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ABSTRACT 

Urea Amperometric biosensor was obtained on the base of nanostructured polypyrrole (PPy) and poly ortho- 
phenylenediamine (POPDA). The optimal conditions for monomer electropolymerization were determined. The effect 
of supporting electrolyte and number of deposition cycles on the OPDA and Py electropolymerization were studied. It 
was proved that POPDA and PPy were affected by pH changes and responded to the ammonium, product of urease 
catalyzed reaction. SEM images of the modified Pt/PPy electrode were presented. The cycle voltammograms and 
chrono amperometric curves of Pt/POPDA/urease and Pt/PPy/urease electrodes were studied. A good linear relationship 
was observed for Pt/POPDA/urease electrode in a concentration range from 6.7 to 54 mM urea. For Pt/PPy/urease elec-
trode the linear relation in the range from 0.02 to 0.16 mM urea was determined. The entrapped carbon nanotubes (CNT) 
in PPy film and the bipolymer layers were prepared for construction of Pt/PPy/CNT/urease, Pt/POPDA/PPy/urease and 
Pt/PPy/POPDA/urease biosensors. Obviously, the addition of POPDA to the composition of the two biosensors 
(Pt/PPy/POPDA/urease and Pt/POPDA/PPy/urease) reduced their sensitivity to urea. Pt/РPy/CNT/urease and Pt/РPy/ 
urease biosensors were 173 and 138 times more sensitive to urea than biosensor without PPy (Pt/POPDA/urease bio-
sensor). It was found, that the performance of Pt/PPy/CNT/urease electrode was the best from the five obtained biosen-
sors: linear range of urea concentrations—from 0.02 to 0.16 mM; sensitivity—15.22 µA/mM and detection limit— 
0.005 mM urea. 
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1. Introduction 

The urea concentration in serum or urine is an indicator 
of kidney diseases, as well as diabetes, and analysis in 
clinical laboratories is frequently used. In a urea biosen- 
sor the enzyme urease, which catalyses the hydrolysis of 
urea to ammonia and carbonate can be immobilized into 
different transducers, such as conducting polymers. 
Various conducting polymers, like polyaniline (PANi), 
polypyrrole (PPy) and poly ortho-phenylenediamine, 
have been used for the fabrication of biosensors. Among 
them, polypyrrole is one of the most extensively used 
conducting polymers in the fabrication of urease biosen- 
sors [1]. The versatility of this polymer is determined by 
its biocompatibility, capability to transduce energy aris- 
ing from the interaction of analytes and analyte recog- 
nizing sites into electrical signals that are easily moni- 
tored, capability to protect electrodes from interfering 
material, and easy way for electro-chemical deposition 
on the surface of any type of electrode. 

As opposed to PPy, POPDA shows the conductivity in 

its reduced state, whereas its oxidized state is insulating. 
This determines the electrochemical properties of POPDA, 
since many electrode redox processes of solution species 
have been shown to take place within relatively narrow 
potential window, corresponding to the reduced (con- 
ducting) form of this polymer [2]. Recently nanoparticles 
enhancing enzyme immobilization technique have be- 
come widespread. The using of carbon nanotubes (CNT) 
as mediators of the electron transfer from the enzyme 
molecules to the electrode surface is often applied. Their 
unique electronic properties suggest that CNT have the 
ability to promote the electron transfer reactions of bio- 
molecules in electrochemistry [3]. Their mechanical 
properties, high-aspect ratio, electrical conductivity and 
chemical stability make CNT perfect for a wide range of 
applications that include fabrication of urease biosensors 
[4]. 

A variety of urease biosensors with high sensitivity 
and excellent reproducibility based on nanostructured 
polypyrrole [5-9], poly ortho-phenylenediamine [10,11] 
and carbon nanotubes [12,13] has been reported. 

The aim of this paper was to study the conditions for *Corresponding author. 
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preparation of urea amperometric biosensor based on 
nanostructured polypyrrole, poly ortho-phenylenediamine, 
multi-layered nanostructured substrates and comparing 
the performance of obtained biosensors. 

