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Abstract
In the present work, a novel biosensor (GCE/RGO/PPy/NR) based on the nanocomposite of reduced graphene oxide (RGO), 
polypyrrole (PPy) immobilized by nitrate reductase (NR) was developed on a glassy carbon electrode (GCE). The conductive 
nanocomposite (RGO/PPy) was synthesized by in situ oxidative polymerization of pyrrole in the presence of RGO in acidic 
medium. A facile and green path was employed to synthesize RGO from graphene oxide (GO). This was performed by a novel 
route using Abelmoschus esculentus vegetable extract as a stabilizing and reducing agent for GO. The composite of reduced 
graphene oxide and polypyrrole (RGO/PPy) was deposited onto GCE with subsequent deposition of NR enzyme on the GCE/
RGO/PPy to develop GCE/RGO/PPy/NR biosensor. The surface morphology and structural features of the composites were 
studied by Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). The electrochemical behavior and electrocatalytic activity of the biosensor were examined by cyclic 
voltammetry at different scan rates (20–100 mV s−1) in the synthetic nitrate solution. The developed bio-anode achieved a 
maximum current density of 4.24 mA cm−2 at a scan rate of 100 mV s−1 for 10 mM sodium nitrate solution.
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Introduction

Nitrogen is one of the most essential nutrients for all living 
bodies. However, living organisms are unable to take nitro-
gen directly from the environment. To maintain the growth 
and metabolism of aquatic organisms, nitrogen usually in 
the form of nitrate is essential. However, if the concentration 
of nitrogen reaches beyond a safe limit, it may cause a seri-
ous impact on the environment. During recent years, social 
accomplishments have added to as much as 30% enhance-
ment in nitrogen compounds in the atmosphere as compared 
to natural means of fixation (Ward et al. 2005). The common 
sources of nitrogen in the environment are fertilizers, animal 
manure, agricultural, domestic and industrial wastewater, 
inadequate dumping of industrial and municipal wastes, 

atmospheric deposition, rock weathering, leakage in septic 
systems and point source discharges (Sohail and Adeloju 
2016; Ebrahimi-Gatkash et al. 2017). Further, to accomplish 
the growing demand for agricultural food, there has been 
increasing use of pesticides and fertilizers throughout the 
world (Qamruzzaman and Nasar 2014a, b). Moreover, vari-
ous other poisonous substances such as dyes, heavy metals, 
miscellaneous organic impurities are being introduced into 
the water bodies from different activities such as textile, 
tannery, coke industries and refineries (Shakoor and Nasar 
2016, 2018; Azimi et al. 2017). Most of the contaminants 
contain nitrogen or associated with nitrogenous compounds 
and increase the nitrogen level of the water (Rezakazemi 
et al. 2018b). Human consumes nitrogen through drink-
ing water, fruits and vegetables. The high level of nitrate in 
drinking water causes serious threat due to the conversion 
of nitrate to nitrite in the body which interferes with oxygen 
transport in the blood (Sharma and Bhattacharya 2017). It 
has been reported that the high consumption of nitrate in 
the human body may cause the formation of more toxic spe-
cies such as nitrite, nitric oxide and N-nitroso compounds 
and consequently impose serious health issue (Sohail and 
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Adeloju 2016). These species are very dangerous and cause 
gastric cancer, blue baby syndrome (blood methemoglobine-
mia) and metabolic disorder to human and animals. These 
disorders are especially dangerous for infants due to their 
immature physical stature and the vulnerability of their neu-
ral development to impeded oxygen transport (Moorcroft 
et al. 2001). Hence, to limit the consumption of nitrate, 
the US Environmental Protection Agency (EPA) set the 
maximum contaminant level (MCL) of nitrate and nitrite in 
drinking water supplies at 10 and 1 ppm, respectively, (US-
EPA). The drinking water containing nitrate and nitrite more 
than the MCL consumed by infants below the age group 6 
months poses serious illness with the symptoms that include 
shortness of breath and blue baby syndrome (US-EPA). Such 
infants may die if not treated properly.

