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Abstract A novel chemically modified electrode based on
an osmium complex-containing redox polymer film coated
on single-walled carbon nanotube (SWNT) modified glassy
carbon electrode (GCE) has been described for the
determination of nitric oxide. The results showed that the
oxidation current increased significantly at the SWNT/
redox polymer coated GCE, as compared to that observed
on a bare GCE- and SWNT-modified GCE. Amperometric
measurement was carried out at the potential of +0.80 V
(vs. Ag|AgCl) and the current response to NO was found to
be directly proportional to its concentration in the range
from 2.0×10−7 to 4.0×10−5 M, and the detection limit was
estimated to be 5.0×10−8 M.
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Introduction

Nitric oxide has been found to be released by many cells in
mammalian systems to play a number of important
biological roles such as neurotransmitter, cytostatic agent,

blood-pressure regulator [1]. The deficiency or excess
concentration of NO would lead to the pathogenesis of
several diseases [2]. There have been increasing interest in
NO determination with the discovery that NO is the
endothelium-derived relaxing factor in vivo [3]. The mea-
surement of NO content is important in view of its essential
function in physiological processes, including the neuro-
transmission, platelet aggregation, macrophage function and
vasodilation [4]. Many methods such as chemiluminescence
[5], diazotization [6], electron paramagnetic resonance [7],
and electrochemical methods [8, 9] have been proposed for
NO determination. Among them, electrochemical methods
are considered to be direct, simple and rapid, and are appli-
cable in vivo. Although NO can be reduced at conventional
electrode surfaces, it generally requires large overpotentials,
which might lead to unexpected interference. Therefore,
some chemically modified electrodes have been proposed to
overcome such difficulties [10–17].

Osmium complex-containing redox polymers with high
electron diffusion coefficient played important roles in
developing electrochemical sensors and biosensors [18–23].
It has been reported that osmium complex-containing
redox polymers could undergo inner-sphere chloride
exchange with strongly coordinating pyridine or imidazole
groups on polymer backbones upon electro-reduction, and
were irreversibly cross-linked onto the electrode surface
[24, 25]. The resulting films were hydrophilic and were
permeable to the substrates and the products of the
electrode reaction. Compared with chemical cross-
linking, electrodeposition took place faster and provided
a better control on the sensor construction through a
simple one-step procedure [26].

This paper reports possibly the first successful prepara-
tion of a redox polymer containing Os-bipyridine complex
and poly(4-vinylpyridine) (PVP) partially quaternized with
2-bromoethylamine (EA) functionalities (PVP–Os–EA)
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formed directly on the single-walled carbon nanotubes
(SWNT) modified electrode employing double-potential
step chronoamperometry and the application for the
determination of nitric oxide. The modified electrode
offered a significant improvement in the current response
at +0.80 V when compared to that of bare glassy carbon
and SWNT-modified electrodes.

Experimental

Reagents and chemicals

The synthesis of electron-conducting redox polymer
(PVP–Os–EA) is described elsewhere [27]. In this prepa-
ration, PVP was partially coordinated to [Os(bpy)2Cl2]
(bpy=2,2′-bipyridine) and partially quaternized with 2-
bromoethylamine (EA) with a PVP/Os/EA ratio of 6.2:1:1.2.
The degree of quaternization was usually controlled by the
amount of EA reagents used in the synthesis and was expected
to be about 20% [24–27]. The chemical structure of the
osmium complex-containing redox polymer is shown in
Fig. 1. A phosphate buffer solution (pH 7.4) was used as the
supporting electrolyte. All other chemicals were of analytical
grade and were used as received. All solutions were prepared
using doubly distilled water.

Single-walled carbon nanotube materials were obtained
from the Chengdu Organic Chemicals Co., Ltd, (Chinese
Academy of Sciences, China). According to the supplier,
the SWNT material (with a purity >90%) has an internal
diameter of 1–2 nm and a length of 5–30 µm. The nanotube
materials were purified by refluxing in 2.6 M HNO3 for

24 h, and then exposed to a HNO3+H2SO4 (1:3) mixture in
a sonicating bath for 4 h [28].

NO-saturated solutions were prepared as described in the
literature [29]. The phosphate buffer solution was purged
with high purity nitrogen gas for 30 min to remove oxygen
and then was bubbled with pure NO gas for 30 min.
Standard NO solutions were prepared by diluting the
saturated solution with doubly distilled water, assuming
the NO-saturated solution contained 1.9 mM of NO [30].

