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allows analysis of interfacial changes originating from 
biorecognition events at electrode surfaces [3, 4]. 

 The reaction rate of  β -galactosidase can be moni-
tored by the help of a few alternative methods. Most of 
these alternative methods are based on spectrophotomet-
ric methods. Many studies report that the activity deter-
mination of  β -galactosidase has been achieved by use of 
several chromogenic or fl uorogenic substances such as 
ONPG (Ortho-nitrophenyl- β -D-galactopyranoside) and 
PNPG (para-nitrophenyl-  β -D-galactopyranoside) [5-16]. 
Moreover, such alternative techniques that have been 
explored include scanning electrochemical microscopy 
[17], a voltammetric sensor prepared by the immobilization 
of metallophthalocyanine complexes onto a glassy carbon 
electrode [18]. Although these technologies have demon-
strated successful  β -galactosidase activity determina-
tion, many require expensive laboratory instrumentation, 
operator expertise, and may not be easily incorporated 
into routine analysis. 

 In this work, a novel aspect of the activity determina-
tion of  β -galactosidase is presented. A glucose biosensor 
for  β -galactosidase activity determination is reported in 
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system in order to monitor  β -galactosidase activity. Immobilization steps of the biosensor were identifi ed by cyclic voltammograms and 
electrochemical impedance spectroscopy.  β -galactosidase was voltammetrically detected at about  � 150 mV (vs. Ag/AgCl) in citrate 
buffer solution (0.05 M, pH 4.8). The linear response for  β -galactosidase detection was in the range of 0.0118 U mL− 1 to 0.47 U mL −1 and 
a shorter response time of  ~ 50 s. Our results demonstrated the biosensor ’ s electrochemical properties and analytical characteristics were 
very useful and effective for monitoring of  β -galactosidase activity.  

  Keywords:    β -galactosidase  ,   glucose oxidase  ,   biosensor  ,   enzyme activity  ,   electropolymerization   

  INTRODUCTION 

  β -galactosidase ( β -d-galactoside galactohydrolase, EC 
3.2.1.23) from several sources, the enzyme that is 
responsible for the hydrolysis of lactose into glucose and 
galactose, has a very important biotechnological interest. 
Researchers, scientists, and industries pay attention to 
 β -galactosidase studies because of their important applica-
tions in the fi elds of medicine (treatment of lactose intoler-
ance), food technology (to prevent lactose crystallization 
and increase its sweetening power), and the environment 
(cheese whey utilization). 

 Electrochemical impedance spectroscopy (EIS) has 
been proven as one of the most powerful tools for prob-
ing the features of surface-modifi ed electrodes [1, 2]. It 
is a rapidly developing electrochemical technique for the 
characterization of biomaterial functionalized electrodes 
and biocatalytic transformations at electrode surfaces. The 
immobilization or biorecognition events of biomaterials, 
e.g., enzymes, antigens/antibodies or DNA at electrode sur-
faces change the capacitance and interfacial electron trans-
fer resistance of the electrodes. Impedance spectroscopy 
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this paper, which applies ferricyanide as electron media-
tor. Glucose oxidase was immobilized and realized the 
measurement of glucose, which was the product of the 
reaction of  β -galactosidase substrate, lactose in lower 
voltage. The biosensor (GOD-Glu-pA) was fabricated by 
crosslinking with glutaraldehyde and then electropoly-
merization of anilin as a monomer that can provide cheap, 
simple, and effective immobilization procedure. The acti-
vity levels of  β -galactosidase can be determined through 
the measurement of current by ferricyanide mediation 
seen in the reactions below. 

Lactose H O -galactosidase Glucose

Galactose I.ste
2 ��

β⎯ →⎯⎯⎯⎯⎯⎯
pp( )

Glucose  Fe CN Glucose oxidase Gluconic acid 

Fe

3
�� [ ] ⎯ →⎯⎯⎯⎯⎯⎯–

CCN
4

II.step[ ] ( )–

Fe CN Electrode ( 0.15v)   Fe CN  III.step34[ ] ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯ [ ] ( )–– �

   The principle of the activity determination of  β -galac-
tosidase was based on the oxidation of Fe[CN] −4  formed 
by the reaction of glucose oxidase. Enzymatic reaction rate 
of glucose oxidase in the bioactive layer of the biosensor 
was increased by the glucose released by  β -galactosidase 
injected to the reaction cell. The reaction rate of glucose 
oxidase followed by ferricyanide mediation was directly 
related to the  β -galactosidase activity added to the reac-
tion cell as sample or standard solution. 

