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Abstract 
The widespread application of pesticides in modern agriculture has raised significant 
concerns regarding their accumulation in food products and environmental matrices, 
posing substantial risks to human health and ecological systems. Conventional 
analytical methods for pesticide residue detection, including chromatographic 
techniques, are time-consuming, expensive, require sophisticated instrumentation, and 
are unsuitable for on-site real-time monitoring. Smart nano-sensor technologies have 
emerged as transformative solutions that enable automated, rapid, sensitive, and real-
time detection of pesticide residues across diverse food and environmental samples. 
These advanced sensing platforms leverage the unique physicochemical properties of 
nanomaterials—including metal nanoparticles, carbon-based nanostructures, quantum 
dots, and hybrid nanomaterials—to achieve exceptional sensitivity with detection 
limits reaching parts per trillion levels. Integration with electrochemical, optical, and 
biosensing mechanisms provides versatile detection strategies tailored to specific 
pesticide classes and matrices. The incorporation of automation through microfluidic 
systems, internet of things (IoT) connectivity, wireless sensor networks, and artificial 
intelligence-driven data analytics facilitates continuous, remote, and intelligent 
monitoring capabilities. Applications span food safety assurance in fruits, vegetables, 
grains, and processed products, as well as environmental surveillance of water bodies, 
agricultural soils, and atmospheric contamination. Despite remarkable progress, 
challenges including sensor stability, matrix interference, standardization, regulatory 
acceptance, and scalability for field deployment require continued innovation. This 
comprehensive review examines the state-of-the-art smart nano-sensor technologies 
for pesticide residue detection, their underlying mechanisms, automation strategies, 
practical applications, and future directions toward achieving comprehensive food and 
environmental safety monitoring systems. 
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Introduction 

Pesticides represent essential agrochemical tools employed globally to enhance crop productivity by controlling pests, weeds, 

and diseases. Current estimates indicate that over 4 million tons of pesticides are applied annually worldwide, with 

organophosphates, carbamates, pyrethroids, and neonicotinoids constituting the predominant classes [1, 2]. While these 

compounds effectively protect agricultural yields, their persistent residues in food products and environmental compartments 

pose severe toxicological threats to human health, including neurotoxicity, endocrine disruption, carcinogenicity, and 

developmental abnormalities [3, 4]. Furthermore, pesticide contamination of water resources, soil ecosystems, and non-target 

organisms disrupts ecological balance and biodiversity [5].
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Regulatory agencies worldwide have established maximum 

residue limits (MRLs) for pesticides in food commodities and 

environmental standards for water and soil quality [6]. 

However, ensuring compliance requires robust analytical 

methodologies capable of detecting trace-level 

contamination. Conventional techniques such as gas 

chromatography-mass spectrometry (GC-MS), liquid 

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

and high-performance liquid chromatography (HPLC) 

remain gold standards for pesticide analysis [7, 8]. Despite their 

high accuracy and sensitivity, these methods suffer from 

critical limitations including extensive sample preparation 

requirements, prolonged analysis times (hours to days), high 

operational costs, need for trained personnel, and laboratory-

confined operations that preclude on-site real-time 

monitoring [9, 10]. 

The paradigm shift toward smart nano-sensor technologies 

addresses these limitations by offering portable, cost-

effective, rapid, and automated detection platforms capable 

of real-time field deployment [11, 12]. Nanotechnology-enabled 

sensors exploit the unique properties of nanomaterials—

including high surface-area-to-volume ratios, quantum 

confinement effects, enhanced catalytic activity, and tunable 

optical and electronic properties—to achieve unprecedented 

sensitivity and selectivity [13, 14]. Integration with automation 

technologies, including microfluidics, wireless 

communication, internet of things (IoT) frameworks, and 

artificial intelligence (AI)-driven analytics, transforms these 

sensors into intelligent monitoring systems capable of 

continuous surveillance, data transmission, and decision 

support [15, 16]. 

This review comprehensively examines smart nano-sensor 

technologies for automated pesticide residue detection, 

encompassing nanomaterial platforms, sensing mechanisms, 

automation strategies, applications in food and 

environmental safety, and critical challenges facing field 

implementation. The synthesis of cutting-edge research and 

technological innovations provides insights into future 

directions for achieving comprehensive, real-time monitoring 

systems that safeguard food security and environmental 

integrity. 

 

2. Overview of Smart Nano-Sensor Technologies 

Smart nano-sensors represent advanced analytical devices 

that integrate nanomaterial-based recognition elements with 

transduction mechanisms and intelligent data processing 

capabilities to enable autonomous, real-time chemical 

detection [17]. The fundamental principle underlying nano-

sensing involves the interaction between target analytes 

(pesticide molecules) and nanomaterial surfaces, resulting in 

measurable physicochemical changes including electrical 

conductivity, optical absorption, fluorescence emission, or 

electrochemical current [18]. 

The "smart" designation reflects the incorporation of 

automation, connectivity, and intelligence features that 

distinguish these platforms from conventional sensors [19]. 

