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43 Boulevard du 11 Novemvre 1918, Villeurbanne Cedex 69622, France
c CEGELY, UMR/CNRS 5005, Ecole Centrale de Lyon, 69134 Ecully Cedex, France

d Laboratory of Biomolecular Electronics, Institute of molecular Biology and Genetics,
150, Zabolotnogo St., Kiev 03143, Ukraine

Received 27 June 2005; received in revised form 27 June 2005; accepted 11 October 2005
Available online 28 November 2005

A

time. The
b
g of the
e vapor were
i sensor c
r f 0.005 mM
n lity
o
©

K

1

s
a
o
i
a
t
e
i
i
c
w

ivers,
man
duced
al to

rare

tries
g/l

trate

con-
ome
n
ese
nsive
odes

0
d

bstract

A highly sensitive, fast and stable conductometric enzyme biosensor for determination of nitrate in water is reported for the first
iosensor electrodes were modified by methyl viologen mediator mixed with nitrate reductase (NR) fromAspergillus niger by cross-linking with
lutaraldehyde in the presence of bovine serum albumin and Nafion® cation-exchange polymer. The process parameters for the fabrication
nzyme electrode and various experimental variables such as pH, the enzyme loading and time of immobilization in glutaralaldehyde

nvestigated with regard to their influence on sensitivity, limit of detection, dynamic range and operational and storage stability. The bioan
each 95% of steady-state conductance value in about 15 s. Linear calibration in the range of 0.02 and 0.25 mM with detection limits o
itrate was obtained with a signal-to-noise ratio of 3. When stored in 5 mM phosphate buffer (pH 7.5) at 4◦C, the sensor showed good stabi
ver 2 weeks.
2005 Elsevier B.V. All rights reserved.
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. Introduction

During the past two centuries, the human species has sub-
tantially altered the global nitrogen cycle, increasing both the
vailability and the mobility of nitrogen over large regions
f Earth [1–3]. Consequently, in addition to natural sources,

norganic nitrogen can nowadays enter aquatic ecosystems via
nthropogenic input such as animal farming, urban and agricul-

ural runoff, industrial wastes and sewage effluents (including
ffluents from sewage treatment plants that are not perform-

ng tertiary treatments). As a result, concentrations of nitrate
n ground and surface waters are increasing around the world,
ausing one of the most prevalent environmental problems on a
orldwide scale. Water containing high concentrations of nitrate

∗ Corresponding author. Tel.: +33 472186243; fax: +33 478433717.
E-mail address: Nicole.Jaffrezic@ec-lvon.fr (N.J. Renault).

can create serious problems, such as eutrophication of r
deterioration of water quality and potential hazard to hu
health, because nitrate in the gastrointestinal tract can be re
to nitrite ions. In addition, nitrate and nitrite have the potenti
form N-nitrous compounds, which are potential carcinogens[4].
Another toxic affect of high concentrations of nitrites is the
disease of methemoglobinema or “baby blue syndrome”[5].
Predominantly on the ground of human health most coun
have imposed limits for nitrate in drinking water of 25–50 m
(0.4–0.8 mM)[6].

Spectro photometric methods for the determination of ni
have been developed over the past several decades[7–10]. Ion
exchange chromatography combined with spectrometric,
ductimetric or electrochemical detection has recently bec
popular for the detection of nitrate[4,11–13]. However, eve
though they have high sensitivity and good reproducibility, th
methods require large and expensive instrument and exte
pre-treatment of the sample. Nitrate ion-selective electr

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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(ISEs) and ion-sensitive field-effect transistors (ISFETs), which
provide fast response time, simplicity, low cost, and can be eas-
ily adapted to flowing streams and in situ measurements but
suffer from poor stability and severe interference effect caused
by other anions present in the sample[14].

Biosensors incorporating enzymes have also been used for
nitrate analysis in real samples with reasonable sensitivity and
selectivity. The majority of biosensors reported for the mea-
surement of nitrate ions are molecular-based systems using a
nitrate reductase enzyme purified from plant, fungal or bacterial
sources. Both electrochemical and optical biosensors have been
reported[15–19].

