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Abstract 

Amitrole is a biologically toxic nonselective herbicide which contaminates surface and 

ground waters at unprecedented rates. All reported modified electrodes detect amitrole within 

sub-micromolar to nanomolar levels which were based on the electro-oxidation of amitrole. 

Herein, we developed a new conceptual idea to detect picomolar concentration of amitrole based 

on calcium cross linked pectin stabilized gold nanoparticles (CCLP-GNPs) film modified 

electrode which was prepared by electrodeposition. When the electrochemical behavior of 

amitrole was investigated at CCLP-GNPs film, the reduction peak current of GNPs was linearly 

decreased as the concentration of amitrole increases. We have designed a determination platform 

based on the amitrole dependent decrease of GNPs cathodic peak. The described concept and 

high sensitivity of square wave voltammetry together facilitates great sensing ability; as a result 

the described approach able to reach low detection limit of 36 pM which surpassed the detection 

limits of existing protocols. The sensor presents good ability to determine amitrole in two linear 

concentration ranges: (1) 100 pM–1500 pM with detection limit of 36 pM; (2) 100 nM–1500 nM 

with detection limit of 20 nM. The preparation of CCLP-GNPs is simple, rapid and does not 

require any reducing agents. 

Keywords: Nanobiotechnology, Amitrole, pesticides, electrocatalysis, gold nanoparticles, 

electrochemical sensor. 

 

1. Introduction 

For the past two decades, the use of pesticides has significantly increased in order to 

improve the agricultural productivity; however their residues at higher levels in the surface and 

ground waters cause severe health and environmental related problems
1-3

. Numerous pesticides 

were found to be present at exceeding concentrations in drinking water relative to the limit 

imposed by Environmental Protection Agency (EPA) which is a potential concern to human 

health
4
. Amitrole (3-amino-1,2,4-triazole) (Fig. S1) is a nonselective herbicide used in 

combination with other active agents to control wide range of weeds in agriculture areas. It also 

widely used as industrial herbicide to control weeds grown at roads and railway tracks 
5, 6

. In 

1971, the use of amitrole in food crops is banned by EPA, since it was proved as a carcinogenic 

agent for animals 
7
. It is a potential pollutant to natural water resources due to its high solubility, 

polarity and low volatility in water 
8, 9

. The European Economic Commission (EEC) directive 
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imposed an allowed upper limit of 0.1 μg L
−1 

for amitrole in drinking water. Therefore detection 

of amitrole at this concentration level is incredibly important to regulate amitrole toxicity in 

water resources 
10, 11

. Various analytical methods such as liquid chromatography 
10, 12

, high 

performance liquid chromatography 
5, 13

, gas chromatography 
14, 15

, thin-layer chromatography 
16

 

and capillary electrophoreses 
17

 have been developed for the determination of amitrole. However, 

these methods encountered difficulties due to the unfavorable properties of amitrole, such as high 

solubility in water, high polarity, low volatility, difficulty in extraction and preconcentration 

from aqueous samples, and poor solubility in organic solvents 
10, 18

. On the other hand, 

electrochemical methods were proved to be more reliable and cost-effective for the 

determination of amitrole 
19

. In relative to other methods, electrochemical methods have good 

advantages in terms of simplicity, direct use in point-of-care assays, simplicity and portability. 

However, electrochemical detection of amitrole at conventional bare electrodes suffers from 

drawbacks such as high overpotential and electrode fouling. These limitations can be 

overwhelmed by employing chemically modified electrodes, such as nafion/lead–ruthenium 

oxide pyrochlore 
20

, pre-anodized nontronite coated screen-printed electrode 
21

, 

electrochemically activated multiwalled carbon nanotubes (MWCNTs) paste electrode 
7
, ds-

DNA decorated chitosan/MWCNTs 
19

, cobalt-phthalocyanine 
18

 , nickel nanoparticles 
22

. 

Nyokong et al., have developed numerous phthalocyanine based modified electrodes for the 

determination of amitrole
8, 11, 23-25

. 

