flow area 
(m2); Ph is the wet perimeter (m); A is the width of the jacket (m); 
H is the height of the jacket (m); Qv is the volumetric flow (m3/s); k 
is the thermal conductivity of the liquid at the average temperature 
(W/m•K); v is the velocity of the heating medium in the jacket 

(Pa•s); μw is the viscosity of the jacket heating medium at the 
wall temperature (Pa•s); Cp is the heat capacity of the liquid at 
the average temperature (J/kg•K); ρ is the density of the liquid at 
the average temperature (kg/m3); Dv is the diameter of the glass 
(m); LA is the diameter of the stirrer (m); N is the stirring speed 
(rps). A1=0.0243, b=0.4, A2=0.36 and M=0.21 are recommended 
constants for heating.

To determine the physical and thermodynamic properties of the 
sugar solution, the following empirical equations described by 
Echeverri Ocampo, 2005[28]:

Viscosity
3

3
1 2

4

( )exp
( )

µ
 −

=  + 
B

C EE E
T E

  (14)

E
1
=0,1045       E

3
=1,1589

E
2
=112,2937     E

4
=-189,8954

Where: μ
B
 is the viscosity (cP); C is the mass fraction of sucrose in 

solution. E
1
, E

2
, E

3
 and E

4
 are constants.

Density
( 2) 0,036( 293,2)1000 1 1
5,4 433,2

ρ + −   = + + −   −   
B

C C T
T   (15)

Where: ρ
B
 is the density (kg/m3); C is the mass fraction of sucrose 

in the solution and T is the temperature (ºK).

Specific heat [29,30]

(1 0,0056C)= −waterCp Cp      (16)

Where: C
p
 is the specific heat (J/kg K); C

pwater
 is the water specific 

heat (J/kg K).

Thermal conductivity
5(1 10 )α−= −B waterK K p     (17)

Where: k
B
 is the thermal conductivity (W/cmºC); k

water
 is the 

thermal conductivity of water at the temperature in question (W/
cmºC); α=556 is a constant and p is expressed in grams of sucrose 
for every 100 g of solution.

Finally, the global heat transfer coefficient can be determined using 
the following equation:

1
1 1=
+ +

j B w

U x
h h K

       
  (18)

Where: U is the overall coefficient of heat transfer (W/m2 ºC); x is 
the wall thickness of lot (ft); kw is the thermal conductivity of the 
heat exchange plate (W/h m ºC).

The actual values used in the calculation of U for 80 mL of reaction 
(m/s); μ is the viscosity of the liquid at the average temperature are shown in Table 1.

Table 1: Physical and thermodynamic properties of the heat exchange elements [27,30].

Water
(Propierties were determined at 47°C)

Sugar solution
(Propierties were determined at 45°C)

Symbol Units Value Symbol Units Value

A m 0.0328 L
A

M 0.105

H m 0.1476 N Rps 6000

Qv m3/s 1.2713 C - 0.65

ρJ kg/m3 61.781(30) Bx - 65.00

μJ Pa•s 1.396(30) K
water

W/m•K 0.368(30)
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The overall heat transfer coefficient (U) was substituted into a 
non-steady state equation (18), which takes into account the time 
required to change the batch temperature and uses a temperature 
difference that varies with time. Furthermore, the equation 
considers isothermal flow in the jacket [27].

( )−
= TC jacket batchbatch UA T TdT

dt MCp
    (19)

For the heat transfer was also considered a heat loss (Q
p
) up to 2%.
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5
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      (20)

Where: M is the mass of the liquid (kg), Cp is the specific heat (J/kg 
ºC); ATC is the heat transfer area (m2); U is the overall coefficient 
of heat transfer (W/m2 ºC); T

jacket
 is the temperature of the heating 

medium in the jacket (ºC); T
batch

 is the temperature of the reaction 
mixture (ºC) at any time “t” (s); Q

p
 is the heat loss equal to 2%. 

