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Abstract

A highly sensitive, fast and stable conductometric enzyme biosensor for determination of nitrate in water is reported for the first time. The
biosensor electrodes were modified by methyl viologen mediator mixed with nitrate reductase (NR)feagillus niger by cross-linking with
glutaraldehyde in the presence of bovine serum albumin and Nag@ion-exchange polymer. The process parameters for the fabrication of the
enzyme electrode and various experimental variables such as pH, the enzyme loading and time of immobilization in glutaralaldehyde vapor wer
investigated with regard to their influence on sensitivity, limit of detection, dynamic range and operational and storage stability. The kd@nsensor ¢
reach 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 of 0.005 mV
nitrate was obtained with a signal-to-noise ratio of 3. When stored in 5 mM phosphate buffer (pH 7°8) #te sensor showed good stability
over 2 weeks.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction can create serious problems, such as eutrophication of rivers,
deterioration of water quality and potential hazard to human
During the past two centuries, the human species has subealth, because nitrate in the gastrointestinal tract can be reduced
stantially altered the global nitrogen cycle, increasing both théo nitrite ions. In addition, nitrate and nitrite have the potential to
availability and the mobility of nitrogen over large regions form N-nitrous compounds, which are potential carcinogéhs
of Earth [1-3]. Consequently, in addition to natural sources,Another toxic affect of high concentrations of nitrites is the rare
inorganic nitrogen can nowadays enter aquatic ecosystems viisease of methemoglobinema or “baby blue syndrofbg”
anthropogenic input such as animal farming, urban and agricuPredominantly on the ground of human health most countries
tural runoff, industrial wastes and sewage effluents (includindhave imposed limits for nitrate in drinking water of 25—-50 mg/I
effluents from sewage treatment plants that are not perform©0.4—0.8 mM)[6].
ing tertiary treatments). As a result, concentrations of nitrate Spectro photometric methods for the determination of nitrate
in ground and surface waters are increasing around the worlthave been developed over the past several ded@d8]. lon
causing one of the most prevalent environmental problems onexchange chromatography combined with spectrometric, con-
worldwide scale. Water containing high concentrations of nitrateluctimetric or electrochemical detection has recently become
popular for the detection of nitrafd,11-13]. However, even
though they have high sensitivity and good reproducibility, these
* Corresponding author. Tel.: +33 472186243; fax: +33 478433717. methods require large and expensive instrument and extensive
E-mail address: Nicole.Jaffrezic@ec-Ivon.fr (N.J. Renault). pre-treatment of the sample. Nitrate ion-selective electrodes
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(ISEs) and ion-sensitive field-effect transistors (ISFETS), whichature can be determined on the basis of various reactions and
provide fast response time, simplicity, low cost, and can be eagnechanisms.
ily adapted to flowing streams and in situ measurements but In the present study, we present a conductometric nitrate
suffer from poor stability and severe interference effect causetiosensor by the coimmobilization of nitrate reductase from
by other anions present in the samild]. Aspergillus niger (EC 1.6.6.2) and methyl viologen in the
Biosensors incorporating enzymes have also been used fotafior®® films at an interdigitated thin-film electrodes surface.
nitrate analysis in real samples with reasonable sensitivity an8ince viologens are highly water soluble and toxic, any practi-
selectivity. The majority of biosensors reported for the mea-cal device containing these electron mediators should be based
surement of nitrate ions are molecular-based systems usingom immobilized viologen$27,28]. Methyl viologen’s electro-
nitrate reductase enzyme purified from plant, fungal or bacteriathemical behavior involves reduction of MY The structure
sources. Both electrochemical and optical biosensors have beefi MV2* consists of a hydrophobic part that is capable of
reported15-19]. hydrophobic—hydrophobic interaction with Nafforand two
Nitrate reductases (NR) are produced by a variety of anicationic pyridinium groups that undergo ion exchange with the
mals, plants, and microorganisms including fungi. The enzymsulphonate sites of Nafi§hpolymer chains, according to:
is a homodimer composed of two identical subunits of approx-

2+ —Nat)x
imately 100 kDa, each of which contains three cofactors, flavinMV"’lq +2(SQGs™Na)fiim

ad_enir)e dinucleqtide (FAD) which is the site for NA_D(P)H — [(SO37)2MV 2 sim +2Nayg" )
oxidation, heme-iron (heme-Fe) and Mo-molybdopetrin (Mo-
MPT) which is the site for nitrate reduction in a 1:1:1 rgg6). This interaction results in accumulation of MVin Nafior®

NR can be reduced by NADH, NADPH or both nucleotides, infilms. In the presence of dithionite as electron donor, the biocat-

the case of abispecific enzyme, which catalyzes the reduction @yzed reduction of N@™ to NO,™ is stimulated. The reaction
NO3~ to NGOy~ was as follows.