2. Experimental 

2.1. Reagents and Chemicals 

Pyrrole (Py), 98% from Sigma-Aldrich, USA; ortho- 
phenylenediamine (OPDA) from Merck; urease ЕС 
3.5.1.5, 112 U·mg−1 from Fluka; carbon nanotubes (CNT) 
from Sigma Aldrich with size 2 - 6 nm and length 0.1 - 
10 µm, with 90% purity; glutaraldehyde from Merck. All 
reagents were of analytical grade. All solutions were 
prepared using deionized water from PURELAB Ultra- 
system. 

2.2. Instrumentation 

Cyclic voltammetric, amperometric measurements and 
electropolymerization of Py and OPDA monomers on 
working electrode surface were carried out with the 
PalmSens Electrochemical Instrument (Palm Instruments 
BV, Netherlands) and three-electrode electrochemical 
cell: a platinum plate electrode (1 cm2 area) as a working 
electrode, platinum wire as a counter electrode and a 
saturated calomel (SCE) or Ag/AgCl electrodes as refer- 
ence electrodes were used both in the cyclic voltammet- 
ric and amperometric measurements. 

2.3. Cleaning of the Working Electrode Surface 

The working electrode was mechanically polished with 
0.3 and 0.05 µm alumina, rinsed with distilled water, 
acetone and once again with water. Then, it was cleaned 
electrochemically in 1 M H2SO4 by potential cycling 
between −0.25 and +1.45 V versus Ag/AgCl at a scan 
rate of 0.075 V/s for 10 - 15 min. Before electropoly- 
merization, the monomer solutions (Py or OPDA) were 
purged with high-purity nitrogen gas for at least 10 min 
in order to remove dissolved oxygen. An inert environ- 
ment was maintained in the electrochemical cell during 
the polymerization by purging the cell atmosphere with a 
flow of nitrogen. 

2.4. Preparation of Pt/POPDA/Urease Biosensor 

OPDA was electropolymerized by continuous potential 
cycling between −0.4 and +1.0 V vs. SCE, at a scan rate 
of 0.05 V/s. The number of deposition cycles was varied 
(1, 10 and 20 cycles). The electropolymerization was 
carried out in 0.1М H2SO4 or 0.1M KCI as supporting 
electrolyte containing 0.05 M OPDA monomer solution. 
Then, the working electrode was dried at room tempera- 
ture. A 5 µL of 25% glutaraldehyde was pipette on the 

electrode surface and the solution was allowed to evapo- 
rate at 30˚C for 30 min. The urease was immobilized on 
the POPDA surface by pipetting a 5 µL of 0.1% urease 
and the electrode was dried at 4˚C. 

2.5. Preparation of Pt/PPy/Urease Biosensor 

The electropolymerization of Py was carried out in 0.1 М 
KCl as supporting electrolyte, containing 0.1 М NaCl 
and 0.4 М Py monomer solution. The final concentration 
of urease in this solution was 0.1%. The working elec- 
trode potential was cycled in the potential range from 
−1.0 to +0.7 V vs Ag/AgCl, at a scan rate of 0.05 V/s, 30 
cycles. 

2.6. Preparation of Multi-Layered  
Nanostructured Urease Biosensor 

 Pt/PPy/CNT/urease biosensor 
The electropolymerization of Py was carried out in 0.1 

М KCl as supporting electrolyte, containing 0.1 М NaCl 
and 0.4 М Py monomer solution. 0.0016 g CNT were 
added and the mixture was homogenized by sonication 
for 1 h. Then urease was added to this solution to a final 
concentration of 0.1%. The working electrode potential 
was cycled in the potential range of −1.0 to +0.7 V at a 
scan rate of 0.05 V/s for 30 cycles. 
 Pt/POPDA/PPy/urease biosensor 

POPDA was deposited on working electrode by the 
method described above. After that the electrode was 
dried at room temperature and deposited the second poly- 
mer layer of PPy with entrapping urease, as described 
above. 
 Pt/PPy/POPDA/urease biosensor 

POPDA film was deposited on Pt/PPy/urease electrode 
by the method described above. 

2.7. Electrochemical Measurements with  
Urease Biosensor 

 Cyclic voltammetry 
Cyclic voltammograms (CVs) of Pt/POPDA/urease 

electrode were carried out in 30 mL of 0.01 M PBS (pH 
5.8) in the absence and presence of 100 µL of 1М urea. 
The working electrode potential was cycled in the 
potential range of −1.0 to +1.5 V. 

