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Abstract
Glyphosate (GLY) is a widely used herbicide with an important role in agriculture. It effectively controls weeds, enhancing agricultural yield and product quality. However, its use raises significant concerns such as potential risks to non-target ecosystems and human health. In response to these concerns, we develop an electrochemical sensor with a molecularly imprinted polymer (MIP) and gold nanoparticles for GLY detection. The sensor includes a screen-printed carbon electrode (SPCE) functionalized with gold nanoparticles and a self-assembled polyvinyl carboxylic acid chloride (PVC-COOH) layer. GLY compounds interact with carboxylic groups and are encapsulated by a polymer of methacrylic acid (MAA) cross-linked with ethylene glycol dimethacrylate (EGDMA). Electrochemical performance was assessed using differential pulse voltammetry (DPV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). Morphological characterization was performed using scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and atomic force microscopy (AFM). The sensor exhibits impressive selectivity, detecting GLY within a range of 273–1200 pg/mL with minimal interference from other pesticides. It boasts a low detection limit of 0.8 pg/mL (signal-to-noise ratio S/N = 3) by DPV and 0.001 pg/mL by EIS. The sensor’s versatility extends to various sample types, including surface water, agricultural wastewater, soil, and cucumber, demonstrating high recovery rates (> 96.05%) and low relative standard deviation (RSD) (< 5.7%). The developed MIP sensor is proven to be a valuable tool for rapid and highly sensitive detection of GLY in diverse environmental and agri-food samples.
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Introduction
Glyphosate (GLY) is a widely used non-selective herbicide that targets parasitic weeds and protects agricultural and horticultural crops (Lares et al. 2022). The main drawback of this pesticide is its persistence in ecosystems, including aquatic environments near the application areas. The environmental half-life of GLY is approximately 4 ± 2 months (Cederlund 2022). Studies have shown an increase in GLY concentrations in the environment due to its excessive use. This has harmful effects on non-target animal species, including liver and kidney damage, endocrine disruption, neurotoxicity, chromosomal aberrations and DNA damage in higher vertebrates (Gandhi et al. 2021; Lanzarin et al. 2022). GLY traces have been detected in cereals, foods, vegetables, and fruits, raising concerns about its impact on human health. The Food and Agriculture Organization of the United Nations (FAO) has acknowledged the potential toxicological risks associated with GLY residues accumulating in the food chain (Bou-Mitri et al. 2022; Melton et al. 2019; Xu et al. 2019). As a result, the US Environmental Protection Agency (EPA) in Europe has proposed a chronic reference dose (RfD) for glyphosate or acceptable daily intake (ADI) of 1.0 mg/kg/day (Blanco-López et al. 2003).
GLY can enter the human body through contaminated agricultural products or inhalation during spray application (Bukowska et al. 2022). Studies have detected the presence of GLY in the urine, blood, maternal serum and breast milk of people indirectly exposed to significant quantities of GLY (Campbell et al. 2022; Bus 2015; Gillezeau et al. 2019; Weisenburger 2021). Adverse effects on human health have been observed, including miscarriage, reduced fertility, thyroid disease, cardiopulmonary and muscular disorders. Neural disorders, neoplasia, and fetotoxic effects are also observed (Kalofiri et al. 2021; Kronberg et al. 2021; Maddalon et al. 2021; Madani and Carpenter 2022; Soares et al. 2021). Given the widespread use of GLY and its toxicity, the detection of GLY residues in environmental and food products is crucial to guarantee not only environmental quality but also food quality. However, conventional methods for GLY residues detection face difficulties linked to its ionic nature, low volatility, high solubility in water, insolubility in organic solvents and low molar mass (Kodama et al. 2008). Therefore, there is a need to develop new strategies that are rapid, easy, selective, and highly sensitive for the detection of GLY residues.
