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1 Introduction
Inulinases are enzymes (2,1-β-d-fructanohydrolase, E.C. 

3.2.1.7) with an important role in the production of high 
fructose syrups (HFS) by the enzymatic hydrolysis of the 
inulin (SILVA-SANTISTEBAN; MAUGERI, 2005) and in 
the fructooligosaccharides (FOS) synthesis since the enzyme 
has significant transfructosylating activity at high sucrose 
concentrations (GOOSEN; VAN DER MAAREL; DIJKHUIZEN, 
2008). The enzymatic production processes of FOS in aqueous 
systems have been extensively studied and reviewed by several 
authors (SANGEETHA; RAMESH; PRAPULLA, 2005; 
SANGEETHA;  RAMESH; RAPULLA, 2004). Amongst the 
enzymes with high transfructosylation activity the majority 
are from fungi such as Aspergillus niger, Aspergillus japonicus, 

Aureobasidium pullulans, and Fusarium oxysporum (SANTOS; 
MAUGERI, 2007). In a recent paper, Santos and Maugeri (2007) 
investigated the FOS synthesis in aqueous system by inulinase 
from sucrose using stirred and packed-bed reactors in batch and 
continuous process with free and immobilized enzyme from 
Kluyveromyces  marxianus ATCC 16045. The results showed 
slight difference among the investigated processes.

Hydrolytic enzymes such as inulinase (E.C. 3.2.1.7) can also 
catalyze synthetic reactions, which are the reverse reactions of 
hydrolysis, in the presence of organic solvents. When the molar 
fraction of water in a reaction mixture is reduced by the addition 
of an organic solvent, it is possible to shift the equilibrium of a 
reversible reaction between hydrolysis and synthesis to complete 
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This work investigated the fructooligosaccharides (FOS) synthesis by immobilized inulinase obtained from Kluyveromyces  marxianus 
NRRL Y-7571 in aqueous and aqueous-organic systems using sucrose as substrate. The sequential strategy of experimental design was used to 
optimize the FOS conversion in both systems. For the aqueous-organic system, a 26-2 fractional design was carried out to evaluate the effects 
of temperature, sucrose concentration, pH, aqueous/organic ratio, enzyme activity, and polyethylene glycol concentration. For the aqueous 
system, a central composite design for the enzyme activity and the sucrose concentration was carried out. The highest fructooligosaccharides 
yield (YFOS) for the aqueous-organic system was 18.2 ± S0.9 wt%, at 40 °C, pH 5.0, sucrose concentration of 60% (w/w), enzyme activity of 
4 U.mL–1, and aqueous/organic ratio of 25/75 wt%. The highest YFOS for the aqueous system was 14.6 ± 0.9 wt% at 40 °C, pH 5.0, sucrose 
concentration of 60 wt%, and enzyme activity of 4.0 U.mL–1.
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at pH  4.8 containing 3.5% of glutaraldehyde at 10  °C under 
brand agitation. The immobilized inulinase was maintained at 
4 °C for 24 hours and  washed with sodium acetate buffer 0.1M 
pH 4.8. To maintain the structure, the immobilized spheres were 
immersed into a calcium chloride 0.2M solution in the sodium 
acetate buffer 0.1M at pH 4.8. 

2.3 Fructooligosaccharides synthesis 

The synthesis was carried out in stirred reactors (150 rpm) 
with total volume of 250 mL. The operational conditions were 
defined according to the experimental design planning. The 
reaction time for the FOS synthesis was 8 hours, and the FOSs 
usually produced were: GF2 (kestose), GF3 (nistose), and GF4 
(fructosilnistose). In aqueous systems, the reaction medium 
was composed of 0.1M sodium acetate buffer. In the aqueous-
organic system, the solvents employed were the 0.1M sodium 
acetate buffer and butyl acetate. 

2.4 Sequential strategy of experimental designs for process 
optimization

The sequential strategy of experimental design was adopted 
to evaluate the FOS synthesis in both systems. For the aqueous-
organic system, two fractional designs were carried out. Initially, 
the effects of temperature, pH, sucrose concentration, enzyme 
activity, aqueous-organic ratio, and polyethylene concentration 
(PEG) were evaluated by means of a 26-2 fractional design. Based 
on the results, a 24-1 fractional design was carried out to evaluate 
the effects of pH, sucrose concentration, aqueous/organic 
ratio, and enzyme activity. For the aqueous system, a Central 
Composite Rotational Design (CCRD) investigated the effect of 
the pH, sucrose concentration, and enzyme activity in the FOS 
yield. The results were evaluated using the Statistica 7.0 software. 

