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ABSTRACT 

A direct competitive immunosensor for the electrochemical determination of 

Imidacloprid (IMD) pesticide on gold nanoparticle-modified screen-printed carbon 

electrodes (AuNP-SPCE) is here reported for the first time. Self-obtained specific 

monoclonal antibodies are immobilized on the AuNP-SPCE taking advantage of the 

AuNPs biofunctionalization abilities. In our biosensor design, free IMD in the sample 

competes with IMD conjugated with horseradish peroxidase (IMD-HRP) for the 

recognition by the antibodies. After that, 3,3′,5,5′-Tetramethylbenzidine (TMB) is 

enzymatically oxidized by HRP, followed by the oxidized TMB reduction back at the 

surface of the SPCE. This process gives an associated catalytic current (analytical 

signal) that is inversely proportional to the IMD amount. The main parameters affecting 

the analytical signal have been optimized, reaching a good precision (repeatability with 

a RSD of 6%), accuracy (relative error of 6%), stability (up to one month), selectivity 

and an excellent limit of detection (LOD of 22 pmol L
-1

), below the maximum levels 

allowed by the legislation, with a wide response range (50 – 10000 pmol L
-1

). The 

detection through antibodies also allows to have an excellent selectivity against other 

pesticides potentially present in real samples. Low matrix effects were found when 

analysisng IMD in tap water and watermelon samples. The electrochemical 

immunosensor was also validated with HPLC-MS/MS, the reference method used in 

official laboratories for IMD analysis, through statistical tests. Our findings make the 

electrochemical immunosensor as an outstanding method for the rapid and sensitive 

determination of IMD at the point-of-use. 
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1. INTRODUCTION 

According to the World Health Organization (WHO), more than 200 diseases are 

produced by the contamination of food, either by microbiological or chemical agents 

[1]. Therefore, it is necessary to keep a strict food control to ensure food safety. 

Pesticides are among the most toxic chemical agents for any living being that can cause 

cancer, problems in the reproductive and central nervous systems and finally death due 

to the continuous exposure. Most exposed people are the agricultural workers and also 

the consumers of fruits and vegetables, so exhaustive controls of pesticides must be 

carried in such samples, as well as in wastewater.  

The official methods for the determination of pesticides are usually based on 

chromatographic techniques such as high-performance liquid chromatography-mass 

spectrometry-mass spectrometry (HPLC-MS/MS) and gas chromatography–mass 

spectrometry-mass spectrometry (CG-MS/MS) [2–5]. To perform these analyses, 

specialized personnel is needed, requiring long procedures, as well as a large volume of 

reagents with a high cost. In this context, point-of-care (POC) biosensors have emerged 

to overcome such limitations. In particular, electrochemistry is being increasingly used 

to determine pesticides (imidacloprid, acetamiprid, thiamethoxan, parathion, etc.) [6–9] 

and heavy metals (mercury, lead, cadmium, chromium, etc.) [10–15]. These compounds 

can be directly measured through red-ox processes [9,16–18] but biosensors using 

enzymes or monoclonal antibodies have emerged as advantageous alternatives with 

improved sensitivity and selectivity [19–21]. Competitive biosensors [22] are of special 

relevance here, since the small size of the pesticide molecules usually makes difficult to 

perform typical sandwich assays. 
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 The main advantages of such electrochemical biosensors are related to the low cost of 

instruments and analysis, low volume of reagents and samples, portability, simplicity 

and high sensitivity [23,24]. 

Currently, the most used electrochemical platforms are screen-printed carbon electrodes 

(SPCE) [25]. These are small devices that contain an electrochemical cell made by a 

reference electrode, a working electrode and a counter electrode. The SPCEs have an 

easily modifiable carbon working electrode in which metallic nanoparticles such as Ni 

[7,26], Cu [27–29], Pt [30,31], Au [32–34], bi-metallic nanoparticles [35–38], 

nanowires [39], nanotubes [40] or graphene oxide [19,41] can be deposited, increasing 

the electroactive surface and catalysing redox reactions. In particular, gold nanoparticles 

(AuNP) are the most widely used ones, since they increase the effectiveness of the 

immobilization of recognition elements such as antibodies and enzymes, as well as 

facilitate the electronic transfer between the biomaterial and the electrode. 