Nitrate reductases (NR) are produced by a variety of ani-
mals, plants, and microorganisms including fungi. The enzyme
is a homodimer composed of two identical subunits of approx-
imately 100 kDa, each of which contains three cofactors, flavin
adenine dinucleotide (FAD) which is the site for NAD(P)H
oxidation, heme-iron (heme-Fe) and Mo-molybdopetrin (Mo-
MPT) which is the site for nitrate reduction in a 1:1:1 ratio[20].
NR can be reduced by NADH, NADPH or both nucleotides, in
the case of abispecific enzyme, which catalyzes the reduction of
NO3

− to NO2
−:

NAD(P)H + NO3
− + H+ → NAD(P)+ + NO2

− + H2O (1)

While the NAD(P)H dependent activity of assimilatory
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nature can be determined on the basis of various reactions and
mechanisms.

In the present study, we present a conductometric nitrate
biosensor by the coimmobilization of nitrate reductase from
Aspergillus niger (EC 1.6.6.2) and methyl viologen in the
Nafion® films at an interdigitated thin-film electrodes surface.
Since viologens are highly water soluble and toxic, any practi-
cal device containing these electron mediators should be based
on immobilized viologens[27,28]. Methyl viologen’s electro-
chemical behavior involves reduction of MV2+. The structure
of MV2+ consists of a hydrophobic part that is capable of
hydrophobic–hydrophobic interaction with Nafion® and two
cationic pyridinium groups that undergo ion exchange with the
sulphonate sites of Nafion® polymer chains, according to:

MVaq
2+ + 2(SO3

−Na+)film

→ [(SO3
−)2MV2+]film + 2Naaq

+ (2)

This interaction results in accumulation of MV2+ in Nafion®

films. In the presence of dithionite as electron donor, the biocat-
alyzed reduction of NO3− to NO2

− is stimulated. The reaction
was as follows.

NO3
− + 2MV•+ + 2H+ → NO2

− + 2MV2+ + H2O (3)

The subsequent local changes of conductance inside the
membrane is dependent on the reaction(3), and thus the conduc-
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nzymes is more rapidly lost than its nitrate reduction activi
as shown that assimilatory nitrate reductases can be su
ith redox equivalents by redox mediators like methyl vio
en, that work as artificial electron donor[21]. Methyl viologen
an be reductively regenerated with sodium dithionite or e
rochemically[22].

Several reports addressed the development of amper
ic biosensor devices for nitrate have also used suitable r
ediators including oxygen or nitrogen heterocycles, triph
ethane dyes and sulphonphtaleine dyes mainly as the

ron transfer between the electrode and the enzyme[6,23–25].
o our best knowledge, no previous work describing the c
obilization of nitrate reductase enzyme and redox med
t an electrode surface resulting in conductometric biose
as been reported to date. Conductometric sensors for bio

ng devices have been introduced by Watson et al.[26]. The
evice consisted of a planar glass support with interdigit
old electrode pairs on one surface in a planar configura
he principle of the detection is based on the fact that many
hemical reactions in solution produce changes in the elec
esistance.

Conductance measurements involve the resistance de
ation of a sample solution between two parallel electro
or the direct assaying of many enzymes and their subst

he conductometric biosensors present a number of advan
a) the planar conductometric electrodes are simple and
tively cheap which suits for miniaturization and large s
roduction, and therefore promising for practical use, (b)
o not require a reference electrode, (c) the applied vo
an be sufficiently small to minimize substantially the sens
ower consumption, (d) large spectrum of analytes of diffe
d
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ometric nitrate sensor devices are assembled. The perform
f the conductometric nitrate biosensor was evaluated b
etection of nitrate in water solution.

. Experimental

.1. Reagents

Nitrate reductase (EC 1.1.6.6.2) fromA. niger, bovine serum
lbumin (BSA) and aqueous solutions (25%, w/v) of glutara
yde (GA), methyl viologen, Nafion® (perfluorosulfonated ion
xchange resin, 5% (w/v) solution in a solution of 80% aliph
lcohol and 20% water mixture) and sodium hydrosulfite w
urchased from Sigma–Aldrich Chemie GmbH. Sodium ni
nd sodium dithionite were from Merck. All other chemic
ere of analytical grade.

