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Abstract 
The extensive use of synthetic insecticides in vegetable agriculture is contaminating the environment 

and jeopardising human health, ecosystems and international trade. The study investigated pesticide 

residues in important vegetable families (Solanaceae, Brassicaceae, Cucurbitaceae) with an emphasis 

on main classes of pesticides such as neonicotinoids and organophosphates. It includes analytical 

advances in trace detection, such as liquid chromatography tandem mass spectrometry and green 

sample preparation procedures such as QuEChERS. Fractured international regulatory systems, 

inconsistent Maximum Residue Limits and ambitious efforts like the EU’s “Farm to Fork” policy 

generate considerable trade impediments. To avoid such hazards, the study investigates pre-harvest 

advances (precision agriculture, digital twins) and post-harvest therapies (fermentation, enhanced 

oxidation). Lastly, it tackles intricate health hazards, combination toxicity and ecological impact to 

pollinators. The integration of Explainable AI, forecasting of dissipation, and bioremediation is crucial 

for safe and sustainable vegetable production for global residue compliance. 

 

Keywords: Insecticide residues, vegetable crops, food safety, pesticide monitoring and maximum 

residue limits (MRLs) 

 

Introduction 

The consumption of a variety of vegetables gives a wide range of combinations of bioactive 

phytochemicals that are helpful in the prevention of chronic diseases. Evidence suggests that 

these functional matrices exert cardioprotective effects through many molecular 

mechanisms, such as anti-inflammatory pathways, blood pressure management, and 

beneficial adjustment of lipid profiles [1]. Horticulture is an important industry all around the 

world. Vegetable production is sometimes more than 1 billion metric tonnes annually with 

China, India and the United States being the three leading producers of agricultural products 

in the world [2]. Horticultural cultivation provides potential for high value products, 

optimizing the use of limited land and providing economic opportunities for smallholders in 

a diversity of rural, urban and peri-urban contexts. This type of localized agriculture 

contributes to economic resilience in volatile, fragile or conflict-affected countries [3]. The 

main crops traded internationally in agriculture are high-value commodity crops, in 

particular those from the Solanaceae (tomatoes and peppers), Brassicaceae (cabbage, 

broccoli and cauliflower) and Cucurbitaceae (cucumbers and melons) families. Intensive 

vegetable cropping systems are particularly susceptible to damaging complexes of 

arthropods, despite major gains in agronomic controls. These principal insect pests not only 

inflict serious mechanical damage to the vegetative and reproductive tissues but also are 

good carriers of deadly phytoviruses [4, 5]. Biotic stresses can affect the global food supply 

chains. In spite of the mitigatory measures employed, models predict that annual crop losses 

owing to weeds, diseases and animal pests are consistently ranging between 30% and 40% of 

the possible yields worldwide [6]. Pesticides are used to help avoid and battle issues, and are 

necessary practice in modern intensive agriculture. If they are used in a strategic fashion, 

these synthetic compounds guarantee the survival of crops, the cosmetic quality required by 

customers and the economic profitability required for the agricultural industry. But strict 

crop protection raises major food safety issues. The inappropriate application of insecticides 

leads to the accumulation of xenobiotic residues in raw vegetables, establishing primary  
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routes of food exposure linked with severe 

neurodevelopmental, endocrine disrupting and multi-organ 

toxicity [7,8]. The necessity to balance high agricultural 

yields with the safety of consumers has led to increased 

development into advanced detection, monitoring and 

degradation systems for pesticide residues. This study 

summarizes the literature from 2001 to 2026 and critically 

discusses the advances in residue analysis tools and novel 

mitigation strategies. The report provides a comprehensive 

account of the existing worldwide regulatory system 

governing pesticide residues in major vegetable crops for a 

variety of stakeholders including analytical chemists and 

regulatory policy makers. 

 

Worldwide Pattern of Insecticides Use in Vegetable 

Production  

Major Types of Insecticides  

Neonicotinoid insecticides have increasingly replaced 

legacy chemistries such as organochlorines, 

organophosphates, carbamates and pyrethroids over the last 

twenty-five years and are now the dominant class of 

insecticides used in more than 120 countries around the 

world [9]. Commercially, the international footprint of 

neonicotinoid pesticides is still huge; the global market was 

estimated at around USD 5.42 billion in 2021. This sector is 

expected to increase at a CAGR of 5.62% between 2024-

2032 because to the heavy dependence on agrochemicals 

(Table-1), and reach an anticipated valuation of USD 8.37 

billion [10]. 

