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Abstract
A new electrochemical biosensor is developed for the detection of diazinon. For this purpose, a glassy carbon electrode is 
modified with MWCNTs and poly-l-lysine to immobilize a double-strain DNA (ds-DNA) on the surface of the electrode. 
In the first step, the interaction of diazinon with ds-DNA is transduced by electrochemical impedance spectroscopy and 
UV–Vis spectroscopy to monitor the intercalation of diazinon with DNA helix. This interaction leads to reduced interfacial 
charge-transfer resistance (Rct). The difference in the Rct before and after the interaction is considered as a suitable signal 
for diazinon detection. The proposed biosensor has a low detection limit (0.3 nmol L−1), a wide linear dynamic range 
(0.001‒100 µmol L−1), and high selectivity for the determination of diazinon. Finally, the performance of the biosensor for 
detecting of diazinon is verified in real samples such as river water, agricultural wastewater, lettuce juice, and tomato juice.
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Introduction

Organophosphate (OP) compounds have been widely studied 
for their toxicity, persistence, and storage [1]. A group of 
phosphoric acids with ester derivatives in their structures 
are OP compounds that are most commonly used as insec-
ticides. According to researches, all the structure of the OP 
insecticides (P=S and P=O) metabolites have genotoxic 
properties (Scheme 1). Diazinon (o,o-diethyl o-(2-isopropyl-
4-methyl-6-pyrimidyl) phosphorothioate) is a nonsystemic 
organophosphorus insecticide that finds its way into a variety 
of agricultural products such as lettuce, almond, citrus, cot-
ton, leather, and alfalfa [2]. It has been used as a pesticide in 
agriculture. Diazinon and its derivatives are known as toxic 
materials in nature [3]. Hence, their quantitative and qualita-
tive determination is important for environmental protection. 
Diazinon breaks down into an active oxon-metabolite in the 
environment or in living organisms to form diazoxon (o,o-
diethyl o-(2-isopropyl-4-methyl-6-pyrimidinyl) phosphate), 

which inactivates acetylcholinesterase (AChE) as a respon-
sive enzyme that disables neurotransmitter acetylcholine 
[4]. Inactivation of AChE causes the neurotransmitter ace-
tylcholine to accumulate in the spaces between cholinergic 
synapses, leading to synaptic obstruction and reduced signal 
transmission [5].

A variety of methods such as high-performance liquid 
chromatography [6], immunoassay [7], spectrophotometry 
[8], infrared spectroscopy [9], enzymatic techniques [10], 
and gas chromatography [11] have been used for measuring 
diazinon. These methods are, however, mostly time-consum-
ing and labour-intensive while they also require expensive 
equipment. In contrast, electrochemical methods are supe-
rior due to their sensitivity, simplicity, and low cost [12]. 
One such method that has recently attracted a lot of attention 
is the determination of analytes using modified electrodes in 
which nucleic acids are used as one of the best tools in the 
detection [13]. Study of interactions between ds-DNA and 
molecules or ions provides useful information. These inter-
actions cause changes in the structure of ds-DNA in three 
different ways: (1) electrostatically, which involves a non-
special interaction through an external linkage with the ds-
DNA helix, (2) groove binding, in which the compounds are 
directly bonded to the edges of the base pairs in the primary 
and secondary grooves of ds-DNA, and (3) intercalation, in 
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which flat combinations are placed between the base pairs 
and cause the base pair to unwind [14].

An important factor in the fabrication of DNA electro-
chemical biosensors is the immobilization of ds-DNA at 
different sites on the electrode surface to enhance the bio-
sensor’s stability, reproducibility, and sensitivity. In 1991, 
carbon nanotubes (CNTs) with interesting and weird fea-
tures were discovered that led to significant developments in 
various fields of science, especially in nanotechnology [15]. 
One of their important features is the high specific surface 
area, which enhances electron transfer. Thus, when used in 
electrochemical methods, they increase electrode sensitiv-
ity. Nevertheless, immobilizing of ds-DNA on CNTs is not 
appropriate because the negatively charged functionalized 
CNTs repel the negative charge of ds-DNA. A simple way to 
resolve this problem is using polymer films (with a neutral or 
positive charge) at the electrode surface, before immobiliz-
ing of the DNA.