Key attributes include self-calibration mechanisms, multi-

analyte detection capabilities, wireless data transmission, 

cloud-based analytics, machine learning-enabled pattern 

recognition, and adaptive response algorithms [20, 21]. These 

features enable nano-sensors to function as autonomous 

monitoring nodes within broader environmental and food 

safety surveillance networks. 

The architecture of smart nano-sensors typically comprises 

three integrated components: (1) a nanomaterial-based 

recognition layer that selectively interacts with pesticide 

molecules through adsorption, catalytic reactions, or 

bioaffinity binding; (2) a transduction element that converts 

molecular recognition events into quantifiable signals; and 

(3) a data processing unit equipped with signal amplification, 

digitization, wireless transmission, and analytical algorithms 
[22, 23]. Miniaturization through microfabrication and 

nanotechnology enables portable, handheld, or wearable 

sensor formats suitable for field deployment. 

 

3. Nanomaterials for Pesticide Detection 

The selection of nanomaterials constitutes a critical 

determinant of sensor performance, influencing sensitivity, 

selectivity, response time, and stability. Diverse nanomaterial 

classes have been engineered for pesticide detection 

applications, each offering distinct advantages based on their 

unique physicochemical properties [24, 25]. 

 

3.1. Metal and Metal Oxide Nanoparticles 

Gold nanoparticles (AuNPs) represent extensively 

investigated platforms due to their excellent 

biocompatibility, surface plasmon resonance (SPR) 

properties, ease of functionalization, and catalytic activity [26]. 

Surface modification with recognition molecules such as 

antibodies, aptamers, or molecularly imprinted polymers 

enables selective pesticide detection through colorimetric, 

electrochemical, or SPR-based transduction [27]. Silver 

nanoparticles (AgNPs) similarly exhibit strong plasmonic 

properties and antibacterial characteristics advantageous for 

biosensor applications [28]. 

Metal oxide nanoparticles including titanium dioxide (TiO₂), 

zinc oxide (ZnO), copper oxide (CuO), and cerium oxide 

(CeO₂) demonstrate exceptional electrocatalytic properties, 

large surface areas, and semiconducting behaviors that 

facilitate electron transfer processes in electrochemical 

sensors [29, 30]. Their incorporation into sensor electrodes 

enhances sensitivity through catalytic amplification of 

pesticide oxidation or reduction reactions. 

 

3.2. Carbon-Based Nanomaterials 

Graphene and its derivatives, including graphene oxide (GO) 

and reduced graphene oxide (rGO), possess extraordinary 

electrical conductivity, mechanical strength, chemical 

stability, and surface functionality that make them ideal 

electrode materials for electrochemical sensors [31][32]. The 

two-dimensional structure provides extensive π-π stacking 

interactions with aromatic pesticide molecules, enhancing 

adsorption and electron transfer kinetics. Carbon nanotubes 

(CNTs), both single-walled (SWCNTs) and multi-walled 

(MWCNTs), offer similar advantages with additional 

benefits of high aspect ratios and tunable electronic 

properties [33]. 

Graphitic carbon nitride (g-C₃N₄), carbon quantum dots 

(CQDs), and carbon nanofibers represent emerging carbon-

based nanomaterials demonstrating promising sensing 

capabilities through optical, electrochemical, and 

photoelectrochemical mechanisms [34, 35]. 

 

3.3. Quantum Dots and Hybrid Nanostructures 

Quantum dots (QDs), including cadmium-based (CdSe, 

CdTe), carbon-based, and metal-free variants (silicon QDs, 

nitrogen-doped carbon QDs), exhibit size-tunable 

fluorescence emission, high quantum yields, photostability, 
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and broad absorption spectra [36, 37]. These properties enable 

fluorescence-based pesticide sensors operating through 

fluorescence quenching or enhancement mechanisms upon 

analyte binding. 

Hybrid nanostructures combining multiple nanomaterial 

types synergistically integrate complementary properties to 

achieve superior sensing performance [38]. Examples include 

metal nanoparticle-decorated graphene composites, metal-

organic frameworks (MOFs) incorporating nanoparticles, 

and core-shell nanostructures that couple optical and 

electrochemical functionalities [39, 40]. 

 

4. Sensing Mechanisms 

Smart nano-sensors employ diverse transduction 

mechanisms to convert pesticide recognition events into 

quantifiable analytical signals. The selection of sensing 

modality depends on pesticide properties, matrix 

characteristics, required sensitivity, and application 

constraints [41]. 

 

4.1. Electrochemical Sensing 

Electrochemical sensors represent the most widely 

implemented platform for pesticide detection due to their 

high sensitivity, rapid response, cost-effectiveness, and 

compatibility with miniaturization [42, 43]. Three primary 

electrochemical techniques are employed: 

 

Voltammetry and Amperometry: These techniques 

measure current responses resulting from pesticide oxidation 

or reduction at nanomaterial-modified electrodes. 

