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Abstract
This article describes an electrochemical strategy to achieve low background-current levels in horse-radish peroxidase
(HRP)-based electrochemical immunosensors. The strategy consists of (i) the use of an HRP substrate/product redox
couple whose formal potential is high and (ii) the use of an electrode that shows moderate electrocatalytic activity for
the redox couple. The strategy is proved by a model biosensor using a catechol/o-benzoquinone redox couple and an
indium tin oxide (ITO) electrode. The combined effect of high formal potential and moderate electrocatalytic activity
allows o-benzoquinone electroreduction with minimal catechol electrooxidation and H2O2 electroreduction. The
detection limit for mouse-IgG is 100 pg/mL.
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1. Introduction

In enzyme-based electrochemical biosensors, horse-radish
peroxidase (HRP) [1 – 6] and alkaline phosphatase (ALP)
[7 – 14] are commonly used as signal-amplifying catalytic
labels. Generally, reaction products of the enzyme are
electroreduced in HRP-based biosensors, but electrooxi-
dized in ALP-based biosensors to generate electrochemical
signals. In electrochemical detection, HRP-based sensors
have the distinct disadvantage over ALP-based sensors, in
that the background-current levels in HRP-based sensors
are higher and less reproducible than in ALP-based sensors,
making it difficult to achieve low detection limits. Most
substrates of HRP (e.g., hydroquinone (HQ)) are highly
electroactive within an electrochemical potential window
[1 – 6], whereas substrates of ALP (e.g., 1-naphtyl phos-
phate) are much less electroactive [7, 15]. Accordingly,
electroactive interfering substrates can significantly affect
background-current levels in HRP-based sensors. More-
over, the hydrogen peroxide (H2O2) necessarily used as an
oxidizing agent in HRP catalysis is easily electroreduced
within an electrochemical potential window and, as a result,
H2O2 electroreduction substantially increases background-
current levels. Electroreduction of dissolved oxygen (O2)
can also increase the background-current level, if highly
electrocatalytic electrodes are used as the working electro-
des. Therefore, it is crucial to minimize the background-
current level caused by redox reactions of the substrate, H2

O2, and O2, to achieve high sensitivities in HRP-based
electrochemical sensors.

Phenolic compounds such as HQ [1, 2] and catechol (CT)
[16 – 18] have been widely used as substrates for HRP,

because their enzymatic reactions are very fast and their
products are readily measured. On highly electrocatalytic
electrodes, electron-transfer kinetics for both the substrate
and product is also very fast, such that, in potential-sweep
methods, such as cyclic voltammetry, it is difficult to
electroreduce a product near its formal potential without
electrooxidation of the substrate. On the other hand,
moderately electrocatalytic electrodes, slower electron-
transfer kinetics induces higher overpotentials for both
substrate electrooxidation and product electroreduction,
which, in turn, allows the separation of two potential regions
of substrate electrooxidation and product electroreduction
in potential-sweep measurements. Thus, electroreduction of
the product is feasible without electrooxidation of the
substrate on moderately electrocatalytic electrodes. Fur-
thermore, moderately electrocatalytic electrodes allow high
overpotentials for H2O2 and O2 electroreduction, which
could lower the influence of H2O2 and O2 on background-
current levels.

Indium tin oxide (ITO) electrodes exhibit moderately
electrocatalytic activities for phenolic compounds [19],
show a low, flat, capacitive current behavior over a wide
range of potentials [20 – 22], and show high overpotentials
for H2O2 and O2 electroreduction, characteristics which are
suitable for the selective electrochemical measurement of a
product in the presence of a substrate, H2O2, and O2. Along
with a moderately electrocatalytic electrode, it is desirable
to use a substrate/product redox couple whose formal
potential is higher, in which case the electroreduction of
product occurs at potentials more positive than the H2O2

and O2 electroreduction. It is known that the formal
potential of a CT/o-benzoquinone redox couple is higher
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than that of a HQ/p-benzoquinone couple [23, 24]. For
example, in phosphate buffered saline (PBS) (pH 6.8), the
formal potential of a CT/o-benzoquinone redox couple is ca.
0.39 V vs. SCE, while the formal potential of a HQ/p-
benzoquinone couple is ca. 0.29 V [23]. In particular, CTas a
substrate may serve better for lower background-current
levels than HQ, the most common substrate in HRP-based
sensors.