To evaluate the model of heat transfer in the stirred batch reactor, 
various experiments were carried out varying the temperature 
of the heating medium (water) 56.5°C; 66.5°C and 76.5°C. The 
sucrose solution (65ºBx) 0.1 M sodium acetate buffer (pH 5.5) was 
added to a 0.1-L jacketed reactor with stirring at 100 rpm. In each 
experiment, temperature data over time (∆t=1 minute) were taken 
and compared with the theoretical results calculated according to 

Models simulation for maximum 1-kestose production

A stand-alone Matlab® [version 7.1.0.246 (R14)] application, 
enabling the facile derivation of the Models parameters, progress 
curves (1-kestose synthesis, enzyme deactivation and heat transfer) 
could be displayed. This application is suitable for computers 
running Microsoft® Windows XP, and is for non-commercial 
research purposes only.

RESULTS AND DISCUSSION

Mathematical model for optimal 1-kestose synthesis by Sa1-
SSTrec

Figure1 shows the typical product profile of the reaction with Sa1-
SSTrec under the condition of 45°C, 100 rpm, pH 5.5 sodium 
acetate buffer 0.1 M, sucrose 600 g/L and 6000 U/L. Sucrose was 
converted to FOS (GF

2
 and GF

3
) and glucose. Sucrose concentration 

decreased from 600 g/L to 102.2 g/L reaching a plateau after 3 h. 
GF

2
 reached a maximum of 319.5 g/L after 2.5 h, then decreased 

to 237.4 g/L in contrast, GF
3
 increased gradually, GF

4
 formation 

was not observed. Thus, FOS composition increased to 55–60% of 
total carbohydrate. Glucose concentration also increased gradually 
but fructose concentration was negligible because hydrolysis 
reactions of sucrose and FOS did not occur until the maximum 
FOS was obtained. After 3 h fructose was observed because of 
sucrose hydrolysis. 

Six reactions based on the possible mechanism of action of 
fructosyltransferases have been proposed to describe the mechanism 
of FOS production, using enzymes that produce GF

4
 as longest 

μ
w

Pa•s 1.396(30) P - 0.65

CpJ J/kg•K 0.998(30)

kJ W/m•K 0.369(30)

Bioreactor data (Material: Glass)

Symbol Units Value

kw W/m•K 0.6066(27)

Dv M 0.1480

X M 0.0033

ATC m2 0.01

Figure 1: Product profile for the Sa1-SSTrec reaction. The reaction 
was at 45ºC, 100 rpm, pH 5.5 sodium acetate buffer 0.1 M, sucrose 
600 g/L and 6000 U/L. Note: (∆) Sucrose, (□) 1-kestose, (◊) nystose, 
(x) Glucose, (*) Fructose, (●) total FOS.

equation (20).

chain FOS (Figure 2) [13,31,32]. 
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  22 → +GF GF G                             (Reaction 1)

 2 32 → +GF GF GF         (Reaction 2)

 2 3+ → +GF GF GF G                        (Reaction 3)

 3 2→ +GF GF F             (Reaction 4) 

 2 → +GF GF F            (Reaction 5)

 → +GF G F                 (Reaction 6)

Reaction mechanism for FOS production from sucrose by using 
fructosyltransferase. Nomenclature: GF sucrose, GF

2
 1-kestose, GF

3
 

nystose, GF
4
 frutosyl-nystose, G glucose.

Based on experimental data with Sa1-SSTrec, 1-kestose is the main 
fructooligosaccharide, corresponding to reaction 1 and in the last 
hours of the kinetics appears also nystose as described by reaction 2. 
Based on the experimental results, it was further assumed that the 
hydrolysis of sucrose (reaction 6) as well as the transfructosylations 
of reactions 3 and 4 does not occur and that the formation of 
fructose by hydrolysis of 1-kestose in the maximum FOS production 
range is negligible (reaction 5). 

Figure 2 shows that with increasing initial sucrose concentration 
from 0.294 to 1460 mM, the initial transfructosylation rates 
progressively increases. From 1460 mM the reaction rate remains 
approximately constant. These results show an unusual behavior 
to those reported for most of the fungus fructosyltransferases, since 
the maximum rate is reached at high concentrations of sucrose and 
from that point does not decrease [12,33]. Therefore, neither the 
Michaelis-Menten nor the substrate inhibition mechanisms are 
correct interpretations for the enzyme-substrate interaction. 

