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the purpose of analytical measurements. This may be 
(a) determination of the activity of ALP, (b) determination 
of various analytes based on inhibition of ALP activity, 
(c) immunoassay with ALP label, or (d) even the determi-
nation of inorganic orthophosphate [2]. 

 Investigations of the possibility of using different sub-
strates are mostly carried out with dissolved ALP. Besides 
the commonly used  p-n itrophenol phosphate, orthophos-
phate monoesters of phenol,  α -naphthol,  p -aminophenol, 
4- methylumbelliferon, and 4-amino-1-naphthol have also 
been used to be a substrate of ALP enzyme [5–9] . 

 Interest in the properties of thin-fi lm organic materials, 
especially self-assembled monolayers (SAMs), has grown 
considerably in recent years, primarily due to the ease 
of fabrication, characterization, and manipulation. The 
SAMs have been used in various areas such as molecu-
lar electronics, tribology, sensor fabrication, studies of 
electron transfer kinetics, and biomolecular investigations 
[10–13] . 

 Self-assembled monolayers (SAMs) on thin metal 
fi lms have attracted a lot of attention in nanoscience and 
nanotechnology. They are easy to prepare and useful in 
studying interfacial phenomena, which is highly infl uenced 
by nanometer-scale topographies and composition. SAMs 
are formed by spontaneous adsorption of the molecular 
constituents from solution or gas phase due to its high 
affi nity for a particular surface [14,15]. Self assembled 
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  INTRODUCTION 

 Phosphatases (also called phosphomonoesterases) 
catalyze the hydrolysis of monoesters of orthophosphoric 
acid regardless of the kind of alcohol bound to a phos-
phate. They belong to non-specifi c enzymes that par-
ticipate in photosynthesis, and other metabolic processes 
related to obtaining energy by organisms. Alkaline phos-
phatase (ALP), with activity optima at alkaline pH, is an 
enzyme whose activity is important in the milk industry 
to control pasteurization. It is widely employed in clini-
cal diagnostics of various diseases. Alkaline phosphatase 
is widely used as an enzyme in immunoassays due to its 
high turnover number, broad substrate specifi city, and 
the possibility of application to determining its activity 
by using various spectrophotometric and electrochemical 
methods [1–4] . 

 Alkaline phosphatase (E.C. 3.1.3.1) is a homodimeric 
enzyme that catalyzes the hydrolysis and transphospho-
rylation of a wide variety of phosphate monoesters. In 
recent years, phosphatases have found increasing appli-
cation in design of enzymatic biosensors and immuno-
sensors, where they are used as labels. It catalyses the 
hydrolysis of numerous substrates that contain a phosphate 
group. The choice of substrates for analytical applications 
depends (a) on the method of detection employed for 
monitoring the product of biocatalytic reaction and (b) on
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monolayers (SAMs) of organosulfur compounds such as 
alkane thiols and disulfi des on Au surface have received 
much attention in the past two decades due to their potential 
applications in the fi eld of electroanalytical chemistry [16]. 
The SAMs have electrochemical sensing applications and 
served as a platform for the fabrication of biosensors. Self-
assembled monolayer (SAM) formation induced by the 
strong chemisorption between the substrate and head group
of selected organic molecule provides one of the most 
elegant approaches towards making ultrathin organic fi lms 
of controlled thickness [16,17]. 

 One advantage of the self-assembling method over 
the other methodologies is that thickness of the monolayer 
can be easily controlled by choosing a suitable molecule. 
The existence of specifi c interactions between SAMs and 
the analyte of interest makes the self-assembling meth-
od more attractive in comparison to other modifi cation 
methodologies. Good selectivity and high sensitivity can 
be achieved by the use of SAMs with suitable functional 
groups [18–20] . 

 In this paper a new biosensor, which was based on 
immobilization of alkaline phosphatase on a corundum 
ceramic-based screen printed gold electrode (1.0 mm), 
has been developed and adapted to p-nitrophenyl phos-
phate determination. In the biosensor construction, the en-
zyme was immobilized by using cross-linking agent glu-
taraldehyde and cysteamine by forming a self-assembled 
monolayer (SAM) on the electrode.   

