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Abstract

A new peroxidase biosensor was developed using cysteamine—
palladium complex-modified gold electrode. The principle
of the measurements is based on monitoring increase in the
oxidation potential of palladium complex (at +0.47 V vs Ag/
AgCl) using amperometric detection. In the optimization studies
of the biosensor, effects of enzyme amount, palladium complex
amount, and duration of SAM formation on biosensor responses
were investigated to optimize the bioactive layer. The biosensor
has a fast response time of less than 10 s to hydrogen peroxide
(H,0,), with a linear range of 5.0 X 107 ¢ to 150 X 10~ ° M and
a detection limit of 3.38 X 10~ M.
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Introduction

The accurate and sensitive determination of hydrogen
peroxide (H,0,) is very important in many fields including
industry, environmental protection, and clinical control
(Bartlett et al. 1998, Wang et al. 1993, Sellers 1980). There
are many techniques such as titrimetry (Brestovisky et al.
1983), spectrophotometry (Matsubara et al. 1992), chemi-
luminescence (Hanaoka et al. 2001, Nakashima et al. 1991),
and electrochemistry (Li et al. 1996, Garguilo et al. 1993,
Xiao et al. 1999) for the detection of H,0,. Among these
techniques, electrochemical methods, especially ampero-
metric biosensors based on peroxidase enzymes, are very
important for the determination of H,0, because of its high
sensitivity (Zhang and Oyama 2005, Ferapontova et al. 2002,
Wang et al. 2009, Hong and Dai 2009). In the fabrication
of biosensors, the immobilization of enzymes is the most
important step. Several immobilization methods have been
considered such as entrapment in a carbon-paste electrode
(Grigor et al. 2010), adsorption onto activated carbon elec-
trodes (Gorton et al. 1999), adsorption on thiol-modified
gold electrodes (Gaspar et al. 2001), entrapment in a sol gel

or hydrogel (Li et al. 1996, Wang et al. 2000), and entrap-
ment in an electropolymerized film on the electrode surface
(Razola et al. 2002, Cosnier 1999, Mala Ekanayake et al. 2008,
Senel et al. 2010). In the biosensor construction ease of fab-
rication, efficient retention of enzyme activity, and stability
have to be considered. To improve the performance of the
biosensor, it is preferable to find an easy-handling immo-
bilization method. Self-assembled monolayers (SAMs) are
highly ordered molecular assemblies formed by chemisorp-
tion of functionalized molecules on the metal or metal oxide
surface, and organize themselves laterally. The most widely
studied SAM systems have been formed by chemisorption
of alkanethiols on gold, silver, or copper metal surfaces
(Yan et al. 2004). Electrical communication between redox
sites of enzyme and working electrode is the basis for
developing various amperometric biosensors (Heller 1990,
Vreeke et al. 1992). Nevertheless, because their redox cen-
ters are generally located deep inside the proteins, direct
electron transfer is usually difficult with most enzymes. Both
the sensitivity and the application of these unmediated bio-
sensors have been limited due to the slow electron transfer
rate. Therefore, suitable redox mediators are preferable to
establish an electrical connection between redox centers of
the enzymes and the working electrode.

In this study, a new electroactive palladium complex
([Pd(u-OAc)(ppy)l,, ppy: 2-phenylpyridine, PhMe) has
been used as a donor molecule in the enzymatic reaction of
peroxidase enzyme.

Materials and methods

Chemicals and apparatus

Palladium complex was synthesized in our laboratory
as described below. Horseradish peroxidase, cysteamine,
glutaraldehyde (25%), H,O,, and all other chemicals were
purchased from Sigma Chemical Co. (USA). 1-Methylimidazole
was purchased from Merck. All solutions used in the

experiments were prepared just before their use.
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Scheme 1. Synthesis of palladium complex. Reagents and conditions: (i) 2,3,4,5,6-pentamethylbenzyl bromide, PhMe, 25°C; (ii) [Pd(u-OAc)(ppy)l,,

ppy: 2-phenylpyridine, PhMe, 110°C.

In the experiments PalmSens potentiostat (the Nether-
lands), a three-electrode system from CH Instruments (USA)
that contains a CHI 102 model gold-working electrode, a
CHI 111 model Ag/AgCl reference electrode, and a CHI 115
model platinum wire counter electrode, Gilson P100 and
P1000 automatic pipettes (France), IKA magnetic stirrer
(Germany), and Nuve model thermostat (TR) were used.

