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Abstract - The immobilization of Aspergillus oryzae β-galactosidase was achieved by entrapment in sodium 
alginate and gelatin and cross-linking with glutaraldehyde. The optimal concentrations of the aforementioned 
variables in the immobilization process were determined using an orthogonal central composite design with an 
orthogonal axial value of 1.35313. The concentrations of alginate, gelatin and glutaraldehyde that provided the 
greatest enzymatic activity were 6.60%, 4.05% and 3.64% (w/v), respectively. The stability of the immobilized 
enzyme under the optimal conditions was evaluated through daily activity assays. After 25 uses, a 20% decrease 
in the enzymatic activity was observed, indicating that the immobilization process could be used to produce a 
stable biocatalyst. This study investigates the influence of lactose and product concentrations on kinetic reaction 
hydrolysis. The concentration ranges for the studied variables were 10 to 56 g/L for lactose and 0 to 11.5 g/L for 
glucose and galactose. Only galactose presented a competitive inhibitory effect.  
Keywords: Alginate; Aspergillus oryzae; β-galactosidase enzyme; Entrapment; Optimization, Gelatin. 

 
 
 

INTRODUCTION 
 

Compared to soluble forms, immobilized 
enzymes are more stable and can be easily separated 
from the reaction medium and the final product, 
leading to a significant decrease in enzyme 
consumption. To enhance the competitiveness of 
immobilized enzymes for technical applications, the 
cost of immobilization must be minimized (Tischer 
and Kasche, 1999; Ladero et al., 2000; Haider and 
Hussain, 2007; Haider and Hussain, 2009).  

Lactose hydrolysis by lactase has two main 
biotechnological applications: the first is in the 
utilization of whey because both glucose and 
galactose have greater fermentation potential in 
comparison with lactose; the second is for the 

consumption of dairy products by lactose-intolerant 
persons (Ladero et al., 1998; Roy and Gupta, 2003). 
Lactose is a sugar that is found in milk and cheese 
whey, and the hydrolysis of lactose has been the 
subject of intense research over the last two decades 
because a large number of people cannot properly 
digest lactose due to a lack or inactivity of intestinal 
β-galactosidase (Ladero et al., 1998; Nakkharat and 
Haltrich, 2006).  

The immobilization of β-galactosidase has been 
achieved through a variety of different methods, 
including physical adsorption, gel entrapment and 
covalent binding (Kierstan and Coughlan, 1991; 
Gaur et al., 2006). Moreover, a large number of 
immobilization processes and supports have been 
used (Carpio et al., 2006). The choice of support is 



 
 
 
 

16          F. F. Freitas, L. D. S. Marquez, G. P. Ribeiro, G. C. Brandão, V. L. Cardoso and E. J. Ribeiro 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

determined by the conditions of the desired 
application and the method used to immobilize the 
enzyme (Cao, 2005). 

Entrapment in alginate gel is one of the simplest 
methods of immobilization; however, the technique is 
limited by the stability and porosity of the gel, which 
can lead to enzyme leakage (Ates and Mehmetoglu, 
1997; Parizia and Foster, 1983; Mammarella and 
Rubiolo, 2009). Thus, new methods of enzyme 
immobilization that present high enzymatic activity 
and good physical chemical properties are highly 
desirable. An approach to circumvent this leaching 
problem consists of cross-linking the enzyme and 
gelatin with glutaraldehyde, which forms an insoluble 
structure. Glutaraldehyde treatment also stabilizes the 
alginate beads and is commonly used as a cross-
linking agent in combination with other composites 
such as gelatin (Guisan et al., 2006; Haider and 
Hussain, 2007; Guisan et al., 2007; Kosseva et al., 
2009). The molecular microenvironment of the 
enzyme can be modified to increase the stability of the 
enzyme in the composite. In covalent immobilization 
methods, reagents that bind to both the enzyme and 
the support alter the local environment of the enzyme. 
Reagents that are capable of binding the support and 
the enzyme can be classified as small molecules (such 
as amino acids or other amines) or macromolecules 
(bovine albumin, gelatin and polyethylene glycol) 
(Cao, 2005). Under mild conditions, gelatin can cross-
link with glutaraldehyde to form an aldimine bond; as 
a result, only the lysine residues of the protein are 
affected (Tanriseven and Dogan, 2002). Thus, the 
hydrolysis reaction occurs inside the beads, and the 
substrate penetrates into the matrix by mass transfer. 