Cyclic voltammograms of Pt/PPy/urease electrode 
were carried out in 10 mL of 0.01 M PBS (pH 5.8), 
containing 0.1 M NaCl, in the absence and presence of 
200 µL of 10 mМ urea. The working electrode potential 
was cycled in the potential range of −1.0 to +0.7 V. 
 Chronoamperometry 

Chronoamperometry was used as the transduction 
method for detecting urea in different solutions. The 
current density was measured for films potentiostatically 
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polarized at a fixed potential −0.1 V for Pt/POPDA/ 
urease and −0.6 V for Pt/PPy/urease biosensors, at 
successive addition of 100 µL of 1 M urea (pH 5.8) and 
200 µL of 10 mM urea (pH 5.8), respectively. This value 
of pH allowed us to achieve a condition of maximum 
activity of urease. 

3. Results and Discussion 

3.1. Preparation of Pt/POPDA/Urease Biosensor 

The first step for developing of urea biosensor was to 
choose the optimum conditions for monomer electro- 
polymerization. Several experiments have been carried 
out to obtain stable and active polymeric film. The effect 
of supporting electrolyte and number of deposition cycles 
on the OPDA electropolymerization were studied. Fig- 
ure 1 shows the CVs of the ОPDA electropolymerization 
−0.05 M ОPDA in 0.1 М KCl (dashed line) and 0.05 M 
ОPDA in 0.1 М H2SO4 (solid line). The results demon- 
strated that the acidity of the electrolyte had a very strong 
effect on the electropolymerization process. The CV 
curve, obtained in H2SO4, is much wider compared with 
the CV curve obtained in KCl. This is probably due to 
the different conductivity of POPDA film in both elec- 
trolytes. Thus, 0.1 М H2SO4 was chosen as supporting 
electrolyte for the OPDA electropolymerization. 

Figure 2 shows CV curves of Pt/POPDA electrode as 
a function of different number of deposition cycles—1, 
10 and 20. At 1st deposition cycle a high and wide oxi- 
dation peak was appeared at +0.70 V. This was attributed 
to the oxidation of the monomer on the clean Pt electrode 
and formation of POPDA film. In the following negative 
sweep, a reduction peak at −0.18 V was observed, which 
is much lower than the oxidation peak. At 10 deposition 
cycle the oxidation and reduction peaks were decreased. 
Besides that, with the increasing of number of deposition 
cycles, the anodic and cathodic peaks shifted to +0.54 
 

 

Figure 1. CVs of the electropolymerization of 0.05 M ОPDA 
in 0.1 М KCl (dashed line) and 0.1 М H2SO4 (solid line). 
Scan rate: 0.05 V/s; potential range: from −0.4 to +1.0 V; 10 
cycles. 

 

Figure 2. CVs of the electropolymerization of 0.05M ОPDA 
in 0.1 М H2SO4. Scan rate: 0.05 V/s; potential range: from 
–0.4 to +1.0 V; (—) 1st cycle, (…..) 10th cycle and (- - -) 20th 
cycle. 
 
and −0.1 V, respectively. At 20 deposition cycle the 
peaks were the same, like these ones at 10 deposition 
cycle. This means that the electropolymerization was 
autolimited process and 10 deposition cycles were opti- 
mal cycles for obtaining of stable polymer film. 

The effect of pH of the solution on CVs of Pt/POPDA 
electrode was studied. Figure 3 shows CV curves of 
Pt/POPDA electrode, obtained at pH 4.5 (0.1 М acetate 
buffer) and pH 8.5 (0.1 M glycine buffer), at potential 
range from −1.0 to +1.0 V, scan rate of 0.05 V/s. The 
results showed that the magnitude (in µА) of oxidation 
and reduction peaks of CV curves was affected by pH 
solution. The CV curve, obtained at pH 4.5 is much 
wider compared with the CV curve obtained at pH 8.5. 
This proved that POPDA was affected by pH changes 
and will respond to the ammonium, product of urease 
catalyzed reaction. Therefore, POPDA is suitable matrix 
for immobilization of urease. 

