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Abstract 
Ensuring food quality and safety throughout the supply chain remains a global 
priority. Conventional packaging provides only passive protection, lacking the 
ability to detect or communicate food spoilage in real time. Smart packaging 
systems incorporating Nanosensor technologies have emerged as an innovative 
approach to monitor freshness by detecting biochemical and microbial changes 
within food products. Nanosensors employ advanced nanomaterials—such as gold 
nanoparticles, graphene, and quantum dots—to identify spoilage-related 
compounds including biogenic amines, volatile organic compounds 
(VOCs), and pH variations. Their high surface reactivity and tunable 
properties enable rapid optical, electrochemical, or resistive signal generation, 
which can be visualized directly or transmitted wirelessly through NFC, RFID, or 
Bluetooth interfaces. Recent progress in printing, encapsulation, and 
biodegradable nanocomposite fabrication has accelerated their integration 
into polymer and bio-based packaging materials. However, widespread application 
is still limited by challenges related to sensor drift, selectivity, reproducibility, and 
potential nanomaterial migration. Regulatory frameworks governing the use of 
nanomaterials in food contact systems also remain fragmented across jurisdictions. 
Despite these constraints, opportunities in AI-assisted analytics, self-powered 
Nanosensors, and sustainable materials are driving the next generation of 
intelligent packaging. This review summarizes current advances in Nanosensor-
enabled smart packaging, evaluates analytical performance, and highlights 
emerging directions toward scalable, safe, and environmentally responsible food 
monitoring technologies. 
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1. INTRODUCTION
Food spoilage and waste continue to pose global 
challenges that impact food security, public health, 
and sustainability. According to the Food and 
Agriculture Organization (FAO, 2023), 
approximately one-third of all food produced 
globally—around 1.3 billion tons annually—is lost or 
wasted. This loss equates to nearly 8–10% of total 
greenhouse gas emissions and an estimated USD 
940 billion in economic losses each year (FAO, 
2023; Gustavsson et al., 2023). The inability to 
monitor food quality in real time across the supply 
chain is one of the key drivers of this issue. 

Traditional analytical methods for assessing food 
quality, such as microbial assays, pH tests, and 
chromatographic analyses, although accurate, are 
destructive and time-consuming (Shukla & Naik, 
2024). These methods cannot provide continuous 
in-package freshness monitoring. Smart packaging, 
particularly intelligent packaging systems integrated 
with Nanosensors, offers a promising solution by 
allowing continuous, real-time, non-destructive 
monitoring of food freshness indicators (Heo, 2024; 
Naik et al., 2025). 
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Smart Packaging: Definition and Evolution: Smart 
packaging combines active and intelligent 
functionalities as shown in figure1. Active packaging 
extends shelf life by interacting with food or the 
surrounding atmosphere, while intelligent packaging 

provides diagnostic feedback about food quality 
(Yildirim et al., 2022). Intelligent packaging systems 
integrate chemical or biosensors capable of detecting 
physical, chemical, or microbiological changes 
(Mahalik & Nambiar, 2023). 

 

 
 

Early smart packaging systems were limited to oxygen 
scavengers or time–temperature indicators. However, 
the emergence of nanotechnology has revolutionized 
sensor design. Nanostructured materials such as gold 
nanoparticles (AuNPs), carbon nanotubes (CNTs), 
and graphene oxide (GO) possess high surface 
reactivity and unique optical and electrical 
properties, significantly enhancing detection 
capabilities (Abedi-Firoozjah, 2024; Siribunbandal et 
al., 2023). 

 
Nanosensors for Food Spoilage Detection: 
Nanosensors detect target molecules at trace 
concentrations (parts per million parts per billion) 
that typically form during early spoilage. 
Nanomaterials’ high surface area-to-volume ratios 
and tunable electronic or plasmonic properties 
enable sensitive transduction mechanisms, including 
colorimetric, electrochemical, and Chemi resistive 
responses (Naik et al., 2025). Moreover, 
Nanosensors can be printed or embedded directly 
into packaging films, offering seamless integration 
with minimal material interference (Ham et al., 
2022). For example, anthocyanin-loaded nanofiber 
films have shown visible color transitions in 
response to volatile amines in meat packaging 

(Siribunbandal et al., 2023). Similarly, graphene-
based NFC (Near-Field Communication) 
Nanosensors have been developed for wireless 
ammonia monitoring in perishable goods (Naik et 
al., 2025). These advances underscore Nanosensors’ 
potential to provide reliable, real-time freshness 
indicators. 
 
Global Market and Research Trends: The global 
market for smart packaging was valued at 
approximately USD 39 billion in 2024 and is 
projected to reach USD 60 billion by 2030, with 
intelligent packaging representing over 40% of the 
growth (MarketsandMarkets, 2024). Innovations 
focus on biodegradable materials, IoT-enabled 
systems, and AI-integrated analytics for freshness 
prediction (Lee et al., 2024). Regulatory 
developments, including the European Food Safety 
Authority’s (EFSA) guidelines for nanomaterials in 
food contact materials, are shaping safe-by-design 
Nanosensor development (EFSA, 2024). 
 
