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The direct electrochemistry and bioelectrocatalysis
of nitrate reductase at a gold nanoparticles/

aminated graphene sheets modified glassy carbon

electrode
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It is rather difficult to achieve the direct electrochemistry of nitrate reductase (NR) as it is a complex
homodimeric enzyme. However, in this study, the direct electron transfer between NR's redox centers

and the electrode surface was achieved with the aid of aminated graphene sheets (am-GSs) which could

immobilize NR stably and control the orientation of the enzyme molecules on the surface of the

modified electrode through electrostatic attractions. Moreover, when the gold nanoparticles (AuNPs)
which could act as electronic wire were introduced to the modified electrode, the NR-based enzymatic

reduction of nitrate was promoted and a sensitive electrochemical

response regarding the

electrochemical reduction of nitrate could be obtained at the NR/AuNPs/am-GSs/GC electrode. Under
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optimized conditions, a wide linear range from 1.0 x 107® mol L™ to 2.0 x 10~ mol L™ was acquired

with a low detection limit of 7 x 1077 mol L™ (S/N = 3). The biosensor was successfully employed to

DOI: 10.1039/c9ra07082f

rsc.li/rsc-advances

1. Introduction

It is well-known that nitrate is a potential hazard to both human
health and the environment. Nitrate may be metabolized into
substances such as nitrosamine and N-nitrosamide, which can
induce carcinogenicity, teratogenicity and mutagenicity.!
Excessive nitrate in environmental water systems may lead to
ecological problems such as algal blooms, dissolved oxygen
depletion and possibly eutrophication of surface waters.>” In
recent decades, the incidences of nitrate pollution in water
systems have been increasing at a terrifying speed due to the
direct utilization of nitrogen-based fertilizers.® In China, the
situation is especially serious. It was reported that the nitrogen-
based fertilizer consumption in China had increased from
8 840 000 tons in 1978 to 48 000 000 tons in 2006, far more than
the ceiling set for fertilizer use in developed countries to prevent
water pollution.”® Consequently, high nitrate levels in envi-
ronmental water were frequently detected in many areas of
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determine the total nitrogen in environmental water samples and the results were in good accordance
with those obtained by ultraviolet-visible spectrophotometry.

China. For example, a report in 2006 showed that the average
nitrate level in hand pumping wells in Beijing plain agricultural
area was 14.01 mg L', which exceeded the Environmental
Protection Agency (EPA) standard by up to 46.3%.°

In view of the serious situation of nitrate pollution, it is
essential to develop some methods that could realize accurate
and fast detection of nitrate. After efforts of researchers, some
methods were reported, such as ion exchange chromatography
combined with spectrometric,* high performance liquid chro-
matography (HPLC),"** chemiluminescence," electrochemical
methods*® and so on. Compared with other methods, elec-
trochemical methods have unique merits of fast response,
simple operation and low cost.***® However, the poor selectivity
limits their applications to a large extent.”® To overcome this
drawback, nitrate biosensors with good selectivity and sensi-
tivity may be a good choice."”*®

Introducing redox mediators, such as azure A, methyl viologen
and so on, is one of the ways for fabricating nitrate biosen-
sors.'>* However, the presence of mediators always brings
interferences and complex reaction systems, which makes it
necessary to develop nitrate biosensor based on the direct elec-
trochemistry of nitrate reductase (NR). NR is an enzyme that can
reduce nitrate to nitrite by specific recognition sites.** Moreover,
it is a complex homodimeric enzyme with a MW of 180 kDa and
each monomer contains three redox cofactors, including Mo
cofactor (Moco), Fe-heme and flavin adenine dinucleotide
(FAD).” Unfortunately, it is not easy to achieve the direct electron
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transfer between NR's redox centers and the surface of the elec-
trodes. Several factors have been found to hinder the direct
electron transfer, including the deepness of electroactive centers
within the enzymes' structure, adsorptive denaturation of
enzymes onto electrodes, and their unfavorable orientations at
electrodes. In the process of looking for methods to achieve the
direct electrochemistry of NR, an internal electron transfer
pathway was found in prokaryotic NR (e.g. NR from Escherichia
coli and NarGHI NR).**** Bernhardt's group also investigated the
direct catalytic electrochemistry of a eukaryotic NR adsorbed on
an edge plane pyrolytic graphite-working electrode modified by
polyethyleneimine and polymyxin B.** Nevertheless, the cyclic
voltammetry (CV) trace in those studies did not reveal any clear
responses in the absence of nitrate.**>*