In this study, a novel strategy is presented to achieve low
background-current levels in electrochemical immunosen-
sors based on HRP. First, cyclic voltammograms of CT and
HQ on dendrimer-modified ITO electrodes were investi-
gated in terms of selective electrochemical measurements of
a product in the presence of a substrate and cyclic
voltammograms of H2O2 were examined in terms of low
background-current levels. Second, the dependence of
cyclic voltammograms on the concentration of target
mouse-IgG was examined when CT or HQ was used as a
substrate. And finally, the detection limit of each case was
determined and compared.

2. Experimental

2.1. Materials and Reagents

ITO-coated glasses were supplied by Geomatec (Japan);
absolute ethanol purchased from Fisher Scientific; and
trichloroethylene, H2O2, NH4OH, methanol, CT, HQ, 3-
phosphonopropionoic acid (PPA), N-(3-dimethylamino-
propy)-N-ethylcarbodiimide hydrochloride (EDC), N-hy-
droxysuccinimide (NHS), N, N-dimethylformamide and
amine terminated G4 poly(amidoamine) dendrimer re-
ceived from Aldrich. (þ)-Biotin-NHS, streptavidin, biotin-
ylated goat antimouse-IgG, mouse-IgG from serum, and
HRP-conjugated goat antimouse-IgG were supplied by
Sigma-Aldrich. All buffer reagents were obtained from
Sigma, Aldrich, or Fluka, used as received, and all aqueous
solutions prepared in doubly distilled water.

The PBS solution consisted of 0.01 M phosphate, 0.138 M
NaCl, and 0.0027 M KCl (pH 7.4). The PBSB buffer
solution was PBS with 1% (w/v) albumin-bovine serum
added. The rinsing buffer (RB) solution consisted of 50 mM
tromethamine, 40 mM HCl, 0.5 M NaCl, and 0.05% (w/v)
albumin-bovine serum (pH 7.6).

2.2. Construction of Immunosensing Layers

ITO electrodes were successively cleaned with trichloro-
ethylene, ethanol, and water, dried at 50 8C, and pretreated
in a mixture of 5 :1 :1 H2O/H2O2 (30%)/NH4OH (30%) (v/v/v)
at 70 8C for 1.5 h. After washing with copious amounts of
water and drying at 50 8C, the electrodes were immersed in
an aqueous solution of 0.1 mM PPA for 36 h to form a
carboxylic-acid-functionalized monolayer. The carboxylic
groups were activated with an aqueous solution of 50 mM
EDC and 25 mM NHS for 2 h. Methanol with 100 mM

amine-terminated G4 poly(amidoamine) dendrimer was
dropped onto the electrodes, and then the electrodes were
kept in undisturbed conditions for 2 h. After removing the
nonspecifically adsorbed dendrimers with a PBS rinse, the
electrodes were immersed in a N,N-dimethylforamide
solution containing 1.5 mg/mL (þ)-biotin-NHS for 2 h to
immobilize the biotin, washed with methanol and water,
immersed in PBS containing 100 mg/mL streptavidin for
30 min, and washed twice with PBS. The electrodes were
then dipped in a PBSB solution containing 0.05% (v/v)
Tween-20 (pH 7.4) for 30 min to remove nonspecifically
bound proteins, washed with RB, incubated for 30 min in
PBSB containing 100 mg/mL biotinylated goat antimouse-
IgG, and washed with RB. The electrodes were then treated
in a PBSB solution containing different concentrations of
mouse-IgG, washed with RB, incubated for 30 min in a
PBSB solution containing 10 mg/mL HRP-conjugated goat
antimouse-IgG, and washed with RB.