Owing to the considerable environmental and dangerous 
effects of nitrate, its removal from the aquatic ecosystem is 
essential. However, the effective removal and control of any 
contaminant are based on accurate knowledge of its con-
centration. Thus, the detection and determination of nitrate 
concentration in different environmental matrices such as 
water and wastewater, soils sediments and plants are of pri-
mary importance. During past and recent years, a number of 
different methods such as spectrophotometry (Edwards et al. 
2001; López Pasquali et al. 2007; Pasquali et al. 2010), gas 
chromatography coupled with mass spectrometry (Tsikas 
et al. 1997), ion chromatography coupled with electrospray 
ionization tandem mass spectrometry (Blount and Valentin-
Blasini 2006), disk electrode alert system (Soropogui et al. 
2006), miniaturised photometry (Tu et al. 2010), surface-
enhanced Raman spectroscopy (Gajaraj et al. 2013), electro-
chemical (Beer and Sweerts 1989), membrane technology 
(Rezakazemi et al. 2017, 2018a), electrophoresis (Gao et al. 
2004), hydrodynamic sequential injection (Somnam et al. 
2008), fluorescence (Mohr et al. 1997; Huber et al. 2001), 
and microplate fluorimetry (Ciulu et al. 2018) have been 
used for the detection of nitrate in different types of sam-
ples. However, most of these techniques require expensive 
instrumentation, and in several circumstances, they are not 
suitable for instant field tests.

On the other hand, the biosensors have received consider-
able attention for the development of a simple portable tool 
having the capability for the detection of nitrate even pre-
sent in a very low concentration. During recent years, there 
has been increasing attention in developing the biosensor 
with high sensitivity and fast response (Lu et al. 2008). Over 
the years, the development of different types of biosensors 
into convenient, portable, single use, disposable devices has 
made them a commercial achievement. The usage of such 
biosensors reduces the effect of cross-contamination, drift, 
surface fouling and carry-over (Wang et al. 2008). Determi-
nation of nitrate by employing the enzymatic biosensor has 
been broadly considered (Moorcroft 2001). In this context, 

the nitrate reductase (NR), a catalyst suitable for encourag-
ing a reduction in the hazardous nitrate species, has been 
utilized as the bio-recognition component for the manu-
facturing of nitrate distinguishing biosensor (Barbier et al. 
2004; Sohail et al. 2012; Sohail and Adeloju 2016). The 
electrochemical detection of nitrate using biological cata-
lyst NR for the reduction of nitrate into nitrite is considered 
a more sophisticated approach (Kiang et al. 1978; Atmeh 
and Alcock-Earley 2011). This is because the NR effectively 
improves the electrode sensitivity and selectivity toward 
nitrate reduction (Cosnier et al. 2008). Another advantage 
of using NR that it can be easily extracted from the plant, 
animal and microorganism including fungal sources.

Further, during recent years there has been increasing 
interest to enhance stability, sensitivity and toughness of 
the biosensor to make it appropriate for the business use. 
Incorporation of metal nanoparticles (Sohail and Adeloju 
2016), colloidal dirt (Barbier et al. 2004) and redox poly-
mers is the state-of-the-art technology in the development 
of biosensors. Another idea that the vast majority of the 
earlier workmanship concentrates on is screen printing/thick 
film microfabrication innovation (Sohail and Adeloju 2009). 
Thick film methods are appropriate for large-scale manu-
facturing of the enzyme electrodes to be employed in the 
application of nitrate biosensors. In the present work, a novel 
biosensor (GCE/RGO/PPy/NR) based on the composite of 
reduced graphene oxide (RGO), polypyrrole (PPy) and NR 
was developed on a glassy carbon electrode (GCE). The effi-
cacy of the biosensor has been demonstrated by using syn-
thetically contaminated wastewater containing nitrate ion.

Experimental

Chemical and reagents

Graphite flakes obtained from Alfa Aesar and sulfuric acid, 
potassium permanganate, hydrochloric acid, sodium nitrate, 
pyrrole and hydrogen peroxide each obtained from Merck, 
India, were used in the present study. Nitrate reductase 
obtained from Aspergillus niger (Sigma-Aldrich) was used 
as received. The water used throughout the experiment was 
obtained by deionization followed by double distillation. The 
water used was purified by double distillation of deionized 
water. This doubly distilled deionized water (DDW) was 
used throughout the experiment.