 On the basis of cyclic voltammetry and electrochemi-
cal impedance investigations, we demonstrated that glu-
cose oxidase was successfully immobilized onto a glassy 
carbon electrode, and biosensor construction parameters 
have a marked infl uence on the modifi ed electrode and play 
an important role in improving the analytical performance 
of biosensor. The glucose oxidase immobilized on glassy 
carbon electrode exhibited excellent electrocatalytical 
activity to the activity determination of  β -galactosidase. 
The performance of the biosensor was studied in detail.   

 MATERIALS AND METHODS  

 Apparatus and Chemicals 

 Cyclic voltammetry and electrochemical impedance 
spectroscopy were performed with an AUTOLAB PG-
STAT302, Eco Chemie B.V. (Utrecht, The Netherlands) 
in a conventional three-electrode cell and amperometric 
experiments were performed with a Metrohm VA 746 
Trace Analyzer (Herisau, Switzerland) and VA 747 Stand 
(Herisau, Switzerland) controlled with a personal computer 
running the electrochemical software package of Metrohm 
Trace Analyzer for parameter set-up, data acquisition, and 
processing. A three electrode confi guration was employed 

in all experiments, with potentials referred to an Ag/AgCl 
reference electrode. A glassy carbon electrode (Metrohm, 
Herisau, Switzerland) and a platinum electrode (Metrohm, 
Herisau, Switzerland) were employed as a working and an 
auxiliary electrode (2.0  �  0.1 mm in diameter), respectively. 
The temperatures of the solution in the electrochemical 
cell were adjusted by a cryostate, Lauda RE106 (Lavda, 
Lavda-K ö nigshofen, Germany). The electrolyte solutions 
were deoxygenated with nitrogen bubbling for 15 min 
before each voltammetric run and were stirred during the 
amperometric experiments. Electrochemical impedance 
measurements were performed in the presence of 0.005 M 
K 3 [Fe(CN) 6 ]/K 4 [Fe(CN) 6 ] (1:1) and 0.1 M KCl mixture as 
a redox probe in the frequency range between 0.1 Hz and 
100000 Hz at the formal potential of the system, E o   �  0.17 
V. The amplitude of the alternate voltage was 0.01 V. All 
experiments were performed at a constant temperature by a 
thermostated water jacket and under nitrogen atmosphere. 

 Glucose oxidase (EC 1.1.3.4, from Aspergillus 
niger),  β -galactosidase (EC 3.2.1.23, from Aspergillus 
oryzae), glutaraldehyde (25%) Albumin from bovine 
serum ( � 96% (agarose gel electrophoresis), lyophilized 
powder) K 3 [Fe(CN) 6 ] (99.99 � %), K 4 Fe(CN) 6  ·  3H 2 O 
(99.99 � %), aniline ( � 99.5) lactose, D( � )-glucose, sodi-
um chloride, methanol were obtained from Sigma-Adrich. 
Sodium hydroxide, potassium dihydrogen phosphate, pur-
chased from Merck.   

 Preparation of the Biosensor 

 The surface of the glassy carbon electrode was fi rst 
polished with 0.05  μ m Al 2 O 3  powder and washed ultra-
sonically in deionized water for 5 minutes. After that, 
an electrochemical pre-treatment was carried out using 
multi cycle voltammetric scanning (100X) between 
(−100)  –  (−1200) mV at the speed of forward 1 V s −1 , and 
at the speed of backward 10 V s −1  in 0.1 M HNO 3  solu-
tion. These polishing and pretreatment procedures were 
repeated before every electrode preparation step. Then a 
mixture (1:1) of glucose oxidase (90 U) and glutaralde-
hyde (2.5%) was prepared to be as 20  μ L (with pH 7, 0.05 M 
phosphate buffer solution). In the next step, the mixture 
was carefully dispersed over the glassy carbon electrode 
and then dried at 4 ° C. Polyaniline electropolymerization 
of biosensors was prepared by electrodeposition from a 
0.4 M solution of aniline in phosphate buffer, pH 7, 0.05 M, 
by holding the potential at 0.6 V for 90 s.   