All these reports were based on direct electrochemical oxidation of amitrole at chemically 

modified electrodes. Despite their appreciable sensing performances, the limits of detections 

(LOD) are within sub-micromolar to nanomolar level. The state-of-the-art in amitrole detection 

is clearly indicating that one could not reach LOD less than nanomolar by studying the direct 

oxidation of amitrole. In other words, different approach should be developed to drive the LOD 

beyond nanomolar range. By keeping this requirement as objective, we have developed a new 

sensing approach based on calcium cross linked pectin (CCLP) stabilized gold nanoparticles 

(GNPs) for the ultrasensitive detection of amitrole. The conceptual idea of this work is to study 

the amitrole concentration dependent cathodic peak current of GNPs. The described approach 

detects picomolar concentration of amitrole with LOD of 36 pM which surpassed the LODs of 

existing methods. Pectin (polygalacturonic acid) is a naturally occurring biopolymer present at 

the cell walls of plants, while CCLP is a gel prepared by mixing pectin with calcium ions 
26

. The 
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CCLP was employed as scaffold to prepare stable GNPs on glassy carbon electrode surface 

(GCE) through simple and rapid electrodeposition process
27

. The preparation of the CCLP-GNPs 

involves short time, simple and easily reproducible procedures and does not require hazardous 

reducing agents. The main aim of this work is to explore a new electrochemical approach for the 

ultra-sensitive detection of amitrole. 

2. Experimental 

2.1 Reagents and apparatus 

Pectin (from citrus peel), calcium chloride, HAuCl4 and all other chemicals were 

purchased from Sigma-Aldrich and used without any purification. The supporting electrolyte 

used for the electrochemical studies was 0.05 M phosphate buffer. The GCE surface was 

polished with 0.05 µm alumina slurry using a Buehler polishing kit, then washed with water and 

dried at ambient conditions. The pre-cleaned GCE was employed for the electrodeposition of 

CCLP stabilized GNPs.  

The electrochemical measurements were carried out using CHI 611A electrochemical 

work station. Electrochemical studies were performed in a conventional three electrode cell 

using modified GCE as a working electrode (area 0.071 cm
2
), saturated Ag|AgCl (saturated KCl) 

as a reference electrode and Pt wire as a counter electrode. Scanning electron microscopy (SEM) 

studies and Energy-dispersive X-ray (EDX) spectra were carried out using Hitachi S-3000 H 

scanning electron microscope and HORIBA EMAX X-ACT (Sensor + 24V=16 W, resolution at 

5.9 keV) respectively. The UV–Visible absorption spectroscopic measurements were performed 

using Hitachi U-3300 spectrophotometer (EquipNet, Inc., USA). Powder X-ray diffraction 

(XRD) studies were performed in a XPERT-PRO (PANalytical B.V., The Netherlands) 

diffractometer using Cu Kα radiation (k =1.54 Å). Electrochemical impedance spectroscopy 

(EIS) studies were carried out using EIM6ex ZAHNER (Kroanch, Germany). 

2.2 Electrodeposition of CCLP stabilized GNPs on GCE 

 CCLP stabilized GNPs were electrodeposited on GCE surface by following our 

previously reported procedure 
27

. Briefly, 10 mg of calcium chloride dihydrate and 5 mg of 

pectin were added to 5 ml of 0.1 M KNO3 and ultrasonicated for 15 min to get a uniform gel 
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denoted as CCLP. The as-prepared CCLP (3 mg mL
-1

) and HAuCl4 (0.33 mg mL
-1

) were mixed 

and ultrasonicated for 15 min and transferred to an electrochemical cell. The electrodeposition 

was carried out by recording cyclic voltammetry at the potential range between 1.40 V and – 

1.40 V for 10 cycles. The scan rate was applied as 50 mV s
-1

. After the completion of 

electrodeposition, the CCLP stabilized GNPs (CCLP-GNPs) film modified GCE was washed 

with water and dried at ambient conditions. A cleaning procedure is employed to carry out 

repeatability and stability studies. Before making a new detection on the same electrode, the 

electrode was cleaned by running five consecutive cyclic voltammogram at the potential range of 

−1.0 to 1.0 V in 0.1 M H2SO4. Subsequently, the electrode was rinsed with water and used for 

new detection. 
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Fig. 1 (A) Electrodeposition of CCLP stabilized GNPs on GCE in 0.1 M HCl containing CCLP-

HAuCl4 for 6 cycles. Scan rate = 25 mV s
-1

. Inset: Optimization of number of cycles for 
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electrodeposition. SEM image (B) of CCLP-GNPs, inset: particle size distribution plot. EDX 

spectrum (C) of CCLP-GNPs.  

