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Abstract 
Active packaging is an important innovation in maintaining quality, safety, 
and extending the shelf life of fresh vegetables, which have more vulnerable 
postharvest physiological characteristics compared to fruit, such as high 
respiration rates, rapid water loss, and sensitivity to wilting. This study aims 
to examine the development of research on active packaging for vegetables 
through a bibliometric approach and systematic review. The results show 
that publications on active packaging for vegetables have increased 
significantly over the past 25 years, with a sharp surge during the 2019–
2024 period and a peak in the number of documents in 2024. India is the 
most productive country based on the number of documents, while Brazil 
has the highest number of citations. Keyword co-occurrence analysis 
indicates that active packaging is the central theme connected to major 
clusters such as 1-methylcyclopropene, biodegradable, antibacterial, 
antimicrobial activity, and chitosan. Recent trends also point to topics like 
bioactive compounds, polyphenols, ethylene scavenger, polylactic acid, 
biodegradable film, controlled release, food safety, nanotechnology, and 
coating. Additionally, the International Journal of Biological Macromolecules 
is identified as the main publication hub, with many contributions from 
India, China, and Brazil. Overall, this study emphasizes that the field of 
active packaging for vegetables is rapidly developing and shows a shift 
towards the development of biopolymer-based materials and natural 
compounds that are more environmentally friendly and more specific to the 
physiological needs of fresh vegetables. 
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1. Introduction 

In recent years, the global production and consumption of fruits and vegetables has 
increased rapidly, driven by the growth of the world population and improvements in eating 
habits and health awareness (1). Villanova-Estors et al. (2025), also stated that in today’s 
fast-paced society, the preference for healthy, fresh, and ready-to-eat foods is on the rise 
(2). This trend has highlighted the ability of the food industry to ensure the safety and 
extend the shelf life of fresh and perishable products, such as minimally processed fruits and 
vegetables (3). 

Fresh fruits and vegetables naturally experience a decline in quality after harvest, and 
the rate of this decline is influenced by various factors including respiration rate, ethylene 
production, compositional changes, water loss, physiological disorders, and pathological 
damage (4). Therefore, appropriate packaging technology is needed to enhance their safety 
and shelf life. Furthermore, a well-designed food packaging system can prevent fresh 
products from spoilage (5–7). 
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Food packaging plays a primary role in protecting food products from external 
environmental influences. The main objective of food packaging is to store food in the best 
and most economical way, to meet the requirements of industry and consumers, to ensure 
food safety, and to minimize environmental impact (8). Advances in food packaging 
research have led to the development of active packaging. Active packaging is a system in 
which the packaging has been modified to maintain or enhance the sensory aspects, safety, 
and quality of food (9). Additionally, active packaging has the potential to replace the 
addition of active compounds to foods, reduce the migration of particles from packaging 
materials into food, and eliminate industrial processes that could introduce pathogenic 
microorganisms into products (10). This packaging system also offers the advantage of 
reducing foodborne outbreaks and food recalls (11). 

In recent years, as consumer interest in convenient food handling and longer shelf life 
has increased (9,12), numerous review publications have emerged describing new 
technologies in food packaging, especially those related to active packaging for horticultural 
products. Cui et al. (2024), reviewed the enhanced functions of electrospun films with 
natural materials for active packaging applications for fruits and vegetables (13). Mao et al. 
(2025), reviewed the functions of starch-based packaging (films or coatings) containing 
polyphenols, focusing on the ability of active packaging to maintain quality and extend the 
shelf life of fruits and vegetables (14). Wang et al. (2025), reviewed the current status and 
future prospects of coatings and functional films derived from silk protein as a novel 
biomaterial for the preservation of fruits and vegetables (15). In addition, a review by Nian 
et al. (2024), details the development of biodegradable active packaging for perishable 
crops, specifically addressing polymer composition, material interactions, and application 
methods (16). However, research on active packaging so far has been mostly directed 
toward fruits, so vegetables still receive less attention. Given that the postharvest 
characteristics of fresh vegetables differ greatly from those of fruits, such as high respiration 
rates, rapid water loss, very short shelf lives, and sensitivity to visual changes like wilting, 
this review becomes highly relevant. Therefore, there is a need to develop active packaging 
optimized for vegetables. A specific review of active packaging for vegetables is of high 
urgency to meet industry and consumer needs, rather than serving only as a complement in 
general horticultural studies. To the best of our knowledge, there has not yet been, there 
has not yet been a bibliometric review specifically focused on active packaging for fresh 
vegetables. 

This review aims to comprehensively examine the development of active packaging 
innovations that have been applied to horticultural products, with a special emphasis on 
fresh vegetables. The research focus is directed at exploring the postharvest differences 
between fruits and vegetables, considering that vegetables have a higher respiration rate, a 
shorter shelf life, and are more susceptible to wilting and moisture loss, which are not as 
intensely observed in fruits. By analyzing previous studies, this review seeks to identify 
existing limitations, namely the tendency in the literature to merge fruits and vegetables 
into a single category, thus the specific active packaging needs of vegetables have not been 
optimally accommodated. This review also employs bibliometric analysis, focusing on which 
authors, journals, countries, and themes have achieved the highest visibility and impact in 
the field of active packaging for vegetables. Therefore, this review is intended to formulate 
future research directions that are more focused on the development of active packaging 
based on biopolymers and natural, environmentally friendly compounds, tailored to the 
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unique physiological characteristics of fresh vegetables, so as to enhance the quality, safety, 
and shelf life of products in the food distribution chain. 
 

2. Materials and Methods 
Data search mechanism for this review can be seen in Figure 1. The data for this article 

review is sourced from a reputable research database, specifically Scopus (scopus.com). To 
minimize bias and maintain consistency amid changes to the database, data collection was 
conducted on July 16, 2025. The search methodology utilized quotation marks and Boolean 
operators (“AND” and “OR”). The search keywords used were TITLE-ABS-KEY “Active 
Packaging” OR “Vegetables”. Selected documents met the following criteria: published 
between 2000 and 2025, written in English, categorized as articles, reviews, book chapters, 
conference papers, or books, and in the final stage of publication. Documents not meeting 
these criteria were disqualified. An initial dataset of 387 documents was downloaded in CSV 
format and organized in Microsoft Excel for easier data management, with duplicate data 
removed. Subsequently, the data was imported into OpenRefine version 3.9.3 
(https://openrefine.org) to manually merge words with the same meaning (17). For 
example, Polylactic acid and poly(lactic acid) were combined. Shelf life and Shelf-life were 
also manually merged into Shelf life. Furthermore, Electrospinning, Electro spun nanofibers, 
and electro spun membrane were consolidated into Electrospinning to facilitate 
visualization. Singular and plural forms of the same noun, such as Polysaccharide and 
Polysaccharides, were also manually combined. Additionally, VOSviewer version 1.6.20 was 
used to create graphical bibliometric mapping and visualize publication trends, authorship 
networks, citation patterns, and keyword clusters in research articles. Meanwhile, RStudio 
version 4.5.0 was used to analyze and visualize bibliometric data regarding the relationships 
between journals publishing the most articles, countries with high publication contributions, 
and the most frequently used keywords in studies on active packaging for vegetables. 
Finally, Tableau 2025.2 was used as an advanced visualization tool to present bibliometric 
trends and insights interactively. 