 Electrochemical Measurements 

 Voltammetric measurements of  β -galactosidase GOD-
Glu-pA was immersed in the thermostated cell (30 ° C), 
which contains 20 ml citrate buffer (containing 0.001 M, 

A
rt

if
 C

el
ls

 B
lo

od
 S

ub
st

it 
Im

m
ob

il 
B

io
te

ch
no

l D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
on

as
h 

U
ni

ve
rs

ity
 o

n 
09

/0
3/

13
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A Biosensor for the Determination of b-galactosidase Activity 283

K 3 Fe[CN] 6 ) 0.05 M, pH 4.8, and allowed to purge for 
15 minutes for removing dissolved oxygen. Then aliquots of 
standard  β -galactosidase solution of different activities were 
added in the range of 0.01–0.5 U mL −1 . At the next step, the 
reaction cell was stirred at a constant speed for 10 minutes. 
In this period the hydrolysis reaction of  β -galactosidase was 
realized and this was followed by the reaction of glucose 
oxidase immobilized at GOD-GLu-pA biosensor. After 
each addition of  β -galactosidase standard the current change 
is recorded. Then another standard  β -galactosidase standard 
solution of higher concentration is added and so forth. 
The obtained steady state current peak values are used for 
the construction of the response curve of the biosensor.    

 RESULTS AND DISCUSSION  

 Electrochemical Impedance Spectroscopy and CV 
Characterization of the Biosensor 

 As known [Fe(CN) 6 ] 
4 � /3 �   solution is used as a redox 

probe in electrochemical impedance spectroscopy 
(EIS) investigations to give information on impedance 
changes of the electrode surface in any modifi cation 
steps of biosensors or sensors [3,4]. In EIS, the semi-
circle diameter of electrochemical impedance spectrum 
of a surface signifi es the electron transfer resistance  R  et . 
This resistance amplitude controls the electron transfer 
kinetics of redox probe ([Fe(CN) 6 ] 

4 � /3 �  ) between the 
electrode and biosensor ’ s layer. Signifi cant differences 
in the impedance spectra were observed during the 
preparation of the biosensor. It can be seen from Figure 
1 that all impedance spectra show a semicircle. That is 
to say, the electron-transfer process and some also show 
a linear portion in the low frequency, corresponding to 
the diffusion process. 

 The bare, glassy carbon electrode represented an 
almost straight line, which was characteristic of a diffusion 
limited electrochemical process (a). Glucose oxidase- 
glutaraldehyde layer on the electrode surface generated 
an important insulating layer on the electrode that acted 
as a barrier to the interfacial electron transfer (b). The 
electron transfer resistances, R et , obtained in these steps 
were 3.65 � 10 2  ohm and 2.87 � 10 4  ohm, respectively. 
Electropolymerization of aniline on the glucose oxidase-
glutaraldeyde increased dramatically the electro-transfer 
resistance, which was 1.38 � 10 6  ohm (c). In addition, the 
insulating characteristics of the layers of biosensor after 
immobilization were tested by using cyclic voltammetric 
analysis, as shown in Figure 2. 

 The inner area of the voltammogram shows the glu-
cose oxidase-glutaraldehyde layer and glucose oxidase-
glutaraldehyde-polyaniline layers for the redox reaction 
of Fe(CN) 6  

3−/4−  (b and c, in Figure 2). The cyclic voltam-
mogram of (a) represents the electrochemically reversible 

shape of the bare glassy carbon electrode for Fe(CN) 6  
3−/4− . 

