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Graphical abstract 

 

 

Highlights 

 

 Enzymeless detection of diazinon based on Au-Pt nanoclusters-graphene modified sensor 

 Direct and ultrasensitive electrochemical detection of diazinon at 0.50 V vs. Ag/AgCl. 

 The sensor was utilized for detection of diazinon in water, fruit and vegetable samples 

 

 

 

ABSTRACT 

 

A new sensing layer composed of BSA templated Au-Pt bimetallic nanoclusters (Au-

Pt@BSA/GCE) and graphene nanoribbons (GNRs) was employed for the rapid, selective and 
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sensitive determination of diazinon as an enzyme-less electrochemical sensor. The UV-Visible 

absorption spectroscopy, fluorescence spectroscopy, transmission electronic microscopy, X-ray 

diffraction and Fourier transform infrared techniques were used to investigate the size, 

morphology, and structure of the synthesized nanocomposite. Additionally, the electrochemical 

properties of the sensor were investigated by cyclic voltammetry, square wave anodic stripping 

voltammetry and electrochemical impedance spectroscopy. The results showed that Au-Pt@BSA-

GNRs/GCE significantly catalyzes the oxidation and reduction of diazinon during electrochemical 

detection. The linear ranges of diazinon were between 0.01 to 10.0 and 10.0 to 170 µM, with a 

detection limit of 0.002 µM. The selectivity, stability, and reproducibility of Au-Pt@BSA-

GNRs/GCE were studied, and obtained data indicates the great potential of the sensor as an 

alternative to enzyme inhibition-based biosensors for the determination of diazinon. The 

constructed electrode was employed for the determination of diazinon in some real samples with 

complex matrices such as soil, diverse water, fruit, and vegetables. The results indicate the 

excellent capability of the method for the detection of diazinon in real samples in comparison with 

the standard method. 

 

Keywords:  

 

 

Electrochemical sensors; Graphene nanoribbon; Organophosphates detection; Protein 

nanoclusters; Diazinon; Enzyme-less sensor.  
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1. Introduction 

 

 

Organophosphorus (OP) pesticides are compounds widely used in agri-food sector for their lower 

persistence in the environment in respect to organochlorine pesticides but with high toxicity. In 

fact, they have the capability to inhibit in an irreversible way a key enzyme of nervous transmission 

i.e. acetylcholinesterase enzyme. with the accumulation of acetylcholine neurotransmitter leading 

often to  death [1]. Among several organophosphorus pesticides, diazinon is as an 

organophosphorus pesticide which contains a thiophosphate ester together with the phosphorus 

center [2]. The proposed mechanism claims that sulfur is protonated in acidic medium via a 

hydronium ion, which ultimately delivers a hydroxide group to the phosphorus center and can react 

readily [2].  

The wide use of diazinon in agricultural practices associated with their capability to moves 

freely with water percolating downward through the soil,  renders this pesticide able to contaminate 

not only soil and surface water  but even groundwater [3]. In addition, since diazinon exposure, 

whether from ingestion, skin contact, or inhalation causes severe symptoms such runny nose, 

drooling, loss of appetite, coughing, urination, diarrhea, stomach pain, and vomiting or even coma, 

the development of an effective and fast method for its detection is a crucial issue [4]. 

Some methods such as high-performance liquid chromatography (HPLC) [5], fluorescence 

[6], gas chromatography-mass spectroscopy (GC-MS) [7], surface enhanced Raman scattering 

(SERS) [8]  and chemiluminescence techniques [9] have, however, been used for OPs compound 

detection over in recent decades, these techniques  are often expensive, complex, time-consuming, 

and difficult to handle [10] and so a reliable method is needed to solve some common problems. 

Electrochemical methods have been found as a highly-sensitive, convenient and effective tool for 
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the analysis of important molecules and biomolecules including active ingredients in aqueous 

solution, pharmaceutical formulations and human body fluids [11-20]. Electrochemical methods 

in the analytical analysis may provide an effective answer with high selectivity and sensitivity to 

detect OP pesticides in environmental samples [21-23]. Up to now, most of the electrochemical 

sensors have been modified with metal nanomaterials [24, 25] that provide some special functions, 

such as catalytic and conductivity properties and the roughening of the conductive sensing 

interface [26].  

Among nanomaterials, gold nanoparticles and especially gold nanoclusters (Au NCs) [27] 

have received considerable attention due to their strong surface plasmon (SP) absorption band, 

high conductivity and a larger number of available electro-active sites to detect analytes with 

improved sensitivity and low detection limit by minimizing the diffusion distance of analytes at 

the electrode surface [27-30]. NCs that are generally less than 10 nm in diameter have generated 

intense interest over the past decade. One reason for this is the belief that NCs will have unique 

properties, derived in part from the fact that these particles and their properties lie somewhere 

between those of bulk and single-particle species. NCs also have significant potential as new types 

of higher activity and selectivity catalysts. Two reasons chemists believe that nanoclusters hold 

the potential to be more active and selective catalysts than those of today are that a large percentage 

of a NC’s metal atoms lie on the surface, and that surface atoms do not necessarily order 

themselves in the same way that those in the bulk do. Furthermore, the electrons in a nanocluster 

are confined to spaces that can be as small as a few atom-widths across, giving rise to quantum 

size effects [27, 28]. 