 
Figure 1. Data search mechanism for bibliometric analysis. 
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3. Results and Discussion  
3.1. Publication trends 

Based on the results of the bibliometric analysis in Figure 2, research on active 
packaging innovation applied to vegetables has experienced a significant upward trend from 
2000 to 2025. The development of this research can be seen from the number of available 
documents, including articles, books, book chapters, conference papers, and reviews. The 
increasing number of publications on active packaging for vegetables is a response to 
market demands for quality, safety, and shelf life of fresh food products, as well as a 
solution to address significant post-harvest losses before the products reach consumers. 
This aligns with the findings of Miteluț et al. (2021),  who state that fresh products are 
generally highly perishable by nature, thus experiencing rapid quality decline during storage 
and transportation (18). Several researchers have shown that active packaging is an efficient 
technological innovation for preserving vegetables. According to Da Silveira and Rabanal 
(2022), active packaging is a solution to extend shelf life, improve the quality and safety of 
food products, and has attracted the interest of researchers due to its ability to prevent 
spoilage and maintain the freshness, firmness, and color vibrancy of food, thereby making it 
more appealing to consumers (19). Active packaging can also address environmental issues 
associated with traditional packaging (19,20). In addition, active packaging offers a solution 
for leafy green vegetables that have been contaminated with microbes linked to several 
outbreaks of human gastrointestinal infections, by helping to improve food microbial safety 
and therefore reduce the incidence of foodborne illnesses (21). 

Based on the results of the bibliometric analysis in Figure 2, it shows that research on 
active packaging innovation applied to vegetables has experienced a significant upward 
trend from 2000 to 2025. The development of this research can be seen from the number of 
available documents, including articles, books, book chapters, conference papers, and 
reviews. The increasing number of publications on active packaging for vegetables is a 
response to market demands for quality, safety, and shelf life of fresh food products, as well 
as a solution to address significant post-harvest losses before the products reach 
consumers. This aligns with the findings of Miteluț et al. (2021), who state that fresh 
products are generally highly perishable by nature, thus experiencing rapid quality decline 
during storage and transportation (18). Several researchers have shown that active 
packaging is an efficient technological innovation for preserving vegetables. According to Da 
Silveira and Rabanal (2022), active packaging is a solution to extend shelf life, improve the 
quality and safety of food products, and has attracted the interest of researchers due to its 
ability to prevent spoilage and maintain the freshness, firmness, and color vibrancy of food, 
thereby making it more appealing to consumers (19). Active packaging can also address 
environmental issues associated with traditional packaging (19,20). In addition, active 
packaging offers a solution for leafy green vegetables that have been contaminated with 
microbes linked to several outbreaks of human gastrointestinal infections, by helping to 
improve food microbial safety and therefore reduce the incidence of foodborne illnesses 
(21). 
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Figure 2. Trends in journal publications on active packaging for vegetables from 2000 - 2025. 

 
Publication trend data from 2000-2025 resulted in a total of 387 documents, 

consisting of 214 articles (55.30%), 75 reviews (19.38%), 72 book chapters (18.60%), 17 
conference papers (4.39%), and 9 books (2.32%), with an average annual increase in 
publication volume of around 20%. The sharpest increase occurred from 2019 to 2024, with 
a peak in publications in 2024 (66 documents) and a peak in citations in 2021 (2,033 
citations). Then, in 2025, the number of documents declined to 41 and citations dropped to 
62. This was due to the publication year still being in progress, so the data on the number of 
documents and citations had not yet been fully collected. Based on Figure 2, it can be seen 
that the highest number of publications came from articles, where the number of articles 
continued to rise each year, especially from 2016 until its peak in 2024 with 32 documents. 
Meanwhile, the book document type had the lowest number of publications, with only one 
or two books published in certain years, and often no publications at all in some years. This 
significant difference is because articles can be published more quickly than books, allowing 
research findings to be disseminated more rapidly. In addition, articles to be published must 
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go through a peer review or editorial review process to ensure their quality and selectivity. 
This distinguishes them from books and other forms of publication. 

 
3.2. Co-occurrence analysis of author keywords 

Co-occurrence analysis of author keywords is a bibliometric method used to 
understand relationship patterns between keywords in scientific publications and identify 
emerging topics (22). In this analysis, keywords act as nodes; if two keywords frequently 
appear together in a document, they are connected by a network where thicker connections 
signify stronger relationships. This process aims to identify frequently used keyword groups, 
helping researchers cluster relevant topics and predict future research trends (23). 

The visualization in Figure 3a and 3b shows bibliometric results from VOSviewer using 
a minimum occurrence threshold of 5, which identified 44 keywords out of 918 with a total 
link strength of 555. Each keyword is represented by a circle; larger circles indicate a higher 
number of publications containing that corresponding term (17), while specific colors 
represent close relationships within the same cluster. Network visualization (Figure 3a) 
illustrates the relationships between these keywords to reveal the thematic structure of 
research on “active packaging for vegetables.” This keyword network consists of 44 items 
across six color-coded clusters: red (1), green (2), dark blue (3), yellow (4), purple (5), and 
light blue (6). 

Based on Figure 3a, the keyword "active packaging" occupies a central position, 
connecting six distinct clusters. The primary group, Cluster 1 (red), includes 12 items and 
158 occurrences focusing on active packaging. Other clusters include Cluster 2 (green, 10 
items) on 1-methylcyclopropene, Cluster 3 (dark blue, 7 items) on biodegradability, Cluster 4 
(yellow, 7 items) on antibacterial properties, Cluster 5 (purple, 6 items) on antimicrobial 
activity, and Cluster 6 (2 items) on chitosan. These clusters are critical for developing 
innovative vegetable packaging that extends shelf life and ensures safety while remaining 
environmentally friendly. Such technologies minimize postharvest losses, support efficient 
distribution, and promote a sustainable environment. 

The overlay visualization in Figure 3b maps keyword relationships over a time 
dimension to reveal research trends. Purple circles represent keywords prominent from 
2016–2018, green indicates emerging topics from 2019–2021, and yellow denotes keywords 
popular from 2021–2023. This visualization identifies topics with the potential to become 
future research focal points, including “bioactive compounds”, “polyphenols”, “ethylene 
scavenger”, “polylactic acid”, “biodegradable film”, “controlled release”, “mechanical 
properties”, “food preservation”, “food safety”, “antibacterial”, “antioxidant activity”, 
“nanotechnology”, and “coating”. 
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Figure 3. Co-occurrence network: (a) Author keywords used in articles on active packaging for 
vegetables; (b) Author keywords in the field of active packaging for vegetables. 

 
3.3. Bibliometric analysis of country contributions 

Analysis of country contributions in bibliometrics offers an overview of a nation's 
productivity and its role in advancing specific research topics. As shown in Figure 4, 39 
countries from six continents have participated in research on active packaging for 
vegetables. The leading countries by document count are India (61), followed by China (54), 
the United States (39), Spain (37), and Brazil (34). India is the world's second-largest 
producer of fruits and vegetables, with annual yields reaching 88.98 and 162.89 million tons 
respectively (24). However, approximately one-third of these products in India and globally 
are wasted post-harvest due to inadequate storage, transportation, and processing facilities 
(24,25). Consequently, to achieve 2030 sustainable development goals and reduce food 

A. 

B. 
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losses, Indian researchers have rapidly adopted active and smart packaging for various 
horticultural commodities, including vegetables (24,26). This significant focus makes India 
the most productive country currently conducting research on active packaging for 
vegetables. 

 
Figure 4. Number of documents on active packaging for vegetables published among countries. 
 

In addition, there are 15 countries ranked based on the highest number of citations in 
research on active packaging for vegetables (Table 1). Brazil holds the top position with the 
highest number of citations (2160), followed by India in second place (2011), and Spain in 
third (1788). A high number of citations indicates that research from these countries is 
frequently referenced by other researchers. This means that scientific publications from 
these countries are considered innovative, relevant, and have made a significant 
contribution to the development of research in the field of active packaging for vegetables. 