These data were consistent with the results obtained from 
electrochemical impedance measurements. Finally, it 
can be concluded from the data that glucose oxidase was 
immobilized successively by the immobilization procedure 
mentioned above.   

 Optimization Studies of the Biosensor   

The fabrication steps of the GOD-Glu-pA biosensor were 
examined in terms of activity amount of glucose oxidase, 
glutaraldehyde percentage, aniline concentration, electro-
polymerization potential of aniline polymerization, elec-
tropolymerization period, lactose, and ferricyanide contents 

Figure 1. Nyquist plot (Zim vs. Zre) for the Faradaic impedance 
measurements [In all measurements Fe(CN)6

3�/4�, 0.005 M � 0.1 M 
KCl, is used as a redox label in the electrolyte solution: (a) A bare 
glassy carbon electrode. (b) A glucose oxidase-glutaraldehyde-
modifi ed electrode. (c) After electropolymerization of anilin. 
The frequency range is between 0.1 and 100000 Hz with a signal 
amplitude of 10 mV. Nyquist plots were obtained at a bias potential 
of 0.17 V vs Ag/AgCl.

Figure 2. Cyclic voltammograms of (a) bare glassy carbon, (b) 
glassy carbon/glucose oxidase-glutaraldehyde, (c) glassy carbon/
glucose oxidase-glutaraldehyde/polyanilin electrodes in 0.1 M 
KCl solution containing 5 mM Fe(CN)6

4−/3−. Scan rate: 50 mV s−1.
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of the working buffer, optimum temperature and pH, and 
the concentration of working buffer. Details are given in the 
sections below.   

 The Effect of Glucose Oxidase Activity .  In order to deter-
mine the optimum amount of glucose oxidase activity for 
the biosensor construction, altering activity amounts of 
glucose oxidase (22.5 U, 45 U, 90 U, and 180 U) were 
used when the other factors were kept constant. The results 
are given in Figure 3. 

 The most suitable biosensor responses for 
 β -galactosidase were obtained when 90 U glucose oxi-
dase was used. When the activity amount of glucose oxi-
dase was below or above 90 U, the biosensor response 
decreased. As the activity of glucose oxidase was lower 
than 90 U, the enzyme molecules in the bioactive layer 
of the biosensor were insuffi cient to give such a high 
response. Moreover, when 22.5 U of glucose oxidase was 
used to construct the biosensor it could not be possible 
to form a stable bioactive membrane. On the other hand, 
when higher activity amounts of glucose oxidase were 
used, a thicker bioactive membrane was formed in the 
electrode surface. Consequently, a diffusion barrier was 
probably caused by such a thicker bioactive membrane.    

 The Effect of Glutaraldehyde Percentage .  To prevent the 
loss of glucose oxidase, chemical cross-linking is realized 
between the enzyme and glutaraldehyde. By increasing 
the concentration of glutaraldehyde (5%), the signals ob-
tained from the biosensor were decreased considerably. 
Glutaraldehyde can react with amino groups of glucose 
oxidase, leading to the formation of a bioactive membrane 

on the glassy carbon electrode. Because of this the thickness 
of the bioactive membrane was very important in terms of 
getting good results. As expected, peak currents increased 
with the decrease in the concentration of glutaraldehyde 
(2.5%). Improvement of current response of the biosensor 
with the amount of 2.5% glutaraldehyde was probably 
related to the formation of the best three-dimensional 
structure that allowed to diffuse substrate and ferricyanide 
through the electrode surface. Moreover, 1.25% glutaral-
dehyde was insuffi cient to construct a physically stable 
bioactive membrane. Finally, the optimum glutaraldehyde 
percentage for the biosensor was 2.5%.    

 The Optimization of Aniline Concentration .  The effect 
of monomer concentration on the bioactive layer and the 
results obtained with the biosensor were investigated. 
For this purpose three different concentrations of anilin 
(0.2, 0.4 and 0.6 M) were used and the results were com-
pared with each other.  β -galactosidase activity calibra-
tion graphs were drawn by these data. Linear ranges for 
 β -galactosidase activity determination and R 2  values were 
0.0235  –  0.376 U, 0.0118  –  0.235 U, 0.0118  –  0.517 U, 
respectively, and 0.9905, 0.9902, and 0.9784, respec-
tively. In the light of these data, the best biosensor signals 
were obtained when 0.4 M anilin was used.    

