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Post-harvest	food	losses	represent	a	major	challenge	to	global	food	security,	nutritional	availability,	economic	stability,	and	
environmental	sustainability.	A	substantial	proportion	of	harvested	fruits,	vegetables,	cereals,	pulses,	meat,	�ish,	and	other	
perishable	commodities	is	lost	during	handling,	storage,	transportation,	processing,	and	marketing	because	of	physiological	
deterioration,	 microbial	 contamination,	 mechanical	 damage,	 moisture	 imbalance,	 temperature	 �luctuations,	 and	
inadequate	packaging.	Recent	advances	in	post-harvest	technology	have	provided	innovative	approaches	for	extending	shelf	
life	while	maintaining	the	safety,	nutritional	quality,	and	sensory	attributes	of	food	products.	These	technologies	include	cold-
chain	management,	controlled	and	modi�ied	atmosphere	storage,	edible	coatings,	dehydration,	irradiation,	non-thermal	
processing,	 biopreservation,	 and	 advanced	 monitoring	 systems.	 In	 parallel,	 intelligent	 packaging	 has	 emerged	 as	 an	
important	component	of	modern	food	supply	chains	through	the	integration	of	sensors,	indicators,	data	technologies,	and	
responsive	materials	capable	of	monitoring	freshness,	temperature,	humidity,	gas	composition,	and	microbial	deterioration.	
The	combination	of	post-harvest	technologies	with	intelligent	packaging	enables	real-time	quality	assessment,	improved	
traceability,	optimized	storage	conditions,	and	timely	 intervention	before	signi�icant	deterioration	occurs.	This	popular	
article	discusses	 the	major	 causes	of	post-harvest	 food	 loss,	 recent	 technologies	 for	preserving	 food	quality,	 the	 role	of	
intelligent	 packaging	 in	monitoring	 and	 extending	 shelf	 life,	 and	 the	 future	 prospects	 of	 digital	 and	 sustainable	 food	
packaging	systems.	The	integration	of	these	technologies	can	contribute	substantially	to	reducing	food	waste,	improving	
food	safety,	enhancing	supply-chain	ef�iciency,	and	supporting	a	more	sustainable	and	resilient	global	food	system.
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Introduction
Food loss and waste represent major challenges to global 
food security, environmental sustainability and economic 
development. A considerable proportion of food 
produced worldwide never reaches consumers in an 
acceptable condition because of inadequate harvesting, 
handling, storage, transportation, processing and 
marketing systems. Fruits and vegetables are particularly 
vulnerable because they remain biologically active after 
harvest and continue to respire, lose water and undergo 
biochemical changes. As a result, deterioration in colour, 
texture, �lavour and nutritional quality can occur rapidly, 
especially under unsuitable temperature and humidity 
conditions. Post-harvest losses are particularly severe in 
developing countries, where inadequate cold-chain 
infrastructure, poor packaging, insuf�icient storage 
facilities and limited access to modern technologies 
contribute substantially to the deterioration of 
agricultural commodities. Reducing these losses is often 
more sustainable than increasing production because the 
food has already consumed land, water, energy, labour 
and other resources. Consequently, modern post-harvest 
technologies and intelligent packaging systems are 
increasingly being developed to extend shelf life, preserve 
nutritional quality and improve food safety [1]. 
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Intelligent packaging represents an important 
advancement in food preservation. Unlike conventional 
packaging, which primarily acts as a passive physical 
barrier, intelligent packaging can monitor, communicate 
or provide information about the condition of food and its 
surrounding environment. Sensors, indicators and data-
enabled technologies can provide information regarding 
temperature abuse, freshness, gas composition, 
microbial deterioration and product traceability. When 
integrated with advanced post-harvest technologies, 
intelligent packaging can contribute to a more ef�icient, 
safe and sustainable food supply chain.
Major Post-Harvest Technologies for Reducing Food Loss
Post-harvest technologies play a critical role in 
preserving food quality from harvest to consumption. 
Proper harvesting at the appropriate stage of maturity, 
careful handling, sorting, grading, and cleaning can 
s igni � icant ly  reduce  mechanica l  in jur ies  and 
contamination. Temperature management is particularly 
important for perishable commodities because low 
temperatures slow respiration, enzymatic activity, water 
loss ,  and microbial  growth.  Cold storage and 
uninterrupted cold-chain systems therefore remain 
among the most effective approaches for extending the 
shelf life of fruits, vegetables, dairy products, meat, �ish, 
and other temperature-sensitive foods. 
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In addition, controlled-atmosphere and modi�ied-
atmosphere storage technologies regulate oxygen and 
carbon dioxide concentrations to delay physiological 
deterioration and maintain freshness [2]. Advanced 
preservation technologies have further expanded the 
possibilities for reducing post-harvest losses. Drying and 
dehydration reduce water activity and inhibit microbial 
growth, while freezing preserves food for extended 
periods with relatively limited nutritional loss. 
Irradiation, high-pressure processing, pulsed electric 
�ields, ultraviolet treatment, and other non-thermal 
technologies can improve microbial safety while 
minimizing the quality deterioration commonly 
associated with conventional heat processing. Edible 
coatings based on natural polymers,  proteins, 
polysaccharides, lipids, and bioactive compounds form 
protective barriers on food surfaces and help reduce 
moisture loss, oxidation, respiration, and microbial 
contamination. These approaches are particularly 
valuable for fresh produce because they can extend shelf 
l i fe without substantially altering the natural 
characteristics of the product.
Role of Intelligent Packaging in Food Quality Preservation
Intelligent packaging represents an important transition 
from conventional packaging systems that merely 
contain and protect food to advanced systems capable of 
monitoring and communicating information about food 
quality. Intelligent packaging may incorporate sensors, 
indicators, data carriers, and digital technologies that 
provide information regarding temperature history, 
humidity, oxygen levels, carbon dioxide accumulation, 
f r e s h n e s s ,  a n d  m i c r o b i a l  d e t e r i o r a t i o n . 
Time–temperature indicators, for example, can record 
cumulative exposure to inappropriate temperatures and 
provide a visual indication when a product may no longer 
meet the desired quality conditions. Freshness indicators 
can respond to chemical changes associated with 
spoilage, including alterations in pH or the production of 
volatile compounds [3]. The application of intelligent 
packaging is particularly important in complex food 
supply chains where products may experience 
� l u c t u a t i n g  e nv i ro n m e n t a l  c o n d i t i o n s  d u r i n g 
transportation and storage. Smart labels and sensors can 
provide information to producers, distributors, retailers, 
and consumers, thereby improving decision-making and 
reducing unnecessary disposal of food that remains safe 
and acceptable. In combination with digital identi�ication 
technologies such as QR codes and radio-frequency 
identi�ication systems, intelligent packaging can also 
improve traceability and supply-chain transparency. 
Consequently, packaging becomes an active information 
system that supports food safety, quality control, 
inventory management, and waste reduction.
Smart Sensors and Indicators for Real-Time Monitoring
Sensors and indicators are among the most important 
components of intelligent packaging systems. Biosensors 
can detect speci�ic microorganisms, toxins, enzymes, 
gases, or biochemical changes associated with food 
deterioration. Chemical sensors can monitor changes in 
oxygen, carbon dioxide, ammonia, hydrogen sul�ide, and 
other volatile compounds released during spoilage. 
Colour-changing indicators are particularly attractive 
because they provide a simple visual signal that can be 
interpreted without specialized equipment. These 
systems can help identify changes in freshness before 
spoilage becomes visually obvious [4]. 

