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ood safety, product quality, and authenticity are major concerns in the modern food 

industry. Consumers increasingly demand safe, fresh, nutritious, and minimally processed 

food products. At the same time, food manufacturers and regulatory authorities are focusing 

on transparent ingredient labeling, accurate product information, prevention of food 

adulteration, and improved supply chain management. Traditional food packaging primarily 

protects food from physical damage, moisture, oxygen, light, and microbial contamination. 

However, conventional packaging provides limited information about the actual condition of 

food during storage and transportation. Printed manufacturing dates and expiry dates cannot 

always indicate whether a product has experienced improper temperature conditions or 

deterioration during distribution. To overcome these limitations, smart packaging and digital 

traceability technologies are emerging as important innovations in food processing and 

preservation. Smart packaging incorporates indicators, sensors, and other intelligent systems 

to monitor food quality and safety. Digital traceability technologies, including blockchain and 

QR codes, help track food products from agricultural production to processing, distribution, 

retail, and consumption. The integration of intelligent packaging, sustainable bio-based 

materials, blockchain technology, and digital identification systems can improve food safety, 

reduce food waste, prevent counterfeiting, and strengthen consumer confidence. 

 

What Is Smart Packaging? 
Smart packaging refers to packaging systems that provide information about the condition, 

quality, safety, or history of a packaged product through indicators, sensors, data carriers, or 

connected digital technologies. 
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Unlike conventional packaging, which mainly functions as a protective barrier, smart 

packaging can provide additional information about the food and its surrounding environment. 

For example, a smart package containing fresh fish may incorporate a freshness indicator that 

changes colour when certain spoilage-related chemical compounds accumulate. Similarly, a 

temperature-sensitive indicator can help identify whether a refrigerated food product has 

experienced unsuitable storage conditions. 

Major components of smart packaging 
1. Intelligent indicators: These indicate changes in food quality or storage conditions through 

visible responses, such as colour changes. 

2. Sensors: These detect specific parameters, including temperature, humidity, gases, pH, and 

selected chemical compounds associated with food deterioration. 

3. Digital identification systems: QR codes, barcodes, and RFID tags help identify products 

and connect them with relevant information. 

4. Connected monitoring systems: Internet-connected sensors and digital platforms can 

transmit information about storage and transportation conditions. 

5. Sustainable packaging materials: Bio-based and biodegradable materials can be designed 

to incorporate certain indicators or sensing functions, depending on their properties and 

intended applications. 

Together, these technologies help transform packaging from a passive protective material into 

an information-providing system. 

Indicator Packaging: Real-Time Monitoring of Food Quality 

Indicator packaging is an important category of intelligent packaging. It uses substances or 

devices that respond to changes in food quality or environmental conditions and provide a 

visible or measurable signal. Unlike printed expiry dates, which are based on predetermined 

shelf-life estimates, indicators can provide additional information about specific changes 

occurring during storage. However, their accuracy depends on the type of indicator, the food 

product, and the conditions under which it is used. 

1 Time-Temperature Indicators (TTIs) 

Time-temperature indicators monitor the combined effects of time and temperature on a 

packaged product. 

They are particularly useful for perishable foods that require refrigeration, including milk, 

meat, fish, seafood, and ready-to-eat products. 

When a food product is exposed to unsuitable temperatures, its deterioration rate may increase. 

A suitable time-temperature indicator can show a progressive colour change or another 

measurable response associated with its temperature history. 

Applications: 

• Monitoring refrigerated food distribution. 

• Supporting cold-chain management. 

• Identifying temperature abuse during transportation. 

• Improving the management of perishable products. 

A time-temperature indicator does not automatically prove that a food product is safe or unsafe. 

It must be selected and validated for the intended product and storage conditions. 

2 Freshness Indicators 

Freshness indicators provide information about chemical or biochemical changes associated 

with food deterioration. During the spoilage of certain protein-rich foods, microorganisms and 

enzymatic reactions may produce volatile compounds, including ammonia and other basic 

nitrogen-containing substances. These compounds can change the pH of the surrounding 

environment. Some freshness indicators contain pH-sensitive dyes that respond to these 

changes by altering their colour. For example, an indicator incorporated into or attached to a 

suitable package may change from one colour to another as spoilage-related compounds 

accumulate. 
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Applications: 

• Fresh fish and seafood. 

