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selectivity to glucose and high activity over a broad range 
of pH values, amperometric biosensors based on glucose 
oxidase (GOD) have been widely used in glucose biosen-
sor construction [20]. Sensitivity and stability of a glucose 
biosensor are the key features for its quantitative analysis 
applications [21, 22]. 

 In this study,  α -amylases digested starch into glucose 
units and glucose oxidase that was immobilized onto an 
Au electrode surface used these units as substrates after-
wards. In the enzymatic reaction between glucose oxidase 
and glucose units, glucose oxidase uses dissolved oxygen 
existing in the reaction medium. Thus, the consumption 
of oxygen rate was proportional to the level of glucose 
produced from the hydrolysis of starch by  α -amylase, and 
was directly related to the  α -amylase activity.   

 EXPERIMENTAL  

 Chemicals 

 Glucose oxidase (50 U/mg, of  Aspergillus niger  origin), 
potassium dihydrogene phosphate (KH 2 PO 4 ), citric acid 
(C 6 H 8 O 7 ), acetic acid (CH 3 CO 2 H), sodium hydroxide 
(NaOH), sodium chloride (NaCl), bovine skin gelatin, 
sodium dodecyl sulfate (CH 3 (CH 2 ) 11 OSO 3 Na), glycine 
and glutaraldehyde (25%) were purchased from Sigma 
(St. Louis, MO, USA). Starch (from potatoes) was 
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  INTRODUCTION 

 Biosensors, one of the newer areas in analytical chem-
istry, are simple analysis methods with high reproduc-
ibility, sensitivity, short response time, and inexpensive 
fabrication. For 40 years, the deposition of biological 
macromolecules onto transducer surfaces has constituted 
a common task in the development of biosensors. A num-
ber of established immobilization procedures have been 
investigated, ranging from physio-adsorption to covalent 
attachment [1–4].  α -amylases (EC. 3.2.1.1) catalyze the 
hydrolysis of starch, resulting in a signifi cant release 
of maltotriose and maltose from amylose, or maltose, 
glucose and dextrin from amylopectin.  α -amylases are 
extensively used in biotechnology and synthetic chem-
istry industries for starch degradation, oligosaccharide 
production, elimination of starch sizing from textiles, 
the liquefaction of starch, proper formation of dextrins in 
baking, and also used as a supplement of detergents [5, 
6]. Different methods have been described for  α -amylase 
activity determination by using the Wohlgemuth method 
[7], capillary isoelectric focusing [8], ESR assay method 
[9], fl ow injection analysis [10–12], viscometric as-
say [13, 14], DNS method [15], sensitive agar diffusion 
method [16], and polarographic method [17]. Among the 
many methods developed for this purpose, amperometric 
biosensor is especially promising because of its low cost, 
simplicity, and high sensitivity [18, 19]. Due to its high 

  Address correspondence to Umut Mengulluoglu, Ege University, Faculty of Science, Biochemistry Department, 35100 Izmir, Turkey. 
E-mail: umut.mengulluoglu@ege.edu.tr    

Artifi cial Cells, Blood Substitutes, and Biotechnology, 40: 97–102
Copyright © 2012 Informa Healthcare USA, Inc.
ISSN: 1073-1199 print / 1532-4184 online
DOI: 10.3109/10731199.2011.597757

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 

T
ec

hn
is

ch
e 

U
ni

ve
rs

ite
it 

E
in

dh
ov

en
 o

n 
06

/0
5/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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 purchased from Fluka (Switzerland) and  α -amylase (65.55 
U/mg, of  Bacillus suptilis  origin) was purchased from 
NOVO INDUSTRI AS (Copenhagen, Denmark). All re-
agents used were of analytical grades. All solutions were 
prepared with double distilled water just before their use.   

 Apparatus 

 In this study, all electrochemical experiments were carried 
out in a 20 ml thermostated glass cell. Cyclic voltammetric 
and chronoamperometric measurements were performed 
with an Ivium Compactstat potentiostat. A three-electrode 
electrochemical cell set-up was used in the experiments: 
a gold electrode (Metrohm, Switzerland) as the working 
electrode, an Ag/AgCl electrode (3 M KCl saturated with 
AgCl as an internal solution, Metrohm, Switzerland) was 
used as the reference electrode, and a platinum electrode 
(Metrohm, Switzerland) was used as the counter electrode. 
A water bath was used for the preparation of bioactive 
material (N ü ve, BM 302, UK). All the measurements were 
carried out at constant temperature by using a thermostat 
(Haake JF, Germany). A magnetic stirrer (IKA-Combimag, 
RCO) and a pH meter with electrode (WTW, pH538, Ger-
many) were used to prepare buffer solutions.   