 

Trends in Crop-Specific Application 

Based on empirical farm-level assessments, extreme 

pesticide dependence and large variability in agrochemical 

loading are seen for major commercial vegetable crops. For 

example, bitter gourd and okra (bhendi) have high 

application frequency. Bitter gourd has chemical loadings of 

4.37 kg a.i./ha and relies on a meagre 108 g/ha of 

biopesticides [11, 12]. Chillies are one of the most heavily 

treated matrices with 13-15 pesticide applications per season 

and a chemical loading of 5.13 kg a.i./ha. Similar high 

inputs are reported for cabbage and cauliflower, with 

loadings of 5.1 kg/ha and 4.5 kg/ha, respectively [11]. Brinjal 

has shown the highest overall chemical pressure throughout 

studies with a requirement of 4.64 to 5.25 kg a.i./ha with a 

maximum of 25 sprays in a season [11, 12]. In contrast, the 

uptake of biopesticides is alarmingly low for all monitored 

crops, with the highest being only 1.25 kg/ha for cabbage, 

indicating a general preference for synthetic over biological 

inputs [11]. 

 

The Transition to “Greener” Chemistries  

Agriculture feeds a third of humanity, and it needs to feed 

growing populations with less environmental damage. 

Today, farmers face a triple threat: climate change, water 

scarcity and pesticide resistance. The green chemistry ideas 

that support the development of inherently safe chemical 

products and processes are a solid foundation for the 

attainment of agricultural sustainability through alternatives 

like biopesticides and nanotechnology [13]. 

The United Nations Sustainable Development Goals (SDGs) 

highlight global food security and carbon neutrality, which 

both require sustainable agricultural production paradigms. 

Overuse of synthetic pesticides has harmed ecosystems, 

compromised the quality of our food and decreased the 

numbers of beneficial insects. To combat these systemic 

issues, the Integrated Pest Management (IPM) frameworks 

provide environmentally friendly options such as biological 

control (predators, parasitoids and biopesticides), botanical 

pesticides (neem, pongamia and citrus oils) and genome-

editing tools (CRISPR-Cas9 and RNAi) to create pest 

resilience. Moreover, nano-pesticides allow targeted and 

controlled release of active compounds. Climate-smart 

technologies (remote sensing, ICT and drones) provide 

targeted monitoring and precision farming. These advances 

effectively reduce the chemical dependency therefore 

enabling sustainable and residue free agriculture [14]. 

 

Recent developments in monitoring and detection 

techniques 

Sample Preparation Innovations  

Highly advanced analytical techniques are necessary for the 

accurate identification of pesticide residues at trace levels in 

complex vegetable matrices. In the last twenty-five years 

there has been a fierce search for analytical processes that 

are rapid, extraordinarily sensitive and environmentally 

friendly. Chromatographic techniques (GC, LC, HPLC, 

UHPLC and SFC) are successfully employed for the 

determination of pesticide concentrations although the 

sample preparation remains matrix-dependent [15]. 

Extraction Technologies employs a range of procedures to 

enhance analyte recovery. The microwave-assisted 

extraction (MAE) improves the heating of the solvent 

enabling high throughput analysis with lower solvent [16]. 

Accelerated solvent extraction (ASE) is carried out at high 

temperatures (50-200 °C) and pressures (10-15 MPa) which 

help to dissolve and disperse analytes and to reduce the cost 

of the experiment [17,18]. Solid phase technology (SPE) offers 

you cost effective options. SPE is frequently used in LC 

analysis to determine quaternary ammonium pesticide 

residues. The employment of mixed-mode polymeric SPE 

cartridges can improve the extraction of analytes [19]. The 

advantages are several such as convenience, cost 

effectiveness, simplicity, lesser use of organic solvents, 

potential of multiresidue analysis and compatibility with 

numerous detection methods. This technology allows a 

variety of sorbents with diverse chemical structures, so 

different extraction methods can absorb pesticides with 

different physicochemical properties [20]. The dispersive 

solid phase extraction (dSPE) technique requires only basic 

laboratory equipment, such as a centrifuge and vortex. It 

uses less sorbent material and sample, and provides better 

interaction between sorbent and extract than the standard 

SPE [21]. SFE provides advantages over conventional 

extraction procedures such as fewer use of organic solvents, 

improved selectivity of extract and faster processing time. 