Owning to the unique properties including fast electron
transportation, high thermal conductivity and excellent
mechanical flexibility, graphene sheets (GSs) have been applied
widely in the construction of enzyme-based biosensors. As re-
ported, GSs can shorten the electron transfer distance and
enhance the electrical communication between the redox
centers of enzymes and the electrode surface.'®*® Furthermore,
GSs can immobilize enzyme well due to their large surface area
and at the same time keep the original structures and the bio-
logical activities of enzymes because of their good biocompati-
bility. To control the driving forces of enzyme's adsorption and
orientation, the functionalization tailored with charge groups,
such as -COOH, -NH, etc. on the surface of nanomaterials may
be a facile method.>”**

Thus, in this study, aminated graphene sheets (am-GSs) was
introduced and applied to fabricate NR-based nitrate biosensor.
Based on the electrostatic attractions between am-GSs and NR,
the NR molecules were firmly immobilized on the modified
electrode and the direct electrochemistry of NR was achieved.
Moreover, due to the Au-S bonding, gold nanoparticles (AuNPs)
was introduced to the system, acting as “electronic wire” to
transfer electron from the electrode surface to the enzyme's
redox cofactors, and then promoting the enzymatic reduction of
nitrate. The proposed biosensor showed a sensitive response to
nitrate, which makes it a great potential for nitrate detection.

2. Experimental

Cyclic voltammetry (CV) was performed with a computer-
controlled CHI830A electrochemical workstation (Chenhua
Instrument Co., Shanghai, China). A conventional three-
electrode system consisting of a modified glassy carbon elec-
trode as the working electrode, a saturated calomel electrode
(SCE) as the reference electrode, and a platinum wire as the
counter electrode was applied. Field emission scanning elec-
tron microscopy (FESEM) was performed with Sirion 200 field-
emission scanning electron microanalyzer (FEI, Netherlands).
A Lambda 35 Ultraviolet-visible (UV-Vis) spectrophotometer
(PerkinElmer, USA) was utilized to determine the total nitrogen
in environmental water samples and the nitrate concentration
in fresh vegetable samples.

Nitrate reductase (NR, from Aspergillus niger, NAD(P)H-
bispecific form, EC 1.7.1.2) and HAuCl, were obtained from
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Sigma (USA) and utilized without further purification. Graphite
oxide was purchased from Alfa Aesar (USA). NaNO; and KClI
were freshly prepared before use. The phosphate buffer solu-
tions (PBS) contained 0.1 mol L™ Na,HPO, and NaH,PO,. The
pH of PBS was adjusted with H;PO, and NaOH to 7.0. Twice-
distilled water was used throughout the experiments. All elec-
trochemical experiments were carried out at 25 °C. Prior to each
electrochemical experiment, the buffer solutions were purged
with high-purity nitrogen for 20 minutes at least, and then
a nitrogen atmosphere was kept over the solutions during the
experimental process.

The glassy carbon (GC) electrode was firstly polished with 0.1
um alumina slurry on a polishing cloth, then sonicated in nitric
acid (1 : 1), ethanol and water in sequence, each for 2 minutes,
and at last, dried in air. The aminated graphene sheets (am-GSs)
were prepared by an epoxide ring-opening reaction as previ-
ously reported.* The obtained am-GSs (1.5 mg) were mixed with
1 mL anhydrous ethanol and then sonicated for 1 hour to make
am-GSs suspension. Then, 3 uL homogenized am-GSs ethanol
solution (1.5 mg mL™") was cast onto the GC electrode surface
by micropipette and dried under an infrared lamp to obtain the
am-GSs/GC electrode. The gold nanoparticles (AuNPs) were
directly electrodeposited on the am-GSs/GC electrode in
0.1 mol L' KCI solution containing 0.1 mol L™" HAuCl, at
a working potential of —0.2 V for 60 s.** The NR-based elec-
trodes were prepared by immersing the am-GSs/GC electrode
and the AuNPs/am-GSs/GC electrode in 2.0 mg mL~' NR solu-
tion (pH 7.0) for 12 hours and then washed adequately with
water to remove the unadsorbed enzyme molecules.