 Preparation of the Biosensor 

 For the construction of the bioactive layer, the Au elec-
trodes were polished on a piece of velvet with alumina 
slurry, washed thoroughly with distilled water, and then 
sonicated for 5 min in ethanol and distilled water, respec-
tively. Five milligrams of glucose oxidase and fi ve mil-
ligrams of gelatin were dissolved in 100  μ L pH 7,5 50 
mM phosphate buffer at 40 ° C temperature. 65  μ L of the 
solution was dispersed on the Au electrode surface and 
allowed to dry for 30 minutes at 4 ° C. For cross-linking, 
electrode surface was immersed into glutaraldehyde 
solution (5% v/v) for 5 minutes. Then the electrode 
was rinsed with distilled water to eliminate the excess 
glutaraldehyde.   

 Measurement Procedure 

 The biosensor based on glucose oxidase was replaced into 
the reaction cell containing 20 ml pH 6.5 50 mM phos-
phate buffer including 5 mg/ml starch and the magnetic 
stirrer was fi xed at a constant speed. The measurements 
were carried out at steady-state conditions. After obtaining 
the fi rst steady-state signal approximately in fi ve minutes, 
 α -amylase was injected into the reaction cell. In the exper-
iments, different volumes of  α -amylase standard solution 
between 50 to 1000  μ l were injected. Sensor responses were 

determined as the differences between the fi rst and second 
steady-state chrono-amperometric signal ( Δ I) that was ob-
tained after the addition of  α -amylase. Each measurement 
was completed in 900 seconds. In the reaction,  α -amylase 
hydrolyzes the starch molecules which were present in the 
phosphate buffer (50 mM, pH 6.5). When  α -amylase hy-
drolyzes starch molecules, dissolved oxygen concentration 
in the intermediate surface decreases by the reactsion of 
glucose and oxygen that was catalyzed by glucose oxidase 
immobilized on the Au electrode surface (Scheme 1). 
During our measurements, oxygen reduction was moni-
tored at −700 mV versus Ag/AgCl reference electrode, 
chronoamperometrically. Each measurement has been 
conducted in triplicate sets.     

 RESULTS AND DISCUSSION  

 Optimization of the Bioactive Surface of the 
 Biosensor 

 Optimization studies include development of the biosen-
sor and detailed investigations of components of bioactive 
layer, namely the glucose oxidase activity, gelatin amount, 
and glutaraldehyde percentage.  

 Optimization of Glucose Oxidase Amount.   In this part 
of the study, the effect of glucose oxidase activity on 
the biosensor response was investigated. Measurements 
were accomplished by using fi ve different biosensors 
containing 1.25 mg, 2.5 mg, 5.0 mg, 7.5 mg, and 10.0 
milligrams of glucose oxidase while gelatin amount and 
glutaraldehyde percentage were kept constant as 2.5 mg 
and 5%, respectively. Standard curves were obtained 
for  α -amylase activities of each biosensor. The results 
revealed that enzyme activity affected the biosensor 
response. When we used 1.25 milligrams of glucose oxi-
dase, low and incoherent signals were obtained from the 
biosensor. Therefore, the effect of 1.25 mg of glucose 
oxidase amount was disregarded. Experiments showed 
that optimum biosensor response was obtained with 2.5 
milligrams of glucose oxidase. Glucose oxidase amounts, 
linear ranges and R 2  values of the different biosensors 
are given in Table 1.    

 Optimization of Gelatin Amount.   In order to reveal op-
timum immobilization conditions for the biosensor, 
the effect of gelatin amount in the bioactive layer was 
investigated. Three different biosensors were prepared 
containing 2.5, 5.0 and 7.5 milligrams of gelatin. 2.5 and 
5.0 milligrams of gelatin amounts led to higher biosensor 
responses than the response obtained from 7.5 mg of gela-
tin; however, the increase in the signals did not have a cor-
relation with the increased amount of gelatin.  Moreover, 
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low amounts of gelatin caused an unstable bioactive sur-
face. On the other hand, both the best gelatinization of 
the bioactive layer and the maximum biosensor response 

were obtained using 7.5 mg of gelatin. Thus, 7.5 mg of 
gelatin was chosen as the optimum gelatin amount. The 
relation between gelatin amount and biosensor response 
is shown at Table 1.   

