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Abstract

Modified Atmosphere Packaging (MAP) has established itself as one of the most reliable and widely
adopted preservation technologies in the modern food industry, offering a practical means of extending
shelf life while maintaining the sensory and nutritional integrity of food products throughout storage
and distribution. The fundamental working principle revolves around deliberately altering the gaseous
composition within sealed packages, primarily through the strategic use of carbon dioxide, nitrogen
and oxygen in proportions tailored to the specific requirements of each food type. These atmospheric
modifications work collectively to inhibit microbial proliferation, retard oxidative reactions, slow
enzymatic degradation and reduce undesirable physicochemical changes that would otherwise
compromise product quality. The core principles underpinning MAP technology are examined in depth,
covering gas composition dynamics, antimicrobial mechanisms of action, the role of high-barrier
packaging materials and the behaviour of headspace gases over time. Practical applications span a
broad spectrum of food categories, including dairy products, fresh and processed meats, poultry,
seafood, fruits and vegetables, bakery goods and snack foods, with particular attention given to how
MAP contributes to improved food safety, extended commercial shelf life and well-preserved sensory
attributes. Recent technological progress in multilayer high-barrier film development, active and
intelligent packaging integration and the emergence of sustainable bio-based packaging materials are
also assessed for their potential to advance the field. The wider economic significance of MAP in
minimising post-harvest food losses and enhancing supply chain performance is further considered,
alongside its environmental relevance in the context of global food waste reduction and packaging
sustainability goals. Nevertheless, several challenges continue to limit the full potential of MAP,
particularly in optimising gas mixtures for complex or heterogeneous food matrices, improving the
commercial scalability of eco-friendly barrier materials, incorporating real-time quality monitoring
systems and addressing variable consumer perceptions across different cultural and regional markets.
Overall, MAP remains a versatile, scientifically robust and commercially significant preservation
strategy with considerable capacity to advance food quality, safety and sustainability within
contemporary food systems.
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Perishable food products-including dairy, meat,
seafood and fresh produce-face continuous quality
and safety challenges arising from microbial
proliferation, chemical deterioration and physical
changes during storage and distribution. In
conventional  packaging,  atmospheric  air
(approximately 21% O and 78% N2) accelerates
several major spoilage pathways. Oxygen promotes
lipid oxidation, pigment degradation and off-
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flavour development, particularly in fat-rich foods such as butter and dairy spreads (Mohamed et al.,
2008) [1]. Aerobic spoilage microorganisms simultaneously utilize oxygen and available nutrients,
producing metabolites that adversely affect texture, flavour and product acceptability (Robertson, 2016)
[2]. Although refrigeration substantially slows these processes, it is often insufficient to ensure
prolonged shelf life-especially when cold-chain continuity is not consistently maintained.

These limitations stimulated the development of Modified Atmosphere Packaging (MAP), a
preservation technology in which the gaseous environment inside a sealed package is intentionally
altered by reducing oxygen and increasing carbon dioxide and/or nitrogen concentrations. The resulting
protective atmosphere retards microbial growth, oxidative reactions and other deteriorative changes.
MAP functions through three primary mechanisms: oxygen reduction, the antimicrobial action of
carbon dioxide and the use of nitrogen as an inert filler gas that prevents package collapse (Parry, 2010;
Robertson, 2016) [3, 2].

Commercial MAP has evolved through several technological stages. Early vacuum packaging
systems reduced oxygen effectively but caused package deformation. Subsequent developments
introduced CO2/N: gas flushing and advances in multilayer high-barrier films enabled long-term
maintenance of the desired internal atmosphere. Today MAP is broadly applied across dairy, meat,
seafood, bakery and fresh produce sectors owing to its ability to extend shelf life, reduce food waste
and preserve quality throughout distribution and retail storage (Albisu et al., 2023) [4].

Research Gaps

Despite extensive evidence for MAP effectiveness, several critical research gaps persist. Predictive
models for gas transfer, sorption behaviour and headspace evolution are often commodity-specific and
lack applicability across diverse food systems (Caleb et al., 2012) [5]. Although bio-based polymers
and nanocomposite materials exhibit promising barrier and antimicrobial properties under laboratory
conditions, uncertainties remain regarding large-scale manufacturing feasibility, food-contact safety
and regulatory compliance (Perera et al., 2023) [6]. Consumer perception studies remain concentrated
in Europe and North America, leaving behavioural and cultural factors in rapidly growing Asian
markets insufficiently explored. Integration of intelligent packaging features-freshness indicators,
biosensors and QR-enabled traceability-has largely remained at the prototype stage. Addressing these
gaps is essential for developing next-generation MAP systems that combine precise quality preservation
with sustainable materials and consumer-oriented communication.