2.5 Chromatographic analysis

The samples were obtained at regular time intervals and 
analyzed by high-performance liquid chromatography with 
pulsed amperometric detection (HPLC-PAD) method to 
identify and quantify sugars and FOS using standard curve 
of kestose, nystose, and 1F-fructosylnystose (Wakao Industry, 
Japan) and sucrose, glucose, and fructose (Merck). A Dionex 
DX500 system (Sunny-vale, CA, USA) ion chromatograph 
was utilized. This equipment consists of a GP50 gradient 
pump, ED40 electrochemical detector, and a CarboPac PA100 
analytical anion exchange column (250 × 4 mm). Gradient 
elution was applied using two solvents: 0.1M aqueous sodium 
hydroxide (A) and 0.1M aqueous sodium hydroxide containing 
0.6M sodium acetate (B). Both eluents were prepared with 
ultrapure water and degassed by nitrogen bubbling. The 
volume of injection was 25 µL. The elution began with 100% 
of solvent A for 10 minutes at a flow rate of 0.1 mL/minutes. 
This was followed by linear gradient from 0-90% of solvent 
B in solvent A for 15 minutes. Then the column was washed 
for 5  minutes with 100% solvent B. The next injection was 
performed after equilibrating the column with 100% solvent 
A for 5 minutes.

the synthesis and achieve high yields (OGINO  et  al., 2007). 
However, most enzymes including inulinase are easy to denature 
and lose their catalytic activities in the presence of organic 
solvents. To overcome these shortcomings, it is interesting 
to use immobilized enzymes, which may offer advantages 
over free enzymes such as the possibility of reuse, continuous 
operations, better control of reactions, and improved stability of 
temperature, pH, and organic solvents (KUMARI et al., 2008). 
Recent studies showed that the use of immobilized inulinase 
enhance temperature and pH stability in buffer solutions 
(SANTOS; OLIVEIRA; MAUGERI, 2007) and allow us to reuse 
the same enzyme for several cycles (SINGH; DHALIWAL; 
PURI , 2007).

The use of statistical tools involving Central Composite 
Design (CCD) and the Response Surface Methodology (RSM) 
has been widely used for the optimization of bioprocesses and 
is now a standard procedure. The CCD is an efficient strategic 
experimental approach to determine the optimal conditions of 
a multivariable system with a minimum of experiments saving 
time and reducing costs.

In this work, the inulinase produced by the strain 
Kluyveromyces  marxianus  NRRL Y-7571 was immobilized 
with sodium alginate and used for the fructooligosaccharides 
synthesis from sucrose in aqueous and aqueous-organic systems.

2 Material and methods

2.1 Fermentation and enzyme recuperation

Kluyveromyces  marxianus NRRL Y-7571 was employed 
for the production of inulinase. The fermentation medium was 
composed of (g.L–1): sucrose 30.0, yeast extract 10.0, peptone 
20.0, and K2HPO4 5.0. The cultures were grown at pH  3.5. 
The fermentation was carried out using 10% of inoculum 
and incubating at 30  °C in a rotary shaker at 150  rpm for 
72  hours, according to Makino  et  al. (2009). The fermented 
medium was centrifuged at 10000 × g for 15 minutes, at 4 °C. 
The precipitation of the enzyme was carried out by adding 
ethanol to give the supernatant a final concentration of 70%.
The temperature was kept as low as possible using ethanol at 
–20 °C with mild agitation. After the addition of ethanol, the 
solution was centrifuged at 10000 × g for 15 minutes at 4 °C. 
The precipitated enzyme was diluted in sodium acetate buffer 
0.1M pH 5.0 and stocked at –20 °C.

2.2 Inulinase immobilization

The inulinase was immobilized according to the following 
methodology. Initially, a gel solution containing 16.5  g of 
distilled water and 0.75 g of sodium alginate was prepared and 
maintained under brand heating. After the complete alginate 
dissolution, 12.5  g of sucrose was added. In the resulting 
solution, 5 mL of solution containing the recovered inulinase, 
3.5 mL of glutaraldehyde, and 0.75 g of activated carbon were 
added.