For Aureobasidium pullulans fructosyltransferase this behavior was 
attributed to the non-ideal thermodynamic effect characteristic of 
high sucrose concentrations [34]. As a simplified representation of 
this theory, equation (21) expressing transfructosylation as a linear 
function of sucrose activity was suggested [34,35].

         
1 γ∂

− = =
∂A o S
Ar k E C
t   (21)

Where: r
A
 is the rate of appearance of the product (mmol/L min); 

k
1
 is the rate constant (L/U min); C

S
 is the substrate concentration 

(mmol/L); E
o
 is the initial enzyme concentration (U/L); γ is a 

dimensionless coefficient of substrate activity calculated from the 

following equation:

         
exp( kC )γ = − GF  (22)

To determine the constants of the model, k and k
1
, equation (22) 

was substituted in (21) and it was linearized obtaining the following 
equality:

 1ln ln( )
1

 
− = + 

 
S

o S

rA kC
E C k

      (23)

A plot of  
2( )ln

 
−  

 
S

o S

r GF versus C
E C  gives a straight line, where k is 

the slope and 
1ln( )
1k   is the intercept. The estimated values for the 

constants k and k1 were 0.0004 mM-1 and 2.34084 × 10-6 L/U min, 
respectively (Figure 3). When experimental data were compared 
with the theoretical model prediction (Eq. 21), using the calculated 
constants, an adjustment of R2=0.97 was obtained (Figure 2).

Because the mechanism of action of Sa1-SSTrec is described by a 
group of parallel-series reactions, the model Eq. 21 only describes 
the behavior for reaction 1, so it is necessary to find the k and 
k1 values corresponding to reaction 2, using 1-kestose as substrate. 
Fructosyltransferases have shown, with 1-kestose as substrate, a 
reaction rate between 1.77 and 5.72 fold lower than in the presence 
of sucrose, as has been reported for Rhodotorula sp enzymes and 
Aereobasidium pullulans, respectively. Other fructosyltransferases 
have shown intermediate values [14,33,36,37]. Based on these 
reports and processing the experimental data obtained, the values 
of k and k1 of reaction 2 were found by trial and error. k1 for 
reaction 2 is fivefold smaller than the k1 calculated for reaction 
1 and k of reaction 2 is the same of that of reaction 1, because if 
all the substances in the reaction are sugars, there should not be 
appreciable difference in the activity.

Thus, the equations rate for sucrose and 1-kestose were defined as 
follows:

 [ ] 1
1 22 ( ) exp ( ) exp ( )

5
∂  = = − − + − ∂  

GF o GF GF o GF GF
kGFr k E C b kC E C kC

t     (24)

 [ ]2 1
2 1 2 2exp ( ) 2 exp ( )

5
∂  = = − − − ∂  

GF o GF GF o GF GF
GF kr k E C kC E C kC

t (25)

When simulating with the previous models using Matlab software, it 
was observed that these do not fit correctly because the exponential 
mathematically does not offer a flexible and/or sensitive line to the 
change in the initial sucrose concentration, so it was decided to 

Figure 2: Initial transfructosylation rates as a function of substrate 
concentration. The reactions were developed at 45ºC, 100 rpm pH 
5.5 in sodium acetate buffer 0.1 M and 6000 U/L, for 10 min. The 
symbol (♦) represents the media ± the standard deviation of three 
experiments and the line is the simulation result.

Figure 3: Estimated values for the constants k and k
1
. Linearized model 

according to Equation (23), where k is the slope and ln (1/k1 ) is the 
intercept. 
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add a coefficient “b” to correct the observed problem. 

Predicting a linear behavior, the coefficient “b” was adjusted (by 
trial and error) for the initial sucrose concentrations of 800 and 
600 g/L, obtaining the linear equation that is observed in Figure 4.