 MATERIAL AND METHODS  

 Chemicals 

 Alkaline phosphatase (EC 3.1.3.1) from bovine intestinal 
mucosa, glutaraldehyde (25 %), cysteamine, p-nitrophenyl 
phosphate disodium salt hexahydrate, potassium chloride, 
magnesium chloride, KH 2 PO 4 , K 2 HPO 4 , glycine, and all 
the other chemicals were purchased from Sigma Chemi-
cal Co. (USA). 

 Electrochemical experiments were carried out in 
glycine buffer (50 mM; pH 10.5 containing 0.1 M KCl  �  
1 mM MgCl 2 ).   

 Apparatus 

 Electrochemical measurements were performed using a 
PalmSens Instruments BV (Holland). Corundum ceramic-
based screen printed gold electrode (1.0 mm) BVT Tech-
nologies (CZ) was used as a working electrode that is com-
bined with the reference Ag/AgCl and the auxiliary AuPd 
(98/2%) electrode. In the experiments, Gibson P100 and 
P1000 automatic pipets (France), a yellow line magnetic 
stirrer (Germany), and a Nuve model thermostat (TR) were 
used. Ultra pure water used in the preparation of solutions 

was obtained from Mili-Q and Milipore RIOS-DI 3 UV 
(USA) water purifi cation system.   

 Electrode Preparation 

 Corundum ceramic-based screen printed gold electrode 
was immersed in 100 mM cysteamine (Cys) solution 
(100 mM, in phosphate buffer; 50 mM, pH 7.0) to form 
the structure of a self assembled monolayer (SAM) dur-
ing a 12-hour period. At the end of the period, the screen 
printed electrode was washed with ultra pure water and 
cross-linked with glutaraldehyde (5%) solution (in phos-
phate buffer; 50 mM, pH 7.0) for 30 min. At the end of the 
period, the electrode was washed again and immersed in 
alkaline phosphatase solution (32.5 Uml −1 ; with Tris-HCl 
buffer pH 7.0, 50 mM, contained MgCl 2 ) for 22 hours. 
Thus, the immobilization of the enzyme was carried out. 
Finally, the electrode was washed with ultrapure water to 
remove unbonded enzyme molecules. Figure 1 shows the 
steps of the electrode preparation.   

 Chronoamperometric Measurements 

 Under alkaline conditions (pH  �  10.0) ALP converts 
p-nitrophenyl phosphate (p-NPP) to p-nitrophenol and 
phosphate. p-nitrophenol loses H  �   ion and turns into the 
negatively charged compound p-nitrophenolate at medi-
um pH. This compound can irreversibly oxidize to p-nitro 
phenoxy cation at an anode resulting in a peak at  �  0.95V 
[21]. This product is measured chronoamperometrically at 
an application potential of  � 0.95 V [22–25]. The anodic 
current values result from the oxidation of the enzymati-
cally generated p-nitrophenol or p-nitrophenolate related 
to substrate concentration were recorded. 

 When the substrate was not in the reaction medium, 
the reaction did not occur and only background current 
was monitored at  � 0.95 V potential. After addition of sub-
strate into the reaction medium, there is a current related to 
substrate concentration and the current was monitored as 
a function of time related to substrate concentration. Mea-
surements were carried out in 0.1 M Glycine buffer (pH 
10.5 containing 1 mM MgCl 2 , 0.1 M KCl) at 30 ° C.    

 RESULTS AND DISCUSSION  

 Cyclic Voltammograms Obtained by 
Screen-printed Electrodes 

 Figure 2a shows typical cyclic voltammogram obtained 
by the biosensor in the presence of 0.1M Glycine buffer 
and in the absence of substrate. Upon addition of 0.2 mM 
p-nitrophenyl phosphate (p-NPP) into the reaction cell a 
striking change in the voltammogram occurs (Figure 2b). 



ALP Based Amperometric Biosensor 319

According to the fi gure, in the presence of p-nitrophenyl 
phosphate an anodic peak current formed at between  �  0.7 
and  � 0.96 V potential range. This peak current resulted 
from a negatively charged compound, p-nitrophenolate, 
under alkaline conditions.    