In this scenario, we have developed a direct competitive immunosensor for Imidacloprid 

(IMD) pesticide on AuNP-modified SPCEs. IMD is a pesticide belonging the 

neonicotinoid family widely used as a neuroactive insecticide for the control of pests, 

seed treatment and as a systemic insecticide, having a long residual effect on the soil 

[42]. Such pesticide is a relevant target, since it can cause the syndrome called Colonial 

Collapse Disorder (CCD) [43,44] in colonies of bees. The disappearance of bees leads 

to an important environmental problem reducing pollination and thereby decreasing the 

diversity of flora and plant species. Moreover, it is also classified as a probable 

carcinogen by the Environmental Protection Agency (EPA) [45,46]. Maximum Residue 

Limits (MRLs) are established for food, for human and animal consumption, that are 

exposed to pesticides, which in the European Union are 0.5 μg L
-1

 for total pesticides 

and 0.1 μg L
-1

 for each individual pesticide [47,48]. This legislation is a requirement for 
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the commercialization of the raw material and its products. Therefore, very sensitive 

methods for IMD detection are strongly required. 

In our particular approach, a competitive direct assay between free IMD and IMD 

labelled with horseradish peroxidase (HRP) enzyme is performed. Such direct format 

presents clear advantages compared with indirect assays [49], avoiding the use of 

secondary antibodies and leading to a faster and cheaper methodology suitable for in 

field analysis. 

 

2. EXPERIMENTAL SECTION 

2.1.  Materials 

Imidacloprid PESTANAL
®

 (IMD), Glyphosate PESTANAL® (GLY), Parathion 

PESTANAL® (PAR), Thiamethoxam PESTANAL® (THIA), Carbendazim 

PESTANAL® (CARB), Phosphate buffered saline (PBS) 10 mmol L
-1

 pH 7.4, Bovine 

Serum Albumin fraction V (BSA), anti-mouse IgG (produced in goat), 3,3’,5,5’ 

tetramethylbenzidine (TMB) and potassium hexacyanoferrate (III) were purchased from 

Sigma-Aldrich (Spain). Permethrin (PERM) was provided by LGC Standars (Spain). 

Monoclonal antibody to IMD (mAb-IMD) and horseradish peroxidase conjugated to 

IMD (IMD-HRP) were kindly provided by the University of Valencia and IATA-CSIC 

(Valencia, Spain). Gold-standard solution (HAuCl4. 3H2O in 12.7 % HCl) and 

Hydrochloric Acid 25 % (HCl) were obtained from Merck (Spain). WAT020515 - Sep-

Pak C18 Plus Short Cartridge was provided by Waters (Spain). Imidacloprid ELISA 

detection kit was purchased from Abraxis (USA). Ultrapure water obtained with a EMD 

Millipore™ Direct-Q5™ purification system from Millipore Ibérica SA. (Madrid, 

Spain) was used throughout this work. All chemicals employed are of analytical reagent 

https://www.waters.com/1/1/10970-wat020515-sep-pak-c18-plus-short-cartridge-360-mg-sorbent-per-cartridge-55-105-%CE%BCm-particle-size-50-pk.html
https://www.waters.com/1/1/10970-wat020515-sep-pak-c18-plus-short-cartridge-360-mg-sorbent-per-cartridge-55-105-%CE%BCm-particle-size-50-pk.html
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grade. Working solutions of mAb-IMD and IMD-HRP were daily prepared in 10 mmol 

L
-1

 pH 7.4 PBS buffer. 

HPLC-MS/MS experiments for the determination of IMD were carried out using a 

liquid chromatograph model 1260 Infinity from Agilent (Germany) coupled to a triple 

quadrupole mass spectrometer model 6460 also from Agilent (Germany). The mobile 

phases were (A) water/methanol (80 : 20) with 5 mmol L
-1

 ammonium acetate and (B) 

acetonitrile with 5 mmol L
-1

 ammonium acetate.  