In this study, electrostatic binding of the phosphate 
groups of the ds-DNA to poly-l-lysine (PLL), with amino 
groups, is exploited to modify the electrode [16, 17]. In 
this way, the surface of a glassy carbon electrode (GCE) 
is initially modified with carboxylic group-functionalized 
multiwall carbon nanotubes (MWCNTs) to form MWCNT/
GCE. PLL films are then electro-polymerized at the sur-
face of MWCNTs/GCE through cyclic voltammetry (CV) 
to form PLL/MWCNTs/GCE. Here, negative charge of the 
phosphate groups of the ds-DNA easily binds with the posi-
tive charge of PLL with a strong electrostatic interaction. 
Scanning electron microscope (SEM), UV–Vis spectros-
copy, electrochemical impedance spectroscopy (EIS), and 
cyclic voltammetry are used to characterize the immobilized 
ds-DNA at the electrode surface. EIS was used as a suit-
able tool to detect diazinon by using the difference in the 
charge-transfer resistance of the biosensor before and after 
the interaction with diazinon.

Experimental

Material and reagents

All reagent-grade chemicals such as salmon sperm ds-DNA, 
Tris–HCl,  CH3COOH,  CH3COONa, EDTA, NaCl,  H3PO4, 
DMF,  K3Fe(CN)6,  K4Fe(CN)6, (S)-2,6-diaminocaproic 
(l-lysine), ethanol, NaOH,  Na2SO4,  CaCO3, Pb(NO3)2,  KIO3, 
Al(NO3)3, Cu(NO3)2,  NiCl2.6H2O and Mn(CH3COO)2 were 
purchased from Aldrich (Germany). MWCNTs (with diame-
ters in the range of 70 and 110 nm) and all of the other organic 
compounds were purchased from Fluka. The G–C% content 
of the DNA was reported to be 41.2%. The stock solution of 
ds-DNA (1000 mg  L−1) in Tris buffer (pH 7.0) was prepared 
and kept frozen before the acetate buffer (pH 4.8) was used 
for its further dilution. The diazinon solution was prepared 
and maintained at 4 °C. Diluted diazinon solution was pre-
pared by Tris–HCl buffer solution (pH 7.0). Stock solutions 
of amitrole (3-amino-1,2,4-triazole), monolinuron, carbaryl, 
monilate, chlorpyrifos (1000 mg  L−1) were prepared by dis-
solving accurately weighed amounts of these compounds in 
ethanol. Fenitrothion and dichlorvos stock solutions (1000 mg 
 L−1) were prepared by diluting the original pesticide solutions 
with methanol.

Apparatus

Electrochemical measurements were taken using Bio-logic 
SAS (SP-300) with EC-Lab (version 10.38). A three-electrode 
cell contains Ag/AgCl (3.0 mol  L−1 KCl) as a reference elec-
trode, a platinum wire as a counter electrode, and a modi-
fied glassy carbon electrode (GCE), with a cross section of 
0.0314 cm2, as a working electrode. UV–Vis spectrometry was 
performed on a double-beam spectrophotometer, Jasco Model 
V-750, using 1.0-cm quartz cells. Scanning electron micro-
scopic (SEM) images were obtained using S-4160 microscope 
(Hitachi, Japan).

Preparation of functionalized MWCNTs

Nitric acid solution (3 mol  L−1) was used to functionalize 
MWCNTs. Briefly, 1.2 g of MWCNTs was mixed with 10 mL 
of 3 mol  L−1 nitric acid solution, and it was refluxed for 20 h 
at a temperature of 80 °C before the final mixture was filtered, 
washed several times with water until neutral (pH 7.0), and 
dried. Significant destruction was observed under acidic treat-
ment when ‒COOH groups were added to the sidewall defects 
and ends of MWCNTs [18].