Lactase derived from Aspergillus oryzae is safe 
for applications in the food and pharmaceutical 
industry and Aspergillus oryzae has a history of safe 
usage (Kosseva et al. 2009). Various studies on the 
immobilization of β-galactosidase derived from 
fungi have been published (Gaur et al, 2006; 
Prashanth and Mulimani, 2005; Neri et al., 2009), 
and Aspergillus oryzae has been subjected to 
numerous tests (Parizia and Foster, 1983; Haider and 
Hussain, 2009; Zeng et al., 2009; Guidini et al., 
2010; Illanes et al., 2010). Galactose has an 
inhibitory effect on the activity of beta-galactosidase, 
which is important in the design of enzymatic 
reactors (Ozdural et al., 2003). Beta-galactosidase 
from different sources has been found to exhibit 
competitive or mixed inhibition by galactose (Ladero 
et al., 1998; Haider and Hussain, 2007). 

The objectives of the present study were to 
optimize the immobilization procedure of 
Aspergillus oryzae β-galactosidase in sodium 

alginate, gelatin and glutaraldehyde, which was 
employed as a reticulating agent, and to study the 
kinetics of lactose hydrolysis in terms of lactose and 
product concentrations. 
 
 

MATERIALS AND METHODS 
 
Enzyme 

 
Aspergillus oryzae β-galactosidase (3.2.1.23) was 

obtained from the Sigma Chemical Co. The enzyme 
is available in the form of a white powder and its 
activity for lactose hydrolysis is 9 units per mg. The 
unit of activity (U) is equal to 1 μmol of lactose per 
minute at 30°C and a pH of 4.5. 
 
Enzyme Activity Determination 
 

The catalytic activity of β-galactosidase for both 
forms was determined using the initial rates method. 
The unit of the specific activity of the free enzyme 
(UF) was defined as the grams of glucose produced 
per liter per minute per milligram of protein 
(gglucose/L.min.mgprotein). The enzyme was diluted     
to 1% (w/v) in pH 4.5 acetate buffer and contained 
0.14 mg/mL of protein, which was determined using 
Lowry's method (Lowry et al., 1951). The 
immobilized enzyme activity (UI) was defined as the 
grams of lactose consumed per minute per m3 of 
immobilized biocatalyst (glactose/(min.m3cat)). The 
glucose produced by the reaction was determined 
according to the glucose-oxidase method. The 
volume of biocatalyst particles was determined by 
measuring the displacement of the fluid volume 
using a pycnometer.  

 
Enzyme Immobilization 
 
a) Experimental Design 
 

An orthogonal central composite design (CCD) 
was proposed to optimize the alginate, gelatin and 
glutaraldehyde concentrations in the immobilization 
process, which consisted of two levels and three 
variables. The CCD contained three replicates at the 
central point and 6 experiments at each axial point 
for a total of 17 experiments. To achieve the 
orthogonal CCD, an α-value of 1.35313 (axial 
points) was used. The influences of alginate (X1 %), 
gelatin (X2%) and glutaraldehyde (X3%) 
concentrations were studied in the range of 1 to 
6.75% for alginate and 0 to 8.05% for gelatin and 
glutaraldehyde. The initial values of these variables 
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were obtained through preliminary tests and based 
on previous results from the literature (Bódalo et al., 
1991; Ates and Mehmetoglu, 1997; Becerra et al., 
2001; Tanriseven and Dogan, 2002; Haider and 
Hussain, 2007; Haider and Hussain, 2008). 
 
b) Immobilization Procedure 
 

The enzyme was immobilized in technical grade 
sodium alginate and PA gelatin as described by 
Tanriseven and Dogan (2002). A suspension of 
sodium alginate and gelatin was diluted with water to 
achieve a final mass of 40 g. The suspension was 
heated to 80°C until the alginate was completely 
dissolved. Subsequently, the suspension was cooled to 
40ºC, and 10 mL of a solution of 10% (w/v)              
β-galactosidase was added to achieve a final mass     
of 50 g. Using a peristaltic pump, the suspension was 
dripped into a solution of 0.05 M CaCl2 and 
glutaraldehyde under magnetic stirring to 
form immobilized biocatalyst spheres with an average 
diameter of 4.4 mm that were resistant to the reaction 
medium conditions. The biocatalyst was stored in a 
solution of 0.05 M CaCl2 for at least 12 hours at 4°C 
before the initial activity of the immobilized enzyme 
was determined. In each activity assay, the biocatalyst 
was washed with 0.01 M acetate buffer (pH 4.5). 
After each use, the immobilized enzyme was washed 
and stored in the same buffer solution. Enzyme 
activities that were determined immediately after the 
dropping and after hardening of the gel particles were 
essentially the same. The enzymatic activity in the 
supernatant after the enzyme immobilization was 
negligible for all immobilization assays. 
 
Influence of Lactose Concentration on the 
Activity of Free and Immobilized β-Galactosidase  
 

The relationship between β-galactosidase enzyme 
activity and substrate concentration (lactose) was 
determined experimentally using the initial reaction 
rates procedure in a range of substrate concentrations 
from 10 to 100 g/L at 35°C and pH 4.5 in an acetate 
buffer (10-1 M) for both forms. All of the 
experiments were performed in duplicate. 