Screen-printed carbon electrodes (SPCEs) (carbon working and counter electrodes and a 

silver/silver chloride quasi-reference electrode) (ref. DRP-110) were purchased from 

Dropsens (Spain). Electrochemical measurements were performed at room temperature 

using a potentiostat/galvanostat μAutolab Type II from Ecochemie (The Netherlands). 

A JEOL 6610LV scanning electron microscope was used to characterize the sensor 

surface. 

 

2.2. Methods 

2.2.1. Direct competitive immunoassay 

AuNPs were generated following a previously reported protocol [11][32], consisting in 

applying a constant current (-100 µA) for 180 s in a solution of 1 mmol L
-1

 

HAuCl4·3H2O in HCl 0.1 mol L
-1

. In this way, a homogeneous distribution of AuNPs of 

16 ± 3 nm electrodeposited on the working area of the SPCE electrode is obtained, as 

expected (Figure 1). Then, the electrodes were washed with ultrapure water and stored 

at 4°C before further use. 
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Figure 1. SEM images and histogram plot of the size distribution of AuNPs 

electrodeposited on the working area of the SPCE electrode. 

 

The effect of the AuNPs on the electroactive area of the electrode was also studied (see 

S1 at the supporting information). As expected, we found an  increase in the 

electroactive area from 6.63 ± 0.36 mm2 (unmodified electrodes) to 7.70 ± 0.22 mm2 

(AuNP-modified electrodes) that may lead to a slight improve in the sensor response 

The scheme of the direct competitive immunoassay is presented in Figure 2. 10 µL of 6 

µg mL
-1

 mAb-IMD solution in 10 mmol L
-1

 PBS (pH 7.4) were dropped on the surface 

of the AuNP-modified working electrode and incubated at 4 ºC overnight. After 

washing with water, 40 µL of 1% BSA were dropped on the electrode and incubated for 

40 min to block the surface and avoid unspecific absorptions. 10 µL of sample or free 

IMD at different concentrations in 10 mmol L
-1

 PBS (pH 7.4) were dropped and left 

there for 1 h, before washing. Then, 10 µL of 3 µg mL
-1

 IMD-HRP solution were added 

and incubated for 1 h.  
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Figure 2. Scheme of the direct competitive immunosensor for the detection of IMD on 

AuNP-SPCE using monoclonal antibodies. 

 

2.2.2. Electrochemical detection  

The enzymatic reaction was carried out by placing 40 µL of TMB solution and 

incubating for 1 min. Chronoamperometric detection was performed applying a constant 

potential of -0.2 V during 60 s, recording the current associated to the oxidized TMB 

reduction process [50,51]. The analytical signal was the absolute value of the current 

recorded at 60 s.  All measurements were done by triplicate. For the optimization 

studies shown at section 3.1, the variation of the signal to noise ratio (S/N) under 

different conditions was evaluated. A new electrode/immunosensor was used for each 

measurement, which avoids fouling, unspecific adsorptions and leaching of reagents. 
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2.2.3. Real samples preparation 

Watermelons and tomatoes were bought from a local supermarket. Samples from such 

vegetables were ground and spiked with IMD standards. After that, the samples were 

filtered with a HyperSep C18 cartridge (Thermo Scientific, Spain) before the 

immunoassay. The water sample was obtained from the laboratory tap and directly 

spiked with IMD. 

 

3. RESULTS AND DISCUSSION 

3.1. Optimization of the main parameters affecting the analytical signal 

The main paramaters affecting the analytical signal, such as the enzymatic reaction 

time, the monoclonal antibody (mAb-IMD) concentration, the IMD-HRP conjugate 

concentration and the blocking of the electrode for avoiding unspecific adsoprtions were 

optimized. 