3. Results and Discussion 

3.1 Characterization of CCLP-GNPs 

 Fig. 1A presents the cyclic voltammograms (CVs) recorded for the electrodeposition of 

CCLP-GNPs. A sharp reduction peak observed at the potential of + 0.51 V was assigned to the 

reduction of GNPs, while a broad peak observed at + 1.0 V was assigned to the oxidation of 

GNPs. Additionally, typical hydrogen evolution peak was observed at – 0.85 V in the forward 

scan. During continuous cycling, the growth of reduction and oxidation peak currents validated 

the successful formation of GNPs 
28

. The optimum amount of GNPs required to obtain maximum 

electrocatalysis had been optimized by tuning the number of deposition cycles; the oxidation of 

amitrole at CCLP-GNPs/GCE was tested at different electrodeposition cycles ranging from 1 to 

8 (Inset to Fig. 1A). The maximum response was observed at 6 cycles and hence 6 cycles was 

used as optimized cycles for electrodeposition of CCLP-GNPs. 

The SEM image of CCLP-GNPs depicts uniform decoration of GNPs within the 

interconnected network of CCLP (Fig. 1B). The nanoparticles sizes are ranging from 15 to 50 

nm evident from the particle size distribution plot (inset to Fig. 1B). The EDX spectrum of 

CCLP-GNPs presents signals for carbon, oxygen, calcium and gold with weight percentage of 

15.10, 35.12, 16.08 and 33.70%, respectively (Fig. 1C). The presence of high weight percentage 

of gold indicates the high loading of GNPs into the CCLP matrix. The UV-Visible spectrum of 

CCLP-GNPs featured with a typical absorption peak at the wavelength of 560 nm evident for the 

successful formation of GNPs
29

 (Fig. S2A). The XRD pattern of the CCLP-GNPs displays four 

important diffraction peaks at 2θ angles of 38.72°, 44.52°, 64.64° and 77.95° assigned to (111), 

(200), (220) and (311) reflections, respectively and the pattern is consistent with that of face-

centered cubic structure of metallic GNPs (JCPDS, card no. 04-0784) (Fig. S2B). 
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Fig. 2 (A) CVs obtained at bare GCE in the absence (a) and presence of 100 µM amitrole (b) and   

CVs obtained at CCLP-GNPs in the absence (c) and presence of 100 µM amitrole (d) in 

phosphate buffer (pH 7) at the scan rate of 50 mVs
-1

. (B) CVs obtained at CCLP-GNPs in the 

absence (a) and presence of amitrole with the concentration ranging from 10 µM to 100 µM (b-

k). Inset: Plot of Ipc vs. [Amitrole]. 

3.2 Electrochemical detection of amitrole 
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 The electrochemically active real surface areas of GCE and CCLP-GNPs/GCE were 

assessed using K3[Fe(CN)6] as a model redox mediator, while  Randles–Sevcik equation was 

used to calculate the areas
30

. The electrochemically active surface areas of GCE and CCLP-

GNPs/GCE were calculated to be 0.079 cm
2
 and 0.141 cm

2
 respectively. The real area of the 

CCLP-GNPs/GCE is nearly twice that of GCE which might be due to the large surface, porosity 

and presence of surface roughness. Fig. 2A displays the CVs obtained at bare GCE and CCLP-

