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Introduction

Pesticides are extensively used in agriculture to prevent, destroy and control a wide variety of agricultural pests including insects, mollusks, weeds, fungi, bacteria, etc. [START_REF] Songa | Recent approaches to improving selectivity and sensitivity of enzymebased biosensors for organophosphorus pesticides: A review[END_REF]. The term pesticide is typically used for all chemicals including insecticides, molluscicides, fungicides, bactericides, herbicides or rodenticides based on target organism [START_REF] Jayaraj | Organochlorine pesticides, their toxic effects on living organisms and their fate in the environment[END_REF]. This is the most common classification of pesticides. In addition to target organism, classification of pesticides can be also based on chemical nature including organophosphates, organochlorines, carbamates, pyrethroids, phenyl amides, phenoxy alkonates, trazines, benzoic acid, phtalimides, dipyrids, etc. [START_REF] Jayaraj | Organochlorine pesticides, their toxic effects on living organisms and their fate in the environment[END_REF][START_REF] Reynoso | Trends and perspectives in immunosensors for determination of currently-used pesticides: the case of glyphosate, organophosphates, and neonicotinoids[END_REF].

Pesticides are applied mostly by spraying to the plants or to the soil. However, only one percent of pesticides is transmitted to the target plant [START_REF] Kumar | Recent advancements in sensing techniques based on functional materials for organophosphate pesticides[END_REF]. Therefore, the rest of them accidently reach the other environmental compartments (e.g., the surface, the atmosphere, and underground waters) due to spills, waste dumps, leaking pipes, underground storage tanks, and ground water. They can persist in the environment for a long time (pesticides with long half-lives; over 60 days) and be absorbed by aquatic and terrestrial organisms, fish, birds and mammals [START_REF] Reynoso | Trends and perspectives in immunosensors for determination of currently-used pesticides: the case of glyphosate, organophosphates, and neonicotinoids[END_REF][START_REF] Kumar | Recent advancements in sensing techniques based on functional materials for organophosphate pesticides[END_REF].

The increased use of pesticides in recent years and the contamination of soil and food have caused a serious concern. Therefore, to further monitor safety of marketed food supplies, international organizations, such as Food and Agriculture Organization (FAO) and the World Health Organization (WHO), regulate their maximum residue levels (MRLs) on foods and agricultural commodities that must comply with all pesticides for various foods. The MRLs are "the highest level of a pesticide residue that is legally tolerated in or on food or feed when pesticides are applied correctly in accordance with Good Agricultural Practice and applies to the 303 pesticides listed by FAO" [START_REF] Who | Codex Alimentarius: Pesticides Index. Codex Alimentarius[END_REF]. As a result, the rapid determination and reliable quantification of pesticides is very necessary to guarantee the respect of the legal limits.

Various analytical methods have been used to monitor pesticides in food and environmental samples. Most of them are based on gas (GC) and liquid chromatography (LC) coupled to mass spectrometry [START_REF] Narenderan | Review of pesticides residue analysis in fruits and vegetables. Pre-treatment, extraction and detection techniques[END_REF]. Furthermore, capillary electrophoresis (CE) [START_REF] Tang | Quantum dot-DNA aptamer conjugates coupled with capillary electrophoresis: A universal strategy for ratiometric detection of organophosphorus pesticides[END_REF], surface plasmon resonance (SPR) [START_REF] Chand | Surface plasmon resonance based fiber-optic sensor for the detection of pesticide[END_REF], fluorimetry [START_REF] Coly | Fluorimetric analysis of pesticides: Methods, recent developments and applications[END_REF] and ultraviolet spectroscopy [START_REF] Li | A sensitive and rapid UV-vis spectrophotometry for organophosphorus pesticides detection based on Ytterbium (Yb3+) functionalized gold nanoparticle[END_REF][START_REF] Kumar | Spectroscopic methods for the detection of organophosphate pesticides-A preview[END_REF] have been developed for pesticide detection in contaminated samples. These techniques show low detection limit, reliability, and high selectivity and accuracy. However, the major drawbacks associated with chromatography methods are complexity, time consuming, required expensive equipment and well-trained personnel, high costs, low throughput, and incompatibility for in-situ and real time-detection [START_REF] Reynoso | Trends and perspectives in immunosensors for determination of currently-used pesticides: the case of glyphosate, organophosphates, and neonicotinoids[END_REF][START_REF] Sulaiman | A review on colorimetric methods for determination of organophosphate pesticides using gold and silver nanoparticles[END_REF]. Some of the challenges of CE include low concentration sensitivity and performance degradation linked to the adsorption and interference of matrix components. Fluorimetric analysis needs some steps including chemical derivatization and fluorogenic labeling which should be performed by well-trained personnel. On the other hand, ultraviolet spectroscopy needs UV spectrophotometer equipment and several steps for sample preparation.

Despite the disadvantages mentioned, some of these techniques based on chromatography (i.e. GC and HPLC) are quite suitable as confirmatory method. Thus, development of the rapid and sensitive methods for on-site screening of massive samples especially in developing countries and poor areas, without access to detection facilities and expert, is mandatory.

In recent years, numerous biosensors have been successfully developed as alternative approach for simple, sensitive, cost effective and on-site monitoring of various analytes including pesticides. A biosensor is composed of two main components including a biological recognition element (also named bioreceptor) which specially interact with a target analyte, and a transducer which converts the recognition event into a measurable signal [START_REF] Majdinasab | Detection of antibiotics in food: new achievements in the development of biosensors[END_REF]. Other similar detection methods which do not immobilize the bioreceptor on the transducer are classified as bioassay.

Based on the (bio)recognition element or the transducing system used, the (bio)sensors can be classified into different groups.

Different types of (bio)receptor such as whole cells [START_REF] Whangsuk | Specific detection of the pesticide chlorpyrifos by a sensitive genetic-based whole cell biosensor[END_REF], antibodies [START_REF] Du | Development of immunoassays with high sensitivity for detecting imidacloprid in environment and agro-products using phage-borne peptides[END_REF], aptamers [START_REF] Tian | A colorimetric detection method of pesticide acetamiprid by fine-tuning aptamer length[END_REF], DNA sequences [START_REF] Dou | A gold-based nanobeacon probe for fluorescence sensing of organophosphorus pesticides[END_REF], enzymes [START_REF] Da Silva | Determination of carbamate pesticide in food using a biosensor based on reduced graphene oxide and acetylcholinesterase enzyme[END_REF] and synthetic molecularly imprinted polymer (MIP) [START_REF] Li | A thin shell and "sunny shape" molecular imprinted fluorescence sensor in selective detection of trace level pesticides in river[END_REF] can be used in (bio)sensors and (bio)assays to achieve specific and sensitive detection of target pesticide in complex sample. A large number of pesticide biosensors and bioassays have been developed based on enzymatic inhibition considering that many pesticides are designed to prevent a key enzymatic process in pests [START_REF] Bucur | Advances in enzyme-based biosensors for pesticide detection[END_REF]. For instance, detection of organophosphorous pesticides (OPs) based on inhibition of cholinesterase enzymes with different strategies has been reported in many studies [START_REF] Lihong | Enzymatic biosensors for detection of organophosphorus pesticides[END_REF]. Scheme 1 summarizes different kinds of (bio)sensors for pesticide detection including two main groups of enzymatic and non-enzymatic, detection mechanism, major types of developed (bio)sensors in each group, and limitation of each receptor. Recent progress in pesticide detection is development of low-cost, portable, easy-to-use, resistant to environmental conditions, sensitive and selective sensors for on-site detection of pesticides. In this regard, biosensors with colorimetric detection are an ideal option and currently are commercially available for several pesticides. However, these biosensors are mainly enzyme-based that have some limitations related to the enzyme. Enzyme-based biosensors are associated with several limitations including enzyme denaturation and decreased enzyme activity over time resulting in the instability, short lifetime, low reproducibility and thus the limitation of practical applications of the biosensor. Furthermore, the enzyme can be affected by adverse environmental and sample conditions such as pH, ionic strength, temperature and chemicals. The presence of heavy metals in biological samples can affect the enzyme selectivity and lead to false positive results [START_REF] Khairy | Non-enzymatic electrochemical platform for parathion pesticide sensing based on nanometer-sized nickel oxide modified screen-printed electrodes[END_REF][START_REF] Rhouati | A perspective on non-enzymatic electrochemical nanosensors for direct detection of pesticides[END_REF].

Therefore, application of other types of recognition elements with superior features in nonenzymatic pesticide (bio)sensors is strongly recommended.

Among various types of recognition elements, antibodies, aptamers and MIPs with excellent features can be used for the detection of a variety of pesticides without any restriction on the type of pesticide, compared to enzymes. Non-enzymatic (bio)sensors can be more selective and sensitive than enzyme-based biosensors. For example, inhibition mechanism of cholinesterase enzymes (AChE) is used for the detection of various kinds of pesticides in OPs group. This mechanism is unable to distinguish between different target molecules in one group, while specific antibody, aptamer and MIP can be designed for sensitive and specific detection of each type of pesticide in a class. Moreover, multiplex detection in one assay can be obtained by using several specific antibodies, aptamers or MIPs. Other advantages of non-enzymatic pesticide (bio)sensors are cost-effectiveness, high stability and long lifetime of recognition elements especially aptamer and MIP. They are very stable during storage even at ambient temperature which is a required factor for commercialization of a (bio)sensor.

Unlike the low diversity of enzymatic biosensors, which are mainly relying on colorimetric and electrochemical, these recognition elements can be combined with different types of transducers to construct optical (colorimetric, fluorescence, chemiluminescence), electrochemical and massbased (bio)sensors for pesticide detection. Regarding the variety and abundance of studies in the field of optical and electrochemical (bio)sensors for the detection of pesticides, we have focused on these two types of (bio)sensors in this review and have omitted mass-based pesticide (bio)sensors. To the best of our knowledge there is no such comprehensive review on various kinds of non-enzymatic (bio)sensors relying on three common recognition elements including antibody, aptamer and MIP for pesticide detection.