2. CHEMISTRY OF FOOD SPOILAGE AND 
KEY INDICATOR COMPOUNDS 
Food spoilage arises from microbial, enzymatic, and 
chemical degradation, leading to undesirable 

Figure 1: Nanomaterial applications in food packaging including active and 
intelligent functionalities for spoilage detection (Mustafa & Andreescu, 2020 
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sensory changes and the production of volatile and 
non-volatile compounds. Understanding these 
processes is essential for designing Nanosensors that 
selectively detect reliable spoilage markers (Heo, 
2024). Microbial spoilage: Microorganisms such as 
Pseudomonas, Shewanella, and Enterobacteriaceae 
metabolize proteins and amino acids, producing 
volatile amines, ammonia, and sulfur compounds 
(Jay et al., 2022). Enzymatic degradation: 
Endogenous enzymes catalyze lipid and carbohydrate 
breakdown, generating aldehydes, ketones, and 
organic acids (Cai et al., 2023). Oxidative reactions: 
Lipid autooxidation forms aldehydes like hexanal 
and malondialdehyde, leading to rancidity 

(Bastarrachea et al., 2024). Spoilage Indicators: Key 
spoilage indicators targeted by Nanosensors include 
biogenic amines, volatile sulfur compounds (VSCs), 
aldehydes, CO₂, and pH shifts. Table 1 summarizes 
their relevance.  
Biogenic Amines (BAs): BAs, such as 
trimethylamine (TMA) and cadaverine, serve as 
robust spoilage markers, especially in seafood and 
meat (Jay et al., 2022). Colorimetric Nanosensors 
using anthocyanins immobilized in nanocellulose 
films detect TMA at 5 ppm within 10 minutes 
(Siribunbandal et al., 2023). 
 

Table 1. Major spoilage indicators and their analytical relevance 

Indicator 
Class 

Examples Source 
Sensory 
Manifestation 

Nanosensor Relevance 

Biogenic 
amines 

TMA, 
putrescine, 
cadaverine 

Microbial 
decarboxylation 

Fishy odor, 
alkalinity 

Colorimetric nanosensors 
(anthocyanin, AuNP) 
(Siribunbandal et al., 2023) 

Sulfur 
compounds 

H₂S, DMS, 
CH₃SH 

Amino acid 
reduction 

Rotten egg odor 
Chemiresistive MOS sensors (ZnO, 
CuO) (Ham et al., 2022) 

Aldehydes 
Hexanal, 
pentanal 

Lipid oxidation Rancid odor 
Fluorescent and optical nanosensors 
(Cai et al., 2023) 

CO₂ CO₂ gas 
Microbial 
respiration 

Package swelling 
CNT-polymer sensors (Naik et al., 
2025) 

pH 
H⁺/OH⁻ 
variation 

Microbial 
metabolism 

Color change pH-sensitive nanofilms (Heo, 2024) 

Gold nanoparticle aggregation sensors have achieved 
detection limits below 0.1 ppm, providing high 
sensitivity (Abedi-Firoozjah, 2024). 
Volatile Sulfur Compounds (VSCs): VSCs, 
including hydrogen sulfide and dimethyl sulfide, 
form early in spoilage and are easily detectable. 
Metal oxide-based Nanosensors, such as TiO₂–CuO  
composites, exhibit LOD < 1 ppm and response 
times under 2 minutes (Ham et al., 2022). 
Aldehydes and Ketones: In lipid oxidation, 
aldehydes like hexanal serve as early oxidative  
 
 
 

spoilage indicators. ZnO–graphene Nanosensors can 
detect hexanal at 0.5 ppm within 45 seconds (Cai et 
al., 2023). Optical fluorescence-based detection 
enables non-invasive freshness monitoring. 
CO₂ and pH Monitoring: Microbial respiration 
increases CO₂ levels, while metabolic byproducts 
alter pH. CNT–polymer composite Nanosensors 
detect CO₂ at 50 ppm with 30-second response 
time (Naik et al., 2025). pH-sensitive nanofilms 
using anthocyanins and chitosan visually change 
color with spoilage progression (Heo, 2024). 
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Table 2. Representative Nanosensor performance for key spoilage markers 

Marker Detection Type Nanomaterial LOD Response Time Reference 

TMA Colorimetric CNC/PLA-anthocyanin 5 ppm 10 min Siribunbandal et al., 2023 

TMA Optical (AuNP) AuNP–MBA 0.1 ppm 2 min Abedi-Firoozjah, 2024 

H₂S Chemiresistive TiO₂–CuO 0.5 ppm 1.5 min Ham et al., 2022 

Hexanal Optical fluorescence ZnO–graphene 0.5 ppm 45 s Cai et al., 2023 

CO₂ Electrical CNT–polymer 50 ppm 30 s Naik et al., 2025 

pH Colorimetric Anthocyanin–chitosan – – Heo, 2024 

3. NANOSENSOR TYPES & TRANSDUCTION     
MECHANISMS 
The detection of food spoilage compounds in real 
time requires sensors that are both highly sensitive 
and selective to target analytes such as volatile 
amines, sulfur compounds, aldehydes, and gases like 
CO₂ as shown in figure 2. Nanosensors, by 
exploiting the unique physical and chemical  