The hydrolysis reactions were performed in a 
reactor containing 50 mL of buffered lactose solution 
at the appropriate conditions of lactose concentration, 
pH and temperature. The assays were conducted in a 
reactor with 60 mm diameter with a 25 mm magnetic 
stirrer. This speed was sufficient to maintain the 
immobilized biocatalysts in suspension and did not 
cause its rupture. For the immobilized form of           

β-galactosidase, 15 cm3 of the immobilized enzyme 
beads were added to the reactor. For the soluble form 
of β-galactosidase, 0.5 mL of a solution (1% w/v) of 
the enzyme was added to the buffered solution. 
 
Influence of the Initial Concentration of Lactose, 
Glucose and Galactose on the Free Enzyme Activity 
 

A central composite design (CCD) was used to 
analyze the combined influence of the concentration of 
the reaction products (glucose and galactose) and the 
substrate (lactose) in the hydrolysis of lactose by          
β-galactosidase in the free form. The CCD contained 
three replicates at the center point and 6 experiments at 
each axial point for a total of 17 experiments. To achieve 
the orthogonal CCD, an α-value of 1.35313 was used. 

The concentration ranges for the studied variables 
were 10 to 56 g/L for lactose and 0 to 11.5 g/L for 
glucose and galactose based on preliminary studies 
and the works of Ladero et al. (1998, 2000) and 
Portaccio et al. (1998). Substrate inhibition was not 
verified in this range of lactose concentration. The 
experiments were performed at 35°C in an acetate 
buffer at pH 4.5, and activities were determined 
using the initial reaction rates procedure. All of the 
experiments were carried out in duplicate. 
 
Influence of the Initial Concentration of 
Galactose on Free and Immobilized Enzyme 
Activity 
 

Based on the results of the previous experiments, it 
was concluded that glucose had no significant 
influence on the activity of free β-galactosidase; 
therefore, only the influence of the initial concentration 
of galactose on the enzyme activity was studied. This 
study was performed according to Portaccio et al. 
(1998) and was used to determine the enzyme 
activities for lactose concentrations (S) in a range of 5 
to 100 g/L in the presence of galactose concentrations 
(I) in a range of 0 to 10 g/L for free and immobilized 
β-galactosidase as shown in Table 1. 

The experiments were performed at 35°C with   
50 mL of substrate solution of the desired 
concentrations in an acetate buffer at pH 4.5. The study 
used 0.5 mL of 1% (w/v) enzyme solution in an acetate 
buffer and different sets of immobilized biocatalysts 
(one for each substrate concentration) using the 
previously optimized immobilization conditions. All of 
the experiments were carried out in duplicate. The 
experimental results for the reaction rate were fitted to 
the kinetic models of competitive and non-competitive 
inhibition using the Statistica 7.0 software. 
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Table 1: Experiments for the kinetic model study 
of enzyme inhibition for free and immobilized 
enzyme 
 

Exp. Lactose 
(g/L) 

Galactose 
(g/L) Exp. Lactose 

(g/L) 
Galactose 

(g/L) 
1 5 0 16 60 0 
2 5 2.5 17 60 2.5 
3 5 5 18 60 5 
4 5 7.5 19 60 7.5 
5 5 10 20 60 10 
6 20 0 21 80 0 
7 20 2.5 22 80 2.5 
8 20 5 23 80 5 
9 20 7.5 24 80 7.5 
10 20 10 25 80 10 
11 40 0 26 100 0 
12 40 2.5 27 100 2.5 
13 40 5 28 100 5 
14 40 7.5 29 100 7.5 
15 40 10 30 100 10 

 
 

RESULTS AND DISCUSSIONS 
 
Optimization 
 

The central composite design permitted             
the identification of the optimal conditions for         
β-galactosidase immobilization, including the 
concentrations of alginate, gelatin and glutaraldehyde. 
After the experimental matrix was defined, the 
experiments were conducted and the initial activity 
(Y) of the immobilized enzyme was obtained as 
shown in Table 2.  

A multiple regression analysis was conducted on 
the experimental data and parameters with a 

significance level greater than 10% were neglected. 
The variables that displayed a significance level 
lower than 10% in Student’s t-test were the most 
relevant to the model. The results indicated that the 
square of the alginate concentration ( 2

1X ), the 
alginate concentration ( 1X ), the square of the gelatin 

concentration ( 2
2X ) and the square of glutaraldehyde 

concentration ( 2
3X ) were significant as shown in 

Equation (1): 
 

2
1 1

2 2
2 3

Y 984.304 60.996X 81.638X

42.505X 45.946X

= + + −

−
       (1) 

 
where X1 , X2 and X3 are the coded values of the 
concentrations of alginate, gelatin and 
glutaraldehyde, respectively, according to Table 1. 
The coefficient of determination (R2) of the equation 
was 89%, indicating that the experimental data were 
adequately adjusted and that the aforementioned 
variables were related to the activity of the enzyme. 
Therefore, 89% of the variability of the experimental 
data was explained by the empirical equation. To 
validate the model, three experiments were 
performed under optimal conditions and the 
activities obtained by the tests were 1190.5 UI, 
1257.6 UI and 1180.4 UI. From the model (Equation 
(1)), the maximum activity was 1195.9 UI. To 
illustrate the effects of the variables on enzymatic 
activity, the response surfaces relating pairs of 
variables were constructed and are presented in 
Figures 1, 2 and 3. 