Therefore, this review article summarizes the recent advances in different types of nonenzymatic pesticide (bio)sensors and (bio)assays with emphasis on antibody, aptamer and MIP as recognition element (Scheme 2). In this context, application of the above mentioned receptors in two main detection strategies including optical and electrochemical methods for monitoring of pesticide residues in food and environmental samples are discussed. Furthermore, advantages and disadvantages of various kinds of detection methods are evaluated to find the most rational and sensitive design for the detection of pesticides residues.

Non-enzymatic receptors for pesticide detection

Receptor is a main component of a (bio)sensor. The (bio)receptor is designed to interact with the specific analyte of interest to generate an effect measurable by the transducer. High selectivity for the analyte in a complex matrix of other chemical or biological components is a key requirement of the (bio)receptor. Different types of (bio)receptors such as antibody, enzyme, nucleic acid probes (including aptamer), cellular structures, or biomimetic materials can be used to design a (bio)sensor. In recent years, non-enzymatic receptors including antibody, aptamer and MIP have been widely integrated in different types of (bio)sensors for pesticides detection.

Therefore, in the following we will focus on the main features of these receptors and their application in optical and electrochemical (bio)sensors for pesticide detection.

1. Antibody

Antibodies are the most popular bioreceptors to design various types of biosensors. These kinds of biosensors are known as immunosesnor [START_REF] Bazin | New biorecognition molecules in biosensors for the detection of toxins[END_REF]. High affinity and specific binding to target analyte are the major characteristics of an antibody. The immunoglobulin G (IgG) protein is the most widely used antibody class. The structure of IgG is composed of four polypeptide chains including two identical shorter light chains (VL) and two identical larger heavy chains (VH) [START_REF] Reynoso | Trends and perspectives in immunosensors for determination of currently-used pesticides: the case of glyphosate, organophosphates, and neonicotinoids[END_REF].

Antibodies are classified as polyclonal (pAb), monoclonal (mAb) or recombinant antibody (rAb) regarding to the selective properties and synthesis method [START_REF] Gaudin | Advances in biosensor development for the screening of antibiotic residues in food products of animal origin-A comprehensive review[END_REF]. Despite all obvious advantages of antibodies, they suffer from some limitations due to their physical characteristics such as poor solubility, low thermal stability, thermal induced aggregation and retention of binding affinity at high temperature. Therefore, derived antibody molecules with smaller size including recombinant antibody fragments Fab, Fv (variable fragment), scFv (single chain variable fragment) and single domain antibody (sdAb; also called as nanobody) have been developed for biosensor fabrication [START_REF] Bazin | New biorecognition molecules in biosensors for the detection of toxins[END_REF]. RAbs are mAbs produced in vitro by synthetic genes. Phage display technique is used to produce RAbs bacterial cell [START_REF] Reynoso | Trends and perspectives in immunosensors for determination of currently-used pesticides: the case of glyphosate, organophosphates, and neonicotinoids[END_REF].

Pesticides are common haptens which can stimulate the generation of antibodies by the immune system only when attached to a large carrier such as a protein (mostly bovine serum albumin).

Currently, numerous antibodies are commercially available for some single molecules of various pesticides groups including organophosphorus, organochlorine, pyrethroid, carbamate, triazine pesticides, and so on. A novel idea in the development of antibodies for pesticide detection is to establish a single antibody with the ability to detect multiple analytes in a single assay. This kind of antibody is known as broad-specificity antibody [START_REF] Reynoso | Trends and perspectives in immunosensors for determination of currently-used pesticides: the case of glyphosate, organophosphates, and neonicotinoids[END_REF]. Broad-specificity antibodies are generated by multi-hapten antigens or generic haptens synthetizing based on similar structure of a class of molecules [START_REF] Jiao | Binding properties of broad-specific monoclonal antibodies against three organophosphorus pesticides by a direct surface plasmon resonance immunosensor[END_REF]. Therefore, despite the same detection mechanism as conventional antibodies, they are able to detect a group of molecules.

Aptamer

Aptamers are single-stranded DNA (ssDNA) or RNA with a length of 10 to 50 nucleotides and produced by the systematic evolution of ligands by exponential enrichment (SELEX). They can specifically bind to a variety of analytes with high affinity made by the specifically folded threedimensional structures of aptamers [START_REF] Alhamoud | Advances in biosensors for the detection of ochratoxin A: Bio-receptors, nanomaterials, and their applications[END_REF]. Aptamers can form a wide range of structural motifs including hairpin, stem, bulges, G-quadruplexes, and pseudoknots, identifying with their target through diverse interactions such as hydrophobic and van der Waals interactions, hydrogen bonds, aromatic stacking, etc. [START_REF] Sakamoto | Thermodynamic study of aptamers binding to their target proteins[END_REF]. Aptamers are appropriate bioreceptors for the detection of small molecules parallel to large molecules. Aptamer-based assays have been specified with equivalent or even better efficiency compared to antibody-based assays. Aptamer-based assays have been extensively applied to replace the immunochemical techniques for toxin detection [START_REF] Bazin | New biorecognition molecules in biosensors for the detection of toxins[END_REF]. They offer several advantages such as cost-effective and animal-free production, stability at high temperatures, ease of chemical modification, long term stability during storage even at ambient temperature, strong affinity and high selectivity [START_REF] Bazin | New biorecognition molecules in biosensors for the detection of toxins[END_REF][START_REF] Alhamoud | Advances in biosensors for the detection of ochratoxin A: Bio-receptors, nanomaterials, and their applications[END_REF]. Different kinds of biosensors and bioassays based on optical and electrochemical strategies can be designed using aptamer as recognition element. The most important factors to select an aptamer for pesticide detection are high affinity and specificity for binding to their target. Aptamers are more ideal than antibodies to design pesticide biosensors because of low molecular weight of pesticides.

Molecularly imprinted polymer (MIP)

MIPs are synthetic polymeric materials possessing specific binding cavities with shape and functional groups complementary to the target molecule. They are often called synthetic antibodies because of high selectivity and ability to mimic natural recognition property of antibodies [START_REF] Alhamoud | Advances in biosensors for the detection of ochratoxin A: Bio-receptors, nanomaterials, and their applications[END_REF][START_REF] Boulanouar | Molecularly imprinted polymers for the determination of organophosphorus pesticides in complex samples[END_REF]. MIPs offer several advantages including rapid and easy synthesis, high chemical and thermal stability, low fabrication cost and high specificity. However, their specificity and affinity are generally considered lower compared to the binding affinities of antibodies [START_REF] Bazin | New biorecognition molecules in biosensors for the detection of toxins[END_REF]. MIPs have been recently used as selective sorbents for solid-phase extraction (SPE) of different analytes from complex samples [START_REF] Pichon | Affinity separations on molecularly imprinted polymers with special emphasis on solid-phase extraction[END_REF][START_REF] Hu | Novel applications of molecularly-imprinted polymers in sample preparation[END_REF][START_REF] Jayasinghe | Ultrasound assisted combined molecularly imprinted polymer for the selective micro-solid phase extraction and determination of aflatoxins in fish feed using liquid chromatography-tandem mass spectrometry[END_REF][START_REF] Zhang | Synthesis of dummy-template molecularly imprinted polymer adsorbents for solid phase extraction of aminoglycosides antibiotics from environmental water samples[END_REF]. Due to their high selectivity, they have been also already employed in other fields such as (bio)sensors and (bio)assays. They have been also used as recognition element or selective sorbent in sensors or SPE for the detection or purification of pesticides.

Sensing strategies

In addition to (bio)receptor, transducer or detector element, which transforms one signal into another one, is other main component of a (bio)sensor. (Bio)sensors can be further classified into optical, mass-based, thermometric (calorimetric) and electrochemical (bio)sensors based on the transduction mechanism. Among them, optical and electrochemical (bio)sensors have been widely studied for pesticide detection. Regarding mass-based (bio)sensors, there are only a few studies on piezoelectric method using MIPs as recognition element in recent years, while no new studies have been recently conducted using antibodies or aptamers. Therefore, in the following, among the various sensing methods, we will suffice with optical and electrochemical methods using antibody, aptamer and MIP as (bio)receptor.

Optical sensing strategies

Optical (bio)sensors and (bio)assays are characterized as simple, rapid and low cost methods for sensitive detection of pesticides. They are based on colorimetric, fluorescence, chemiluminescence, surface plasmon resonance (SPR) or Raman signal variations strategies. In optical methods, principle of detection is change in optical properties upon target specific binding to the recognition element. In this case, light is measured as detection signal. In the following section, we will mainly focus on the most common used optical bioassays for pesticide detection including colorimetric, fluorescence, chemiluminescence, surface-enhanced Raman scattering (SERS) and immunochromatographic assays (ICAs).

1. Colorimetric-based strategies

Colorimetric assays have been characterized as powerful techniques for the detection of pesticides. They have gained a lot of attention due to their facile readout and rapid visual detection by the naked eyes or inexpensive and portable devices, which can be employed to detect the target molecule based on the color change [START_REF] Zhang | Recent progress on the construction of nanozymes-based biosensors and their applications to food safety assay[END_REF]. Colorimetric assays can be classified based on the type of color-generating probes including dyes, enzymes and nanomaterials. Among them, nanomaterials have been widely used in non-enzymatic detection of pesticides. Therefore, we will focus on nanomaterials as the probes generating colorimetric signal.

Optical bioassays for pesticide detection have used all three types of recognition elements including aptamer, antibody and MIP. Among them, most of developed colorimetric pesticide assays are based on aptamer bioreceptor.