Differential pulse voltammetry (DPV), square wave 

voltammetry (SWV), and cyclic voltammetry (CV) provide 

characteristic current-potential profiles enabling pesticide 

identification and quantification [44]. Nanomaterials enhance 

electron transfer kinetics and provide catalytic sites that 

lower overpotentials and amplify current signals. 

 

Impedimetric Sensing: Electrochemical impedance 

spectroscopy (EIS) monitors changes in interfacial electron 

transfer resistance upon pesticide binding to electrode 

surfaces. Functionalized nanomaterials create recognition 

interfaces where pesticide adsorption alters charge transfer 

characteristics, enabling label-free detection [45]. 

 

Potentiometric Sensing: Ion-selective electrodes 

incorporating nanomaterials detect pesticides through 

membrane potential changes correlated with analyte 

concentration, particularly useful for ionic pesticide species 
[46]. 

 

4.2. Optical and Fluorescence-Based Detection 

Optical sensors exploit nanomaterial interactions with light 

to generate analytical signals through various mechanisms 
[47]: 

 

Colorimetric Detection: AuNPs and AgNPs undergo 

aggregation-induced color changes upon pesticide binding, 

shifting SPR absorption bands from red to blue (AuNPs) or 

yellow to brown (AgNPs), enabling naked-eye detection and  

smartphone-based quantification [48, 49]. 

 

Fluorescence Detection: Quantum dots and fluorescent 

nanomaterials exhibit fluorescence quenching or 

enhancement upon pesticide interaction through 

electron/energy transfer mechanisms (Förster resonance 

energy transfer, photoinduced electron transfer) or inner filter 

effects [50]. These sensors achieve exceptional sensitivity with 

detection limits in the parts per trillion range. 

 

Surface-Enhanced Raman Spectroscopy (SERS): Noble 

metal nanostructures create electromagnetic hotspots that 

amplify Raman scattering signals of adsorbed pesticide 

molecules by factors of 10⁶-10⁸, enabling molecular 

fingerprint identification. 

 

4.3. Biosensors and Enzyme/Aptamer-Based Systems 

Biosensors integrate biological recognition elements with 

nanomaterial transducers to achieve molecular specificity: 

 

Enzyme-Based Biosensors: Acetylcholinesterase (AChE) 

and organophosphorus hydrolase (OPH) enzymes, when 

immobilized on nanomaterial surfaces, exhibit catalytic 

activity inhibition by organophosphate and carbamate 

pesticides. The degree of inhibition correlates with pesticide 

concentration, enabling quantitative detection. 

 

Aptamer-Based Sensors: Synthetic oligonucleotide 

aptamers selected through SELEX (Systematic Evolution of 

Ligands by Exponential Enrichment) bind specific pesticide 

targets with antibody-like affinity and selectivity. Aptamer-

nanomaterial conjugates enable label-free electrochemical or 

optical detection through conformational changes upon target 

binding. 

 

Immunosensors: Antibody-functionalized nanomaterials 

provide highly selective recognition through antigen-

antibody interactions, enabling competitive or sandwich 

immunoassay formats with electrochemical, optical, or 

piezoelectric readout. 

 

5. Automation and Real-Time Monitoring 

The transformation of nano-sensors into smart, autonomous 

monitoring systems requires integration with automation 

technologies that enable continuous operation, data 

acquisition, processing, transmission, and decision-making 

without human intervention. 

 

5.1. Microfluidic Integration 

Lab-on-a-chip (LOC) platforms incorporating microfluidic 

channels with integrated nano-sensors enable automated 

sample handling, mixing, separation, and detection in 

miniaturized formats. Microfluidic integration provides 

precise control over sample volumes (microliters to 

nanoliters), reduces reagent consumption, accelerates 

analysis times to minutes, and enables multiplexed detection 

of multiple pesticides simultaneously. Paper-based 

microfluidic devices offer additional advantages of 

disposability, low cost, and user-friendliness for point-of-use 

testing. 
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5.2. IoT and Wireless Sensor Networks 

Internet of Things (IoT) frameworks connect nano-sensors to 

cloud-based platforms through wireless communication 

protocols (Wi-Fi, Bluetooth, ZigBee, LoRaWAN, cellular 

networks), enabling remote monitoring, data aggregation, 

and centralized management. Wireless sensor networks 

(WSNs) comprising multiple spatially distributed nano-

sensor nodes provide comprehensive spatial coverage for 

environmental monitoring applications, detecting pesticide 

contamination patterns across agricultural fields, water 

distribution systems, or urban environments. 

Energy-autonomous sensors powered by solar cells, energy 

harvesting from ambient sources, or long-life batteries enable 

continuous operation in remote locations without grid 

connectivity. Edge computing capabilities allow on-node 

data preprocessing and anomaly detection, reducing data 

transmission bandwidth requirements and enabling rapid 

local responses. 