Preparation of graphene oxide (GO)

Modified Hummer’s method (Paulchamy et al. 2015; Alam 
et al. 2017) was employed for the preparation of graphene 
oxide from graphite. 0.5 g graphite was taken and mixed 
with sodium nitrate in a round-bottom flask. The blend of 
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the graphite and sodium nitrate was added into concentrated 
sulfuric acid followed by stirring for 30 min. The reaction 
mixture was kept in an ice water bath, and then potassium 
permanganate was added to it under stirring. After that, 
the mixture was kept at 35 °C for 2 h. Afterward, 25 mL 
of distilled water was poured into the flask leading to the 
appearance of the brownish solution. After 15 min, 10 mL 
of 30% hydrogen peroxide and 100 mL of warm DDW were 
added which turned the color of the solution from brownish 
to yellowish brown color. Finally, the resultant filtered mass 
was washed with hydrochloric acid and DDW. The GO, so 
obtained, was dried in an oven at 50 °C for 10 h and then 
stored in an air-tight container for experimental use.

Preparation of reduced graphene oxide (RGO)

Fresh Abelmoschus esculentus (ladyfinger), a green vegeta-
ble locally known as ‘bhindi,’ was used in the synthesis of 
RGO. An extract of Abelmoschus esculentus was prepared 
by boiling its 20.0 g with 100 mL DDW for about 15 min. 
After boiling, the extract was separated and collected into 
a flask by filtration using Whatman paper No. 1. After this, 
graphene oxide/water suspension (100 mg/100 mL) was 
mixed with the filtrate of vegetable extract and refluxed for 
12 h at 100 °C for reduction. The appearance of a precipitate 
of black color indicates the formation of RGO. The precipi-
tate was washed thoroughly and finally filtered by Whatman 
filter paper. The preparation of RGO from GO was moni-
tored by using UV–visible spectroscopy.

Preparation and characterization of reduced 
graphene oxide/polypyrrole (RGO/PPy) composite

This composite was prepared in situ by oxidative polym-
erization of pyrrole. For this purpose, a dispersion of 2.0 g 
 FeCl3 and 0.1 g RGO was prepared in 50 mL of DDW under 
the ultrasonication for 30 min. After this, 0.5 g pyrrole was 
added drop by drop, and the mixture was stirred at room 
temperature for 24 h. After that, it was filtered, and the mass 
was washed with acetone followed by water and dried at 
40 °C for 24 h.

The presence of different functional groups was detected 
by Fourier transform infrared (FTIR) spectra of the com-
ponents (RGO and PPy) and composite (RGO/PPY) were 
recorded in the spectral range of 4000–400 cm−1. The sur-
face morphology of the composite was inspected with sam-
ple coated with gold by using a scanning electron micro-
scope (SEM) (Model No. JSM6510LV, JEOL, Japan). The 
thermal stability of the RGO, PPy and RGO/PPy composite 
was examined by thermogravimetric analysis (TGA) with 
Shimadzu analyzer (Model No. DTG-60H) under a nitro-
gen atmosphere in the temperature range of 30–600 °C. The 

particle size of the composite was analyzed using a transmis-
sion electron microscope (TEM, JEM 2100, JEOL, Japan).

Preparation of glassy carbon electrode/reduced 
graphene oxide/polypyrrole/nitrate reductase (GCE/
RGO/PPy/NR) working electrode

Initially, a GCE of 3 mm diameter was polished with 50 nm 
alumina slurry by using a velvet polishing pad. This was 
followed by its ultrasonification first in ethanol and then in 
water for 10 min each to make it free from contaminants and 
allowed to dry at room temperature. The electrode was elec-
trochemically cleaned in a 1.0 M  H2SO4 solution by cycling 
the potential between − 1 and + 1 V using a reference Ag/
AgCl, at a sweep rate of 50 mV s−1. After drying, 4 μL of 
the prepared RGO/PPy dispersion in dimethylformamide 
was drop cast on the GCE and was allowed to dry at room 
temperature for an hour. To maintain the enzyme activity 
of nitrate reductase, 10 mg of it was dissolved in 1 mL of 
phosphate buffer solution of pH 7.3. 4.0 μL of NR solution 
was applied on the dried RGO/PPy nanocomposite-modified 
electrode and allowed to adsorb at room temperature till it 
gets dried and was kept in the refrigerator until the studies 
were undertaken.

Results and discussion

Characterization of electrode materials

The formation of RGO from GO was tested by examining 
their interaction with UV rays. The absorption spectra of 
GO and the prepared RGO are shown in Fig. 1. A character-
istic peak of GO at λmax of 230 nm (curve a) is assigned to 
the π → π* transition of aromatic C=C, while a hump near 
298 nm is due to n → π* transition of the carbonyl group 
(Zhang et al. 2011). The curve b of Fig. 1 shows an absorp-
tion peak at 263 nm, which confirmed the formation of RGO 
(the reduced product of GO). The complete disappearance 
of the hump near 298 nm further confirmed the complete 
removal of oxygen functional groups from GO and the for-
mation of RGO (Gnanaprakasam and Selvaraju 2014; Atarod 
et al. 2015).