 

properties of nanomaterials offer enhanced 
performance compared to conventional macroscale 
sensors. They can be categorized based on their 
transduction mechanisms, biological events into a 
measurable signal into five main classes: 
colorimetric, optical, electrochemical, Chemi 
resistive, and biosensors (Abedi-Firoozjah, 2024; 
Ham et al., 2022; Heo, 2024). 

Figure 2: classifying Nanosensors used in smart packaging by their detection mechanism 
(colorimetric, electrochemical, Chemi resistive, etc.) for food spoilage detection (Primožič, & 

Leitgeb, 2021). 

Colorimetric Nanosensors: Colorimetric 
Nanosensors rely on visible color changes to indicate 
the presence of target analytes, offering a simple and 
cost-effective freshness monitoring method. These 
systems are often based on nanoparticle aggregation 
pH-sensitive dyes, or redox reactions that result in a 

shift in optical absorption. The underlying 
mechanism involves a change in the plasmonic 
resonance of nanoparticles (typically gold or silver) 
or a chemical reaction that alters the dye’s molecular 
structure. The human eye can detect these colors. 

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7022


Policy Research Journal  
ISSN (E): 3006-7030 ISSN (P) : 3006-7022  Volume 3, Issue 10, 2025 
 

https://policyrj.com | Masih, 2025 | Page 19 

changes, eliminating the need for electronic 
instrumentation (Siribunbandal et al., 2023). Gold 
nanoparticles (AuNPs): Aggregation-induced shifts 
in localized surface plasmon resonance (LSPR) 
enable detection of amines and sulfides. AuNPs 
functionalized with 4-mercaptobenzoic acid (MBA) 
respond to trimethylamine (TMA) within 2 minutes 
at concentrations as low as 0.1 ppm (Abedi-
Firoozjah, 2024). Anthocyanin-based films: Natural 
pigments immobilized on nanocellulose or PLA 
matrices respond to pH changes and volatile amines, 
producing visible blue-to-red color shifts 
(Siribunbandal et al., 2023). Hybrid 
nanocomposites: Incorporation of TiO₂ or ZnO 
nanoparticles improves color stability and reusability 
of indicator films (Heo, 2024) 

Optical Nanosensors: Optical Nanosensors detect 
analytes based on fluorescence, absorbance, or 
Raman scattering. They are particularly useful for 
trace detection and non-invasive analysis. Optical 
signals result from energy transfer, fluorescence 
quenching, or enhanced Raman scattering due to 
analyte interaction with nanomaterials (Cai et al., 
2023). For instance, quantum dots exhibit 
fluorescence intensity changes upon exposure to 
volatile aldehydes. Quantum dot-based sensors: 
CdSe/ZnS quantum dots modified with amine-
reactive ligands show a 50% fluorescence quenching 
upon exposure to 2 ppm TMA (Naik et al., 2025). 
Surface-enhanced Raman spectroscopy (SERS) 
sensors: AuNP-decorated substrates amplify Raman 
signals, enabling detection of hexanal and cadaverine 
at sub-ppm levels (Lee et al., 2024). 

Table 3. Optical Nanosensor performance summary

Electrochemical Nanosensor: Electrochemical 
Nanosensor transduce analyte interaction into 
measurable electrical currents or potentials. Their 
sensitivity arises from nanostructured electrode 
materials with high surface area and enhanced 
electron transfer kinetics (Shukla & Naik, 2024).  

Typical configurations include amperometry, 
potentiometric, or voltametric detection, often 
using electrodes modified with conductive 
nanomaterials like graphene, carbon nanotubes 
(CNTs), or metal nanoparticles. 
 

Table 4. Electrochemical Nanosensor performance metrics 

Analyte Sensor Type Nanomaterial LOD Linear Range Reference 

CO₂ Amperometric CNT–polymer composite 50 ppm 50–500 ppm Naik et al., 2025 

NH₃ Potentiometric Graphene oxide electrode 0.2 ppm 0.2–100 ppm Ham et al., 2022 

H₂S Voltametric ZnO nanorod array 0.8 ppm 0.8–10 ppm Heo, 2024 

Chemi resistive Nanosensors: Chemi resistive 
sensors rely on resistance changes of nanomaterials 
upon analyte adsorption. They are ideal for 
packaging integration due to their simple circuitry. 
When target gases interact with the sensor surface, 
charge transfer modifies conductivity. Metal-oxide 
semiconductors (e.g., ZnO, SnO₂,  CuO) and 
carbon-based materials (graphene, CNTs) dominate 
this category (Ham et al., 2022). TiO₂–CuO 
composites detect hydrogen sulfide with sub-ppm 
sensitivity and response times under 2 
minutes.Graphene Chemi resistors integrated with 