 
Table 1. Top 15 countries with the highest number of citations in research on active packaging for 
vegetables 

Rank Country Documents Citations Total link strength 

1 Brazil 34 2160 11 
2 India 61 2011 19 
2 Spain 37 1788 24 
3 United States 39 1735 26 
4 Italy 30 1674 17 
5 China 54 1228 19 
6 South Korea 22 905 14 
7 Iran 20 890 11 
8 Poland 9 603 5 
9 Mexico 14 574 5 

10 Turkey 14 566 8 
11 Canada 14 334 6 
12 Portugal 5 304 2 
13 Malaysia 8 300 6 
14 France 6 296 1 
15 Germany 7 206 10 
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3.4. Relationship between journal country, and keywords 
The results of the bibliometric analysis presented in Figure 5 show the 

interrelationship between journals publishing the most articles, countries with high 
publication contributions, and the most frequently used keywords in studies on active 
packaging for vegetables. According to Figure 5, the International Journal of Biological 
Macromolecules is the main publication hub, with most of its articles published by authors 
from India, China, and Brazil, focusing on keywords such as active packaging, antioxidant, 
shelf life, and antimicrobial. A study published in the International Journal of Biological 
Macromolecules by researchers from India successfully developed an edible coating based 
on guar gum and almond gum with the addition of 0.05% oregano essential oil, which was 
able to extend the shelf life of okra by up to 4 days at room temperature storage conditions 
(around 23 °C) by delaying weight loss, maintaining firmness, slowing down respiration 
rates, and inhibiting the growth of microbes such as E. coli, S. aureus, and A. niger (27). 
Researchers at Wuhan Polytechnic University, China, also developed an edible composite 
film made from sodium alginate, gum arabic, and glycerol, enriched with natamycin as an 
antimicrobial agent. The results showed that sweet potatoes coated with this film retained 
good processing quality for up to 120 days of storage (28). In addition, Brazilian researchers 
have successfully increased the antioxidant activity of biodegradable films based on starch 
and gelatin containing Tetradenia riparia extract within 10 days of storage (29,30). 

 

 
Figure 5. The Relationship between journals, countries, and keywords in articles on active packaging 
for vegetables. 

 

3.5. Edible packaging 
Plastics-based and synthetic materials are not biodegradable and cause many 

problems for the environment as well as human health. According to research and market 
reports (2020–2025), annual consumption of plastics-based materials has increased by 
approximately 230 million tons to date (31). To minimize these environmental issues and 
address health and safety concerns, edible packaging offers a suitable and renewable 
solution. Edible packaging (edible coatings and films) are excellent environmentally friendly 
options for extending the shelf life of food products over a longer period by slowing 
oxidation, moisture transfer, enzymatic metabolic activity, and microbial spoilage (32–34). 
Several types of biopolymers such as polysaccharides (cellulose, starch, pectin, 
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hemicellulose, gum, agar, alginate, chitosan, pullulan, and others), proteins (gluten, soy 
protein, zein, casein, collagen, whey protein, and fish protein), lipids (beeswax, shellac wax, 
carnauba wax, free fatty acids, and oils), and their composites can be used to develop edible 
coatings and films to extend the shelf life of fruits, vegetables, meat, meat products, and 
other items (31,35,36). In addition, plasticizers (glycerol, propylene glycol, and polyethylene 
glycol), as low-molecular-weight and non-volatile compounds, are used to improve the 
viscosity, resistance, flexibility, solubility, barrier, thermal, and mechanical properties of 
edible films and coatings by reducing hardness, deformation, density, viscosity, and the 
electrostatic charge of polymers (31). At the same time, plasticizers alter the three-
dimensional molecular structure of biopolymers, reducing the energy required for molecular 
motion and the formation of hydrogen bonds between polymer chains (35). 

 
3.5.1. Edible film  

Edible film is a thin sheet that has been pre-formed, typically molded and dried before 
being applied to the surface of food, which can serve as a stand-alone wrapper or as a 
coating material (37). Both edible films and coatings can enhance food preservation, but 
edible films can provide more versatile packaging applications, offering better barrier 
properties and greater mechanical strength, which allows them to be used as independent 
and multilayer packaging systems (12). Novel materials used in the preparation of edible 
films include fruit and vegetable residues such as peels, pomace and seeds, sugarcane 
bagasse, polysaccharides, animal proteins, plant proteins, lipids, and waxes, including 
cellulose derivatives, pectin, alginate, starch, carrageenan, pullulan, and chitosan (38). 
Edible films are developed using two main methods: the first is the wet method and the 
other is the dry method (37). The wet method, also known as the solvent casting technique, 
involves dissolving organic materials in a solution or condensed liquid phase. This solution is 
then applied to a substrate using techniques such as spin coating, slot-die coating, or inkjet 
printing, and is subsequently dried to form a solid film layer (34,39,40). Meanwhile, the dry 
method (extrusion) involves converting raw organic materials from a solid powder form into 
a gas phase, which then condenses onto the substrate in a high vacuum environment 
(34,39).  Both wet and dry methods are essential for the production of edible films, each 
with its own advantages and applications. The wet method is more adaptable for the 
addition of various additives and is easier to use on a laboratory scale, while the dry method 
is more efficient for large-scale production (34,39,40).  

Edible films were initially produced as solid sheets and then used as protective 
coatings for food products. Since they can be consumed together with the food, waste 
disposal issues are practically eliminated. If not consumed, edible films degrade much faster 
than plastic packaging, resulting in substantial subsequent cost reductions (41). Enhancing 
nutritional value, preventing microbial attacks during long-term storage, and protecting the 
environment from the harmful effects of plastic-based packaging materials are some 
important applications of edible films in the food sector (42). Edible materials offer many 
advantages, such as extending the shelf life of food products, reducing waste, and 
maintaining food quality (37). However, edible films generally have fewer barrier and 
mechanical properties; to address these limitations, some additives such as glycerol and 
sorbitol are included as plasticizers to enhance flexibility (43). On a commercial scale, edible 
films are used for packaging various foods such as fruits and vegetables, dairy, and meat 
products (37).  
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The addition of natural active compounds to biodegradable polymers to produce 
edible films can prevent food spoilage by releasing active agents into the storage 
environment (44). Several bioactive compounds used in the production of edible films 
include glycosides, polysaccharides, phenolic acids, carotenoids, and flavonoids (45). This 
type of film can be used as active packaging because it contains antioxidant activity aimed at 
minimizing changes in sensory properties and nutrient degradation in order to extend the 
shelf life of food products (46). The development of active edible films provides an 
alternative packaging material that is sustainable with a lower carbon footprint compared to 
petroleum-based packaging (47). 

 
3.5.2. Edible coating  

The edible coating is a very thin layer of edible material applied to the surface of fresh 
products to create a physical barrier. This innovative approach to edible coating technology 
replaces synthetic packaging, which has traditionally been less preferred. Edible coatings are 
biodegradable and mostly organic, making them a more sustainable solution to 
environmental issues caused by plastic waste (48). Polymers are responsible for edible 
coatings, serving as the main factor that binds them as solids and enables film formation 
(49). The most common biopolymers are, for example, chitosan, alginate, and pectin, which 
are widely used due to their biocompatibility and functional flexibility (50).  

Edible coating results in the formation of a thin layer, usually less than 0.3 mm thick, 
on the surface of vegetables and fruits. This coating has distinct characteristics, namely it 
can be consumed and is imperceptible to the tongue (51). By controlling the transfer of 
oxygen, carbon dioxide, aroma, and flavor compounds in food, edible coatings can enhance 
food quality and extend the shelf life of fresh products (52). In addition, the use of edible 
coating enforces strict safety regulations as they are directly applied to the surface of 
vegetables and fruits (51). Edible coatings are non-toxic and relatively inexpensive, making 
them a preferred choice for preserving fresh products (53).  