Figure 2 shows the FTIR spectra of the components 
(RGO, PPy) and their composite (PPy/RGO). The FTIR 
spectrum of RGO shows a broad absorption at 3203 cm−1, 
while a number of strong-to-medium sharp peaks are 
observed at 1577, 1375, 1220 and 1053 cm−1. The broad 
band may be associated with the stretching of O–H group. 
The sharp peak observed at 1577  cm−1 is due to C=C 
stretching and corresponds to the skeletal vibration of gra-
phene nanostructure (Lingappan et al. 2013). The peaks 
observed in the region between 1500 and 1000 cm−1 are 
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probably assigned to stretching and strains of C–O bonds 
as well as to deformations in the O–H bond (Ribeiro et al. 
2017). In the case of PPy, two broad bands at 3375 and 
3179 cm−1 and a number of sharp peaks in the spectral 
range of 1708–619 cm−1 have been observed. However, in 
case of RGO/PPy, a very broad band near 2209 cm−1 and 
a number of sharp peaks have been located in the range of 
1704–615 cm−1. The changes in FTIR peaks of PPy after its 
treatment with RGO indicate the agglomeration of RGO and 
PPy. This has further been confirmed by SEM studies. The 
SEM images shown in Fig. 3 display the morphologies of 

the as-synthesized RGO/PPy composite and the NR immo-
bilized composite (PPy/RGO/NR). Figure 3a clearly reflects 
that RGO layers covering the PPy chains have a coarse and 
irregular surface morphology. It is clearly seen from the fig-
ure that the surface of RGO was entirely covered by PPy. 
The result is in agreement with that reported earlier (Wu 
et al. 2015) suggesting that RGO having larger size was not 
only connected with PPy chains, but also covered by PPy. 
The compact association between RGO and PPy achieved 
after chemical polymerization would possibly facilitate elec-
tron conduction that would lead to the improved electro-
chemical performance of the composite. After deposition of 
NR enzyme in the composite matrix (Fig. 3b), the relatively 
homogeneous surface was observed that reveals the uniform 
agglomeration of the NR on the surface of the composite 
material.

The relative thermal stabilities of RGO, PPy and RGO/
PPy composite were examined and analyzed by thermo-
gravimetric studies. The weight loss (TGA) and deriva-
tive weight loss (DTG) of RGO, PPy and RGO/PPy are 
presented in Fig. 4. This thermogram indicates the higher 
stability of the nanocomposite over the individual spe-
cies. During the early stage, the weight loss was about 
10% each for RGO and PPy while 6% for RGO/PPy at 
the temperature rise of about 100 °C. At a later stage, 
the weight loss, respectively, goes to 1.6 and 2.5% on a 
further increase in temperature from 100 to 150 °C. The 
weight loss in these temperature ranges might be due to 
evaporation of moisture. It is remarkable that on a further 

Fig. 1  UV–visible absorption 
spectra of a GO and b RGO

Fig. 2  FTIR spectra of RGO, PPy and RGO/PPy nanocomposite
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increase in temperature up to 600  °C, there is a total 
weight loss of about 86, 76 and 27% for RGO, PPy and 
RGO/PPy, respectively. TGA plot also clearly indicates 
that for the same weight loss of RGO/PPy composite, the 
much higher temperature is required in comparison with 
that for individual components, RGO and PPy. Thus, it 
may be concluded the composite RGO/PPy is consider-
ably more thermally stable than their components.

The TEM image of the RGO/PPy nanocomposite 
shown in Fig. 5 indicates that the particles are of different 
shapes having a different size ranging from 17 to 95 nm.

Cyclic voltammetry of GCE/RGO/PPy/NR electrode

The cyclic voltammetric studies of GCE/RGO/PPy/NR were 
carried out in the absence as well the presence of 0.01 molar 
nitrate in 0.1 M KCl electrolyte at 100 mV s−1 scan rate, 

Fig. 3  SEM images of a RGO/PPy composite and b RGO/PPy/NR

Fig. 4  TGA and DTG curves 
of RGO, PPy and RGO/PPy 
nanocomposite
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and results are graphically shown in Fig. 6. In the absence 
of nitrate, a feeble current of 2.12 mA cm−2 was observed. 
However, in the presence of nitrate, the current density of 
GCE/RGO/PPy/NR electrode reached 4.24 mA cm−2. This 
indicates that GCE/RGO/PPy/NR electrode effectively cata-
lyzed the reduction of nitrate to nitrite.