Scheme 1  Molecular structures of organophosphate compounds with 
a group of phosphoric acids with ester derivatives
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Preparation of the DNA‑based biosensor

A glassy carbon electrode (GCE) was polished with emery 
paper and alumina with a particle diameter less than 
0.05 mm for 3 min, sonicated in ethanol/water (50:50), 
eluted with deionized water, and allowed to dry at room 
temperature. Then, 2.0 mg of MWCNTs was dispersed into 
1.0 mL of DMF solvent (2.0 mg mL−1), and the suspension 
was sonicated for 30 min to get a uniform mixture. Subse-
quently, 5 μL of the MWCNTs suspension was dropped at 
the GCE surface and dried at room temperature to obtain 
MWCNTs/GCE. The MWCNTs/GCE thus obtained was 
put into PBS (pH 8.0) containing 1.5 mmol  L−1 l-lysine in 
order to form PLL/MWCNTs/GCE, which was subjected to 
scanning by cyclic voltammetry at a scan rate of 50 mV s−1 
and in a potential range of − 2.00 to + 2.00 V. To form ds-
DNA/PLL/MWCNTs/GCE, ds-DNA was immobilized on 
the surface of the modified electrode by immersing the PLL/
MWCNTs/GCE into 0.1 mol  L−1 acetate buffer solution (pH 
4.8, 0.002 mol  L−1 NaCl) containing 105 mg  L−1 ds-DNA 
at an applied potential of + 0.50 V under stirring (350 rpm) 
for 600 s. Finally, the unbounded ds-DNA on the biosensor 
surface was removed by washing the electrode with deion-
ized water for 5 s.

Electrochemical impedance spectroscopy

EIS measurements were taken in the presence of 3.0 mmol 
 L−1  K3[Fe(CN)6]/K4[Fe(CN)6] in 0.1 mol  L−1 KCl, as a 
redox probe, at a polarization potential of 0.18 V and in 
the frequency range of 0.005 to  105 Hz at an amplitude of 
10 mV.

Interaction of diazinon with the ds‑DNA

The interaction of diazinon with ds-DNA was investigated 
by immersing ds-DNA/PLL/MWCNTs/GCE into Tris–HCl 
buffer solution (pH 7.0) containing different concentrations 
of diazinon under stirring (350 rpm) for 10 min. Then, the 
sensor was removed from the solution, and it was washed 
with the Tris–HCl buffer solution (pH 7.0) to remove any 
unbonded ds-DNA from ds-DNA/PLL/MWCNTs/GCE. 
Electrochemical impedance spectra of the biosensor before 
and after interactions with the diazinon were recorded.

Preparation of real samples

River water was collected from different sites along the Zay-
andehroud River in Isfahan Province (Iran). Agricultural 
wastewater was collected from farms located around Isfa-
han (Iran). Lettuce and tomato were independently squeezed 

to obtain juices. Then, the whole samples were filtered on 
Whatman paper No. 45 prior to analysis, which was carried 
out within the first 48 h after their collection.

Results and discussion

Electropolymerization of l‑lysine

PLL/MWCNTs/GCE was prepared by mounting l-lysine 
layer on MWCNTs/GCE via electropolymerization of 
l-lysine in PBS (pH 8.0) containing 1.5 × 10−3 mol  L−1 
l-lysine with cyclic voltammetric sweeps in the potential 
range of − 2.00 to + 2.00 V at a scan rate of 50 mV s−1. As 
shown in Fig. 1A, during the polymerization, an oxidation 
current was observed at + 1.60 V, while a reduction peak 
appeared at −0.70 V in the reverse cathodic scan. The elec-
tropolymerization process was performed after eight cycles 
when the oxidation and reduction peaks’ current did not 
change. Then, the electrode was rinsed with water to remove 
any physically adsorbed material before it was dried at ambi-
ent temperature. In this way, PLL layers were bonded onto 
the surface of MWCNTs/GCE [19]. In this work, the choice 
of the potential ranging from − 2.00 to + 2.00 V was due to 
the fact that no polymer film was formed at a potential less 
than + 1.60 V. This could be ascribed to the lack of the free 
radical at the oxidative potential lower than + 1.60 V. How-
ever, extension of the positive potential beyond + 2.00 V 
would lead to over-oxidation of l-lysine and hence the dete-
rioration of the polymer film. Furthermore, if the reverse 
scanning final potential was negative than − 2.00 V, gas bub-
bles were formed, and the polymer film would also be dete-
riorated [20]. During the electropolymerization of l-lysine 
at the MWCNTs/GCE, the oxidization of l-lysine monomers 
leads to the production of α-amino free radicals at a higher 
positive potential that can link on the electrode surface to 
form PLL films (Fig. 1B) [20].