.2. Apparatus

The conductometric transducers were fabricated at the
ute of Chemo- and Bio-sensorics (Munster, Germany).
airs of Au (150 nm thick) interdigitated electrodes w
ade by the lift-off process on the pyrex glass subs

10 mm× 30 mm). A 50 nm thick intermediate Ti layer was u
o improve the adhesion of Au to the substrate. The centra
f the sensor chip was closed by epoxy resin to define the

rode sensitive area. Both the digit width and interdigital dista
ere 10�m, and their length was about 1.0 mm. As a result

sensitive” area of each electrode was about 1.0 mm2.
The internal generator of a Stanford Research System

30 lock-in amplifier (Sunnyvale, CA, USA) was employed
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Fig. 1. Schematic diagram of the experimental set-up for conductometric mea-
surements.

generate a sinusoidal wave with a frequency of 100 kHz and a
peak-to peak amplitude of 10 mV around a fixed potential of 0 V
to each pair of electrodes, forming a miniaturized conductance
cell. The schematic diagram of the experimental system was
shown inFig. 1.

2.3. Enzyme immobilization

The enzymatic membrane was prepared on the transducer
surface by the cross-linking of enzyme with bovine albumin in
saturated glutaraldehyde vapor[29]. The enzyme was deposited
together with methyl viologen and with Nafion® in order to
obtain a stable and active enzyme layer. A mixture of 10%
(w/w) NR enzyme and BSA, 3% (v/v) Nafion® (5% in alcohol),
10% (w/w) methyl viologen, 10% glycerol in 20 mM phosphate
buffer (pH 7.5) was deposited on the sensitive area of the senso
using a drop method, while another mixture of 10% (w/w) BSA,
3% (v/v) Nafion® (5% in alcohol), 10% (w/w) methyl viologen
and 10% (w/w) glycerol in 20 mM buffer (pH 7.5) was deposited
on the other electrode. The later electrode was considered to b
the reference sensor. The sensor chips were placed in a sat
rated glutaraldehyde vapor for 60 min followed by drying in air
for 15 min at room temperature.

Milipore Mlli-Q nanopure water (resistivity 18.2 M�cm)
was used throughout for the preparation of solutions.
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obtained in the absence of nitrate) of the steady-state response of
the biosensor was plotted as a function of nitrate concentrations.

The buffer in the measuring cell and nitrate solutions were
bubbled separately with nitrogen for at least 15 min to remove
the dissolved oxygen before use in all experiment.

3. Results and discussion

3.1. Optimization of enzymatic membrane formation

The performance of the biosensor, in terms of sensitivity and
long-term stability is strictly depended on the enzyme loading
and the amount of BSA. The effect of the enzyme loading in
immobilization mixture on nitrate reductase biosensor response
to nitrate was investigated. Different ratios NR/BSA were tested
to optimize the amount of loaded nitrate reductase with sen-
sor response (Fig. 2). It can be seen that the maximum of the
enzyme activity in membrane can be achieved for enzyme/BSA
ratio equal to 2:1, generally containing 10% protein. The further
increase in the amount of enzyme loading might be leading to the
increase of the diffusional resistance for the substrate to arrive
to the electrode surface and then to the decrease in the biosensor
response. On the other hand, if enzyme concentrations are too
low, there is no enough enzyme involved in the reaction which
leads only to a slight conductance variation. In addition, a high
c ivity
[
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.4. Measurements

Measurements were conducted in daylight at room tem
ture (25◦C) in a glass cell. The sensor chip was imme

n a measuring cell filled with 5 ml of magnetic-stirred ph
hate buffer solution (5.0 mM with 0.5 mM EDTA), pH 7
ontaining specific sodium nitrate concentration. Sample
entrations (nitrate standard solution) were adjusted by a
efined volumes of an appropriate concentrated stock sol
fter stabilization of the output signal, 25�l of freshly prepare
odium dithionite (200 mM) was added in the vessel, which
iated the reaction(3). The differential output signal betwe
he measuring and reference was logged by the SR 830 lo
mplifier and�S (�S = (Sn − S0), whereSn is the conductiv
alue in the presence of nitrate andS0 is the conductive valu
r

e
u-
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-
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oncentration of BSA may effectively decrease the NR act
30].