GNPs/GCE in the absence and presence of amitrole. The CVs were carried out in phosphate 

buffer (pH 7) at the scan rate of 50 mV s
-1

. Bare GCE exhibits sluggish electrocatalytic ability to 

amitrole; it showed broad anodic peak at large overpotential (+ 1.10 V) for the oxidation of 

amitrole. Comparatively, the CCLP-GNPs/GCE exhibits good electrocatalytic ability evident 

from the observation of anodic peak at + 0.90 V (onset potential ≈ 0.58 V). As the concentration 

of amitrole increases, the peak current corresponding to oxidation of amitrole was increased; 

however, at high concentrations it was almost disappeared and a hump like broad peak was 

obtained at 1.0 V (Fig. 2B). As mentioned in the introduction section, although the direct 

oxidation of amitrole is well-established for the determination of amitrole, it grants poor LODs 
7, 

8
. Interestingly, the peak current responsible for the reduction of GNPs (Ipc) observed at + 0.51 V 

(explained in section 3.1) is significantly decreased in the reverse scan. The interesting aspect is 

the linear decrease in Ipc with respect to the concentration of amitrole which must be due to 

adsorption of amitrole on GNPs (inset to Fig. 2B). The adsorptions of amitrole on the gold 

nanoparticles take place by self-assembly through the special affinity between amines (present 

on the amitrole) and GNPs. The time required to the amitrole adsorption was optimized. The 

adsorption was tested for the time duration of 1 min, 2 min, 3 min and 4 min; the optimum 

adsorption was obtained at 2 min and therefore we used 2 min interval between each analysis. 

The stability of Ipc in the absence of amitrole was investigated in order to support our claim. 250 

continuous CVs were performed at CCLP-GNPs in phosphate buffer (pH 7) in the absence of 

amitrole. The initial Ipc is almost retained even after 250 consecutive CVs with only 5.3% 

decrease. Accordingly, we confirmed that the Ipc is stable in the absence of amitrole; while 

linearly decreases as concentration of amitrole increases. 
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Fig. 3 (A) SEM image of CCLP-GNPs in the presence of 2 mM of amitrole, inset: particle size 

distribution plot. (B) UV-Vis spectrum and XRD pattern of CCLP-GNPs/GCE in the absence (a) 

and presence of 2 mM amitrole (b). (D) EIS spectra of CCLP- GNPs in the absence (a) and 

presence of 10 µM (b), 100 µM (c) and 500 µM (d) amitrole. 

In order to investigate the reason for decrease in Ipc, we have carried out SEM, UV-vis 

spectra, EIS and XRD pattern of CCLP-GNPs in the absence and presence of amitrole (Fig. 3). 

The SEM images of CCLP-GNPs in the absence (Fig. 1B) and presence of amitrole (Fig. 3A) are 

different. In the presence of amitrole (100 µM), the morphology of CCLP-GNPs shows spherical 

shaped particles with more uniformity. Notably, the particle sizes were significantly decreased 

after the adsorption of amitrole as represented by the particles size distribution plot (inset to Fig. 

3A). Here, the primary amino group present in the amitrole has special affinity to the GNPs 

which leading to the self-assembly of amitrole on the gold nanoparticles27, 31-33 (scheme 1). The 

remaining triazo–electron centers of neighboring adsorbed amitrole molecules may experience 
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repulsive forces due to the lone pair-lone pair repulsion and this repulsive force may prevent the 

aggregation of GNPs and hence the GNPs size decreases (scheme 1). The UV-Visible 

spectroscopy (Fig. S2A and Fig. 3B) and XRD studies (Fig. S2B and Fig. 3C) were also 

supported for the particles size decrease in the presence of amitrole. 

Furthermore, we have carried out EIS studies in the presence of different concentration of 

amitrole (Fig. 3D). The electron transfer resistance (Rct) at electrode surface is equal to the 

semicircle diameter, which can be used to describe the interface properties of the electrode. As 

observed from figure, the diameter of semicircle increased when concentration of amitrole was 

linearly increased as the concentration of amitrole increases (a= 0, b=10, c=100 and d= 500 µM). 

It is well known fact that most organic molecules such as amitrole are poor electrical conductor. 

Hence, the linear increase in Rct should be due to the electron transfer hindrance by the 

adsorption of amitrole molecules on the CCLP-GNPs surface. Based on the above results, a 

plausible mechanism has been derived and given as scheme 1. 