Characterization of the DNA/PLL/MWCNTs/GCE

The –COOH and –OH groups were formed on the surface 
of functionalized MWCNTs during the acid treatment. 
Covalent and noncovalent interactions allow ds-DNA to be 
immobilized onto the surface of MWCNTs. Nevertheless, 
the electrostatic repulsion between the negatively charged 
MWCNTs and DNA surface led to unsatisfactory results 
[21]. In this study, PLL was used to overcome the problem 
through electrostatic interaction, whereby the positively 
charged PLL covered the negatively charged MWCNTs.

SEM is the best tool for investigating the surface mor-
phology of thin layers on the nano- or micro-scales. SEM 
images of the modified electrodes are shown in Fig. 1C. 
The surface of the unmodified GCE is shown in Fig. 1C(a). 
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It is clear from the electrode surface morphology that the 
surface area of the modified electrode is significantly 
increased as a result if using highly conductive MWCNTs. 
The homogeneous surface of the modified PLL/MWCNTs/
GCE electrode is presented in Fig. 1C(b). Clearly, the pos-
itively charged l-lysine was able to cover the whole nega-
tively charged MWCNTs. Therefore, ds-DNA was easily 
loaded on the uniform surface of PLL/MWCNTs/GCE. 
The negative charges of the ds-DNA allowed for its proper 
incorporation into the positively charged surfaces to form 
the ds-DNA-modified GCE (Fig. 1C(c)).

Cyclic voltammograms (CVs) of the redox probe 
[Fe(CN)6]3−/4− reveal the characterization of the elec-
trode surface before and after modification. Figure 2a 
demonstrates the CVs of the bare GCE, PLL/MWCNTs/
GCE, and DNA/PLL/MWCNTs/GCE in 5.0 mmol  L−1 
[Fe(CN)6]3−/4− redox probe containing 0.1 mol  L−1 KCl. 
As can be seen, the anodic and cathodic peak potentials 
of the redox probe at the surface of the unmodified GCE 
appeared at + 0.27 and + 0.17 V (vs. Ag/AgCl), respec-
tively [22]. Furthermore, a significant change is observed 
for the peak currents of Fe(CN)6

3−/4− at MWCNTs/PLL/
GCE as compared to those obtained for the unmodified 
GCE. This is due to the improved electroactivity of the 
electrode and the positive charge of the PLL. After immo-
bilization of ds-DNA at the electrode surface, the repul-
sion between the negative charge of the phosphate group 

of DNA and Fe(CN)6
3−/4− led to a decrease in the peak 

currents of Fe(CN)6
3−/4− (Fig. 2a).

Electrochemical impedance spectroscopy (EIS) was used 
as a useful technique for investigating the immobilization 
of ds-DNA on the electrode surfaces. Figure 2b shows a 
Nyquist plot of the impedance spectrum for GCE under dif-
ferent conditions. In this plot, the electron-transfer-limited 
procedure at higher frequencies is represented by the semi-
circle, and the linear part at lower frequencies corresponds 
to the diffusion process. The increment in the diameter 
of the semicircle is proportional to the increase in inter-
facial charge-transfer resistance (Rct). Nanomaterials as 
modifiers on the GCE surface cause a decline in the surface 
impedance; in other words, immobilization of the ds-DNA 
increases the Rct. As shown in Fig. 2b, the Rct of the bare 
GCE is 300 Ω, while it decreases to 100 Ω after modification 
of the GCE with MWCNTs and PLL. By ds-DNA immobi-
lization at the surface of the modified electrode, the value 
of Rct increases to 1200 Ω. This increment in Rct is due to 
the electrostatic repulsion between the negatively charged 
ds-DNA surface and the redox probe [Fe(CN)6]3−/4− that 
inhibits interfacial charge transfer. This phenomenon dem-
onstrates that the ds-DNA was successfully immobilized on 
the PLL/MWCNTs/GCE surface.