The combination of the metallic nanoclusters with another metal is one of the common 

ways of increasing the favorite characteristics and thermodynamic stability of the metallic 
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nanoclusters. Platinum nanoclusters (Pt NCs) combined with Au NCs are expected to strengthen 

adsorption ability as well as to improve stability, sensitivity, excellent electron transfer speed, and 

conductivity. These characteristics make them the ideal modifier on the surface of solid electrodes 

for different uses in the field of biomedical and environmental science [31]. 

In the past decade, efforts have been made with regard to design facile synthesis of Au-Pt 

nanoclusters using different approaches with the increased use of biomolecules, such as enzyme, 

peptide, and oligonucleotide, as environmentally favored templates. Among templates, bovine 

serum albumin (BSA)-protected Au or Pt NCs have some fascinating features, including easiness 

of synthesis, , excellent biocompatibility, stability, and surface functionality, which also makes 

them excellent candidates for immunoassays [32]. Since BSA has several types of functional 

groups, such as COOH, SH and NH, and a large amount of tyrosine and cysteine, it is one of the 

best candidates for the preparation of nanoclusters. Also, the BSA has the good biocompatibility 

and considerable cost advantages besides that it facilitated post-synthesis surface modifications 

with functional materials such as graphene. 

Graphene (Gr) is a 2D atomic-scale honeycomb lattice made of carbon and, as monolayers 

graphite, have been used in varied instruments and especially in electronic devices to significantly 

improve performance [33]. This is due to the particular properties of Gr, such as an extremely large 

surface area (between 2,000-3,000 m2 g-1), high conductivity (about 105 to 106 S m-1) and 

unprecedented mechanical, optical, thermal and magnetic traits [34, 35]. When the edges of the 

structure in Gr increase, some new electronic characteristics can be expected and this phenomenon 

happens when the size of Gr nanoplatelets is reduced to a few nanometers [36]. 

GNRs are tapes of Gr nanosheets (narrow and straight-edged stripes) with a width less than 

50 nm, which have exceptional electronic properties [37]. Because of the ribbon structure of 
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GNRs, they have the properties of both multiwall carbon nanotubes (MWCNTs) and Gr.  A recent 

report indicated that the area-normalized edge plane structures and chemically active sites of GNRs 

are much more than Gr and MWCNTs [36]. 

The main purpose of this study is to design an enzyme-less sensor to detect of diazinon, as 

a model of OP compounds using a green, simple and a cost-effective strategy to synthesize a 

sensing layer including protein-capped bimetallic Au-Pt nanoclusters and GNRs with good 

electrochemical properties. This methodology has excellent biocompatibility and considerable 

highly environmentally friendly properties. Moreover, the BSA coating layer on the Au-Pt 

nanoclusters facilitates post-synthesis surface modifications with functional materials. In this 

study, the direct electrochemistry of the composition of GNRs and protein-templated Au-Pt bi-

metallic nanoclusters and their high electrocatalytic property in terms of diazinon sensing was 

investigated. The fabricated sensor exhibited excellent sensitivity, acceptable stability, fast 

response, and high electrocatalytic activity in the oxidation and reduction of diazinon. 

2. Experimental 

2.1. Chemicals and instrumentations 

HAuCl4.3H2O, H2PtCl6, NaOH, BSA, MWCNTs, KMnO4 and Diazinon were purchased 

from Merck Company (Germany) and used as received. Ultrapure water was used for the 

preparation of solutions. Britton–Robinson universal buffer solution (BRS, 0.04 M boric acid, 0.04 

M acetic acid and 0.04 M phosphoric acid) with different pHs served as supporting electrolytes. 

Laboratory glassware was kept overnight in an HNO3 solution (10% v/v) and was washed with 

ultrapure water before use.  

Transmission electron microscope (TEM) images were taken using a Zeiss EM902A 

(Germany). Fourier transform infrared spectroscopy (FT-IR) spectra were obtained by a Perkin-
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Elmer spectrophotometer (Spectrum GX). XRD patterns were determined by an XRD (38066 

Riva, d/G.Via M. Misone, 11/D (TN) Italy) at ambient temperature. All of the electrochemical 

experiments were performed by an Ivium Vertex potentiostat/galvanostat system (Netherland). 

The electrochemical cell was assembled with a conventional three-electrode system consisting of 

an Ag/AgCl/KCl (3 M) electrode, platinum wire and modified/unmodified GCE employed as a 

reference electrode, auxiliary electrode and working electrode. Additionally, a Metrohm pH meter 

(model 713-Switzerland) with a combined pH glass electrode was used to determine pH values of 

the solutions. UV-Vis absorption and luminescence measurements were performed by an Agilent 

8453 UV-Vis diode array spectrophotometer (Agilent, USA) and Perkin Elmer (LS50B) 

luminescence spectrometer, respectively. 