These classical methods include gas chromatography (GC), high-performance liquid chromatography (HPLC), capillary electrophoresis, spectrophotometry, Nuclear magnetic resonance spectroscopy (NMR), diffuse reflectance spectroscopy, and fluorescence resonance energy transfer (FRET) between carbon spots (Hori et al. 2003; Motojyuku et al. 2008; Jiang and Lucy 2007; Silva et al. 2011; Yuan et al. 2017). Although these techniques provide quantitative information, they can be complex, costly and require qualified personnel (Diouf et al. 2020). It is therefore necessary to find rapid and practical alternative methods. Electrochemical detection offers the advantage of analysing compounds on site, and has shown promise for rapid, accurate detection (Aghoutane et al. 2020; Sekli Belaïdi et al. 2019). Electrochemical sensors including luminescence sensors, aerodynamic sensors, fluorescence sensors and photoelectrochemical sensors have been investigated for the determination of many molecular structures such as GLY (Arikan et al. 2022; Akin et al. 2022; Liu et al. 2020; Li et al. 2016; Bayat et al. 2023). Recently, molecularly imprinted polymers (MIPs) have emerged as a driving force in the development of electrochemical sensors. MIPs provide high selectivity, sensitivity, low cost, ease of use, and reliability (Cao et al. 2019). They work by selectively recognizing a specific target through cavities embedded in the polymer matrix, which are created through a manufacturing process involving functional monomer pre-polymerization, cross-linking, and removal of the analyte. The resultant cavities, which are identical to the analyte in terms of size, shape, and functional group arrangement, serve as extremely selective receptors (Do et al. 2015).
However, successful preparation of various molecularly imprinted polymers (MIPs) has been achieved using methacrylic acid (MAA) (Chen et al. 2016; Tarannum et al. 2023) to specifically interact with phosphate ions and phosphonic acid groups. MIPs based on MAA have demonstrated high effectiveness in selectively binding phosphonate derivatives in organic samples or under controlled pH conditions. It is worth mentioning that MIPs utilizing MAA as a monomer have been synthesized and applied successfully for analytes containing primary or secondary amine functionalities (Cui et al. 2023).
In fact, this approach is being considered for the development of a dedicated MIP sensor for the detection of GLY, which possesses an amine functionality.
Ensuring polymer stability in the electrochemical cell over time is a challenge for some polymer-modified electrodes (Oliveira et al. 2023). Therefore, polymer stability plays a crucial role in the fabrication of polymer films for electrochemical sensors. Polymer assemblies have emerged as important components in sensor design. By selecting a host polymer with excellent mechanical stability and combining it with another polymer that functions as the chemically active part interacting with the target analyte, a robust and reliable sensor platform can be achieved (Blanco-López et al. 2003).
Polyvinyl chloride (PVC) is an attractive support material that offers excellent stability for electrochemical molecularly imprinted polymer (MIP) sensors over extended periods of time (Ngai et al. 2016).
This synthetic polymer, known for its non-toxic nature, possesses distinctive features such as flexible molecular chains, chemical stability, and a suitable matrix for application in electrochemical sensors.
In recent times, screen-printed electrodes (SPEs) have gained popularity as a platform for MIP-based sensors due to their ability to address memory effects and simplify the cumbersome cleaning process associated with conventional electrodes. SPEs are characterized by their rapid response, affordability, and user-friendliness. These advantages enable on-site analysis while minimizing sample volume requirements.
Moreover, noble metals have been extensively utilized in the fabrication of electrochemical sensors to enhance their sensitivity. Metal nanoparticles, such as gold nanoparticles (AuNPs), are particularly interesting as catalysts in electrochemical applications. AuNPs possess a high specific surface area, excellent conductivity, and can be immobilized on the electrode surface to improve the mechanical and electrical properties of modified electrodes (Blanco-López et al. 2004).
Of these properties, conductivity stands out as one of the most remarkable features of these nanoparticles, significantly enhancing the electron transfer rate between the analyte's active centres and the sensor surface.
A comprehensive review of the literature indicates that this is the first instance of preparing an MIP sensor by immobilizing MAA on a screen-printed carbon electrode for the determination of GLY in various samples, including agricultural and surface wastewater, cucumber samples, and agricultural soils.
This novel electrochemical sensor offers cost-effectiveness, selectivity, and high sensitivity. The synthesis process of the MIP electrochemical sensor is evaluated using techniques such as cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS). The surface morphology of the electrodes is examined through atomic force microscopy (AFM), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR). The fabrication process and practical application of the GLY sensor, along with its analytical properties, will be thoroughly investigated.