Review Methodology

This review was conducted following a structured literature search methodology to ensure systematic
coverage. Peer-reviewed articles and books published between 2001 and 2025 were identified through
Web of Science, Scopus, PubMed and Google Scholar using Boolean search strings combining terms
such as: ("modified atmosphere packaging” OR "MAP") AND ("food quality" OR "shelf life" OR
"microbial inhibition"); ("CO2" OR "carbon dioxide") AND ("dairy" OR "cheese" OR "paneer") AND
("packaging"); ("barrier films" OR "EVOH") AND ("modified atmosphere"); and ("consumer
perception") AND ("MAP").

Inclusion criteria required: (i) original research articles, systematic reviews, or meta-analyses; (ii)
studies reporting quantitative data on gas composition, shelf-life extension, microbial counts, or barrier
properties; (iii) publication in English in peer-reviewed journals. Studies lacking primary data or
methodological transparency, predating 2003 (except foundational mechanistic sources), or unavailable
in full text were excluded. Citation verification was performed against journal databases; references that
could not be independently verified through Scopus or Google Scholar were excluded from the final
reference list.

MECHANISMS OF MODIFIED ATMOSPHERE PACKAGING
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Modified Atmosphere Packaging (MAP) preserves food quality by modifying the gaseous environment
surrounding the product within a sealed package. The technology primarily relies on the controlled use of carbon
dioxide, nitrogen, and oxygen to inhibit microbial growth, reduce oxidative deterioration, and maintain desirable
sensory characteristics. The effectiveness of MAP depends on gas composition, packaging material properties,
and the dynamic interactions between gases and food products during storage.

Carbon Dioxide: Primary Antimicrobial Component

Carbon dioxide is the most functionally important gas in MAP. Its antimicrobial efficacy is primarily
attributed to high solubility in both aqueous and lipid food matrices. Upon dissolution, CO- forms
carbonic acid, reducing local pH and thereby interfering with microbial metabolism, enzyme activity
and cellular transport mechanisms (Farber, 1991; Parry, 2012) [7, 3]. High CO: concentrations, typically
30-80%, are employed for highly perishable foods such as dairy products, meat and seafood because
of their capacity to suppress aerobic spoilage organisms including Pseudomonas spp. and Aeromonas
spp. (Robertson, 2016) [2].

In cheese, COz-enriched atmospheres retard proteolysis and lipolysis, preserving texture, flavour and
microbial stability (Albisu et al., 2023; Renoldi et al., 2025) [4, 8]. Psychrotrophic spoilage bacteria are
markedly inhibited when CO: exceeds 40%, yielding substantial shelf-life extension over conventional
air packaging. However, excessive CO2 may cause package collapse due to gas absorption and result in
undesirable sensory changes, necessitating careful tailoring of gas composition to the specific product
and storage conditions.

Nitrogen: Inert Structural Component

Nitrogen (N2) serves as a chemically inert filler gas and oxygen-displacing agent. Its principal
function is to reduce oxygen concentrations within the package while counteracting the volume
reduction caused by CO2 absorption into the food matrix (Sandhya, 2010) [9]. Because of its very low
solubility in water and lipids, N> remains largely in the headspace throughout storage, maintaining
package integrity, shape and appearance (Robertson, 2016) [2]. In dairy applications, nitrogen is
combined with CO: to stabilize the package environment and minimize undesirable physical effects
associated with high CO:z concentrations, thereby preserving the texture and appearance of fresh cheeses
and other high-moisture products (Albisu et al., 2023) [4].