 
Table 2: Experimental enzymatic activities in the immobilization process where X1, X2 and X3 are the 
concentrations of alginate, gelatin and glutaraldehyde, respectively.  
 

 Codified value (Real value)  
Exp. X1 X2 X3 Activity (UI) 

1 -1(1.75%) -1(1.05%) -1(1.05%) 956.4±78.4 
2 -1(1.75%) -1(1.05%) +1(7%) 873.6±65.5 
3 -1(1.75%) +1(7%) -1(1.05%) 934.2±80.3 
4 -1(1.75%) +1(7%) +1(7%) 898.3±61.3 
5 +1(6%) -1(1.05%) -1(1.05%) 1021.8±78.7 
6 +1(6%) -1(1.05%) +1(7%) 1095±88.7 
7 +1(6%) +1(7%) -1(1.05%) 1059.8±63.7 
8 +1(6%) +1(7%) +1(7%) 1005.7±82.9 
9 - α(1%) 0 (4.03%) 0(4.03%) 1083.6±85.6 
10 +α(6.75%) 0 (4.03%) 0(4.03%) 1181.4±100.4 
11 0 (3.875%) - α(0%) 0(4.03%) 865.8±65.8 
12 0 (3.875%) + α(8.05%) 0(4.03%) 944.9±65.2 
13 0 (3.875%) 0 (4.03%) - α(0%) 888±67.5 
14 0 (3.875%) 0 (4.03%) +α(8.05%) 915.8±64.1 
15 0 (3.875%) 0 (4.03%) 0(4.03%) 971.4±82.6 
16 0 (3.875%) 0 (4.03%) 0(4.03%) 993.6±79.5 
17 0( 3.875%) 0 (4.03%) 0(4.03%) 990.9 ±73.64 
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Figure 1: Response surface diagram of the 
enzymatic activity as a function of the alginate 
and gelatin concentrations 

Figure 2: Response surface diagram of the 
enzymatic activity as a function of the alginate 
and glutaraldehyde concentrations 

 
Figure 3: Response surface diagram of the enzymatic activity as a function of the glutaraldehyde and 
gelatin concentrations 

 
 
From the complete form of Equation (1), an 

algorithm was implemented in Maple V (release 4) 
to calculate the optimal point of enzyme 
immobilization and to maximize enzymatic activity. 
The actual concentrations of the variables at the 
maximization point were as follows: X1 = 6.60% 
alginate (w/v); X2 = 4.05% gelatin (w/v) and X3 = 3.64% 
glutaraldehyde (v/v). Under these conditions, the 
immobilization yield, defined as the ratio of the 
enzyme activity of the immobilized enzyme to the 
total activity of the soluble enzyme used (Emregul et 
al., 2006, Nogales et al., 2006), was 30%. A further 
analysis of the results shown in Figures 1, 2 and 3, as 
well as in Table 2, revealed that the maximum 
enzyme activity was obtained in experiment 10, in 

which the alginate concentration was 6.75% and the 
glutaraldehyde and gelatin concentrations were 
4.03%. Note that these values are very close to those 
obtained at the optimal point of maximum activity. 

To study the stability of the immobilized enzyme 
under the optimized conditions, enzymatic activity was 
measured daily and the activity of the immobilized 
biocatalyst under optimized conditions decreased by 
only 20% after 25 uses. In addition, the half-life of the 
immobilized enzyme was 12.8 hours at 53°C, with a 
activation energy for the thermal deactivation process 
of 72.03 kcal/mol. These results confirmed that the 
optimized conditions led to high enzyme retention in 
the support. Therefore, compared to similar processes 
reported in the literature, the proposed process of 
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immobilization produced a sufficient and stable 
biocatalyst at a low cost.  
 
Influence of Lactose Concentration on the 
Activity of Free and Immobilized β-Galactosidase  
 

The experimental reaction rates were fitted to the 
Michaelis-Menten model in a lactose concentration 
range of 10 to 100 g/L for free and immobilized 
enzymes. Through a non-linear regression, which 
was performed using Statistica 7.0 using the 
numerical method of Levenberg-Marquardt, the 
values of the parameters with significant values at 
5% (p-value <0.05) were estimated. The Vm and Km 
values were 2.56 ± 0.3 UF and 17.83 ± 0.9 g/L  
(52.13 mM), respectively, (R2 = 96.16%) for the free 
enzyme. For the immobilized form, these parameters 
were 1032.07 ± 51.6 UI and 20.63 ± 1.0 g/L (60.3 mM), 
respectively (R2 = 90%). Similar values of the Km 
parameter for both enzyme forms were observed, 
showing that the free and immobilized enzyme forms 
presented similar affinities for the substrate. 
 