Materials and methods
Reagents and solutions
The following used chemicals and solutions were obtained from Sigma Aldrich: glyphosate (360 g/L), chlorpyrifos (480 g/L), carbendazim (500 g/L), polyvinyl carboxylic chloride (PVC-COOH), N'-hydroxysuccinimide (NHS), 1,4-dioxane (99.8%), phosphate buffered saline (PBS), gold (III) chloride trihydrate (HAuCl4·2H2O) (99.99%) and trisodium citrate. Potassium ferricyanide K3[Fe(CN)6], potassium ferrocyanide K4[Fe(CN)6] and carbodiimide hydrochloride (EDC) were obtained from Fluka. A PBS solution (0.01 M, pH 7.0) was prepared by dissolving a PBS pellet in 200 mL of distilled water (DW). All experimental procedures were carried out in a laminar flow hood.

Apparatus
The MIP electrochemical sensor was constructed using a screen-printed carbon electrode (SPCE) purchased from DropSens, Spain. The sensor consisted of a three-electrode system: a carbon working electrode, a silver reference electrode and a carbon counter electrode.
AFM analysis was performed in tapping mode using a nanomagnetic instrument device with a maximum resolution of 256 µm in a scan area of 10 μm × 15 μm. AFM images were processed using the hpspm 1.11 Beta software provided by NMI.
Fourier transform infrared (FTIR) spectroscopy spectra were acquired using a PerkinElmer Spectrum Two FTIR spectrometer, operating at a resolution of 4 cm−1 over a wavenumber range of 500–4000 cm−1. All spectra were recorded at room temperature after averaging four scans.
For scanning electron microscope (SEM) analysis, a DPU-ILTEM instrument was used, operating at an accelerating voltage of 15 kV and a magnification of ×50,000. The same equipment was used for energy-dispersive X-ray spectroscopy (EDS) to study the chemical composition in conjunction with the SEM.

Synthesis of MIP, and NIP materials on the carbon electrode
To prepare the screen-printed carbon electrodes (SPCE) for deposition, a cleaning process was performed. The electrodes were initially washed with 99.8% ethanol and then rinsed with distilled water (Rong et al. 2015).
The functionalization of the SPCE involved the use of gold nanoparticles (AuNPs) and a layer of polyvinyl carboxylic acid chloride (PVC-COOH). The PVC-COOH was dissolved in 1.4-dioxane at 40 °C to increase its melting point through intermolecular interactions. A 5 μL solution of PVC-COOH (11 mg/1.25 mL dioxane) was deposited on the working SPCE and incubated at room temperature for 90 min. Subsequently, the unreacted EDC and NHS molecules were thoroughly rinsed off with distilled water (Bakas et al. 2012).
To immobilize GLY, 3.5 μL of a GLY solution (0.1 mmol) was applied to the surface of the SCPE/PVC-COOH and incubated for 2 h. The SPCE was then washed twice with a PBS buffer solution at pH 7.4 to remove any unbound GLY compounds.
For the pre-polymerization step, a solution was prepared by mixing MAA (2 mM) as the functional monomer and ethylene glycol EGDMA (1 mM) as the cross-linking agent in 10 mL of acetonitrile solvent. The solution was thoroughly mixed with a magnetic stirrer for 1 h. Subsequently, 3 μL of the resulting solution was deposited onto the surface of the working electrode.
The polymerization process was carried out at a temperature of 45 °C for 12 h. This temperature was chosen as MIP materials tend to swell at this temperature, facilitating the penetration of the target molecules into the material (Diouf et al. 2017; Zhao et al. 2015).
Furthermore, obtaining a rapid and accurate determination of the analyte is highly dependent on the optimization of the GLY extraction step. The extraction step is a crucial factor in the preparation of MIPs since high levels of purification can be achieved by optimizing the time of template-selective extraction and the volume of solvent used. In this study, the extraction step time and solvent volume were optimized to improve GLY binding. Specifically, a mixture of methanol and acetic acid (9:1 (v/v)) was used to extract the printed molecule for 20 min. This created free sites on the surface of the electrode that allowed the recognition of GLY at different concentrations.
A sensor based on a non-printed polymer (SPCE/NIP) was prepared using the same procedure, but without adding the target molecule to the polymer solution. The aim of this control test is to verify that the effects observed in the MIP detection were only due to the existence of memory sites.