 The Effects of Electropolymerization Potential and Po-
lymerization Period .  In a potentiostatic electropolymer-
ization process, the electropolymerization potential is an 
important factor that could infl uence the growing of the 
polymer. Besides the electropolymerization potential, 
period for the polymerization could also be important. 
For this reason, both parameters were optimized for  
β -galactosidase detection. The results are summarized in 
Table 1. 

 In the optimization studies of electropolymerization 
potential, the results showed that the highest signals were 
obtained when the potential maintained at 0.6 V. A decrease 
in the signals occurred at lower potentials than 0.6 V. Simi-
larly, at higher potential than 0.6 V, the signals were also 
decreased. The decrease at lower potentials was possibly 
due to insuffi cient physically stability of the biosensor and 
the decrease at higher potentials was possibly due to a dif-
fusion barrier, which was caused by a thicker bioactive 
membrane. In order to optimize the electropolymerization 
period, the biosensor was prepared by using three differ-
ent polymerization periods. These results are also given in 
Table 1. As can be seen from the table the time for poliani-
line plating altered the biosensor signals slightly. As a result, 
the best electropolymerization potential and the favorable 
polymerization period were 0.6 V and 90 s, respectively.    

 The Effects of Concentrations of Lactose as the 
Substrate and Ferricyanide as a Mediator on the Biosensor . 
 The optimization studies of  β -galactosidase biosensor 
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Figure 3. The effect of glucose oxidase activity on the biosensor 
response [Amounts of glucose activities utilized in biosensors 
(U): -�-�-:45 U, -�-�-:90 U, -�-�-:180. Biosensor components: 
percentages of glutaraldehyde and anilin concentrations were kept 
constant as 2.5% and 0.4 M, respectively. Electropolymerization 
potential and polymerization period were 0.6 V and 90 s, 
respectively. Potential scan conditions: t.puls:40 ms, t.meas:20 ms, 
U.step:6 mV, scan rate:20 mV s−1. Working buffer was 0.05 M 
and pH 4.8 citrate solution and contained 1mM ferricyanide 
as mediator and 0.1 M lactose substrate of β-galactosidase, 
T � 35°C.]
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revealed that the most important parameter that infl u-
enced the biosensor signals was the concentration of 
lactose in working buffer. It has been known that if the 
amount of the enzyme is kept constant and the substrate 
concentration is then gradually increased, the reaction rate 
will increase until it reaches a maximum. This is a very 
common basis of enzymology science. After this point, 
increases in substrate concentration will not increase the 
velocity. Consequently it was not surprising to see that 
the  β -galactosidase detection was dramatically affected 
by the lactose concentration. The results are represented 
graphically in Figure 4. 

 The peak intensity for  β -galactosidase increased 
with the increase in lactose concentration. Moreover, this 
increase in lactose content gave rise to obtain a wider linear 
detection range than those of low lactose concentrations. 
The linear detection ranges obtained for different lactose 
concentrations are given comparatively in Table 1. Further 
increase in the lactose concentration more than 100 mM 

did not improve the biosensor signals for  β -galactosidase. 
The best lactose concentration for the  β -galactosidase bio-
sensor was accepted as 100 mM. 

 The effect of mediator concentration on the biosensor 
response was also studied by varying the concentration 
of mediator (0.5, 1, and 2 mM). Although the biosensor 
responses obtained with different mediator concentrations 
were very close to each other, the best peak intensity was 
observed with 1 mM ferricyanide. A mediator concentra-
tion of 1 mM was selected for all experiments.   