Influence of the Initial Concentrations of Lactose, 
Glucose and Galactose on Free Enzyme Activity 
 

After defining the central composite design 
(CCD) matrix, the experiments were conducted and 
the initial activities (Y) of the free enzyme were 
determined as shown in Table 3.  

A multiple regression analysis was conducted on the 
experimental data and parameters with a significance 
level greater than 10% were neglected. These results are 
presented in Equation (2) (R2 = 96.9%).  

2
4 4 5

2
6 6 4 5

4 6 5 6

Y 1.137 0.417X 0.127X 0.168X

0.322X 0.141X 0.144X X

0.126X X 0.162X X

= + + + −

+ − +

−

      (2) 

 
where X4 , X5 and X6 are the coded concentrations 
of lactose, glucose and galactose, respectively. 
Figures 4, 5 and 6 represent the respective response 
surfaces. 

Figure 4 shows that the region of maximum 
activity was found for higher levels of lactose 
concentration, which was expected because the 
maximum concentration of lactose was 
approximately 50 g/L, which is a value that does 
not reach the range of substrate inhibition. Under 
these conditions, enzyme activity was independent 
of glucose concentration; therefore, glucose did not 
affect the maximization of enzymatic activity 
response, only the lactose concentration. Figure 5 
illustrates the influence of the galactose 
concentration on enzymatic activity. A range of 
highest enzyme activity is observed for low levels 
of galactose and lower activities are found at higher 
galactose concentrations. Figure 6 shows the 
inhibitory effect of galactose, and the highest 
activities occurred with higher concentrations of 
glucose and low concentrations of galactose. 
Figures 4 and 6 show a clear increase in activity 
with glucose concentration, suggesting that glucose 
may be acting as an activator of enzyme activity. 
Therefore, only galactose had an inhibitory effect 
on the hydrolysis of lactose by β-galactosidase in 
its soluble form. 

 
Table 3: Experimental enzymatic activities as a function of the initial concentrations of lactose, glucose 
and galactose for the free enzyme. 
 

 Real value (Codified value ) 

Exp. X4 
Lactose (g/L) 

X5 
Glucose(g/L) 

X6 
Galactose (g/L) 

Activity (UF) 

1 16 (-1) 1.5 (-1) 1.5 (-1) 0.918±0.036 
2 16 (-1) 1.5 (-1) 10 (+1) 0.283±0.012 
3 16 (-1) 10 (+1) 1.5 (-1) 2.001±0.076 
4 16 (-1) 10 (+1) 10 (+1) 0.597±0.033 
5 50 (+1) 1.5 (-1) 1.5 (-1) 1.919±0.089 
6 50 (+1) 1.5 (-1) 10 (+1) 1.668±0.079 
7 50 (+1) 10 (+1) 1.5 (-1) 2.305±0.11 
8 50 (+1) 10 (+1) 10 (+1) 1.525±0.05 
9 10 (- α) 5.75 (0) 5.75 (0) 0.914±0.051 
10 56 (+ α) 5.75 (0) 5.75 (0) 1.838±0.11 
11 33 (0) 0 (- α) 5.75 (0) 1.177±0.052 
12 33 (0) 11.5 (+ α) 5.75 (0) 1.413±0.066 
13 33 (0) 5.75 (0) 0 (- α) 1.828±0.071 
14 33 (0) 5.75 (0) 11.5 (+ α) 0.975±0.054 
15 33 (0) 5.75 (0) 5.75 (0) 1.064±0.06 
16 33 (0) 5.75 (0) 5.75 (0) 0.975±0.05 
17 33 (0) 5.75 (0) 5.75 (0) 1.053±0.05 
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Figure 4: Response surface for the activity as a function of the variables lactose and glucose 
concentrations. 

  
Figure 5: Response surface for the activity as a 
function of the variables lactose and galactose 
concentrations. 

Figure 6: Response surface for the activity as a 
function of the variables glucose and galactose 
concentrations. 

 
Hatzinikolaou et al. (2005) used β-galactosidase 

from Aspergillus niger to hydrolyze lactose in acid 
cheese whey permeate and found that only galactose 
acted as a competitive inhibitor. Jurado et al. (2002; 
2004) also concluded that galactose acted as a 
competitive inhibitor for Kluyveromyces fragilis     
β-galactosidase during the hydrolysis of lactose. 
According to Ladero et al. (2000), several authors 
also have observed competitive inhibition by 
galactose using different sources of   β-galactosidase. 
 