Effect of scan rate

The effect of scan rates on the electrocatalytic activity 
of GCE/RGO/PPy/NR electrode for the determination of 
nitrate was also investigated. The variation in current den-
sity against applied voltage is plotted in Fig. 7 at different 
scan rates (20, 40, 60, 80, and 100 mV s−1). This figure 
indicates that there is a continuous increase in the cathodic 
and anodic peak current (indicated by a, b, c, d and e) with 
the increase in scan rate. The dependency of redox peak 
current on scan rate suggests that the nitrate reduction by 
the GCE/RGO/PPy/NR-modified bio-electrode is domi-
nated by a surface-controlled phenomenon. Hence, it can 
be inferred from the results that scan rate has a significant 
effect on the electrochemical process which includes a 
mixture of adsorption- and diffusion-controlled processes 
(Inamuddin et al. 2016; Haque et al. 2017a, b; Perveen 
et al. 2017, 2018a, b; Beenish et al. 2018).

The surface concentration of RGO/PPY/NR confined 
on the glassy carbon electrode can be evaluated using the 
following Brown Anson model (Nicholson 1965).

where Ip is peak current, n is the number of electrons trans-
ferred, F is the Faraday constant (96,484 C mol−1), I* is the 
surface concentration of the modified bio-composite, A is 
the electrode surface area of GCE (0.07 cm2), ν is the scan 

(1)Ip = n
2F2I ∗ A �∕4RT

Fig. 5  TEM micrograph of RGO/PPy nanocomposite

Fig. 6  CV of GCE/RGO/PPy/NR in the absence and presence of 
10 mM  NaNO3 in 0.1 M KCl solution (scan rate = 100 mV s−1)

Fig. 7  Plot of current density versus applied voltage in 0.1  M KCl 
solution containing 10  mM  NaNO3 at different scan rates ranging 
from 20 to 100 mV s−1
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rate of (100 mV s−1), R is the gas constant, and T is the 
absolute temperature in Kelvin. The surface concentration 
of bio-electroactive species RGO/PPy/NR deposited on the 
surface of GCE was evaluated to be 1.4 × 10−10 mol cm−2.

Effect of pH

The effect of pH (ranging from 2 to 10) on the sensing 
performance of the modified GCE/RGO/PPy/NR in PBS 
was determined using cyclic voltammetry, and the result is 
shown in Fig. 8. The response of the biosensor regarding 
current density was found to increase with the increase in pH 
up to 7, but beyond that, the sensing response started declin-
ing. Thus, a value of 7 has been established as an optimum 
pH of the medium. This may be attributed to weak enzyme 
activity at low as well as high pH values since the reduc-
tion of nitrate to nitrite requires acidic medium, while the 
increase in alkalinity slows down the reduction step, and 
thus, a decline in peak current density is observed (Din-
çkaya et al. 2010). It is evident from the results that pH 
has a considerable effect on the performance of the nitrate 
biosensor, and the optimum pH range for the developed bio-
sensor is 2–7, while the maximum value current density was 
observed at pH 7. The optimum value pH was confirmed by 
performing the repeated experiments under the same labora-
tory conditions.

Linear sweep voltammetry of GCE/RGO/PPy/NR 
electrode

The linear sweep voltammetry (LSV) of GCE/RGO/PPy/
NR electrode was performed at different concentrations 
of sodium nitrate in potassium chloride. The LSV curves 

shown in Fig. 9 indicate that the catalytic current increases 
with the increase in applied voltage up to a peak value 
depending upon the nitrate concentration, and after that it 
starts decreasing. This figure further specifies that the peak 
current density is strongly dependent on the concentration of 
sodium nitrate and observed to be increased from a value of 
2.7 mA cm−2 at 5 mM (curve a) to a maximum value of 4.24 
mA cm−2 at 10 mM (curve c), and after that it became start 
to decrease. Thus, the optimum concentration of sodium 
nitrate for peak current density has been established to be 
10 mM. At further higher concentrations of nitrate (curves 
d and e), significantly poor result is obtained. To check the 

Fig. 8  The effect of pH on the catalytic response of the biosensor 
(scan rate = 100 mV s−1)

Fig. 9  LSVs of the GCE/RGO/PPy/NR-modified GC electrode in 
0.1 M KCl at different concentrations of nitrate a 5 mM b 7.5 mM c 
10 mM d 15 mM and e 20 mM at room temperature with a potential 
scan rate of 100 mV s−1

Fig. 10  Calibration curve for peak current versus nitrate concentra-
tion (scan rate = 100 mV s−1)
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performance and reproducibility of the results, the entire 
experiments were repeated. This decides the suitable con-
centration range for the effectiveness of the GCE/RGO/PPy/
NR biosensor for nitrate.