An increase of the mediator concentration in the enzyme
ure solution did not lead to an increase of the sensor resp

e concluded that the applied methyl viologen concentra
f 10% (w/w) is sufficient to saturate the electrode surface
ediator molecules.
Without enzyme or mediator no signal was observed, im

ng that no direct reduction of NO3− occurs. This indicate
hat the conductometric biosensor detection process is n
ependent and is enzyme-catalyzed.

ig. 2. Dependence of biosensor response on enzyme loading (NR/BSA
or 0.1 mM sodium nitrate. Measurements were conducted in 5.0 mM phos
uffer at pH 7.5, exposure time to glutaraldehyde vapor, 60 min. Mem
olution composition: 3% Nafion®, 10% methyl viologen.
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Table 1
Effect of Naflon® ratio on the biosensor response to nitrate

Ratio of Nafion®

(%, v/v)
Response
time (s)

Detection
range (mM)

Detection
limit (mM)

0 – –
1 8 0.01–0.15 –
2 10 0.02–0.18 0.005
3 15 0.02–0.25 0.005
4 35 0.15–.030 0.10

Nafion® has hydrophobic fluorocarbon backbone and
hydrophilic cation-exchange site, thus rendering moderate
hydrophobicity. The effect of different Nafion® content in the
membrane on NR biosensor response to nitrate was investigated
(Table 1). The observed maximum conductance response of the
biosensor occurs at the ratio of 3% (v/v). This results indicates
that an initial increase of the Nafion® content in the composite up
to 3% results in the increased stability of the enzyme and hence
the increased sensitivity. The biosensor response times, i.e. times
necessary to reach 95% of the steady-state amplitude were about
15 s. However, further increase in the Nafion® content in the
composite increases the hydrophobicity of the membrane, thus
the bioelectronic systems suffer from basic limitations associ-
ated with diffusion barriers of the substrates through the polymer
membranes, resulting in, respectively, slow response times and
moderate sensitivities. In addition, since the stabilization of
Nafion® occurs in ethanol, the increase in Nafion® ration in the
composite could lead to a greater deactivation of NR by ethanol.

In the case of the effect of exposure time on the residual NR
enzyme activity, the calibration curves for nitrate determina-
tions with different times of exposure to GA vapor is shown
in Fig. 3. It can be seen that best results were obtained for
60 min of exposure. For longer immobilization time, a dramatic
decrease of response values was obtained. This phenomenon
can be connected to the formation of a large number of cova-
l cules,
w such

F he tim
o sphat
b

Fig. 4. Dependence of conductometric biosensor response on pH for 0.1 mM
sodium nitrate concentration. Measurements were conducted in 5.0 mM phos-
phate buffer with pH 7.5.

dense membrane can reduce a diffusion of substrates and prod-
ucts of the biochemical reaction that can result in broadening
of dynamic range of nitrate determination. On the other hand,
for short exposure times (<30 min) the enzyme leakage through
the membrane can take place due to an insufficient covalent
bonding thus, the stability of the biosensor become poor, and
the response of the sensors have decreased markedly with the
number of measurements (not shown).

3.2. Effect of experimental variables

Since the enzyme activity is strongly affected by the solution
pH, the effect of pH on the biosensor response was exam-
ined with 0.10 mM nitration in 5.0 mM phosphate buffer (with
0.5 mM EDTA). The result is displayed inFig. 4. The maximum
responses of the biosensors based on methyl viologen/Nafion®

occur at pH 7.5. This result is strongly correlated with those
obtained using NR-based methods for determination of nitrate
[31,32]. This fact indicates that the immobilization of NR in the
methyl viologen/Nafion® composite film has not much changed
the microenvironment of the enzyme. We used the buffer solu-
tion of pH 7.5 throughout the experiments to obtain the maxi-
mum sensitivity.

Fig. 5 shows the effect of temperature on the sensitivity of
the same biosensor. Like the majority of enzymes, the activity of
N asing
t pera-
t
d
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l gens
( ugh
t rated
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d
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o een 0
ent bounds between glutaraldehyde and the enzyme mole
hich lead to blocking of enzyme active centers. Moreover,

ig. 3. Dependence of the nitrate conductometric biosensor response vs. t
f exposure to GA vapor. Measurements were conducted in 5.0 mM pho
uffer, pH 7.5.
e
e

R is related to temperature, it can be seen that with incre
emperature the biosensor sensitivity increased. The tem
ure optimum was reached about at 60◦C, beyond which NR
enaturation takes place.

It has been reported that the oxygen interference is not
igible during the detection, because the reduced violo
MV•+) can be autooxidated by air. We found that altho
he relative standard deviation obtained is higher in air-satu
uffer (8%) than in nitrogen-saturated buffer (6%), the differe

s not very significantly, which is due to the excessive sod
ithionite that depletes the oxygen in the buffer solution.