- o+ + - 2+
NAD(P)H + NOs~ + H* — NAD(P)" +NOy~ +H,0 (1) O3 T2MVTm+2HT = NOz+2MVET+H0 3
The subsequent local changes of conductance inside the
While the NAD(P)H dependent activity of assimilatory membrane is dependent on the reac{®)nand thus the conduc-
enzymes is more rapidly lost than its nitrate reduction activity, itometric nitrate sensor devices are assembled. The performance
was shown that assimilatory nitrate reductases can be supplied the conductometric nitrate biosensor was evaluated by the
with redox equivalents by redox mediators like methyl violo- detection of nitrate in water solution.
gen, that work as artificial electron dorj@d]. Methyl viologen
can be reductively regenerated with sodium dithionite or elec2. Experimental
trochemically[22].
Several reports addressed the development of amperomeX-I. Reagents
ric biosensor devices for nitrate have also used suitable redox
mediators including oxygen or nitrogen heterocycles, triphenyl Nitrate reductase (EC 1.1.6.6.2) frotnniger, bovine serum
methane dyes and sulphonphtaleine dyes mainly as the eleatbumin (BSA) and aqueous solutions (25%, w/v) of glutaralde-
tron transfer between the electrode and the enZi@®8—25].  hyde (GA), methyl viologen, Nafidh(perfluorosulfonated ion-
To our best knowledge, no previous work describing the coim-exchange resin, 5% (w/v) solution in a solution of 80% aliphatic
mobilization of nitrate reductase enzyme and redox mediatoalcohol and 20% water mixture) and sodium hydrosulfite were
at an electrode surface resulting in conductometric biosensopurchased from Sigma—Aldrich Chemie GmbH. Sodium nitrate
has been reported to date. Conductometric sensors for biosersid sodium dithionite were from Merck. All other chemicals
ing devices have been introduced by Watson ef2d]. The  were of analytical grade.
device consisted of a planar glass support with interdigitated
gold electrode pairs on one surface in a planar configuratior2.2. Apparatus
The principle of the detection is based on the fact that many bio-
chemical reactions in solution produce changes in the electrical The conductometric transducers were fabricated at the Insti-
resistance. tute of Chemo- and Bio-sensorics (Munster, Germany). Two
Conductance measurements involve the resistance deternpiairs of Au (150 nm thick) interdigitated electrodes were
nation of a sample solution between two parallel electrodeanade by the lift-off process on the pyrex glass substrate
For the direct assaying of many enzymes and their substrate®,0 mmx 30 mm). A 50 nm thick intermediate Tilayer was used
the conductometric biosensors present a number of advantagés:improve the adhesion of Au to the substrate. The central part
(a) the planar conductometric electrodes are simple and rebf the sensor chip was closed by epoxy resin to define the elec-
atively cheap which suits for miniaturization and large scalerode sensitive area. Both the digit width and interdigital distance
production, and therefore promising for practical use, (b) theywere 10um, and their length was about 1.0 mm. As a result, the
do not require a reference electrode, (c) the applied voltag&sensitive” area of each electrode was about 1.2mm
can be sufficiently small to minimize substantially the sensor's The internal generator of a Stanford Research System SR
power consumption, (d) large spectrum of analytes of differen830 lock-in amplifier (Sunnyvale, CA, USA) was employed to
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Detection system SR830 obtained in the absence of nitrate) of the steady-state response of
1 ----------------- i----g the biosensor was plotted as a function of nitrate concentrations.
: — p[:gf;n%?ﬁ'g : The buffer in the measuring cell and nitrate solutions were
- bubbled separately with nitrogen for at least 15 min to remove
lock-in GPIB/RS232 . . .
the dissolved oxygen before use in all experiment.

3. Results and discussion

Chart recorder

3.1. Optimization of enzymatic membrane formation

1
The performance of the biosensor, in terms of sensitivity and
long-term stability is strictly depended on the enzyme loading

Working electrode

R - standard resistance

Flefaranpersiacimde and the amount of BSA. The effect of the enzyme loading in
Fig. 1. Schematic diagram of the experimental set-up for conductometric medmmomhzanon m|th_Jre on nltrate reduc_tase biosensor response
surements. to nitrate was investigated. Different ratios NR/BSA were tested

to optimize the amount of loaded nitrate reductase with sen-
generate a sinusoidal wave with a frequency of 100 kHz and gor response (Fig. 2). It can be seen that the maximum of the
peak-to peak amplitude of 10 mV around a fixed potential of 0 Venzyme activity in membrane can be achieved for enzyme/BSA
to each pair of electrodes, forming a miniaturized conductanceatio equal to 2:1, generally containing 10% protein. The further
cell. The schematic diagram of the experimental system wagcrease in the amount of enzyme loading might be leading to the