To evaluate the electrochemical surface areas of 
GCE, MWCNTs/GCE and PLL/MWCNTs/GCE, 
Fe(CN)6

3− (1.0 mmol  L−1 in 0.10 mmol  L−1 KCl) redox 

Fig. 1  A Electropolymerization of l-lysine in the phosphate buffer 
solution containing 1.5 mmol  L−1 of l-lysine, using cyclic voltamme-
try at a scan rate of 50 mV s−1; B mechanism of l-lysine electropoly-

merization on the surface of MWCNTs/GCE; C SEM images of (a) 
unmodified GCE, (b) PLL/MWCNTs/GCE, and (c) ds-DNA/PLL/
MWCNTs/GCE



2781Journal of the Iranian Chemical Society (2019) 16:2777–2785 

1 3

probe was used. The microscopic areas of GCE, MWC-
NTs/GCE and PLL/MWCNTs/GCE were calculated based 
on the slope of the Ip νs. ν1/2 plot for a known concentra-
tion of  K3Fe(CN)6 using the Randles–Sevcik equation at 
a temperature of 25 °C:

where Ip refers to the peak current, A refers to the effective 
surface area of the electrode, n refers to the electron transfer 
number, DR refers to the diffusion coefficient, Cs refers to 
the concentration of  K3Fe(CN)6 (1.0 mmol  L−1 in 0.1 mol 
 L−1 KCl), and ν is the scan rate. In this case, with n = 1 and 
DR = 7.6 × 10−6  cm2  s−1. The resultant electrochemical sur-
face areas were obtained as 0.0301, 0.1523, and 0.1323 cm2 
for unmodified GCE, MWCNTs/GCE, and PLL/MWCNTs/
GCE, respectively.

(1)Ip =
(

2.69 × 105
)

An3∕2D
1∕2

R
Cs�

1∕2

Optimization of variables

In order to obtain the highest sensitivity for the measure-
ment of diazinon, different parameters such as amounts 
of MWCNT, PLL, and ds-DNA; the number of cycles 
required for the polymerization of l-lysine; and immer-
sion time of PLL/MWCNTs/GCE in the ds-DNA solution 
were optimized using the surface response method. To 
find their optimum values, a new model was designed and 
validated using the Minitab software (version 16.2.4). In 
this model, 33 experiments were designed according to the 
central composite design (CCD) including 16 cube points, 
6 centre points in a cube, 10 axial points, and 1 centre 
point in the axial. The maximum and minimum levels for 
each parameter were selected based on a preliminary study 
using the one-at-a-time method. The model designed in 
this study was presented as in the following second-order 
polynomial regression equation:

where Y represents the response; b0 is a constant; b1, b2, b3, 
b4, and b5 are linear coefficients; b11, b22, b33, b44, and b55 are 
cross-product coefficients; and b1b2, b1b3, b2b3, b2b4, b3b4, 
and b4b5 are quadratic coefficients. The coefficients and the 
standard error of coefficients, as well as the t and p values 
for the null hypothesis (H0), are reported in Table 1. At 
the confidence limit of 95%, the parameters with a p value 
greater than 0.05 do not affect the model and should be 
removed. The estimated R2 from the model was calculated 
to be 0.9907, which means that 99% of the data were fitted 
in the model. Figure 3a, b shows the residual study of the 
model. As shown in Fig. 3a, the normal probability plot con-
firms that the variance is normally distributed as well. So, 
we might proceed assuming that the error terms are normally 
distributed. Furthermore, the plot of residual versus fitted 
value indicates that the variance of original observations is 
constant for all the response values. It was, therefore, con-
cluded that we had a homoscedastic error in the experiment.