The integration of wireless communication and Internet 
of Things technologies is further transforming food 
monitoring. Connected sensors can transmit information 
regarding temperature, humidity, storage conditions, and 
product status to centralized digital platforms. Such 
systems allow continuous monitoring throughout the 
supply chain and can support predictive quality 
management. By identifying unsuitable storage 
conditions at an early stage, corrective action can be 
taken before substantial food loss occurs.

Sustainable	and	Active	Packaging	Approaches
The future of food packaging is increasingly associated 
with the development of sustainable and active materials. 
Conventional petroleum-based plastics have raised 
concerns  regarding  environmental  pol lut ion , 
accumulation of plastic waste, and dependence on non-
renewable resources. Consequently, research is focusing 
on biodegradable and bio-based materials derived from 
starch, cellulose, chitosan, proteins, alginate, and other 
renewable resources. These materials can potentially 
reduce the environmental impact of food packaging while 
providing adequate protection against moisture, oxygen, 
light, and microbial contamination [1]. Active packaging 
systems can also release or absorb substances to improve 
food preservation. Antimicrobial packaging may 
incorporate natural compounds, essential oils, organic 
acids, or other safe bioactive agents to suppress the 
growth of spoilage and pathogenic microorganisms. 
Oxygen scavengers and moisture absorbers can help 
maintain a favourable internal packaging environment. 
When combined with intelligent monitoring systems, 
active packaging provides both a protective function and 
a mechanism for responding to changing food conditions.
Integration of Post-Harvest Technologies and Intelligent 
Packaging
The greatest potential for reducing food loss lies in the 
integration of multiple technologies rather than the use of 
a single preservation method. Ef�icient harvesting and 
handling should be combined with appropriate cooling, 
storage, transportation, packaging, and quality 
monitoring. For example, a fresh horticultural product 
may be harvested carefully, rapidly cooled, stored under 
controlled conditions, packaged using a breathable or 
modi�ied-atmosphere system, and monitored through 
intelligent sensors during transportation. Such an 
integrated approach can minimize deterioration at each 
stage of the supply chain. The use of digital technologies 
can further improve this system by linking packaging 
information with supply-chain management platforms. 
Real-time information can support better inventory 
rotation, reduce unnecessary disposal, and improve 
product traceability. In the future, arti�icial intelligence 
and predictive analytics may enable the estimation of 
remaining shelf life based on temperature history, 
humidity,  microbial activity,  and other quality 
parameters. This could lead to more accurate decisions 
regarding storage, distribution, and consumption.

CONCLUSION
Post-harvest technologies and intelligent packaging offer 
important opportunities to reduce food losses and 
preserve food quality throughout the supply chain. 
Improved harvesting, handling, cooling, storage, 
processing ,  and transportat ion pract ices  can 
substantially delay deterioration caused by physiological 
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changes, microbial contamination, moisture loss, and 
environmental �luctuations. Advanced approaches such 
as controlled-atmosphere storage, edible coatings, non-
t h e r m a l  p re s e r va t i o n ,  a c t ive  p a c ka g i n g ,  a n d 
biodegradable materials further contribute to extended 
shelf life and improved food safety. Intelligent packaging 
adds an important monitoring function by providing real-
time information on temperature, humidity, freshness, 
microbial deterioration, and other quality parameters. 
The integration of these technologies with digital 
monitoring, sensor systems, and predictive analytics can 
enable more ef�icient management of food products from 
p r o d u c t i o n  t o  c o n s u m p t i o n .  A l t h o u g h  c o s t , 
infrastructure, regulatory, and commercialization 
challenges remain, continued innovation in sustainable 
materials and affordable smart technologies can 
accelerate their adoption. The combined application of 
post-harvest technologies and intelligent packaging is 
therefore essential for minimizing food loss, improving 
food quality, strengthening supply-chain ef�iciency, and 
supporting global food security and environmental 
sustainability.
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