The proposed biosensor was applied to determine the total
nitrogen in environmental water samples. Six water samples
were collected from Han River and Yangtze River (Wuhan,
China), respectively. Each sample was digested by the proce-
dures as National Environmental Protection Standard of P.R.C.
(HJ 636-2012) suggested. In brief, all nitrogen-containing
compounds in water samples were oxidized to nitrate by alka-
line potassium persulfate digestion. Then, the nitrate concen-
tration was determined by the as-prepared biosensor. As
a comparison, total nitrogen in the same samples was also
analyzed by UV spectrophotometric method suggested by
National Environmental Protection Standard of P.R.C. (HJ 636-
2012). The proposed biosensor was also utilized to determine
the nitrate concentration in fresh vegetable samples. Two
vegetable samples (celery and cabbage) were bought from
supermarket and prepared as National Environmental Protec-
tion Standard of P.R.C. (NY 1279-2007) suggested. Considering
that no nitrate was found in celery and cabbage, the standard
addition method was applied to investigate the performance of
the proposed biosensor. And UV spectrophotometric method
was also used to analyze the vegetable samples for comparison.

3. Results and discussion

3.1. Direct electrochemistry of NR at the am-GSs/GC
electrode

As the isoelectric point of NR is 6.2,*" if dissolving the enzyme in
0.1 mol L™" PBS with pH value of 7.0, NR will be negatively

This journal is © The Royal Society of Chemistry 2019
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charged. Meanwhile, the prepared am-GSs was positively
charged due to the large amount of amino on their surface.
Thus, there were strong electrostatic attractions between NR
and am-GSs, which could immobilize NR on the surface of the
am-GSs/GC electrode stably.

Cyclic voltammetry (CV) was applied to study the electro-
chemical behaviors of NR at different electrodes (Fig. 1). A pair
of well-defined redox peaks at about —0.40 V is observed at the
NR/am-GSs/GC electrode (curve c) in pH 7.0 PBS at the scan rate
of 0.1 Vs~'. The reduction and oxidation peak currents display
nearly equal heights. The cathodic and anodic peak potentials
are located at about —0.42 V and —0.39 V, respectively, with
a peak potential separation of 30 mV. In contrast, no obvious
peak appears at the NR/GC and the am-GSs/GC electrodes
(curves a and b). The results suggest that the enzyme molecules
are immobilized at the am-GSs/GC electrode stably and the pair
of peaks located at about —0.40 V attributes to the direct elec-
trochemistry of NR with the aid of am-GSs.

In this study, NR from Aspergillus niger is a kind of typical
eukaryotic NR. The enzyme contains three redox cofactors,
including Mo cofactor (Moco), Fe-heme and flavin adenine
dinucleotide (FAD). Usually, the Moco active site locates in the N
terminal region, and FAD locates in the C terminal region as
well. In addition, Fe-heme is deeply buried in the center domain
of the enzyme. Since NR is a big complex enzyme, the electro-
static surface potential should be considered when studying its
direct electrochemistry. The crystal structures of the NR's active
sites have been investigated in the past.”> Moco was found to be
surrounded by positively charged residues.”” In view of Fe-
heme, its axial ligands were two histidine residues (His39 and
His63), which were usually positively charged under neutral pH
environment.*> Conversely, FAD was surrounded by acidic
amino acid residues, which were negatively charged.*® There-
fore, compared with the positively charged Moco and Fe-heme
domains, the negatively charged FAD domain may be much
more easily attracted to the surface of the am-GSs modified