The SFE is a closed system, preventing air and light access, 

limiting contamination and oxidation and degradation of the 

extracted molecules [22]. QuEChERS is a quick, inexpensive, 

straightforward, effective and long-term safe alternative to 

existing sample preparation methods for multiresidue 

analysis of a broad spectrum of chemicals [23]. Hollow Fiber 

Liquid-Phase Microextraction (HF-LPME) is an 

environmentally friendly sample preparation process using 

only few microliters of organic solvent per sample. HF-

LPME delivers high enrichment and sample clean up from 

biological and environmental matrices [24]. The single drop 

microextraction (SDME) is a simple and effective method to 

prepare samples that can effectively extract and concentrate 
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a range of analytes from complex sample matrices [25]. The 

vegetable samples were analyzed for OCPs by GC-MS 

using SDME [26]. 

 

Low-Cost Screening Methods for Pesticide Residue 

Analysis 

The application of a detection method is subject to the 

resources available, the existing infrastructure and the 

testing objectives which allows for a broad and flexible use 
[27, 28]. Detection methods that are cost-effective are crucial 

to improve pesticide residue monitoring in low- and 

medium-income countries. The access to high-performance 

equipment such as LC-MS/MS is restricted to some places 

because of the high costs of acquisition and maintenance, 

the necessity for an expert and the infrastructure 

requirements [29, 30, 31].  

Recent developments in machine learning (ML) can identify 

small spectrum patterns, enhance qualitative and 

quantitative analysis and minimise the possibility of 

misidentification of structurally similar substances [32]. AI 

and ML are increasingly becoming the essential tools in all 

prediction fields [33]. The agrochemical industry’s shift 

toward polar pesticides has become High-Performance 

Liquid Chromatography (HPLC) a need for detecting 

residues like glyphosate and 2,4-D. Nevertheless, GC 

remains the reference method for non-polar compounds [34].  

GC, GC-MS and GC-MS/MS procedures are frequently the 

favoured ones because of their excellent separation 

efficiency, selectivity and the capacity of mass spectrometry 

to identify substances [35]. LC-MS is a common technique, 

due to its ability to determine numerous pesticides, their 

metabolites and degradation products in one run. The main 

disadvantage of LC-MS is the high cost of the instrument 

and the operational and maintenance cost [36]. LC-MS/MS 

has been improved to such an extent that it may be used to 

identify pesticide residues in complex matrices such as 

fruits, vegetables, grains and animal products [35]. Recently, 

the use of mass spectrometry in analytical methods has been 

advanced by high-resolution mass spectrometers (HRMS) 

such as Orbitrap and time-of-flight (TOF) analyser systems 

due to their ability to detect an infinite number of 

compounds in full-scan mode and provide structural 

information [19]. Supercritical fluid chromatography (SFC) is 

a technique that uses a high density compressed gas instead 

of most liquid mobile phases to separate complex mixtures. 

Carbon dioxide (CO2) is the main mobile phase used in SFC 

due to its favourable properties such as low critical point, 

low toxicity and low flammability. CO2 does not damage 

hardware and can be utilised with various liquid organic 

solvents [37]. 

 

Sensor Technologies and Rapid Detection 

Biosensors are analytical tools combining biological sensing 

components with physical and chemical transducers and 

allow quantitative or semi-quantitative studies. A biosensor 

comprises a receptor, transducer and biorecognition element 

that identifies specific target molecules in a medium [38]. 

Biosensors are different in physical and chemical properties, 

which can affect the target specifically to enable 

identification and signal production for analysis [39]. 

Transducers are important for biosensors to recognise a 

certain target substance. The biosensor transducer, 

especially for nanomaterials, directly affects target analyte 

detection sensitivity [38]. The accuracy, sensitivity and 

resilience of the system are established on real samples 

testing and comparison with regular laboratory techniques 
[40, 41]. However, laboratory techniques have limitations. For 

this reason, current studies have been focused on portable 

devices for rapid detection of pesticides in the field. The 

recent improvements in technology have made it possible 

for smartphones and wearables to feature high quality 

cameras and powerful image processing capabilities. It 

provides remote monitoring, real time analysis and quick 

data distribution [42]. Electrochemical biosensors are 

attractive for researchers due to their high sensitivity, great 

stability, easy to downsize, low cost and rapid detection; 

AChE based biosensors are particularly promising. These 

AChE sensors are best developed using nanomaterials [43]. 

