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Abstract

Nitrite reductase (NiR, nitric-oxide: ferricytochrome c oxidoreductase, EC 1.7.2.1) and methyl viologen (MV) were co-immobilized on glassy
carbon electrode (GCE, d=3 mm) by polymer entrapment, and the electrode was tested as an electrochemical biosensor for amperometric
determination of nitrite. The immobilization was performed by sequential loading and drying of a homogeneous mixture of poly(vinyl alcohol)
(PVA), NiR and MV, followed by poly(allylamine hydrochloride) (PAH) solution, and finally hydrophilic polyurethane (HPU) dissolved in
chloroform. The positively charged PAH layer could effectively keep immobilized cationic MV from diffusing through the membrane, holding
mediator tightly near or on the electrode surface. The working principle of the biosensor was based on MV mediated electron transfer between
electrode and immobilized NiR. The response time (t90%) of the biosensor was about 20 s and sensitivity was 11.8 nA/μM (2.5 mU NiR) with
linear response range of 1.5–260 μM (r2=0.996) and detection limit of 1.5 μM (S/N=3). Lineweaver–Burk plot showed that Michaelis–Menten
constant (Km,app) was about 770 μM. The biosensor showed durable storage stability for 24 days (stored in ambient air at room temperature)
retaining 80% of its initial activity, and showed satisfactory reproducibility (relative standard deviation (R.S.D.)=3.8%, n=9). Interference study
showed that chlorate, chloride, sulfite, sulfate did not interfere with the nitrite determination, however, nitrate interfered with the determination
with relative sensitivity of 38% (ratio of sensitivity for nitrate to that for nitrite). In addition to the full characterization of the biosensor, kinetic
study was also conducted in solution and the homogeneous rate constant (k2) between NiR and MV were determined by chronoamperometry to be
5.8×105 M−1 s−1.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrite is one of the well-known inorganic pollutants in envi-
ronmental, food, industrial and physiological systems. The wide-
spread nitrite pollutant becomes toxic in human body and
animals; for example, nitrite is converted to carcinogenicN-nitro-
samines in the stomach [1,2], and irreversibly reacts with he-
moglobin producingmethemoglobinwhich is incapable of binding
oxygen [2]. The formation of methemoglobin is particularly
hazardous for infants as it limits physical stature and neural deve-
lopment. Therefore, quantitative determination of nitrite is im-
portant. In addition to known nitrite determination methods [2–4],
nitrite reductase (NiR) based biosensor has been prepared [5–11].
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Two distinct types of NiRs are known: multi-heme contain-
ing and multi-copper containing NiRs [12,13]. The copper
containing NiRs catalyze the 1-electron reduction of nitrite to
nitric oxide as follows:

NO−
2 þ 2Hþ þ e−Y

Cu�NiRs
NOþ H2O

The best characterized copper containing NiR from Achro-
mobacter cycloclastes contains both type 1 (T1 Cu) and type 2
copper (T2 Cu); T2 Cu is the binding and reduction site of nitrite
while T1 Cu the electron transfer (ET) site [14–16]. The NiR
from Rhodopseudomonas sphaeroides forma sp. denitrificans
used in this study belongs to the copper containing type, and the
property of this enzyme is similar to that from A. cycloclastes
[17]. Recently, structures of copper containing NiRs have been
actively studied by X-ray crystallography [14–16,18,19], and
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their catalytic mechanism has been proposed in relation to their
structures [12,13,20].