Edible coatings are applied as a thin layer by dipping, pouring, spraying, brushing, or 
extruding onto the product surface to serve as a barrier to gas exchange and inhibit the 
ripening process (18). One of the main issues with these coating solutions is their instability 
against flocculation and coalescence (54). To overcome this, the droplet size is reduced to 
the nanometer scale, resulting in a nano-emulsion. A nano-emulsion is a suspension with 
oil droplet sizes ranging from 10 to 500 nm, created by mixing two immiscible phases 
(usually oil and water) and stabilizing them with surfactants (55). 

 
3.6. Edible film preparation method 

Edible film is typically developed for use as food wrapping, assisting external 
packaging in its protective function, while also acting as a passive protective layer without 
sensory or nutritional appeal. In this context, edible film should be colorless and tasteless, 
and should not interfere with the sensory properties of the food (56). Edible film can also 
be used as pouches or sachets, especially for energy drinks and meal replacement shakes, 
which, when added to hot or cold liquids, dissolve and release their contents, providing 
customer convenience, portion control, and reduction of solid waste (34). Edible film can 
be manufactured from edible substances through various methods shown in Table 2.  
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Table 2. Processing techniques and functional properties of biopolymer-based active 
packaging materials 

Biopolymer 
Matrix and 

Components 

Processing 
Technique 

Key Functional Benefits Technical Limitations Ref. 

Chitosan (Pure 
or Nano-ZnO) 

Dipping or Spraying 
(Coating + MAP) 

Strong antimicrobial effect; 
color/texture retention; 
uniform coverage 

Long drying times; potential 
weight loss; thickness 
control challenges 

(57,
58)  

Nano-Chitosan Coating 
(Microporous 
Packaging) 

Reduced respiration/water 
loss; inhibits browning and 
microbial growth 

Limited effectiveness as a 
standalone method 

(59) 

Chitosan (+ 
Thyme Essential 
Oil) 

Casting (Edible 
Film) 

Reproducible; easy 
component integration; 
biodegradable 

Long processing time (42h); 
requires neutralization post-
drying 

(60) 

Starch-based 
(Moth bean / 
Cassava + PBAT) 

Dipping or Blown 
Extrusion 

Time-efficient; excellent 
thickness control; industrial 
scalability 

Potential thermal 
degradation; long drying 
times (24h); solution waste 

(61,
62) 

PLA and Gelatin Electrospinning 
(Double Layer) 

High surface area; efficient 
encapsulation; sustained 
ingredient release 

Difficult to scale for mass 
production 

(63) 

Cellulose (CMC) 
(+ Lemon oil) 

Solvent Casting 
(Edible Film) 

Even distribution; flexible 
formulation; high 
reproducibility 

Volatilization of oils; 
requires 24h conditioning; 
long drying (16h) 

(64) 

β-cyclodextrin Spraying (Active 
Cardboard) 

Industrial-scale ready; 
adaptable to various 
surfaces 

Reduced mechanical 
resistance of the box; 
requires dilution 

(65) 

Alginate & 
PVA/Gelatin (+ 
Chrysanthemu
m / Neem) 

Solvent Casting 
(Edible Film) 

Eco-friendly; simple 
fabrication; homogeneous 
structure 

Difficult to scale; long 
stirring/drying (up to 48h); 
volatile loss 

(66,
67) 

Whey Protein 
(WPC) 

Dipping (Edible 
Coating) 

Very simple and rapid 
application (3 min) 

Risk of non-uniform layer 
thickness 

(68) 

Xanthan Gum Spraying (Edible 
Coating) 

Reduces 
browning/oxidation (up to 
84%); high automation 
potential 

Surface cracking; reduced 
barrier/antimicrobial 
efficacy at high speeds 

(69) 

 
3.6.1. Casting  

Casting is widely used for preparing polysaccharide-based edible films due to its 
simplicity, flexibility, and cost-effectiveness (70). The process involves drying a film-forming 
solution on a smooth surface before release, primarily at laboratory scales before industrial 
application (34,37). Solvent casting involves three steps: first, biopolymers are dissolved in 
edible, non-toxic solvents like water or ethanol, ensuring all ingredients are completely 
dispersed (41). Second, the solution is poured into molds, such as glass or stainless steel, to 
form a uniform layer. Finally, drying at room or controlled temperatures evaporates the 
solvent, creating a solid, edible film (34,71). Casting is the primary technique for producing 
vegetable-targeted edible films at laboratory and pilot scales. It has been used to develop 
carboxymethyl cellulose films with encapsulated lemon oil for wrapping cherry tomatoes 
and spinach (64). Similarly, Yang et al. (2024) used this method for a gelatin-sodium alginate 
composite film enriched with neem essential oil to maintain cherry tomato quality (67). 
Furthermore, chitosan films reinforced with thyme essential oil have shown potential for 
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preserving the freshness of mustard greens (60). Casting is preferred because the high 
temperatures of alternative techniques can degrade biopolymers and diminish film 
properties (56). Cast films are typically transparent with strong mechanical properties, such 
as stretchability and break-resistance (72). The method also facilitates the addition of 
bioactive compounds, plasticizers, and cross-linkers to enhance barrier and functional 
properties (73). Despite its cost-effectiveness at the laboratory scale, industrial scaling 
presents challenges in maintaining uniformity (71). Limitations such as small film size (<25 
cm), long drying times (2–3 days), and uneven thickness make current laboratory methods 
unsuitable for industry; therefore, continuous manufacturing processes with higher 
production rates are necessary (74). 

 
3.6.2. Extrusion 

Extrusion, or dry processing, forms films through a thermomechanical process without 
solvents, inducing a solid-to-liquid phase transition (75). The process involves three zones: 
adding, mixing, and heating, typically incorporating 10% to 60% plasticizers like 
polyethylene glycol or sorbitol (76). This method relies on both mechanical and thermal 
components (76). Adjusting screw speed influences shear stress, uniformity, and residence 
time; notably, higher speeds can reduce torque and improve precise adjustments to film 
properties (77).  Dry processing is commonly used for thermoplastic packaging containing 
starch and proteins, such as corn, wheat, or soy, where heat enhances protein denaturation 
and starch gelatinization (78). However, high temperatures in the heating zone restrict 
biopolymer selection to heat-resistant varieties to prevent material degradation. 
Additionally, while extrusion offers advantages in uniformity and scalability, the high cost of 
equipment and production can make it less suitable for certain commercial-scale 
applications (71). For vegetables like broccoli, extrusion effectively creates biodegradable 
active films by incorporating ethylene-absorbing or antibacterial essential oils (62). A 
significant advancement is vertical hot melt extrusion, which ensures the even distribution 
of bioactive compounds within the polymer matrix. This results in active packaging with 
antimicrobial and antioxidant qualities that prolong shelf life while minimizing waste and 
improving the overall sustainability of food packaging practices (79). 