Most of the quantitative studies of pesticide residues on the 

surfaces of fruits and vegetables by Surface-enhanced 

Raman Scattering (SERS) detection technology are based on 

the linear quantification of a single, unique peak of 

pesticides. However, the Raman characteristic peak of 

pesticide pollutants is easy to change a little during 

detection, which is caused by nonlinear factors such as 

instrument and ambient noise [39]. Although SERS has a 

great potential for direct detection of pesticides at low levels 

in liquid samples or on solid food surfaces, the application 

of SERS for identification of internalised pesticides in 

complex solid food matrices is still challenging [36]. In recent 

years, Raman spectroscopy along with aptamer or enzyme-

inhibition based tests are being used as more robust and 

economical methods [44, 36]. 

 

Regulatory Frameworks and Maximum Residue Limits 

(MRLs)  

In compliance with the Codex Alimentarius, voluntary 

guidelines are created to ensure the safety of global trade. 

However, because of the fact that local eating tendencies 

and the strict standards of the EU are taken into 

consideration, national maximum residue limits (MRLs) 

may differ substantially from one another [45, 46]. Such 

variations are possible because of the fact that the EU has 

stringent criteria. In most cases, the cumulative dangers 

posed by residues of many pesticides are disregarded, which 

leads to trade barriers and safety gaps [47]. This mismatch 

produces trade barriers and safety gaps. Due to the fact that 

EU rules are the international ceiling and poorer countries 

are eliminating constraints, regulatory stringency has 

relocated to Europe since the year 1990 [48]. For severe 

regimes such as the US Federal Food, Drug and Cosmetic 

Act (FFDCA), MRL designations should be detailed and 

data-driven [49]. However, low-income nations lack the 

administrative capacity for equal rules because pesticide 

registration is costly and time-consuming [50]. In cases of the 

legal void, illegal exports of agrochemicals are places of 

unmonitored risks [51]. MRLs are the maximum residue level 

permitted and the regulatory range yet national definitions 

are often contradictory with Codex standards for Good 

Agricultural Practice (GAP) requirements [52]. The amended 

Codex baselines versus the stringent EU Regulation EC 

1107/2009 trigger debates on consumer protection versus 

non-tariff trade barriers. Compliance is costly in analytical 

terms for exporting countries, especially for low-income 

countries [50]. Importantly, the typical MRLs and ADI values 

are based on the toxicity of individual compounds and do 

not account for the potential synergistic toxicological effects 

of chemical combinations [47]. More refined frameworks 
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such as the FQPA and the EU cumulative risk assessments 

take into account common exposure routes and safety 

margins [53]. Import tolerances allow domestically banned 

agrochemicals with reduced criteria, compromising 

universal consumer protection [54]. 

 

Recent policy developments EU “Farm to Fork” 

Strategy 

The EU’s Farm to Fork and Biodiversity Strategies aim for 

climate neutrality by 2050, and require a 50% decrease in 

the use of chemical pesticides, a 20% reduction in fertilizer 

and a 25% conversion to organic farming by 2030. Impact 

studies by USDA, Wageningen University and EU-JRC 

predict substantial disruption to world agriculture and in 

particular vegetable output that relies on intense insect 

treatment. But disagreement persists among scientists. 

Strong chemical prohibitions, according to those who are 

opposed to them, lead to decreased agricultural yields, 

decreased market competitiveness and decreased food 

security because they do not provide sufficient financial 

assistance for farmers [55]. Nevertheless, the methods 

described in environmental evaluations are not effective 

enough to significantly reduce carbon emissions. Predictive 

models have a number of shortcomings when it comes to 

accurately capturing the intricate changes that take place in 

the market. The successful management of this transition 

requires a delicate balance between strict regulatory 

enforcement and creative mitigating strategies to ensure that 

the aim of ecological sustainability is attained alongside 

food security and the viability of agriculture. 