Influence of the Initial Concentration of 
Galactose on Free and Immobilized Enzyme 
Activity 
 

An analysis of the results of the influence of the 
reaction products showed that galactose has a 

significant inhibitory effect on β-galactosidase 
activity. The experimental results for the reaction 
rate of lactose hydrolysis by free and immobilized  
β-galactosidase in the presence of galactose were 
fitted by non-linear regression to the kinetic models 
of competitive and non-competitive inhibition using 
Statistica 7.0 through the Levenberg-Marquardt 
method. The choice of inhibition model that was 
fitted to the experimental results was based on the 
physical meaning of its parameters, which were a 
significance level of less than 10% by Student’s       
t-test, a higher coefficient of determination (R2) and 
the lowest sum of squares deviations. Table 4 
presents the fitted parameters with the corresponding 
Student’s t-test, the coefficients of determination and 
the sum of squares deviations for the effect of 
inhibition caused by galactose. 
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Table 4: Kinetic parameters in the presence of galactose as an inhibitor 
 

Inhibition model 
I=Galactose  Vm 

(U*) 
Km 

(mM) Ki (mM) ∑ 2
M(V - V )  R2 

Competitive (free) Parameters 
p-level 

2.4 
0 

51.49 
0.0001 

5.64 
0 0.255 96.35% 

Noncompetitive (free) Parameters 
p-level 

3.14 
0 

100.4 
0 

23.27 
0 0.200 97.34% 

Competitive 
(immobilized) 

Parameters 
p-level 

633.6 
0 

48.8 
0.001 

53.33 
0.07 97917.9 82.7% 

Noncompetitive 
(immobilized) 

Parameters 
p-level 

821.0 
0 

102.3 
0 

290.5 
0.12 80312.8 87.4% 

U*: UF for free and UI for immobilized enzyme 
 

For the free enzyme, the non-competitive 
inhibition model had the highest R2 value and the 
lowest sum of squares deviations and all of the 
parameters were statistically significant. However, 
the values of the parameters Vm and Km were very 
different when compared with the values obtained by 
analyzing the influence of the concentration of 
lactose in the absence of inhibitors, which was then 
adjusted by the Michaelis-Menten model. In the non-
competitive inhibition model, the Vm value does not 
reach that obtained by the Michaelis-Menten model 
without an inhibitor; therefore, the value of Vm of 
3.14 UF was considered to be very high when 
compared with the value of 2.56 UF that was 
previously obtained. In the competitive inhibition the 
Vm value can achieve the value of Vm of the 
Michaelis-Menten model, which was actually 
observed. Based on this analysis, the model that best 
fitted the data was the competitive inhibition by 
galactose, which showed Km and Ki values of 51.49 
and 5.64 mM, respectively. Hatzinikolaou et al. 
(2005) found Km and Ki values of 31.8 and 6.56 mM, 
respectively, for the model of competitive inhibition 
by galactose for β-galactosidase from Aspergillus 
niger. Mateo et al. (2004), using β-galactosidase 
from Kluyveromyces lactis, found competitive 
inhibition by galactose and obtained Km and Ki 
values of 3.6 and 758 mM, respectively.  

For the enzyme in its immobilized form, the non-
competitive inhibition model showed the highest R2 

and lowest sum of squares deviations, but the 
parameter Ki showed a p-value greater than 10%, 
which made the model statistically invalid. 
Therefore, the best-fit model was competitive 
inhibition by galactose, confirming the same result 
obtained for the enzyme in its free form. The Km and 
Ki values were 48.8 and 53.33 mM, respectively, for 
the competitive inhibition model. This same model 
for inhibition by galactose is found in the work of 
Portaccio et al. (1998), in which the enzyme            
β-galactosidase from Aspergillus oryzae was 

immobilized on chitosan beads and nylon membrane. 
This study showed that the value of Ki for the 
immobilized form was much higher than for the free 
enzyme, indicating that there was a reduction of the 
inhibition by galactose in immobilized biocatalysts. 
It has been recently shown that immobilization can 
reduce enzyme inhibition (Pessela et al. 2007, Mateo 
et al. 2007).  
 
 

CONCLUSIONS 
 

The results of this study demonstrated that the 
optimal conditions for the immobilization of           
β-galactosidase were 6.60% alginate (w/v), 4.05% 
gelatin (w/v) and 3.64% glutaraldehyde (v/v). The 
immobilized enzyme obtained under the optimized 
conditions maintained 80% of its initial activity after 
25 uses. For the studied lactose concentrations, 
which ranged from 10 to 100 g/L, there was no 
substrate inhibition for the enzyme in its 
immobilized form. The Michaelis-Menten kinetic 
model with competitive inhibition by galactose was 
the best-fit model for the experimental results of the 
reaction rate for the hydrolysis of lactose by free and 
immobilized β-galactosidase. The values of Km and 
Ki for the free enzyme were 51.49 and 5.64 mM, 
respectively, and 48.83 and 53.33 mM, respectively, 
for the immobilized enzyme. Glucose did not 
significantly influence β-galactosidase activity.  
 