 
3.7. Edible coating preparation method 

Edible coating is a thin layer applied directly to the surface of food products. This 
edible coating preserves and maximizes food quality, and it is widely used as a post-harvest 
practice, especially for perishable products such as fruits and vegetables (80). These 
coatings represent a substitute for natural protective wax coatings and can be completely 
made from renewable materials such as natural polymers (81). Edible coating can be applied 
in liquid form directly onto food, and it is considered an integral unit with the food product 
itself (82). Moreover, these coatings can be produced as single or multi-layer coatings 
depending on the desired characteristics (83). Edible coating is carefully applied to the 
surface of food products and reduces food degradation by forming a barrier that prevents or 
regulates the transfer of gases and moisture from the atmosphere, thereby reducing cellular 
respiration and microbial growth (84). Edible coatings can also reduce color changes, 
microbial proliferation, flavor changes, and eventually browning in freshly cut fruits and 
vegetables (85). As with other food coating production processes, the formulation of edible 
coatings must take into account various parameters, such as barrier properties (oxygen and 
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carbon dioxide permeability), optical properties (should be transparent and colorless), and 
sensory characteristics (should be tasteless, flavorless, and odorless), as well as being 
acceptable for use as carriers for texture enhancers and nutraceuticals (52,86). Edible 
coating is applied directly to the surface of food through several methods such as dipping, 
spraying, brushing, layer by layer, and electrospinning, followed by drying to form a 
continuous food-grade protective layer (87). 

 
3.7.1. Dipping  

The dip coating method is currently the primary technique for laboratory applications 
and is the most common method for food coating due to its operational simplicity and low 
cost. This technique is particularly effective for thoroughly coating foods with uneven 
surfaces or complex shapes, such as fresh produce (88,89). Generally, an edible coating 
mixture is applied to fruits and vegetables for 5–30 seconds. The process involves three 
essential steps: first, the preparation of the solution where biopolymers are dissolved in a 
solvent (71). Next, the item is immersed into the coating solution at a constant speed, 
ensuring uniform coverage and full interaction with the coating matrix (90). Finally, as the 
solvent evaporates during drying, a protective coating layer is formed (71). Research 
highlights the method's efficiency across different crops. Kumar et al. (2021) revealed that 
coating eggplant surfaces is a simple and efficient process, requiring only 5 minutes of 
immersion (91). Excess solution is easily removed using a strainer, resulting in a uniform 
layer. Similarly, Abedi et al. (2021) found that fresh spinach could be evenly coated with a 
shorter dipping time of just 3 minutes (68). Furthermore, Dulta et al. (2025) demonstrated 
that coating eggplant with chitosan containing ZnO nanoparticles for 20 minutes creates a 
semi-permeable barrier. This barrier inhibits the exchange of gases (oxygen and carbon 
dioxide) and water vapor, resulting in a smooth surface with fewer wrinkles and a 
homogeneous distribution of nanoparticles (58). 

Despite its popularity, the dipping process faces several challenges, including layer 
dilution, waste accumulation, microbial growth, and potential damage to the food’s outer 
layer, such as peeling off natural wax (89). To address these limitations, several modified 
methods have emerged: double-dipping provides thicker, more durable coatings through 
two immersions with partial drying, while dynamic dipping reduces material buildup to 
ensure uniform distribution (92,93). Industrial scalability and thickness control are enhanced 
via automated conveyor systems (94). Furthermore, vacuum-assisted dipping utilizes 
pressure to help coatings penetrate porous or uneven surfaces, temperature-controlled 
dipping employs heated or chilled solutions to improve adhesion and freshness (96), and 
electrostatic-assisted dipping minimizes waste by using electrical attraction to ensure 
consistent surface coverage  (49,95,96). 

The drying stage remains a major bottleneck, as it can take up to 24 hours to complete. 
To overcome this, production cycles must be optimized by controlling coating thickness, 
adjusting solution and product temperatures, and selecting compatible materials (97). 
Integrating alternative drying technologies also offers significant improvements. For 
example, ultrasound-assisted drying can reduce drying time by 20–30% through the "sponge 
effect" and the formation of microchannels (98,99). Hybrid methods, such as combining 
microwave and hot air, have proven effective in increasing drying rates; for instance, coated 
kiwi fruit saw significantly reduced drying times at 450 W and 90°C (100,101). Additionally, 
infrared drying accelerates evaporation through direct surface heating without 
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compromising quality (102), while microwave vacuum drying provides rapid, uniform results 
by combining volumetric heating with low-pressure principles (102,103). 

 
3.7.2. Spraying  

Spraying is a widely utilized method for applying edible coatings, valued for its 
simplicity and operational ease (104). This technique involves applying a sprayable 
substance directly onto food surfaces using a nozzle, with the sprayer positioned at a 
specific distance to ensure even coverage (71). The advantages of the spraying technique 
include cost-effectiveness and efficiency due to minimal solvent use, the ability to apply 
multiple layers, avoidance of coating solution contamination, temperature control, and the 
capacity to operate on large surfaces. Furthermore, spraying allows for precise control of 
coating thickness, producing layers as thin as 20 μm (105). This method has been widely 
studied and proven effective for various vegetable commodities, often offering advantages 
over the dipping method in maintaining physical quality. Leceta et al. (2015) reported that 
the spraying method on carrots suppressed weight loss more significantly than dipping, 
while chitosan coatings applied via spraying maintained product firmness for up to nine 
days, surpassing both control and dipped samples (57). Nevertheless, this method has 
limitations, such as generally weaker antimicrobial activity and the potential for the final 
product to develop a slightly sour taste or mild off-flavors. In active packaging development, 
Buendía−Moreno et al. (2020) utilized this method to apply EOs-βCD inclusion complexes 
onto active cardboard (65). Scanning Electron Microscopy (SEM) tests confirmed that 
spraying resulted in a homogeneous layer with evenly distributed particles, providing 
adequate water resistance and high industrial applicability, though it requires solution 
dilution and may slightly reduce the mechanical resistance of the packaging. Regarding 
processed cut vegetables, Lara et al. (2020) tested xanthan gum-based coatings (0.1–0.5%) 
on sliced lotus roots using a pilot spraying system (69). This system reduced total color 
change by up to 84.38%, suppressed enzymatic browning, and inhibited the growth of 
Bacillus subtilis while supporting continuous production automation. However, challenges 
regarding coating integrity arose, as cracks were found at certain concentrations and 
antimicrobial effectiveness decreased with short spraying times (10 seconds) or very thin 
layers (17–66.67 μm). Generally, horticultural products like tomatoes, cucumbers, carrots, 
and peppers are highly suitable for the spraying method, provided solutions have low 
viscosity to prevent nozzle clogging (106). Modern developments have surpassed 
conventional limitations through air-assisted and electrostatic spraying, which improve 
coverage on irregular surfaces and minimize material wastage (49,107). Additionally, the 
industry has adopted nano-spraying and thermal spraying to produce uniform particles 
smaller than 100 nm, enabling the formation of denser, more functional layers on 
horticultural surfaces (106). 

 
3.7.3. Layer by layer 

The layer-by-layer (L-b-L) method in the production of active edible coating packaging 
is a technique in which different biopolymer layers are alternately deposited or layered one 
by one. This technique utilizes electrostatic interactions between the layers to form a 
composite layer that enhances the physicochemical properties and activity of the resulting 
edible coating. By using this method, the coating’s ability to contain and release active 
substances such as antimicrobial or antioxidant agents can be improved, thereby extending 
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shelf life and enhancing the quality of the packaged food (108). More simply, layer-by-layer 
represents the process of alternately depositing thin layers of different polymers, which can 
significantly improve coating performance compared to conventional single layers in terms 
of controlling gas transfer, water diffusion, as well as the controlled release of active 
substances in foods (109,110). 

 The layer-by-layer (L-b-L) method offers several advantages compared to other 
coating techniques. One of these is its highly precise control over the growth of film layers 
at the nanometer scale, resulting in high-quality, uniform multilayers with significantly 
customizable composition. This technique enables the formation of flexible and transparent 
film structures with good mechanical strength (111). However, the layer-by-layer method 
also faces several challenges. The process often requires a longer time to construct the 
desired multilayer, since coating is carried out alternately and repeatedly. The L-b-L method 
needs to be further developed to become faster and more efficient, for example through 
automation such as a spin-spray system, which increases deposition speed without 
compromising quality. On an industrial scale, another challenge is the ability to adapt this 
technique to rapid and cost-efficient mass production processes compared to conventional 
coating techniques such as spray-coating (111,112). 