While there have been few studies on direct electrochemistry
of NiR [6,21], most previous reports on NiR-based biosensors
employed mediators such as viologens and some redox dyes
that have sufficiently negative redox potentials [5–9,11]. It was
reported that the T2 Cu sites of copper containing AxgNiR (from
Alcaligenes xylosoxidans GIFU 1051) and AciNiR (from A.
cycloclastes IAM 1013) are located 12–13 Å below the
molecular surface [13,21], and the redox potentials of T1 and
T2Cu sites of copper containing AciNiR, AxgNiR andNiR from
Rhodobacter sphaeroides 2.4.3 were reported to be about 0–
50 mV vs. Ag/AgCl at pH 7.0 [13,20,22]. Therefore, mediators
with negative redox potentials are essential for electron transfer
(ET) between electrode and these enzymes; nine substances with
different negative potentials ranging from −150 to −650 mV
were selected and tested to construct NiR-based biosensors. The
electrochemical biosensor devised in this study operates with the
mechanism depicted in Fig. 1. The active components of the
biosensor, NiR and MV, were entrapped in polymer matrix.
Positively charged poly(allylamine hydrochloride) (PAH) layer
was introduced to keep cationic MVon the electrode surface by
electrostatic repulsion, resulting in enhanced ET [23]. It is
shown that the NiR-based biosensor conveniently provides fast
and accurate determination of nitrite.

2. Experimental

2.1. Chemicals

1,1′-Dimethyl-4,4′-bipyridinium dichloride (methyl viologen,
98%), 3,7-diamino-2,8-dimethyl-5-phenylphenaziniumchloide
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Fig. 1. Schematic of (a) the nitrite reductase and methyl viologen co-
immobilized glassy carbon electrode, and (b) the operating mechanism for
nitrite determination.
(safranine O, ∼95%), 3,7-diamino-5-phenylphenaziniumchlor-
ide (phenosafranin, ∼80%), neutral red (∼60%), anthraquinone-
2-sulfonic acid (97%), 2-hydroxy-1,4-naphthoquinone (97%),
methylene blue (∼85%), toluidine blue O (∼80%), N-methyl-
phenazoniummethosulfate (phenazine methosulfate, 99%), poly
(allyamine hydrochloride) (PAH, Mw ∼70,000), chloroform
(99.95%), sodium hydrogenphosphate (99.995%), sodium dihy-
drogenphosphate (99.999%), potassium chloride (99.999%),
sodium nitrite (99.999%) were purchased from Aldrich
Chemical Co. and used as received. Poly(vinyl alcohol) (PVA,
Mw ∼22,000, ash≤0.05%) was purchased from Fluka Chemical
Co. HydroThane™: hydrophilic thermoplastic polyurethane
(HPU, aliphatic type (AL-25-80A), 25% water uptake) was
purchased fromCardioTech International, Inc. (Wilmington,MA,
USA). All other chemicals were of at least reagent grade and were
used without further purification. Deionized water (18 MΩ cm)
from Milli Q water purification system was used for preparing
buffer and stock solutions. Sodium nitrite solution was freshly
prepared just before the experiment.

2.2. Enzyme

Nitrite reductase (nitric-oxide: ferricytochrome c oxidore-
ductase, EC 1.7.2.1, purified from R. sphaeroides forma sp.
denitrificans) was commercially purchased from NECi, USA,
and used as received. The enzyme was purified as a dimmer
with molecular mass of 80 kDa [17]. The activity of the enzyme
was 2.2 U/mL and protein content was 3.25 mg/mL in 0.05 M
potassium phosphate buffer, pH 7.5.

2.3. Apparatus

BAS 50Wor cDAQ-1604 (Elbio Co., Korea) potentiostat was
used to run cyclic voltammograms (CVs) and chronoampero-
metry. For characterization of the enzyme electrode, glassy
carbon working electrode (d=3 mm, BAS), platinum wire
(BAS) counter electrode (coil), and Ag/AgCl reference electrode
(3 M KCl, BAS) were used, and buffer solution in 5 mL
stoppered cell was continuously stirred by magnetic bar during
amperometric experiments. For kinetic study of MV and NiR
pair in solution, a stoppered microcell (15 mm i.d., 30 mm in
height) having a volume of 1mLwas used in order to use as little
enzyme as possible. Oxygen was thoroughly driven out from
solution by ultra pure nitrogen gas purging, and the experiment
temperature was controlled at 25±0.2 °C by use of thermostated
cell in all experiments. A continuous flow of ultra pure nitrogen
gas was led over the buffer solution during the CVand ampero-
metric experiments. All potentials in the text are referred to Ag/
AgCl reference electrode.