For sphere formation, the gel solution was pumped into a 
calcium chloride 0.2M solution in sodium acetate buffer 0.1M 
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2.6 Inulinase assay 

The inulinase activity was measured by incubating 1.0 mL 
of immobilized spheres containing the inulinase with 9.0 mL 
of 2% (w/v) sucrose solution at 50 °C in sodium acetate buffer 
(0.1 mol.L–1 pH 4.8) (SANTOS; MAUGERI, 2007). The reducing 
sugars released were measured by the 3,5-dinitrosalicylic acid 
method (2009) (MILLER, 1959). One unit of inulinase activity 
was defined as the amount of enzyme that released 1 µmol of 
reducing sugars as glucose per minute under standard assay 
conditions. 

3 Results and discussion

3.1 Aqueous-organic system

Table 1 presents the results obtained in the 26-2 fractional 
design to evaluate the main effects of the temperature, pH, 
sucrose, enzyme activity, aqueous/organic ratio, and PEG 
concentration on the fructooligosaccharides yield (YFOS). A total 
of 19 experimental runs were carried out and a greatest variation 
in yield was obtained, which ranged from 0.6 to 16.0 wt% in the 
runs 9 and 14, respectively.  

The results of Table 1 were employed to estimate the main 
effects of the independent variables, which are presented in 
Table  2. The statistically significant variable (p  <  0.10) was 
sucrose concentration, which had a positive effect on the 
fructooligosaccharides yield. The effects of the other variables 
such as temperature, enzyme activity, aqueous/organic ratio, 
pH, and PEG concentration were not significant in the range 
investigated. 

With the aim of  evaluating the effects of sucrose 
concentration on the YFOS, three additional experimental runs 
were carried out in triplicate at 40.0, 60.0, and 80.0  wt% of 
sucrose maintaining the temperature, pH, aqueous/organic 
ratio, and enzyme activity at 40  °C, 5.0, 75/25  wt%, and 
6 U.mL–1, respectively. The PEG was not used in the reaction 
medium, since its effect was negative and the low level of the 
26-2 fractional design was zero. Table  3 presents the results 
obtained as well as the statistical analysis based on the analysis 
of variance (ANOVA) followed by the Tukey test (p < 0.05). 
As can be seen, the highest YFOS was obtained at 60  wt% of 
sucrose in the medium (18.2 ± 0.9), which was validated by 
the statistical analysis. 

3.2 Aqueous system 

Table  4 presents the results obtained in the CCRD to 
optimize the FOS synthesis in the aqueous system in terms 
of sucrose concentration and enzyme activity. A total of 11 
experimental runs were carried out, and the YFOS ranged 
from 5.9 to 16.5 wt%, which were obtained at runs 8 and 5, 
respectively.  The data presented in Table 4 were employed to 
build a second order model for the YFOS as a function of the 
coded sucrose concentration and coded enzyme activity. The 
regression coefficients of the model represent the effect of the 
independent variables on the response.  

Table 1. Matrix of the 2(6-2) fractional design (Real and coded values) 
in terms of FOS yield for the aqueous-organic system.
Run T

(°C)
pH Sucrose

(wt%)
Enzyme
(U.mL–1)

Aqueous/Organic
Ratio (wt%)

PEG
(wt%)

YFOS
(wt%)

1 30 (–1) 5 (–1) 50 (–1) 4 (–1) 75/25 (–1) 0 (–1) 8.0
2 50 (1) 5 (–1) 50 (–1) 4 (–1) 50/50 (1) 0 (–1) 1.8
3 30 (–1) 7 (1) 50 (–1) 4 (–1) 50/50 (1) 4 (1) 2.0
4 50 (1) 7 (1) 50 (–1) 4 (–1) 75/25 (–1) 4 (1) 3.7
5 30 (–1) 5 (–1) 70 (1) 4 (–1) 50/50 (1) 4 (1) 2.7
6 50 (1) 5 (–1) 70 (1) 4 (–1) 75/25 (–1) 4 (1) 4.8
7 30 (–1) 7 (1) 70 (1) 4 (–1) 75/25 (–1) 0 (–1) 6.3
8 50 (1) 7 (1) 70 (1) 4 (–1) 50/50 (1) 0 (–1) 4.8
9 30 (–1) 5 (–1) 50 (–1) 8 (1) 75/25 (–1) 4 (1) 0.6
10 50 (1) 5 (–1) 50 (–1) 8 (1) 50:50 (1) 4 (1) 1.7
11 30 (–1) 7 (1) 50 (–1) 8 (1) 50/50 (1) 0 (–1) 1.5
12 50 (1) 7 (1) 50 (–1) 8 (1) 75/25 (–1) 0 (–1) 4.3
13 30 (–1) 5 (–1) 70 (1) 8 (1) 50/50 (1) 0 (–1) 7.8
14 50 (1) 5 (–1) 70 (1) 8 (1) 75/25 (–1) 0 (–1) 16.0
15 30 (–1) 7 (1) 70 (1) 8 (1) 75/25 (–1) 4 (1) 5.1
16 50 (1) 7 (1) 70 (1) 8 (1) 50/50 (1) 4 (1) 3.1
17 40 (0) 6 (0) 60 (0) 6 (0) 65/35 (0) 2 (0) 10.7
18 40 (0) 6 (0) 60 (0) 6 (0) 65/35 (0) 2 (0) 10.6
19 40 (0) 6 (0) 60 (0) 6 (0) 65/35 (0) 2 (0) 11.4

