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bstract

A new approach based on amperometric urea biosensor for the inhibitive determination of Hg2+ ion using immobilized urease in
oly(vinylferrocenium) film was developed. A PVF+ClO4

− film was coated on Pt electrode at +0.7 V versus an Ag/AgCl by electrooxidation
f poly(vinylferrocene) in metylene chloride containing 0.1 M tetrabutylammonium perchlorate (TBAP). The enzyme modified electrode PVF+E−

as prepared by anion-exchange in an enzyme solution in 50 mM phosphate buffer at pH 7.0. The catalytic oxidation current at +0.7 V (versus SCE)
as monitored as a response of this immobilized enzyme electrode. The response of the urease enzyme electrode was effected by the presence of
etal ions in the solution. Hg2+ ion was found to be the most dominant interfering species. The presence of Hg2+ ions in the samples inhibited the

rease activity, resulting a decrease in oxidation current. The amperometric urease inhibition biosensor developed in this study provided linearity to
2+ −1 −6 −1 −4
g ions in the 2.5 �g mL (9.2 × 10 M) to 115 �g mL (4.2 × 10 M) concentration range. The detection limit under the optimum working

onditions was determined as 2.0 �g mL−1 (7.4 × 10−6 M) for Hg2+ ion. The recovery of the biosensor was studied. Application of the biosensor
o battery samples gave reliable results when compared to atomic absorption spectrometric findings. The interference effect of Cu2+, Fe3+, Cr3+,
d2+, Zn2+, and Pb2+ ions were also investigated under the same working conditions.
2006 Elsevier Inc. All rights reserved.
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. Introduction

Many substances alter the activity of an enzyme by combining
ith it in a way that influences the binding of the substrate. These

ubstances are known as inhibitors [1]. Heavy metals are well
nown to inhibit the activity of enzymes and application of these
azardous toxic elements offers several advantages. Enzymes
re often specific to inhibitor and in many cases the inhibition
ffect of investigated pollutant is related to its biological toxicity
2].

Certain metal ions are highly toxic. The determination of
races of toxic heavy metals in biological material, natural
aters, soil and air has become very important. This is because

he environment is vulnerable for this class of pollutants. Heavy
etals are accumulated and stored in living organisms. Among
hem the influence of Hg2+ ion on the environment is particu-
arly serious due to its strong toxicity and increasing level of its
xtended use in industrial processes [3–5].
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Numerous enzymes such as urease, peroxidase, glucose oxi-
ase, invertase, xanthine oxidase, butyrylcholinesterase, isoc-
tric dehydrogenase and alkaline phosphatase have been used
or the determination of Hg2+ ions [6]. Urease is the most used
nzyme for this purpose. The effect of Hg2+ ions on urease
nzyme is due to their binding to thiol groups present near the
ctive center [7]. The enzyme urease, which is often present in
ost biological systems, plays a very important role by catalyz-

ng the decomposition reaction of urea as follows:

H2CONH2 + 3H2O
Urease−→ 2NH4

+ + HCO3
− + OH−

n the case of conventional urea biosensors there are several types
f electrochemical biosensors. Numerous works have been car-
ied out on the preparation of urease-based sensors using amper-
metric enzyme electrodes [8–12], potentiometric ammonium
on-selective electrodes [13–17], ammonia gas electrodes [18],
nd pH electrodes [19–22]. In most of studies Hg2+ ion was the

ost inhibiting species. Amperometric biosensors, which have

merged as the most commonly used biosensors, are considered
romising for urea determination because of their effectiveness
nd simplicity. They measure the changes in the current on the
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orking electrode due to direct oxidation or reduction of the
roducts of a biochemical reaction. These biosensors can also
e used in turbid media [9–11].

In this study, an amperometric urea biosensor which
as previously developed in this laboratory was utilized

or the inhibitive determination of Hg2+ ions using poly-
vinylferrocenium) (PVF+) modified electrode [12]. Applica-
ion of the biosensor to commercial battery samples and the
nfluence of possible interferents were also examined.