2.4. Kinetics of MV and NiR pair in solution

The homogeneous rate constant k2 for the reaction between
NiR and MV in solution was determined by chronoamperometry
[24]. The measurements were carried out first for blank solution
containing 1×10−3 M MV and 1×10−2 M nitrite, and then for
the solution after adding increasing amounts of NiR: 4×10−8,
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8×10−8, 1.2×10−7, 1.6×10−7, and 2.0×10−7 M to the blank
solution. The chronoamperometry was recorded in the time range
of 0–10 s at data collection frequency of 20 s−1, and currents in
the time range of 0.5–2.2 s were used to plot kinetic parameter of
λ vs. time. Finally k2 was determined from the plot of initial slope
of Id− t vs. NiR concentration.

2.5. Co-immobilization of NiR and MV on GCE

Glassy carbon electrodes were polished first with 0.3 μm
polishing powder (alumina, Buehler) on polishing pad (the same
company), followed by sonication for 5 min in a mixed solution of
water and ethanol (50 v/v %) and blow dried with N2 gas. Next,
5μL of enzyme solution, 5μL of aqueous PVA (20wt%) and 3μL
of 5×10−3 M MV were homogeneously mixed in 0.5 mL ep-
pendorf tube by Vortex. Every 3 μL of the mixture (containing
∼2.5 mU NiR) was added on three polished electrode surfaces by
use of a Smart Dispenser (EFD 2000XL, East providence, Rhode
island, USA) and allowed to dry in air. Then 2 μL of 2.5 wt% of
aqueous PAH solution was added on every modified GCE and
allowed to dry in air. Finally, 5μLof 15mg/mLofHPU solution (in
chloroform) was added on every PAH modified GCE and allowed
to dry in air. When not in use, the NiR and MV co-immobilized
electrodes were stored in refrigerator in dry sate at 4 °C.

2.6. Electrochemical characterization of mediators

For electrochemical characterization of the selected mediators,
CVand amperometry experiments were conducted with only NiR
immobilized GCE and mediators dissolved solutions in 0.05 M
PBS containing 0.05 M KCl, pH 7.0. Immobilization of NiR
alone on GCE was performed as above mentioned with a little
modification. In this case, PAH layer was not employed. CVs
were recorded at 5 mV/s, and amperometries were recorded by
applying working potentials of 100 mV negative than reduction
peak potentials of respective mediators. The suitable mediator
was selected by the magnitude of the increased catalytic reduction
peak currents in CV experiments, and by the magnitude of sen-
sitivities of the enzyme electrode in amperometric experiments.

2.7. Optimization and characterization of the biosensor

For optimization of the sensor, effects of three polymer
layers of PVA, PAH and HPU, buffer concentration, amounts of
enzyme and MV loading, and pH of buffer were investigated.
For characterization of the sensor, sensor performance factors
such as sensitivity, linear range, detection limit, storage stability,
and interference were investigated. In both cases, amperometric
experiments were performed, where steady-state currents were
measured by applying working potential of −750 mV.