The effect of the enzymatic reaction time (in the range 0-15 min) on the signal/noise 

ratio (S/N) was evaluated fixing 10 µg mL
-1

 of mAb-IMD (immobilized on the 

electrode overnight at 4 °C) and 1 µg mL
-1

 of IMD-HRP (1 h of reaction). The results 

shown in Figure 3A suggest that the highest S/N ratio is obtained for 1 min of reaction, 

with an acceptable standard deviation. Thus, that time was selected as optimum for the 

sensor development.  

Regarding the monoclonal antibody (mAb-IMD) concentration, antibody from different 

solutions (from 0 to 9 µg mL
-1

) was immobilized on the electrode (overnight at 4 °C) so 

as to evaluate the optimum mAb-IMD concentration. IMD-HRP concentration was 

fixed at 1 µg mL
-1

 (1 h of reaction). At Figure 3B, it can be observed that S/N ratio 
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increases with the mAb-IMD concentration, reaching saturation of the electrode for 6 

µg mL
-1

, which is selected as the optimum for the immunosensor development. 

The concentration of the enzyme-conjugated analyte (IMD-HRP) is also a key 

parameter in the development of a competitive immunoassay. Different concentrations 

of IMD-HRP in the range 0 to 15 µg mL
-1

 were evaluated, fixing the rest of parameters 

at the optimized levels. As shown in Figure 3C the minimum concentration of 

conjugate giving the maximum S/N ratio corresponds to 3 µg mL
-1

, so it was chosen as 

optimum for the competitive assay.  

Finally, the need and conditions of the blocking of the electrode surface with BSA for 

avoiding unspecific absorptions was also evaluated. The responses of electrodes 

modified with the specific antibody to IMD (mAb-IMD) were compared with those of 

electrodes modified with an unspecific antibody (anti mouse IgG) for different amounts 

of BSA under the optimized IMD biosensing conditions. In Figure 3D, it is observed 

that significant unspecific absorptions are obtained in the absence of BSA while 1% of 

BSA is enough for reducing those negative effects without affecting the specific signal. 

In view of these results, 1% BSA was selected as optimum for the sensor development. 
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Figure 3. Results of the optimization of the main parameters affecting the analytical 

signal: (A) enzymatic reaction time, (B) mAb-IMD concentration, (C) IMD-HRP 

concentration and (D) BSA concentration. 

 

3.2. Imidacloprid detection in standard solutions: comparison with standard 

methods 

The optimized competitive immunoassay was applied for the detection of IMD from 

standard solutions in the range 50-20000 pmol L
-1

. Increasing concentrations of IMD 

lead to a decrease in the absolute value of the cathodic current corresponding to the 

TMB reduction process, as displayed in Figure 4A. Plotting the analytical signal 

(absolute value of the current generated at 60 s) vs the IMD concentration, a logarithmic 

relationship in the range 50-10000 pmol L
-1

 is found (Figure 4B), and it can be adjusted 

to the following equation: 

𝐼(µ𝐴) =  −0.822 𝐿𝑛 [𝐼𝑀𝐷](𝑝𝑚𝑜𝑙 𝐿−1) + 8.673                 𝑟 = 0.997  
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The limit of detection, calculated as three times the deviation of the blank divided by the 

slope of the calibration plot, was 22 pmol L
-1

 of IMD, which is below the maximum 

levels allowed by the legislation (391 pmol L
-1

 for the individual pesticides). The good 

precision of the method was demonstrated comparing the calibration plots of three 

assays performed in different days (repeatability), which gives a relative standard 

deviation (RSD) of 6%. 

 

Figure 4. A) Chronoamperograms recorded by applying a potential of -0.2 V for 60 s, 

after the direct competitive assay performed for increasing concentrations of IMD (a) 50 

pmol L
-1

, b) 100 pmol L
-1

, c) 250 pmol L
-1

, d) 500 pmol L
-1

, e) 750 pmol L
-1

, f) 1000 

pmol L
-1

, g) 5000 pmol L
-1

, h) 10000 pmol L
-1

). (B) Relationship between the analytical 

signal (current recorded at 60 s) and the logarithm of the IMD concentration. 