 Optimum Temperature and Thermal Stability of the 
Biosensor .  The effect of temperature on the biosensor re-
sponse was investigated in the range of 20 to 45 ° C. The 
sensitivity in the range of 30-35 ° C was almost similar. 
Typically, when the temperature was below 30 ° C the 
biosensor peak density decreased by 50%. When the 
temperature was higher than 35 ° C, the response started 
to decrease considerably. For instance the peak density 
obtained with 40 ° C was lower than that of 35 ° C at a rate 
of about 14%. However, the difference between the peak 
currents obtained with 30 and 35 ° C was just 4%. Con-
sequently, we concluded that it needed to compare op-
erational stabilities of the biosensor at these temperatures. 
For this purpose calibration graphs for  β -galactosidase 
activity were drawn before and after an incubation period 
of 5 hours. When the biosensor was incubated at 30 ° C, 
the activity of biosensor decreased to approximately 95% 
for lower activity levels of  β -galactosidase and 93.75% 
for higher activity levels of  β -galactosidase. Conversely, 
if the biosensor was incubated at 35 ° C, the activity of the 
biosensor decreased dramatically at the end of this period. 

    Table 1. The effects of electropolymerization potential, polymerization 
peirod, and lactose concentration on the biosensor

 R 2  
 Linear 

ranges (U/ml)

Electropolymerization potentials  1   (mV)
500 0.9996 0.0235−0.423
600 0.9984 0.0118−0.517
700 0.9953 0.0118−0.517
800 0.9941 0.0235−0.517

Polymerization periods  2   (s)
60 0.9911 0.0118−0.47
90 0.9953 0.0118−0.517
120 0.9831 0.0118−0.282

Lactose concentrations 3      (mM)
25 0.9873 0.0235−0.47
50 0.9976 0.0235−0.329
100 0.9984 0.0118−0.517
150 0.9972 0.0118−0.564

     1 Glucose oxidase activity, glutaraldehyde and aniline concen-
tration, and polymerization period were 90 U, 2.5%, and 0.4 
M, and 90 s, respectively. Potential scan conditions: t.puls:
40 ms, t.meas:20 ms, U.step:6 mV, scan rate:20 mV/s. Work-
ing buffer was 0.05 M and pH 4.8 citrate solution and contained 
1mM ferricyanide as mediator and 0.1 M lactose substrate of 
 β -galactosidase, T  �  35 ° C.]    
   2 Glucose oxidase activity, glutaraldehyde and aniline concentration, 
and polymerization potential were 90 U, 2.5%, and 0.4 M, and 
0.6 V, respectively. Potential scan conditions: t.puls:40 ms, t.meas:
20 ms, U.step:6 mV, scan rate:20 mV/s. Working buffer was 
0.05 M and pH 4.8 citrate solution and contained 1mM ferricyanide 
as mediator and 0.1 M lactose substrate of  β -galactosidase, 
T  �  35 ° C.]    
   3 Glucose oxidase activity, glutaraldehyde and aniline concentration, 
and polymerization potential and period were 90 U, 2.5%, and 
0.4 M, 0.6 V, and 90 s, respectively. Potential scan conditions: 
t.puls:40 ms, t.meas:20 ms, U.step:6 mV, scan rate:20 mV/s. 
Working buffer was 0.05 M and pH 4.8 citrate solution and 
contained 1mM ferricyanide as mediator and differing amounts of 
lactose substrate of  β -galactosidase, T  �  35 ° C.]    
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Figure 4. The effect of lactose concentration on the biosensor 
response [Lactose concentrations tested (mM): -�-�-:25, -�-�-:
50, -�-�-:100, -�-�-:150. Biosensor components: Glucose oxidase 
activity, percentage of glutaraldehyde and anilin concentrations 
were kept constant as 90 U, 2.5% and 0.4 M, respectively. 
Electropolymerization potential and polymerization period were 
0.6 V and 90 s, respectively. Potential scan conditions: t.puls:
40 ms, t.meas:20 ms, U.step:6 mV, scan rate:20 mV s−1. Working 
buffer was 0.05 M and pH 4.8 citrate solution and contained 1mM 
ferricyanide as mediator 0.1 M lactose substrate of β-galactosidase, 
T � 35°C.]
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The activity of the biosensor was lower by 46% than that 
of initial activity. Consequently, the appropriate working 
temperature for the biosensor was accepted as 30 ° C.   