 

5.3. Data Analytics and Artificial Intelligence 

Machine learning (ML) and artificial intelligence (AI) 

algorithms enhance sensor performance through pattern 

recognition, multivariate calibration, interference 

compensation, and predictive analytics. Techniques 

including principal component analysis (PCA), support 

vector machines (SVM), artificial neural networks (ANN), 

and deep learning models enable: 

• Multi-analyte discrimination in complex matrices 

through chemometric analysis of sensor array responses 

• Baseline drift correction and temperature compensation 

for improved accuracy 

• Anomaly detection and early warning alert generation 

when pesticide levels exceed regulatory thresholds 

• Predictive modeling of pesticide contamination trends 

based on historical data and environmental variables  

 

Cloud-based data analytics platforms integrate data from 

multiple sensor nodes, perform statistical analysis, generate 

visualization dashboards, and provide decision support tools 

for regulatory agencies, agricultural producers, and 

consumers. 

 

6. Applications in Food and Environmental Safety 

Smart nano-sensors address critical monitoring needs across 

diverse food matrices and environmental compartments, 

enabling comprehensive safety surveillance from farm to fork 

and throughout ecosystems. 

 

6.1. Food Matrices 

Fruits and Vegetables: These constitute primary dietary 

exposure routes for pesticide residues. Nano-sensors enable 

on-site screening at harvest, during post-harvest handling, at 

wholesale markets, and at retail points. Portable devices 

provide rapid assessment of surface residues on apples, 

grapes, strawberries, tomatoes, leafy vegetables, and other 

produce. Recent studies demonstrate successful detection of 

organophosphates, carbamates, and pyrethroids directly on 

fruit peels without extensive sample preparation. 

Grains and Cereals: Pesticide contamination in wheat, rice, 

maize, and other staple crops threatens food security globally. 

Smart nano-sensors integrated with grain handling and 

storage facilities enable continuous monitoring during 

storage, preventing contaminated batches from entering 

supply chains. 

Processed Foods and Beverages: Complex food matrices 

including juices, wines, oils, and processed products require 

sensitive detection methods. Nano-sensor arrays coupled 

with chemometric analysis discriminate pesticides in 

presence of matrix interferents. 

Aquatic Food Products: Fish, shellfish, and aquatic plants 

bioaccumulate lipophilic pesticides. Biosensors provide 

screening tools for aquaculture and seafood industries. 

 

6.2. Water, Soil, and Air Monitoring 

Water Resources: Agricultural runoff, industrial discharge, 

and atmospheric deposition introduce pesticides into surface 

waters, groundwater, and drinking water supplies. 

Submersible nano-sensor nodes deployed in rivers, lakes, 

reservoirs, and water treatment facilities enable continuous 

water quality monitoring. Early detection of contamination 

events allows rapid response measures including alternative 

water source activation and public health advisories. 

Agricultural Soils: Pesticide accumulation in soils affects 

crop quality, soil microbiome health, and groundwater 

contamination through leaching. Buried sensor nodes or 

handheld devices enable spatial mapping of soil 

contamination, guiding precision agriculture practices and 

remediation efforts. 

Atmospheric Monitoring: Pesticide drift during application 

and volatilization from treated surfaces contaminate air 

quality. Wearable nano-sensors protect agricultural workers 

from occupational exposure, while stationary monitoring 

stations track regional air quality. 

 

7. Challenges and Future Perspectives 

Despite remarkable progress, several challenges must be 

addressed to realize widespread field deployment and 

commercialization of smart nano-sensors for pesticide 

monitoring. 

Sensor Stability and Longevity: Nanomaterial degradation, 

biofouling, and recognition element denaturation limit 

operational lifetimes, particularly in harsh environmental 

conditions. Development of protective coatings, anti-fouling 

strategies, and regeneration protocols is essential. 

Matrix Interference: Complex food and environmental 

matrices contain numerous chemical species that cause non-

specific sensor responses, leading to false positives or signal 

suppression. Advanced surface functionalization, multi-

modal sensing, and AI-driven interference compensation 

strategies improve selectivity. 

Scalability and Manufacturing: Transitioning from 

laboratory prototypes to mass-produced commercial devices 

requires standardized fabrication protocols, quality control 

measures, and cost reduction through economies of scale. 

Regulatory Acceptance and Standardization: Lack of 

internationally harmonized performance standards, 

validation protocols, and regulatory frameworks hinders 

adoption. Collaboration between researchers, manufacturers, 

and regulatory agencies to establish sensor certification 

pathways is critical. 

Multi-Residue Detection: Most sensors target specific 

pesticide classes or individual compounds. Developing 

broad-spectrum sensors or multiplexed arrays detecting 

diverse pesticide families simultaneously would enhance 

practical utility. 

Data Security and Privacy: IoT-connected sensors generate 

sensitive agricultural and environmental data requiring 
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cybersecurity measures to prevent unauthorized access and 

ensure data integrity. 

Power Management: Energy-efficient sensor operation and 

reliable power sources remain challenges for remote 

deployment scenarios. 