 Effect of Glutaraldehyde Percentage on the Biosensor 
Response.   The effect of the cross-linking agent, glutaralde-
hyde, on the biosensor response was investigated. For this 
purpose, the amounts of glucose oxidase and gelatin were 
kept constant as 2.5 and 7.5 mg, respectively, and each of 
the newly prepared biosensors was treated with 1.25, 2.5, 
and 5.0 % glutaraldehyde for 5 minutes. The relationship 
between biosensor response and glutaraldehyde percentage 
is indicated in Table 1. From the table, it can be determined 
that the most suitable and best linear range was obtained 
with the biosensor, which contained 5.0% glutaraldehyde. 
Lower percentages of glutaraldehyde led to less cross-
linking, so they can permit enzyme or substrate to escape 
from the bioactive layer. Using higher percentages than 
5.0% of glutaraldehyde results in the formation of tighter 
bioactive layer, thus diffusion of glucose monomers from 
reaction medium to bioactive layer gets more diffi cult. As 
a consequence, when the results are compared, the best 
detection limit and linear range were obtained when 5.0% 
glutaraldehyde was used in the biosensor construction.     

 Optimization of Working Conditions  

 pH Effect on Biosensor Response.   pH of medium has 
an important role in biosensor studies for obtaining 

   Table 1.  The effects of glucose oxidase amount, gelatin amount, 
and glutaraldehyde percentage on the biosensor response  

 R 2   Slopes (y) 
 Linear Ranges 

(U/ml) 

 Glucose oxidase amount (mg) a  
2.5 0.988 73.641x  –  12.024 0.819 – 13.110
5.0 0.957 71.110x  �  144.26 4.097 – 12.291
7.5 0.981 65.667x  �  127.86 0.819 – 13.110
10.0 0.970 78.269x  –  20.893 0.819 – 9.833

 Gelatin amount (mg) b  
2.5 0.983 76.926x  –  46.672 0.819 – 13.110
5.0 0.973 53.773x  �  22.090 1.639 – 13.110
7.5 0.988 77.264x  –  43.727 1.639 – 13.110

 Glutaraldehyde percentage (%) c  
1.25 0.990 54.584x  –  11.838 0.819 – 13.110
2.50 0.998 62.829x  �  7.846 0.819 – 16.388
5.00 0.985 75.916  –  30.534 0.819 – 13.110

    a The amount of gelatin and the percentage of glutaraldehyde 
were kept constant at 7.5 mg and 5.0%, respectively. Working 
conditions: phosphate buffer; ph 7.5, 50 mm; t  �  35 ° c; 5 mg/ml 
starch solution and 65.55 u/mg  α -amylase.   
  b The amount of glucose oxidase and the percentage of 
glutaraldehyde were kept constant at 2.5 mg and 5.0 %, respec-
tively. Working conditions were the same as mentioned above.   
  c The amount of glucose oxidase and the amount of gelatin were 
kept constant at 2.5 and 7.5 mg, respectively. Working conditions 
were the same as mentioned above.   

   Scheme 1.  Schematic representation of enzymatic reactions in the reaction medium.  
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the best biosensor response. In order to determine the 
effect of pH value on the biosensor response, different 
buffer systems were investigated. Phosphate buffers 
containing 10 mg/ml starch were used in the experi-
ments and all of the buffers had a concentration of 
50 mM. From the experiments, the optimum pH value 
was found to be 6.5 (Figure 1). The response at pH 6.5 
was set as 100%. The oxygen consumption rates were 
97.98% and 95.51% at pH 6.4 and 6.6, respectively. 
Below and above pH 6.5, decreases were observed in 
the biosensor response. Therefore, optimum pH was ac-
cepted as 6.5. Figure 1 shows optimum pH graph.   