NFC tags enable wireless spoilage detection (Naik et 
al., 2025). 
Biosensing and Hybrid Nanosensors: Biosensors 
integrate biorecognition elements such as enzymes, 
antibodies, or DNA aptamers with nanomaterial-
based transducers. These systems achieve high 
specificity and are valuable for detecting microbial 
metabolites or toxins (Abedi-Firoozjah, 2024). 
Enzyme-based biosensors: Combine oxidases or 
dehydrogenases with nanostructures (e.g., AuNPs, 
graphene) to detect ethanol, glucose, or amine 
derivatives. Aptamer-based Nanosensors: DNA or 

Target Analyte Detection Principle Nanomaterial LOD Response Time Reference 

TMA Fluorescence quenching CdSe/ZnS QDs 2 ppm 1.5 min Naik et al., 2025 

Hexanal SERS enhancement AuNP substrate 0.2 ppm 2 min Lee et al., 2024 

Cadaverine Absorbance shift AgNP–polymer film 1 ppm 3 min Cai et al., 2023 
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peptide aptamers on nanostructured electrodes 
provide target-specific binding and real-time 

electrochemical response (Shukla & Naik, 2024). 
 

Table 5. Comparison of Nanosensor classes for food spoilage detection 

Sensor Type Principle 
LOD 
Range 

Response 
Time 

Advantages Limitations 

Colorimetric 
Color change via 
nanoparticle aggregation 
or dye shift 

0.1–10 
ppm 

<5 min 
Simple, visual, 
low-cost 

Subjective reading, 
limited quantification 

Optical 
Fluorescence or Raman 
shift 

0.1–2 
ppm 

1–3 min High sensitivity Requires optics, cost 

Electrochemical 
Current or potential 
change 

0.1–50 
ppm 

<2 min 
Quantitative, 
portable 

Calibration, fouling 

Chemi resistive Resistance change 
0.1–10 
ppm 

<2 min 
Miniaturizable, 
low power 

Cross-sensitivity 

Biosensor Biorecognition reaction 
0.05–5 
ppm 

<5 min High selectivity Stability, cost 

4. INTEGRATION OF NANOSENSORS INTO 
SMART PACKAGING SYSTEMS 
The translation of Nanosensor technology from 
laboratory prototypes to commercial smart 
packaging systems marks a transformative step in 
food safety and quality assurance. Integration 
involves embedding or printing Nanosensor directly 
into the packaging matrix, enabling real-time, non-
destructive monitoring of food freshness. This 
chapter explores methods of Nanosensor 
incorporation, communication technologies for data 
transmission, material compatibility, and the 
challenges and opportunities associated with large-
scale implementation (Naik et al., 2025; Heo, 2024). 
Nanosensors can be incorporated into packaging via 
direct embedding, surface coating, printing, or in-
mold labeling. Each method is selected based on the 
packaging material, target analyte, and desired sensor 
durability. 
Embedding in Polymers: Nanosensors can be 
dispersed in biodegradable polymer matrices (e.g., 
PLA, PCL, chitosan) to create films that detect 
spoilage compounds such as amines or CO₂ (Lee et 
al., 2024). Embedding enhances mechanical stability 
and ensures prolonged contact with headspace gases. 
Surface Coating and Laminates: Nanostructured 
coatings applied through dip coating, spray 
deposition, or layer-by-layer assembly allow selective 
modification of barrier films. These coatings often 
include colorimetric indicators or electrochemical 

nanocomposites capable of immediate 
environmental response (Ham et al., 2022). 
Printed and Flexible Electronics: Advances in 
screen, inkjet, and 3D printing enable scalable 
production of Nanosensor arrays on flexible 
substrates. Conductive inks containing silver 
nanoparticles or graphene are used to form Chemi 
resistive circuits compatible with NFC or RFID tags 
(Naik et al., 2025). 
Communication and Signal Transmission 
Technologies: For effective monitoring, 
Nanosensors must communicate with external 
devices. Integration with wireless communication 
technologies—such as RFID (Radio Frequency 
Identification), NFC (Near Field Communication), 
and IoT (Internet of Things) systems—allows remote 
or smartphone-based reading (Shukla & Naik, 
2024).  
Passive systems: NFC-enabled labels rely on external 
power (from smartphones or readers). These are 
ideal for cost-sensitive applications. Active systems: 
Battery-assisted RFID sensors allow continuous 
monitoring and can store data locally (Naik et al., 
2025). Modern smart packaging integrates 
Nanosensors with machine learning algorithms for 
predictive analytics. These systems correlate multi-
analyte sensor responses with food shelf-life models 
(Lee et al., 2024). 
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Table 6. Communication technologies in smart packaging 