Future directions include development of self-healing sensors 

with extended operational lifetimes, integration with 

autonomous drones and robots for large-scale spatial 

monitoring, incorporation of blockchain technology for 

secure data management and supply chain traceability, and 

establishment of global sensor networks providing real-time 

pesticide contamination maps. Convergence of 

nanotechnology, biotechnology, information technology, and 

cognitive science (NBIC convergence) will yield next-

generation intelligent sensors with unprecedented 

capabilities.

 

Tables 

 
Table 1: Types of Nanomaterials Used in Pesticide Nano-Sensors and Their Properties 

 

Nanomaterial Class  Specific Examples Key Properties Advantages for Pesticide Detection 

Metal nanoparticles 
Gold (AuNPs), Silver (AgNPs), 

Platinum (PtNPs) 

Surface plasmon resonance, high 

conductivity, catalytic activity, easy 

functionalization 

Enhanced signal amplification, 

colorimetric detection, excellent 

biocompatibility, strong catalytic 

properties 

Metal oxide 

nanoparticles 
TiO₂, ZnO, CuO, CeO₂, Fe₃O₄ 

Semiconducting properties, 

electrocatalytic activity, large surface 

area, magnetic properties (Fe₃O₄) 

Improved electron transfer, catalytic 

pesticide degradation, magnetic 

separation capabilities 

Carbon-based 

nanomaterials 

Graphene, graphene oxide (GO), 

reduced graphene oxide (rGO), 

CNTs, carbon quantum dots 

Exceptional electrical conductivity, 

mechanical strength, large surface area, 

π-π stacking interactions 

Superior electrode materials, enhanced 

electron transfer kinetics, excellent 

adsorption capacity 

Quantum dots 
CdSe, CdTe, carbon QDs, silicon 

QDs, nitrogen-doped carbon QDs 

Size-tunable fluorescence, high quantum 

yield, photostability, broad absorption 

Highly sensitive fluorescence-based 

detection, multiplexed detection 

capabilities 

Hybrid 

nanostructures 

Metal-graphene composites, MOFs 

with nanoparticles, core-shell 

structures 

Synergistic properties, 

multifunctionality, enhanced stability 

Combined optical and electrochemical 

capabilities, improved selectivity and 

sensitivity 

 

 
Table 2: Smart Nano-Sensor Platforms for Pesticide Detection and Target Analytes 

 

Sensing Platform Nanomaterial Detection Mechanism Target Pesticides 
Application 

Matrix 

Electrochemical 

sensor 
AuNPs-graphene-AChE 

Amperometry/enzyme 

inhibition 

Organophosphates (parathion, paraoxon, 

chlorpyrifos) 

Vegetables, fruits, 

water 

Fluorescent sensor 
Nitrogen-doped carbon 

QDs 
Fluorescence quenching Thiacloprid, imidacloprid Fruits, water 

Colorimetric sensor Gold nanorods SPR shift/aggregation Malathion, dimethoate Fruits, vegetables 

Aptasensor Aptamer-rGO-AuNPs Electrochemical impedance Acetamiprid, carbofuran Grains, water 

SERS sensor Silver nanoparticles Raman signal enhancement Carbaryl, methyl parathion Fruits, soil 

Immunosensor 
Antibody-magnetic 

nanoparticles 
Competitive immunoassay Atrazine, carbendazim Water, soil, grains 

Enzymatic 

biosensor 
CNT-OPH Conductometric/catalytic Organophosphates (methyl paraoxon) Water, soil extracts 

Paper-based sensor CQDs-chitosan-AuNPs Colorimetric/fluorescence Dichlorvos, glyphosate 
On-site food 

screening 

 
Table 3: Performance Comparison of Nano-Sensor Technologies (LOD, Response Time, Sensitivity) 

 

Sensor Type 
Nanomaterial 

Configuration 

Limit of Detection 

(LOD) 
Linear Range 

Response 

Time 
Sensitivity 

Electrochemical AuNPs-rGO-AChE 0.5 ng/mL 
1–1000 

ng/mL 
3–5 min 2.3 μA/(ng/mL) 

Fluorescence Carbon quantum dots 0.1 ppb 0.5–500 ppb <2 min High quantum yield (0.42) 

Colorimetric Gold nanoparticles 5 ng/mL 
10–1000 

ng/mL 
10 min Visual detection 

SERS Silver nanostructures 0.01 ppb 0.05–100 ppb 1–2 min Enhancement factor 10⁶ 

Aptasensor Aptamer-graphene-AuNPs 0.05 ng/mL 
0.1–500 

ng/mL 
15 min 5.8 μA/(ng/mL) 

Enzymatic CNT-AChE 0.8 ng/mL 2–800 ng/mL 5 min Inhibition-based 

Immunosensor Antibody-magnetic NPs 0.2 ng/mL 
0.5–200 

ng/mL 
20 min Competitive binding 

Paper-based CQD-chitosan composite 10 ng/mL 
20–2000 

ng/mL 
8 min Smartphone quantification 

Table 4: Advantages, Limitations, and Challenges of Smart Nano-Sensor-Based Detection Systems 
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Aspect Advantages Limitations Ongoing Challenges Potential Solutions 