To obtain a colorimetric signal, metal nanoparticles such as gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs) have been widely used. AuNPs are a type of noble metal nanoparticles with unique chemical, electronic, catalytic, and optical features. They can be easily synthetized in different sizes and their surface can be functionalized with a variety of ligands and recognition elements resulting in stable colloidal suspensions [START_REF] Sulaiman | A review on colorimetric methods for determination of organophosphate pesticides using gold and silver nanoparticles[END_REF]. In this regard, Lan et al.

designed an immunoassay based on AuNPs enhancement strategy for simultaneous determination of seven pesticides including triazophos, methyl-parathion, fenpropathrin, carbofuran, thiacloprid, chlorothalonil, and carbendazim [START_REF] Lan | Multi-residue detection of pesticides using a sensitive immunochip assay based on nanogold enhancement[END_REF]. In this study, seven antigens were immobilized on a nitrocellulose membrane. AuNPs were employed for both antibody labeling and signal amplification. Signal amplification was occurred through the clustering of new AuNPs around the gold nanoparticles labels coated on the membrane. Detection was performed based on binding of Ab-AuNPs conjugates to immobilized antigens and then nanogold deposition for signal enhancement. The limits of detection (LODs) were obtained 6.38 × 10 -5 , 2.81 × 10 -3 , 3.72 × 10 -4 , 2.01 × 10 -2 , 62.55 × 10 -2 , 1.54 × 10 -3 and 2.09 × 10 -4 µM for triazophos, methyl-parathion, fenpropathrin, carbofuran, thiacloprid, chlorothalonil, and carbendazim, respectively, which met detection requirements in terms of MRL for pesticide residues. The immunochip assay proposes several advantages including: (1) potential for multi-analysis of pesticide residue in foodstuff; (2) ability to be miniaturized and portable by integrating into the microfluidic system; (3) improved throughput and reduced detection time by integration into 96well microplates; (4) target pesticides can be from various chemical groups, unlike only the two groups of pesticides (organophosphates and carbamates) to which the acetylcholinesterase-based rapid test is limited; [START_REF] Who | Codex Alimentarius: Pesticides Index. Codex Alimentarius[END_REF] no need for expensive tools or materials compared to standard chromatographic techniques for multiplex detection of pesticides. Using specific mAbs for each pesticide, the assay exhibited good specificity. The immunosensor was applied for the detection of the above-mentioned pesticides in fruit and vegetable samples.

Changing the state of AuNPs from dispersed (red color) to aggregated state (blue color) and vice versa that is associated with color change is the principle of many colorimetric (bio)sensors. This property of AuNPs was used for detection of acetamiprid by fine-tuning aptamer length [START_REF] Tian | A colorimetric detection method of pesticide acetamiprid by fine-tuning aptamer length[END_REF]. In fact, this study provided the greater insight to the effect of aptamer structure on detection process of any analyte. In this method, aptamer-modified AuNPs were used as sensing platform. In the presence of acetamiprid target, aptamer dissociated from AuNPs and bound specifically to the acetamiprid resulted in the reduction of AuNPs stability against aggregation upon salt addition.

Two different lengths of aptamers were evaluated. Long aptamer containing bases outside of the binding region of target-binding aptamer could still adhere to AuNPs, which prevented the saltinduced aggregation of AuNPs, while the short aptamer dissociated from AuNPs completely in the presence of target pesticide (Fig. 1a). The LOD of the assay was 0.4 µM. Although the sensitivity of the assay increased by shorter aptamer, its selectivity decreased and shorter aptamer did not hamper the ability of the method to differentiate between 2,4-dichlorphenoxy acetic acid and acifluorofen. The method was not applied in food samples to investigate the effect of matrix interferences on the assay performance.

Most of the colorimetric assays have employed AuNPs as label probably due to their easy synthesis compared to AgNPs. However, AgNPs possess specified advantages originated from the fact that their extinction coefficient is one hundred times higher than that of AuNPs which results in increased sensitivity and improved visibility because of the difference in optical brightness [START_REF] Bala | A supersensitive silver nanoprobe based aptasensor for low cost detection of malathion residues in water and food samples[END_REF]. Due to these features as well as the lower cost of silver compared to gold, Bala et al. developed a colorimetric aptasensor using AgNPs and a cationic hexapeptide for the detection of malthion residues in water and food samples [START_REF] Bala | A supersensitive silver nanoprobe based aptasensor for low cost detection of malathion residues in water and food samples[END_REF]. In this aasay, AgNPs were able to interact with the aptamer and peptide to provide different optical responses depending on the presence or absence of the target malathion (Fig. 1b). The color of the AgNPs remained yellow in the absence of malathion because of electrostatic interaction between malathion aptamer and cationic peptide whereas the color changed to orange in the presence of malathion due to specific binding of aptamer to malathion and rendering cationic peptide free to aggregate the particles.

The results were quantitatively measured by a UV-Vis spectrophotometer. The aptasesnor showed a high sensitivity with a LOD of 5.00 × 10 -7 µM. Compared to the AuNPS, the use of AgNPs provided a very cost effective and simple detection platform. On the other hand, the developed method was highly selective towards other pesticides, as well as various other components such as amino acids, metal ions, organic acids and sugar which may be present in real samples.

A similar aptasensor was constructed by Wang et al. for the detection of carbendazim [START_REF] Wang | Colorimetric determination of carbendazim based on the specific recognition of aptamer and the poly-diallyldimethylammonium chloride aggregation of gold nanoparticles[END_REF]. In this study, AuNPs and cationic polymer poly-diallyldimethylammonium chloride (PDDA) were used instead of AgNPs and cationic peptide, respectively, in the previous work. In the absence of carbendazim, the carbendazim aptamer reacted with the cationic polymer PDDA by electrostatic interaction to form a complex structure. Therefore, the AuNPs remained dispersed due to the lack of PDDA. The LOD was obtained 2.20 × 10 -3 µM which was higher than those of previous study with a similar mechanism. This difference may be related to the type of nanoparticles used and higher sensitivity of AgNPs originated from their higher extinction coefficient compared to the AuNPs. However, the method was simple, rapid, quantitative and inexpensive. The use of a specific aptamer resulted in an assay with high selectivity.

MIP has been rarely used as recognition element for colorimetric detection of pesticides. Ye et al. developed a colorimetric assay based on MIP coated silica nanoparticles for the detection of 3-Phenoxybenzaldehyde (3-PBD) as the metabolite of pyrethroid pesticides [START_REF] Ye | Colorimetric detection of pyrethroid metabolite by using surface molecularly imprinted polymer[END_REF]. After elution of 3-PBD from MIP nanoparticles, the 3-PBD resulted in a distinguished color fading by potassium permanganate reduction. The quantitative results were obtained by measuring the absorption of potassium permanganate. The assay exhibited a LOD of 0.26 µM with high specificity. The method was simple and low cost. However, the sensitivity could be improved by using appropriate nanoparticles with oxidase activity or other oxidant compounds as colorimetric reagent and comparing the results with potassium permanganate. The method was successfully used for the detection of 3-PBD in real samples including water, fruit juice and beverage.

Fluorescence-based strategies

Fluorescence methods are among the most widely used sensing strategies due to high sensitivity and simplification. They have been employed in multiple fields including biomedical diagnosis, food safety and environmental monitoring [START_REF] Yan | Review of optical sensors for pesticides,TrAC[END_REF]. Fluorescence assays are mostly designed based on the target analyte-mediated fluorescence enhancement ("turn-on"), fluorescence quenching ("turn-off") or "ratiometric" signal [START_REF] Zhang | Recent progress on the construction of nanozymes-based biosensors and their applications to food safety assay[END_REF]. Any change in the detection signal can be checked by spectrofluorophotometer and observed by naked eye on-site. Different kinds of materials have been extensively used for the construction of fluorescence sensing platform, including fluorescent dyes [START_REF] Guo | Highly sensitive and selective biosensor for heparin detection with rhodamine B-labelled peptides as fluorescent bioreceptors[END_REF], metal nanomaterials [START_REF] Asnaashari | Fluorescence quenching biosensor for acrylamide detection in food products based on double-stranded DNA and gold nanoparticles[END_REF], carbon nanomaterials [START_REF] Xu | A fluorescence resonance energy transfer biosensor based on carbon dots and gold nanoparticles for the detection of trypsin[END_REF], semiconductors nanomaterials [START_REF] Qu | A novel fluorescence biosensor for sensitivity detection of tyrosinase and acid phosphatase based on nitrogen-doped graphene quantum dots[END_REF] and rare earth materials [START_REF] Liu | Up-conversion fluorescence biosensor for sensitive detection of CA-125 tumor markers[END_REF]. On the basis of the recognition elements types, three fluorescence sensing strategies including antibody-assisted methods, aptamer-based methods and MIP-based methods are discussed below.

AuNPs are not only used in colorimetric methods, but are also a good candidate for developing fluorescent assays. The interactions between AuNPs and organic dyes have obtained much attention due to many advantages related to the quenching efficiency and photostability compared to the traditional dye quencher system. Fluorescence quenching of adjacent dyes is due to the surface energy transfer phenomenon of AuNPs [START_REF] Park | Gold nanoparticle-based fluorescence quenching via metal coordination for assaying protease activity[END_REF]. Regarding to the quenching property of AuNPs, Zhang et al. developed a fluorescence immunoassay for the detection of triazophos [START_REF] Zhang | A simple and sensitive competitive bio-barcode immunoassay for triazophos based on multi-modified gold nanoparticles and fluorescent signal amplification[END_REF]. The AuNPs were modified with monoclonal antibodies and 6carboxyfluorescein labeled single-stranded DNA (6-FAM-ssDNA). The fluorescence of 6-FAM was quenched by AuNPs. After the competitive reaction between immobilized ovalbumin-linked haptens and triazophos in the sample, the hapten-mAb-AuNPs complexes were formed at the bottom of the microplate. Dithiothreitol (DTT) was applied to replace the 6-FAM-SH-ssDNA on the complex and the released fluorescence signal was detected. The fluorescence intensity was inversely proportional to the triazophos concentration (Fig. 2a). The LOD was 1.92 × 10 -5 µM and the results showed a good correlation with liquid chromatography-tandem mass spectrometry (LC-MS/MS). The method was successfully employed for the detection of triazophos in water and food samples. Although the method was sensitive and selective, it was a modified type of ELISA which suffered from some limitations such as several washing steps, long detection time (2.5 h) and the need for trained and skilled personnel. On the other hand, multi-modification of AuNPs was a complicated and time consuming process.