shown inFig. 1. increase of the diffusional resistance for the substrate to arrive
to the electrode surface and then to the decrease in the biosensor
2.3. Enzyme immobilization response. On the other hand, if enzyme concentrations are too

low, there is no enough enzyme involved in the reaction which

The enzymatic membrane was prepared on the transducRfads only to a slight conductance variation. In addition, a high
surface by the cross-linking of enzyme with bovine albumin inconcentration of BSA may effectively decrease the NR activity
saturated glutaraldehyde vayja8]. The enzyme was deposited [30].
together with methyl viologen and with Nafirin order to Anincrease of the mediator concentration in the enzyme mix-
obtain a stable and active enzyme layer. A mixture of 10%ure solution did not lead to an increase of the sensor response.
(w/w) NR enzyme and BSA, 3% (v/v) Nafin(5% in alcohol),  we concluded that the applied methy! viologen concentration
10% (w/w) methyl viologen, 10% glycerol in 20 mM phosphate of 10% (w/w) is sufficient to saturate the electrode surface with
buffer (pH 7.5) was deposited on the sensitive area of the sensafediator molecules.
using a drop method, while another mixture of 10% (w/w) BSA,  Without enzyme or mediator no signal was observed, imply-
3% (v/v) Nafiorf (5% in alcohol), 10% (w/w) methyl viologen ing that no direct reduction of N§ occurs. This indicates
and 10% (w/w) glycerol in 20 mM buffer (pH 7.5) was depositedthat the conductometric biosensor detection process is nitrate-
on the other electrode. The later electrode was considered to Bpendent and is enzyme-catalyzed.
the reference sensor. The sensor chips were placed in a satu-
rated glutaraldehyde vapor for 60 min followed by drying in air
for 15 min at room temperature.

Milipore MIIi-Q nanopure water (resistivity 18.2 M&m)
was used throughout for the preparation of solutions.

2.4. Measurements

Measurements were conducted in daylight at room temper-
ature (25°C) in a glass cell. The sensor chip was immersed
in a measuring cell filled with 5ml of magnetic-stirred phos-
phate buffer solution (5.0 mM with 0.5mM EDTA), pH 7.5,
containing specific sodium nitrate concentration. Sample con-
centrations (nitrate standard solution) were adjusted by adding
defined volumes of an appropriate concentrated stock solution.
After stabilization of the output signal, 28 of freshly prepared
sodium dithionite (200 mM) was added in the vessel, which ini-
tiated the reactiorf3). The differential output signal between _ _ . .
the measuring and reference was logged by the SR 830 Iock-%g' 2. Depenqlencg of biosensor response on enzyme Iogdlng (NR/BSA ratio)
o . . r 0.1 mM sodium nitrate. Measurements were conducted in 5.0 mM phosphate
amplifier andAS (AS=(Sh — So), whereSy is the conductive  pyffer at pH 7.5, exposure time to glutaraldehyde vapor, 60 min. Membrane
value in the presence of nitrate afiglis the conductive value solution composition: 3% Nafih 10% methyl viologen.
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Table 1

Effect of Naflor? ratio on the biosensor response to nitrate

Ratio of Nafior? Response Detection Detection
(%, viv) time (s) range (mM) 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

Nafio® has hydrophobic fluorocarbon backbone and
hydrophilic cation-exchange site, thus rendering moderate
hydrophobicity. The effect of different NafiGncontent in the
membrane on NR biosensor response to nitrate was investigated
(Table 1). The observed maximum conductance response of thg; 4. pependence of conductometric biosensor response on pH for 0.1 mM
biosensor occurs at the ratio of 3% (v/v). This results indicatesodium nitrate concentration. Measurements were conducted in 5.0 mM phos-
that aninitial increase of the NafiBrrontent in the composite up  phate buffer with pH 7.5.
to 3% results in the increased stability of the enzyme and hence
the increased sensitivity. The biosensor response times, i.e. timgense membrane can reduce a diffusion of substrates and prod-
necessary to reach 95% of the steady-state amplitude were abaudts of the biochemical reaction that can result in broadening
15s. However, further increase in the Naffocontent in the  of dynamic range of nitrate determination. On the other hand,
composite increases the hydrophobicity of the membrane, thur short exposure times (<30 min) the enzyme leakage through
the bioelectronic systems suffer from basic limitations associthe membrane can take place due to an insufficient covalent
ated with diffusion barriers of the substrates through the polymegonding thus, the stability of the biosensor become poor, and
membranes, resulting in, respectively, slow response times anfle response of the sensors have decreased markedly with the
moderate sensitivities. In addition, since the stabilization ohumber of measurements (not shown).