Compatibility with Packaging Materials: 
Integration success depends on the chemical 
compatibility between sensor materials and 
packaging polymers. Factors such as gas permeability, 
mechanical properties, and thermal stability must be 
considered (Heo, 2024).  Biopolymers such as PLA, 
starch, and chitosan are ideal matrices for 
embedding Nanosensors due to their 
biodegradability and transparency. However, 
plasticizer migration and moisture sensitivity remain 
challenges. Incorporating nanofillers (e.g., TiO₂, 
ZnO, nanoclay) enhances barrier performance while 
providing sites for Nanosensor immobilization 
(Abedi-Firoozjah, 2024). 
Case Studies and Industrial Implementations:  
NFC-Based Freshness Sensors: Naik et al. (2025)    

demonstrated a disposable NFC-enabled 
Nanosensor label that measures total volatile basic 
nitrogen (TVB-N) in seafood packaging. The label 
provided wireless readout via smartphone, detecting 
spoilage within 24 hours of refrigeration failure. 
Colorimetric Intelligent Films: Siribunbandal et al. 
(2023) developed anthocyanin–nanocellulose films 
for real-time ammonia detection in chicken 
packaging, exhibiting clear color transition at 5 ppm 
NH₃. The films were biodegradable and food safe. 
Hybrid Optical-Electronic Labels: Lee et al. (2024) 
reported an AI-enabled dual-mode smart label 
combining optical and electrochemical Nanosensors 
for multi-analyte detection. This hybrid approach 
achieved 0.05 ppm detection of ammonia and 0.1 
ppm of CO₂. 

Table 7. Industrial and experimental implementations of smart packaging Nanosensor 

Product 
Type 

Sensor Type 
Detection 
Target 

Integration 
Method 

Outcome Reference 

Seafood 
NFC–colorimetric 
hybrid 

TVB-N, 
NH₃ 

Printed label 
Smartphone-read 
freshness detection 

Naik et al., 2025 

Poultry Anthocyanin film NH₃ 
Film 
embedding 

Clear color change at 
spoilage 

Siribunbandal et 
al., 2023 

Dairy 
Dual-mode optical-
electrochemical 

CO₂, NH₃ Laminate 
Predictive shelf life 
estimation 

Lee et al., 2024 

Regulatory, Safety, and Sustainability 
Considerations: The integration of Nanosensors 
into food packaging raises regulatory and safety 
challenges. Agencies such as the European Food 
Safety Authority (EFSA) and U.S. FDA require 
toxicity assessments of nanomaterials (Heo, 2024). 
Migration tests ensure that no nanomaterial 
components leach into the food matrix. Nanosensor-
enabled packaging should align with circular 
economic principles. Biodegradable materials, low-
energy production, and minimal electronic waste are 
crucial design considerations (Abedi-Firoozjah, 

2024). Studies indicate that consumers are 
increasingly receptive to smart packaging if safety, 
privacy, and eco-friendliness are assured (Lee et al., 
2024). 
5. INTEGRATION WITH PACKAGING AND 
DATA SYSTEMS 
The integration of Nanosensors into food packaging 
represents a transformative shift toward real-time, 
data-driven food quality monitoring. Effective 
integration requires careful design to ensure sensor 
functionality, consumer usability, and compliance 
with safety regulations. This chapter explores the key 

Communication 
Type 

Power 
Requirement 

Range Data Capability Example Application Reference 

NFC Passive 
<10 
cm 

Simple ID & 
sensor read 

NFC colorimetric tag for 
meat freshness 

Naik et al., 
2025 

RFID 
Active/semi-
passive 

1–5 m 
Multi-sensor 
logging 

Wireless CO₂ and NH₃ 
detection in fish packaging 

Shukla & 
Naik, 2024 

IoT (Wi-
Fi/Bluetooth) 

Active >10 m 
Continuous 
streaming 

Cold-chain monitoring of 
dairy products 

Lee et al., 
2024 
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methods of integration, available read-out modes, 
and the challenges associated with practical                                    
deployment in industrial packaging systems (Naik, 
Heo, & Kim, 2025; Lee, Park, & Choi, 2024). 
Sensor integration into packaging materials can take 
several physical configurations depending on the 
packaging type and application needs: Stickers or 
Labels: Flexible sensor stickers are applied to the 
interior of packages. These often contain 
colorimetric or electrochemical sensing layers that 
respond to volatile compounds like ammonia, 
trimethylamine, or sulfur compounds (Heo, 2024). 
Indicator Films: Active sensing films laminated onto 
the inner surface of packaging allow direct contact 
with the headspace. They change color or 

fluorescence in response to spoilage gases or pH 
shifts (Siribunbandal, Phromsuwan, & Yodsombat, 
2023). Sachets or Inserts: Small sachets containing 
Nanosensor modules are placed inside packages, 
enabling headspace analysis without altering the 
packaging’s mechanical structure (Naik et al., 2025). 
Embedded Microelectronics: Printed circuits or 
thin-film transistors (TFTs) integrated within 
packaging layers allow wireless data transmission. 
These systems can incorporate NFC (Near-Field 
Communication) or RFID (Radio-Frequency 
Identification) modules for remote readout (Lee et 
al., 2024). 
 