 Effect of the Temperature on the Biosensor Response.   To 
determine the infl uence of temperature on the response 
of the biosensor, experiments were carried out between 
25 and 50 ° C under the best working conditions obtained 
from the optimization studies. Results are given in 
Figure 2. The results showed that the best biosensor 
response was obtained at 35 ° C. Below and above this 
temperature, decreases in the biosensor responses were 
recorded.    

 Characterization Studies of the Biosensor  

 Linear Range of the Biosensor.   Regarding the  α -amylase 
activity, the linear standard curve between 0.819  –  13.110 
U/ml was obtained under the optimum experimental 
conditions. The linear graph was defi ned by the equa-
tion of  y  �  58.515x  –  20.217  and  R  2    �  0.9952 , where  y  
represents  Δ I (nA) and  x  represents  α -amylase activity 
(U/ml). The results acquired for the determination of 
detection limits for  α -amylase activity are given in 
Figure 3.  

 The detection limit of the biosensor was obtained 
as 1.695 � 10 −3  U/ml. At concentrations higher than 

13.110 U/ml, the standard curve showed a deviation 
from linearity.   

 Repeatability.   Repeatability is another important para-
meter for the evaluation of the biosensor. For the 
determination of the repeatability of the biosensor, 
repetitive injections with 6.555 U/ml  α -amylase activ-
ity standards were made. According to the results of 
10 replicates of trials, the average value (x), the standard 
deviation (S.D.) and variation coeffi cient (C.V.) were 
calculated as 6.558 U/ml,  �  0.250 U/ml and 3.812%, 
respectively.   

 Storage Stability.   The aim of storage stability experi-
ments was to collect evidence about the performance of 
the biosensor based on glucose oxidase for  α -amylase 
activity, which could be affected by the environmental 
factors such as temperature and humidity. Experiments 
were carried out periodically every 7 days for a 15-day 
storage period by detecting the decreases in the biosensor 
response. When not in use, the biosensor was stored in a 
fl ask containing phosphate buffer (pH 6.5, 50 mM) at 4 ° C. 
During the storage period, the biosensor preserved about 
23% of its initial activity.   

 Sample Analysis.   To determine  α -amylase activity in 
baker ’ s yeast samples, the developed glucose oxidase 
immobilized amperometric biosensor was used. For 
this purpose, 2.5 grams of baker ’ s yeast samples were 
dissolved in double distilled water. For the liberation of 
 α -amylase enzymes from yeast cells, the mixtures were 
treated with ultrasonicator. Experiments were carried 
out by applying the prepared sample to the reaction cell 
containing phosphate buffer (pH 6.5, 50 mM) that in-
cludes starch molecules (5 mg/ml concentration) instead 
of  α -amylase enzyme solution.  α -amylase activity was 

  Figure 1.       The effect of pH on the biosensor response. [Working 
conditions: phosphate buffers, 50 mM and pH 6.0, 6.2, 6.4, 6.5, 
6.6, 6.8, 7.0. T  �  35 ° C. 5 mg/ml starch solution and 6.555 U/ml 
standard solution of  α -amylase was used. The amount of glucose 
oxidase and gelatin was kept constant at 5 mg and glutaraldehyde 
percentage was %2.5.]  

  Figure 2.       The effect of temperature on the biosensor response. 
[Working conditions: Phosphate buffer; pH 6.5, 50 mM; 5 mg/ml 
starch solution and 6.555 U/ml standard solution of  α -amylase 
was used. Amount of glucose oxidase, amount of gelatin and 
glutaraldehyde percentage was kept constant as 2.5 mg, 7.5 mg, 
and 5%, respectively.]  
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calculated and the results were compared with those 
obtained with a reference method that is called the DNS 
method [16]. The comparison of the results is shown in 
Table 2. The given data was the average of three repli-
cates of trials  �  S.D. and high compatibility between the 
results of the biosensor and the reference method was 
observed.      

 CONCLUSION 

 In this study, we presented a novel  α -amylase activity 
determination method by constructing an amperomet-
ric glucose oxidase based biosensor. Certain amounts 
of glucose oxidase and gelatin mixture were immobi-
lized on Au electrode and glutaraldehyde was used as 
a cross-linking agent. The response time of the biosen-
sor was 15 minutes. This study can be an alternative 
method among the other  α -amylase activity determina-
tion methods. The improved biosensor does not need 
any expensive equipment or material. Measurement 
method is rapid, simple, reliable, sensitive, and not 
time-consuming.    

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