2.2. Synthesis of the modifiers  

Au-Pt@BSA was synthesized at 1:1 molar ratio of Au and Pt while BSA was used as a 

protecting and reducing agent. In the first step, 5.0 mL of a 10 mM HAuCl4 aqueous solution (0.05 

mmol Au) and 5.0 mL of a 10.0 mM H2PtCl6 (0.05 mmol Pt) were added to 5.0 mL of a 50 mg/mL 

BSA aqueous solution. In the second step, the previous mixture was continuously stirred at room 

temperature, and after 10 minutes 5.0 mL of 100 mM NaOH was immediately added to the 

mixture. The mixture was then stirred for 20 min at 70°C. In the final step, the solution was cooled 

to room temperature and dialyzed against ultrapure water for 24 h to remove all the free Au and Pt 

ions from the solution and obtain pure Au-Pt@BSA (Scheme 1a) [38]. Thereafter, Au-Pt@BSA 

bi-metallic nanoclusters were freeze-dried to obtain a solid powder for characterization and 

investigation. The other modifiers, including Pt@BSA and Au@BSA mono-metallic nanoclusters, 

were synthesized by the same method without the addition of HAuCl4 and H2PtCl6, respectively 

[39]. 
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GNRs was synthesized from MWCNTs using the method of Chiang et al. [40]. In this 

process, 0.2 g of MWCNTs was dispersed in 20 mL of concentrated sulfuric acid, then, 2 g KNO3 

was added to the mixture and it was stirred for 120 min at 400 rpm. In this step, a visually 

homogeneous black solution was obtained, then KMnO4 was added to the previous solution and 

stirred for 120 min at ambient temperature. After that, the temperature was increased gradually up 

to 70 °C and kept at the same temperature until the reaction was complete (about 120 min in a 

water bath). Finally, the obtained mixture was cooled to ambient temperature, poured into 350 g 

of ice containing 5 mL of 35 % (v/v) H2O2 and then centrifuged until GNR solid was obtained. 

The resulting solid was removed then bath-sonicated in 60 mL of ultrapure water for 50 min, then 

bath-sonicated with the addition of 30 mL HCl. In the final step, the obtained product was 

centrifuged for 30 min and the collected solid was dispersed in 100 mL ether for 60 min. The 

suspension was centrifuged and purified GNRs were collected for use in the electrode matrix 

(Scheme 1a) [35]. 

For the synthesis of Au-Pt@BSA-GNRs, Au@BSA-GNRs, Pt@BSA-GNRs and BSA-

GNRs nanocomposite, 0.4 mg of GNRs was added to 10 mL of Au-Pt@BSA, Au@BSA, 

Pt@BSA, and BSA, respectively, kept sonicating for 45 min and then centrifuged. The obtained 

participate was the desired nanocomposite (Scheme 1a). 

2.3. Fabrication of electrochemical sensor 

Before using GCE as the unmodified electrode and platform for the placement of the 

modifiers, it was polished to a mirror-like surface with 0.05 mm of alumina powder and immersed 

in HCl (37% w/w). It was then washed in an ultrasonic bath for 10 min, and finally, the prepared 

GCE was finally dried under nitrogen for subsequent use. For the preparation of Au-Pt@BSA-

GNRs/GCE, Au@BSA-GNRs/GCE, Pt@BSA-GNRs/GCE, BSA-GNRs/GCE and BSA /GCE, 10 
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µl of Au-Pt@BSA-GNRs, Au@BSA-GNRs, Pt@BSA-GNRs, BSA-GNRs or a BSA suspension 

was cast on the surface of the prepared GCE and dried at ambient temperature (Scheme 1b). 

Scheme 1 

2.4. Electrochemical measurement procedure 

The three electrodes were placed in an electrochemical cell containing a buffer solution, 

and the desired concentration of diazinon with the pH adjusted to 2.0 was constantly stirred with 

exposure to gaseous high-purity N2 for 5 min to remove the dissolved oxygen. Before 

determination, N2 was stopped, and the measurement procedure was started with the following 

steps. In the first step, diazinon accumulation was performed at -0.10 V vs. Ag/AgCl for 130 s. 

After that, stirring was stopped and a resting time of 10 s was applied to decrease the background 

current. In the second step, square wave voltammograms (SWV), one of the best analytical 

techniques, was carried out in a positive potential direction from 0.30 to 0.75 V vs. Ag/AgCl. 

2.5 Preparation of the real samples 

This section is described in detail in the section Supplementary Information. 

3. Results and discussion 

3.1. Characterization of the synthesized Au-Pt@BSA and GNRs 

To investigate the composition of the synthesized Au-Pt@BSA and GNR nanocomposite, 

different methods such as UV-visible, fluorescence, TEM, XRD, and FT-IR were employed.  The 

UV-visible absorption spectrum of the Au-Pt@BSA only shows a peak at 276 nm in the range of 

250-650 nm which is related to the absorption of BSA biomolecules (Fig. 1a). Since no peak at 

550 nm is observed, it can be concluded that highly purified Au-Pt@BSA NCs have been 

synthesized [39]. 
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The fluorescence spectra of the prepared BSA, Au@BSA, Pt@BSA, and Au-Pt@BSA 

NCs are presented in Fig. 1b. BSA shows a broad fluorescent emission peak at 410 nm. Meanwhile, 

the fluorescence spectra of Au@BSA and Au-Pt@BSA NCs show that two peaks occur at about 