Finally, the corrected equations have the following form:

 [ ] 1
1 22 ( ) exp ( ) (b)exp ( )

5
∂  = = − − + − ∂  

GF o GF GF o GF GF
kGFr k E C b kC E C kC

t   (26)

 [ ]2 1
2 1 2 2(b)exp ( ) 2 (b)exp ( )

5
∂  = = − − − ∂  

GF o GF GF o GF GF
GF kr k E C kC E C kC

t
    (27)

The model corrected with the coefficient “b” was verified by 
performing kinetics at 600, 700 and 800 g/L of initial sucrose 
with 6000 U/L and it was also verified with 600 g/L and 3000 
U/L. Figure 5 shows that the predicted data are similar to the 
experimental data, with correlation coefficient higher than 95%, 
which indicates that the proposed equations, corrected with the 
coefficient “b”, adequately describe the 1-kestose synthesis by Sa1-
SSTrec reaction.

These results also confirm that it was correct to assume that the 
transfructosylation rate decrease was caused by the non-ideal 
thermodynamic effect of the high sucrose concentration.

Mathematical modeling of Sa1-SSTrec enzyme inactivation 
under reactive conditions

Sa1-SSTrec was subjected to temperature between 55 and 70°C 
to observe the thermal stability in presence of sucrose 800 g/L, 
enzyme was added at 6000 U/L and samples were taken at regular 
intervals depending on the incubation temperature. 

The inactivation parameter kD (min-1) were determined from the 
slopes of enzyme inactivation profiles at different temperatures 
assuming simple first-order kinetics (Figure 6), so that a set of data of 
kD versus temperature were generated. The linear trend equations 
showed adjustments higher than 90%. The kD values obtained 

were -0.0972, -0.2029, -0.7124 and -1.5106 for the temperatures of 
55, 60, 65 and 70°C, respectively.

–E
ia
/R and ln(kDo) values were estimated from the slope and 

intercept of a ln(kD) versus 1/T plot, respectively (Figure 7). The 
linear trend equation shows a fit of 98.8%. The values obtained 
for the model constants turned out to be: activation energy of 
the enzymatic inactivation process E

ia
=178.2 kJ/mol and the 

deactivation constant kDo=1.64 × 1027 min-1. E
ia
 is the activation 

energy of the enzyme inactivation process and its magnitude reflects 
the minimum energy required for the enzyme inactivation process. 
This means that more energy is required for promoting enzyme 
inactivation than for product formation from the enzyme–substrate 
complex, so both opposing phenomena respond differently to 
temperature change [24]. The inactivation kinetic model according 
to equation (2) fitted the curves obtained from experimental data 
with adjustments of 88, 100, 87, and 94% for temperatures of 55, 

Figure 4: Lineal behave of “b” coefficient at different initial sucrose 
concentration.

Figure 6: Sa1-SSTrec inactivation profiles at different temperatures 
according to simple first-order kinetics. Data presented are average 
values of n=3 independent experiments at 55ºC (x), 60ºC (∆), 65ºC (◊), 
70ºC (□).

Figure 5: Model validation. Model predictions (lines) and experimental 
data (symbols). Kinetics were carry out at 45ºC, 100 rpm, pH 5,5 sodium 
acetate buffer 0.1 M, 6000 U/L at initial sucrose concentration of 600 
g/L (□), 700 g/L (○) and 800 g/L (∆), and 3000 U/L at 600 g/L (◊).

Figure 7: Lineal behavior of calculated kD at different temperatures.

Figure 8: Enzyme residual activity at different temperatures. Symbols 
are average values of n=3 independent experiments at 55ºC (+), 60ºC 
(∆), 65ºC (◊) y 70ºC (□). Lines represent the theoretical values for 
each temperature.

60, 65, and 70°C, respectively (Figure 8). 
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The experimental results carried out at 45 and 50°C, showed that in 
5 h of incubation there was no appreciable loss of enzyme activity, 
however at 55°C in ten minutes more than 60% of the enzyme 
activity had been lost. Other studies have shown that operational 
times can abruptly change around the optimum temperature with 
the variation of 1°C which can result in changes of the operating 
half-life time in 100 days [38]. The applied model only adjusts to 
temperatures above 55°C, temperature from which an appreciable 
enzymatic inactivation begins to occur within the reaction time 
necessary to obtain the maximum production of 1-kestose.