• Poultry and meat products. 

• Selected dairy products. 

• Other foods for which a suitable freshness indicator has been validated. 

Freshness indicators must be specifically designed for the food matrix because different foods 

produce different spoilage compounds. A colour change should not be treated as a universal 

test for all foodborne pathogens. 

3 Oxygen Indicators 

Oxygen indicators detect the presence or changes in the concentration of oxygen within a 

package or its headspace. 

Oxygen can contribute to lipid oxidation, pigment degradation, flavour deterioration, and the 

loss of certain nutrients. Therefore, monitoring oxygen can be useful for foods packaged under 

modified-atmosphere or low-oxygen conditions. 

An oxygen indicator may change colour when oxygen enters the package or when oxygen 

concentration changes within its detection range. 

Applications: 

• Nuts and oil-rich snacks. 

• Dried foods. 

• Vacuum-packed products. 

• Modified-atmosphere packaged foods. 

• Products sensitive to oxidation. 

Oxygen indicators can help identify certain packaging failures or oxygen ingress, but they do 

not independently establish overall product safety. 

4 Leakage Indicators 

Leakage indicators help identify package damage or seal failure that may compromise the 

protective atmosphere or barrier properties of a package. 

Depending on the design, they may respond to moisture, gases, pressure changes, or other 

measurable conditions associated with leakage. 

They can be useful for packaged foods in which seal integrity is essential for maintaining 

quality and safety. 

Applications: 

• Vacuum-packed meat. 

• Retort-processed foods. 

• Modified-atmosphere packaged foods. 

• Liquid food products. 

• Selected ready-to-eat meals. 

These indicators may complement established package-integrity testing methods and quality-

control procedures. 

5 Microbial Indicators 

Microbial indicators are designed to respond to microbial activity or substances associated with 

microbial growth. Certain systems detect changes in pH, volatile compounds, or other 

metabolites produced during food deterioration. More advanced systems may use biological 

recognition elements or analytical sensors to detect specific microorganisms or microbial 

markers. Potential applications include monitoring fresh meat, poultry, seafood, and other 

perishable foods. However, detecting spoilage is not the same as detecting foodborne 

pathogens. A product can contain harmful microorganisms without showing obvious spoilage. 

Therefore, microbial indicators should be validated for their intended purpose and used 

alongside appropriate food safety controls. 

Bio-Based Smart Packaging 
Bio-based smart packaging combines packaging materials derived partly or wholly from 

renewable biological resources with technologies that monitor food quality or storage 

conditions. 



Garje et al. (2026 ) Agri Articles , 06(05 ): 898-906 (SEP -OCT, 2026)     

Agri Articles ISSN: 2582-9882 Page 901 

Examples of potential raw materials include starch, cellulose, chitosan, alginate, gelatin, and 

other biopolymers. These materials can be investigated for their film-forming properties, 

barrier performance, biodegradability, and compatibility with indicator compounds. 

1 Natural pigments as indicator materials 

Certain natural pigments are sensitive to pH changes and can be investigated for use in colour-

changing packaging systems. 

Examples include: 

• Anthocyanins: Present in purple cabbage, black rice, berries, and other coloured plant 

materials. 

• Betalains: Present in beetroot and certain other plants. 

• Curcumin: A yellow pigment obtained from turmeric that exhibits colour responses under 

particular chemical conditions. 

Anthocyanins are especially interesting because their colour can vary with pH. Researchers 

have therefore investigated anthocyanin-containing films as potential freshness indicators for 

selected foods. For example, an indicator film prepared using a suitable biopolymer and 

anthocyanin-rich extract could be evaluated for monitoring spoilage-related pH changes in fish 

or meat packaging. However, natural pigments may be sensitive to light, temperature, moisture, 

and interactions with the packaging matrix. Their stability and performance must be assessed 

before commercial application. 

2 Advantages of bio-based indicator packaging 

• Potential reduction in dependence on conventional fossil-based plastics. 

• Opportunities to develop biodegradable packaging materials. 

• Possibility of using renewable agricultural resources. 

• Visual monitoring of selected food-quality changes. 

• Potential reduction in unnecessary food disposal when indicators provide reliable 

information. 

• Opportunities to develop innovative, value-added packaging products. 