Figure 10 shows the calibration curve of current den-
sity versus concentration of nitrate. In the calibration 
curve, the plot so obtained reveals that the current density 
increases with the increase in sodium nitrate concentration 
up to 10 mM attaining a maximum current density of 4.24 
mA cm−2, and thereafter it starts to decrease. Therefore, 
the fabricated bio-electrode is capable of serving as a good 
nitrate biosensor up to the nitrate concentration of 10 mM.

Working stability and reproducibility 
of the biosensor

The operational stability and reproducibility of the GCE/
RGO/PPy/NR biosensor were tested by the repeated exper-
iments under similar conditions. The lowest concentration 
of the nitrate ions, which can be detected under the labo-
ratory conditions, i.e., the limit of detection (LOD), has 
been evaluated by using the following equation (Gokhale 
et al. 2015):

where, SD and m represent the standard deviation and slope 
of the calibration curve. The value so obtained for the pre-
sent biosensor is compared with that reported for the differ-
ent nitrate biosensors by other investigators in Table 1. The 
table indicates that the LOD of the present biosensor is in 
moderate range and performance of the sensor is very attrac-
tive if we consider cost-effective parameter.

Thus, the constructed biosensor electrode has a great 
significance as the electrochemical analysis of nitrate at 
GCE/PPy/RGO/NR biosensor proved to be cost-effective. 
The RGO used in the present work as a redox mediator 
was prepared from ladyfinger extract. In this context, it 
is much relevant to mention here that most of nitrate bio-
sensors used mediator with relatively expensive materials 
(Sohail and Adeloju 2008, 2009; Adeloju and Sohail 2011). 

(2)LOD =
3 × SD

m

Furthermore, the present biosensor is highly selective as 
it was tested in the presence of various anions ( HPO2−

4
 , 

H2PO
−
4
 , ClO−

4
 , Cl− , SO2−

4
 , SO−

3
 ) and cations ( Al3+ , Mg2+ , 

 K+, NH+
4
 ,  K+,  Ca2+,  Mg2+).

Conclusion

A good catalytic response of the developed GCE/RGO/PPy/
NR biosensor electrode indicates its potential to be used in 
the detection of hazardous nitrate ions in wastewaters. The 
nanocomposite of PPy with RGO imparted fairly high elec-
trical conductivity and favorable stability to the electrode. 
It also served as a good matrix for the immobilization of 
the NR enzyme involved. The proposed electrode exhibited 
excellent electrocatalytic performance toward nitrate reduc-
tion and showed great selectivity toward the nitrate ions as 
well as low detection limit. The nitrate reductase depos-
ited on the GCE/RGO/PPy carried direct electron transfer 
effectively from nitrate to the electrode. Nitrate reductase is 
an enzyme that assists the direct electron transfer from the 
active site of composite RGO/PPy electrode surface leading 
to the enhancement of current density up to 4.24 mA cm−2. 
Thus, the significant current density of fast direct electron 
transfer kinetics envisages its great prospects in the future 
for various applications. The developed biosensor has been 
established to be cost-effective, efficient, reliable and highly 
selective for nitrate ions present in water.
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Table 1  Limit of detection 
(LOD) of different types of 
biosensors

*PEDOT = Poly(3,4-ethylenedioxythiophene), **LOD depends on laboratory conditions

Biosensor Substrate LOD (mM) References

PPy-NR-Azure A NaNO3 0.010 Sohail and Adeloju (2009)
CNT/PPy/NR NaNO3 0.170 Can et al. (2012)
Epoxy/AuNPs/NR NaNO3 0.050 Sachdeva and Hooda (2014)
PEDOT*/NR (nanowire) KNO3 0.0016, 0.0054** Gokhale et al. (2015)
PEDOT*/NR (2D flat film) KNO3 0.341 Gokhale et al. (2015)
RGO/PPy/NR NaNO3 0.275 Present study
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