Table 4. Matrix of the CCRD (Real and coded values) in terms of FOS 
yield for the aqueous system.

Run Enzyme (U.mL–1) Sucrose (wt%) YFOS (wt%)
1 4.4 (–1) 45.8 (–1) 9.5
2 6.5 (1) 45.8 (–1) 10.3
3 4.4 (–1) 74.1 (1) 11.5
4 6.5 (1) 74.1 (1) 6.8
5 4.0 (–1.41) 60.0 (0) 16.5
6 7.0 (1.41) 60.0 (0) 15.4
7 5.5 (0) 40.0 (–1.41) 8.3
8 5.5 (0) 80.0 (1.41) 5.9
9 5.5 (0) 60.0 (0) 8.8
10 5.5 (0) 60.0 (0) 9.3
11 5.5 (0) 60.0 (0) 9.7

Table 2. Estimated effects for the FOS syntheses in the aqueous–organic 
system obtained in the 26-2 fractional design.

Effects Standard 
error

t(2) p-value

Mean 5.62 0.86 6.51 <0.0001
T (°C) 0.78 1.88 0.41 0.6882
pH –1.58 1.88 –0.84 0.4197
Sucrose (%) 3.38 1.88 1.79 0.0986
Enzyme (U.mL–1) 0.75 1.88 0.40 0.6976
Aqueous/organic ratio (% w/w) –2.93 1.88 –1.55 0.1467
PEG (%) –3.35 1.88 –1.78 0.1009

Table 3. Statistical analysis of the effect of the sucrose concentration 
on the YFOS for the aqueous-organic system.

Sucrose (wt%) YFOS (wt%)
40.0 13.8 ± 1.4b

60.0 18.2 ± 0.9a

80.0 11.5 ± 0.5b

a,bDifferent letters represent significant difference at 95% (p < 0.05 - Tukey test).
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Comparing the YFOS in the aqueous system, it can be seen 
that amongst the enzymes with fructosylating activities, the 
inulinases present the lowest values. However, this lower yield is 
compensated by their high productivities during fermentation 
and low production costs, according to the results reported by 
previous studies of Treichel et al. (2009) and Makino et al. (2009). 

With regard to the FOS synthesis in aqueous-organic 
system, there are no reports in the literature, and the results 

Equation  1 presents the significant terms of the model 
(p < 0.05), which were validated by the analysis the variance 
(ANOVA). The F model value of 10.0 (2 times higher than the 
listed F values) implied that the model was significant. The 
model determination coefficient R2 (0.9091) suggested that the 
fitted model could explain 91% of the total variation. 

YFOS = 9.27 + 2.85 . E2 _ 1.60 . S2	 (1)

where YFOS is the aqueous FOS yield (wt%), E is de coded enzyme 
activity, and S is the coded sucrose concentration. The significant 
terms in the coded model were selected based on the p-values 
(p < 0.05) that serve as a tool for checking the significance of 
each of the coefficients. As can be seen, the significant terms 
in the coded model were the quadratic terms of both variables. 
A mathematical analysis of these coefficients indicates that 
there is a minimum and a maximum points in the process 
since the second derivatives of the YFOS regarding the sucrose 
concentration and enzyme activity were negative and positive. 
This is a very relevant result since this kind of system is very 
difficult to optimize, mainly if the one-variable-at-a-time is 
employed because there is little information available to help 
overcome the difficulties imposed by the system. 