3 Limitations and safety considerations 

Bio-based materials do not automatically guarantee that a package is biodegradable under all 

environmental conditions or suitable for direct food contact. Their performance depends on 

mechanical strength, water-vapour permeability, oxygen permeability, thermal stability, and 

compatibility with the food product. Indicator compounds must also be evaluated for migration, 

toxicity, regulatory compliance, and possible effects on food quality. Therefore, developing 

bio-based smart packaging requires both material optimization and food safety validation. 

Blockchain Traceability in the Food Supply Chain 
Blockchain is a digital record-keeping technology that stores transactions in a linked sequence 

of records distributed across participating systems. Depending on the network design, 

authorized participants can access a shared record of relevant supply-chain events. 

Cryptographic methods and consensus mechanisms help protect the integrity of recorded 

information. In food traceability, blockchain can be used to record information about a 

product's movement through different stages of the supply chain. These stages may include 

agricultural production, harvesting, transportation, food processing, packaging, warehousing, 

distribution, and retail. 

1 How blockchain traceability works 

Step 1: Farm-level information 

Information about the source of agricultural raw materials may be recorded, including farm 

identification, crop variety, harvest date, and relevant production records. 

Step 2: Processing information 

Food manufacturers can record information about processing dates, batch numbers, ingredient 

sources, quality-control checks, and relevant production parameters. 

Step 3: Packaging and identification 

Each product or batch receives a unique identifier, such as a QR code, barcode, or another 

traceability code. 
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Step 4: Distribution and transportation 

Relevant supply-chain events can be recorded, including dispatch dates, receiving locations, 

transportation details, and temperature records where appropriate. 

Step 5: Retail and consumer access 

Consumers can scan the QR code on a package using a smartphone to access the information 

made available by the manufacturer or traceability platform. 

This information may include the product's origin, ingredient details, processing history, 

certifications, batch information, and selected storage or transportation records. 

2 Role of QR codes in food traceability 

QR codes provide a convenient connection between physical food packages and digital product 

information. 

A QR code may direct consumers to a webpage or traceability platform containing details such 

as: 

• Product name and batch number. 

• Manufacturing and packaging dates. 

• Ingredient and allergen information. 

• Country or region of origin. 

• Information about processing and distribution. 

• Relevant quality certifications. 

• Storage instructions. 

• Product recalls or safety notices, where available. 

QR codes do not themselves store or verify an entire supply-chain history. They provide access 

to information linked to the code. For effective traceability, the underlying records must be 

accurate, consistently updated, and associated with the correct product or batch. 

Blockchain and Product Authenticity 
Food fraud and product counterfeiting can cause economic losses and create serious public 

health concerns. Examples include the misrepresentation of geographical origin, substitution 

of expensive ingredients with cheaper alternatives, false organic claims, and incorrect 

declarations about product composition. Blockchain-based traceability can help reduce these 

risks by providing a shared, auditable record of supply-chain events. For example, a producer 

of premium honey could record information about the harvesting location, processing facility, 

batch number, packaging date, and distribution route. Consumers or retailers could then access 

the available records through a QR code. Similarly, a spice manufacturer could record 

information about the source of raw materials, processing operations, laboratory testing, and 

batch movement. However, blockchain cannot independently establish that information 

entered into the system is true. If incorrect information is entered at the farm, factory, or 

distribution stage, the system may preserve that incorrect information. Consequently, reliable 

authentication requires appropriate verification procedures, supplier audits, laboratory testing 

where necessary, and secure connections between physical products and their digital records. 

Integration of Smart Packaging and Blockchain 
Combining smart packaging with blockchain-based traceability can provide a more 

comprehensive approach to food quality monitoring and supply-chain transparency. Smart 

packaging can provide information about the condition of a product, while digital traceability 

systems can record information about its identity, origin, and movement. For example, consider 

a refrigerated fish product transported from a processing facility to a retail store. 

1. The product is processed and assigned a unique batch identifier. 

2. A temperature-monitoring system records relevant storage conditions. 

3. A suitable freshness indicator provides a visible response to selected spoilage-related 

changes. 

4. Transportation and receiving events are recorded in a traceability system. 

5. Relevant monitoring results and supply-chain events are associated with the product's batch 

record. 
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6. A consumer scans the package's QR code to view the available product information. 

 This combination can support better supply-chain visibility and help businesses identify 

potential quality problems. However, the system's effectiveness depends on sensor accuracy, 

appropriate calibration, reliable data collection, and the integrity of the digital records. 