Recently, semiconductor quantum dots (QDs) have been considered as promising fluorescent markers due to their unique properties including high quantum yields, narrow emission with a broad excitation wavelength, high luminous efficiency, and resistance to photobleaching [START_REF] Hua | Direct competitive fluoroimmunoassays for detection of imidaclothiz in environmental and agricultural samples using quantum dots and europium as labels[END_REF][START_REF] Liao | Simple and sensitive detection of triazophos pesticide by using quantum dots nanobeads based on immunoassay[END_REF]. Using QDs as fluorescent label, the assay sensitivity can be significantly increased compared to conventional fluorescent dyes. A highly sensitive fluorescence immunoassay based on CdSe/ZnS QDs was developed for the detection of pesticide triazophos [START_REF] Liao | Simple and sensitive detection of triazophos pesticide by using quantum dots nanobeads based on immunoassay[END_REF]. In this assay, a competition reaction was occurred between ovalbumin-haptens and target triazophos for binding to antibody-QDs conjugates. The assay showed a very high sensitivity with a LOD of 1.62 × 10 -6 µM which was ten times more sensitive than the above method due to the use of quantum labels instead of conventional fluorescent labels. However, like the immunoassay mentioned above, this method is also inspired by the ELISA method with disadvantages such as multi-step washing, long detection time (≈ 3 h) and the need for skilled personnel. Comparison of the results with the LC-MS/MS method showed that the QDs-based fluorescence immunoassay is a reliable method. However, the authors did not evaluate the selectivity of the assay and cross reactivity with other pesticides. The immunoassay was used for detecting triazophos in water and agricultural samples.

Using aptamer as recognition element, an aptasensor based on CdTe/CdS QDs and poly(N-(3guanidinopropyl)methacrylamide) cationic homopolymer (PGPMA) was fabricated for the detection of malathion [START_REF] Bala | Ultra-sensitive detection of malathion using quantum dots-polymer based fluorescence aptasensor[END_REF]. The interaction between specific aptamer and malathion resulted in switching off of the fluorescence signal of the QDs due to the availability of the polymer while in the absence of malathion, polymer was bound to the cationic aptamer via electrostatic interactions thereby preventing the quenching of QDs. The aptasesnor exhibited a LOD of 4.00 × 10 -6 µM and was used for the detection of malathion in soil, water and orange samples. The assay was highly sensitive, selective, and low cost due to the use of aptamer which reduced the cost of biosensor compared to the antibody. Because of no need for aptamer modification with QDs, the assay was time consuming. However, the detection time has not been reported.

In addition to metal nanoparticles, carbon nanomaterials such as single-walled carbon nanotube (SWCNTs), multi-walled carbon nanotubes (MWCNTs) and various modified graphene oxide (GOx) have also been demonstrated as nanoquencher of fluorophores. Former researches on quenching efficiency exhibit that SWCNTs are more efficient fluorescence quencher compared to the MWCNTs [START_REF] Singh | Role of molecular interactions and structural defects in the efficient fluorescence quenching by carbon nanotubes[END_REF]. However, folding and adsorption of ssDNA onto SWCNTs is slower than that on MWCNTs. Therefore, MWCNTs are preferred to construct fluorescence-based aptasensors. For instance, a label-free aptasensor using MWCNTs and G-quadruplex was developed for the detection of isocarbophos [START_REF] Li | Label-free and enzyme-free fluorescent isocarbophos aptasensor based on MWCNTs and G-quadruplex[END_REF]. In this assay, the split isocarbophos aptamers were attached to a G-quadruplex motif at their respective terminals. In the presence of isocarbophos, the conformation of split aptamers changed into a sandwiched-like ternary complex, which prevented them from adsorption on the MWCNTs. Thus, fluorescence signal of the G-quadruplex probes N-methyl mesoporphyrin IX (NMM) was increased significantly (Fig. 2b). In the absence of isocarbophos, the fluorescence signal was quenched due to adsorption of the split aptamers in the form of ssDNA by MWCNTs. The LOD of the developed aptasensor was 1.00 × 10 -2 µM. The proposed aptasensor was applied for the determination of isocarbophos in fruits and vegetables. Although the assay was label-free, sensitive and selective, it required complex sample preparation steps that made it difficult to apply. The detection time was not reported in this assay.

Up to now, the fluorescent probes that integrate QDs, upconversion nanoparticles (UCNPs) or carbon dots (CDs) with MIP have been developed for pesticides detection. Despite several advantages of QDs, they suffer from high toxicity. To overcome this limitation, many studies demonstrated that UCNPs are promising and could be an effective solution. Compared to conventional fluorescence probes, UCNPs possess many advantages including high chemical stability, large light penetration depth, long lifetime, non-autofluorescence from biological samples and less damage to samples [START_REF] Gu | Recent advances on functionalized upconversion nanoparticles for detection of small molecules and ions in biosystems[END_REF]. UCNPs are a unique group of optical nanomaterials doped with lanthanide ions. They can up-convert two or more lower-energy photons into one high-energy photon [START_REF] Wen | Advances in highly doped upconversion nanoparticles[END_REF].

Regarding the unique features of UCNPs, Yu et al. developed a fluorescence assay based on

SiO2-coated NaYF4: Yb, Er UCNPs encapsulated with MIP for the acetamiprid detection [START_REF] Yu | Fluorometric determination of acetamiprid using molecularly imprinted upconversion nanoparticles[END_REF].

Upon incorporating of UCNP@MIP with acetamiprid, the fluorescence of the UCNP@MIP was quenched due to the photo-induced electron transfer. The stability is a key factor for the fluorescent probe performance. The maximum adsorption of UCNP@MIP to acetamiprid was obtained after 60 min. In this study, UCNP@MIP showed a stable emission within 60 min.

However, the fluorescence intensity of UCNP@MIP was relatively stable during storage for only 6 days. The fluorescence assay with high selectivity and LOD of 3.73 × 10 -2 µM was successfully applied to detect acetamiprid in apple and strawberry samples after complex sample preparation steps.

CDs or carbon quantum dots are a novel kind of carbon nanomaterials with excellent properties such as broad absorption spectrum, high photostability, multiple exciton generations, high fluorescent intensity, less toxicity, and high solubility in water and some organic solvents. Also, the emission spectrum of CDs changes with different excitation wavelengths. Using CDs embedded in silica MIP, a fluorimetric sensor was developed for determination of thiabendazole [START_REF] Kazemifard | Green synthesized carbon dots embedded in silica molecularly imprinted polymers, characterization and application as a rapid and selective fluorimetric sensor for determination of thiabendazole in juices[END_REF]. Mixing of MIP with thiabendazole increased the fluorescence intensity of CDs@SiO2@MIP. The developed method, with a LOD of 3.98 × 10 -2 µM, was used for determination of thiabendazole in apple, orange and tomato juices. The main advantages of the assay included eco-friendly synthesis of CDs, easy sample preparation, high selectivity, simple detection platform, short response time (1 min) and non-expensive. Moreover, MIP decoration on the surface of CDs overcame the poor selectivity of CDs fluorescent probes. One of the weaknesses of this study was that the fluorescent stability of the CDs@SiO2@MIP probes was not investigated.

In another study, a fluorescence sensor using MIP and based on fluorescence resonance energy transfer (FRET) was developed for dimethoate detection [START_REF] Li | Selective determination of dimethoate via fluorescence resonance energy transfer between carbon dots and a dye-doped molecularly imprinted polymer[END_REF]. In the presence of dimethoate, a competitive reaction occurred between dimethoate and CDs labeled dimethoate for binding to dye-doped MIP. The fluorescence intensity decreased under replacing the CDs labeled dimethoate molecules by dimethoate molecules in the samples (Fig. 2c). The FRET-based assay using CDs led to a highly sensitive detection of thiabendazole with a low LOD of 1.83 × 10 -8 µM. The very low LOD can indicate the effect of the FRET mechanism on increasing the sensitivity of the fluorescent-based assays. The developed sensor showed high selectivity, short detection time, and good stability over 1 week of storage which could be usable even after 1 month. The method was used for the detection of dimethoate in cabbage, broccoli and cucumber after complex sample preparation steps (as a limitation of the method).

Among different nanomaterials used for pesticide detection, QDs-based (bio)sensors showed lower LOD and better performance. However, QDs-based assays suffer from long detection time. On the other hand, although CDs have advantages such as low toxicity, high solubility, and potential for green synthesis, they still need to be optimized against the LODs that QDs present, such that FRET-based assay using CDs exhibited high sensitivity, short detection time, and good stability. Other nanomaterials such as CNTs, graphene-based nanomaterials and UCNPs did not show a good performance in terms of sensitivity, stability during storage, and detection time.

Chemiluminescence-based strategies

Chemiluminescence method is a well-established tool without the need for light excitation, which significantly improves signal-to-noise ratio due to the reduction or elimination of background signal. It is an attractive method with excellent features such as simplicity of operation, simple reagent preparation, cost-effectiveness, stability, rapid response and high sensitivity [START_REF] Yan | Review of optical sensors for pesticides,TrAC[END_REF]. There are only a few researches on chemiluminescence assays for pesticide detection using recognition elements of antibody, aptamer and MIP. There have not even been any studies on the application of antibodies using this method to detect pesticides. AuNPs are also a good candidate for the development of chemiluminescence assays. The morphology of AuNPs has a significant effect on their catalytic performance for chemiluminescence. The aggregated AuNPs show stronger catalytic activity compared to the dispersed AuNPs in the luminol-H2O2 chemiluminescence system. Regarding this feature, an aptasensor was developed for determination of acetamiprid [START_REF] Qi | A simple and rapid chemiluminescence aptasensor for acetamiprid in contaminated samples: sensitivity, selectivity and mechanism[END_REF]. In the presence of acetamiprid, aptamer bound to the target AuNPs aggregated by salt due to lack of protection by the folded aptamer. Thus, chemiluminescence signal was produced by aggregated AuNPs in the presence of H2O2. The LOD was obtained 6.20 × 10 -5 µM. The LOD was about 100-fold lower than that of the reported aptamer-based colorimetric methods with the similar platform. This assay provided a label-free, rapid and low cost strategy for highly sensitive and selective detection of acetamiprid. However, it consisted of several steps of adding solutions and reagents, which is a disadvantage for a biosensor or bioassay. The method was used for the detection of acetamiprid in soil, water and cucumber after a complex sample preparation step.