 

Trade Limitations 

The MRL stringency creates a trade problem between 

improved consumer trust and compliance cost [56]. MRL 

increases significantly reduce exports of some nations such 

as China, as empirical evidence reveals. Econometric 

studies have shown that a 10% increase in MRL stringency 

will reduce agricultural exports by 6.6%. The major cause of 

conflict is the restrictions on insecticides [57]. The increase in 

MRL solely for Chlorpyrifos will decrease the vegetable 

exports by 2.8%, which is further intensified by the EU 

Regulation 2020/1085 [58]. Diafenthiuron, pyraclostrobin, 

tolfenpyrad and imidacloprid were some of the residues that 

continued to trigger alarms on the EU’s Rapid Alert System 

for Food and Feed (RASFF). Utilizing a Heckman selection 

model and find that tight parameters do not hinder the 

probability of initial exporting, but limit export values, 

eventually lowering trade profits. Regulation changes in 

export sectors demand complex residue-free monitoring 

methods to retain market access [59]. 

 

Strategies for Mitigating Insecticide Residues 

Interventions Prior to Harvest 

In agriculture, Digital Twins (DTs) represent a virtual farm 

with real-time data from sensors and UAVs, enhancing 

decision-making and productivity by monitoring, simulating 

and optimising operations [60]. Through the utilisation of 

high-resolution imagery and artificial intelligence analytics, 

UAV-based DT models improve yield stimulation and 

disease detection, thereby empowering farmers to make 

decisions based on accurate information. Rapid detection of 

infections, damage, crop health and stress conditions can be 

achieved through the utilisation of remote sensing 

technology [61]. Machine learning methods, including 

Artificial Neural Networks (ANNs), can be utilised in pest 

classification through recognition of images, allowing for a 

more selective use of pesticides and thereby reducing 

residue [62]. The merging of Convolutional Neural Networks 

(CNN) with other machine learning methods such as 

support vector machines (SVM) allows for a more robust 

forecasting system. This enables cross validation with the 

results of the main system (CNN) and provides additional 

insights, thereby enhancing the reliability of the detection 

system. This combination allows a complete examination of 

the discovered pesticides and their quantities [63]. 

However, its widespread acceptance in regulations is 

hampered by various reasons including the scarcity of data 

in diverse environments, poor model transferability and the 

“black-box” nature of deep learning [64]. Currently, the 

emphasis is on integrating mechanistic approaches with 

Explainable AI (XAI) methodologies like SHAP, LIME and 

Grad-CAM to build stakeholder trust and satisfy regulatory 

demands [60, 65]. 

 

Post-Harvest Processing Methods 

Post-harvest procedures cause drastic changes in pesticide 

profiles through physical removal, chemical breakdown or 

redistribution within the matrix. The efficiency of the 

washing depends on the concentration of the pesticide, time 

of contact and mechanical friction. Notably, tap water 

removed chemical residues from vegetables 77% more 

successfully than commercial vegetable detergents (43.7%) 
[66, 67]. Additionally, physical processing procedures like 

micro-milling, polishing and peeling are the most effective 

ways to clean surfaces. In particular, vigorous rice milling 

can eliminate around 90% of pesticides associated with the 

rice's surface [68]. Although nutrients are lost, micro-cracks 

can allow systemic and hydrophilic pollutants to enter the 

internal pulp and necessitate washing after peeling. Drying 

reduces the level of volatile and water-soluble pesticides by 

evaporation and thermal degradation but the artificial 

concentration of residue due to water loss and formation of 

dangerous metabolites such as neurotoxic carbofuran from 

carbosulfan still remains a problem. Juicing filters out 

residues according to how soluble they are in water. 

Industrial clarification with gelatin (500 mg/L) improves the 

elimination of pyrethroids from apple juice. Oil extraction 

concentrates lipophilic residues in lipid matrices. Under EU 

Regulation 396/2005 processing factors are used to multiply 

MRL thresholds by a factor of 5 for fat soluble pesticides. 

Thermal processing such as jam preparation, blanching, 

boiling and frying have been proven to dramatically 

minimize wastes by volatilization and heat degradation. The 

application of successive boiling techniques resulted in a 

reduction of 90% for buprofezin and 95% for imazalil 

throughout the orange jam manufacturing process [69]. The 

use of yeast strains and lactic acid bacteria in microbial 

fermentation to effectively break down organophosphates. 