Comparison of conventional packaging, smart packaging, and blockchain traceability 

Feature 
Conventional 

Packaging 
Smart Packaging 

Blockchain-Based 

Traceability 

Primary function Protects the food 

Protects food and 

provides information 

about selected 

conditions 

Records and shares 

supply-chain 

information 

Food-quality 

monitoring 
Usually limited 

Possible through 

indicators and sensors 

Depends on the 

quality data recorded 

Temperature-

history 

monitoring 

Not inherent 
Possible with suitable 

indicators or sensors 

Can store associated 

temperature records 

Product origin 
Printed information 

may be provided 

May link to digital 

information 

Can record origin-

related supply-chain 

events 

Consumer 

interaction 

Reading printed 

labels 

Observing indicators or 

accessing digital 

information 

Scanning a QR code 

or using another 

digital interface 

Counterfeit 

prevention 

Limited by 

packaging design 

alone 

May incorporate 

authentication features 

Can support 

verification of 

recorded supply-

chain events 

Main limitation 

Limited visibility 

into actual storage 

conditions 

Sensor performance, 

cost, and validation 

Incorrect input data 

and incomplete 

participation 

Applications of Smart Packaging and Traceability 
1 Dairy industry 

Milk, cheese, yoghurt, and other dairy products are sensitive to storage conditions and 

microbial deterioration. Temperature indicators can help monitor selected cold-chain 

conditions, while suitable freshness indicators may provide information about specific quality 

changes. Traceability systems can connect product batches with processing, packaging, and 

distribution records. 

2 Meat, poultry, and seafood 

These foods are highly perishable and may require strict temperature control. Smart indicators 

can provide information about selected freshness-related changes, while traceability systems 

can record information about processing facilities, batch identity, transportation, and storage. 

Such systems complement, rather than replace, hygienic processing, microbiological testing, 

and established food safety management systems. 

3 Fruits and vegetables 

Fresh fruits and vegetables may deteriorate because of respiration, moisture loss, enzymatic 

reactions, microbial growth, and inappropriate storage conditions. Smart packaging may help 

monitor selected environmental conditions or ripening-related changes. Digital traceability can 

provide information about farms, harvest dates, packing facilities, and distribution routes. 

4 Organic and clean-label foods 

Consumers purchasing organic or minimally processed foods may want more information 

about ingredient sources, production methods, certifications, and processing history. 

Traceability platforms can provide access to relevant records and supporting documentation. 
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However, blockchain records alone do not establish that a product is organic or that it meets a 

particular clean-label definition. Such claims must be supported by accurate information and 

applicable certification or verification procedures. 

5 Ready-to-eat and packaged foods 

Ready-to-eat foods require appropriate processing, packaging, and storage controls. Smart 

packaging can help monitor selected storage conditions, while traceability systems can support 

batch identification, recall management, and the investigation of quality complaints. For retort-

processed foods, including ready-to-eat curries and other shelf-stable products, digital batch 

records can help document processing conditions, packaging information, and quality-control 

results. 

Nutritional Quality and Food Safety 
Smart packaging primarily monitors selected food-quality parameters or storage conditions. It 

does not automatically measure the complete nutritional composition of a food. Nevertheless, 

it may indirectly contribute to maintaining nutritional quality by helping manufacturers identify 

conditions associated with deterioration. For example, oxygen-sensitive packaging systems can 

help identify oxygen ingress that may contribute to oxidation of fats and degradation of certain 

vitamins. Temperature monitoring can also help identify storage conditions that may accelerate 

deterioration in sensitive food products. In addition, traceability systems can connect a food 

batch with laboratory results for parameters such as protein, fat, moisture, vitamins, 

contaminants, or other quality indicators when these tests have been performed and the results 

are recorded. These technologies can support food quality assurance, but they cannot replace 

appropriate laboratory analysis, validated processing methods, or microbiological safety 

testing. 

Advantages of Smart Packaging and Traceability 
1 Improved food safety 

Monitoring selected conditions and maintaining traceability records can help businesses 

identify potential problems, investigate complaints, and manage recalls more efficiently. 

2 Reduced food waste 

Better information about storage conditions and product quality may help businesses make 

more informed inventory and distribution decisions. 