In recent years, microfluidic paper-based analytical devices (µPADs) have obtained more attention due to combining the simplicity of paper strip tests and complexity of the traditional lab-on-paper devices. Using MIP adsorption on the paper surface, a lab-on-chip assay was developed for the detection of dichlorvos [START_REF] Liu | A molecularly imprinted polymer based a lab-on-paper chemiluminescence device for the detection of dichlorvos[END_REF]. Dichlorvos binding to MIP resulted in the enhancing chemiluminescence of luminol-H2O2. The assay was used for determination of dichlorvos in cucumber and tomato. The developed paper-based chemiluminescence chip provided several advantages such as high sensitivity (LOD: 3.62 × 10 -3 µM) and selectivity, low cost, simple operation and quantitative results for the detection of dichlorvos. This MIP-based chip was especially useful for on-site monitoring of pesticides.

In another study, MIP grafted paper disks were used for the detection of 2,4dichlorophenoxyacetic acid (2,4-D) [START_REF] Wang | Molecularly imprinted polymer grafted paper-based multi-disk micro-disk plate for chemiluminescence detection of pesticide[END_REF]. The detection strategy was based on competition between free 2,4-D and tobacco peroxidase (TOP) labeled 2,4-D and the enzyme catalyzed chemiluminescence emission from the luminol-TOP-H2O2 system. The LOD was 1.00 × 10 -6 µM. The method was employed for determination of 2,4-D in water samples. The proposed assay was simple, low cost, rapid, portable and highly selective. However, the authors did not investigate food samples with complex matrix to find the assay performance. "Bridge" substance absorbed on the metal nanoparticles plays a basic role of bridge which unites analyte and exhibits recognizable Rama spectra. In this study, bridge substance was absorbed on the surface of flower like AgNPs. Binding of organochlorine pesticides molecules to the antibody conjugated AgNPs transferred energy and contributed to a certain Raman effect [START_REF] Zhang | Self-assembled "bridge" substance for organochlorine pesticides detection in solution based on Surface Enhanced Raman Scattering[END_REF].

Surface enhanced Raman scattering-based strategies

The LOD, selectivity, detection time and food samples matrices of the developed method were not investigated.

In order to reduce the effect of interfering compounds in complex food matrix, a nitrile-mediated aptasensor was developed for the detection of acetamiprid [START_REF] Sun | A nitrile-mediated aptasensor for optical anti-interference detection of acetamiprid in apple juice by surface-enhanced Raman scattering[END_REF]. In this study, 4-(Mercaptomethyl) benzonitrile (MMBN) containing C≡N bond was used as Raman tag. AuNPs bonded with polyadenine (polyA)-mediated aptamer and Raman tag (MMBN-AuNPs-aptamer) was used as Raman probe, while the complementary DNA (cDNA) conjugated with AgNPsdecorated silicon wafer (AgNPs@Si) was employed as SERS substrate (Fig. 3a). When acetamiprid combined with aptamer, prevented the formation of MMBN-AuNPs-aptamer-cDNA-AgNPs@Si hybrid and Raman signal intensities of MMBN in Au-AgNPs@Si decreased.

The aptasensor with a LOD of 6.80 × 10 -3 µM was employed for determination of acetamiprid in apple juice samples. Although the assay was sensitive and selective enough, a main disadvantage of the proposed method was complicated operation to detect acetamprid. Moreover, it suffers from low stability (1 to 2 weeks) during storage.

In another work, a label-free aptasensor based on AgNPs was developed for the detection of malathion [START_REF] Nie | Label-free aptamer-based sensor for specific detection of malathion residues by surface-enhanced Raman scattering[END_REF]. AgNPs modified with positively charged spermine was employed as enhancing and capture reagents for functionalization with the negatively charged aptamer (Fig. 3b). The SERS background spectra of spermine, aptamer, and malathion were recorded and differentiated with the spectrum of aptamer captured malathion. The aptasensor was used for determination of malathion in water samples. The use of label-free aptamer improved the selectivity of the SERSbased assay. Therefore, the proposed method showed high specificity. However, the LOD of the developed method was not reported. Moreover, to study the effect of matrix, food samples were not investigated.

Immunochromatographic-based strategies

Immunochromatographic assay (ICA) or lateral flow assay (LFA) is a rapid, simple, low cost and point-of-care test for that has attracted much attention to detect various analytes such as toxins, pathogens, veterinary drugs, heavy metals and pesticides. A simple LFA strip consists of a sample pad, conjugated pad, nitrocellulose membrane, and absorbent pad. Test (T) and control I lines are sprayed onto the nitrocellulose membrane. Two main formats commonly used in LFA include sandwich and competitive formats. The sandwich format is employed to detect analytes with high-molecular-weight and several epitopes such as pathogens, while competitive format is suitable for low-molecular-weight molecules with single antigen epitopes such as mycotoxins and pesticides [START_REF] Chen | Invited review: Advancements in lateral flow immunoassays for screening hazardous substances in milk and milk powder[END_REF]. Different kinds of labels including colored and fluorescent labels can be used to provide detection signal. Typical colored nanoparticles include AuNPs, AgNPs, latexes and carbon nanoparticles. Among them, AuNPs are the most widely used labels. Li et al. developed LFA strips for determination of paraquat in water [START_REF] Li | Preparing monoclonal antibodies and developing immunochromatographic strips for paraquat determination in water[END_REF]. Monoclonal antibody against paraquat was labeled with AuNPs label. Hapten-OVA conjugate and goat anti-mouse IgG were sprayed on T line and C line, respectively. The assay was qualitative and visible LOD was obtained 1.07 × 10 -3 µM. the ICA method was evaluated in water samples. The developed ICA provided a reliable, rapid, portable, and high-throughput method for detecting paraquat residues. The results were obtained within 5-10 min. The strips were very stable during 4 months storage at 4 °C. Food complex matrix was not evaluated in this ICA method.

In order to improve quantitative detection of ICA, Zhang et al. developed a time-resolved fluorescent ICA (TRFICA) using europium microbeads for detecting carbofuran residues in agro-products [START_REF] Zhang | A double-label time-resolved fluorescent strip for rapidly quantitative detection of carbofuran residues in agro-products[END_REF]. In this assay two immunoprobes including a carbofuran-specific mAb conjugated with europium microbeads for the T line signal and a mouse IgG conjugated with europium microbeads for the C line signal were used (Fig. 4a). Quantitative relationships between carbofuran concentrations and T/C ratios were applied to determine the target molecule concentration. The double-label TRFICA decreased the background signals originated from the sample matrix. The authors reported LOD in the range of 0.18-3.44 µM. The new ICA method was rapid (detection time of 10 min), reliable, portable and quantitative. Moreover, it required simple sample preparation steps. However, the sensitivity of this new ICA method needs to be improved.

Another approach to provide a quantitative ICA is its combination with other techniques. For instance, Li et al. developed a SERS-based ICA for simultaneous detection of two pyrethroid pesticides cypermethrin and esfenvalerate [START_REF] Li | Surface-enhanced Raman spectroscopy (SERS)based immunochromatographic assay (ICA) for the simultaneous detection of two pyrethroid pesticides[END_REF]. In this assay, antibody conjugated AuNPs was used as the SERS substrate while fluorescence tags labeled on AuNPs were employed as the Raman reporters for SERS. Raman reporter labeled AuNPs were sprayed on the T line of the ICA strip and two T lines were designed for the detection of two pesticides. Combination of ICA with SERS method significantly improved the detection limit so that low LODs of 5.52 × 10 -7 µM and 6.19 × 10 -8 µM were obtained for cypermethrin and esfenvalerate, respectively. SERSbased ICA was evaluated with water and milk samples. This method showed high sensitivity, reliability, short detection time (≈15 min) and reproducibility for dual pesticides detection.

However, to collect Rama spectra and obtain quantitative results, SERS-ICA method requires Raman micro-spectrometer system that is not available everywhere. Moreover, the assay selectivity was not evaluated.

A method to enhance the sensitivity of ICA is to change the signal label. In addition to AuNPs as the most common labels, other types of labels have been used to increase the detection signal.

For example, Cheng et al. used two-dimensional Pt-Ni(OH)2 nanosheets (NSs) for simultaneous detection of acetochlor and fenpropathrin in a two-way ICA [START_REF] Cheng | Pt-Ni (OH) 2 nanosheets amplified two-way lateral flow immunoassays with smartphone readout for quantification of pesticides[END_REF]. The Pt-Ni(OH)2 NSs were used as the enhanced signal label due to their high peroxidase-like activity and good LODs (2.34 × 10 -3 and 6.87 × 10 -4 µM for acetochlor and fenpropathrin, respectively) were obtained. Portable detection was performed using smartphone (Fig. 4b). The assay was used for the detection of acetochlor and fenpropathrin in agro-products. This platform can be used for rapid (detection time of 13 min), on-site, multiplex and sensitive detection of pesticides with high specificity.

Complex sample preparation using different solvents is a disadvantage of this method. On the other hand, the additional step of using TMB substrate to amplify the detection signal reduces the user-friendliness of the method.

Antibodies are the most common recognition element to develop ICA strips. However, for multiplex detection of analytes, apatmers can be a more suitable choice. Cheng et al. developed an aptasensor based on fluorophore-quencher nano-pair for simultaneous detection of three pesticides chlorpyrifos, diazinon, and malathion (Fig. 4c) [START_REF] Cheng | Aptasensor based on fluorophorequencher nano-pair and smartphone spectrum reader for on-site quantification of multipesticides[END_REF]. In this study, QDs nanobeads and gold nanostars (AuNSs), were used as fluorophore and quencher, respectively. Three biotinylated complementary sequences were linked with streptavidin then mixed with QDs-BSA conjugates and immobilized on three T lines of nitrocellulose membrane. Three specific aptamers were conjugated with AuNSs. In the presence of target pesticides, aptamer-AuNSs probes were bound to the pesticides and there was no free aptamer to hybridize with complementary sequences in the T line. Thus, the fluorescence of QDs became visible on the T lines. In the absence of target pesticides, free aptamer-AuNSs probes were captured by complementary sequences on T lines and the accumulation of AuNSs on the lines quenched the fluorescence. The LODs of 2.08 × 10 - 3 , 2.20 × 10 -2 and 2.24 × 10 -3 µM were obtained for chlorpyrifos, diazinon, and malathion, respectively. The assay was used for the detection of the mentioned pesticides in agro-products.