Nafior® occurs in ethanol, the increase in Nafforation in the
composite could lead to a greater deactiyation of NR by_ ethanog,. 2. Effect of experimental variables

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 DH, the effect of pH on the biosensor response was exam-

in Fig. 3. It can be seen that_best r_e_sult_s were obtained f%ed with 0.10 mM nitration in 5.0 mM phosphate buffer (with
60 min of exposure. For longer immobilization time, a dramatlc0 5mM EDTA). The resultis displayed Fig. 4. The maximum

Since the enzyme activity is strongly affected by the solution

X X . -based methods for determination of nitrate
which lead to blocking of enzyme active centers. Moreover, SUC}f31,32]. This fact indicates that the immobilization of NR in the
methyl viologen/Nafioff composite film has not much changed
10 the microenvironment of the enzyme. We used the buffer solu-
9 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
NR is related to temperature, it can be seen that with increasing
temperature the biosensor sensitivity increased. The tempera-
ture optimum was reached about at°@) beyond which NR
5. o denaturation takes place.
| /8/ o ~ 0 45 min It has been reported that the oxygen interference is not neg-

vy :2: gg m:g ligible during the detection, because the reduced viologens
i (MV**) can be autooxidated by air. We found that although
the relative standard deviation obtained is higher in air-saturated
buffer (8%) than in nitrogen-saturated buffer (6%), the difference
is not very significantly, which is due to the excessive sodium
Fig. 3. Dependence of the nitrate conductometric biosensor response vs. thetirqghlomte that depletes the oxygen'ln the_ b_Uﬁe.r solution. .
of exposure to GA vapor. Measurements were conducted in 5.0mM phosphate 1N order to study the effect of sodium dithionite concentration
buffer, pH 7.5. onthe substrate response, its concentration was varied between 0

8
7 4
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Fig. 5. Dependence of conductometric biosensor response on temperature EQI

NOw— ion 0f 0.1 mM. M d 4in 5.0 mM oh rg 7. Five sequential calibration curve measurements with newly prepared
3 concent_ratlon 0f0.1 mM. Measurements were conductedin 5.0mMphoSg e cirodes. Measurements were conducted in 5.0 mM phosphate buffer with pH
phate buffer with pH 7.5.

7.5. The number indicates the order of the measurements.

and 5.0 mM. Inthe absence of sodium dithionite no response w.
observed while for concentrations higher than 1.0 mM sodiu
dithionite the response became constant, and this concentration

(25l of 200 mM sodium dithionite) was used for all the exper- | . X
biosensor performance. The low storage and operational sta-

iments. bility of NR electrodes i ll-known fact. A tial
Using the optimum conditions obtained in the above studD"Y O electrodes 1s a wefl-known 1act. An exponentia

ies, calibration curve of the conductometric nitrate biosensopIme degay (.)f thg enzyme activity, possibly caused by thermal
was obtained over a nitrate concentration range of 0.02-0.5 m@r chemical |r_1act|vat|on qg%he enzyme, has been repdﬂ_ﬁ}j
using the biosensor in 5.0 mM phosphate buffer at pH 7.5. he methy! viologen/Nafi m0d|f|e_d elecf[rodes were rinsed
As shown in Fig. 6, the methyl viologen/Nafiéh modi- with 5mM phosphate buffer solution (with 0.5 mM EDTA)

O, -
fied electrode showed a linear response in a concentratiozﬁt pH t7.t)5|_?ndf tsf:pred at"€. In or(ﬁgr ttq evaluate the Iongd d
range of 0.02-0.25mM, the linear regression equation Wagermsa ity oTiS Sensor, one calibration curve was recorde

ASY=1.1058 +30.469 [N@] (MM), R=0.9975. The detec- every day and the conductance at a fixed nitrate concentra-

tion limit of 0.005 mM of nitrate was obtained with a signal-to- tion of 0.1 TM was measure_td.dTh?:r_e |s7a ra(;h8er [Zlfr?e gnlélal
noise ratio of 3, these ranges being quite sufficient for the real ecrease of response magnitude (Figs. 7 and 8). After 3 days

0 o
samples (drinking water, wastewater) analyzed. there was a decrease of 30% from the initial response. The
sensor gave a stable response conductance after this period,

.3. Stability of the biosensor

Long-term storage stability is one of the key factors of a

Fig. 6. Typical calibration curve for MV/Nafion/NR electrode for increasing
nitrate concentrations. Measurements were conducted in 5.0 mM phosphakég. 8. Storage stability of the NR biosensor. Measurements were conducted in
buffer with pH 7.5 at 25C. 5.0 mM phosphate buffer with pH 7.5, NO concentration, 0.1 mM.
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