2.3. Electrochemical and Immunosensing Experiments

The electrochemical experiments were performed using a
CHI 405A instrument (CH instruments, USA) and an
electrochemical cell consisting of a modified ITO working
electrode, a Pt counter electrode, and an Ag/AgCl (3 M
NaCl) reference electrode. The geometric area of the
working electrode was 0.28 cm2. For the immunosensing
experiments, the cell was filled with a PBS solution
containing 1.0 mM H2O2 and 1.0 mM CT or HQ and kept
in undisturbed condition during enzymatic reaction
(10 min). All voltammograms were obtained without re-
moval of dissolved O2 from solutions. The experiment at
each mouse-IgG concentration was repeated five times by
using different immunosensing working electrodes.

3. Results and Discussion

3.1. Electrochemical Strategy for Low Background-
Current Levels

Figure 1 shows schematic cyclic voltammograms for a
substrate/product redox couple and H2O2 on highly electro-
catalytic electrodes (Fig. 1a) and schematic cyclic voltam-
mograms on the electrodes suitable for low background-
current levels (Fig. 1b). In HRP-based sensors, HRP con-
verts a reduced substrate (Red) to an oxidized product (Ox).
The converted Ox should be selectively electroreduced to
obtain high signal-to-background ratios. If an electrode is
highly electrocatalytic for the electrochemical reaction of
Red and Ox, the potential difference between anodic and
cathodic peaks is small in a cyclic voltammogram for the
Red/Ox redox couple and the electroreduction of H2O2

occurs at low overpotentials (Fig. 1a). When potential (i)
is applied, Red electrooxidation along with Ox electro-
reduction occurs and, when potential (ii) is applied, H2O2

electroreduction as well as Ox electroreduction takes place.
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In both cases, selective Ox electroreduction is not possible.
If an electrode is moderately electrocatalytic, the potential
difference between anodic and cathodic peaks is large
(Fig. 1b) and the electroreduction of H2O2 occurs at higher
overpotentials (Fig. 1b). Moderate electrocatalytic activity
of an electrode induces high overpotentials for both Red
electrooxidation and Ox electroreduction. When potential
iii is applied, only Ox electroreduction occurs, and there is
no Red electrooxidation and H2O2 electroreduction at this
potential. If the formal potential of a Red/Ox redox couple is
higher, selective Ox electroreduction is feasible over a wider
range of potentials.

3.2. Electrocatalytic Properties of Dendrimer-modified
ITO Electrodes

The electrocatalytic property of dendrimer-modified ITO
electrodes for a CT/o-benzoquinone redox couple and a
HQ/p-benzoquinone redox couple were examined by cyclic
voltammograms obtained on dendrimer-modified ITO
electrodes in a PBS solution containing CT or HQ
(Fig. 2a). In our previous studies, the electrocatalytic
properties of ITO electrodes were improved by partial

modification of ITO electrodes with ferrocene [11], carbon
nanotubes [12], or gold nanoparticles [13]. In this study, the
intrinsic low electrocatalytic activity of ITO electrodes was
utilized by not modifying ITO electrodes with electro-
catalytic materials.

In a cyclic voltammogram for a CT/o-benzoquinone
couple, anodic and cathodic peaks appeared at 0.49 and
�0.08 V, respectively (Fig. 2a), the large difference between
the two peak potentials indicating moderately low electro-
catalytic activity of the ITO electrodes. Only CT electro-
oxidation occurred at potentials more positive than ~ 0.2 V,
whereas only o-benzoquinone electroreduction occurred at
potentials more negative than ~0.1 V. In contrast, in a cyclic
voltammogram for a HQ/p-benzoquinone couple, an anodic
and cathodic peaks appeared at 0.8 and �0.35 V, respec-
tively (Fig. 2a), both more positive and more negative,
respectively, than for the CT/o-benzoquinone couple.
Although selective p-benzoquinone electroreduction was
readily achieved at potentials more negative than 0.0 V,
p-benzoquinone electroreduction occurred at potentials
more negative than o-benzoquinone electroreduction. This

Fig. 1. (a) Schematic cyclic voltammograms for a substrate/
product redox couple and H2O2 on highly electrocatalytic electro-
des and (b) schematic cyclic voltammograms on the electrodes
suitable for low background-current levels. Blue and red curves
are voltammograms for the redox couple and H2O2, respectively.
Red represents a reduced substrate, and Ox represents an
oxidized product.