Fig. 1 CV curves of (a) the NR/GC electrode, (b) the am-GSs/GC
electrode and (c) the NR/am-GSs/GC electrode at the scan rate of
0.1V stinpH 7.0 PBS.
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electrode due to the electrostatic attractions. In other words,
when NR is immobilized on the am-GSs modified electrode, the
enzyme's favorable orientation may make FAD close to the
surface of the modified electrode and the distance between FAD
and the modified electrode's surface may be short enough to
achieve efficient heterogeneous electron transfer. Meanwhile,
Moco and Fe-heme may be far away from the surface of the
modified electrode. Therefore, it is believed that the pair of
peaks at about —0.40 V was the characteristics of FAD from NR,
which is in accordance with Bernhardt's report. Bernhardt's
group investigated the electrochemical behaviors of eukaryotic
NR by square wave voltammetry and assigned the FAD response
(at pH 8.0) to the peak at —0.27 V (vs. NHE).>® For further
confirmation, the electrochemical behaviors of free FAD and
free Fe-heme at the am-GSs/GC electrode were also investigated
(not shown). The pair of peaks of FAD and Fe-heme were located
at about —0.46 V and —0.34 V, respectively, different from that
of NR at the am-GSs/GC electrode.

The electrochemical characteristics of the NR/am-GSs/GC
electrode were investigated by CV. Fig. 2A shows the effect of
the scan rate on the electrochemical response of the modified
electrode in PBS of pH 7.0. Obviously, the redox peak currents
increase gradually with the increase of the scan rate in the range
from 0.04 V s~ ! to 0.3 V s~ '. Meanwhile, the reductive and
oxidative peak currents (7, and ip,) are linear with the scan rate
in the same range (Fig. 24, inset), indicating that the electro-
chemical response of the NR/am-GSs/GC electrode is a typical
surface-controlled  voltammetry. According to Bard's
equations,**

iy = (WFATV)/ART = nFQv/4RT,

where A is the effective area of GC electrode, I is the surface
concentration of NR, Q is the charge (obtained from integrating
the cathodic or anodic peak area in CVs with the background
correction, nearly constant in different scan rates), n is the
number of transferred electrons. Finally, the electron transfer
number, n, is calculated to be 2. Fig. 2B illustrates that the
support electrolyte's pH value has a strong influence on the
electrochemical response of the NR/am-GSs/GC electrode at the
scan rate of 0.1 V s~'. Within the pH range from 5.0 to 9.0, the

Fig. 2 (A) CV curves of the NR/am-GSs/GC electrode at scan rates of
(a) 0.04, (b) 0.08, (c) 0.1, (d) 0.15, () 0.2, (/) 0.3V s *in pH 7.0 PBS. The
inset shows the relationship between iy, and iy and the scan rate. (B)
CV curves of the NR/am-GSs/GC electrode at scan rate of 0.1V s~ in
PBS of pH (a) 5.0, (b) 7.0, (c) 9.0. The inset shows the relationship
between Ey. and i, and the support electrolyte's pH value.

RSC Adv., 2019, 9, 37207-37213 | 37209


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07082f

Open Access Article. Published on 14 November 2019. Downloaded on 3/2/2026 12:44:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

redox peak currents first increase, and then decrease after
reaching their maximum value at the pH of 7.0. Moreover, the
redox peak potentials shift to a negative direction with the
increase of pH value. Taking the reductive peak as an example,
E,. is dependent on the solution pH value linearly with a slope
of —0.066 V pH™ ', shown in the inset of Fig. 2B. The slope
approximated to the theoretical value of —0.059 V pH ™", indi-
cating that the same number of protons and electrons partici-
pated in the electrochemical reaction. In summary, the
electrochemical reaction at the NR/am-GSs/GC electrode was
a surface-controlled electrochemical process, with a two-proton
coupled two-electron transfer. The phenomena are similar with
those of the direct electrochemistry of glucose oxidase (GOD).
As reported,® FAD (the cofactor of GOD) usually underwent
a two-proton coupled two-electron transfer. The results vali-
dated our previous hypothesis.