3. Results and discussion

3.1. Selection of suitable mediator

Preliminary CVexperiment at slow scan rate of 5 mV/s in the
presence of NiR in 0.05 M PBS (pH 7.0, contains also 0.05 M
KCl) showed that direct electron transfer (DET) between
electrode and NiR may not be attainable in our experimental
condition. Hence, nine substances mentioned in Experimental
section were selected and tested. These substances had sufficient
negative potentials compared to the redox potentials of active sites
(T1Cu and T2Cu) of copperNiRs, andmight reduce the oxidized
form of the enzyme (Fig. 1(b)). CVs were recoded with the NiR
immobilized electrode in the presence of dissolved mediators.
The obtained results showed that safranine O, phenosafranin,
neutral red, anthraquinone-2-sulfonic acid, 2-hydroxy-1,4-napha-
thoquinone, andMVwere able to reduce the oxidized form of the
enzyme, while methylene blue, toluidine blue O, and phenazine
methosulfate were not (Fig. 2). From these results it could be
concluded that mediators having redox potentials higher than
about −200mVmay not reduce the oxidized form of the enzyme,
or those having potentials lower than about −350 mV may be
useful for our purpose. These potentials deviated from the re-
ported values; for example, it was reported that copper containing
NiR (from Paracoccus denitrificans) may accept electrons from
donors that had potential as high as −70 mV vs. SCE [7], and the
working potential of copper containing NiR (from Alcaligenes
faecalis S-6) immobilized gold electrode was −150 mV vs. Ag/
AgCl with 1-methoxy-5-methylphenaziniummethylsulfate as the
mediator [9]. This deviation might be attributable to the structural
differences for these enzymes.

Amperometric experiments were also performed with the
NiR immobilized electrode and dissolved mediators. The ob-
tained sensitivities were 11.8, 10.9, 9.7, 7.9, 6.7 and 5.3 nA/μM
for MV, neutral red, safranine O, phenosafranin, 2-hydroxy-1,4-
naphathoquinone and anthraquinone-2-sulfonic acid as the
dissolved mediators, respectively. This order was consistent
with that obtained from CV experiments, and agreed roughly
with the already reported [7]. Therefore,MVwas finally selected
as the ET mediator for the enzyme. MV or viologens as the
mediator for NiR have been already reported in the literature [5–
9,11,25,26].

3.2. Homogeneous rate constant (k2)

The homogeneous rate constant k2 between MV and NiR in
solution was determined by chronoamperometry [24]. The
background Id − t curves for MV solution and the Id − t curves
for increasing concentrations of NiR added solutions were
recorded first in 0–10 s. Then ratios of the catalytic and diffusion
currents (Ic/Id) were plotted over the same time range. These ratios
were converted into the values of kinetic parameter [24,27,28] in
the same time range. The slopes in the initial time range (0.5–2.2 s,
Fig. 3(a)) were estimated by linear regression and plotted with
respect to NiR concentrations (Fig. 3(b)). The NiR concentrations
used in the calculation were half of the actual concentrations,
because two moles of reduced MV were needed to reduce one
mole of NiR due to the dimer structure of the enzyme [17]. Similar
rectification of the NiR concentration for calculation of k2 value
has been reported [7,24]. A k2 value of 5.8×105 M−1 s−1 was
calculated from the slopes of the straight line obtained by linear
regression. It was reported that the different k2 values were
7.3×105 M−1 s−1 for pseudoazurin–AciNiR (copper containing)
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pair, 4.0×105 M−1 s−1 for Axg–Cyt c551–AxgNiR (copper con-
taining) [13], 2.0×106 M−1 s−1 for cytochrome c551–cytochrome
cd1 NiR (heme containing, from Pseudomonas aeruginosa) pair,
and 1.4×105 M−1 s−1 for azurin–cytochrome cd1 NiR (same
source) pair [29]. Taken into account the differences in diffusion
coefficients (Do) between reduced form ofMV (8.11×10−6 cm2/s,
obtained in this study) and these physiological donors
8000

6000

4000

2000

-2000

0

-300 -400 -500 -600 -700 -800

I /
 n

A

5000

4000

3000

2000

1000

-1000

0

I /
 n

A

3000

2000

1000

-1000

0

I /
 n

A

E/ mV vs Ag/AgCl

-100 -200 -300 -400 -500 -600

E/ mV vs Ag/AgCl

-1000 -200 -300 -400 -500 -600

E/ mV vs Ag/AgCl

(a) (b

(d

(f

(c)

(e)

Fig. 2. CVs of dissolved mediators recorded with nitrite reductase immobilized glassy
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current and electrode potential of the measurement, respectively.)
(0.6×10−6 cm2/s for cytochrome c3 [6]), the value obtained here
was relatively small. The k2 values of MV–NiR pairs were also
reported, for example, k2 value of MV–NiR (heme containing,
from Desulfovibrio desulfuricans) pair was reported to be
2.2×108 M−1 s−1 [27], and that of MV–NiR (heme containing,
from S. deleyianum) pair be 1.0×1010 M−1 s−1 [7]. These
differences in k2 value for different electron donor–NiR pairs
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might be resulted mainly from the differences in structures of these
enzymes, for example, one electron reduction of the substrate by
copper containing NiR instead of six electron reduction by heme
containing NiR.