 Optimum pH and Buffer Concentration Effect on the 
Biosensor .  It is clearly known that extremely high or low 
pH values generally result in complete loss of activity 
for most biosensor systems. The optimum pH will vary 
greatly from one enzyme to another. In order to study the 
effect of pH, measurements were carried out in working 
buffer solutions with altering pH values (50 mM, citrate 
buffer solutions containing 100 mM lactose). The results 
revealed that the almost peak-shaped pH profi le was 
obtained. In fact, in our measurement system, our important 
advantage is that optimum pH values of glucose oxidase 
and  β -galactosidase were very close to each other. If it is 
conversely the optimum pH values that are very different 
from each other, it should not be possible to develop and 
use such a biosensor system. In our experiments, optimum 
pH value of  β -galactosidase probably played a determi-
native role. Its optimum pH value reported was 4.5 while 
glucose oxidase could work in the range of pH 4-7. The 
results agreed with the optimum pHs of both enzymes. For 
a pH of 4.6, the biosensor signal was about 20% lower than 
that found in pH 4.8. Moreover, the biosensor response 
was dramatically decreased at pH values higher than 
4.8. This was probably caused from leaving optimum pHs 
of both enzymes, glucose oxidase and  β -galactosidase. 
As a result, pH 4.8 was the optimum pH for the proposed 
biosensor. 

 The effect of the buffer concentration on the bio-
sensor system was also investigated. To evaluate the 
buffer concentration effect on the biosensor, mea-
surements were made at buffer solutions with differ-
ent concentrations (25, 50, 100, and 150 mM, pH 4.8, 
citrate buffers). The highest response was observed 
when 50 mM citrate buffer solution was used. At lower
and higher concentrations, the peak densities were 
decreased considerably. The peak densities obtained 
with 25 mM and 100 mM citrate buffers were decreased 
to 45% and 70%, respectively. The response obtained 
with 150 mM citrate buffer was lower by 70% than 
the response obtained with 50 mM citrate buffer.    

 Characterization Studies of the Biosensor  

 Linear Range for  β -galactosidase Activity .  The calibra-
tion curve of the biosensor is shown in Figure 5. The 
biosensor showed a linear response for an interval of  
β -galactosidase activity between 0.0118 and 0.47 U mL −1 . 

 As can be seen from the fi gure, R 2  value of the 
linear plot is quite close to 1. This indicates that the 
performance of the biosensor is very good. The mini-
mum detectable activity amount of  β -galactosidase was 

estimated to be 0.0118 U mL −1 . In the studies, a com-
mercial  A.oryzae   β -galactosidase was used. Its activity 
amount was in the level of 9400 U g −1 . The detection limit 
of the biosensor for  β -galactosidase could be given as g 
mL −1  in the reaction cell. The lowest detection limit of 
the biosensor was 1.25  μ g mL− 1  of  β -galactosidase. This 
detection limit was perfect for the biosensor.   