404 and 640 nm. On the other hand, Pt@BSA had a fluorescent emission peak at approximately 

407 nm, which the intensity is much lower than Au@BSA and Au-Pt@BSA NCs. It can be seen 

that the intensity of both peaks for Au@BSA NCs is equal, while this ratio is 2:1 (Intensity in 

404:640 nm) for Au-Pt@BSA NCs. Also, the intensity in 404 nm for Au-Pt@BSA NCs is more 

than Au@BSA NCs due to the simultaneous formation of Au and Pt NCs onto BSA and 

improvement in the structural rigidity of BSA and the synergistic effect between Au NCs and Pt 

NCs for BSA. Furthermore, the increase in the intensity of the signal and peak shift to a lower 

wavelength for Au-Pt@BSA NCs can be attributed to the synergistic effect of Au and Pt NCs and 

confirm the formation of Au-Pt@BSA [39]. 

Fig. 1 

Fig. 1c shows the XRD diffraction patterns of BSA and the synthesized Au@BSA, 

Pt@BSA and Au-Pt@BSA nanocomposites. The XRD patterns of BSA clearly show a typical 

characteristic peak that matches well with the reported patterns [41]. The XRD patterns of 

Au@BSA and Pt@BSA confirmed the formation of the monometallic phase of  Au (JCPDS 04-

1784) [42] and Pt (JCPDS 05-0681) [43] on BSA with high crystallinity. No impurity peaks of Au 

and Pt NCs were observed, which indicates the high purity of Au@BSA and Pt@BSA NCs. In 

addition, peaks of the Au-Pt@BSA nanocomposite appeared at 2θ of 39.37° (111), 40.88° (111), 

45.52° (200), 47.07° (200), 65.83° (220), 68.69° (220), 79.02° (311), and 68.73° (311), suggesting 

the formation of BSA-loaded Au and Pt NCs. 
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The FT-IR spectra confirm the formation of the synthesized nanocomposites and the results 

are shown in Fig. 1d. The figure shows that the FT-IR spectrum of free BSA has clear absorption 

bands at approximately 3432, 3065, 1678 and 1526 cm-1, which confirm the presence of O-H, NH, 

and amide I and amide II stretching vibrations, respectively [44]. The FT-IR spectra of Au@BSA 

and Pt@BSA were closely analogous to each other and to the Au-Pt@BSA spectrum. The 

spectrum of Au-Pt@BSA  shows a significant shift of amide I to a lower wave number (1,678 to 

1,637 cm-1) and a small shift of amide II to a higher wave number (1,526 to 1,555 cm-1), which 

demonstrates the secondary structure change of BSA and the loading of Au and Pt nanoclusters 

onto BSA. Also, the all specific absorption bands of Au-Pt@BSA and GNRs in FT-IR of Au-

Pt@BSA-GNRs exist [45]. 

The morphology of the prepared Au-Pt@BSA nanocomposite was examined by TEM. Fig. 

2a shows the formation of the core-shell-like structure of Au-Pt nanoclusters with an average size 

of approximately 2.25±0.18 nm. The EDX spectrum of Au-Pt@BSA nanocomposite is shown in 

Fig. 2b and exhibits the presence of Au, Pt, C, O, N, S, and Cl elements, which confirm the 

presence of the Au and Pt NCs in the BSA. 

Fig. 2 

Also, the FT-IR spectra and XRD pattern of MWCNTs and GNRs are presented and 

described in detail in the Supplementary information (Figs. S1 and S2). 

3.2. Electrochemical characterization of the sensor 

Fig. 3a shows the CVs of the bare GCE, BSA/GCE, BSA-GNRs/GCE and Au@ BSA-

GNRs/GCE, Pt@BSA-GNRs/GCE and Au-Pt@BSA-GNRs/GCE using a solution of  5.0 mM 

[Fe(CN)6]
3-/4- in 1.0 M KCl. The bare GCE (curve a) shows a pair of broad and weak redox peaks 

with a peak separation (ΔEp) of 266 mV, but the BSA/GCE significantly blocks the redox response 
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with increases of ΔEp of 349 mV. Once the GNRs were added to the BSA, the peak separation has 

decreased (ΔEp=219) with a remarkable increase in the redox currents in comparison with 

BSA/GCE and GCE. However, the electron-transfer reaction of ferricyanide improved because the 

GNRs increased the conductivity of BSA/GCE. 

On Au@BSA-GNRs/GCE and Pt@BSA-GNRs/GCE, a pair of well-defined peaks 

appeared with a lower ΔEp value and higher Ip, which was due to the increase of the conductivity 

of the electrodes as a result of the presence of the mono-metallic NCs. The Au-Pt@BSA-

GNRs/GCE displayed a pair of well-defined peaks with the lowest ΔEp value of 63 mV, and the 

Ipa of Au-Pt@BSA-GNRs/GCE was found to be 1.87, 3.02 and 1.50 times higher than those of 

bare GCE, BSA/GCE, and BSA-GNRs/GCE, respectively, which suggests that the modified 

electrodes have a faster electron transfer rate due to the synergic effects of Au, Pt, and GNRs.   