In the final stage, the response surface method was used 
to calculate the optimum values of the mentioned parame-
ters. The optimum values for MWCNT, ds-DNA, and PLL 
were obtained at 2 mg mL−1, 100 mg  L−1, and 1.5 × 10−3 
mol  L−1, respectively. Furthermore, the number of cycles 
and the electrode immersion time in the ds-DNA solution 
under the optimum conditions were obtained to be eight 
cycles and 600 s, respectively (Fig. 3c).

(2)

Y = b0 + b1X1 + b2X2 + b3X3 + b4X4 + b5X5 + b11X
2
1

+ b22X
2
2
+ b33X

2
3
+ b44X

2
4
+ b55X

2
5
+ b1b2X1X2 + b1b3X1X3

+ b2b3X2X3 + b2b4X2X4 + b3b4X3X4 + b4b5X4X5

Fig. 2  Cyclic voltammograms (A), and impedance spectra (B) of 
unmodified GCE (a), MWCNTs/GCE (b), PLL/MWCNTs/GCE (c) 
and ds-DNA/PLL/MWCNTs/GCE (d) in 5.0 mmol  L−1 Fe(CN)6

3−/4− 
containing 0.1 mol  L−1 KCl. CV measurement at a potential range of 
− 0.20 to + 0.60 V with a scan rate of 50 mV s−1. Conditions: polar-
ization potential: 0.18  V, frequency: 0.005 to  105 Hz, and potential 
amplitude of 10 mV
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Interaction of diazinon with ds‑DNA

EIS was used to study the interaction between diazinon and 
ds-DNA/PLL/MWCNTs/GCE (Fig. 4A). For this purpose, 
the ds-DNA-modified GCE interacted with different concen-
trations of diazinon, which led to changes in the interfacial 
charge-transfer resistance (Rct). The Rct, before and after the 
interaction with diazinon, was measured. It was observed 
that Rct decreased with increasing diazinon concentration. 
Damaging or shielding of the oxidizable groups of guanine 
and adenine bases led to reducing the Rct during the interac-
tion of diazinon with the ds-DNA.

Absorption spectrophotometry was used to verify the 
interaction between diazinon and ds-DNA. The absorption 
spectra of diazinon and ds-DNA before and after interaction 
with each other are shown in Fig. 4B. Maximum absorbance 
of diazinon occurred at 225 and 250 nm (Fig. 4B-c) and that 
of ds-DNA occurred at 295 nm (Fig. 4B-a). The absorption 
spectra after ds-DNA and diazinon interaction are shown in 
Fig. 4B-b. The absorbance of ds-DNA at 295 nm decreased 
after their interaction. The results obtained from absorption 
spectrophotometry and the reduced impedance spectra are 
good evidence confirming the interaction between diazinon 
and ds-DNA [6]. The results of the interaction are a dis-
tortion of the DNA because Rct is decreased by increasing 
the diazinon concentration. After investigation and com-
parison, the absorption spectra of ds-DNA before and after 

interaction with diazinon, it was found that the UV–Vis peak 
position of the ds-DNA moved towards shorter wavelengths 
(hypsochromic effect) after interaction with diazinon. These 
variations conclude that in addition to intercalating reac-
tions between diazinon and ds-DNA and opening of ds-DNA 
helix, the diazinon can induced a significant change in the 
helical conformation of ds-DNA structure and interacted 
with ds-DNA in a major groove and an outside binding.

The influence of the incubation time on the interaction of 
diazinon with the DNA at the surface of the biosensor was 
studied for 5–25 min. The results of our studied (Fig. 4C) 
showed that the interaction between the diazinon with the 
DNA was completed after 10 min. Therefore, 10 min was 
selected as a suitable interaction time.