 
3.7.4. Electrospinning 

Electrospinning in the production of active edible packaging is a technique used to 
produce polymer nanofibers with extremely small sizes and porous morphologies, resulting 
in a very large specific surface area. This technique utilizes electrostatic forces to 
continuously draw polymer solutions into thin fibers, forming fibrous mats that serve as 
active packaging materials. Nanofibers produced by electrospinning can be functionalized or 
supplemented with bioactive compounds, such as antimicrobial agents or antioxidants, to 
extend shelf life and enhance food safety. The advantages of this method include the ability 
to produce porous structures with high nano/micro fiber sizes, thereby increasing the 
efficiency of active ingredient encapsulation and controlled release in food packaging. 
Furthermore, electrospinning is a non-thermal processing technique, making it highly 
suitable for bioactive materials that are sensitive to heat (13,113,114). This application also 
allows for the creation of films or composite layers with excellent mechanical and barrier 
properties, holding great potential for the development of biodegradable, biopolymer-
based packaging (115,116). 

However, the electrospinning method faces several main drawbacks, including 
technical challenges in processing certain types of natural polymers directly due to their 
physicochemical properties. For example, alginate is difficult to electrospin directly because 
of its rigid molecular chains and limited chain bonding (117). Another challenge involves 
controlling the release of active substances, which must be optimized so that the packaging 
provides long-lasting active functions; instability or rapid release can reduce packaging 
effectiveness  (118). Additionally, electrospinning involves relatively high production costs 
compared to conventional manufacturing methods, affecting commercialization (119). To 
address these shortcomings, strategies such as optimizing the electrospinning process 
through multi-fluid techniques or polymer blending have been developed to handle difficult 
polymers (117). Utilizing cyclodextrin inclusion complexes as carriers can also enhance the 
stability and controlled release of active ingredients (118). Ultimately, new electrospinning 
methods and the combination of natural and synthetic polymers can improve mechanical 



 
 
 

 Respobio Journal: Postharvest Technology and Food Biotechnology, 2026; 2(1): 1–36 

 

17 

properties and active functions while maintaining biocompatibility and biodegradability 
(113). 

 
3.8. Active agent in packaging  
3.8.1. Essential oil  

Essential oils contain active compounds such as phenolics, monoterpenes, terpene 
alcohols, and aldehydes, which possess high antibacterial and antioxidant activities, making 
them ideal agents for improving the mechanical properties and chemical stability of 
packaging and packaged foods. In their applications, biofilms containing essential oils are 
capable of inhibiting bacteria such as Staphylococcus aureus and Escherichia coli, as well as 
enhancing the oxidative stability of food by reducing lipid and protein degradation 
(120,121). The types of essential oils commonly used in the production of active packaging 
include various oils extracted from aromatic plants that possess antimicrobial and 
antioxidant properties. Some of the essential oils frequently used in active packaging 
applications include essential oils from rosemary, thyme, peppermint, clove, cinnamon, 
oregano, lemon, eucalyptus, geranium, lavender, and citronella (122,123). 

The process of making biofilms containing essential oils generally involves mixing 
essential oils with biocompatible polymer materials such as chitosan, cellulose, or other 
biodegradable polymers using certain methods such as solvent casting. One commonly used 
method is dissolving the polymer in a suitable solvent, followed by adding the essential oil 
at various desired concentrations. The mixture is then molded or poured onto a flat surface 
and allowed to dry under controlled temperature and humidity, thus forming a 
homogeneous thin film. This mixing process must consider the stability of essential oils, as 
they tend to be volatile and sensitive to light and heat, so techniques such as 
microencapsulation are often applied to protect the essential oils and control their release, 
in order for the biofilm to have optimal antimicrobial and antioxidant activity (120,124). 

 
3.8.2. Plant extracts 

Plant extracts as active agents in the production of active packaging refer to the use of 
bioactive compounds obtained from various parts of plants such as leaves, flowers, stems, 
or root bark that possess antimicrobial, antioxidant, and other functional properties. These 
extracts are integrated into packaging materials, especially biocompatible and 
biodegradable polymers, to enhance the packaging's ability to protect food from 
microbiological spoilage and oxidation, thereby extending shelf life and maintaining product 
quality. The bioactive compounds in these plant extracts, often comprising phenolics, 
flavonoids, and terpenes, can interact chemically or physically with the polymer matrix, 
strengthening the film structure and providing a natural preservative effect (31,124,125). In 
addition to providing protection by inhibiting microbial growth and scavenging free radicals 
responsible for oxidation, plant extracts can also improve the mechanical and barrier 
properties against oxygen or water vapor in packaging. Thus, active packaging based on 
plant extracts offers a safer and more environmentally friendly alternative to synthetic 
preservatives, while supporting the production of sustainable and healthy food (126,127). 

 The process of integrating plant extracts into biocompatible polymers is carried out 
by mixing the extract and polymer solutions, followed by material formation techniques, as 
well as appropriate crosslinking or encapsulation processes, with validation of chemical and 
physical characterization to ensure successful integration and preservation of bioactive 
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properties (128–130). Several other innovative methods can also be used, such as 
electrospinning to form nanofibers containing plant extracts, microencapsulation to protect 
the extract from degradation, or specific chemical reactions to covalently bind bioactive 
compounds to the polymer matrix, thereby enhancing the stability and controlled release of 
active compounds (131–134). 

 

3.8.3. Active agents from microbes 
Active agents from microbes, such as bacteriophages, antimicrobial peptides, and 

bacteriocins from lactic acid bacteria, are incorporated into packaging to extend shelf life 
and enhance safety. Bacteriophages selectively target pathogens like Salmonella, Listeria, 
and E. coli without affecting beneficial organisms (135). Additionally, microbial metabolites 
like organic acids and enzymes serve as antimicrobials to inhibit harmful growth (136). 
These agents help maintain food quality, address antimicrobial resistance, and satisfy 
consumer demand for natural preservation methods (135).Incorporation methods include 
direct mixing, coating, and encapsulation. Direct mixing blends antimicrobial agents into the 
polymer base before film formation, while coating applies the active solution onto the 
packaging surface. Encapsulation protects agents like probiotics or metabolites within 
matrices such as hydrogels or microcapsules to enhance stability and ensure controlled 
release during storage (137,138). For probiotics, matrix materials like polysaccharides, 
proteins, and hydrocolloids are preferred for their biocompatibility and ability to maintain 
microbial viability. These agents inhibit pathogens by producing bacteriocins, competing for 
adhesion sites, or lowering pH (138). Similarly, bacteriophages are applied via fortification 
or impregnation into films to direct antimicrobial activity specifically against pathogens 
without harming beneficial microbiota (135,139). 

 
3.8.4. Nanoparticles or nanomaterials 

Nanoparticles or nanomaterials used as active agents in the production of active 
packaging are materials with extremely small particle sizes, generally ranging from 1–100 
nanometers, which possess unique physical and chemical properties that can enhance food 
packaging functions. These nanomaterials can be organic or inorganic particles utilized to 
provide antimicrobial activity, oxygen absorption capability, UV light resistance, and to 
improve the mechanical and barrier properties of packaging materials. Due to their 
extremely small size, nanoparticles have a large surface area, making them more effective in 
interacting with microorganisms or other substances that can spoil food (140,141).  