Preparation of samples
Agricultural wastewater, samples of agricultural wastewater, surface water, cucumber, and soil were collected from the same agricultural region in Meknes, with approximately 150 m between each sampling site. Prior to analysis, water samples were mixed and filtered through 0.45 µm membrane filters. A 50 µL volume of the filtered water samples was then applied to the MIP sensor for analysis.
For cucumber samples, 200 g of the samples were homogenized using a food blender. Then, 50 g of the homogenized sample were immersed in 50 mL of acetonitrile solution. The mixture was incubated on a water bath oscillator at a temperature of 20 °C for 5 h. After incubation, the mixture was centrifuged, and the supernatant was collected. The sediment at the bottom of the centrifuge tube was washed multiple times with acetonitrile. The supernatant and washes collected were concentrated using a rotary evaporator, and the residue obtained was dissolved again in 20 mL acetonitrile to obtain the spiked sample solution.
The soil samples were extracted according to the following procedure. At the first, 10 g of homogenized dried soil were shaken with 20 mL of 0.6 M KOH for 30 min. The mixture was then centrifuged, and the supernatant was filtered through a 0.22 µm membrane filter (Li et al. 2009).
Additionally, a tap water sample without GLY contamination was collected from the laboratory. This tap water sample was divided into three aliquots, each spiked with different concentrations of GLY (273, 355, and 533 pg/mL). After thorough mixing, a volume of 50 µL from each spiked aliquot was deposited onto the working electrode. The standard addition method was employed to analyse the tap water samples, ensuring accurate results.

Molecular imprinting process
The electrochemical properties of the MIP sensor’s production process were investigated in a solution of [Fe(CN)6]3−/4−containing PBS (pH = 7.2) at 5 mM. The [Fe(CN)6]3−/4− redox probe was chosen as a marker to examine changes in the electrode surface after each step of sensor preparation. The procedure for preparing the MIP sensor is shown in Scheme 1. The entire process can be summarized in the following steps: Firstly, the 0.1 mM GLY (matrix) solution with was deposited on the surface of the SCPE/AuNPs/PVC-COOH for 4 h. Secondly, the polymer solution containing 2 mM MAA (functional monomer) and 1 Mm EGDMA (cross-linking monomer) was deposited on the surface of the working electrodes. In the third step, polymerisation was carried out for 12 h in the oven at 45 ◦C. Finally, the target molecule was extracted using a solution of methanol, and acetic acid (9:1 (v/v)). The electrochemical detection of the GLY by the MIP sensor was carried out by placing 30 μL of each GLY concentration on the working electrode for 30 min. The electrochemical measurements were carried out in the presence of a solution of [Fe(CN)6]3−/4− as a redox probe.[image: ]
Scheme 1Presentation of the different stages of the MIP sensor fabrication



Spectroscopic measurements
To analyse the changes in surface morphology and elemental composition of the modified SPCE, various techniques were employed. The AFM analysis was carried out in “tapping” mode, using a nanomagnetic instrument with a maximum resolution of 256 µm and a scanning area of 10 μm/15 μm. The NMI's hpspm 1.11 Beta software was utilized to process the AFM images. The surface changes were also examined using scanning electron microscopy (SEM) with an acceleration voltage of 15 kV and a magnification of 50000×, and the chemical composition was analysed by EDS, which was performed using the same equipment as the SEM. Additionally, the FTIR spectra were obtained using a PerkinElmer Spectrometer Spectra two, over a range of 500–4000 cm−1, at a resolution of 4 cm−1 after an average of four scans. All spectra were obtained at room temperature.

Electrochemical measurements
All electrochemical measurements were performed using a portable instrument called PalmSens3 from Spain which was connected to a computer. The screen-printed carbon electrodes used in the experiment were purchased from DropSens. They consisted of three electrodes, a working electrode measuring 0.19 cm2, a saturated Ag reference electrode measuring 0.54 cm2 and a carbon plate counter electrode measuring 0.54 cm2. To measure changes in current and resistance during the development and detection phases, three different electrochemical techniques were used: cyclic voltammetry (CV), differential pulse voltammetry (DPV), and electrochemical impedance spectroscopy (EIS). DPV measurements were conducted by scanning the potential from − 0.1 to 0.2 V with a scanning rate of 50 mV/s. The EIS analysis was performed at a bias potential of 10 mV, covering a frequency range of 0.1 Hz–50 kHz, and the impedance data were adjusted using the Randles equivalent circuit of 0.1 Hz–50 kHz. The impedance data were properly adjusted using the Randles equivalent circuit.