 

Scheme 1. Possible mechanistic pathway for the determination of amitrole through GNPs size 

induced oxidation. 
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Fig. 4 (A) SWVs obtained at CCLP-GNPs/GCE in the absence (a) and presence of amitrole 

ranging from 100 nM to 1500 nM (b to p; each addition of 100 nM) in phosphate buffer (pH 7). 

Inset: Calibration plot, [Amitrole] vs. peak current, Ip (µA) = – 5.50 [amitrole] (nA/pM) + 24.93. 

(B) SWVs obtained at CCLP-GNPs/GCE in the absence (a) and presence of amitrole ranging 

from 100 pM to 1500 pM (b-p; each addition 100 pM) in phosphate buffer (pH 7). Inset: 

Calibration plot, [Amitrole] vs. peak current; Ip (µA) = – 0.0071 [amitrole] (µA/nM) + 20.985. 
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3.3 Determination of amitrole by square wave voltammetry 

Fig. 4A presents the square wave voltammograms (SWVs) obtained at CCLP-

GNPs/GCE in the absence (curve a) and presence of amitrole (each addition of 100 pM; b to p, 

100 pM to 1500 pM) in phosphate buffer (pH 7). The SWV records sensitive responses to the 

each addition of amitrole with an obvious decrease in the Ipc. A linear calibration plot between Ipc 

and [amitrole] exhibits good linearity with slope of – 5.50 nA/pM (inset to Fig. 4A). The 

working linear range and sensitivity of the sensor were estimated to be 100 pM–1500 pM and 

77.46 nApM
-1

 cm
-2

,
 
respectively. The LOD value was calculated to be 36 pM (S/N=3). Another 

linear range was observed at higher concentration range from 100 nM–1500 nM (Fig. 4B). The 

linear range and sensitivity of the second range was estimated to be 100 nM–1500 nM and 100 

nA nM
-1

 cm
-2

 (inset to Fig. 4B). The LOD at this linear range was calculated to be 20 nM 

(S/N=3). Here, the sensitivity observed at the higher concentration range (inset to Fig. 4B) is 

relatively lower than that observed at lower concentration range (inset to Fig. 4A) which should 

be due to the occurrence of substrate inhibition effects at higher concentration of amitrole.
34

 The 

important analytical parameters of the sensor, such as LOD, linear range and sensitivity have 

been compared with previous reports (Table 1). As shown in the table, generally all the reported 

modified electrodes able to detect micromolar concentration of amitrole; only carbon paste 

electrode modified with iron phthalocyanine nanoparticles shows low LOD (≈3.62 nM). 

However, our newly developed approach exhibits LOD of 36 pM which is significantly lower 

than the previously published reports. Therefore, we strongly believe that the proposed approach 

is a promising way to direct the amitrole sensor design into new route aiming towards real-time 

ultrasensitive detection of amitrole. 

Table 1. Comparison of analytical parameters for the determination of amitrole at CCLP-GNPs 

film modified electrode with other films modified electrodes 

 

Electrode Method LOD Linear range Sensitivity Ref. 

a
MWCNT paste electrode 

g
ASV 0.6 µM 0.8–7 .0 µM - 

7
 

b
FeTAPc/BPPGE-MWCNT 

h
CA 0.5 nM – 8.80 μA nM

−1
 

11
 

c
CoTCPc–EA–SWCNT CA 0.1 µM 10–160 µM 0.76 A M cm

−2
 

24
 

d
CoTOBPc–SWCNT  CA – 1.0–30µM 1.13 A M cm

−2
 

25
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e
FePc-CPE CA 3.62±0.11nM 1–12 nM 3.44µA nM

−1
 

8
 

f
FeTAPc-SWCNT dendrimer CA 0.215 µM 63–100 µM 0.6603 µA µM

−1
 

23
 

Nafion/lead–ruthenium oxide 

pyrochlore 

i
SWV 0.38 µM 30–250 µM 0.073 µA µM

−1
 

20
 

CCLP-GNPs SWV 36 pM; 

20 nM 

100–1500 pM,  

100–1500 nM 

0.075 µApM
-1 

cm
-2

 