This multiplexed and portable platform can be used for on-site quantitative detection of pesticides with high selectivity and sensitivity. A smartphone spectrum reader was used for the analysis of test strips which made the system highly portable and easily accessible. However, a main disadvantage of this method using aptamer as recognition element was long incubation time (40 min) of AuNSs-aptamer probe and target solution before applying on the strip.

Representative examples of recent developed optical assays for the detection of pesticide residues are listed in Table 1.

Electrochemical sensing strategies

Electrochemical (bio)sensors are one of the most extensively used (bio)sensors and also the most common methods used for pesticide residue detection. These types of (bio)sensors are able to provide the portable and miniaturization design for the biosensor-based devices. In electrochemical (bio)sensors, output electrical signals through the transducers, such as potential, current, conductance, or impedance is generated by the electrochemical reaction or immunoreaction. Electrochemical (bio)sensors can be mainly classified into three groups based on the signal property. These groups include amperometric (bio)sensors, potentiometric (bio)sensors and impedimetric (bio)sensors [START_REF] Zhao | Advances in biosensor-based instruments for pesticide residues rapid detection[END_REF].

Several scientific attempts have been made for pesticide detection by exploring electrochemical immunosensors. Generally, screen printed carbon electrodes (SPCEs) are the most extensively used electrochemical platforms with small size. They include an electrochemical cell constructed by a reference electrode, a working electrode and a counter electrode. Carbon working electrode can be easily modified by nanostructures such as metallic and bi-metallic nanoparticles (e.g. Au, Ag, Ni, and Cu) and carbon nanomaerials (e.g. CNTs, Gox) in order to provide the electroactive surface and catalyze redox reactions [START_REF] Pérez-Fernández | Direct competitive immunosensor for Imidacloprid pesticide detection on gold nanoparticle-modified electrodes[END_REF]. Among different kinds of nanostructures, AuNPs are the most widely used nanomaterials due to increase the efficacy of the immobilization of recognition elements and accelerate the electronic transfer between the biomaterial and electrode.

A direct competitive immunosensor based on AuNPs modified SPCE was developed for determination of imidacloprid (Fig. 5a) [START_REF] Pérez-Fernández | Direct competitive immunosensor for Imidacloprid pesticide detection on gold nanoparticle-modified electrodes[END_REF]. In this study, specific monoclonal antibodies were immobilized on the AuNP-SPCE surface. A competitive reaction was occurred between free imidacloprid in sample and imidacloprid labeled with horseradish peroxidase (HRP) enzyme for binding to immobilized antibodies. After binding of HRP labeled imidacloprid and enzymatic oxidizing of 3,3´,5,5´-Tetramethylbenzidine (TMB) substrate by HRP, the oxidized TMB reduction back at the surface of the SPCE. The catalytic current (analytical signal) was inversely proportional to the imidacloprid concentration. The LOD was 2.20 × 10 -5 µM. The assay showed high sensitivity, excellent selectivity, long-term stability of antibody modified electrodes (up to one month), repeatability, low detection time, good precision and accuracy. The immunosensor was employed for the detection of imidacloprid in tap water and watermelon with low matrix effect. However, analysis of tomato samples as more complex matrix required standard additions tests for fixing the matrix effect. Therefore, this immunosensor is an ideal method for rapid and on-site detection of imidacloprid, if it can be optimized for analyzing complex food matrices and also electrochemical measurements can be obtained by a portable electrochemical instrument. In another electrochemical immunosensor, SPCE was modified with graphene due to unique properties of graphene such as high surface to volume ratio, ultra-high charge mobility and excellent target binding characteristics resulting in increased sensitivity [START_REF] Mehta | Graphene modified screen printed immunosensor for highly sensitive detection of parathion[END_REF]. Modified SPCE was functionalized with 2-aminobenzyl amine (2-ABA) and then bio-interfaced with the antiparathion antibodies. Binding of parathion to the specific antibodies at the SPCE surface changed the properties of the dielectric layer to limit the charge transfer across the redox probe and electrode surface. Thus, Rct increased in proportional to the parathion amount. The immunosensor with a low LOD of 1.97 × 10 -7 µM was used for the detection of parathion in the spiked tomato and carrot samples. The proposed immunosensor showed high selectivity, excellent reproducibility, long-term stability of antibody modified electrodes (50 days storage at 4 °C), fairly good regeneration efficiency (up to the five recycling steps) and short detection time (10 min). The regeneration of the used sensor is an important factor from a commercial point of view. Compared to the previous study, this immunosensor included a simpler platform, due to the lack of additional step of the peroxidase enzymatic reaction, and could be used in more complex food matrices.

The same authors used graphene QDs (GQDs) to modify SPCE and develop an electrochemical impedance spectroscopy (EIS) immunosensor for parathion determination [START_REF] Mehta | Graphene quantum dot modified screen printed immunosensor for the determination of parathion[END_REF]. GQDs can act both as excellent electron acceptors and donors due to structural similarity to graphene. GQDs possess unique properties such as low toxicity, high solubility and stability, easier grafting of their surface with receptors, and excellent electrical and thermal conductivities. GQDs-modified SPCE was functionalized with 2-ABA in order to immobilize anti-parathion antibodies (Fig. 5b).

The immunosensor showed a lower LOD (1.58 × 10 -7 µM) compared to the previous parathion biosensor due to the use of GQDs instead of graphene. Other advantages of the developed immunosensor included high specificity, high reproducibility, short detection time (15 min), long term stability (up to 60 days storage at 4 °C) and good regeneration efficiency (up to the 5 recycling steps). However, the efficiency of the biosensor was not investigated by analyzing real samples.

Nanocomposite material can be used to modify electrode and enhance the sensing performance of electrochemical (bio)sensors. They can be made from a combination of two or more nanomaterials. Xu et al. used a nanocomposite consisting of copper oxide nanoflowers (CuO NFs) and carboxyl-functionalized SWCNTs (c-SWCNTs) to coat glassy carbon electrode (GCE) and electrochemical detection of chlorpyrifos [START_REF] Xu | A regenerative and selective electrochemical aptasensor based on copper oxide nanoflowers-single walled carbon nanotubes nanocomposite for chlorpyrifos detection[END_REF]. CuO NFs expanded the surface area of the electrode due to its 3D nanostructure (Fig. 6a). Moreover, it was low cost and mechanically stable. On the other hand, CNTs show excellent mechanical properties, superior biocompatibility and electrical features that can increase electron transfer and amplify detection signal. C-SWCNTs were able to immobilize aminated nucleic acid probes which could hybridize with specific aptamers. Methylene blue (MB), as a redox indicator for DNA hybridization, bound with nucleic acid chains (aptamer and nucleic acid). In the presence of chlorpyrifos, the formation of aptamer-chlorpyrifos complex resulted in the decrease amount of MB bound to guanine bases in the aptamer domain. Thus, aptamer was dissociated from semi-duplex, resulting in the fleeing of MB from the sensing interface and decreased differential pulse voltammetry (DPV) peak current.

The apatasesnor showed a LOD of 2.00 × 10 -4 µM and was used for the detection of chlorpyrifos in apple, celery and cabbage samples. The proposed aptasensor exhibited high selectivity and excellent repeatability. Moreover, the fabricated electrode could be regenerated by urea for continues application. However, after treatment of electrode with urea, it should be again functionalized with aptamer and subsequently MB, which took at least 90 min with several washing steps. Another disadvantage of this aptasensor was long incubation time (2 h) of aptamer and chlorpyrifos which prolonged the detection time.

The application of hybrid polymer-CNTs composites results in the construction of electrodes with enhanced electro-active surface area and electrical conductivity [START_REF] Kaur | Multi walled carbon nanotubes embedded conducting polymer based electrochemical aptasensor for estimation of malathion[END_REF]. An aptasensor based on the carboxylated multi-walled carbon nanotubes (c-MWCNTs) embedded conducting polymer poly-3,4 ethylenedioxythiophene (PEDOT) was developed for malathion determination [START_REF] Kaur | Multi walled carbon nanotubes embedded conducting polymer based electrochemical aptasensor for estimation of malathion[END_REF]. PEDOT with ordered and well defined chemical structure showed excellent conductivity and stability. PEDOT doped with CNTs maintains the biocompatibility of both components and increased the long term stability. For the construction of this aptasensor, PEDOT/cMWCNTs was electropolymerized on the fluoride tin oxide (FTO) sheets. Then, the aminylated aptamer molecules were attached on the surface of PEDOT/cMWCNTs/FTO via covalent linkage. Upon the addition of malathion, the formation of malathion-aptamer complex changed the current inversely proportional to the malathion concentration. A very low LOD of 5.00 × 10 -10 µM was obtained because of excellent conductivity of PEDOT/cMWCNTs. In this study, the proposed aptasensor showed more sensitivity than HPLC method (LOD: 8.4 × 10 -6 µM). Other advantages of this aptasesnor included high selectivity, short incubation time of modified electrode and analyte (8 min), regeneration ability within 11 min, good reproducibility, and long-term stability (30-40 days at 4 °C) of the modified electrode. The aptasensor was used for the detection of malathion in lettuce samples.

Using platinum nanoparticle (PtNPs) 2D filmes, Madianos et al. developed an impedimetric aptasesnor for simultaneous detection of acetamiprid and atrazine (Fig. 6b). In this work, the PtNPs films were deposited on top of SiO2 substrates formerly patterned with interdigitated electrodes. Two distinctive aptamers specific with target pesticides were immobilized on the modified electrode surface. Formation of aptamer-target complex induced a shift in the impedance of the aptasensor which was attributed to charge transport hindrance through the PtNPs film [START_REF] Madianos | Ιmpedimetric nanoparticle aptasensor for selective and label free pesticide detection[END_REF]. The LODs of 6.00 × 10 -6 and 4.00 × 10 -5 µM were obtained for acetamiprid and atrazine, respectively. The developed aptasensor was label-free, highly sensitive and selective, and suitable for multiplexed analysis. It showed high stability (7 weeks) during storage at 4 °C.