Results and discussion
Polymerization of GLY imprinted films
Upon deposition on SPCE, the mixture of MAA and GLY underwent polymerization by means of a reaction involving MAA and GLY. To investigate the alterations on the SPCE surfaces (Bare Carbon, after polymerization, and extraction), CV was employed for further characterization in a 5 mM [Fe(CN)6]3−/4− solution. The CV analysis was conducted within a potential range of − 0.4 to 0.6 V at a scan rate of 20 mV/s. The outcomes obtained from this analysis are illustrated in Fig. 1a, revealing the recorded values for peak anode current (Ipa) and potential (Epa). It is evident that the CV signal of the bare carbon electrode (Ipa = 0.25 µA, and Epa = 53.09 V) surpasses that of the MIP current (Ipa = 0.20 µA, and Epa = 22 V). This discrepancy suggests the successful entrapment of GLY onto the SPCE electrodes, thereby impeding the diffusion of [Fe(CN)6]3−/4− to the SPCE surface. Additionally, during the extraction step, the peak current (Ipa = 0.21 µA, and Epa = 32 V) increases due to the absence of GLY molecules within the polymer matrix.[image: ]
Fig. 1Electrochemical behaviour represented as a Cyclic voltammograms, b Nyquist plots of 5 mM [Fe(CN)6]3−/4− solution at Bare SPCE, SPCE/MIP and SPCE/Extraction


Impedance spectroscopy was also used to characterize the development steps of MIP sensor (Fig. 1b). The figure clearly demonstrates that the impedance measurements align well with the CV results, as evidenced by the correlation between the diameter of the semicircles in the Nyquist diagrams and the variations in current peaks.

Morpho-chemical characteristics of MIPs
To examine the morphology and chemical composition of the MIP sensor during its preparation, AFM and SEM measurements were carried out. Figure 2 presents three-dimensional AFM images at different stages: the bare SPCE electrode, after polymer deposition, and after GLY extraction. Prior to GLY/MAA deposition and following template extraction, AFM characterizations were performed to assess surface homogeneity and roughness of the electrode surfaces. Initially, the bare SPCE substrate exhibited a root main square (Rq) surface roughness of (Rq = 1.04 µm) (Fig. 2a). After GLY/MAA deposition, the surface roughness increased to (Rq = 3.54 µm) (Fig. 2b). Upon extraction, the AFM image displayed a distinct surface arrangement with extensive coverage of the electrode surface while maintaining a uniform appearance of the template. Consequently, when GLY molecules were removed from the imprinted film, the roughness decreased to (Rq = 1.17 µm) (Fig. 2c). These obtained images validate the formation of the polymer on the electrodes and demonstrate the expected rise in surface roughness following the polymer deposition step. Furthermore, the decrease in roughness signifies the successful extraction of GLY from the MIP matrix.[image: ]
Fig. 2AFM images of a Bare SPCE, b SPCE/MIP before extraction and c SPCE/MIP after extraction


These results are consistent with the electrochemical analyses as described above.
The SEM analysis of the Bare-SPCE (Fig. 3a) displayed a rough yet uniform surface. Following the modification with the GLY/polymer complex, the surface of the Au-SPE/MIP electrode exhibited a rougher thin film with a granular morphology, indicating successful deposition of the polymer onto the electrode (Fig. 3b). Conversely, the image corresponding to the extraction phase demonstrated a more compact morphology with a relatively smooth surface, featuring a layered structure and some holes (Fig. 3c). These results provide confirmation of the preparation of the imprinted electrochemical sensor and the subsequent extraction of GLY.[image: ]
Fig. 3SEM images of a Bare SPCE, b SPCE/MIP before extraction and c SPCE/MIP after extraction