Figures of merit

Increasing the concentration of diazinon leads to the 
destruction of the ds-DNA on the surface of the electrode; 
hence, the interfacial charge-transfer resistance (Rct) was 
reduced. Using EIS and tracing the changes in the Rct val-
ues after interaction, the biosensor with diazinon at con-
centrations of (0.001‒0.1) and (0.1‒100) yielded regres-
s ion equat ions  of  R3 = 2 .868CDiazinon + 0 .1128 
(R 2 = 0 .9981)  and  R 3 = 0 .290C Diazinon + 0 .6364 
(R2 = 0.9964) (Fig. 5), respectively. In these equations, 

Table 1  Estimated regression 
coefficients for R 

Terms Coefficients SE coefficients T value p value

Constant 372.923 6.268 59.494 0.020
Block − 25.766 3.082 − 8.361 0.010
MW 25.601 3.407 7.514 0.030
P − 7.017 3.407 − 2.060 0.064
No. of cycles 16.462 3.183 4.832 0.001
DNA conc. 8.088 2.194 2.374 0.037
Time 35.844 5.142 10.521 0.005
MW * MW − 58.789 3.036 − 19.364 0.030
P * P − 10.914 3.036 − 3.595 0.004
No. of cycles * no. of cycles − 7.164 2.018 − 2.360 0.038
DNA conc. * DNA conc. − 83.730 3.996 − 27.579 0.030
Time * Time 25.836 3.036 8.510 0.041
MW * P 24.767 4.006 5.936 0.030
MW * No. of cycles 86.108 3.865 20.636 0.020
MW * DNA conc. − 4.557 2.121 − 1.092 0.298
MW * Time − 8.108 1.862 − 1.943 0.078
P * No. of cycles 39.142 2.173 9.381 0.024
P * DNA conc. 46.807 2.983 11.218 0.046
P * Time − 9.142 3.004 − 2.191 0.051
No. of cycles  * DNA conc. 27.568 4.173 6.607 0.033
No. of cycles  * Time 1.017 3.112 0.244 0.812
DNA conc. * Time 22.682 3.001 5.436 0.000
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 R3 = R2−R1

R1

 (with R1 and R2 representing the values of inter-
facial charge-transfer resistance (Rct) before and after 
interaction with diazinon), and C is a diazinon concentra-
tion in μmol L−1.

In this work, the limit of detection (3 s/m) was estimated 
to be 0.3 nmol  L−1, with s denoting the standard deviation 
for the determination of blank samples and m designat-
ing the slope of the calibration curve. The reproducibility 
of diazinon measurement as calculated in five consecu-
tive days and repeatability of five diazinon determinations 
in 1 day were calculated to be 4.3% and 2.8%, respec-
tively (in Tris–HCl buffer solutions (pH 7.0) containing 
0.010 μmol L−1 diazinon). Table 2 presents a comparison 
of the efficiencies obtained in this study and those of previ-
ous electrochemical studies in the determination of diazinon.

Interference study

To assay the selectivity of the ds-DNA/PLL/MWCNTs/
GCE biosensor for diazinon determination, the effects of 
the potentially interfering substances commonly found with 
diazinon in real samples, on the biosensor signal, were inves-
tigated. Tolerance limit was defined as the maximum con-
centration of the interfering substance that caused an error 
less than 3% in the determination of diazinon concentration 
under the optimum conditions in the presence of 0.010 μmol 
 L−1 of diazinon. According to the results obtained, 1000-fold 
of  Mn2+,  Ca2+,  Cu2+,  Ni2+,  Pb2+,  Al3+,  Na+,  K+,  Cl−,  CO3

2−, 
 NO3

−,  H2PO4
−,  CH3COO−,  IO3

−, and  SO4
2− as well as 100-

fold of monilate, monolinuron, chlorpyrifos, dichlorvos, 
parathion, methamidophos, 50-fold of fenitrothion, carbaryl, 
and amitrole did not affect the biosensor selectivity. These 

Fig. 3  a Normal probability 
plot of the model; b plot of the 
residual versus fitted value; c 
surface graphs of the Rct versus 
different variables
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results indicate that the proposed biosensor is selective for 
diazinon determination.