Table 8. Integration of success depends not only on sensor design but also on how information is retrieved. 
The main read-out modes include 

Read-out Mode Description Advantages Example Application 

Naked Eye / Color 
Change 

Visual color change detectable 
by consumers 

Low cost, no 
electronics required 

Spoilage indicators for 
meat/fish products 

Smartphone 
Imaging 

Image capture and RGB/HSV 
color analysis 

Portable, consumer-
friendly 

pH-sensitive anthocyanin-based 
films (Siribunbandal et al., 
2023) 

Passive Wireless 
(NFC/RFID) 

Integration of NFC/RFID tags 
with sensors 

Wireless, energy-
efficient, smartphone-
readable 

Disposable NFC-enabled gas 
sensors (Naik et al., 2025) 

Bluetooth/IoT 
Connectivity 

Printed or flexible circuits 
transmitting via Bluetooth or 
IoT networks 

Continuous 
monitoring, data 
logging 

IoT food freshness tracking 
(Lee et al., 2024) 

 
Table 9. Nanosensor integration enables real-time monitoring, several technical and operational challenges 

must be addressed 

Challenge Description Mitigation Strategy Reference 

Calibration Variability 
Sensor responses differ 
across food matrices 

Develop food-type specific 
calibration algorithms 

Naik et al., 2025 

False Positives/Negatives 
Environmental interference 
(humidity, light) 

Incorporate reference sensors or 
AI correction models 

Lee et al., 2024 

Power and Energy 
Harvesting 

Wireless systems need 
energy sources 

Utilize triboelectric or 
piezoelectric generators 

Heo, 2024 

Food Contact Safety 
Risk of migration of 
nanomaterials 

Use barrier coatings and 
encapsulation 

Siribunbandal et 
al., 2023 

Recyclability and 
Composability 

Packaging end-of-life 
complexity 

Employ biodegradable 
nanocomposites 

Lee et al., 2024 
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6. ANALYTICAL PERFORMANCE 
The analytical performance of Nanosensors 
integrated into smart packaging systems is a critical 
determinant of their commercial viability and 
reliability. Performance metrics such as limit of 
detection (LOD), response time, selectivity, 
repeatability, and stability define the ability of a 
Nanosensor to detect food spoilage markers under 
realistic conditions. This chapter provides an 
analytical comparison of sensor classes—colorimetric, 
electrochemical, optical, and wireless based on 
recent literature from 2020 to 2025 (Heo, 2024; 

Naik, Heo, & Kim, 2025; Siribunbandal, 
Phromsuwan, & Yodsombat, 2023). 
Analytical Performance Metrics: The limit of 
detection (LOD) indicates the lowest detectable 
concentration of a spoilage analyte (e.g., ammonia, 
CO₂, H₂S). Response time measures how quickly 
the sensor produces a measurable change after 
exposure. Selectivity quantifies the ability to 
distinguish between target analytes and interfering 
species. Repeatability and stability assess sensor 
consistency over repeated use and long-term storage. 

Table 10. Key analytical performance metrics in Nanosensor evaluation 

Metric Description Desired Range 
Typical Test 
Conditions 

Reference 

Limit of 
Detection (LOD) 

Minimum analyte 
concentration detectable 

0.1–10 ppm (gas), 
<1 µM (solution) 

Standard gas or 
liquid exposure 

Heo, 2024 

Response Time 
Time to reach 90% of 
steady-state signal 

<5 min for gases 
Ambient 
temperature, 50–
70% RH 

Naik et al., 2025 

Selectivity 
Discrimination ratio 
between target and 
interferents 

>10:1 
Cross-reactivity test 
with volatile mix 

Siribunbandal et 
al., 2023 

Repeatability 
RSD across replicate 
measurements 

<5% 
Multiple cycles under 
same condition 

Lee, Park, & 
Choi, 2024 

Shelf-Life 
Stability 

Retention of sensitivity  
over time 

>90% after 6 
months 

Simulated storage 
Ham, Lee, & 
Kim, 2022 

Table 11. Comparative performance of Nanosensor classes for food spoilage detection (2020–2025) 

Sensor Type 
Target 
Analyte 

LOD 
Response 
Time 

Selectivity 
Ratio 

Data Output 
Mode 

Reference 

Colorimetric 
(anthocyanin) 

NH₃, 
TMA 

0.2–5 
ppm 

0.5–3 min 
10–20× vs 
CO₂ 

Visual/RGB 
Siribunbandal et 
al., 2023 

Electrochemical 
(graphene) 

H₂S, 
ethanol 

50–200 
ppb 

30–60 s 15–25× 
Resistance 
change 

Heo, 2024 

Optical (QDs, 
MOFs) 