The EDS spectra of the Bare-SPCE (Fig. 3a) revealed a higher presence of carbon (C) at 59.72%. After the deposition of the GLY/polymer complex, Fig. 3b exhibits peaks attributed to carbon (C) and oxygen (O) at approximately 16.72% and 3.67%, respectively, confirming the successful imprinting of GLY within the polymer. Moreover, the oxygen content increased significantly after the polymerization process, which can be attributed to the presence of GLY molecules. Subsequently, during the extraction stage (Fig. 3c), a much lower oxygen content (1.9%) and carbon content (8.81%) were observed, indicating the removal of a majority of GLY molecules from the MIP matrix.
FTIR analysis was used to assess molecular interactions at the surface of the SPCE. Figure 4 shows the FTIR spectra of the bare SPCE, the SPCE/MIP and the SPCE/Extraction. In the spectrum of the SPCE/MIP sample, a notable transmittance peak centred at 1171 and 1084 cm−1 is evident, corresponding to the stretching band of the P–OH group found in the GLY structure (Sanchez Martín et al. 1999). In addition, a small peak is observed around 3100 cm−1, typically associated with the stretching vibrations of the O–H and N–H groups in GLY (Clermont-Paquette et al. 2023). In contrast, the absence of these peaks in the SPCE and SPCE/Extraction spectra indicates that the attachment of the GLY molecule on the SPCE is successful. This observation confirms the efficiency of the immobilization of the template (GLY) during the preparation of the MIP and the correct execution of the extraction step.[image: ]
Fig. 4FTIR spectra of SPCE,  SPCE/MIP and  SPCE/MIP after extraction



Molecular recognition by MIP and NIP sensors
DPV and EIS techniques were used to evaluate the sensor's retention capability for different concentrations of GLY. Figure 5a displays responses of the MIP sensor using DPV over a concentration range of 273 pg/mL to 1200 pg/mL. During the electrochemical characterization process, [Fe(CN)6]3−/4− served as a mediator between the imprinted electrodes and the standard solutions. As shown in Fig. 5, the redox current peaks decrease as the GLY concentrations increase. This observation can be attributed to the dense film that covers the surface of the SPCE electrode, confirming the binding of GLY molecules and hindering the electron transport of the [Fe(CN)6]3−/4− redox probe.[image: ]
Fig. 5Electrochemical responses of the MIP sensor with the increasing concentration of Glyphosate obtained by DPV: a MIP, c NIP, and EIS: b MIP, d NIP in a PBS electrolyte containing 5 mM [Fe(CN)6]3−/4−as redox probe


Figure 5b illustrates the Nyquist plots corresponding to the detection of different GLY concentrations. These plots provide information about the interfacial charge-transfer resistance (Rct), which was determined from the diameter of the semicircles using Z-spectrum software for better fitting. The semicircles on the Nyquist graph expand as the GLY concentrations increase. This increase in GLY concentration leads to a higher resistance to charge transfer, which can be explained by the filling of specific cavities with GLY molecules.
In contrast, when analysing the non-imprinted polymer (NIP) data obtained under the same conditions, the current peaks show negligible variation (Fig. 5c). This is likely due to the absence of GLY during the polymerization process, resulting in absence of specific cavity creation. Moreover, the Nyquist diagrams of the NIP sensor show linear plots without any semi-circular patterns and negligible changes in resistance values (Fig. 5d). These results suggest that the NIP sensor has no specificity for GLY molecules, asserting that the responses observed in the MIP sensor result exclusively from the presence of GLY cavities.

Calibration curve and detection limit
The GLY MIP sensor was developed using the optimal conditions and parameters described above. The sensor was exposed to different concentrations of GLY ranging from 273 to 1200 pg/mL. DPV method was employed within the voltage range of − 0.1 to 0.3 V to observe the sensor responses. The maximum response values were used to construct the calibration curves. A logarithmic relationship between MIP sensor responses and Log GLY concentrations was observed, resulting in the equation Y = − 3.39 Log(C) + 10.24 with an R2 value of 0.97.
The linear correlation between current peaks and corresponding concentrations is depicted in Fig. 6, where the calibration curves of the MIP (Fig. 6a) and NIP (Fig. 6b) sensors show the relative variation of I−I0/I0 as a function of the logarithmic GLY concentrations. Each data point on the calibration curve represents the average of three replicates. The calibration curve for the MIP has a good linearity coefficient of 0.97 and a slope of − 3.4. This shows that as the GLY concentrations are increased, the MIP sensor responds well and linearly. On the other hand, the NIP sensor generates almost constant relative responses (between − 0.12 and 0), hence the poor linearity.[image: ]
Fig. 6Calibration curves using DPV techniques: a MIP, b NIP sensors, and EIS techniques: c MIP, d NIP sensors