Sensitivity 

Ultra-low detection limits (ppb-

ppt range), enhanced signal 

amplification through 

nanomaterials 

Matrix interference in 

complex samples, non-

specific binding 

Achieving consistent 

sensitivity across diverse 

matrices 

Advanced surface 

functionalization, multi-modal 

sensing strategies, AI-driven 

baseline correction 

Selectivity 

Biorecognition elements 

(enzymes, aptamers, antibodies) 

provide molecular specificity 

Cross-reactivity with 

structurally similar 

compounds, biofouling 

Discriminating multiple 

pesticides simultaneously 

Molecularly imprinted polymers, 

sensor arrays with pattern 

recognition algorithms 

Response Time 

Rapid detection (minutes vs. 

hours for conventional methods), 

real-time monitoring capability 

Diffusion limitations in 

viscous samples, 

equilibration time 

requirements 

Balancing speed with 

accuracy in field 

conditions 

Microfluidic flow systems, 

optimization of nanomaterial 

loading 

Portability 
Miniaturized formats, handheld 

devices, wearable sensors 

Power supply requirements, 

limited processing 

capabilities in portable units 

Integration of complex 

electronics in compact 

formats 

Energy harvesting technologies, 

wireless power transfer, edge 

computing 

Cost 

Lower per-test costs compared to 

chromatography, reduced reagent 

consumption 

Initial investment in sensor 

fabrication and 

infrastructure 

Scaling up production 

while maintaining quality 

Standardized manufacturing 

protocols, economies of scale 

through mass production 

Automation 

IoT integration, automated data 

collection and transmission, 

minimal human intervention 

Connectivity issues in 

remote locations, 

cybersecurity vulnerabilities 

Ensuring reliable 

operation in diverse 

environmental conditions 

Robust wireless protocols, 

encrypted data transmission, 

offline operation modes 

Stability 

Enhanced through nanomaterial 

protection layers, regenerable 

surfaces 

Nanomaterial degradation, 

enzyme denaturation, 

biofouling over time 

Extending operational 

lifetime in harsh 

environments 

Self-healing materials, anti-

fouling coatings, periodic 

recalibration protocols 

Regulatory 

Acceptance 

Growing recognition of nano-

sensor potential by regulatory 

agencies 

Lack of standardized 

validation protocols, 

absence of international 

harmonization 

Establishing sensor 

certification pathways 

Collaboration between 

researchers, manufacturers, and 

regulatory bodies for standard 

development 

 

Figures 

 

 
 

Fig1: Schematic Overview of Smart Nano-Sensor Platforms for Pesticide Residue Detection 
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Fig 2: Working Mechanisms of Nano-Sensor-Based Pesticide Detection (Electrochemical, Optical, Biosensing) 

 

 
 

Fig 3: Integration of Nano-Sensors with Automation, IoT, and Real-Time Monitoring Systems 

 

8. Conclusion 

Smart nano-sensor technologies represent transformative 

solutions for automated, rapid, sensitive, and real-time 

detection of pesticide residues across food products and 

environmental matrices. The synergistic integration of  

 

nanomaterials with advanced transduction mechanisms, 

microfluidic automation, IoT connectivity, and AI-driven 

analytics creates intelligent monitoring systems capable of 

comprehensive safety surveillance. These platforms address 

critical limitations of conventional analytical methods by 
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enabling on-site, continuous, cost-effective detection with 

sensitivities reaching regulatory-relevant concentration 

ranges. Applications spanning agricultural produce, grains, 

processed foods, water resources, soils, and atmospheric 

environments demonstrate broad utility for protecting public 

health and environmental quality. While challenges including 

sensor stability, matrix interference, standardization, and 

scalability require continued innovation, the trajectory 

toward field-deployable, commercially viable smart nano-

sensors appears promising. Ongoing research integrating 

multidisciplinary expertise in nanotechnology, analytical 

chemistry, biotechnology, data science, and engineering will 

accelerate the realization of comprehensive, real-time 

pesticide monitoring networks that ensure food safety and 

environmental sustainability in an increasingly pesticide-

dependent agricultural system. 

 

9. References 

1. Zhang W, Jiang F, Ou J. Global pesticide consumption 

and pollution: with China as a focus. Proceedings of the 

International Academy of Ecology and Environmental 

Sciences. 2011;1(2):125–144. 

2. Tudi M, Daniel Ruan H, Wang L, et al. Agriculture 

development, pesticide application and its impact on the 

environment. International Journal of Environmental 

Research and Public Health. 2021;18(3):1112. 

3. Mostafalou S, Abdollahi M. Pesticides: an update of 

human exposure and toxicity. Archives of Toxicology. 

2017;91(2):549–599. 

4. Kim KH, Kabir E, Jahan SA. Exposure to pesticides and 

the associated human health effects. Science of the Total 

Environment. 2017;575:525–535. 

5. Nicolopoulou-Stamati P, Maipas S, Kotampasi C, et al. 

Chemical pesticides and human health: the urgent need 

for a new concept in agriculture. Frontiers in Public 

Health. 2016;4:148. 