For more study the transfer coefficient (α) and heterogeneous electron transfer rate constant 

(ks) were calculated by plotting the potential of peaks vs. the logarithm of the sweep rate base on 

Laviron's equation (Eq. 1) [46] for Au-Pt@BSA-GNRs/GCE (Fig.3b). 

Epc=Eo’ – [ 
2.3𝑅𝑇

𝛼𝑛𝑓
 ] log (

𝛼𝑛𝑓

𝑅𝑇
×

𝑣

𝐾𝑠
) Eq. 1 

Based on the Laviron's equation (Eq. 1) α and ks were measured 0.524 and 7.01 s-1, 

respectively. The gained ks for Au-Pt@BSA-GNRs/GCE is higher the obtained values for 

BSA/GCE (0.002 s-1), BSA-GNRs/GCE (1.12 s-1), Au@ BSA-GNRs/GCE (6.28 s-1), and 

Pt@BSA-GNRs/GCE (6.13s-1), which indicates the reasonably fast electron transfer of 

Fe[(CN)6]
3-/4- at Au-Pt@BSA-GNRs/GCE. 

Electrochemical impedance spectroscopy (EIS) was employed to investigate the 

characteristics of the probe layers on the electrochemical sensors. In EIS, the semicircular part at 
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higher frequencies and linear part at lower frequencies correspond to the electron transfer 

resistance (Rct) and limited diffusion process, respectively. The diameter of the semicircle equals 

Rct represents the difficulty of electron transfer of a ferrocyanide -redox probe- between the 

solution and the electrode, supplying information of the electrochemical interphase [47]. Fig. 3c 

shows the EIS of the different electrodes. When bare GCE was modified by BSA, the diameter of 

the semicircle increased, suggesting that BSA insulated the surface of GCE and made an interfacial 

charge transfer inaccessible. The GNRs increased the conductivity of BSA/GCE and the Rct value 

dropped significantly (209 Ω). Pt, Au and Pt-Au nanoclusters were then immobilized on BSA-

GNRs/GCE, and the diameters of the semicircles were clearly lower than those of the other 

electrodes. The electron-transfer resistance values for Pt@BSA-GNRs/GCE, Au@BSA-

GNRs/GCE, and Au-Pt@BSA-GNRs/GCE were 176, 165 and 122 Ω, respectively, indicating that 

the results indicated electron transfer rate was significantly increased due to the simultaneous 

presence of Au and Pt NCs on BSA and the utilization of GNRs. In addition, the CVs of the 

potassium ferrocyanide solution on bare GCE, BSA/GCE, BSA-GNRs/GCE, Pt@BSA-

GNRs/GCE, Au@BSA-GNRs/GCE and Au-Pt@BSA-GNRs/GCE were analyzed with the aim of 

determining the electrochemically active surface areas by the Randles-Sevcik equation [47, 48]. 

The obtained electrochemical active surface area of bare GCE, BSA/GCE and BSA-GNRs/GCE 

were calculated as 0.0705, 0.0516 and 0.1299 cm2, respectively. In addition, to investigate the 

effect of Au and Pt NCs, the electrochemical surface areas of Pt@BSA-GNRs/GCE, Au@BSA-

GNRs/GCE were calculated as 0.268 and 0.277 cm-1, respectively, which show the Au and Pt NCs 

increased the active surface of BSA-GNRs/GCE. 

Fig. 3 
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The calculated surface area of Au-Pt@BSA-GNRs/GCE (0.3027 cm2) was more than that 

of the other electrodes, due to the presence of Au and Pt nanoclusters as an effectual modifier that 

can supply an extensive surface area and improved electron transfer rate on the surface of the 

electrode. The roughness factors (ρ) were calculated for bare BSA/GCE, BSA-GNRs/GCE, 

Pt@BSA-GNRs/GCE, Au@BSA-GNRs/GCE and Au-Pt@BSA-GNRs/GCE base on the ratio of 

electrochemical surface area to the geometrical surface of the electrodes [49] and were found to 

be 0.732, 1.843, 3.801, 3.929 and 4.294, respectively. These computed roughness factor could be 

showed the effect of presence of the modifiers and the morphology of the working electrodes 

which demonstrating the increase of the electrode surface roughness in the presence of the 

nanoclusters and GNRs. 

3.3. Electrochemical behavior of diazinon on the Au-Pt@BSA/GCE-GNRs 

To investigate the electrochemical ability of the developed sensor, the SWVs of diazinon 

were recorded on the surfaces of various electrodes, and the results are shown in Fig. 4a. In all the 

experiments, pH, deposition potential, accumulation time, resting time, SW frequency, pulse 

amplitude, and voltage step were 2,  -0.1 V vs. Ag/AgCl, 130 s, 10 s, 50 Hz, 100 mV and 6.0 mV, 

respectively.  