Figure 6 also shows the calibration curve for the sensor responses obtained using the EIS technique. The value of ΔR/R0 was calculated for each GLY concentration. In addition, the normalized data for the MIP sensor showed a notable slope accompanied by a linearity coefficient of 0.93 (Fig. 6c). In contrast, responses with no significant variation and a minimum linearity of 0.09 were obtained in the NIP test (Fig. 6d).
These results confirm that the NIP sensor was not specific to GLY molecules, demonstrating that the responses of the MIP sensor resulted solely from the presence of GLY-specific cavities.
The detection limit (LOD) and quantification limit (LOQ) were calculated using the following formula:[image: $${\text{LOD }} = k_{{{\text{iLOD}}}} *\sigma {/}m$$]

 (1)


[image: $${\text{LOQ }} = k_{{{\text{iLOQ}}}} * \, \sigma {/}m$$]

 (2)


where ki represents the signal-to-noise ratio, with ki = 3.3 for LOD and ki = 10 for LOQ. The standard deviation of the intercept is denoted by σ, and m represents the slope (Sheals et al. 2003). For the DPV method, the LOD was found to be 0.8 pg/mL, while for EIS, it was determined to be 0.001 pg/mL. These values indicate the high detectability of the proposed method.
Comparing the analytical performance of the MIP sensor to previous methods, such as the electrochemical MIP sensor, biosensor, and electrochemical colorimetric immunosensor (Sheals et al. 2003; Şengül 2016; Zhang et al. 2017; Xu et al. 2017; Ding et al. 2021), the MIP sensor demonstrates superior sensitivity. This is evident in Table 1.Table 1Comparison of performance between reported works and the current GLY MIP sensor


	Methods for GLY detection
	LOD pg/mL
	References

	Colorimetric immunosensor
	20
	Şengül (2016)

	Electrochemical sensor based on molecularly imprinted polypyrrole nanotubes
	1940
	Zhang et al. (2017)

	Electrochemical impedance spectroscopy determination of glyphosate using a molecularly imprinted chitosan
	0.001
	Xu et al. (2017)

	Polypyrrole molecularly imprinted polymer
	920
	Ding et al. (2021)

	Electrochemical sensor based on a gold electrode modified with a molecularly imprinted polypyrrole
	270
	Campanile et al. (2023)

	Electrochemical MIP sensor
	0.001
	This work




The LOD achieved in this study is lower than that reported in many other studies and falls below established quality standards. These excellent analytical qualities make the MIP sensor highly valuable for food analysis.

Selectivity, repeatability, stability, and recovery test of the MIP sensor
To investigate the MIP electrochemical sensor’s ability to detect GLY specifically, potential interferences from pesticides with molecular structures similar to GLY, such as chlorpyrifos and carbendazim, which may be present in the same environment, were tested (Zouaoui et al. 2022; Cahuantzi-Muñoz et al. 2019). As demonstrated in Fig. 7, the current responses of the MIP sensor to GLY were considerably higher than those of the other analogues, indicating that the sensor was capable of preventing interferences and making it more appropriate for selective GLY detection.[image: ]
Fig. 7Comparison of calibration curves of Glyphosate, NIP, and the interfering molecules (carbendazim and chlorpyrifos) obtained by DPV


The selectivity factor (SF) was then calculated to demonstrate the sensor's high affinity for GLY, according to the following formula:[image: $${\text{SF}} = {\text{Slope}}_{{{\text{MI}}P\left( {{\text{Gly}}} \right)}} {\text{/Slope}}_{{{\text{Ana}}}} .$$]

 (3)