 

REFERENCES 
 
Ates, S. and Mehmetoglu, Ü., A new method for 

immobilization of β-galactosidase and its 
utilization in a plug flow reactor. Process 
Biochemistry, 32, (5), 433-436 (1997). 

Becerra, M., Baroli, B., Fadda, A. M., Blanco Méndez, J. 
and González Siso, M. I., Lactose bioconversion by 
calcium-alginate immobilization of Kluyveromyces 



 
 
 
 

Optimization of the Immobilization Process of β-Galatosidade by Combined Entrapment-Cross-Linking and the Kinetics of Lactose Hydrolysis      23 
 

 
Brazilian Journal of Chemical Engineering Vol. 29,  No. 01,  pp. 15 - 24,  January - March,  2012 

 
 
 
 

lactis cells. Enzyme and Microbial Technology, 29, 
506- 512 (2001). 

Bódalo, A., Gómez, E., Gómez, J. L., Bastida. J., 
Máximo. M. F., Díaz, F. A., Comparison of 
different methods of β-galactosidase immobilization, 
Process Biochemistry, 26, 349-353 (1991). 

Cao, L., Immobilised enzymes: Science or Art? Current 
Opinion in Chemical Biology, 9, 217-226 (2005). 

Carpio, C., González, P., Ruales, J. and Batista-
Viera, F., Bone-bound enzymes for food industry 
application. Food Chemistry, 68, 403-409 (2006). 

Emregul, E., Sungur, S., Akbulut, U., Polyacrylamide–
gelatine carrier system used for invertase 
immobilization. Food Chemistry, 97, 591-597 
(2006). 

Gaur, R., Pant, H., Jain, R. and Khare, S. K., Galacto-
oligosaccharide by immobilized Aspergillus oryzae 
β-galactosidase. Food Chemistry, 97, 426-430 
(2006). 

Guidini, C. Z. , Fisher, J., Santana, L. N. S., Cardoso, 
V. L., Ribeiro, E. J., Immobilization of Aspergillus 
oryzae β-galactosidase in ion exchange resins by 
combined ionic-binding method and cross-
linking. Biochemical Engineering Journal (2010).  

Guisán, J. M., Betancor, L., López-Gallego,            
F., Hidalgo, A., Alonso-Morales, N., Dellamora-
Ortiz, G., Mateo, C., Fernández-Lafuente, R., 
Different mechanism of protein immobilization 
on glutaraldehyde activated supports: Effect of 
support activation and immobilization conditions. 
Enzyme and Microbial Technology, 39, 877-882 
(2006). 

Guisan, J. M., Fernandez-Lafuente, R., Mateo, C., 
Palomo, J. M., Fernandez-Lorente, G., Improvement 
of enzyme activity, stability and selectivity via 
immobilization techniques. Enzyme and 
Microbial Technology, 40, 1451-1463 (2007). 

Haider, T. and Hussain, Q., Calcium alginate 
entrapped preparations of Aspergillus oryzae β- 
galactosidase: Its stability and applications in the 
hydrolysis of lactose. International Journal of 
Biological Macromolecules, 41, 72-80 (2007). 

Haider, T. and Hussain, Q., Immobilization of 
galactosidase from Aspergillus oryzae via 
immunoaffinity support. Biochemical Engineering 
Journal, 43, 307-314 (2009). 

Hatzinikolaou, D. G., Katsifas, E., Mamma, D., 
Karagouni, A. D., Christakopoulos, P., Kekos, D., 
Modeling of the simultaneous hydrolysis-
ultrafiltration whey permeate by a thermostable 
β-galactosidase from Aspergillus oryzae. 
Biochemical Engineering Journal, v. 24, pp.161-
172 (2005). 

Illanes, A., Martín Huerta, L., Vera, C., Guerrero, C., 
Wilson, L., Synthesis of galacto-oligosaccharides at 
very high lactose concentrations with immobilized 
beta-galactosidases from Aspergillus oryzae. 
Process Biochemistry, 46, 245-252 (2011). 

Jurado, E., Camacho, F., Luzón, G., Vicaria, J. M., A 
new kinetic model proposed for enzymatic 
hydrolysis of lactose by β-galactosidase from 
Kluyromyces fragilis. Enzyme and Microbial 
Technology, v. 31, pp. 300-309 (2002). 

Jurado, E., Camacho, F., Luzón, G., Vicaria, J. M., 
Kinetic model of activity for proposed for            
β-galactosidases: influence of pH, ionic 
concentration and temperature. Enzyme and 
Microbial Technology, v. 34, pp. 33-40 (2004). 