As seen in Fig. 4a, no square wave anodic stripping peaks were observed in the potential 

range on the surface of bare GCE and BSA/GCE in the presence of 8.0 µM diazinon. The analyte 

has a broad peak with low oxidation current at the surface of BSA-GNRs/GCE. The BSA-

GNRs/GCE modified with Pt nanocluster (Pt@BSA-GNRs/GCE) exhibited a clear oxidation peak 

corresponding to diazinon at approximately 0.50 V vs. Ag/AgCl and, once Au@BSA-GNRs/GCE 

is used as working electrode, the oxidation peak current is higher than with Pt@BSA-GNRs/GCE. 

The remarkable increase in the peak current of diazinon on the Au-Pt@BSA-GNRs/GCE can be 
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attributed to the excellent electrical conductivity and high surface area of the Au and Ag 

nanoclusters. 

Fig. 4 

These electrode reactions involved redox reactions in the diazinon. Although, gold and 

platinium were commonly used in heterogeneous catalytic redox of aromatic compounds to 

corresponding species in a very high yield and a very high chemoselectivity, there is no report 

elucidating the electrochemical behaviour of diazinon on the electrodes modified with Au- and Pt 

NCs. Based on the above-obtained results, it can be say that Au-Pt@BSA/GCE with greatly 

improving oxidation current, the sensitivity and detection limit can be ameliorate compared to the 

other electrodes. In addition, the SWV experiments proven that Au-Pt@BSA-GNRs /GCE showed 

good electro-catalytic activity toward the oxidation of diazinon. 

3.4. pH optimization 

The experimental conditions have significant influence on the detection sensitivity of 

diazinon. As protons participate in this reaction at Au-Pt@BSA-GNRs/GCE, the acidity of buffer 

buffer has a remarkable effect on the electrochemical behavior of diazinon [50, 51]. Therefore, the 

effect of pH was studied over the range of 1.0-8.0 with BRS. Fig. 4b shows the SWASV of 8.0 

µM diazinon using the developed sensor at different pHs. At first, the current response increased 

and reached to the maximum at pH 2.0, then declined significantly along with the increase of buffer 

pH (Fig. 4c). At pH=1.0,  the decrease in current may be due to the fast acid hydrolysis of the P-

O-C=N because of the protonation of the nitrogen atom on the heterocyclic ring [50]. Meanwhile, 

with the increase of pH, the peak potential shifted negatively and showed linear relationship with 

pH values from 1.0 to 8.0 (Fig. 4d). The linear regression equation between the pH and oxidation 
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peak potential for diazinon was E=-0.0562 pH + 0.609 (R² = 0.9937). According to the following 

equation: 

Ep=K-(0.059) m/n pH       Eq. 2 

where m and n refer to the transferring number of protons and electrons, respectively. The value 

of obtained slope value was equal approximately to the theoretical value, indicating that the 

transferring number of protons and electrons were equal, which was in good accordance with the 

literatures reported (two electrons and two protons) [50].  

3.5. Effect of the deposition potential, and accumulation time  

The effect of the deposition potential on the stripping current of 8.0 µM diazinon was 

studied in the range of +300 to -400 mV vs. Ag/AgCl on Au-Pt@BSA-GNRs/GCE. The results 

are shown in Fig. 4e.  The highest response was obtained at a deposition potential of -100 mv vs. 

Ag/ AgCl while deposition time was 132 s. 

The effect of accumulation time on the voltammetric stripping currents of 8.0 µM diazinon 

was studied from 0 to 200 s on Au-Pt@BSA-GNRs/GCE, and the results are shown in Fig. 4f. It 

was found that the voltammetric stripping currents for diazinon rise as time passes, and after 130 

s, the anodic stripping current becomes almost constant as a result of the sensor’s surface saturation 

[52, 53]. Therefore, an accumulation time of 130 s and deposition potential of 100 mV were used 

in all further studies. The result of the optimized instrumental parameters is shown in Table S1. 

3.6. Determination of diazinon on Au-Pt@BSA-GNRs/GCE 

As shown in Fig. 5a and b, the corresponding anodic stripping currents of diazinon 

increased in two linear regions in the concentration ranges of 0.01 to 10.0 and 10.0 to 170 µM. 

The relation between Ipa and the concentration of the analyte can be described by the below 

equations: 
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Ipa = 2.364C + 0.5385 R² = 0.9987 (0.01 to 10.0 µM) Eq. 3 

Ipa = 0.7302C + 16.361 R² = 0.9990 (10.0 to 170 µM) Eq. 4 

The limit of detection was estimated to be 0.002 µM based on the 3Sb/m, where Sb is the 

standard deviation of the mean value of 10 independent SWASVs of the blank solution and m is 

slope of the first linear calibration range.  