Fig. 2. Cyclic voltammograms obtained in (a) a PBS solution
containing 1.0 mM CT or 1.0 mM HQ and (b) a PBS solution
containing 1.0 mM or 5.0 mM H2O2 on dendrimer-modified ITO
electrodes.
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result was attributed to the very low electrocatalytic activity
of ITO electrodes for the HQ/p-benzoquinone couple [19],
and partially to the lower formal potential of a HQ/p-
benzoquinone couple relative to a CT/o-benzoquinone
couple [23, 24].

The electrocatalytic property of ITO electrodes for H2O2

electroreduction was examined by cyclic voltammograms
recorded in a PBS solution containing 1.0 mM or 5.0 mM
H2O2 on dendrimer-modified ITO electrodes (Fig. 2b).
H2O2 electroreduction was low at potentials more positive
than�0.1 V in a 1.0 mM H2O2-containing solution (Fig. 2b).
o-Benzoquinone electroreduction was substantial at poten-
tials more positive than �0.1 V (Fig. 2a), but p-benzoqui-
none electroreduction was negligible (Fig. 2a). Thus, o-
benzoquinone electroreduction along with minimal H2O2

electroreduction was possible at potentials more positive
than �0.1 V, but p-benzoquinone electroreduction with
minimal H2O2 electroreduction was not possible. These
results showed that the moderately low electrocatalytic
activity of ITO electrodes for a CT/o-benzoquinone couple
and higher formal potentials of the couple enabled selective
o-benzoquinone electroreduction with minimal CT and
H2O2 electrooxidation.

When a 5.0 mM H2O2 solution was used, the cathodic
current of H2O2 was higher than in a 1.0 mM solution. If a
low concentration of H2O2 is used in HRP-based electro-
chemical sensors, the background-current level caused by
H2O2 electroreduction is low, whereas the enzymatic
reaction by HRP is slow. In this study, 1.0 mM H2O2 was
selected to obtain both high enzymatic reaction rates and
low background-current levels.

3.3. Electrochemical Immunosensors for Mouse-IgG

Figure 3 shows a schematic diagram of a HRP-based
electrochemical biosensor that detects mouse-IgG. Anti-
mouse-IgG-modified ITO electrodes were obtained by
immobilizing biotinylated antimouse-IgG on streptavidin-
and dendrimer-modified ITO electrodes. The dendrimer
layer allowed low levels of nonspecific binding of proteins
and, importantly, highly reproducible, functionalized surfa-

ces. Target mouse-IgG was captured by antimouse-IgG on
the modified ITO electrodes, and HRP-conjugated anti-
mouse-IgG was bound to the captured mouse-IgG. The
HRP then converted CT (or HQ) into o-benzoquinone (or
p-benzoquinone) in the presence of H2O2, and the enzymati-
cally amplified o-benzoquinone (or p-benzoquinone) was
electroreduced to obtain electrochemical signals.

Linear sweep voltammograms, obtained at zero and
various concentrations of mouse-IgG in an immunosensor
using CT substrate (Fig. 4a), showed that CT electrooxida-
tion was negligible at potentials more negative than 0.1 V
(Fig. 2a) and, thus, 0.1 V was chosen as the starting potential
in linear sweep voltammograms. The cathodic current of o-
benzoquinone increased with increasing concentrations of

Fig. 4. (a) Dependence of linear sweep voltammograms on the
concentration of mouse-IgG when CT is used as a substrate.
Voltammograms were obtained at a scan rate of 20 mV/s after
incubation for 10 min in a PBS solution (pH 7.4) containing
1.0 mM CT and 1.0 mM H2O2 at 0, 100 pg/mL, 1, 10, 100 ng/mL,
and 1 mg/mL mouse-IgG. (b) Calibration curve for cathodic
currents at �0.1 V in (a). All data were subtracted by the mean
current at a concentration of zero mouse-IgG. The inset repre-
sents a magnification of the data points obtained at low IgG
concentrations. The dashed line corresponds to three times the
standard deviation (SD) at zero concentration.