Kierstan, M. P. J. and Coughlan, M. P., Immobilization 
of proteins by noncovalent procedures: principles 
and applications, In R. F. Taylor, Protein 
Immobilization, Fundamentals and Applications, 
13-1 (1991). 

Kosseva, M. R., Panesar, P. S., Kaur, G., Kennedy, 
J. F., Use of immobilised biocatalysts in the 
processing of cheese whey. International Journal 
of Biological Macromolecules, 45 437-447 
(2009). 

Ladero, M., Santos, A., García-Ocha, F., Kinetic 
modeling of lactose hydrolysis by a β-
galactosidase from Kluyveromyces fragilis. 
Enzyme and Microbiology Technology, 22, 558-
567 (1998).  

Ladero, M., Santos, A., García-Ochoa, F., Kinetic 
modeling of lactose hydrolysis with an 
immobilized β-galactosidase from Kluyveromyces 
fragilis. Enzyme and Microbiology Technology, 
v. 27, pp. 583-592 (2000). 

Mammarella, E. and Rubiolo, A. C., Effect of 
biocatalyst swelling on the operation of packed-
bed immobilized enzyme bioreactor. Process 
Biochemistry, 44, 183-190 (2009). 

Mateo, C., Monti, R., Pessela, B. C. C., Fuentes, M., 
Torres, R., Guisán, J. M., Lafuente, R. F., 
Immobilization of lactase from Kluyveromyces 
lactis greatly reduces the inhibition promoted by 
glucose. Full hydrolysis of lactose in Milk, 
Biotechnol. Prog., v. 20, pp. 1259-1262 (2004). 

Nakkharat, P. and Haltrich, D., Lactose hydrolysis 
and formation of galactooligosaccharides by a 
novel immobilized β-galactosidase from the 
thermophilic fungus Talaromyces thermophilus. 
Applied Biochemistry and Biotechnology, 129-
132, 215-225 (2006). 

Neri, D. F. M., Balcão, V. M., Costa R. S., Rocha, I. C. 
A. P, Ferreira, E. M. F. C., Torres, D. P. M., 



 
 
 
 

24          F. F. Freitas, L. D. S. Marquez, G. P. Ribeiro, G. C. Brandão, V. L. Cardoso and E. J. Ribeiro 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

Rodrigues, L. R. M., Carvalho, Jr., L. B., Teixeira, 
J. A., Galacto-oligosaccharides production during 
lactose hydrolysis by free Aspergillus oryzae     
β-galactosidase and immobilized on magnetic 
polysiloxane-polyvinyl alcohol Food Chemistry 
115 92-99 (2009). 

Nogales, J. M. R., López, A. D., A novel approach to 
develop β-galactosidase entrapped in liposomes 
in order to prevent an immediate hydrolysis of 
lactose in milk. International Dairy Journal, 16, 
354-360 (2006). 

Ozdural, A. R., Tanyolaç, D., Boyaci, I. H., Mutlu, 
M., Webb, C., Determination of apparent kinetic 
parameters for competitive product inhibition in 
packed-bed immobilized enzyme reactors. 
Biochemical Engineering Journal, v. 14, pp. 27-36 
(2003). 

Parizia, M. W. and Foster, F. M., Determining the 
Safety of enzymes used in food processing. Journal 
of Food Protection, 46, 5, 453-468 (1983). 

Portaccio, M., Stellato, S., Rossi, S., Bencivenga, U., 
Eldin, M. S. S., Gaeta, F. S., Mita, D. G., 
Galactose competitive inhibition of β-galactosidase

(Aspergillus oryzae) immobilized on chitosan and 
nylon supports. Enzyme Microbial Technology. 
v. 23, pp.101-106 (1998). 

Prashanth, S. J. and Mulimani, V. H., Soymilk 
oligosaccharide hydrolysis by Aspergillus oryzae 
α-galactosidase immobilized in calcium alginate. 
Process Biochemistry, 40, 1199-1205 (2005). 

Roy, I. and Gupta, M. N., Lactose hydrolysis by 
Lactosym TM immobilized on cellulose beads in 
batch and fluidized bed modes. Process 
Biochemistry, v. 39, pp. 325-332 (2003). 

Tanriseven, A. S. and Dogan, E., A novel method for 
the immobilization of de β-galactosidase. Process 
Biochemistry, 38, 27-30 (2002). 

Tischer, W. and Kasche, V., Immobilized enzymes: 
crystals or carriers? Reviews. Tibtech., 17, 326-335 
(1999). 

Zeng, X., Pan, C., Hu, B., Li, W., Sun, Y., Ye, H., 
Novel and efficient method for immobilization 
and stabilization of beta-d-galactosidase by 
covalent attachment onto magnetic Fe3O4 – 
chitosan nanoparticles. Journal of Molecular 
Catalysis B: Enzymatic 61 208-215 (2009). 

 
 
 
 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