The hydrolysis of urea, which can be catalyzed by 
urease, yields a typical increase in pH of the medium 
from ammonia, product of enzyme reaction (Figure 4).  
 

 

Figure 3. CVs of Pt/POPDA electrode in buffer solutions 
with pH 4.5 (dashed line) and pH 8.5 (solid line); potential 
range: from −1.0 to +1.0 V, scan rate of 0.05 V/s. 
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Figure 4. Urea detection by conducting polymer-based am-
perometric biosensor. 
 
Urea biosensor is the typical example of biocatalytic 
amperometric biosensor where ammonium ion interacts 
with polymer to induce a change in conductivity of the 
polymer. 

The interactions of conducting polymer with ammonia 
are also documented in the literature [14,15], which of- 
fers strong evidence that reversible deprotonation of the 
polymer structure takes place, while a concomitant in- 
crease in the pH of the medium can be detected electro- 
chemically. 

The CVs of Pt/POPDA/urease electrode in 30 mL of 
0.01 M PBS (pH 5.8) without and with 100 µL of 1 M 
urea were studied (Figure 5). Figure 5 shows that the 
magnitude (in µA) of oxidation (−0.4 V) and reduction 
(−0.1 V) peaks of CV curves reduced after addition of 
urea. These changes clearly showed that the biosensor 
responds to the urea. Therefore, the potentials for our 
amperometric study were chosen as −0.4 and −0.1 V 
(working potentials). 
 

 

Figure 5. CVs of Pt/POPDA/urease electrode in 0.01 M PBS 
(pH 5.8) without (solid line) and with (dashed line) 100 µL 
of 1 M urea at two temperatures (T1 = 30˚C, T2 = 20˚C). 

Figure 5 also presented the effect of two different 
temperatures (20˚C and 30˚C) on the CVs of the biosen- 
sor. It can be seen that the peak magnitudes were higher 
at 30˚C (the optimum temperature of the urease). There- 
fore, all measurements were carrying out at 30˚C. 

CVs of the Pt/POPDA/urease biosensor in the pres- 
ence of urea were studied (Figure 6). A constant 
potential of −0.1 V (Figure 6(a)) and −0.4 V (Figure 
6(b)) was applied to the working electrode and the 
current was recorded as a function of time until a good 
baseline was obtained. After equilibration, series of 100 
µL of 1 M urea were added to the electrochemical cell, 
containing 30 mL of 0.01 M PBS (pH 5.8). 

As can be seen from Figure 6 the current (in µА) in- 
creased with the addition of urea which is due to the 
produced ammonium from the enzymatic reaction, then 
reached saturation and another portion of urea was added. 
The results show that this biosensor exhibits an excellent 
response for urea at working potential of −0.1 V with a 
response time of 1 min. This curve was used for prepara- 
tion of urea calibration curve (Figure 7). 
 

 
(a) 

 
(b) 

Figure 6. Chronoamperometric curves of Pt/POPDA/urease 
biosensor, with successive addition of 100 µL of 1 М urea in 
0.01 M PBS (pH 5.8) at potential of −0.1 V (a) and −0.4 V 
(b). 
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Figure 7. A urea calibration curve of Pt/POPDA/urease bio- 
sensor. 
 

It can be seen from Figure 7 that with increasing con- 
centration of urea the amperometric current also in- 
creased. A good linear relationship was observed be- 
tween urea concentration and amperometric current in a 
concentration range from 6.7 to 54 mM with detection 
limit of 5 mM. The linear regression equation was I (µA) 
= 0.472 + 0.088 [urea], (mM) with correlation coefficient 
(R2) of 0.9703. 

3.2. Preparation of Pt/PPy/Urease Biosensor 

The electropolymerization was carried out in 0.1 M KCl, 
containing 0.1% urease and different Py concentration 
(0.2 and 0.4 M). The change in the electroactive nature of 
the PPy film after enzyme entrapment can be directly 
related to the existence of electrostatic interactions be- 
tween a bulky, negatively charged enzyme entrapped in a 
positively charged polymer matrix, where the insertion of 
cations into the film becomes well established to ensure 
the electroneutrality of the PPy matrix. The CV curves of 
electropolymerization of Py and urease entrapment were 
shown in Figure 8. The number of deposition cycles was 
10, 20 and 30 cycles. 