Reliable indicators may also help distinguish products that have experienced different storage 

histories, potentially reducing unnecessary disposal. 

3 Improved product authenticity 

Digital records can support the verification of a product's claimed origin and movement through 

the supply chain. 

4 Greater consumer confidence 

QR-code-based access to relevant information can help consumers understand the origin, 

ingredients, handling, and history of a food product. 

5 Better supply-chain management 

Digital records can improve communication among farmers, processors, transporters, 

distributors, retailers, and regulatory authorities. 

6 Improved recall management 

Batch-level identification can help businesses identify affected products and determine where 

they have been distributed. 

7 Support for sustainability 

Better inventory management and early identification of quality problems may reduce 

avoidable food losses. Bio-based packaging materials may also offer environmental benefits 

when appropriately designed and managed at the end of their useful life. 

Challenges and Limitations 
Despite their potential benefits, smart packaging and digital traceability face several technical 

and practical challenges. 
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1. High development costs: Sensors, specialized materials, digital infrastructure, and 

monitoring systems may increase packaging costs. 

2. Sensor reliability: Indicators may be affected by humidity, temperature, light, or 

interactions with the food matrix. 

3. Limited standardization: Different systems may use different data formats, measurement 

methods, and traceability procedures. 

4. Data accuracy: Blockchain does not guarantee that the original information entered into the 

system is correct. 

5. Small-scale producer participation: Farmers and small food businesses may face financial 

and technical barriers to adopting digital traceability. 

6. Consumer awareness: Some consumers may not understand indicator responses or may 

have difficulty accessing digital information. 

7. Food-contact safety: Indicator compounds and packaging materials must be evaluated for 

suitability and compliance with applicable requirements. 

8. Privacy and cybersecurity: Commercial records, supplier information, and connected 

systems require appropriate access controls and security measures. 

9. Environmental considerations: Bio-based packaging must be evaluated for actual 

environmental performance, durability, recyclability, and biodegradability under relevant 

conditions. 

10. Regulatory compliance: Food labeling, food-contact materials, traceability, and product 

claims must comply with the applicable regulations in each market. 

Addressing these challenges requires cooperation among food scientists, packaging engineers, 

manufacturers, farmers, technology providers, and regulatory authorities. 

Future Prospects 
The future of smart packaging and traceability is likely to involve greater integration of sensors, 

artificial intelligence, digital identification, and connected supply-chain systems. 

Potential developments include: 

• Low-cost colour-changing freshness indicators. 

• Biodegradable or bio-based indicator films. 

• Smart labels for monitoring temperature and humidity. 

• Digital product passports and improved batch-level traceability. 

• Integration of QR codes with laboratory testing and certification records. 

• Artificial intelligence for analysing quality-monitoring data. 

• Improved detection of food fraud through combined digital and analytical verification. 

• Real-time supply-chain monitoring using connected sensors. 

• Data-driven prediction of product quality and remaining shelf life. 

 For example, a future food package could combine a bio-based indicator film with a 

QR code linked to batch-specific processing and transportation records. The indicator could 

provide a visible response to selected freshness-related changes, while the digital record could 

provide additional information about the product's origin and handling. Such systems could be 

particularly valuable for perishable foods, high-value agricultural products, and foods requiring 

strict quality controls. However, commercial adoption will depend on cost-effectiveness, 

reliable performance, regulatory acceptance, and demonstrated benefits to food safety and 

quality. 

Conclusion 
Smart packaging and traceability represent important developments in modern food 

technology. Indicator-based packaging can provide information about selected food-quality 

changes and storage conditions, while bio-based materials offer opportunities to develop 

innovative and potentially more sustainable packaging systems. Blockchain-based traceability, 

combined with QR codes and reliable data collection, can improve access to information about 

product origin, processing, distribution, and authenticity. When integrated effectively, these 

technologies can support supply-chain transparency, more efficient recalls, better inventory 
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management, and greater consumer confidence. Nevertheless, smart packaging indicators 

cannot guarantee food safety on their own, and blockchain cannot independently verify the 

truth of the information entered into a digital record. Both technologies must operate alongside 

appropriate food safety management, validated testing, accurate labeling, and regulatory 

compliance. 

 In conclusion, the integration of intelligent indicators, sustainable packaging materials, 

and digital traceability offers a promising approach to building a safer, more transparent, and 

more efficient food supply chain. 