. Experimental

Phosphate buffer solutions were prepared from NaH2PO4·2H2O (Merck)
nd Na2HPO4·2H2O (Merck) using triple distilled water. Urea (Sigma) solutions
ere prepared using phosphate buffer solutions. Urease (E.C.3.5.1.5, Sigma)

nzyme solutions with 16.000 U/g solid enzyme activity were prepared using
hosphate buffer solutions at a concentration of 0.1 mg protein mL−1 which
as then diluted. During the preparation of enzyme solution, ultrasonic bath
as used. Enzyme solution was kept in refrigerator at +4.0 ◦C when it was
ot used. The pH of the buffer solutions was adjusted to the working pH
f 7.0 by adding 0.1 M NaOH (Merck) solutions. For the interference stud-
es HgCl2 (BDH, Analar), Cu(NO3)2·3H2O (Analar), FeCl3·6H2O (Merck),
r(NO3)3·9H2O (Merck), Pb(NO3)2 (Analar), Cd(NO3)3·4H2O (Merck) and
nCl2 (Fisher) were used.

The chemical polymerization of PVF and the electroprecipitation of
VF+ClO4

− have been described in previous publications [12,15]. Methylene
hloride (Aldrich), was purified according to a procedure published elsewhere
23]. (TBAP) was prepared by the reaction of tetra-n-butyl ammonium hydrox-
de (40% aqueous solution, Merck) with perchloric acid (BDH), recrystallized
rom the water and ethyl alcohol mixture (1:9 by volume) several times. It was
hen dried at 120 ◦C under vacuum for 12 h. This salt was always kept under
itrogen atmosphere.

The preparation of the enzyme electrode was accomplished by immersing the
VF+ClO4

− coated Pt electrode in a solution of urease enzyme with stirring. The
nzyme is held electrostatically in the polymeric structure. The pH of the enzyme
olution was kept above the isoelectric point (5.5) of the enzyme [20]. The
nzyme molecule exists in the form of an anion (E−) under working conditions,
acilitating its ion exchange interaction with the oxidized polymer (PVF+). The
nzyme-attached electrode was rinsed with 50 mM phosphate buffer solution of
H 7.0 to remove the excess enzyme, which was not held electrostatically.

The response of an enzyme electrode was measured as the steady-state cur-
ent value. In order to determine the steady-state background current of the
nzyme electrode, a potential of +0.7 V (versus SCE) was applied to the ure-
se enzyme electrode, which was kept in 50 mM phosphate buffer solution (pH
.0) that did not contain urea solution. After the steady-state current value was
eached, known amounts of the urea solution, which contained Hg2+ ions were
dded to the cell and the solution was stirred for 5 s. The response of the electrode
as measured at an applied constant potential of +0.7 V (versus SCE). +0.7 V
ersus SCE, which was set in all our previous measurements as the optimized
otential for the oxidation of PVF to PVF+ [24–25]. The enzyme electrode was
ept in 50 mM phosphate buffer solution at pH 7.0 and +4.0 ◦C when not in use.

Application of the biosensor was carried out with commercial bat-
ery samples. Firstly battery samples were dissolved with aqua regia (HCl
igma–Aldrich, HNO3 Sigma–Aldrich). After this step, the samples were waited

n hot water bath. Then their solutions were prepared with 0.01 M urea solution
t pH 7.0. Certain amount of the dissolved battery sample was added to the
lectrochemical cell for the determination of Hg2+ ion inhibition.

Electrochemical measurements were carried out in a three-electrode cell.
Pt disc electrode (area: 7.85 × 10−3 cm2) was used as the working electrode

n electrochemical studies. SCE was used as a reference electrode and a Pt
ire electrode (area: 2 cm2) was used as the counter electrode. The reference
lectrode was Ag/AgCl during polymer electrooxidation in methylene chloride.
he electrochemical studies were carried out with PAR system, which consists of
odel 173 Potentiostat and Model 179 Digital Coulometer. Current-time curves
ere recorded on a Cole-Parmer 60648 X-t recorder. An atomic absorption

pectrometer (AAnalyst 800-Perkin-Elmer) was used for the atomic absorption

m
d
c
t
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pectroscopy method. An electrochemical cell, which had five inlets, was used
or the electrochemical studies. Three of these were used for the electrodes and
he other two were used for nitrogen gas inlet and gas outlet.

Each point measured for each graph in this work was repeated three times
nd no significant deviations have been found. Furthermore, in some cases the
easurements had to be repeated by another electrode fabricated at different

imes and gave almost the same response under the same conditions.