Figures 8(a) and 8(b) showed that CV curves become 
wider with the increase of cycle number. These results 
were due to the increase of polymeric film thickness. The 
electropolymerization of Py is an anodic oxidation proc- 
ess and due to this process the anodic and cathodic cur- 
rents increase rapidly [16]. It was found that when the 
cycle number for preparing PPy film was greater than 30 
the diffusion barrier was increasing. Therefore, the opti- 
mum number of deposition cycles of PPy was 30. 

Figure 8 also showed that the magnitude of the anodic 
current was increasing with increasing of pyrrole con- 
centration. When using Py concentration below 0.1 M, 
the electropolymerization was very slow and the obtained 
film thickness was only acceptable after 30 min. The 
increasing of the Py concentration over 0.4 M with the 
same deposition time resulted in a formation of hetero- 
geneous polymers that covered the electrode income- 
pletely. Therefore, the optimum Py concentration of 0.4 
M was selected.  

 
(a) 

 
(b) 

Figure 8. CV curves of the electropolymerization of (a) 0.2 
and (b) 0.4 M PPy in 0.1М KCl. Scan rate: 0.05 V/s; poten- 
tial range: −1.0 to +0.7 V; (…..) 10th cycles, (- - -) 20th cy- 
cles and (—) 30th cycles. 
 

SEM images of the modified Pt/PPy electrode were 
presented in Figure 9. It can be observed very well the 
electrodeposited PPy layer and its characteristic structure 
like as cauliflower. It can be seen that the polymeric film 
were more density when used 0.4 M Py. This image 
proves once again the formation of the PPy layer on the 
platinum electrode surface by cyclic voltammetry and its 
characteristic structure. 

Effect of pH of the solution on CVs of Pt/PPy elec- 
trode was investigated. Figure 10 shows the CV curves 
of Pt/PPy electrode, obtained at potential range from 
−1.0 to +0.7 V at pH 5.6 (0.1 M phosphate buffer), pH 
7.6 (0.1 M phosphate buffer) and pH 10.6 (0.1 M glycine 
buffer), at a scan rate of 0.05 V/s. The results showed 
that the pH change of the system was accompanied by a 
current change. The anodic and cathodic peaks shift to 
the more negative potentials as pH increases. This con- 
firms that electroconductivity of PPy film depends from 
pH changes (PPy itself acts as a pH sensitive indicator). 
Therefore, the PPy film is suitable matrix for entrapment 
of urease and would respond to the ammonium produced 
by urease catalyzed reaction. 
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(a) 

 
(b) 

Figure 9. SEM images of the Pt/PPy/urease electrode at 0.4 
M (a) and 0.2 M Py concentration (b). 
 

 

Figure 10. CV curves of Pt/PPy electrode in 0.1 M PBS at 
pH 5.6 (—), pH 7.6 (- - - -) and pH 10.6 (…..); range from 
−1.0 to +0.7 V; at a scan rate of 0.05 V/s. 
 

The voltammetric response of the PPy/urease film 
shows that a new, well defined redox couple was estab- 
lished at 0.15 V and −0.64 V vs. Ag/AgCl (Figure 11). 
The changes of the reduction peak with addition of urea 
clearly showed that the biosensor respond to the urea. 
Therefore, −0.6 V was selected as working potential for 
carrying out the chronoamperometric measurements. 

 
Figure 11. CV curves of Pt/PPy/urease electrode in 0.01 M 
PBS (pH 5.8) without (solid line) and with (dashed line) 200 
µL of 10 mM urea. 
 