 Optimization of Experimental Parameters  

 Infl uence of pH on the Biosensor Response .  For most of 
the enzymes, optimum activity is achieved in a narrow
pH interval. Outside this range, the enzymatic activity 
decreases due to changes in the enzyme’s structure and 

also affects the electrochemical response of the biosensor. 
The pH value of the electrolyte affects the three-dimen-
sional structure of the enzyme. For the determination of 
the effect of pH value on the biosensor response differ-
ent pH values were investigated. For this purpose 50 mM 
concentration of glycine buffers containing 1 mM MgCl 2  
and 0.1 M KCl (pH 8.5, 9, 9.5, 10, 10.5, and 11) were pre-
pared and used in the experiments. The optimum pH value 
was obtained to be 10.5. From pH 8.5 up to 10.5 increases 
in the biosensor responses were observed. The biosensor 
response started to decrease when pH was above 10.5 

 The immobilization procedure did not affect the 
optimum pH value of alkaline phosphatase since both 
free and immobilized enzymes had the same optimum 
pH 10.5. Figure 3 shows the results obtained from the 
experiments.   

 Effect of Temperature on the Biosensor Response .  Since 
the enzyme activity is dependent on the temperature, 
the biosensor responses were measured at different 
temperatures ranging from 20 to 40 ° C. Increase in tem-
perature caused higher signals until 30 ° C. However, 
at temperatures higher than 30 ° C a little decrease in the 
response was observed. Hence, 30 ° C was chosen to 
be the most suitable temperature value and used for all 
measurements.    

 Optimization of Bioactive Layer 

 To determine the effect of enzyme and glutaraldehyde 
amount, and SAM duration on the biosensor responses, 
different amounts of enzymes, glutaraldehyde concentra-
tions, and different duration of SAM were carried out.   
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Figure 1.     Immobilization steps of ALP on the screen printed gold electrode surface.  

  Figure 2.     Cylic voltammograms obtained with the screen printed 
electrode: a) 0.1M Glycine buffer (pH 10.5 containing 1mM 
MgCl 2  and 0.1M KCl) without p-nitrophenyl phosphate; b) with 
0.2 mM p-nitrophenyl phosphate in 0.1 M glycine buffer (pH 
10.5 containing 1mM MgCl 2  and 0.1M KCl),  T:  30 ° C. Scan rate 
is 50 mVs −1  and potentials were referred to Ag/AgCl reference 
electrode.  
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 Duration of SAM Formation 

 The structure and properties of the SAMs on metal elec-
trodes can be affected by the pretreatment processes of 
metal electrodes and the experimental conditions during 
the formation of SAMs, such as the immobilization tech-
nique, the concentration and composition of molecules or 
electrolyte solution, the temperature of self-assembly, etc. 

 For the investigation of the duration of SAM formation 
corundum ceramic-based screen printed gold electrodes 
were immersed in 100 mM cysteamine solution for 6, 12, 
24, and 36 hours, respectively. The duration of SAM depo-
sition was also varied because of the infl uence of the density 
of hydrocarbon chains in the SAM on the electrode. Results 
obtained from the experiments are shown in Figure 4. 

 According to the results obtained from the experi-
ments, the electrode that was immersed 12 h had highest 
biosensor responses for p-nitrophenyl phosphate. Whether 
the electrode had been immersed for 24 or 36 h, responses 
of the biosensor decreased dramatically as a result of defor-
mations on SAM related to duration time. When the elec-
trode was immersed for 6 h, linearity of calibration curve 
was deteriorated. From the results of all the experiments in 
the optimization of bioactive layer, it can be said that the 
most suitable biosensor responses correlated and also stan-
dard graphs were obtained with the 12 h duration of SAM.   

 Infl uence of Glutaraldehyde Concentration on the 
Enzymatic Activity .  To determine the effect of glutaral-
dehyde (GA) concentration in the biosensor responses, 
cysteamine modifi ed Au electrodes were cross-linked 
with different concentrations of glutaraldehyde (5.0%, 
7.5%, and 10.0%). The results demonstrated that the 
biosensor response using t.5 and 10.0% glutaraldehyde 
was lower than that obtained with 5.0%. Although 
the biosensor responses obtained with 7.5 and 10.0% 

glutaraldehyde were nearly the same, the lowest biosensor 
responses were obtained by using 10.0% glutaraldehyde. 
From the experiments the best biosensor responses were 
obtained when 5.0 % glutaraldehyde was used. As a re-
sult, the most suitable glutaraldehyde concentration in the 
construction of the biosensor was chosen to be 5%.   