CO₂, 
amines 

10⁻⁸–
10⁻⁶ M 

<1 min >30× 
Fluorescence 
intensity 

Lee et al., 2024 

NFC-enabled 
wireless 

NH₃, 
VOCs 

0.1–1 
ppm 

1–2 min >20× 
Smartphone 
readout 

Naik et al., 2025 

Chemi resistive 
hybrid 

H₂S, CH₄ 
0.05–0.5 
ppm 

<2 min >25× IoT/Bluetooth 
Shukla & Naik, 
2024 

Key factors affecting analytical performance include 
nanomaterial morphology, surface 
functionalization, ambient humidity, and sensor–
packaging interactions. Surface area and porosity of 

nanomaterials govern adsorption efficiency, while 
functional groups control analyte specificity. 
Additionally, signal processing and AI-based filtering 
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can correct environmental noise and improve 
reliability (Naik et al., 2025; Lee et al., 2024). 
7. SAFETY, REGULATORY, AND 
ENVIRONMENTAL CONSIDERATIONS 
Safety, regulatory compliance, and environmental 
sustainability are central to the large-scale adoption 
of Nanosensor-enabled smart packaging. While 
Nanosensors offer unparalleled real-time monitoring 
capabilities, their deployment must align with food 
safety laws, environmental regulations, and ethical 
consumer standards. This chapter examines 
nanomaterial safety, global regulatory frameworks, 
and environmental implications associated with 

smart packaging systems (Heo, 2024; Naik, Heo, & 
Kim, 2025). One of the main safety concerns is the 
potential migration of nanoparticles from packaging 
materials into food matrices. Migration depends on 
particle size, surface charge, and polymer 
compatibility. Metallic nanoparticles such as silver or 
zinc oxide exhibit antimicrobial benefits but may 
pose cytotoxic risks at high concentrations (Abedi-
Firoozjah, 2024; Heo, 2024). Migration studies using 
food simulants and high-performance liquid 
chromatography (HPLC) are essential for risk 
evaluation. 

Table 12. Nanomaterial safety parameters and testing methods 

Parameter Description Common Test Regulatory Reference 

Migration rate 
Number of nanoparticles 
transferred to food 

Simulant testing (EU 
10/2011) 

EFSA Guidelines (2023) 

Cytotoxicity 
Cellular response to nanomaterial 
exposure 

MTT or LDH assay OECD TG 129 (2024) 

Oxidative stress Reactive oxygen species generation DCFH-DA fluorescence ISO/TR 19057 (2023) 

Bioaccumulation 
Uptake and persistence in biological 
tissues 

In vitro/in vivo testing 
FDA GRAS Framework 
(2024) 

Smart packaging must adhere to food contact safety 
regulations. The U.S. FDA requires migration tests 
under 21 CFR 177, while the EU’s EFSA enforces 
safety evaluation under Regulation (EC) No 
1935/2004. All Nanosensors used in direct contact 
must demonstrate non-migratory encapsulation and 
compliance with specific migration limits (SMLs) 
(EFSA, 2023). The regulatory oversight of 
nanotechnology in food packaging varies across 
regions: United States (FDA): Nanosensors in 
packaging are regulated  

under the Food Contact Substance Notification 
(FCN) process, requiring migration and toxicological 
data. European Union (EFSA): The Scientific 
Committee on Emerging and Newly Identified 
Health Risks (SCENIHR) and EFSA’s Nano 
Network review the safety of nanomaterials under 
Regulation (EU) No. 10/2011. Asia-Pacific: 
Countries like Japan and South Korea have adopted 
precautionary frameworks requiring material 
registration and labeling (Naik et al., 2025). 
 

Table 13. Comparative overview of global regulatory frameworks for nanotechnology in packaging 

Region 
Regulatory 
Body 

Key Legislation 
Nanomaterial Evaluation 
Focus 

Reference 
 

USA FDA 21 CFR 177; FCN Process Migration and toxicology FDA, 2024  

EU EFSA 
EC No. 1935/2004; EU 
10/2011 

Safety and exposure EFSA, 2023 
 

Japan MHLW Food Sanitation Act (2022) Material registration 
Lee, Park, & Choi, 
2024 

 

South 
Korea 

MFDS 
Food Contact Safety Act 
(2023) 

Labeling and consumer 
safety 

Naik et al., 2025 
 

Australia FSANZ Nanotechnology Guidance Risk-based approach Ham, Lee, & Kim,  
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(2023) 2022 

A comprehensive life cycle assessment (LCA) 
approach is needed to evaluate environmental 
implications from nanomaterial synthesis to 
disposal. Studies suggest that incorporating 
biodegradable nanomaterials such as cellulose 
nanocrystals and chitosan composites can 
significantly reduce environmental footprint 
(Siribunbandal, Phromsuwan, & Yodsombat, 2023). 
The integration of electronic components 
(NFC/RFID) complicates recycling. Hybrid systems 
must adopt modular designs for easy separation and 
recycling of components. Compostable biopolymers 
embedded with non-toxic nanomaterials represent a 
viable alternative (Lee et al., 2024). 
Nanoparticle release into the environment during 
degradation or disposal may affect soil and aquatic 
ecosystems. Studies emphasize encapsulating 
nanoparticles within biodegradable carriers to limit 
leaching and bioavailability (Heo, 2024). 
Consumer perception remains a significant barrier 
to adoption. Public acceptance depends on 
transparency about nanotechnology usage, safety 
data disclosure, and eco-labeling. Ethical concerns 
involve data privacy, informed consent, and risk 
communication (Lee et al., 2024). Future packaging 
systems should be integrated into trust-building  
communication strategies and clear labeling to 
enhance user confidence. 