Real sample analysis

The high sensitivity of the biosensor manufactured in the 
present study allows for the determination of diazinon in 
real samples. Environmental water (from the Zayandehroud 
river), agricultural wastewater, lettuce juice, and tomato 
juice were used as real samples. Standard addition method 
was used for measuring diazinon concentrations in the sam-
ples. The results for 4-time parallel measurements are given 
in Table 3. These results confirm the potential of the biosen-
sor for diazinon determination in real samples.

Conclusion

In this study, a novel and highly sensitive ds-DNA biosensor 
based on multiwall carbon nanotubes and PLL with high 
selectivity was developed for diazinon determination in 
real samples. The interaction of diazinon with ds-DNA was 
transduced via electrochemical and UV–Vis spectroscopy 
in the first step. The results revealed an interaction between 
diazinon and ds-DNA. l-lysine as a polycation and small-
sized MWCNTs provides a surface with positive charges and 
a high surface area for the immobilization of ds-DNA. Using 
the DNA/PLL/MWCNTs/GCE, we were able to monitor the 
interaction of diazinon with ds-DNA and to determine the 

Fig. 4  A: Impedance spectra of 
ds-DNA/PLL/MWCNTs/GCE 
in 5.0 mmol  L−1 Fe(CN)6

3−/4− 
containing 0.1 mol  L−1 KCl 
after its interaction with 0.00 
(a), 0.001 (b), 0.050 (c), 0.100 
(d), and 5.00 (e) μmol  L−1 
diazinon; B UV–Vis spectra of 
100.0 μmol  L−1 ds-DNA before 
(a) and after (b) interaction with 
100.0 μmol  L−1 diazinon; and 
(c) 100.0 μmol  L−1 diazinon 
alone; and C influence of the 
incubation time on the interac-
tion of diazinon with the DNA 
at the surface of the biosensor

Fig. 5  Calibration curve for the determination of diazinon in the con-
centration range of a 0.001–0.10 and b 0.10–100 μmol  L−1 diazinon 
using ds-DNA/PLL/MWCNTs/GCE under the optimum conditions
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trace amounts of diazinon. The observed decrease in the 
Rct was attributed to the intercalation of diazinon with the 
ds-DNA on the electrode surface. The proposed biosensor 
may be recommended as a simple, fast, low-cost, sensitive, 
and selective tool with low detection limits and a wide lin-
ear dynamic range for the detection and determination of 
diazinon. However, as the interaction between the analyte 
and DNA is damaging, the sensor cannot regenerate.
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Table 2  Comparison of 
the diazinon determination 
efficiencies obtained in the 
present study and those of 
previously electrochemical 
studies

Technique Type of electrode Limit of detec-
tion (μmol  L−1)

Linear range 
(μmol  L−1)

References

Amperometric Screen printed 0.06 0.06–16 [23]
Amperometry Glassy carbon 0.19 1.9–56 [24]
Square-wave voltammetric Glassy carbon 0.003 0.01–8.36 [2]
Differential pulse polarography Hanging mercury drop 2.56 1.2–933 [25]
Impedimetric Glassy carbon 0.0003 0.001–100 This work

Table 3  Determination of 
diazinon in real samples using 
ds-DNA/PLL/MWCNTs/GCE 
(n = 5)

Sample Diazinon added 
(nmol L−1)

Diazinon found (nmol L−1) Recovery (%)

Zayandehroud River water – < Limit of detection –
10.0 9.5 ± 0.5 95.0
50.0 49.3 ± 0.5 98.6

Agricultural wastewater _ < Limit of detection –
10.0 10.2 ± 0.2 102.0
50.0 51.0 ± 0.8 102.0

Lettuce _ < Limit of detection –
10.0 9.1 ± 0.2 91.0
50.0 51.5 ± 0.6 103.0

Tomato _ < Limit of detection _
10.0 10.4 ± 0.3 104.0
50.0 51.0 ± 0.9 102.0
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