Fig. 3. Schematic diagram for a HRP-based electrochemical
biosensor that detects mouse-IgG.
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mouse-IgG and, at zero concentration of mouse-IgG, the
current behavior was almost similar to that of antimouse-
IgG-modified ITO electrodes (figure not shown). This result
indicated that nonspecific binding of HRP-conjugated
antimouse-IgG was very low.

Linear sweep voltammograms in an immunosensor
using HQ substrate were also obtained (Fig. 5a). Consid-
ering that HQ electrooxidation was negligible at poten-
tials more negative than 0.2 V (Fig. 2a), 0.1 V was chosen
as the starting potential. Because p-benzoquinone elec-
troreduction required high overpotentials, p-benzoqui-
none electroreduction occurred in a potential region
where H2O2 electroreduction was considerable. In this
case, it is not easy to achieve high signal-to-background
ratios.

The calibration plot for the immunosensor using CT
substrate is shown in Figure 4b. The dependence of cathodic
currents at�0.1 V in Fig. 4a on the concentration of mouse-
IgG is plotted in Figure 4b. Because the peak potentials of
CT electroreduction occurred near �0.1 V (Fig. 2a and
Fig. 4a) and the cathodic current of H2O2 was low at this
potential (Fig. 2b), a potential of �0.1 V was chosen to
obtain high signal-to-background ratios in the calibration
plot. The current at 0.1 ng/mL mouse-IgG was higher than at
zero mouse-IgG (Fig. 4b) and, thus, the detection limit for
mouse-IgG in the immunosensor using CT substrate was ca.
0.1 ng/mL.

The calibration plot for the immunosensor using HQ
substrate is also shown in Figure 5b. The cathodic current of
HQ was negligible at �0.1 V, the cathodic peak of HQ
appeared at ca. �0.35 V (Fig. 2a), and the cathodic current
of H2O2 was considerable at�0.35 V (Fig. 2b). Considering
them, a potential of �0.24 V was chosen to obtain high
signal-to-background ratios in the calibration plot. The
current at 100 ng/mL mouse-IgG was higher than that at
zero mouse-IgG, but the current at 10 ng/mL mouse-IgG
was similar to that at zero mouse-IgG (Fig. 5b). The
calculated detection limit for mouse-IgG was ca. 100 ng/
mL, which was ca. 1,000-times higher than the detection
limit in the immunosensor using CT substrate (0.1 ng/mL).
The higher redox potential of a CT/o-benzoquinone couple
and the moderate electrocatalytic activity of ITO electrodes
for this couple enabled us to achieve a low background-
current level, resulting in a low detection limit. This result
clearly shows that low background-current levels are crucial
in achieving low detection limits.

4. Conclusions

An electrochemical strategy was presented for producing
low background-current levels in HRP-based electrochem-
ical immunosensors. The use of (i) a redox couple whose
formal potential is high (CT/o-benzoquinone) and (ii) an
electrode that shows moderate electrocatalytic activity for
the redox couple (ITO electrode) enabled o-benzoquinone
electroreduction with minimal CT electrooxidation and
H2O2 electroreduction and produced high signal-to-back-
ground ratios. The appropriate design of a substrate through
consideration of this electrochemical strategy could allow
the development of biosensors with much lower detection
limits.
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Fig. 5. (a) Dependence of linear sweep voltammograms on the
concentration of mouse-IgG when HQ is used as a substrate.
Voltammograms were obtained at a scan rate of 20 mV/s after
incubation for 10 min in a PBS solution (pH 7.4) containing
1.0 mM HQ and 1.0 mM H2O2 at 0, 10, 100 ng/mL, and 1 mg/mL
mouse-IgG. (b) Calibration curve for cathodic currents at �0.24 V
in (a). All data were subtracted by the mean current at a
concentration of zero mouse-IgG. The dashed line corresponds to
three times the standard deviation (SD) at zero concentration.
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