0.1 µAnM
-1

cm
-2 

This 

work 

 

a
MWCNT= multiwalled carbon nanotubes, 

b
FeTAPc/BPPGE-MWCNT= iron(II) tetra-

aminophthalocyanine/basal planepyrolytic graphite electrode-MWCNT, 
c
CoTCPc–EA–

SWCNT= cobalt (II) tetracarboxylphthalocyanine-ethylene amine- single-walled carbon 

nanotubes, 
d
CoTOBPc–SWCNT= 2,(3)-tetra-(4-oxo-benzamide)phthalocyaninato cobalt (II)–

single walled carbon nanotube, 
e
FePc-CPE= Iron (II) phthalocyanine nanoparticles-carbon paste 

electrode, fFeTAPc-SWCNT= Iron (II) tetraaminophthalocyanine-single walled carbon nanotube, 

g
ASV=Adsorptive Stripping Voltammetry, 

h
CA=Chronoamperometry, 

i
SWV= Square Wave 

voltammetry. 

 Selectivity of the described sensor to the determination of amitrole (500 pM) has been 

investigated in the presence of variety of likely interferences. 1000 folds excess concentration 

(500 nM) of Na
+
, K

+
, Ca

2+
, Mg

2+
, Ba

2+
, Fe

2+
, Co

2+
, Ni

2+
, F

-
, Cl

-
, Br

-
, I

-
 and (COO)2

2-
 and 100 

folds excess concentration (50 nM) of trazine, atraton, 2-hydroxy atrazine and ametryn were 

tested (Fig. S3). The aforementioned species unable to follow the novel pathway specially 

designed for the determination of amitrole and hence they don’t have any detectable signals (less 

than 5%) at CCLP-GNPs/GCE. Therefore, we infer that CCLP-GNPs/GCE has the ability to 

selectivity detect amitrole through the proposed mechanistic pathway. 

3.4 Stability, repeatability, reproducibility and practicality 

The stability of the modified electrode to detect amitrole has been tested by monitoring 

the Ipc of the CCLP-GNPs/GCE in the presence of amitrole (500 pM). Only 7.58% of the initial 

Ipc was decreased even after 100 CV cycles indicating the stable response of the CCLP-

GNPs/GCE. In order to determine storage stability of the electrode, the Ipc obtained responsibe 

for amitrole (500 pM) was recorded every day. The electrode was stored in at 4°C when not in 
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use. Even after one month stroge period, the electrode presents well defined response to detect 

amitrole  without any shift in the peak potential. 94.82% of the initial Ip was retained over one 

month storage validated appreciable storage stability. Repeatability and reproducibility of the 

CCLP-GNPs/GCE were evaluated in phosphate buffer (pH 7) containing amitrole (500 pM). The 

sensor exhibits appreciable repeatability with relative standard deviation (R.S.D) of 3.64% for 5 

repeatitive measurements carried out using single CCLP-GNPs/GCE. Additionaly, the sensor 

exhibits acceptable reproducibility of 3.44% for the five independent measurements carried out 

in five different electrodes. In order to evaluate practicality of the sensor, water samples such as 

tap water, river water were employed. The spiked amitrole concentrations are, 100 and 200 pM. 

As shown in table S1, the proposed method has shown good recoveries ranging from 97.5 to 

103.3% for the detection of amitrole revealing the practical feasibility of the described approach. 

 

4. Conclusions 

 In summary, we set-up a ultrasensitive electrochemical platform for the determination of 

picomolar concentration of amitrole at CCLP-GNPs film. A new conceptual idea to study the 

concentration dependent cathodic peak of GNPs rather than direct oxidation of amitrole was 

proposed and studied. The possible mechanism for the decrease of Ipc in the presence of amitrole 

was derived and investigated by various methods. Using SWVs, the sensor exhibited outstanding 

sensing ability to determine amitrole in two ranges: (1) 100 pM–1500 pM with LOD of 36 pM; 

(2) 100 nM–1500 nM with LOD of 20 nM. The achieved LOD (≈36 pM) surpassed the LODs of 

existing methods. The practical feasibility of the sensor was demonstrated in water samples. The 

excellent attributes of the proposed approach holds great promise to direct amitrole sensor design 

into new pathway for the real-time detection of amitrole. 
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