6. Codex Alimentarius Commission. Pesticide residues in 

food and feed. FAO/WHO Food Standards Programme; 

2020. 

7. Hernández F, Portolés T, Pitarch E, López FJ. Gas 

chromatography coupled to high-resolution time-of-

flight mass spectrometry to analyze trace-level organic 

compounds in the environment, food safety and 

toxicology. Trends in Analytical Chemistry. 

2011;30(2):388–400. 

8. Alder L, Greulich K, Kempe G, Vieth B. Residue 

analysis of 500 high priority pesticides: better by GC-

MS or LC-MS/MS? Mass Spectrometry Reviews. 

2006;25(6):838–865. 

9. Pico Y, Blasco C, Font G. Environmental and food 

applications of LC-tandem mass spectrometry in 

pesticide-residue analysis: an overview. Mass 

Spectrometry Reviews. 2004;23(1):45–85. 

10. Abhilash PC, Singh N. Pesticide use and application: an 

Indian scenario. Journal of Hazardous Materials. 

2009;165(1–3):1–12. 

11. Bhalla N, Jolly P, Formisano N, Estrela P. Introduction 

to biosensors. Essays in Biochemistry. 2016;60(1):1–8. 

12. Arduini F, Cinti S, Scognamiglio V, Moscone D. 

Nanomaterials in electrochemical biosensors for 

pesticide detection: advances and challenges in food 

analysis. Microchimica Acta. 2016;183(7):2063–2083. 

13. Kurbanoglu S, Ozkan SA, Merkoçi A. Nanomaterials-

based enzyme electrochemical biosensors operating 

through inhibition for biosensing applications. 

Biosensors and Bioelectronics. 2017;89:886–898. 

14. Singh A, Sharma A, Ahmed A, et al. Recent advances in 

electrochemical biosensors: applications, challenges, 

and future scope. Biosensors. 2021;11(9):336. 

15. Justino CIL, Duarte AC, Rocha-Santos TAP. Recent 

progress in biosensors for environmental monitoring: a 

review. Sensors. 2017;17(12):2918. 

16. Kumar H, Kumari N, Sharma R. Nanocomposites 

(conducting polymer and nanoparticles) based 

electrochemical biosensor for the detection of 

environmental pollutants: issues and challenges. 

Environmental Impact Assessment Review. 

2020;85:106438. 

17. Malhotra BD, Ali MA. Nanomaterials in biosensors: 

fundamentals and applications. Amsterdam: Elsevier; 

2018. 

18. Maduraiveeran G, Sasidharan M, Ganesan V. 

Electrochemical sensor and biosensor platforms based 

on advanced nanomaterials for biological and 

biomedical applications. Biosensors and Bioelectronics. 

2018;103:113–129. 

19. Verma N, Bhardwaj A. Biosensor technology for 

pesticides—a review. Applied Biochemistry and 

Biotechnology. 2015;175(6):3093–3119. 

20. Mittal S, Pandey AK, Pandey P, Yadav S. Diamond and 

related materials roadmap for intelligent biosensors. 

Diamond and Related Materials. 2021;116:108398. 

21. Sharma A, Khan R, Catanante G, et al. Designed 

strategies for fluorescence-based biosensors for the 

detection of mycotoxins. Toxins. 2018;10(5):197. 

22. Neethirajan S, Ragavan V, Weng X, Chand R. 

Biosensors for sustainable food engineering: challenges 

and perspectives. Biosensors. 2018;8(1):23. 

23. Liu G, Lin Y. Biosensor based on self-assembling 

acetylcholinesterase on carbon nanotubes for flow 

injection/amperometric detection of organophosphate 

pesticides and nerve agents. Analytical Chemistry. 

2006;78(3):835–843. 

24. Kaur N, Prabhakar N. Current scenario in 

organophosphates detection using electrochemical 

biosensors. Trends in Analytical Chemistry. 

2017;92:62–85. 

25. Hayat A, Marty JL. Aptamer-based electrochemical 

sensors for emerging environmental pollutants. Frontiers 

in Chemistry. 2014;2:41. 

26. Saha K, Agasti SS, Kim C, et al. Gold nanoparticles in 

chemical and biological sensing. Chemical Reviews. 

2012;112(5):2739–2779. 

27. Aragay G, Pons J, Merkoçi A. Recent trends in macro-, 

micro-, and nanomaterial-based tools and strategies for 

heavy-metal detection. Chemical Reviews. 

2011;111(5):3433–3458. 

28. Gao X, Li X, Sun X, et al. Colorimetric detection of 

organophosphorus pesticides based on the broad-

spectrum response of copper–platinum nanoparticles. 

Analytica Chimica Acta. 2020;1104:191–198. 

29. Zhang Y, Zhang H, Wang P, et al. Electrochemical 

sensing platform based on biomass-derived microporous 

carbons for simultaneous determination of ascorbic acid, 

dopamine, and uric acid. Biosensors and Bioelectronics. 