3.2. Electrocatalytical characteristics of the NR/AuNPs/am-
GSs/GC electrode

NR can catalyze the reduction of nitrate to nitrite with the help
of the cooperation of cofactors.** At first, as the electron donor,
NAD(P)H provides two electrons to FAD. Secondly, the electrons
are passed to Moco through Fe-heme to reduce MoVl to its
active MolV form. Finally, nitrate binds to the active MolIV form
of NR and O atom is transferred to Mo coupled with the
oxidation of MolV to MoVI, releasing nitrite as the product. The
whole pathway is briefly shown in Fig. 3.

To test the biological activity of the immobilized enzyme
towards nitrate, CV experiments were carried out. As shown in
Fig. 4, whether in the absence or presence of nitrate in PBS of
pH 7.0, the CV curves of the NR/am-GSs/GC electrode are almost
unchanged (curves a and b). It seems that the immobilized
enzyme ‘lost’ its activity. As previously discussed, Moco and Fe-
heme of the immobilized enzyme may be far away from the
surface of the modified electrode. Meanwhile, FAD may
undergo a facile direct electron transfer with the am-GSs/GC
electrode. Therefore, Moco cannot get electrons from FAD to
produce active form that reduces nitrate to nitrite. Accordingly,
the whole electron-transfer pathway of enzymatic reaction
(Fig. 3) may be interrupted. In view of this, AuNPs was intro-
duced to the modified electrode to act as electronic wire.
Campbell et al. found that NR contained one conserved cysteine
(Cys) residue located in Fe-heme domain, which was essential
for highly efficient electron transfer.** Due to Au-S bonding, the
introduced AuNPs can act as electronic wire to transfer electron

nitrate NADPH

nitrite NADP*

Nitrate Reductase

Fig. 3 The brief pathway of nitrate to nitrite catalyzed by NR.
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Fig. 4 CV curves of (a) the NR/am-GSs/GC electrode and (c) the NR/
AUuNPs/am-GSs/GC electrode in PBS (pH 7.0) without nitrate; (b) the
NR/am-GSs/GC electrode and (d) the NR/AuNPs/am-GSs/GC elec-
trode in PBS (pH 7.0) containing 0.4 mmol L™* nitrate; (e) the NR/
AuNPs/am-GSs/GC electrode in PBS (pH 7.0) with 0.8 mmol L™t
nitrate. The scan rate is 0.1V s™%

from the electrode to Fe-heme. And then, Fe-heme may transfer
electrons to Moco to produce active MolIV form. Consequently,
the immobilized enzyme can catalyze the reduction of nitrate to
nitrite. As illustrated in Fig. 4, in the presence of 0.4 mmol L™*
nitrate in PBS (pH 7.0), a new reduction peak located at —0.2 V
(labelled as peak II) is observed at the NR/AuNPs/am-GSs/GC
electrode (curve d). Moreover, the reductive peak current
increases with the increase of nitrate concentration (curve e).
The above phenomena suggest that peak II has relationship
with nitrate. The results also confirmed our inference. Mean-
while, compared with the NR/AuNPs/am-GSs/GC electrode in
the absence of nitrate (curve c), the redox peaks (located around
—0.4 V, labelled as peaks I) currents at the NR/AuNPs/am-GSs/
GC electrode decrease (curves d and e) in the presence of
nitrate. The decrease of peaks I may attribute to the reduction of
the electrons number involved in the direct electron transfer
between FAD and the surface of the NR/AuNPs/am-GSs/GC
electrode. At the same time, the number of electrons partici-
pated in the enzymatic reaction increases. The electrochemical
response of the NR/AuNPs/GC electrode to nitrate was also
studied (not shown). The results indicated that AuNPs had little
benefit on the reduction of nitrate without the aid of am-GSs.
The stepwise modification of electrode was characterized by
field emission scanning electron microscopy (FESEM). Fig. 5
shows the FESEM images of the am-GSs/GC electrode, the
AuNPs/am-GSs/GC electrode and the NR/AuNPs/am-GSs/GC
electrode. It is found that large pieces of am-GSs are covered
on the GC electrode surface with slight wrinkles (Fig. 5A). After
the AuNPs were electrodeposited on the surface of the am-GSs/
GC electrode, there are many cauliflower-shaped particles
dispersed homogeneously on the surface of the am-GSs, with
diameters in the range of approximately 50-200 nm (Fig. 5B). In
addition, as the high-magnification FESEM image illustrated

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Typical FESEM images with the same magnification of (A) the
am-GSs/GC electrode, (B) the AuNPs/am-GSs/GC electrode and (C)
the NR/AuNPs/am-GSs/GC electrode. The inset (B) is a high-magni-
fication image of the AuNPs/am-GSs/GC electrode.