Synthesis of novel palladium complex

Quaternization of methylimidazole (1) by methyl-substituted
benzyl bromide afforded imidazolium salt (2) which was
converted to (k-C,N)-palladacycles bearing imidazol-2-
ylidenes (3), by in situ deprotonation, using the bridged
palladacycle, [Pd(u-OAc)(ppy)l,, ppy: 2-phenylpyridine
(Giinay et al. 2009). The general route to the N-heterocyclic
ligand (NHC) precursors and palladacyclic complexes is
shown in Scheme 1. Palladium dimer and benzyl bromide
derivative were prepared according to the literature (Aiello
et al. 2000, van der Made and van der Made 1993).

Immobilization and principle of the measurements

Prior to coating, Au electrode (AuE) surface was polished
with alumina slurries on a microfiber cloth to obtain a
mirror surface. It was then thoroughly rinsed with double-
distilled water and sonicated first in absolute ethanol and
then in double-distilled water for 10 min to remove adsorbed
particles. The electrode was then cleaned by five successive
cyclic voltammetric sweeps between —1.0 Vand + 1.0 Vin
the 0.1 M HCL.

To form SAM the clean gold electrode was immersed
into 100 mM cysteamine solution for 15 h. At the end of this
period the cysteamine-modified gold electrode (CMAuUE)
wasrinsed with double-distilled water to remove unbounded
molecules on the electrode surface. Co-immobilization of
palladium complex and peroxidase was carried out as fol-
lows: 3 uL of the 4 mg/100 mL palladium complex solution
(prepared in chloroform) was deposited on the cysteamine-
modified gold electrode (CMAuE) and let to dry to form
cysteamine-palladium complex-modified gold electrode
(CPMAUE). Then 5 pl of 1.0 mg/mL peroxidise (HRP) solu-
tion was also deposited on the modified electrode and let
to dry again to construct a cysteamine-palladium complex-
peroxidase-modified gold electrode (CPPerMAuE) . Finally,
the electrode was immersed in the 25% glutaraldehyde
solution for 30 min at 4°C.

The principle of the measurements is based on monitor-
ing increase in the oxidation potential of palladium complex
(at +0.47 V vs Ag/AgCl) using amperometric detection.
Oxidation potential of palladium complex related to the
enzymatic reaction of peroxidase in phosphate buffer
(pH: 7.0; 50 mM) was determined by measuring cyclic volta-
mmetry between + 0.1 and + 1.0 V potentials. Correlations
between increase in biosensor response and peroxidase
activity were monitored. All the measurements were
carried out at 30°C using thermostatic reaction cells and
phosphate buffer (50 mM, pH 7.0).

Results and discussion

Cyclic voltammetry characterization of the biosensor

To characterize the biosensor, some cyclic voltammetric
measurements were done after each modified step. Figure 1
showed the cyclic voltammograms (CVs) of bare and modi-
fied electrodes in different steps in phosphate buffer (pH
7.0), with a scan rate of 100 mV/s. From the figure it is obvi-
ous that cyclic voltammograms of the bare gold electrode,
after cysteamine deposition, and co-immobilization of pal-
ladium complex and peroxidase showed the same behavior
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Figure 1. Cyclic voltammograms (CVs) of bare and modified
biosensors in different steps in phosphate buffer (pH 7.0), with a scan
rate of 50 mVs~! vs Ag/AgCl. a) bare gold electrode, b) Cysteamine-
modified gold electrode (CMAuE), c) Cysteamine-palladium complex-
peroxidase-modified gold electrode (CPaPeMAuE) in the absence of
H,0,, d) Cysteamine-palladium complex-peroxidase-modified gold

22
electrode (CPaPeMAUE) in the presence of H,0, (100 pM).
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Figure 2. Chronoamperometric results of modified peroxidase biosensor after H,0, injections with different concentrations at +0.47 V potential

vs Ag/AgCl.

in the absence of H,0,. Therefore, the cysteamine-palladium
complex-peroxidase-modified gold electrode (CPPerMAuE)
showed a different cyclic voltammogram after injection of
H,0, (100 uM) into the reaction medium. Upon the addition
of the H,0, to the electrochemical cell, the oxidation peak
of the palladium complex (at +0.47 V) appears, related to
a typical electron transfer between the H,O, and the HRP
molecule. According to Figure 1, an obvious effect of the
palladium complex was shown in the enzymatic process
of HRP, that is, the complex can act as a conduction center
which facilitates the transfer of electrons.