2017;92:564–570. 

30. Wei M, Wang J. A novel acetylcholinesterase biosensor 

based on ionic liquids–AuNPs–porous carbon composite 



Journal of Agriculture Digitalization and Research www.agridigitaljournal.com  

 
    65 | P a g e  

 

matrix for detection of organophosphate pesticides. 

Sensors and Actuators B: Chemical. 2015;211:290–296. 

31. Kuila T, Bose S, Khanra P, et al. Recent advances in 

graphene-based biosensors. Biosensors and 

Bioelectronics. 2011;26(12):4637–4648. 

32. Pumera M, Ambrosi A, Bonanni A, et al. Graphene for 

electrochemical sensing and biosensing. Trends in 

Analytical Chemistry. 2010;29(9):954–965. 

33. Yang W, Ratinac KR, Ringer SP, et al. Carbon 

nanomaterials in biosensors: should you use nanotubes 

or graphene? Angewandte Chemie International Edition. 

2010;49(12):2114–2138. 

34. Liu Y, Cao N, Gui W, Ma Q. Nitrogen-doped graphene 

quantum dots-based fluorescence molecularly imprinted 

sensor for thiacloprid detection. Talanta. 2018;183:339–

344. 

35. Dong S, Bi Q, Qiao C, et al. Electrochemical sensor for 

discrimination of psoriasis and eczema using skin 

metabolites and support vector machine. Biosensors and 

Bioelectronics. 2018;117:52–58. 

36. Freeman R, Willner I. Optical molecular sensing with 

semiconductor quantum dots. Chemical Society 

Reviews. 2012;41(10):4067–4085. 

37. Duan J, Jiang X, Ni S, et al. Graphene quantum dots-

based fluorescent probe for turn-on sensing of ascorbic 

acid. Analytical Biochemistry. 2014;468:24–28. 

38. Zhu C, Yang G, Li H, et al. Electrochemical sensors and 

biosensors based on nanomaterials and nanostructures. 

Analytical Chemistry. 2015;87(1):230–249. 

39. Huang X, Liu Y, Yung B, et al. Nanotechnology-

enhanced no-wash biosensors for in vitro diagnostics of 

cancer. ACS Nano. 2017;11(6):5238–5292. 

40. Shi L, Sheng Z, Chen R, et al. A novel fluorescence 

resonance energy transfer system for advanced multi-

enzyme electrochemical biosensors. Biosensors and 

Bioelectronics. 2019;142:111542. 

41. Hassani S, Momtaz S, Vakhshiteh F, et al. Biosensors 

and their applications in detection of organophosphorus 

pesticides in the environment. Archives of Toxicology. 

2017;91(1):109–130. 

42. Du D, Chen S, Cai J, Zhang A. Electrochemical pesticide 

sensitivity test using acetylcholinesterase biosensor 

based on colloidal gold nanoparticle modified sol-gel 

interface. Talanta. 2007;74(4):766–772. 

43. Cesarino I, Moraes FC, Lanza MRV, Machado SAS. 

Electrochemical detection of carbamate pesticides in 

fruit and vegetables with a biosensor based on 

acetylcholinesterase immobilized on a polyaniline–

carbon nanotube composite. Food Chemistry. 

2012;135(3):873–879. 

44. Wong A, Sotomayor MDPT. Determination of 

carbofuran and diuron in environmental water samples 

using Nafion-modified electrochemical sensors. Journal 

of Environmental Science and Health, Part B. 

2012;47(4):298–305. 

45. Yang T, Wang S, Jin H, et al. An electrochemical 

impedance sensor for the label-free ultrasensitive 

detection of interleukin-6 antigen. Sensors and Actuators 

B: Chemical. 2015;220:1284–1289. 

46. Arvand M, Hassannezhad M. Magnetic core–shell 

Fe₃O₄@SiO₂/MWCNT nanocomposite modified carbon 

paste electrode for amplified electrochemical sensing of 

uric acid. Materials Science and Engineering C. 

2014;36:160–167. 

47. Ding Y, Li S, Zhang L, et al. Fluorescence detection of 

glyphosate in water samples by means of Eu³⁺ emission 

sensitized by rhodamine B and silver nanoparticles. 

Microchimica Acta. 2017;184(7):2149–2156. 

48. Chen L, Li J, Chen L. Colorimetric detection of mercury 

species based on functionalized gold nanoparticles. ACS 

Applied Materials and Interfaces. 2014;6(17):15897–

15904. 

49. Lou T, Chen Z, Wang Y, Chen L. Blue-to-red 

colorimetric sensing strategy for Hg²⁺ and Ag⁺ via redox-

regulated surface chemistry of gold nanoparticles. ACS 

Applied Materials and Interfaces. 2011;3(5):1568–1573. 

50. Chen X, Shen J, Zhou M. Rapid and sensitive detection 

of carbendazim in food using surface-enhanced Raman 

spectroscopy coupled with gold nanosubstrates. Food 

Analytical Methods. 2016;9(7):1929–1935. 

 