Mathematical modeling of heat exchange in the jacketed 
bioreactor

Because enzyme bioreactors are primarily jacketed vessels, the 
temperature difference during the heating or cooling process 
is not constant. Therefore, to study the behavior of enzymatic 
deactivation as a function of temperature, it is first necessary to 
know the heat transfer in the working system. To determine the 
overall heat transfer coefficient (UT) in a jacketed agitated vessel 
system it was assumed that the heat flux is one-dimensional flow of 
heat across the radial direction and that the jacket heating medium 
is an isothermal liquid [26,27].

According to the values shown in Table 1, a U value equal to 125.67 
W/m2ºC was obtained. This theoretically determined overall 
heat transfer coefficient was substituted in equation 20, deduced 
from the non-steady state equation that describes the variation in 
temperature in the bioreactor. 

The previous model was experimentally verified by varying the 
temperature of the heating medium (water) 56.5°C, 66.5°C and 
76.5°C (T

jacket
) and measuring the behavior of T

batch
 in the bioreactor 

as a function of time (∆t=60 s). They were compared with the 
theoretical results calculated according to equation 20 and, as can 
be seen in Figure 9, there is an adjustment greater than 98% for all 
the temperatures tested.

Matlab programming

The application of the models described above, integrated into 
a general model and with the help of the Matlab® program, it is 
possible to simulate and optimize 1-kestose batch production in a 

Figure 9: Comparison of the experimental and calculated values of 
the heat transfer in the working system. Water was used as isothermic 
heating medium at 56.5ºC (∆), 66.5ºC (□) and 76.5ºC (○). Lines 
represent the theoretical values at each temperature.

stirred tank reactor (Table 2).

The model proposed in was incorporated into MATLAB® using 
the ode45 function that is used to solve the ordinary differential 
equations from initial conditions. 

Table 2: Equations of           function.

Step Equations

Synthesis kinetic 
model

2
1 22 − −= − +GF GFkC kCGF

o GF o GF
dC k E C be k E C be

dt

Enzyme thermal 
deactivation model

2 exp
 

= − − 
 

GF ia
Do

batch

dC Ek E
dt RT

Heat transfer 
model for a 

jacketed agitated 
vessel

( )−
= jacket batch

batch

UA T T
dT

MCp

Mathematical models for maximum 1-kestose synthesis from 
sucrose in an isothermally jacketed agitated vessel.

This function works with a 4th order Runge-Kutta algorithm, 
being widely used [39]. Previously, all the constants that affect the 
work system were incorporated into the program. The previous 
function was nested with the fminsearch function that was used 
to optimize the 1-kestose concentration by varying the start time of 
the thermal inactivation process. In this way, the optimal start time 
of the thermal inactivation process and the maximum 1-kestose 
concentration that could be reached. The results obtained were 
graphed using the plot and error bar commands.

The program calculates the time to start the heat inactivation and 
how long should be the inactivation process to optimize 1-kestose 
concentration. 

In general, the program operates from a “supposed” thermal 
inactivation start time (t

d_sup
) from which the differential equations 

corresponding to the kinetic model are solved (by the Runge-Kutta 
method) initial operating conditions for an iteration time from 0 to 
t

d_sup
. Then, the differential equations of the models are evaluated 

again: 1-kestose synthesis kinetic, enzyme thermal inactivation and 
heat transfer, taking as initial conditions the final concentrations 
obtained from the previous step beside the initial conditions of 
thermal inactivation, that is, the initial enzymatic concentration 
(Eo) and batch temperature (T

batch
). From the results obtained, it is 

evaluated whether the final concentration obtained is maximum, 
if not, the value of t

d_sup
 is automatically changed until the objective 

function is optimized and the maximum concentration of 1-kestose 
is reached. Finally, the program output the values of the optimal 
time to start thermal inactivation (t

d_opt
) and time of inactivation 

(Table 3). The reduction of enzyme activity and the temperature 
profile (Figure 10) and the kinetic profile of 1-kestose concentration 
with and without inactivation are also displayed (Figure 11).