Examples of nanoparticles commonly used as active agents in active packaging include 
metal and metal oxide nanoparticles such as zinc oxide (ZnO), copper sulfide (CuS), and zinc 
sulfide (ZnS) nanoparticles, which possess strong antimicrobial activity and are capable of 
improving the mechanical and barrier properties of packaging. In addition, biopolymer-
based nanocomposites containing these nanoparticles are also used to produce packaging 
that is both biodegradable and functionally active (141,142). By applying these 
nanoparticles, active packaging can extend the shelf life of food products, prevent 
deterioration caused by microbes and oxidation, and enhance the safety and quality of food 
during storage (143). However, it is also important to consider safety aspects, including the 
potential migration of nanoparticles into food and their toxic effects on humans and the 
environment (140). 
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3.9. Active packaging applications for vegetables 
The development of active packaging with antimicrobial agents, antioxidants, carbon 

dioxide emitters, oxygen scavengers, and ethylene scavengers offers effective solutions to 
problems of damage and spoilage in fresh vegetables in an environmentally friendly and 
consumer-safe manner, while also reducing food waste and enhancing food safety (8). Table 
3 presents several applications of active packaging for fresh vegetables based on their 
function. 

Active packaging based on antimicrobial agents, antioxidants, carbon dioxide emitters, 
oxygen scavengers, and ethylene scavengers has been widely applied to various types of 
vegetables such as carrots, eggplants, cabbage, cucumbers, spinach, lettuce, cherry 
tomatoes, broccoli, and okra, as well as various types of fresh-cut vegetables. The use of 
natural antimicrobial agents integrated into the packaging system allows for the controlled 
and sustained low-level release of active substances, enabling them to combat microbes 
without causing adverse effects on the taste or quality of the vegetables (21). Antioxidant 
agents in active packaging help prevent product oxidation, which can damage the nutrients 
and color of vegetables. Integrating antioxidants into packaging materials provides 
protection against oxidative damage during storage, thus maintaining the freshness and 
nutritional value of the vegetables (8). Carbon dioxide emitters function to adjust the CO2 
level inside the packaging, which is crucial for controlling the respiration of fresh vegetables 
and inhibiting the rate of spoilage. Increased CO2 inside the packaging can limit the growth 
of aerobic microbes and slow down the ripening process, thus extending the shelf life of 
vegetables (144). Oxygen scavengers are used to eliminate excess oxygen inside the 
packaging, which can accelerate oxidation and the growth of aerobic microbes. Reducing 
oxygen helps preserve freshness and slows down enzymatic and microbiological 
degradation in vegetables (8,113). Finally, ethylene scavengers are especially important for 
vegetable products that are sensitive to the ethylene hormone, which accelerates ripening 
and spoilage. Ethylene scavengers in active packaging can bind or oxidize ethylene, thereby 
slowing down ripening processes, reducing damage, and extending the shelf life of 
vegetables (145). 

Active packaging technology is also combined with modified atmosphere packaging 
(MAP) and edible coating layers. The combination of edible coating with MAP enables 
double protection: edible coating reduces water loss and microbial growth, while MAP 
controls the atmosphere around the product. In addition, edible coating can be combined 
with microporous packaging that allows selective gas exchange between the inside of the 
package and the external environment (146). Similarly, active packaging paper is usually 
supplemented with active agents such as antimicrobial compounds, antioxidants, or 
ethylene absorbers that can slow down the ripening and spoilage processes of vegetables 
(16). 
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Table 3. Active packaging applications for vegetables.  

Commodity Composition 
Packaging 

Type 
Storage 

Conditions 
Target 

Microbes 
Bioactive Performance 

and Effects 
Ref. 

Baby Carrots Nano-Chitosan 
(5%) + 
Chitosan 
(1.5%) + 
Glycerol 
(0.45%) 

Edible 
Coating + 
MAP 

4 ∘C (MAP) B. cereus, 
coliform, 
Pseudomonas 
spp., S. aureus, 
yeasts, and 
molds 

Inhibits broad-spectrum 
growth; maintains color 
and texture attributes 
over 15-day cold storage. 

(57) 

Fresh-cut 
Eggplant 

MMS + Basil 
leaf extract 
(15%) + 
Sorbitol (25%) 

Edible 
Coating + 
Microporous 
Packaging 

3 ∘C Aerobic 
bacteria, 
molds, and 
yeasts 

Extends shelf life to 15 
days; lowest microbial 
counts (5.46 log CFU/g 
bacteria; 4.66 log 
molds/yeast); reduces 
respiration rate (4.94 mL 
CO2 kg−1 h−1) and delays 
phenolic/anthocyanin 
loss. 

(59) 

Eggplant Chitosan + ZnO 
nanoparticles 
(0.25 g/L) 

Edible 
Coating 

25±1 ∘C - Extends shelf life to 16 
days; improves film 
moisture and mechanical 
properties; prevents 
water loss and delays 
color changes. 

(61) 

Eggplant Poly (lactic 
acid) (PLA) / 
Gelatin + 
Eugenol (0.3 
g/100g) 

Edible 
Coating 

4 ∘C Total bacteria 
and fungi 

Extends shelf life to 20 
days; inhibits growth 
(3.96 log bacteria; 3.17 
log fungi); maintains total 
phenolic (TPC) and 
anthocyanin (TAC) 
capacity; 49.03% 
antioxidant activity. 

(58) 

Cucumber Carboxymethyl 
cellulose 
(CMC) + Lemon 
Essential Oil 
(0.1%) + Tween 
80 (0.2%) + 
Sorbitol (25%) 

Double Layer 
Membrane 

4 ∘C Aerobic 
bacteria, 
molds, and 
yeasts 

Extends shelf life from 15 
to 21 days; maintains 
higher firmness and 
antioxidant enzyme 
activity; reduces weight 
loss, skin discoloration, 
and MDA levels.  

(63) 

Cherry 
Tomato & 
Baby 
Spinach 

Gelatin / 
Sodium 
Alginate + 
Neem Essential 
Oil (2.0%) 

Edible Film 22±2 ∘C E. coli O157:H7; 
mesophilic 
aerobic 
bacteria 

Maintains appearance 
and texture for 4 days; 
inhibits target microbes 
by 0.65–1.0 log units; 
provides UV-blocking and 
25.95% DPPH radical 
scavenging. 

(64) 

Cherry 
Tomato 

β-cyclodextrin 
+ Carvacrol / 
Oregano / 
Cinnamon 
(70:10:20) 

Edible Film 25±1 ∘C Botrytis cinerea Destroys hyphal structure 
and reduces spore 
germination; reduces 
weight loss by 57.33% and 
disease incidence by 
72.4%; exhibits slow-
release properties. 

(67) 

Fresh Bell 
Pepper 

Cassava Starch 
/ Poly 

Active 
Cardboard 

8 ∘C Enterobacteria; 
molds 

Extends shelf life to 18 
days; Enterobacteria 

(65) 
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Commodity Composition 
Packaging 

Type 
Storage 

Conditions 
Target 

Microbes 
Bioactive Performance 

and Effects 
Ref. 

(Butylene 
adipate-co-
terephthalate) 
(PBAT) + 
Zeolite (1.5%) 

Box reduced by 1–2 log units; 
spoilage <5%; carvacrol 
residue remains safe (<1 
mg/kg). 

Broccoli 
Florets 

Sodium 
alginate (SA) / 
Polyvinyl 
alcohol (PVA) + 
Chrysanthemu
m leaf extract 
(7.5%) 

Edible Film 12 ∘C - Acts as an ethylene 
scavenger; reduces 
metabolism and weight 
loss; maintains color and 
Vitamin C content for 7 
days. 

(62) 

Green 
Chilies 

Whey Protein 
Concentrate 
(WPC) + 
Rosemary 
essential oil 
(0.6%) 

Edible Film Room 
Temp 

S. aureus,  
B. subtilis,  
E. coli,  
P. aeruginosa, 
C. albicans 

Extends shelf life to 10 
days; limits weight loss; 
provides ∼46% 
antioxidant capacity and 
UV barrier protection. 