Fig. 5 

3.7. The selectivity, stability, and reproducibility of Au-Pt@BSA-GNRs/GCE 

The development of an enzyme-less electrode has attracted considerable attention due to 

its simple, low fabrication cost, long term stability and good reproducibility which are the 

limitations of those enzymatic biosensors. However, the selectivity of the electrode sensor for 

target analyte is still great challenge. Possible interferences of the electrochemical determination 

of diazinon at Au-Pt@BSA-GNRs/GCE were investigated by the addition of various ions and 

molecules to BRS in the presence of 8.0 µM of the analyte. The basis for selecting a species as an 

interference was a change in oxidation current of more than ±5%. Common ions such as Na+, K+, 

Cl-, Zn3+, Tl+, Pb2+, Fe3+, Cu2+, Hg2, Mg2+, Al3+, H2PO4
-, HPO4

2-, SO4
2-, CO3

2-, NO3
-, ClO4

- and 

SCN-, did not show any interference for the determination of diazinon. Due to the enzyme can be 

affected by different kind of contaminations such as heavy metals in environmental samples, which 

makes the direct determination of organophosphorous pesticides lack of selectivity and even leads 

to false positive results. Therefore, this enzyme-less sensor is highly recommended.  In addition, 

the interference of some compounds such as methyl paraoxon, methyl parathion, fenitrothion, 

atrazine, dicloran, dimethoate, glucose, lactose, and sucrose on the voltammetric measurements 
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was examined. The obtained results indicate that a 150-fold excess of methyl paraoxon, p-

nitrophenol and nitrobenzene, methyl parathion and fenitrothion and a 600-fold excess of glucose, 

lactose, and sucrose had no effect on the oxidation peak current of diazinon (Fig. S3). It was 

concluded the oxidation process of diazinon onto the Au-Pt nanoclusters-graphene nanoribbons 

lead to a good improvement in peak resolution. As seen in Fig. S3 voltammograms registered after 

making additions of 50 µM p-nitrophenol, nitrobenzene and methyl parathion, and 30 µM Zn3+, 

Tl+, Pb2+, Fe3+, Cu2+and Hg2+ to 4.0 µM diazinon show that its peak potential and current remain 

practically inalterable (±5%). The peaks of p-nitrophenol, nitrobenzene and methyl parathion are 

separated enough from diazinon peak. No interference has been found in diazinon determination 

up to 65-fold excess of atrazine, dicloran, and dimethoate which indicates that the presence of 

these molecules does not change the oxidation current of diazinon by more than 5%. Also, sugars 

cause no interference, and this enzyme-less sensor can be used to detect diazinon residual in some 

fruit extracts and drinks. Therefore, no remarkable current change was observed upon addition of 

interfering species, demonstrating preferable selectivity of the sensor for diazinon determination. 

The results indicated that, the sensing layer exhibited a high adsorption and strong affinity toward 

diazinon even in presence of inorganic salts, nitroaromatic compounds and other pesticides, which 

commonly existed in real samples. It was found that, the nano-sized architectures and composition 

of protein template Au-Pt NCs play key roles in the sensing performance in real samples. 

 Further study of the stability and reproducibility of Au-Pt@BSA-GNRs/GCE for the 

detection of diazinon was investigated in a solution containing 4.0 µM of the target analyte. Ten 

electrodes were prepared by the same method on different days to evaluate the reproducibility of 

Au-Pt@BSA-GNRs/GCE for determination of the analyte under optimum conditions. The 

calculated relative standard deviations (RSDs) value was 4.4% for diazinon. To evaluate the 
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stability, a fabricated electrode was stored in BRS with pH=2.0 at 4°C when not in use for 6 days. 

The results of the measurement of the oxidation peak currents showed that there was no great 

decrease in the response of the electrode. The obtained data suggest that Au-Pt@BSA-GNRs/GCE 

has high reproducibility and excellent stability for the determination of diazinon. 

 

3.8. Real sample analysis 

The electrode was used for electrochemical determination of diazinon in wastewater, river 

water, tap water, soil, apple, cucumber, carrot, tomato and lettuce samples by the standard addition 

method. Real samples were prepared by standard methods, which are described in detail in the 

section Supplementary Information; [54, 55].  The results are shown in Table 1 which it can be 

observed that the percentage recovery of the sample solution was between 95.3% and 105.0%. The 

results are also compared with the standard HPLC method, which indicates the ability of the 

proposed method to detect diazinon in different real sample matrices.  

Table 1. 

4. Conclusion 

In this study, in order to overcome the problems of enzyme-based electrochemical sensors, 

including the high cost and low stability of the enzyme, difficulty in obtaining a pure form of it, 

and short storage and usage lifetime of the sensor, a simple method for voltammetric determination 

of diazinon was suggested. Enzymeless electrochemical sensors based on nanomaterials have 

attracted much attention because of their low cost, sensitivity and remarkable stability under 

extensive environmental and industrial conditions. Since the electrochemical properties of 

nanomaterials are largely influenced by their shape and structural features. Thus, synthesizing 
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novel morphologies with enhanced electrochemical characteristic is yet another important task to 

accomplish. The synthesized novel sensing layer including protein templated Au-Pt nanoclusters-

graphene nanoribbons not only demonstrated attractive structural features but were known to 

possess excellent electrochemical characteristics, which enabled development of reliable, 

sensitive, robust` and selective electrochemical sensor for diazinon. The developed senor 

demonstrated wide linear ranges and low detection limit based on its suggested signal 

measurement in comparison with the other reported electrochemical sensors (Table S2). . In 

addition, the developed sensor utilizes a novel and simple approach towards detection of toxic 

species like diazinon which is not only economically feasible but practical in terms of its 

electrochemical nature. 
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Figures caption 

 

Scheme 1. (A) Synthesis of Au-Pt@BSA-GNRs bi-metallic nanoclusters and (B) preparation of 

the Au-Pt@BSA-GNRs/GCE biosensor. 