3.3. Electrochemical characterization of the immobilized MV

To characterize the immobilized MV, CVs were recorded in
0.05 M PBS containing 0.05 M KCl, pH 7.0 at scan rate of
50 mV/s under N2. Dissolved MV showed reversible CV
characteristics, showing half potential (E1/2= (Ep,c+Ep,a) / 2) of
−642mV, peak separation (ΔEp) of 61 mVand ratio of cathodic
to anodic peak current (Ic / Ia) of 0.986. Peak currents varied
linearly with the square root of scan rate up to 100 mV/s,
indicating a diffusion-controlled process. The corresponding
data obtained with immobilized MV were −607, 66 and 1.233
mV, respectively, indicating a quasi-reversible system. It could
be concluded from the value of Ic / Ia that re-oxidation of
reduced form of immobilized MV (MV+· radical) was not
quantitative in PVA matrix at the electrode surface. This phe-
nomenon might be resulted from the dimerization of MV+·

radical, restricted mobility of MV in PVA matrix, or possible
leaking of MV from electrode surface.
Scan rate dependence of reduction peak current (Ip,c) of the
immobilized MV was also tested at various scan rates of 5, 10,
25, 50, 100 and 200 mV/s in the same condition. As shown in
Fig. 4, Ip,c values of the immobilized MV varied linearly with
scan rate up to 50 mV/s, which was one of the characteristics of a
surface restricted redox material [30], indicating that the
immobilized MV molecules were relatively free in PVA matrix,
making it possible that further electron transfer fromMV+· to the
co-immobilized NiR.

3.4. Catalytic behavior of the NiR and MV co-immobilized
GCE

The catalytic behavior of NiR and MV co-immobilized GCE
is shown in Fig. 5. The NiR and MV co-immobilized GCE
showed a quasi-reversible CV with reduction peak potential of
−632 mV (Fig. 5(a)) in 0.05 M PBS containing 0.05 M KCl, pH
7.0 at scan rate of 5 mV/s under N2. Upon addition of 8.0×10

−4

M nitrite into the solution (Fig. 5(b)), CV exhibited a large
cathodic peak current with sigmoidal shaped reverse scan, which
is typical of an electrode reaction followed by an efficient
catalytic reaction (EC process). This result originated from the
effective electron transfer mediated by co-immobilized MV
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between electrode and the immobilized NiR as shown in Fig. 1
(b). Control experiments were also performed in similar con-
ditions with the MV-immobilized electrode (without immobi-
lized NiR); no catalytic effect was observed (Fig. 5(c)).
However, it was reported that reduced MVmay exhibit catalytic
activity towards the reduction of nitrite to nitric oxide [26] if
relatively high concentration of nitrite (2.25×10−1 M) were
used. On the other hand, the nitrite concentrations (b1×10−3 M)
used in this experiment may have not been sufficient to induce
such effect in the presence of reduced MV. Similar electroenzy-
matic reductions of nitrite by NiR and mediator were also
observed with the biosensors prepared with the copper and heme
containing NiRs (from R. sphaeroides strain 2.4.3 and from
D. desulfuricans, respectively) [6,8,11]. It was reported that
isoelectric point (pI) of NiR used in this studywas about 5.0 [17].
Thus, this enzyme would be negatively charged in pH 7.0 buffer,
and the positively charged MV would closely surround the
enzyme surface by favorable electrostatic attraction, which
would be advantageous for the mediated electron transfer
between electrode and immobilized NiR. Similarly, it was
proposed that hydrogen bonding, salt bridge (or polar interac-
tion), and hydrophobic contact were involved in the protein
recognition by complex formation at specific site between small
electron transfer protein (pseudoazurin) and large enzyme (NiR)
prior to the intramolecular electron transfer [21,29].