(Fig. 5B, inset), the surfaces of the obtained AuNPs are very
rough. When NR was adsorbed on the AuNPs/am-GSs/GC elec-
trode, as shown in Fig. 5C, very different surface image is
observed. The FESEM images indicate that the proposed elec-
trode is fabricated step by step successfully.

The effects of scan rate and buffer solution's pH on the
reduction peak at —0.2 V (peak II) observed at the NR/AuNPs/
am-GSs/GC electrode were also investigated and displayed in
Fig. 6 (only reductive branches of CV were presented). As shown
in the inset of Fig. 6A, the current of peak II increases linearly
with the increase of the scan rate in the range from 0.08 Vs ' to
0.4 V s, suggesting that it is a surface-controlled electro-
chemical behavior. On the other hand, the current of peak II
reaches its maximum value at the buffer solution's pH of 7.0
(Fig. 6B, inset). As mentioned above, due to Au-S bonding, the
AuNPs can act as electronic wire to transfer electron from the
electrode to Fe-heme deeply buried in NR. The buffer solution's
pH may affect the spatial structure of NR, resulting in the
change of Au-S bonding. Therefore, the buffer solution's pH of
7.0 is the optimum pH value.

3.3. Nitrate detection at the NR/AuNPs/am-GSs/GC electrode

Since peak II had relationship with nitrate, it can be applied to
achieve the detection of nitrate. The composition of the NR/
AuNPs/am-GSs/GC electrode may affect its electrochemical
response to nitrate. In order to achieve a sensitive detection of
nitrate, the amount of NR, AuNPs and am-GSs for the modified
electrode were investigated and optimized. In this study, the

ilnA

0.0 EN -0.4 -0.8 0.0 -0.2 EN -0.4 -0.6

Fig. 6 (A) Reductive branches of CV curves of the NR/AuNPs/am-GSs/
GC electrode at scan rates of (a) 0.08, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4 V
s71in pH 7.0 PBS containing 0.4 mmol L™ nitrate. The inset shows the
relationship between i, and the scan rate. (B) Reductive branches of
CV curves of the NR/AuNPs/am-GSs/GC electrode at scan rate of 0.1V
s~1in PBS of pH (a) 5.0, (b) 7.0, (c) 9.0, containing 0.4 mmol L™ nitrate.
The inset shows the relationship between iy and the support elec-
trolyte's pH value.
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Fig. 7 CV curves of the NR/AuNPs/am-GSs/GC electrode in PBS (pH
7.0) containing (a) 0 mmol L™, (b) 0.001 mmol L%, (c) 0.05 mmol L%,
(d) 0.5 mmol L™, (e) 1 mmol L7 (f) 1.5 mmol L™, (g) 2 mmol L™t
nitrate. The inset is a plot of the reductive peak Il (located at —0.2 V)

current vs. the concentration of nitrate. The scan rate is 0.1V s™%.

Table 1 Interferences of other species on 0.5 mmol L™ nitrate

Interferents Concentration (mmol L) Signal change (%)
Zn*" 50 2.3
Fe’ 50 3.1
Mn?* 50 -1.9
Cl™ 50 1.1
Ascorbic acid 5 —3.6
Uric acid 5 —4.2

amount of NR was found to depend on its concentration and
adsorption time. The amount of AuNPs could be controlled by
electrodeposition time. The amount of am-GSs depended on the
volumes and concentrations of the am-GSs ethanol solution.
Therefore, orthogonal experiments were performed to choose
the best modification parameters. Finally, the optimum NR
concentration was determined to be 2 mg mL™' and its
optimum adsorption time was 12 hours. An optimized electro-
deposition time of AuNPs was selected as 60 s. Moreover, 3 pL
am-GSs ethanol solution with a concentration of 1.5 mg mL "
was chosen for further investigations.