. Results and discussion

It was reported in previous studies from this laboratory that
VF+ClO4

− matrix is sensitive to the anions present in the solu-
ion [26–29]. The enzyme urease (E) is negatively charged at a
H value over its isoelectric point. After modification of Pt elec-
rode with PVF+, negatively charged urease enzyme (E−) was
mmobilized into the polymer matrix electrostatically due to the
ollowing equation:

VF+ClO4
− + E− → PVF+E− + ClO4

−

he immobilization of urease enzyme into the polymeric film
as proven by FTIR and UV techniques [15]. During urea
ydrolysis, immobilized urease in the PVF+ matrix produced
local pH change. A pH change significantly influences the

ormal redox potential of the PVF+ClO4
− film. At a suitable

onstant potential, the pH change of the system is accompa-
ied by a detectable current change. When the local pH on the
lectrode surface changes as a consequence of the biocatalytic
eaction, the current value resulting from the electrochemical
eaction of the pH-sensitive redox compound also changes to an
xtent, which is correlated to the substrate concentration [30].
he interference effect of the Hg2+ ions in the urea solution
ppears as a decrease in the oxidation current.

For the interference studies optimum working conditions
f the prepared urea biosensor at room temperature were
sed. These conditions were 1.0 mC polymeric film thickness,
.025 mg mL−1 urease enzyme concentration, 10 min immer-
ion time and 50 mM pH 7.0 phosphate buffer solution [12].

.1. pH dependence of the polymer

A blank experiment (without the urease enzyme) was carried
ut for the PVF+ClO4

− film. The pH dependence of the polymer
as determined using buffer solutions containing 50 mM total
hosphate ions at a pH range of 6.0–8.0. The maximum current
alue was obtained at pH 7.0, which decreases linearly beyond
his pH. pH 7.0 has been cited as an optimum value for the
atalytic activity of urease in the decomposition reaction of urea
13]. The optimum working pH of the medium was also found
s pH 7.0 in the previous study [12].

.2. Inhibition effect of Hg2+ ion

The activity of urease enzyme is effected by the presence of

etal ions in the solution. Hg2+ ions effect the urease enzyme

ue to their binding to thiol groups present near the active
enter of the enzyme. The inhibitory effect of Hg2+ ion on
he response of the urea biosensor was investigated by adding
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Fig. 1. % Reduction in the response of the enzyme electrode caused by Hg2+

i
t
t

v
f
t
e
p
p
e
c
w

i
a
1
i

3

m
e
a
d

F
m
i

Table 1
Comparison of inhibitory effects of various metal ions at 1000 �g mL−1

concentration

Ion Inhibition (%)

Hg2+ 57.4
Fe3+ 29.1
Cu2+ 28.7
Cr3+ 21.7
Pb2+ 9.2
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ons (1.0 mC polymeric film thickness, 0.025 mg mL−1 urease enzyme concen-
ration, 10 min immersion time, 50.0 mM pH 7.0 phosphate buffer solution, room
emperature).

arious amounts of HgCl2 to 0.01 M urea solution. The inter-
erence effect of Hg2+ ions was carried out under the condi-
ions of 1.0 mC polymeric film thickness, 0.025 mg mL−1 urease
nzyme concentration, 10 min immersion time, 50.0 mM pH 7.0
hosphate buffer solution at room temperature. It was shown
reviously that there was a linear decrease of response of the
lectrode in the presence of Hg2+ ions in solution up to a con-
entration value of 115 �g mL−1 [12]. Above this value there
as no significant change in current values.
The percent reduction in the response of the electrode is given

n Fig. 1. The presence of 20 �g mL−1 Hg2+ ions resulted in
15% decrease in the measured current and the addition of

25 �g mL−1 Hg2+ ions produced a 54% suppression of the
nitial enzyme electrode response.