The selectivity factors (SFs) of the MIP sensor for GLY were found to be 27 and 34 times higher than those of the interfering compounds (chlorpyrifos and carbendazim). The low sensitivity observed for both interfering species suggests that the proposed MIP sensor exhibits high selectivity specifically towards GLY.
To assess repeatability, three individual electrodes were prepared under similar conditions on different days, using a GLY concentration of 355 pg/mL. The results, shown in Table 2, indicate a low relative standard deviation (RSD) of 4.3% for the DPV method, demonstrating the reliable repeatability of the MIP sensor for GLY detection in surface and agricultural waters. The RSD was calculated using the following formula:[image: $${\text{RSD }} = \, \left( {\text{Standard Deviation}} \right) \, *{1}00{ / }\left( {\text{Mean Signal Value}} \right)$$]

 (4)


Table 2Repeatability test results


	Characterization method
	Current value (µA)
	RSD (%) (n = 4)

	Day 1
	Day 2
	Day 4
	Day 6

	DPV
	3.41
	3.46
	3.72
	3.38
	3




Furthermore, the storage stability of the MIP sensor was investigated by periodically measuring its response to a GLY concentration of 355 pg/mL over a span of 1 month. After each measurement, the electrode was thoroughly rinsed with distilled water and stored at 4 °C in 0.01 M PBS (pH = 7.4). The results, presented in Fig. 8, reveal that the sensor maintained 93% of its initial response for 2 days. Subsequently, the response decreased to 85% after 4 days and stabilized at 81% within 6 days, indicating excellent long-term stability.[image: ]
Fig. 8Investigation of the Stability of the MIP Sensor over a 6-Day Storage Period


To assess the reliability of the MIP sensor, a recovery test was conducted by adding different GLY concentrations (273; 355; and 533 pg/mL) to uncontaminated water and cucumber samples. To assess the performance of the MIP sensor, 10 µL of each spiked sample was individually added onto the surface of the sensor. As indicated in Table 3, the recovery rates for the entire solution ranged from 96.05 to 87.75%, with a relative standard deviation (RSD) of less than 5.7%.Table 3Results of the recovery test


	Samples
	Added concentrations (pg/mL)
	Found concentrations (pg/mL)
	Recovery rate (%)

	Tap water
	273
	251.19
	92.01

	Cucumber
	355
	341.00
	96.05

	Tap water
	533
	467.74
	87.75





Practical application of the GLY MIP sensor
The developed MIP sensor has been tested for the determination of GLY in contaminated Surface water next to agricultural grain fields, Agricultural water, Agricultural soils, and Cucumbers samples to demonstrate its repeatability in practical applications. During this test, the DPV sensor responses were measured, and the maximum current values of the signal were recorded. The relative difference between the peak current of blank, and the sensor response after exposure to the contaminated samples is inserted into the equation Y = − 3.39 Log(C) + 10.24. The outcomes are summarized in Table 4. Such results provide adequate measurement accuracy, and reliability of the proposed MIP sensor, with acceptable RSDs of less than 5.7%, 4.7%, 4%, 1.6% for agricultural soils, agricultural wastewater, cucumbers, and surface water next to agricultural grain fields, respectively. The GLY content measured in surface waters near agricultural grain fields was 0.001 pg/mL, in agricultural water samples 0.003 pg/mL, in agricultural soils 0.001 pg/mL, and in cucumber samples 0.007 pg/mL.Table 4GLY detection in surface water, agricultural wastewater, agricultural soils and cucumber samples


	Samples
	Concentration found (pg/mL)
	RSD (%) (n = 3)

	Surface water next to agricultural grain fields
	0.001
	5.4

	Agricultural water
	0.003
	5.6

	Agricultural soils
	0.001
	2.5

	Cucumbers
	0.007
	2.9






Conclusion
To summarize, an MIP sensor for detecting GLY has been created by polymerizing methacrylic acid with GLY as a template on a screen-printed carbon electrode. The sensor demonstrated a high linearity and detectability with a low detection limit of 0.001 pg/mL using EIS. Selectivity, repeatability, and recovery tests were satisfactory, making the method accurate, rapid, and cost-effective for detecting low levels of GLY in contaminated surface water near grain fields, agricultural waters, agricultural soils, and cucumber samples. The success of this sensor suggests its potential use in detecting GLY residues in food and other environmental samples.
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