Table 3: Program output values.

Output data of simulation Reaction 1a Reaction 2b

Time to start inactivation (min) 108.2 302.9

Time of inactivation (min) 13 13

Maximum 1-kestose expected (g/L) 306 ± 15c 407 ± 20c

Note: aSucrose 600 g/L 6000 U/L of Sa1-SSTrec.
bSucrose 800 g/L 4000 U/L of Sa1-SSTrec.
cA 5% error was assumed, taking into account the standard deviations of the experimental data.

ode45
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Experimental validation of the general model bioreactor in 
an isothermally jacketed agitated vessel

To validate the application of the integrated models, 1-kestose 
formation kinetics was simulated at a sucrose concentration of 600 
g/L with 6000 U/L of Sa1-SSTrec and 800 g/L with 4000 U/L. 
The reactions were carry out in a 0.1-L jacketed reactor with stirring 
at 100 rpm, in both experiments the enzyme was inactivated with 
water at 71.5°C. The simulation output data are showed in Table 2.

In addition, the program provides the profiles of temperature and 
concentration of active enzyme as a function of time, during the 
inactivation period. As can be seen in Figure 11, the proposed 
models adequately describe the temperature variation in the 
bioreactor and the loss of enzyme activity as a function of time is 
also simulated. 

The experimental results based on the indications obtained from 

the simulator allowed reaching a 1-kestose concentration of 323 
± 2 g/L and 423 ± 5 g/L, for 600 g/L and 800 g/L of sucrose, 
respectively. This value was kept constant without experiencing a 
decrease observed in the kinetics without deactivation (Figure 11), 
indicating that the estimated inactivation time and conditions were 
sufficient to stop the reaction and reach a maximum of 1-kestose 
within the expected ranges of the simulation. In both cases 1-kestose 
represented between 53%-54% (w/w) of total sugars. During the 
Sa1-SSTrec reaction, at the time of maximum yield of 1-kestose, 
the percentage ratio 1-kestose: nystose reached 90:10. However, 
without inactivation as the reaction proceeds this ratio can change 
to around 80:20. After Sa1-SSTrec heat inactivation the 1-kestose 
percentage remained above 90% of total FOS, which was around 
10% higher than that of the batch reaction without inactivation 
process, both for 600 and 800 g/L of sucrose (Table 4).

Figure 10: Variation profile of temperature and enzyme activity during inactivation. A: Sucrose 600 g/L 6000 U/L of Sa1-SSTrec B: 
Sucrose 800 g/L 4000 U/L of Sa1-SSTrec. Symbols represent the theroretical (-) and experimental (■) variation of the temperature and the 
theoretical enzyme activity (--). As heating media was used water at 71.5ºC.

Figure 11: Experimental validation of the results obtained from the simulation of the 1-kestose production. A: Sucrose 600 g/L 6000 U/L 
of Sa1-SSTrec B: Sucrose 800 g/L 4000 U/L of Sa1-SSTrec. Discontinuous lines (--) represent a theoretical kinetic without deactivation; 
the continuous line (-) represents a theoritical kinetic with thermal inactivation ± standard deviation of 5% and (▲) represents the average 
values of n=3 independent experiments.
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CONCLUSION

Three mathematical models were used to describe the work system: 
A simplified model expressing transfructosylation as a linear 
function of sucrose; the enzyme inactivation based on a first-order 
kinetic model described by the first rate inactivation constant, and 
the model that use the overall heat transfer coefficient on a non-
steady state equation that describes the variation in temperature 
in the bioreactor. The integration of the models in the Matlab 
program, has been demonstrated the best predicted-experimental 
data adjustment for 1-kesose synthesis. They provide the 
inactivation time need to start thermal inactivation of Sa1-SSTrec 
in an isothermally jacketed agitated vessel to gives satisfactory 
results for the maximum 1-kestose concentration. Therefore, these 
models are suitable tools for process design and optimization in 
1-kestose batch production at different initial sucrose and enzyme 
concentrations.
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