When the cathodic peak current significantly increases, the
catalytic reduction peak potential is negatively shifted by 125mV;
it may be due to the low conductivity of the PVAmatrix used with
a supporting electrolyte (0.05 M PBS containing 0.05 M KCl). A
comparison experiment performed in a buffer containing higher
concentration of KCl (0.4 M) showed that the catalytic reduction
peak potential was almost the same as that of the immobilizedMV.
Buffer concentration effect will be discussed further in following
sections.

3.5. Characterization of the NiR and MV co-immobilized GCE
as a biosensor

In this study, as many as three polymers such as PVA, PAH
and HPU were used to prepare the biosensors. The optimized
compositions of these polymers were as follows: 20 wt% PVA,
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15 mg/mL HPU and 2.5 wt% PAH. After optimization of
polymer concentrations, we tested if the positively charged PAH
layer effectively keeps immobilized cationic MV on the GCE
surface by electrostatic repulsion. A set of experiments was
conducted with NiR and MV co-immobilized electrodes with
and without PAH layer. CVs showed that the catalytic reduction
peak current in the presence of 8.0×10−4 M nitrite for the sensor
without PAH layer was 4390 nA (scan rate: 5 mV/s), which was
only about 46% of the sensor with PAH layer (9448 nA, Fig. 5
(b)). This result indicates an effective immobilization of MV by
this PAH layer. In addition to this diffusion limiting effect, the
PAH layer may have an effect of increasing the substrate
concentration by acting as an anion exchanger. Amperometry
experiments showed that the current from the sensor without
PAH layer decayed fast with time (data not shown), while that
with PAH layer was fairly stable (see also Fig. 7).

PBS was selected in this study as the supporting electrolyte for
electrochemical characterization of the biosensor according to the
other previously reportedworks [7,8]. The 0.05MKClwas added
to the buffer to enhance the conductivity of the solution because
enzyme and mediator were co-immobilized in PVA matrix. The
plot of response sensitivity vs. PBS concentrations showed a
maximum near at 0.05 M; they were 6.1, 7.4, 8.2, 9.7, 11.8 and
11.3 nA/μM for 0.4, 0.3, 0.2, 0.1, 0.05 and 0.025 M PBS,
respectively. It was thought that the electrostatic attractions
between positively charged electrode surface (PAH layer) and
negatively charged substrate and/or between positively charged
MV and negatively charged NiR are reduced in a high ionic
strength buffer. At a low concentration, the conductivity of PVA
matrix might be the governing factor for the decreased current.
For this reason, experiments were conducted with 0.05 M PBS.

Undoubtedly, the biosensor response will be directly depen-
dent on the amounts of immobilized NiR andMV. In case of NiR,
when increasing amounts of NiR of 1.5, 2.25, 3, 3.75 and 4.5 μg
were immobilized, the maximum current response was found at
3.75 μg of NiR. When MV concentrations were varied from
1×10−3 to 5×10−3 M, the response was continuously increased
beyond 5×10−3 M. However, we did not test beyond this range
because the reduced MV tends to dimerize at high concentrations
[31] or may poison the co-immobilized NiR [25]. The optimized
amount and concentration of enzyme (3.75 μg) and mediator
(5×10−3 M) were chosen based on these experiments.