Table 2 Determination of the total nitrogen in environmental water
samples

UV spectrophotometer Biosensor RSD
Sample (mmol L™ %) (mmol L") (%)
1 0.104 0.101 2.068
2 0.083 0.089 4.930
3 0.073 0.078 4.689
4 0.072 0.070 1.986
5 0.082 0.083 0.857
6 0.047 0.045 3.065

RSC Adv., 2019, 9, 37207-37213 | 37211
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Table 3 Determination of nitrate in fresh vegetable samples

Sample Added (mmol L") UV spectro-photometer (mmol L) Biosensor (mmol L) Recovery (%) RSD (%)
Celery 0.2 0.208 0.211 105.5 3.724
Cabbage 0.4 0.425 0.383 95.8 4.367

Under the optimized experimental parameters, a facile NR-
based biosensor was fabricated and utilized for the detection
of nitrate by CV. As displayed in Fig. 7, the reductive peak II
current increases with the increase of nitrate concentration in
PBS (pH 7.0). Moreover, the current shows a linear relationship
with nitrate concentration (Fig. 7, inset) in the range from 1.0 x
107° to 2.0 x 107> mol L™". A linear regression equation was
obtained as I/uA = 1.758 + 1.412C/mmol L™, with a correlation
coefficient of 0.998. And a limit of detection (LOD) was esti-
mated as 7.0 x 107" mol L™" (S/N = 3). Compared with other
electrochemical biosensors, such as the methyl viologen/
Nafion/NR-based biosensor (linear range: 20-250 pM; LOD: 5
uM)** and the CNTs/PPy/NR-based biosensor (linear range:
0.44-1.45 mM; LOD: 0.17 mM),** the as-prepared biosensor
exhibited wider linear range and lower LOD.

The stability and reproducibility of the biosensor were also
studied. When stored at 4 °C in dark for about 15 days, the
biosensor retained about 89% of its initial sensitivity to nitrate.
The relative standard deviation (RSD) of the biosensor's response
to 0.4 mmol L™ nitrate was 4.9% for five electrodes, which were
made simultaneously by the same process. Several cations,
anions and small organic molecules were investigated for their
interferences with the electrochemical detection of nitrate by the
proposed biosensor. The results are listed in Table 1, indicating

the biosensor possesses good selectivity for nitrate
determination.
3.4. Real sample analysis

The proposed biosensor was applied to determine the total
nitrogen in environmental water samples, collected from Han
River and Yangtze River (Wuhan, China) and pretreated as
described in Section 2. By means of UV spectrophotometric
method and the prepared biosensor, the total nitrogen in water
samples was determined successfully. And the results are listed
in Table 2. The data of the as-prepared biosensor showed a good
agreement with those obtained by UV spectrophotometer,
indicating that the proposed biosensor had good accuracy and
sensitivity.

In addition, the proposed biosensor was also utilized to
determine the nitrate in celery and cabbage, which bought from
supermarket and prepared as described in Section 2. Consid-
ering that no nitrate was found in vegetables, the standard
addition method was applied to investigate the performance of
the proposed biosensor. And UV spectrophotometric method
was also used to analyze the vegetable samples for comparison.
The results are listed in Table 3. Compared with UV spectro-
photometric method, the proposed biosensor showing compa-
rable recoveries.
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4. Conclusions

In this study, a facile nitrate biosensor based on NR and the
AuNPs/am-GSs/GC electrode was fabricated. The am-GSs dis-
played an enhancement for the direct electron transfer between
NR and the modified electrode. The AuNPs illustrated
a promotion for enzymatic reduction of nitrate. The prepared
biosensor showed a sensitive electrochemical response to
nitrate with a wide linear range (from 1.0 x 10°° to 2.0 x
10 mol L ") and a low LOD (7.0 x 10”7 mol L"), which would
satisfy the requirements of nitrate determination in water
environment. In particular, the proposed biosensor had satis-
fied stability and reproducibility and could be manufactured
conveniently, increasing its potential of feasibility in practical
applications.
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