Apparatus

All electrochemical measurements were carried out with
a computer-controlled model CHI630C electrochemical
Analyzer (CH Instruments, Austin, USA) at room tempera-
ture. A conventional three-electrode cell was employed with a
Pt wire counter electrode, an Ag|AgCl reference electrode and
a glassy carbon working electrode. All potentials were quoted
versus the Ag|AgCl reference.

Preparation of the GC/SWNT/PVP–Os–EA film modified
electrode

Glassy carbon electrode (Bioanalytical Systems, Inc., USA)
of 3 mm in diameter was used. The electrode was polished
with 0.3 μm and 0.05 μm alumia slurry successively. The
electrode was then rinsed with doubly distilled water and
cleaned in sonicating bath for 5 min.

Purified SWNT materials (2.5 mg) were dispersed in
5-mL doubly distilled water under ultrasonication agitation
for 30 min. Eight microliters of the SWNT suspension was
added to the electrode surface and was allowed to dry in
air. Pretreatment of the freshly prepared SWNT-modified
electrode was conducted by cyclic voltammetry in phos-
phate supporting electrolyte between −1.0 to +1.0 V until
stable voltammograms were obtained. The PVP–Os–EA
film was then electrodeposited onto the SWNT surface
from a 0.5 mg/mL PVP–Os–EA solution with double-
potential step for 100 cycles. The applied potential was set
alternately at +0.70 V for 2 s and then switched to −0.40 V
for another 2 s [24–27]. The resulting SWNT/PVP–Os–EA
modified electrode was then rinsed thoroughly with
doubly distilled water.

Amperometric measurement

All electrochemical measurements were performed in a
deoxygenated phosphate buffer (pH 7.4). Prior to NO
measurements, the electrode was placed in a blank 0.1 M
phosphate buffer, and the potential was cycled between
zero and +1.0 V at a scan rate of 50 mV/s until stable
voltammograms were obtained. Amperometric measure-
ments of NO were performed in a 0.1-M phosphate bufferFig. 1 Structure of the osmium complex-containing redox polymer
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solution (pH 7.4) at an applied potential of +0.80 V under
steady-state conditions. The background current was allowed
to decay to a constant level before aliquots of analyte sample
were added to the stirred buffer solution with a gas-tight
syringe.

Results and discussion

Electrochemical behavior of the GC/SWNT/PVP–Os–EA
modified electrode

The synthesis and electrochemical characterization of the
PVP–Os–EA redox polymer has been reported elsewhere
[24, 27]. The PVP–Os–EA film was electrodeposited onto
the SWNT surface with double-potential step between
+0.70 and −0.40 V [24–27]. Cyclic voltammograms of
the GC/SWNT/PVP–Os–EA modified electrode in pure
supporting electrolyte are shown in Fig. 2. The cyclic
voltammograms showed that the GC/SWNT/PVP–Os–EA
electrode exhibited reversible voltammetric response. A
pair of redox peaks with nearly equal charges of about
6.7 µC for the reduction and the oxidation responses was
observed at a scan rate of 25 mV s−1. The formal potential
(taken as the average value of anodic and cathodic peak
potential) was about +0.33 V with a peak separation of
47 mV, corresponding to the redox switching of the Os(III)/
(II) redox couple in the SWNT/PVP–Os–EA film. The
electrode exhibited the classical features of a kinetically fast
redox couple bound to an electrode surface. Figure 2 also
shows that the peak currents increased linearly with
increasing scan rate and the difference between the
reduction and the oxidation peak potential remained
roughly unchanged, indicating fast charge-transfer from
the film to the electrode [31].

Electrochemical behavior of NO at the GC/SWNT/
PVP–Os–EA modified electrode

Figure 3 shows the cyclic voltammograms of the bare
glassy carbon, GC/SWNT and GC/SWNT/PVP–Os–EA
modified electrodes in deoxygenated 0.1 M phosphate
buffer (pH 7.4). In the presence of NO, a small increase
in the anodic current was observed for the bare GCE at
potentials higher than +0.8 V (Curve 2), indicating that NO
oxidation was inefficient at bare electrode (Curve 1). NO
oxidation was observed at the SWNT-modified electrode at
around +0.8 V, as shown in Curve 4. For the GC/SWNT/
PVP–Os–EA modified electrode, the anodic peak current
at around +0.80 V increased significantly with the same
NO concentration (Curve 6). There were no obvious
changes in the peak current for the osmium peaks at
around +0.4 V. These results suggested that the SWNT/
PVP–Os–EA film exhibited enhanced catalytic activity for
the electrooxidation of NO.