The chronoamperometric curves of the Pt/PPy/urease 
biosensor were studied (Figure 12(a)). The multi-layered 
urease biosensors were prepared by methodic described 
above. CNT were incorporated within the growing PPy 
film for maintaining its electrical neutrality. The entrap- 
ment of the CNT has a little effect upon the electropoly- 
merization rate and redox properties of the resulting film. 
Figure 12 shows the response of Pt/PPy/urease biosensor 
(a) and three PPy modified biosensors: Pt/PPy/CNT/ 
urease (b), Pt/POPDA/PPy/urease (c) and Pt/PPy/ 
POPDA/urease (d) to series of 200 µL of 10 mM urea 
added to the electrochemical cell, containing 10 mL of 
0.01 M PBS (pH 5.8). The applied potential was −0.6 V. 
As can be seen, the four chronoamperometric curves are 
similar. With the increasing of urea concentration the 
amperometric response increased linearly in the range 
from 0.02 to 0.16 mM urea (Figure 13). It was evident 
that the PPy biosensor and multi-layered nanostructured 
urease biosensors measured lower urea concentration, 
than POPDA biosensor (6.7 to 54 mM). The comparison 
of the four urea calibration curves showed that the curve 
slope of the Pt/PPy/CNT/urease electrode was larger and 
this electrode had the greatest sensitivity. This was due to 
the incorporation of CNT in deposited PPy film of the 
electrode. This is completely understandable since added 
CNT improve electrical conductivity of the polymer film, 
the film was more porous and the diffusion of the sub- 
strate was more intensive. The sensitivity of Pt/РPy/ 
urease electrode was on the second place. Pt/РPy/ 
РOPDA/urease electrode has the lowest sensitivity. The 
linear regression equations and correlation coefficients 
(R2) are also presented (Figure 13). Obviously, the addi- 
tion of POPDA to the composition of the two biosensors 
(Pt/PPy/POPDA/urease and Pt/POPDA/PPy/urease) re- 
duced their sensitivity to urea. It can be seen that the four 
PPy biosensors were much more sensitive to urea than 
Pt/POPDA/urease biosensor (Figure 7). For instance, 
Pt/РPy/CNT/urease biosensor and Pt/РPy/urease biosen- 
sor (Figure 13) were 173 and 138 times more sensitive  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 12. Chronoamperometric curves of Pt/PPy/urease 
(a), Pt/PPy/CNT/urease (b), Pt/POPDA/PPy/urease (c) and 
Pt/PPy/POPDA/urease (d) biosensors with successive adi-
tion of 200 µL of 10 mM urea in 0.01 M PBS (pH 5.8) at - 
0.6 V. 

 

Figure 13. Urea calibration curves of Pt/PPy/CNT/urease (•), 
Pt/PPy/urease (■), Pt/PPy/POPDA/urease (♦) and Pt/POPDA/ 
PPy/urease () biosensors. 
 
Тable 1. Comparison of the performance of Pt/PPy/CNT/ 
urease and Pt/POPDA/urease electrode with urease biosen-
sors obtained by other authors 

Polymeric 
film 

Linear range of urea 
concentrations, mM

Sensitivity, 
µA/mM 

Detection
limit, mM

Reference

PPy/CNT 0.02 - 0.16 15.22 0.005 
Present 
study 

POPDA 6.7 - 54 5.88 5 
Present 
study 

PPy 0.05 - 0.25 16.846 0.05 [7] 

PPy 0.0017 - 0.075 - 0.001 [8] 

P/N 0.001 - 1 - 0.0005 [17] 

PMS 0.5 - 21 0.022 0.2 [18] 

PPy 1 - 50 - - [19] 

PAPCP 0.16 - 5 - - [20] 

PAPCP—poly (N-3-aminopropyl pyrrole-co-pyrrole); PMS—polymaleimi- 
dostyrene; P/N—polyaniline-Nafion. 

 
to urea, than Pt/POPDA/urease biosensor (Figure 7). The 
detection limit of Pt/РPy/CNT/urease biosensor was 
0.005 mM urea at a signal-to-noise ratio of 3. The in-
ter-assay precision of Pt/РPy/CNT/urease biosensor, or 
fabrication reproducibility was estimated by determining 
the response to 200 µL of 10 mМ urea in 0.01 M PBS 
(pH 5.8) of six different electrodes and the relative stan- 
dard deviation was found to be 2.43%. The intra-assay 
precision of the sensors was evaluated by assaying one 
enzyme electrode for six replicate determinations and the 
relative standard deviation was calculated. The obtained 
biosensor showed storage stability of 70% of its initial 
current response after 30 days. 

The performance of the constructed biosensor is com- 
parable to the results reported by other authors (see Ta- 
ble 1). The linear range (in mM) of the calibration curves 
obtained with Pt/PPy/CNT/urease biosensor, sensitivity 
and detection limit are comparable with the results pub- 
lished by other authors (Table 1). 
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