 

The accuracy of the method was estimated in terms of % of relative error for 750 pmol  

L
-1

, considering that: 

% 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑟𝑟𝑜𝑟 =  
𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
 𝑥 100 

According to the equation of the calibration plot, an experimental IMD concentration of 

795 pmol  L
-1

 is estimated when a concentration of  750 pmol  L
-1

 is analysed. From 

these data, a 6 % of relative error is calculated, which evidences the good accuracy of 

our method. 
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The performance of the biosensor was also compared with that of HPLC-MS/MS and 

ELISA analysis.  As summarized in Table 1, our system shows a lower detection limit 

and a wider linear range compared with such well-stablished methods, being our 

methodology faster, simpler and cheaper.  

Table 1. Comparative summary of the analytical performance of standard methods for 

IMD detection and the electrochemical immunosensor developed in this work. 

Technique Linear Range (pmol L
-1

) LOD (pmol L
-1

) 

HPLC-MS/MS 391-15646 117 

ELISA kit 293-4694 235 

AuNP-SPCE immunosensor 

(this work) 
50-10000 22 

 

Moreover, such performance is better than that reported for alternative electrochemical 

methods for pesticide analysis based on direct detection and enzymatic inhibition 

(Table 2), having our approach also clear advantages in terms of selectivity and 

time/cost of analysis respectively. Comparing with our previous work based on an 

indirect immunosensor [49], the direct format  presents clear advantages in terms of 

time and cost of analysis, since we avoid the use of secondary antibodies. Moreover, the 

increase in the electroactive area of the working electrode by the AuNPs modification 

may also contribute to the improvement in the limit of detection calculated. The similar 

dynamic range of response obtained is probably due to the use of the same enzymatic 

system and the same electrode in both approaches.    
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Table 2. Analytical characteristics of different electrochemical methods for pesticide 

detection.  

Pesticide Approach Linear Range  LOD  Ref. 

Imidacloprid Direct Immunosensor 50-10000 pmol L
-1

 22 pmol L
-1

 This work 

Imidacloprid Indirect immunosensor 50-10000 pmol L
-1

 24 pmol L
-1

 [49] 

Parathion Immunosensor 0.1-1000 ng L
-1

 52 pg L
-1

 [52] 

Chlorpyrifos-methyl Immunosensor 0.4-20 ng mL
-1

 22.6 ng L
-1

 [53] 

Paraoxon Enzimatic sensor 0.1-1 µmol L
-1

 0.1 µmol L
-1

 [54] 

Malaoxon Enzimatic sensor 2-50 µg mL
-1

 2 µg mL
-1

 [55] 

Parathion Enzimatic sensor Up to 36.4 µmol L
-1

 10 nmol L
-1 [56] 

Chlortoluron Inhibition sensor 0.001-0.1 µmol L
-1

 0.47 nmol L
-1

 [57] 

Chlorpyrifos Inhibition sensor 1-50000 µmol L
-1

 5 µmol L
-1

 [58] 

Paraoxon Inhibition sensor Up to 40 µg mL
-1 2 µg mL

-1 [59] 

Imidacloprid Direct detection 30-200 µmol L
-1

 440 nmol L
-1

 [16] 

Imidacloprid Direct detection 0.5-15 µmol L
-1

 0.10 µmol L
-1

 [17] 

Imidacloprid Direct detection 1-5 µmol L
-1

 0.93 µmol L
-1

 [18] 

Hydrazine Direct detection Up to 936 µmol L
-1

 0.57 nmol L
-1

 [60] 

Carbofuran Direct detection  1-250 µmol L
-1

 0.22 µmol L
-1

 [61] 

 

 

3.3. Sensor selectivity and stability 

Permethrin (PERM), glyphosate (GLY) and parathion (PAR) were selected as control 

pesticides potentially present in real samples. Pesticides with chemical structure similar 

to that of IMD, such as thiamethoxam (THIA) and carbendazim (CAR) were also 

evaluated. 10000 pmol L
-1

 solutions of IMD were mixed with the same amount of each 

of the control pesticides, finding no significant variations in the analytical signal of the 

pure IMD (Figure 5A) which demonstrates the selectivity of our immunosensor.  
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Different electrodes were prepared with immobilized mAb-IMD and stored at 4 ºC to 

study the stability of the immunosensor. A concentration of 1000 pmol L
-1

 of IMD was 

assayed in different days. As shown in Figure 5B, the devices are stable at least for one 

month. Longer-term stability study was out of the scope of this work. 