The coded model was used to fit the response surface and 
contour plot for the FOS synthesis in aqueous system (Figure 1). 
One can see that the YFOS reached an optimum value of about 
16.0% for an ample range of sucrose concentration, more 
specifically from 55 to 75% and around 4 U.mL–1 for enzyme 
activity. In order to validate the model predictions, three 
additional runs were carried out in triplicate to evaluate the 
effect of sucrose concentration on the YFOS. Table  5 presents 
the results obtained, as well as the statistical analysis based on 
the ANOVA followed by the Tukey’s test (p < 0.05). As can be 
seen, the highest YFOS was obtained at 60 wt% of sucrose in the 
medium (14.6 ± 0.9 wt%), which was validated by the statistical 
analysis. The optimized conditions for the FOS synthesis in the 
aqueous system were inulinase activity 4.0 U.mL–1, temperature 
40 °C, pH 5.0, and sucrose concentration of 60.0%. 

The maximum FOS yield obtained in both aqueous and 
aqueous-organic systems under the optimized conditions were 
14.6 ± 0.9 wt% and 18.2 ± 0.9 wt%, respectively. A statistical 
analysis, based on the ANOVA followed by the Tukey’s test 
(p < 0.05), indicated slightly significant differences between the 
studied systems, in which the aqueous-organic system showed 
better results in terms of YFOS using sucrose as substrate. 

With regard to the aqueous system for the FOS synthesis 
from sucrose using inulinase as catalyst, the results obtained 
in this study are higher than those reported by Santos, Oliveira 
and Maugeri (2007), who found an YFOS concentration of about 
10  wt% in stirred reactor with immobilized inulinase from 
Kluyveromyces marxianus ATCC 16045. When the inulin was 
used as substrate, the maximum inulooligosaccharide yield 
reported was about 72% (w/w) with free endoinulinase from 
Pseudomonas sp. (YUN et al., 1997). Mutanda, Wilhelmi and 
Whiteley (2008) investigated the batch wise production of 
inulooligosaccharides from pure chicory inulin with a commercial 
endoinulinase preparation (Novozyme® 960) that was isolated 
from A. niger, and they obtained a maximum yield of 54% after 
72 hours of reaction with 5% inulin at 45 °C and 5 U.g–1 substrate.

Table 5. Validation of model predictions for the FOS synthesis in the 
aqueous system and Statistical analysis of the effects of the sucrose 
concentration on the FOS syntheses in the aqueous system.

Sucrose (wt%) YFOS (wt%)
40 10.6 ± 0.8b

60 14.6 ± 0.9a

80 6.5 ± 0.9c

a,b,cDifferent letters represent a significant difference at 95% (p < 0.05 - Tukey test).

Figure 1. a) Response surface; and b) contour plot for YFOS in the 
aqueous system.

a

b
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obtained in this study are provocative since no advantageous 
yield was obtained comparing with the aqueous system, which 
is not in accordance with the technical literature. This fact 
can be associated with the water proportion in the aqueous-
organic system that determines if the enzyme presents 
catalytic or hydrolytic activities. Zaks and Klibanov (1988) 
showed that enzymes suspended in hydrophobic solvents 
require substantially less water for maximal activity than 
those suspended in hydrophilic solvents. They stated that this 
phenomenon might be due to a difference in the distribution of 
water between the enzyme and the medium in various solvents. 

4 Conclusions
The use of the sequential experimental design methodology 

proved very useful in the optimization of fructooligosaccharides 
by inulinase either in aqueous or aqueous-organic systems. For 
the aqueous-organic system, the maximum YFOS reached was 
18.2  ±  0.9  wt% under the following operational conditions: 
temperature of 40 °C, enzyme activity of 4 U.mL–1, aqueous/
organic ratio of 75/25, pH of 5.0, and sucrose concentration of 
60%. In the aqueous system, the maximum conversion obtained 
was 14.6 ± 0.9 wt% at 40 °C pH 5.0 60% of sucrose and inulinase 
activity of 4 U.mL–1. 

Although the yields of FOS obtained in this study for the 
aqueous-organic system showed better results than for those 
of  the aqueous system, the increase in the yield is very low to 
justify an industrial production of FOS using organic medium 
since there are several drawbacks to remove this solvent from the 
final product before commercialization. In addition, although 
the yields of the FOS obtained in this study were lower than 
those obtained by other microorganisms, the FOS concentration 
in the syrup is enough for the daily recommended dietary 
allowance, which is about 8 g per adult (LOSADA; OLLEROS, 
2002; YUN, 1996)
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