In order to study the effect of sodium dithionite concentra
n the substrate response, its concentration was varied betw
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Fig. 5. Dependence of conductometric biosensor response on temperature for
NO3

− concentration of 0.1 mM. Measurements were conducted in 5.0 mM phos-
phate buffer with pH 7.5.

and 5.0 mM. In the absence of sodium dithionite no response was
observed while for concentrations higher than 1.0 mM sodium
dithionite the response became constant, and this concentration
(25�l of 200 mM sodium dithionite) was used for all the exper-
iments.

Using the optimum conditions obtained in the above stud-
ies, calibration curve of the conductometric nitrate biosensor
was obtained over a nitrate concentration range of 0.02–0.5 mM
using the biosensor in 5.0 mM phosphate buffer at pH 7.5.
As shown in Fig. 6, the methyl viologen/Nafion® modi-
fied electrode showed a linear response in a concentration
range of 0.02–0.25 mM, the linear regression equation was
�S Y = 1.1058 + 30.469 [NO3−] (mM), R = 0.9975. The detec-
tion limit of 0.005 mM of nitrate was obtained with a signal-to-
noise ratio of 3, these ranges being quite sufficient for the real
samples (drinking water, wastewater) analyzed.

F ing
n spha
b

Fig. 7. Five sequential calibration curve measurements with newly prepared
electrodes. Measurements were conducted in 5.0 mM phosphate buffer with pH
7.5. The number indicates the order of the measurements.

3.3. Stability of the biosensor

Long-term storage stability is one of the key factors of a
biosensor performance. The low storage and operational sta-
bility of NR electrodes is a well-known fact. An exponential
time decay of the enzyme activity, possibly caused by thermal
or chemical inactivation of the enzyme, has been reported[33].
The methyl viologen/Nafion® modified electrodes were rinsed
with 5 mM phosphate buffer solution (with 0.5 mM EDTA)
at pH 7.5 and stored at 4◦C. In order to evaluate the long-
term stability of this sensor, one calibration curve was recorded
every day and the conductance at a fixed nitrate concentra-
tion of 0.1 mM was measured. There is a rather large initial
decrease of response magnitude (Figs. 7 and 8). After 3 days
there was a decrease of 30% from the initial response. The
sensor gave a stable response conductance after this period,

F cted in
5

ig. 6. Typical calibration curve for MV/Nafion/NR electrode for increas
itrate concentrations. Measurements were conducted in 5.0 mM pho
uffer with pH 7.5 at 25◦C.
teig. 8. Storage stability of the NR biosensor. Measurements were condu
.0 mM phosphate buffer with pH 7.5, NO3

− concentration, 0.1 mM.



W. Xuejiang et al. / Talanta 69 (2006) 450–455 455

which remained stable for more than 2 weeks. This fact indicates
that the biocompatibility of Nafion® with NR enzyme provides
substantial improvement in long-term stability of the nitrate
biosensor.

The reproducibility of the methyl viologen/Nafion®/NR elec-
trodes was evaluated by measuring the responses of five repli-
cate biosensors to 0.1 mM nitrate. A relative standard deviation
(R.S.D.) of around 6% was obtained. Thus, the sensor showed
a good, reproducible behavior and can be used for reproducible
measurements.

It is interesting to compare our rather simple and economic
conductometric nitrate biosensor with recent reports on amper-
ometric sensors with other nitrate reductases. Glazier et al.[16]
reported a Nafion®-coated glassy carbon electrode with theZea
mays nitrate reductase trapped behind a dialysis membrane.
Nitrate was measured under anaerobic conditions. The nitrate
detection limit was 3�M and a linear range was <200�M, the
half lifetime of the electrode was of the order of 1 day. While
the lower detection limits of our enzyme electrodes are com-
parable we found a wider linear range and a better stability of
our enzyme electrode for nitrate determination. These advan-
tages of the conductometric nitrate biosensor, together with its
simplicity, low cost, etc. are still considerably superior to that
of the E. coli [15,34], P. stutzeri [6] nitrate reductases based
amperometric biosensors.
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In this paper, a novel conductometric mediated biosenso
itrate determination has been developed. Nitrate reductas

mmobilized together with the redox mediator, methyl vio
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