.3. Hg2+ ion calibration of the enzyme electrode

When the concentration of substrate was fixed as 0.01 M, the

easured current values only depend on the activity of the urease

nzyme. The calibration curve for Hg2+ ion is presented in Fig. 2
fter inhibition. It can be seen from the figure enzyme electrode
eveloped provided linearity to Hg2+ ion in the 2.5 �g mL−1

ig. 2. Calibration curve for Hg2+ ion obtained after inhibition (1.0 mC poly-
eric film thickness, 0.025 mg mL−1 urease enzyme concentration, 10 min

mmersion time, 50.0 mM pH 7.0 phosphate buffer solution, room temperature).
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n2+ 7.3
d2+ 2.3

9.2 × 10−6 M) to 115 �g mL−1 (4.2 × 10−4 M) concentration
ange. The detection limit under the optimum working condi-
ions was determined as 2.0 �g mL−1 (7.4 × 10−6 M) for Hg2+

on. The response time to Hg2+ ions was 60 s.

.4. Interferences

Selectivity is an important parameter in the performance of
n inhibition based biosensor. Cu2+, Fe3+, Cr3+, Cd2+, Zn2+,
nd Pb2+ ions also inhibit the activity of urease enzyme. The
nterference effect of these ions was also investigated under the
ame working conditions. The comparison of inhibitory effects
aused at a concentration level of 1000 �g mL−1 for each cation
as found to be less than that of Hg2+ ion (Table 1).

.5. Recovery studies by proposed method

In order to establish the reliability and suitability of the pro-
osed method recovery experiments were perpormed. After the
ddition of 15.00 �g mL−1 Hg2+ ion three times into the elec-
rochemical cell, the % recoveries were found as 90.00, 91.67
nd 98.33. The % relative standard deviation was also found as
.72 for these three recoveries. The results are given in Table 2.

.6. Application of the enzyme electrode

This biosensor based on urease inhibition was applied to two
ommercial battery samples. The same samples were also ana-
yzed with atomic absorption spectrometry (AAS). Application
f the biosensor to battery samples gave reliable assesments
hen compared to those obtained by atomic absorption spec-

rometry (AAS). The results are given in Table 3.

Comparison was made between two sets of replicate measure-

ents by t test. For the first battery sample the standard deviation
as found as ±0.353. According to the t test the calculated
value was 6.588 and this value did not exceed the tabulated t

able 2
ecovery studies by proposed method at PVF+ modified electrode

dded
Hg2+ �g mL−1)

Found
(Hg2+ �g mL−1)

Recovery (%) R.S.D. (%)
(n = 3)

5.00 13.50 ± 0.13 90.00 ± 2.35
4.725.00 13.75 ± 0.18 91.67 ± 1.17

5.00 14.75 ± 0.53 98.33 ± 3.54
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Table 3
Comparison of two methods (amperometric and AAS methods) by t test

Amperometric method (Hg2+, �g mL−1) AAS method (Hg2+, �g mL−1)

Sample 1
12.80 10.87
13.50 10.78
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ample 2
86.75 82.53
88.00 82.69

alue (9.925) at 99% confidence level, which confirms that there
s no significant difference between the two methods. For the sec-
nd battery sample the standard deviation was found as ±0.631
nd the calculated t value was 7.552 and this value didn’t exceed
he tabulated t value (9.925) at 99% confidence level either which
onfirms that there is no significant difference between the two
ethods.

. Conclusions

It can be concluded that the previously developed urease
iosensor, which has an advantage of easy preparation and fast
esponse can also be used for the inhibitive determination of
g2+ ions. The enzyme inhibition based biosensor showed good

inear concentration range to Hg2+ ions when compared with
imilar studies in the literature.
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12] Kuralay F, Özyörük H, Yıldız A. Amperometric enzyme electrode for urea
determination using immobilized urease in poly(vinylferrocenium) film.
Sens Actuators B 2006;114:500–6.

13] Adeloju SB, Shaw SJ, Wallace GG. Polypyrrole-based potentiometric
biosensor for urea. Anal Chim Acta 1993;281:621–7.

14] Lakard B, Herlem G, Lakard S, Antoniou A, Fahys B. Urea potentiomet-
ric biosensor based on modified electrodes with urease immobilized on
polyethylenimine films. Biosens Bioelectron 2004;19:1641–7.
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26] Gülce H, Çelebi SS, Özyörük H, Yıldız A. Amperometric enzyme
electrode for sucrose determination prepared from glucose oxidase and
invertase co-immobilized in poly(vinylferrocenium). J Electroanal Chem
1995;397:217–23.
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