After nine days of fermentation in kimchi, chlorpyrifos was 

totally eliminated [70]. More and more complex oxidative 

methods are researched, such as electrolysed water, ozone 

therapy, ultrasonic cavitation and cold plasma. Malathion 

and chlorpyrifos were degraded by 53.1% and 51.4%, 

respectively, after cold plasma treatment at 80 kV for 120s, 

and the nutritional integrity was kept [71]. 

 

Health Risk Assessment of Dietary Exposure to Trace 

Heavy Metals: A non-toxic, safe diet is essential [72, 73]. This 
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is advantageous for both human health and global trade. 

Exposure to food chemicals from deliberate agricultural 

inputs, industrial wastes or environmental pollutants can 

cause acute toxicity and chronic diseases like cancer [74, 75]. 

The chance of getting cancer is linked to these hazards. 

Systematic scientific risk evaluations by the FAO's Codex 

Alimentarius Commission quantify and classify 

contaminants. Risk characterization is the combination of 

information on hazards, dose-response and exposure to 

determine the overall risk of an adverse health consequence 
[76, 77]. Genotoxic carcinogens are assumed to have no 

threshold beyond which there is no danger and their 

carcinogenic risk is estimated using Cancer Slope Factors or 

the Margin of Exposure approach [76,78]. The IARC 

classification of processed beef linked high consumption to 

34,000 annual colorectal cancer deaths worldwide [79]. Non-

carcinogenic effects assessments assume that there are safe 

amounts of exposure. A risk assessment is carried out by 

calculating the ratios of the estimated daily intake to the 

limits that have been established, such as the ADI or the 

TDI. Ratios that are greater than one hundred percent are 

indicative of the possibility of harm [74, 80]. The Target 

Hazard Quotient, THQ > 1, reveals unacceptable exposure 

or Hazard Index for cumulative exposures considering 

combined toxicological stress [81, 82].  

 

Future Outlook and Emerging Challenges  

The paradigm shift to holistic, One Health-based pesticide 

and biocide risk assessment is driven by emerging analytical 

chemistry, developing toxicology and digital developments. 

High resolution mass spectrometry (HRMS) and liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) 

are extremely sensitive for monitoring polar compounds in 

food and pollinator matrices and computational QSAR 

models and Monte Carlo simulations provide predictive 

alternatives that speed the transition to animal-free 

toxicology in regulatory settings. 

However, the use of empirical evidence to regulatory 

systems remains an important challenge. Current techniques 

do not consider multi-residue contamination, low-dose 

exposures, combination toxicity, fungicide and insecticide 

mixes combined can exceed baselines for single chemicals. 

The standards for immunotoxicity and neurotoxicity and 

endocrine disruption are still not sufficient, which hinders 

proactive risk management. With time, overuse of pesticides 

causes the pests themselves to acquire resistance, which 

leads to the application of higher doses, resulting in the 

build-up of residues in the soil and food crops [83]. Collateral 

damage to non-target animals, including as pollinators and 

aquatic life, is significant.  

In typical broadcast applications, environmental 

volatilization and runoff can remove up to 90% of active 

pesticides [84]. Polar chemicals and metabolites are 

challenging for technology to detect at low concentrations in 

complicated matrices. According to the Public Information 

Bureau (2025), harmonizing national Maximum Residue 

Limits with international Codex Alimentarius standards 

makes governance more difficult [85]. Cutting-edge 

technologies like agro-nanotechnology and controlled 

release formulations are tackling these issues. Such 

advances allow focused and efficient uses with minimal 

influence on the environment. Furthermore, genetic 

engineering techniques such as CRISPR are being used to 

develop naturally pest resistant cultivars [86]. Bioremediation 

uses specific microorganisms to detoxify contaminants and 

precision agriculture instruments allow real-time monitoring 

of pesticide residues and resistance profiles [87]. Future 

systems will have to rely on Explainable AI and sentinel 

bioindicators, as well as harmonized validation standards 

combining mechanistic toxicity and dietary habit changes 

for sustainable food production. 