As discussed in the Introduction, the overall reduction of nitrite
to nitric oxide with the copper containing NiR and reduced MV
involves a 1-electron/2-proton process. Thus, pH will affect the
catalytic reduction of nitrite with the sensor. In order to determine
the optimal pH for the sensor, experiments were carried out over
the pH range of 6.0–8.0with 0.05MPBS. Fig. 6 shows pHprofile
of the sensor in the tested pH range. The acidic range was
favorable than alkaline one for the sensor function, and the highest
sensitivity of 11.8 nA/μM was found at pH 6.5. It was reported
that the optimal pHs were 6.0 for copper containing NiR from
R. sphaeroides strain 2.4.3 [32] and copper containing AciNiR
and AxgNiR [13], 6.2 for both copper containing NiRs from
A. cycloclastes and Achromabacter faecalis [16]. Compared with
these optimal pHs for the free enzymes the value obtained here for
the sensor was slightly alkaline range-shifted, and this shift might
be ascribed to the enzyme immobilization and effects of polymer
layers, especially charged PAH layer.

Fig. 7 shows the typical steady-state current response of the
sensor to successive 20 μM increments in nitrite concentrations at
optimal conditions under N2. Substrate concentrations were
changed by stepwise addition of a concentrated solution to a
stirred buffer. The obtained current response was clear, stable and
fast with response time (t90%) of about 20 s, which was faster than
those of previously reported [7,10]. To the best of our knowledge,
such clear and stable current response has rarely been reported in
the literature. The relatively fast response of the sensor reported
here might be attributable to the favorable electrostatic attraction
between PAH layer and substrate, and/or between NiR andMVas
mentioned in previous section.

Inset of Fig. 7 shows calibration curve of the sensor. The
sensitivity of the sensor was 11.8 nA/μM with linear detection
range of 1.5–260 μM (r2 =0.996) and detection limit of about
1.5 μM (S/N=3, background noise of about 5 nA). The
deviation from linearity at higher concentration of the substrate



Table 1
Recovery test of the biosensor for nitrite

Added (μM) Determineda (μM) Recovery (%) R.S.D. (%)

5 4.8 96.0 3.8
20 19.9 99.5 2.8
50 50.8 101.6 2.7
100 102.7 102.7 3.2
200 200.8 100.4 2.0
a An average of three determinations.
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may have been resulted from the saturation of the immobilized
enzyme, and/or inhibition of the immobilized enzyme by the
enzymatic product of nitrous oxide [12]. The detection limit of
the sensor was close to the maximum acceptable level (2.2 μM)
in drinking water in European Union [10,11], suggesting this
sensor possibly be used in water analysis. The obtained
performance factors for the sensor were totally comparable to
those reported in the literature. For example, the reported
sensitivities were in the range of 5.6–15.6 nA/μM, linear
detection ranges were up to 250 μM and detection limits were in
the range of 1.0–5.4 μM [7–11]. The variations in sensitivity,
linear detection range and detection limit may mainly be
attributable to the different substrate specificities of NiRs from
different sources and to the different methods of immobilization.

The Lineweaver–Burk plot showed that Michaelis–Menten
constant (Km,app) was about 770 μM. This value was in well
agreement with that obtained with di-4-pyridyl disulfide
modified gold electrode in copper containing AciNiR and
pseudoazurin containing buffer solution, i.e. 700 μM [21]. It was
also reported that Km values were 150 μM for copper containing
NiR (from R. sphaeroides strain 2.4.3) immobilized biosen-
sor [8], 205 μM for tetraheme cytochrome c NiR (from
S. deleyianum) immobilized biosensor [7]. Compared with
these reported values, Km,app value reported here was relatively
high. The differences in Km,app values may have been resulted
from the difference in immobilization method employed in this
study; PAH layer, acting as mass transport barrier, may limit the
free approach of the substrate to enzyme layer.

The R.S.D. of the current responses was 3.8% for the sensors
prepared in the same set (n=9). This value was comparable to
3.0% (n=6) for copper containing NiR (from R. sphaeroides
strain 2.4.3) immobilized biosensor [8]. The R.S.D. for the
sensors prepared in different sets (n=5) was 8.2%, and the
relatively high R.S.D. value may be due to less reproducible
enzyme, mediator and polymer loadings on the GCE surface.