Since the NO oxidation did not occur at the redox
potential windows of the Os(III)/(II) redox couple, the
catalytic activity for the electrooxidation of NO was not
resulted from the Os(III)/(II) redox couple itself. Probably,
the PVP–Os–EA film might act as a three-dimensional
catalyst for the NO oxidation [28]. On the other hand, the
PVP–Os–EA possessed a positively charged central metal
ion and negatively charged ligand ring with expanded
conjugated p-electron system between the ligand ring and
the central metal ions. Moreover, chloride was a much
weaker ligand and could be readily replaced by other
stronger ligands [24]. NO is well known as an extremely
powerful ligand for its high electron density.

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5
6

C
u

rr
en

t 
/ µ

A

potential / V vs. Ag/AgCl

1

Fig. 2 Cyclic voltammograms of the GC/SWNT/PVP–Os–EA elec-
trode in phosphate buffer at different scan rates from 25 to 250 mV/s
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Fig. 3 Cyclic voltammograms of difference electrodes to NO at a
scan rate of 50 mV/s. (1) bare glassy carbon electrode without NO; (2)
bare GCE in 50 µM NO; (3) GC/SWNT-modified electrode without
NO; (4) GC/SWNT-modified electrode in 50 µM NO; (5) GC/SWNT/
PVP–Os–EA electrode without NO; (6) GC/SWNT/PVP–Os–EA
electrode in 50 µM NO
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Hydrodynamic amperometry

Figure 4 shows the hydrodynamic voltammograms
obtained for 5 μM NO at the GC/SWNT/PVP–Os–EA
modified electrode. The current increased with increasing
potential and finally reached a steady response at about
+0.80 V. Thus, the applied potential of the electrochemical
sensor was kept at +0.80 V in all experiments.

A typical hydrodynamic amperometric experiment of
NO was carried out in a well-stirred solution at an applied
potential of +0.80 V. Amperometric results showed that the
modified electrode offered a good response for sequential
addition of NO, as shown in Fig. 5. The oxidation current
increased with addition of NO and reached the steady-
state quickly. The inset figure shows the corresponding
calibration plot of the amperometric responses. The current
response of NO was found to be directly proportional to its
concentration in the range from 2.0×10−7 to 4.0×10−5 M.
The precision was estimated from ten repetitive measure-
ments of 2 μM NO solution, and the relative standard
deviations (RSD) were found to be 4.8%. These results
suggested that the GC/SWNT/PVP–Os–EA modified elec-
trode had a good accuracy for the determination of NO. The
limit of detection (LOD) was found to be 5×10−8 M for a
signal-to-noise ratio of 3:1. The GC/SWNT/PVP–Os–EA
modified electrode offered lower detection limit for NO
determination as compared to modified electrode systems
reported in the literature [32–36], including those employing
carbon nanotube materials [35, 36].

As nitrite anion is usually present at a much higher
concentration than that of NO in the real system and their
oxidation potential is very close, the interference from
nitrite anion has to be considered. Nafion as a cation-
exchange membrane was usually employed to discriminate

the interference of anions such as nitrite and ascorbic acid
in electrochemical biosensors [37]. When the GC/SWNT/
PVP–Os–EA electrode was further coated with a Nafion
film [26], the cyclic voltammograms of the Nafion-coated
GC/SWNT/PVP–Os–EA electrode were similar to that of
the GC/SWNT/PVP–Os–EA electrode. Figure 6 shows the
amperometric responses of the GC/SWNT/PVP–Os–EA
electrode to 2 μM NO in the presence of 100 μM nitrite
ions at an applied potential of +0.80 V. The amperometric
response of NO at the Nafion-coated electrode showed
little changes, indicating that the existence of Nafion film
had little effect on the electrochemical characteristics of
the SWNT/PVP–Os–EA film. The presence of nitrite
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Fig. 4 Hydrodynamic voltammograms of the GC/SWNT/PVP–Os–
EA electrode in 5 μM NO
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electrode to NO at an applied potential of +0.80 V. The inset figure
shows the corresponding calibration curve for NO determination
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anion of 50-fold higher concentration did not influence the
amperometric detection of NO.

Furthermore, the modified electrode possessed a good
stability. Stability tests of the redox-polymer-modified
electrode were carried out by measuring the current
response at room temperature. It was shown that the GC/
SWNT/PVP–Os–EA modified electrode maintained its
initial sensitivity after 64 h.

Conclusions

A highly sensitive NO sensor based on osmium complex-
containing redox polymer (PVP–Os–EA) coated on
single-walled carbon nanotube modified glassy carbon
electrode was obtained. Experimental results suggested
that the SWNT/PVP–Os–EA film exhibited catalytic
activity for the electrooxidation of nitric oxide. This
electrode offered high sensitivity, good selectivity, and
fast stability for the determination of nitric oxide.
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