 
Table 1: Classification of sample active constituents of key pesticides and fungicide applied in vegetable 

 

Pesticide Fungicide 

Classes Active Ingredients Classes Active Ingredients 

Neonicotinoids 
Imidacloprid, Thiamethoxam, Acetamiprid and 

Clothianindin 
Triazoles 

Tebuconazole, Propiconazole, 

Difenoconazole and Hexaconzole 

Pyrethroids (Synthetic) 
Deltamethrin, Cypermethrin, Bifenthrin and Lamda-

cyhalothrin Strobilurins 
Azoxystrobin, Pyraclostrobin, 

Trifloxystrobin and Kresoxim-methyl 
Organophosphates Chlorpyrifos, Malathion, Dimethoate and Acephate 

Diamides Chlorantraniliprole and Cyantraniliprole Succinate 

Dehydrogenase 

Inhibitors 

Fluxapyroxad, Flupyram, Boscalid 

and Penthiopyrad Spinosyns Spinosad and Spinetoram 

Avermectins/Macrolides Abmectin and Emamectin Benzoate 
Phenylamides Metalaxyl and Mefenoxam 

Carbamates Carbofuran, Methomyl and Carbaryl 

Insect Growth 

Regulators 
Buprofezin, Novaluron and Pyriproxfen Phosphonates 

Potassium phosphite and Fosetyl-

Aluminium 

Biological/Microbial Bacillus thuringiensis (Bt toxin) and Beauveria bassiana Dithiocarbamates Mancozeb, Maneb and Zineb 

 

Conclusion 

Pesticide residues in vegetable production are a pervasive 

concern, which calls for a multidisciplinary strategy 

combining analytical chemistry, toxicology, regulatory 

research and sustainable agricultural innovation. This 

research has demonstrated that while there has been 

substantial advancement in technology for residue detection 

and mitigation, there are great gaps between scientific 

competency and regulatory applicability. High resolution 

mass spectrometry and novel biosensor technologies today 

offer an unprecedented sensitivity for the detection of trace 

levels, but their access remains limited in developing 

nations who bear the highest burden of toxic pesticide use. 

The patchwork of regulations around the world still hampers 

efforts for food safety. The gap between Codex 

Alimentarius guidelines, severe EU criteria and national 

Maximum Residue Limits create trade barriers and put an 

unfair burden on low-income exporting countries. The EU’s 

ambitious “Farm to Fork” Strategy is a regulatory journey 

whose impact on global vegetable commerce and food 

security remains contested, underlining the need for 

balanced laws that preserve consumer health while 
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maintaining agricultural profitability. A major paradigm 

change is the shift towards holistic, One Health-based risk 

assessment systems. Future regulatory systems need to 

move from single-compound assessments to cumulative risk 

assessments that take into account combination toxicity, 

chronic low-dose exposures and demographics of sensitive 

populations. Human health, environmental integrity and 

agricultural productivity are inextricably linked. There is an 

urgent need for standardization of testing methods for new 

hazard classes such as immunotoxicity, neurotoxicity and 

endocrine disruption. Mitigation approaches have 

progressed from precision agriculture and genetic 

engineering at the pre-harvest stage, to revolutionary post-

harvest therapies like as cold plasma, ozone treatment and 

controlled release formulations. However, challenges such 

as limited data, transferability of models and the ‘black-box’ 

nature of deep learning systems need to be overcome, in 

order to translate these findings to widespread field 

applications. Coupling explainable AI frameworks such as 

SHAP, LIME and Grad-CAM with predictive dissipation 

tools such as dynamiCROP can be a step towards 

transparent and verifiable decision-making that can increase 

stakeholder confidence. 

The development of harmonized validation standards that 

incorporate mechanistic toxicology, real-time environmental 

monitoring, sentinel bioindicators and culturally relevant 

eating behavior patterns is the cornerstone for the safe and 

sustainable production of food for the future. 

Bioremediation procedures are applied for environmentally 

friendly remedies for persistent pollutants using microbial 

cytochrome P450 enzymes and contemporary oxidative 

technology. Achieving residue-compliant vegetable 

production will ultimately require the combined efforts of 

analytical chemists, agronomists, toxicologists, policy 

makers and farming communities to ensure that global food 

security and consumer safety are mutually supportive rather 

than mutually exclusive goals. 

 

Abbreviation 

 
LC Liquid Chromatography 

MS Mass Spectrometry 

GC Gas Chromatography 

2,4-D 2,4-dichlorophenoxyacetic acid 

AChE Acetylcholinesterase 

IARC International Agency for Research on Cancer 

ADI Acceptable Daily Intake 

QuEChERS Quick,Easy,Cheap,Rugged, Effective and Safe 
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