Interferences from chlorate, chloride, sulfite, sulfate and
nitrate were studied. The obtained results showed that chlorate,
chloride, sulfite, sulfate did not interfere with the nitrite
determination. However, nitrate interfered with the determina-
tion, the sensitivity of the sensor for this anion was 4.5 nA/μM,
which was about 38% of that for nitrite. This interference might
be originated from the selectivity of the enzyme itself, because
reducedMVis not able to reduce nitrate [26]. However, contrary
to this result, it was reported that nitrate did not interfere with
the nitrite determination with copper containing NiR (from
R. sphaeroides strain 2.4.3) immobilized biosensor [8], and with
cytochrome c NiR (from D. desulfuricans ATCC 27774)
immobilized biosensor [11]. The concentrations of nitrate and
nitrite in Han River (Paldang dam, Kyunggi Do, Korea) were
determined to be 107.9 and 2.9 μMby ion chromatography [33].
Even though the detection limit of the sensor (1.5 μM) was low
enough to detect this low concentration of nitrite, unfortunately,
the relatively high nitrate concentration and the relatively high
interference effect by nitrate made it impossible to determinate
nitrite concentration in this real water sample with the biosensor.

One of the obstacles for developing of NiR based biosensor
was the poor stability of the enzyme [11]. However, the NiR
used in this study was rather stable. It was reported that activity
of NiR from the same source used in this study was not affected
when the enzyme was heated even to 70 °C for 10 min, and the
enzyme could be stored at −15 °C for at least 3–4 months
without the loss of initial activity [17]. The obtained sensitivity
of the sensor was 8.8 nA/μM after one month of storage under
ambient air at room temperature. As mentioned, the sensitivity
of a freshly prepared sensor was 11.8 nA/μM, if long term
stability of an enzyme electrode was defined as a period in
which immobilized enzyme retained 80% of initial activity, the
storage stability of the sensor was estimated to be about 24 days,
which were comparable to others reported in literature [7,8,11].
The reasons for the prolonged storage stability of the sensor
reported here should be ascribed mainly to the relatively stable
NiR itself, and might be ascribed partially to the stabilization
effect by PVA matrix. It was reported that poly-ol structure
tends to stabilize the immobilized enzymes [34]. The relatively
long storage stability of the sensor should be useful in practical
applications.

To test accuracy of the sensor, several assays were made for
standard substrate solution. Substrate concentration was deter-
mined from the calibration curve in the linear range. The sen-
sitivities of the sensor for different concentrations of the standard
substrate solution were normalized by the statistical sensitivity of
11.8 nA/μM to compensate the variations resulted from the
different sets of fabrications of the sensor. The linear regression
equation for calculation of unknown nitrite concentration was as
follows: I=11.8×Conc.+117.9, where I was current in unit of
nA, and Conc. was unknown nitrite concentration in unit of μM.
As shown in Table 1, reliable results could be obtained. In spite of
the relatively high R.S.D. values the biosensor method described
here did not require expensive equipment. It is possible to develop
a reliable nitrite biosensor with rapidity, durability, simplicity and
convenience for actual applications.

4. Conclusions

The relatively stable copper containing NiR (from R. sphaer-
oides forma sp. denitrificans) was co-immobilized with methyl
viologen on glassy carbon electrode surface for electroenzy-
matic determination of nitrite. Methyl viologen was the suitable
mediator for electron transfer between electrode and NiR among
the selected mediators. PAH layer could effectively prevent
immobilized MV from leaking out from electrode surface. The
co-immobilization method used in this study was demonstrated
to be simple, rapid, and effective. Thus prepared enzyme elec-
trode used as a nitrite biosensor showed excellent catalytic effect
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for nitrite reduction and satisfactory performance factors such as
high sensitivity, fast response, wide linear detection range,
sufficiently low detection limit, relatively long storage stability
and high reproducibility. In spite of these merits, one of the
drawbacks of the sensor was the selectivity, i.e. this sensor was
relatively sensitive to ubiquitous nitrate. This may be the limit of
the NiR from this source used for preparation of current
electrochemical biosensor for selective determination of nitrite
in real samples.
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