 

 

Figure 5. A) Analytical signals obtained for direct competitive immunoassays carried 

out for mixtures of 10000 pmol L
-1

 of IMD and 10000 pmol L
-1

 of different potential 

interfering pesticides. B) Long-term stability of the immunosensor. IMD concentration: 

1000 pmol L
-1

. 

 

3.4. IMD analysis in real samples: study of matrix effects 

Spiking of IMD concentrations in the range 50-10000 pmol L
-1

  was done in tap water, 

watermelon and tomato samples to determine whether pesticide detection is affected by 

such real sample matrixes.  As shown in Figure 6,  the calibration plots obtained in tap 

water and watermelon were similar to the standard one in buffer medium, suggesting 

low matrix effects. However, tomato matrix seems to exert an important negative effect 

in the immunosensor performance, as reflected by the high decrease in the slope of the 

curve. 
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Figure 6. Evaluation of matrix effects. Relationship between the analytical signal 

(current recorded at 60 s) and the logarithm of the IMD concentration spiked in buffer 

(10mM PBS pH 7.4), watermelon, tap water and tomato. 

 

These findings demonstrate the potential of our technology for the IMD detection in tap 

water and watermelon samples. Analysis of more complex matrixes such as tomato 

would require standard additions experiments for fixing the matrix effect.  

 

3.5. Immunosensor validation: comparison with HPLC-MS/MS 

Our immunosensor was validated by comparison with HPCL-MS/MS, the reference 

method used in official laboratories for IMD analysis. The study consisted in the 

analysis with both methods of a tap water sample doped with an unknown amount of 

IMD, and the further comparison of the methods by the student’s t test, according to the 

following equation: 

𝑡 =
�̅�𝐴 − �̅�𝐵

𝑆𝐶
 √

𝑁𝐴 × 𝑁𝐵

𝑁𝐴 + 𝑁𝐵
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where X̅A and X̅B are the average of the IMD concentration estimated by the 

electrochemical immunosensor  (675 pmol L
-1

) and the HPLC-MS/MS method (701 

pmol L
-1

), NA and NB are the number of replicates (10 for both methods) and Sc is the 

joint standard deviation, calculated as follows: 

𝑆𝐶 = √
(𝑁𝐴 − 1) × 𝑆𝐴

2 + (𝑁𝐵 − 1) × 𝑆𝐵
2

𝑁𝐴 + 𝑁𝐵 − 2
 

where SA (35) and SB (30) are  the individual standard deviation of each method.  

In this way, a experimental t of 1.750 is obtained. Since the tabulated value for a 95 

confidence interval and 18 degrees of freedom (NA+NB-2) is 2.101, we assume the 

absence of systematic errors in our immunosensor and a good agreement/validation with 

the reference method. 

 

4. CONCLUSION 

A direct competitive immunosensor on AuNPs-modified screen-printed electrodes using 

specific monoclonal antibodies has been successfully developed for IMD 

electrochemical detection. The system exhibits an excellent analytical performance in 

terms of range of response, limit of detection, repeatibility, precision, accuracy, 

selectivity and long-term stability. Low matrix effects are found in samples such as tap 

water and watermelon. Such performance is better than that reported for alternative 

biosensing methods for IMD pesticide analysis, with also advantages in terms of 

selectivity and time/cost of analysis. 

Our device has also been validated with HPLC-MS/MS, the reference method used in 

official laboratories. Moreover, our findings represent a methodological improvement 

compared with indirect competitive immunoassays previously reported by our group 
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[49] in terms of simplicity, time and cost of analysis. All this makes our immunosensor 

a reliable and advantageous alternative for the in field determination of IMD pesticide. 
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