8. CHALLENGES 
Despite rapid progress in Nanosensor-enabled smart 
packaging, several scientific and engineering 
challenges remain unresolved. These gaps hinder 
large-scale commercialization, reliability in diverse 
food matrices, and regulatory approval (Heo, 2024; 
Naik et al., 2025). This chapter identifies the most 
critical open research questions, offering directions 
for future innovation. 
Batch-to-batch variations in nanomaterial synthesis 
result in performance inconsistencies. Establishing 
standardized fabrication and testing protocols across 
laboratories remains essential for cross-validation 
(Lee et al., 2024). 
Most Nanosensors target single spoilage markers, yet 
real food spoilage involves multiple volatiles and 
microbial metabolites. Designing multi-analyte, 
cross-reactive sensor arrays capable of pattern 
recognition remains an open challenge (Abedi-
Firoozjah, 2024). 
Integrating continuous Nanosensor outputs with AI 
and IoT frameworks requires robust algorithms for 
real-time decision-making. Challenges include 
handling noisy data, model overfitting, and 
establishing universal communication protocols 
(Naik et al., 2025). 
 

Table 13. Unresolved technical challenges in Nanosensor-enabled packaging 

Challenge Description Implication Reference 

Reproducibility 
Variation in synthesis and sensor 
response 

Limited industrial 
scalability 

Lee et al., 2024 

Multi-analyte 
sensing 

Limited simultaneous detection 
Incomplete freshness 
evaluation 

Abedi-Firoozjah, 
2024 

Data fusion 
Unstandardized communication 
protocols 

Integration issues with IoT Naik et al., 2025 

Complex food matrices (fats, sugars, water activity) 
can distort Nanosensor signals. Developing matrix-
tolerant coatings and adaptive algorithms is a major 
research priority (Heo, 2024). Most current sensors 
are validated for short-term storage (<30 days). Long-
term stability testing under dynamic temperature 
and humidity remains underexplored (Shukla & 
Naik, 2024). 

CONCLUSION 
The convergence of Deep Learning (DL) and the 
Internet of Things (IoT) is redefining the global food 
system, shifting it from traditional reactive practices 
toward proactive, data-driven, and automated 
intelligence. By enabling real-time sensing, predictive 
analytics, and autonomous decision-making, DL–IoT 
integration enhances food safety, supply-chain 
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transparency, production efficiency, and 
sustainability across all stages of the value chain—
from primary agriculture to processing, distribution, 
retail, and consumer interfaces. 
Sector-specific applications demonstrate the strength 
of this synergy. In the meat industry, IoT biosensors 
combined with DL models support early disease 
detection, precise carcass grading, and spoilage 
prediction. In dairy systems, sensor-driven analytics 
enable precision milking and improved product 
quality through early identification of microbial and 
physiological deviations. Similarly, the baking and 
beverage industries benefit from automated visual 
quality control, fermentation prediction, and 
predictive maintenance—reducing waste while 
increasing consistency and yield. 
These advances are powered by enabling 
technologies including advanced sensors, cloud/edge 
computing, robotics, blockchain, and 5G 
connectivity. Emerging paradigms—digital twins, 
edge-AI, TinyML, explainable AI, and federated 
learning—hold the promise of expanding scalability, 
data privacy, trust, and deployment feasibility, 
especially in resource-constrained environments. 
Despite these advancements, challenges remain. 
Data interoperability, cybersecurity risks, model 
generalizability, high deployment costs, and limited 
digital capacity—particularly among small and 
medium-sized enterprises—continue to impede 
widespread adoption. Furthermore, ethical and 
regulatory considerations surrounding data 
governance, workforce displacement, and model 
transparency must be addressed to ensure 
responsible innovation. 
Overall, the integration of DL and IoT represents a 
transformative catalyst for building smarter, more 
resilient, and sustainable food systems. Continued 
interdisciplinary research, targeted investment, and 
the development of supportive standards and 
policies will be essential for overcoming existing 
barriers and unlocking the full potential of 
intelligent, interconnected agri-food ecosystems. As 
the global population grows and ecological 
constraints intensify, DL–IoT-empowered systems 
will play an increasingly critical role in securing safe, 
nutritious, and affordable food for future 
generations. 
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