However, the performance of the aptasensor was not evaluated in real samples. Another disadvantage of this aptasensor was long incubation time ( 60 The ratiometric strategy can offer a built-in calibration by introducing an internal reference signal. It significantly reduces uncontrollable intrinsic effects caused by personal or environmental factors and proposes more valid and reliable results [START_REF] Zhang | A signal on-off ratiometric electrochemical sensor coupled with a molecular imprinted polymer for selective and stable determination of imidacloprid[END_REF]. A signal on-off ratiometric electrochemical sensor coupled with MIP was developed for the detection of imidacloprid [START_REF] Zhang | A signal on-off ratiometric electrochemical sensor coupled with a molecular imprinted polymer for selective and stable determination of imidacloprid[END_REF]. In this study, AuNPs were firstly deposited on GCE. Then, 6-(Ferrocenyl)hexanethiol (FcHT) was self-assembled as an internal reference followed by MIP deposition. Binding of imidacloprid to MIP resulted in a decreased current value of FcHT (Fig. 7a). The LOD was 4.70 × 10 -2 µM. The propose sensor exhibited high selectivity, satisfying sensitivity, short incubation time (10 min) and good reproducibility. However, it suffered from short-term stability (maximum 12 days at 4 °C). The method was employed for imidacloprid determination in fruit samples.

Amatatongchai et al. designed a novel amperometric sensor based on 3D MIP-coated CNTs (3D-

CNTs@MIP) for determination of profenofos [START_REF] Amatatongchai | Novel three-dimensional molecularly imprinted polymer-coated carbon nanotubes (3D-CNTs@ MIP) for selective detection of profenofos in food[END_REF]. Introducing nanostructures using CNTs to imprint sites shows several advantages such as considerable increases in the particular selective surface area, resulting in high numbers of imprinted sites and improved selectivity, sensitivity, and electron transport, while providing simple synthesis and low costs [START_REF] Amatatongchai | Novel three-dimensional molecularly imprinted polymer-coated carbon nanotubes (3D-CNTs@ MIP) for selective detection of profenofos in food[END_REF]. For the synthesis of 3D-CNTs@MIP, the surface of carboxylated CNTs was coated with SiO2 and vinyl end groups.

Then, MIPs were grafted to CNTs as a shell. The constructed 3D-CNTs@MIP was used for coating of GCE (Fig. 7b). The sensor with LOD of 2.00 × 10 -3 µM was successfully applied to detection of profenofos in vegetable samples. The designed sensor provided excellent selectivity and fast response (2000 sample h -). A simple flow-injection system was used for electrochemical measurements which provided a facile detection method. A limitation of the proposed sensor was its short-term stability (less than 14 days). The reproducibility, as an important factor for sensor development especially electrochemical sensors, was not investigated.

Representative examples of recent developed electrochemical strategies for the detection of pesticide residues are listed in Table 2.

Analysis of the merits and applications

The main and primary goal in fabricating novel analytical tools is developing a sensor that can rapidly and accurately detect and quantify analytes in the field at a low cost and short time.

Enzymatic biosensors were among the first biosensors applied to detect pesticides. However, they suffer from several limitation originated from the nature of the enzyme. Therefore, many efforts are being made to develop a variety of non-enzymatic (bio)sensors which can detect pesticides with greater sensitivity, accuracy, selectivity and stability. Tables 1 and2 summarize the recent applications antibody, aptamer and MIP in developing optical and electrochemical sensors. Target analyte, type of recognition element, sensitivity, selectivity, sample matrices and finally advantages disadvantages of each (bio)sensor have been investigated. Some of these recently developed sensors demonstrate the possibility of multiplexing through the use of several specific recognition elements or a same recognition element capable of detecting multiple pesticides. In the following, major factors that should be considered in the development of (bio)sensors have been evaluated and compared for the all types of (bio)sensors listed in the tables 1 and 2.

Limit of detection (LOD) or sensitivity is a critical parameter in (bio)sensor design, especially for analytes that must be detected in very small amounts such as pesticides. High sensitivity is especially necessary in the analysis of samples with complex matrices. As reported in Tables 1 and2, almost all types of (bio)sensors showed LOD less than MRL. Among these, the lower LODs (sub-nanomolar to sub-picomolar) have been reported for electrochemical sensors. All types of recognition elements have been able to provide high sensitivity. The lowest LOD (1.99 × 10 -13 µM) have been reported for an electrochemical antibody-based immunosensor for atrazine detection. Strategies include utilization of nanoparticles for signal enhancement, combination of two detection techniques, modification of electrode material, label accumulation in an appropriate matrix such as microbead, method optimization and innovation in device configuration can increase the assay sensitivity.

Selectivity is an important factor associated with recognition element. Selectivity plays an important role in the performance and commercialization of a (bio)sensor. The recognition element must be able to provide a high selectivity in complex biological matrices. To obtain the highest degree of selectivity, application of protein and nucleic acid-based recognition element is more common. Antibody-based immunosensors have been extensively used in laboratory and point-of-care testing (POCT). Aptamers, as emerging recognition elements, have also obtained interest and potential applications in the field, especially for detecting small target molecules such as pesticides. MIPs, although they are not still common, they have the potential to replace other types of recognition elements in the future due to more physical and chemical stability compared to antibodies, the ease of mass preparation, low-cost production and the potential for simultaneous detection of multiple analytes. They can be attractive elements to obtain desired selectivity. As reported in tables 1 and 2, MIPs with high to excellent selectivity have been used in fluorescence and electrochemical sensors more than other techniques. As can be seen in the tables, overall, aptamers have shown higher selectivity compared to antibodies and MIPs. This is related to the nature of the aptamer which are more suitable for small target molecules.

Precision of a method is related to its repeatability and reproducibility. Repeatability measures the variation in measurements from performing the experiment under the same condition and repetition is generally in a short period of time. Reproducibility measures whether an entire experiment can be reproduced in its entirety by different instruments or individuals. Therefore, reproducibility is a stronger indicator that shows how the proposed method can be employed for POCT. Most of proposed sensors listed in tables 1 and 2 have not been investigated in terms of repeatability and reproducibility. However, this is an important issue that should be assessed prior to moving the technology out of the laboratory. The origin of the variability in different measurements can be related to the 1) amount of immobilized recognition elements or deposited reagent, 2) non-uniformity of paper or polymer substrate, 3) amount of sample added to the device, and 4) size and geometry of device. Thus, for employing a sensor in the filed or at POCT, it is necessary to provide a validated protocol which determines the assay conditions as previously investigated and validated in the laboratory.

Storage stability is an important feature of a sensor which plays a basic role in its commercialization. The sensor response should be retained constant during prolonged storage.

As can be seen in the tables, unfortunately in most studies, the stability of the sensor has not been investigated. Also, only a small number of (bio)sensors have shown long-term stability (maximum 2 months). Long-term stability can be affected by the type of recognition element, type of nanostructures applied for modification of labeling, type of chemical interactions in conjugating the recognition element with the label and/or deposition of recognition element on the surface of electrode. As reported in tables 1 and 2, aptamer/antibody-based biosensors showed longer storage stability compared to MIP-based sensors.

Multiplexing analysis is an important advantage in the development of pesticide sensors since more than one type of pesticides is commonly used in agricultural products. Therefore, these kinds of sensors allow simultaneous detection of different pesticides with addition of a single sample. All three types of recognition elements are suitable for the development of (bio)sensors with multiplexed detection. Among them, aptamer and MIP are better options than antibody due to easier synthesis, lower cost and more stability. In this regard, synthesis can be performed in such a way that a single aptamer or MIP is able to detect several pesticides simultaneously.

However, the selectivity of the method should also be considered especially in complex biological matrices.

Other important factors which should be considered in the development and commercialization of a sensor are detection time, usability in complex biological matrices and portability. Most of the proposed sensors in tables 1and 2 require a long incubation time between the analyte and the recognition element which restricts their movement from the laboratory to the market. Maximum incubation time of 15-20 min is ideal for on-site detection.

In many cases, the sensor performance in terms of sensitivity and selectivity is affected by the sample matrix. Therefore, it is necessary to check the applicability of the sensor in complex matrices. On the other hand, it is recommended that sample preparation to be simple, fast, and without the need for special laboratory equipment. Most of the proposed sensors listed in tables 1 and 2 require complicated sample preparation steps and at least one centrifugation step.

Portability is a crucial factor for on-site detection. Generally, colorimetric sensors with visual detection and especially ICAs are good candidates for on-site detection. On the other hand, SERS and electrochemical methods due to the need for laboratory equipment cannot be used in the field. An exception is electrochemical (bio)sensors optimized for portable electrochemical devices. Therefore, the development of portable measuring devices plays an important role in the commercialization of a sensor and its applicability outside the laboratory. Some of these devices are now commercially available (e.g. DETEKT and LUMOS DIAGNOSTICS strip readers, and Metrohm potentiostat) for quantitative analysis of colorimetric, fluorescence, and electrochemical signals. In addition, smartphones can be desirably programmed to measure detection signal.