(66) 

Fresh 
Spinach 

Chitosan + 
Thyme 
Essential Oil 
(EO) + ZnO + 
Nano clay + 
Polyethylene 
glycol (PEG) 

Edible 
Coating 

4 ∘C Total 
mesophilic 
microbes; 
Coliform 

Extends shelf life by 10 
days; reduces 
mesophilic/coliform 
counts to 0.57/0.23 log 
CFU/g; prevents pH 
decline and preserves 
chlorophyll. 

(68) 

Collard 
Greens 

Xanthan gum 
(0.1–0.5%) + 
Citric acid + 
Glycerol 

Edible Film Refrigerato
r 

Total aerobic 
bacteria; yeast 
and mold 

Preserves sensory quality 
for 24 days; reduces 
water vapor transmission 
and weight loss; retains 
dissolved solids and 
acidity. 

(60) 

Fresh-cut 
Lotus Root 

Chitosan/ 
Nanocrystallin
e Cellulose 
(NCC) + Nisin 
(0.6 g/L) 

Edible 
Coating 

5 ∘C Bacillus subtilis Reduces total color 
change by up to 84.38% 
and inhibits enzymatic 
browning; automated 
production potential. 

(69) 

Baby 
Cabbage 

PLA / Cellulose 
+ Eugenol / 
Carvacrol / 
Trans-anethole 

Composite 
Film 

Room 
Temperatu
re 

Pectobacterium 
carotovorum 

Inhibits P. carotovorum; 
reduces oxygen 
permeability by 54.4% 
and water vapor by 
12.9%; lowest levels of 
decay and weight loss. 

(147) 

Iceberg 
Lettuce 

Generator ClO2 
(1492) / CO2 
(M0011) / O2 
Scavenger 
(X1907) 

PP/CE Micro-
perforated 
film 

4 ∘C Coliform 
bacteria 

5-day shelf life; sachets 
improve freshness and 
aroma; effective 
antimicrobial activity 
(especially Carvacrol in 
PP). 

(148) 

Iceberg 
Lettuce 

CMC / Flaxseed 
mucilage + 
Burdock 
extract (0.75 
g/g) 

Edible Film 4,10,22 ∘C E. coli O157:H7; 
aerobic 
bacteria 

Effective control of E. coli 
across temperatures; 
higher CO2 inhibition at 
10−22∘C than 4∘C. 

(21) 
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Commodity Composition 
Packaging 

Type 
Storage 

Conditions 
Target 

Microbes 
Bioactive Performance 

and Effects 
Ref. 

Fresh-cut 
Potatoes 

Nanocomposit
e Alginate + 
Thymol 
(Nanoemulsion 
/ NLC) 

Active 
Coating 

5 ∘C Total bacteria; 
molds and 
yeasts 

Reduces total microbes by 
49.27%; maintains 
Vitamin C and phenols; 
reduces oil absorption 
and acrylamide formation 
(0.63×). 

(149) 

Carrot Guar / Almond 
Gum + 
Oregano EO 
(0.15%) 

Edible 
Coating 

5±1 ∘C E. coli,  
S. aureus, 
Lactic acid 
bacteria 

Reduces respiration rate 
and total viable 
organisms; increases total 
phenolic/flavonoid 
content and DPPH 
scavenging activity. 

(150) 

Okra Konjac 
glucomannan 

Edible 
Coating 

23 ∘C E. coli,  
S. aureus,  
A. niger 

4-day shelf life extension; 
slows weight loss 
(12.74%); maintains 
higher antioxidant and 
antimicrobial activity. 

(27) 

Okra Gum Arabic + 
Australian 
native plant 
extracts 

Edible 
Coating 

4±1 ∘C - Reduces cell membrane 
damage; decreases 
browning by regulating 
ROS synthesis and 
antioxidant activity. 

 

Fresh-cut 
Capsicum 

PLA / PBAT / 
Chitosan 

Edible 
Coating 

Cold 
storage 

P. viridiflava,  
B. subtilis,  
R. diobovata 

Maintains low bacterial 
count (∼3 log CFU/g) up 
to 10 days of storage. 

(151) 

Broccoli LDPE + 
Pyrogallic acid 
+ Sodium 
carbonate 

Bioactive 
Film 

23 ∘C - Controlled release of ClO2 
gas; preserves color and 
inhibits oxidase activity; 
maintains quality for 8 
days. 

(152) 

Peeled Garlic Active Paper + 
1-MCP / 
KMnO4-MCM-
41 / Cinnamon 
EO 

Modified 
LDPE Film 

5 ∘C & 25 
∘C 

- Oxygen scavenging 
system; maintains 
excellent quality up to 30 
days at 5∘C (20 days at 
25∘C). 

(153) 

Agaricus 
bisporus 

SA / Gum 
Arabic / 
Glycerol + 
Natamycin 

Active Paper 25±2 ∘C - Ethylene absorption and 
removal; delays softening, 
browning, and weight loss 
during room temperature 
storage.  

(154) 

Sweet 
Potatoes 

Chitosan + 
Acetic acid 
(1%) + Glycerol 
(15%) 

Edible Film - - Study of physicochemical 
and antibacterial 
properties for 
preservation. 

(28) 

 
3.10. Future perspective 

Active packaging is no longer designed for a single function, but is now aimed at being 
able to combine several mechanisms at once, such as antimicrobial and antioxidant activity, 
ethylene control, gas exchange regulation, and moisture control. This approach is important 
because vegetable spoilage generally occurs as a result of the interaction of various factors, 
ranging from high respiration rates, water loss, enzymatic browning, to the growth of 
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spoilage microorganisms. In addition, research trends also show a strong shift towards the 
use of biodegradable and bio-based materials. In the future, the integration of active and 
intelligent packaging presents a promising prospect, as packaging will not only extend shelf 
life but also be able to monitor product quality changes in real time. Active packaging for 
vegetables has the potential to evolve into a more adaptive, precise packaging system that 
meets food safety requirements and environmental sustainability demands. The main 
challenge is the gap between laboratory-scale research findings and industrial application, 
as the performance of active packaging under controlled conditions does not necessarily 
match real-world distribution scenarios. Another challenge is controlling the release of 
active compounds to ensure their effectiveness throughout the shelf life. The use of 
biopolymers still has limitations in mechanical properties and durability compared to 
conventional plastics. The effectiveness of active packaging is also influenced by the 
characteristics of each type of vegetable, making research results difficult to generalize. 
Future research needs to focus on aspects of food safety, consumer acceptance, 
standardization of testing methods, cost efficiency, and evaluation of the sustainability of 
packaging materials. 
 

4. Conclusions 
The bibliometric analysis of 387 Scopus documents from 2000–2025 reveals a strong 

growth trend in research on active packaging for vegetables, with a significant surge 
between 2019 and 2024. This growth emphasizes its vital role in maintaining the quality, 
safety, and shelf life of fresh produce. Geographically, India is the most productive 
contributor, while Brazil leads in citations, indicating high scientific influence. Keyword 
analysis identifies active packaging as a core theme linked to topics like 1-
methylcyclopropene, chitosan, and antimicrobial activity, while emerging trends include 
nanotechnology, polyphenols, and ethylene scavengers. The International Journal of 
Biological Macromolecules acts as the primary publication hub, bridging major contributions 
from India, China, and Brazil. Despite this progress, future research must address the 
specific physiological characteristics of vegetables by focusing on biopolymer-based, eco-
friendly, and controlled-release technologies tailored for the modern food distribution 
chain. 
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