  Detection of the Effect of the Activity of the Enzyme on the 
Biosensor Responses .  To determine the effect of alkaline 
phosphatase activity on the biosensor response, different 
enzyme amounts were used. For this purpose 16.25, 32.5, 
and 65 Uml −1  enzyme activity values were used in the 
biosensor preparation. Amperometric measurements were 
done in glycine buffer (pH 10.5) containing 1mM MgCl 2  
and 0.1 M KCl, at  � 0.95V. 

 From the results, higher biosensor responses and the 
most suitable calibration curve was obtained by the biosensor 
that contained 32.5 Uml −1  enzyme activity. When higher 
enzyme activity (65 Uml −1 ) was used in the biosensor con-
struction, some deformations and diffusion barrier occurred 
in SAM surface. As a result of this effect, the biosensor 
responses decreased dramatically. In the case of 16.25 
Uml− 1  enzyme activity, biosensor responses were decreased 
and also linearity of calibration curve was swerved. This 
situation probably resulted from incapable bonding of 
enzyme molecules to the glutaraldehyde molecules.    

 Analytical Characteristics of the Biosensor  

 Linear Range for p-nitrophenyl Phosphate .  Some 
amperometric measurements were taken to confi rm 
responses of the biosensor for p-nitrophenyl phosphate. 
Figure 5 presents the results on the steady-state current 
at Cys-GA-ALP coated screen printed gold electrode 
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  Figure 3.     The pH dependence on the peak current. 0.1 M glycine 
buffer containing 1 mM MgCl 2  and 0.1 M KCl were used. 
Assay conditions:  T:  30 ° C, applied potential:  � 950 mV, p-NPP 
concentration was 0.2mM.  
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  Figure 4.     The effect of treatment time with cysteamine on 
biosensor response. (0.1 M glycine solutions containing 1 mM 
MgCl 2  and 0.1 M KCl; pH 10.5,  T:  30 ° C, applied potential:  � 950 
mV). The electrode treatment with cysteamine for 6, 12, 24, and 
36 hours and cross-linked with 5.0 % glutaraldehyde solutions. 
The enzyme amount was 32.5 unit/ml.   
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Figure 5.     Amperometric currents obtained for different p-NPP concentration. (a) 0.05 mM, (b) 0.1 mM, (c) 0.2 mM, (d) 0.4 mM, 
(e) 0.6 mM.  

in solutions containing different concentrations of 
p-nitrophenyl phosphate. The data in the experiments 
were acquired at a static potential ( � 0.95 V vs. Ag/AgCl). 

 Responses of biosensor depend linearly on p-nitrophenyl 
phosphate concentration between 0.05 – 0.6 mM. Calibra-
tion curves obtained from the experiments are shown in 
Figure 6. 

 The amperometric results indicated that when con-
centrations of p-nitrophenyl phosphate were increased, 
the corresponding biosensor responses also increased. 

 The enzymatic reaction rate is a linear function 
of the amount of the substrate at low concentrations. 
Figure 5 shows the infl uence of substrate concentration 
on the peak current. From 0.05 mM and 0.6 mM con-
centrations of p-nitrophenyl phosphate there was a linear 
relationship between substrate concentrations and the 
current peaks. At these concentrations, all the active sites 
of the enzyme are occupied by substrate molecules 
and the reaction rate is only dependent on the enzyme 
concentration.    
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 Repeatability .  In the repeatability experiments, 0.2 mM 
p-NPP standard was used. Eight injections ( n   �  8) were 
made with 0.2 mM p-NPP. The average value ( x ), the 
standard deviation (SD), and coeffi cient of variation (CV) 
were calculated to be 0.199 mM ,  �  0.0117 mM, and 5.87 
%, respectively. The limits of detection were calculated 
according to (3S b /m) formula, where m is the slope of the 
calibration curve and S b  is the standard deviation (n  �  8) 
of the response from 0.2 mM p-NPP. From the experi-
ments detection limit was calculated to be 0.033 mM.     

 CONCLUSION 

 In the paper, an amperometric biosensor based on alkaline 
phosphatase has been described. The biosensor was pre-
pared by using cysteamine-glutaraldehyde modifi ed Au 
electrode. In optimization studies of the biosensor, some 
parameters, such as optimum pH, optimum temperature, 
effect of enzyme amount, and duration of SAM formation 
were investigated. We found that the best results were 
achieved at 30 ° C with glycine buffer (pH 10.5, 50 mM), 
12 h SAM duration. Furthermore, the biosensor has a 
decent reproducibility for p-NPP.   

 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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