Optimization of bioactive layer and working condition

of the biosensor

In order to optimize the components of bioactive layer of the
biosensor effects of enzyme concentration, palladium com-
plex amount, cysteamine concentration, and duration of SAM
formation on the biosensor responses were investigated. From
the experiments the best biosensor responses were obtained
using 0.5 mgmL~! enzyme, 100 mM cysteamine, 40 mgmL~!
palladium complex, and 15 h duration of cysteamine.

To detect the effect of pH on the electrocatalytical reduc-
tion of H,0,, the modified biosensor was studied under a
constant concentration (100 pM) of H,0, in different pH
values (5.0-8.0) by amperometric measurements at an
applied potential of +0.47 V. From the results, the current

responses increased up to pH 7.0. Above this pH value,
decreases in current responses were obtained. Therefore,
pH 7.0 was selected to be the working buffer. The same
measurements were done to obtain the optimum working
temperature of the modified biosensor using different tem-
perature values (15-40°C). Current responses obtained from
the measurements increased up to 30°C. Further increase in
temperature will lead to a decrease in the current response
because of the partial denaturation of the enzyme. Consid-
ering both the lifetime and response characteristics of the
enzyme, 30°C was employed as the optimum temperature to
detect H,0, .

Electrochemical response to H,0,

To investigate chronoamperometric response of the modi-
fied biosensor, different concentrations of H,O, (25, 10, 5,
and 2.5 uM) were prepared and used in phosphate buffer
(pH 7.0) at an applied potential of +0.47 mV. Figure 2 shows
the chronoamperometric results of modified peroxidase
biosensor after H,O, injections with different concentra-
tions. Injections were made from high to low concentra-
tions of H,O, to examine the concentration effect on the
biosensor response and also to test whether there is any
accumulation of high concentration of the substrate on the
surface of the biosensor. There was an expected result in the
experiments because the current increased with increasing
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Figure 3. The amperometric response of the successive addition of H,0, from 2.5 to 150 uM at + 0.47 V potential vs Ag/AgCL

H,0, concentration. It can be said that the response of the
biosensor is related to the concentration of H,O, as a result
of the enzymatic reaction.

The amperometric measurement of H,O, by the
(CPPerMAUE) biosensor has been investigated, Figure 3
shows the response current of the successive addition of
H,0, from 2.5 to 150 uM. Calibration curve of the response
current of the biosensor to H,0, concentration is shown in
Figure 4. As expected, the response of the biosensor to H,0,,
was linear in the range from 2.5 uM to 150 uM with a cor-
relation coefficient (R) of 0.9908. The biosensor has a good
detection limit of 1.2 uM (S/N = 3), and a short response
time within 5 s.

Repeatability and stability of the H,0, biosensor
When the modified biosensor was repeated for 15 successive
measurements at 50 UM concentration of H,O,, the average
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Figure 4. Calibration curve of the response current of the biosensor to
H,0, concentration.

value, standard deviation (= SD), and coefficient of variant
(CV %) were calculated to be 49.85 uM, *1.09, and 2.2%,
respectively. The storage stability of the biosensor was inves-
tigated by amperometric measurements in the presence
of 50 uM H,0, periodically. When not in use, it was stored
under dry conditions at 4°C in a refrigerator. The biosensor
lost only 17% of the initial response after storage for more
than 1 month.

Selectivity of the H,0, biosensor

To investigate the effect of some interferences toward H,O,
detection some experiments were also carried out by the
modified biosensor. For this purpose, some interference
substances such as glucose, ethanol, acetic acid, L-ascorbic
acid, and uric acid were used in the amperometric measure-
ments. The current ratios were calculated by reading the
current of the biosensor in the assay solution containing
50 uM H,O0, and interfering substance and comparing it
with the current from the biosensor in the same assay solu-
tion containing only 50 uM H,0,. In the experiments, the
five tested substances did not interfere significantly with
the modified biosensor. It is known that ascorbic acid (AA)
is one of the chemical species in physiological fluid and is
commonly oxidized at + 0.3 V vs Ag/AgCl. Therefore, no
electrochemical response occurred at working potential
(+0.47 V). This result increased the selectivity of the modified
biosensor.

Conclusion

In this paper, a new peroxidase biosensor modified with
cysteamine and a new palladium complex has been devel-
oped. From the cyclic, voltammetric, and chronoampero-
metric measurements, it can be said that palladium complex
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serves to be an efficient mediatoric system between peroxi-
dase and gold electrode. The modified biosensor exhibited
a fast amperometric response to H,O, without any interfer-
ence effects.
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