Conclusions

Pesticide residues in agricultural products have become a major concern in recent years. Many studies have focused on the development of pesticide residue detection methods. Herein, we have reviewed different kinds of optical and electrochemical strategies that were innovatively designed and successfully applied for the detection of pesticides, with a specific focus on the antibody, aptamer and MIP as recognition elements. With the emergence of high affinity of recognition elements such as antibody, aptamer and MIP, the possibility of developing a variety of non-enzymatic pesticide (bio)sensors with high performance has been provided that are able to overcome the limitations of enzyme-based biosensors. Compared to the enzyme-based biosensors, non-enzymatic (bio)sensors can be quantified pesticide residue in complex environment and food matrices with high stability against environmental conditions. On the basis of the discussed research, both types of optical and electrochemical (bio)sensors show a good sensitivity for pesticide determination. However, optical assays are more ideal for on-site applications due to the simplification and visualization design. This property is particularly true in the case of ICA-based optical methods which are easy to use and the detection signal can be easily observed without requirement to the special tools. Even, in the case of ICA with fluorescence detection signal, portable reader instruments have been successfully developed. As can be observed in Table 1, antibody is the most widely used recognition element in ICA method for pesticide detection and there is a potential for the use of other recognition elements including MIP and aptamer. On the other hand, in other optical assays, aptamer and MIP have been used more extensively than antibodies. Among developed optical assays for pesticide detection, fluorescence assays revealed the lowest LOD. Compared to the optical assays, electrochemical (bio)sensors showed a lower LOD for pesticide detection. However, electrochemical strategies are more complicated than optical methods and require special tools to read the results. In fact, they are not ideal for on-site detection. Like paper-based optical methods (e.g. ICA), integration of electrochemical strategies into paper-based analytical devices can be fabricated in simplicity and miniaturization, further promoting the commercialization of devices. The stability, accuracy, sensitivity and selectivity of optical and electrochemical sensors can be improved by several strategies including: (1) the utilization of recognition element with excellent detection capacity toward target molecules which guarantees the sensitivity, selectivity and even stability of the assay. For example, aptamers can selectively bind to analytes with affinity constants and stability comparable to those of antibodies. Aptasensors for pesticide detection have recently obtained remarkable attention due to their advantages over antibodies such as low cost, low batch to batch variation and ability to be regenerated thus allowing the fabrication of reusable sensors [START_REF] Madianos | Ιmpedimetric nanoparticle aptasensor for selective and label free pesticide detection[END_REF].

They are ideal to develop (bio)sensors with high sensitivity and selectivity. On the other hand, MIPs with high selectivity, physical and thermal stability and low fabrication cost have received much attention in fluorescent (bio)sensors in recent years; (2) the application of novel nanomaterials that use as signal reporters, electrode modifier and catalysts. Nowadays, metal nanoparticles and carbon-based nanomaterials are the most common nanomaterials used in colorimetric and electrochemical methods. On the other hand, QDs are the most common nanoparticles in fluorescence assays. To further drive the development of nanomaterial-based (bio)sensors, efforts must be made to obtain more sustainable, economical, and stable nanomaterials. In this regard, nanomaterials such as metal-organic frameworks (MOF) with excellent performance, their unique porosity, controllable architecture design, stability, and versatility can be a good alternative to graphene and GOx in some applications. Bimetallic nanoparticles are now an exciting area of research because they offer a new degree of freedom to vary the particle properties by blending two metals in one particle. They can improve both the sensitivity and selectivity of (bio)sensors. They usually exhibit more interesting catalytic, electronic, and optical properties than the corresponding monometallic particles.

Nanocomposites consisting of carbon and other nanomaterials such as metal nanoparticles, polymers, and functionalized nanostructures are a promising trend to further increase the sensitivity and decrease the limits of detection for target analytes through synergistic effects.

At last, we emphasize that there are sustainable challenges to be addressed in the field of pesticide (bio)sensors such as minimizing or eliminating sample preparation and high reproducibility of the method in order to move the developed (bio)sensors from the laboratory to the market. 

  Surface enhanced Raman scattering (SERS) is a technique which enhances Raman scattering by molecules adsorbed on rough metal surfaces or by nanoscale roughened metal surfaces generally made of gold or silver. This technique can determine the chemical content of different molecular species by the collection of molecular vibration. The recognition capability is due to the vibrational fingerprints of molecules. SERS technique is a high sensitive and non-destructive analysis which requires the minimum sample preparation [39, 60]. SERS has been demonstrated for pesticides detection in many studies in the past decades. Zhang et al. developed a SERS immunoassay based on self-assembled bridge substance for detecting organochlorine pesticides.

  min). Molybdenum-based nanomaterials, such as molybdenum disulfide, boride, diselenide and carbide (Mo2C) are among hot spot electrode modifiers due to their abundant reserves, appreciable electrical conductivity and good catalytic ability. Mo2C is one of the most extensively used transition metal based materials in electrochemical field. Feng et al. developed an electrochemical sensor based on nitrogen and sulfur doped hollow Mo2C/C spheres (N, S-Mo2C) and MIP for carbendazim determination [77]. After deposition of N, S-Mo2C on the surface of glassy carbon electrode (GCE), a film of MIP was constructed in situ on the N, S-Mo2C surface by electropolymerization. Binding of carbendazim to MIP hindered the electron transfer of probe ions, and thus the current value decreased. The LOD was reported to be 6.70 × 10 -7 µM. The sensor afforded high sensitivity and selectivity, short incubation time (6 min), excellent repeatability, good reproducibility, fairly good stability (15 days). The use of MIP provided a low-cost detection platform. The proposed sensor was used for the detection of carbendazim residue in fruit and vegetable samples.
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Fig. 1 .

 1 Fig. 1. (a) A colorimetric sensing assay based on aptamer-wrapped AuNPs; (b) Schematic illustration of the detection method for malathion by employing optical characteristics of silver nanoparticles and cationic polymer KKKRRR. Reproduced from Refs. [16, 36], respectively, with permission.

Fig. 2 .

 2 Fig. 2. (a) Competitive fluorescence bio-barcode immunoassay based on AuNPs for pesticide detection; (b) Schematic representation of the fluorescent isocarbophos aptasensor based on MWCNTs and G-quadruplex; (c) MIP-based fluorescence sensor for determination of dimethoate. Reproduced from Refs. [46, 51, 56], respectively, with permission.

Fig. 3 .

 3 Fig. 3. (a) Schematic representation of the development process of aptasensor and mechanism for acetamiprid detection; (b) Label-free aptamer-based SERS biosensor for detection of malathion. Reproduced from Refs. [62, 63], respectively, with permission.

Fig. 4 .

 4 Fig. 4. (a) Schematic illustration of double-label time-resolved fluorescent strip for quantitative detection of carbofuran residues; (b) Two-way ICA for detection of acetochlor and fenpropathrin; (c) Aptasensor based on fluorophore-quencher nano-pair and smartphone spectrum reader for on-site determination of multi-pesticides. Reproduced from Refs. [66, 68, 69], respectively, with permission.

Fig. 5 .

 5 Fig. 5. (a) Schematic illustration of the direct competitive immunosensor for the detection of imidacloprid on AuNP-SPCE; (b) GQDs modified screen printed immunosensor for parathion detection. Reproduced from Refs. [71, 73], respectively, with permission.

Fig. 6 .

 6 Fig. 6. (a) Schematic illustration of the electrochemical aptasensor for the detection of chlorpyrifos; (b) An impedimetric aptasesnor based on PtNPs for simultaneous detection of acetamiprid and atrazine. Reproduced from Refs. [74, 76], respectively, with permission.

Fig. 7 .

 7 Fig. 7. (a) A signal on-off ratiometric electrochemical sensor coupled with molecularly imprinted polymer for imidacloprid detection; (b) Fabrication steps of three dimensional MIP-
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Table 1 .

 1 Representative examples of recent developed optical assays for the detection of pesticide residues 1224

	Detection method	Strategy	Bioreceptor	Target pesticide	LOD (µM)	Linear range (µM)	Specificity Sample	Advantages/	Ref.
									disadvantages	
	Colorimetric	Ab-AuNPs conjugate	Antibody	Triazophos	6.38 × 10 -5	1.21 × 10 -4 -1.46 × 10 -2	Good	Cucumber	Multiplex	[35]
		binding to the		Methyl-parathion	2.81 × 10 -3	9.03 × 10 -3 -3.73 × 10 -1		Cabbage	analysis, good	
		immobilized antigen on		Fenpropathrin	3.72 × 10 -4	6.87 × 10 -4 -3.70 × 10 -2		Tomato	sensitivity, simple	
		the nitrocellulose		Carbofuran	2.01 × 10 -2	3.53 × 10 -2 -2.96 × 10 -1		Apple	and low cost	
		membrane and		Thiacloprid,	62.55 × 10 -2	4.32 × 10 -2 -7.95 × 10 -1		Pear	assay/ long	
		nanogold enhancing		Chlorothalonil	1.54 × 10 -3	2.78 × 10 -3 -2.55 × 10 -2			detection time (90	
				Carbendazim	2.09 × 10 -4	4.08 × 10 -4 -1.47 × 10 -2			min), semi-	
									quantitative assay,	
									a low percentage	
									of cross-reactivity	
	Colorimetric	A phage-enzyme-	Antibody	Imidacloprid	9.39 × 10 -5	9.39 × 10 -5 -1.56 × 10 -3	Fairly	Water	High sensitivity,	[15]
		linked immunosorbent					good	Soil	low cost,	
		assay based on						Wheat	quantitative	
		competition between						Rice	results/ long	
		phage-borne peptides						Apple	detection time, a	
		and imidacloprid for						Cucumber	high degree of	
		binding to the							cross-reactivity	
		monoclonal antibody							with imidaclothiz	
									and clothianidin,	
									excessive dilution	
									of the samples to	
									remove the matrix	
									effect	
	Colorimetric	Dissociation of	Aptamer	Acetamiprid	4.00 × 10 -1	0-2.50	Fairly	-	Good sensitivity,	[16]
		aptamer from AuNPs					good		simple and low	
		in the presence of							cost assay, short	
		target and salt-induced							detection time (12	
		aggregation of AuNPs							min), quantitative	
									assay/ low	
									selectivity, no	
									evaluation of food	
									samples	
	Colorimetric	AgNPs aggregation	Aptamer	Malathion	5.00 × 10 -7	1.00 × 10 -8 -7.50 × 10 -7	Excellent	Water	Very high	[36]
		due to interaction with						Apple	sensitivity and	
		cationic peptide and							selectivity, rapid,	
		upon aptamer binding							low cost, and	
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coated CNTs for electrochemical determination of profenofos. Reproduced from Ref. [START_REF] Zhang | A signal on-off ratiometric electrochemical sensor coupled with a molecular imprinted polymer for selective and stable determination of imidacloprid[END_REF][START_REF] Amatatongchai | Novel three-dimensional molecularly imprinted polymer-coated carbon nanotubes (3D-CNTs@ MIP) for selective detection of profenofos in food[END_REF], respectively, with permission.