 Operational and Storage Stabilites of the Biosensor . 
 The operational stability of the GOD-Glu-pA electrode 
was investigated by consecutive measurements of its 
response to 0.282 U mL −1   β -galactosidase. At the end of 
the sixteenth measurement the biosensor showed 100% 
of its initial activity. About 90% initial activity had been 
retained after 20 measurements. The purpose of storage 
stability testing was to provide evidence on how the per-
formance of the biosensor based on glucose oxidase for  
β -galactosidase activity varies with time under the infl u-
ence of environmental factors such as temperature and 
humidity. Two different ways were used to investigate 
correctly the storage stability of the biosensor. In the 
fi rst way, the biosensors were stored at  � 4 ° C for altering 
periods such as 1, 2, and 3 weeks. The measurements were 
done at the beginning and end of the storage period. The 
difference between the signals obtained at fi rst and last was 
used to understand the storage stability of the biosensor. 
The biosensor response was constant for the fi rst week. 
When the biosensor was stored for 2 weeks, the response 
of the biosensor decreased to about 77%. At the third 
week of storage period, the biosensor retained about 65% 
of its initial activity. The storage stability studies of the
biosensor clarifi ed that the long-term stability of the 
biosensor was not as good as expected. An insuffi cient 
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Figure 5. β-galactosidase activity graph of the biosensor 
[Biosensor components: Glucose oxidase activity, percentage of 
glutaraldehyde and anilin concentrations were kept constant as 
90 U, 2.5% and 0.4 M, respectively. Electropolymerization 
potential and polymerization period were 0.6 V and 90 s, respec-
tively. Potential scan conditions: t.puls:40 ms, t.meas:20 ms, U.
step:6 mV, scan rate:20 mV s−1. Working buffer was 0.05 M and 
pH 4.8 citrate solution and contained 1mM ferricyanide as 
mediator 0.1 M lactose substrate of β-galactosidase, T � 30°C.] 
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physically stability of the biosensor was probably 
resulted in a defi ciency in long-term stability of the bio-
sensor. In the second way, as in the fi rst way, the biosen-
sors were stored at  � 4 ° C; however, the measurements 
were done more frequently than the fi rst one. After 3 days ’  
storage period the biosensor lost no activity. At the end 
of the seventh and tenth days, the remaining activities of 
the biosensors were 90% and 80%, respectively. Conse-
quently, this result also supported the idea of the physical 
in stability of the biosensor mentioned above.   

 Repeatability and Reproducibility of the Biosensor.  
 The signal changes of the biosensor were investigated 
when it was consecutive exposed to a 0.282 U mL −1  
 β -galactosidase standard solution for 10 times. Repeat-
ability of the measurements was very good considering 
that the correlation coeffi cient on measurements was 1.8%, 
and average value and standard deviation were calcu-
lated as 0.286 U mL −1  and  �  0.005 U mL −1 , respectively. 
The results showed that the biosensor exhibited a fairly 
desirable analytical feature of repeatability. The repro-
ducibility of the three same biosensors was also examined. 
The linear detection ranges of three biosensors were the 
same as 0.018-0.376 U mL −1 . R 2  values of the biosensors 
were 0.9967, 0.9981, and 0.9984.    

 Sample Analysis .  Artifi cial intestinal juice was prepared to 
use for sample analysis studies. It contained 10 mM sodium 
phosphate buffer (pH 7.2), 150 mM sodium chloride, 1 mg 
mL −1  bovine serum albumin, and 1% (v/v) methanol. A de-
termined unit of  β -galactosidase-spiked artifi cial intestinal 
juice was analyzed with the help of the biosensor. A ref-
erence method was used to compare the results with each 
other [19]. The results are shown in Table 2. 

 Experimental results indicated good recovery was 
observed. In addition, good agreement between the results 
of the biosensor presented and the reference method was 
achieved. These results indicate that the proposed biosen-
sor can be applied successfully for activity determination 
of  β -galactosidase.    

 CONCLUSION 

 For  β -galactosidase monitoring a new and attractive 
amperometric biosensor has been presented based on the 
immobilization of glucose oxidase by glutaraldehyde on 

the glassy carbon electrode. Although there are some bio-
sensor systems for monitoring of certain hydrolases such 
as alkaline phosphatase [20-22], the biosensor presented 
here is the fi rst biosensor for the activity determination of 
 β -galactosidase. A layer of polyaniline was coated on the 
surface of the glucose oxidase-glutaraldehyde electrode to 
minimize the loss of GOD in analyzing  β -galactosidase 
and to improve the physical stability of the biosensor. 
The resulting GOD-Glu-pA biosensor shows very good 
characteristics, such as a useful determination range, 
a short response time, a large current density, and high 
sensitivity. Moreover, the detection limit of the biosensor 
for  β -galactosidase activity was 0.0118 U mL −1 . In addi-
tion, it meant that the detection limit of  β -galactosidase 
was 1.25  μ g mL −1 . The enzyme electrode has a reasonable 
good repeatability and reproducibility. Finally, its applica-
bility to artifi cial intestinal juice was agreed well with the 
spectrophotometric reference method. 

 Declaration of interest :  The authors report no confl icts of 
interest. The authors alone are responsible for the content 
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