Fig. 1 (a) UV-visible spectrum of Au-Pt@BSA (b) Fluorescence spectra of BSA, Pt@BSA, 

Au@BSA, and Au-Pt@BSA; (c) XRD of BSA, synthesized Au@BSA, Pt@BSA and Au-

Pt@BSA; (d) FT-IR spectra of BSA, synthesized Au@BSA, Pt@BSA and Au-Pt@BSA-GNRs. 

Fig. 2 (a) TEM image of Au-Pt@BSA; (b) EDX spectrum of Au-Pt@BSA. 

Fig. 3 (a) CVs of GCE, BSA/GCE, BSA-GNRs/GCE, Au@BSA-GNRs/GCE, Pt@BSA-

GNRs/GCE  and Au-Pt@BSA-GNRs/GCE in 5 m K4[Fe(CN)6]3-/4- in 1.0 M KCl; (b) Nyquist 

plots of prepared electodes, (c) CVs of Au-Pt@BSA-GNRs/GCE at different scan rates from 50 

to 1000 mVs-1 (Insets; plot of I vs. v1/2 and E vs. Log v). 

Fig. 4 (a) SWASVs of unmodified GCE, BSA/GCE, BSA-GNRs/GCE, Pt@BSA-GNRs/GCE, 

Au@BSA-GNRs/GCE, and Au-Pt@BSA-GNRs/GCE in the presence of 6.0 µM diazinon and Au-

Pt@BSA-GNRs/GCE in the absence of the analyte; (b) SWASVs of 5.0 µM diazinon on Au-

Pt@BSA-GNRs/GCE at different pHs from 1 to 8, (c) Plot of pH vs. I of 5.0 µM diazinon on Au-

Pt@BSA-GNRs/GCE; (d) plot of pH vs. E of 5.0 µM diazinon on Au-Pt@BSA-GNRs/GCE; (f) 

effect of the deposition potential on the stripping peak current for 5.0 µM diazinon on Au-

Pt@BSA-GNRs/GCE; and (e) effect of the accumulation time on the stripping peak current for 

5.0 µM diazinon on Au-Pt@BSA-GNRs/GCE. 
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Fig. 5 (a) SWASVs of Au-Pt@BSA-GNRs/GCE at different concentrations of diazinon from 0.01 

to 10.0 and 10 to 170 µM; (b) the corresponding calibration curves.
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Scheme 1 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Table 1. The determination results of diazinon in wastewater, river water, tap water, soil, apple, 

cucumber, carrot, tomato and lettuce samples (n = 3). 
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Samples 
Added 

(µmolL-1) 

Proposed Method  

(µmolL-1) Recovery (%) RP-HPLC/UV* 

Waste water 

1.00 1.02± 0.04 102.0 0.95 ± 0.05 

5.00 4.92 ± 0.12 98.4 4.94 ± 0.09 

10.00 10.11± 0.20 101.1 10.17± 0.21 

River water 

1.00 0.97 ± 0.04 97.0 1.04 ± 0.06 

5.00 4.96 ± 0.11 99.2 4.99 ± 0.08 

10.00 10.14± 0.18 101.4 10.11± 0.14 

Tap water 

1.00 1.02 ± 0.05 102.0 1.03 ± 0.05 

5.00 5.11 ± 0.13 102.2 5.08 ± 0.10 

10.00 9.89 ± 0.24 98.9 9.92 ± 0.14 

Soil 

1.00 1.05 ± 0.03 105.0 0.94 ± 0.07 

5.00 5.20 ± 0.31 104 5.15 ± 0.16 

10.00 9.75± 0.36 97.5 10.09± 0.18 

Apple 

1.00 0.96± 0.06 96.0 0.95± 0.07 

3.00 2.86 ± 0.21 95.3 2.82 ± 0.22 

5.00 5.12± 0.16 102.4 5.17± 0.25 

Cucumber 

1.00 1.04± 0.05 104.0 1.05± 0.08 

3.00 2.89 ± 0.20 96.3 2.93 ± 0.17 

5.00 5.12± 0.15 102.4 4.90± 0.24 

Carrot 

1.00 1.01± 0.05 101.0 1.03± 0.06 

3.00 3.15 ± 0.14 105.0 3.14 ± 0.22 

5.00 4.79± 0.24 95.8 4.88± 0.29 

Tomato 

1.00 1.01± 0.06 101.0 0.96± 0.08 

3.00 3.04 ± 0.08 101.3 3.06 ± 0.06 

5.00 5.24± 0.31 104.8 5.13± 0.26 

Lettuce 

1.00 0.96± 0.05 96.0 1.04± 0.05 

3.00 2.86 ± 0.19 95.3 2.96 ± 0.17 

5.00 5.21± 0.25 104.2 5.19± 0.28 

* Preconcentration onto 5 μm C18-silicaor 7 μm polystyrenedivinyl benzene co-polymer with subsequent 

backflushonto analytical HPLC column. Sample volume up to 300 mL and UV wavelength of determination 254 mn 

[56]. 
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