Oxygen: Dual-Role Gas

Although oxygen is generally associated with oxidative spoilage and microbial growth, controlled
concentrations are deliberately incorporated into certain MAP systems because of their beneficial
effects on product quality. In fresh red meat, high-oxygen atmospheres (60-80% O with 20—40% CO)
maintain the formation and stability of oxymyoglobin, preserving the bright-red colour preferred by
consumers (Zdunczyk et al., 2024) [10]. In fruits and vegetables, low O: concentrations (2—5%) are
maintained to prevent anaerobic respiration and fermentation while reducing metabolic activity
(Sandhya, 2010). In seafood, controlled oxygen may also minimize the risk of toxin formation by
anaerobic pathogens such as Clostridium botulinum when combined with strict temperature control
(DeWitt & Oliveira, 2016) [11]. Oxygen thus serves a dual role-either as a spoilage-promoting or
quality-preserving agent depending on the product and gas composition employed.

Barrier Films and Packaging Materials

The effectiveness of MAP depends critically on the properties of packaging materials, which regulate
gas transmission, moisture exchange and mechanical protection. Modern MAP systems use multilayer
structures comprising materials such as ethylene vinyl alcohol (EVOH), polyvinylidene chloride
(PVDC), polyamide (PA), polyethylene terephthalate (PET), low-density polyethylene (LDPE) and
polypropylene (PP), with each layer contributing specific barrier, mechanical, or sealing functions
(Robertson, 2016; Marsh & Bugusu, 2007) [2, 12]. EVOH and PVDC are particularly valued for their
excellent oxygen-barrier properties. Careful control of COz, O: and water vapour transmission rates is
essential, as excessive gas permeability can lead to loss of the desired atmosphere and package failure.
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Table 1. Typical CO: concentrations in MAP and associated quality outcomes by food category.

Food Category Typical CO: Key outcome
(%)

Fresh fish fillets 40-60% Suppression of spoilage bacteria; reduced trimethylamine formation (DeWitt &
Oliveira, 2016)

Poultry 30-50% Inhibition of psychrotrophic microorganisms; delayed spoilage (Robertson,
2016)

Paneer / Soft cheese |50-70% Mould and yeast inhibition; extended shelf life (Czerwinski et al., 2021)

Hard/semi-hard 30-50% Control of spoilage microflora while maintaining sensory quality (Albisu et al.,

cheese 2023)

Fresh red meat 20-30% + high|{Microbial control while maintaining oxymyoglobin colour (Zdunczyk et al.,

02 2024)

Bakery products 0-20% N: primarily used; delays mould growth and maintains package integrity (Marsh
& Bugusu, 2007)

Fresh-cut produce |5-10% Reduces respiration rate; prevents anaerobic fermentation (Caleb et al., 2012)

Recent developments in active and intelligent packaging incorporate oxygen scavengers, CO:
emitters, ethylene absorbers and freshness-monitoring indicators, enhancing quality management in
next-generation MAP systems (Yildirim et al., 2018; Perera et al., 2023) [13, 4].

Headspace Gas Dynamics

Gas solubility determines the dynamic equilibrium established within MAP systems. The relative
solubility of packaging gases follows the order CO2 >> Oz > N2, making CO: substantially more soluble
than the other gases. CO: rapidly dissolves into aqueous and lipid food phases following package
sealing, causing continuous headspace composition changes during early storage (Farber, 1991; Parry,
2012) [7, 3]. This typically reduces package volume, necessitating the inclusion of N2 as a balancing
gas. CO: dissolution also contributes to localized pH reduction, inhibiting spoilage microorganisms,
although excessive absorption may alter texture and sensory properties in high-moisture foods (Table
1). Mathematical modelling and computer simulation have enabled more accurate prediction of gas
transfer and headspace evolution, facilitating gas composition optimization and reducing empirical trial-
and-error during scale-up (Caleb et al., 2013) [5].

APPLICATIONS OF MAP ACROSS FOOD CATEGORIES
Dairy Products

Dairy products are highly susceptible to microbial spoilage owing to their high water activity, nutrient
content and favourable pH for microbial growth (Robertson, 2016). MAP is widely employed to
regulate the package atmosphere, suppressing Pseudomonas spp., yeasts and moulds while maintaining
texture, flavour and functional characteristics. For hard and semi-hard cheeses, atmospheres of
approximately 30-40% CO: and 60—70% N effectively inhibit moulds and aerobic bacteria without
causing excessive CO: absorption or adverse sensory changes (Albisu et al., 2023) [4]. Fresh products
such as paneer and soft cheeses benefit from CO:-enriched MAP systems combined with high-barrier
EVOH/PVDC films, significantly retarding microbial growth and extending refrigerated shelf life
compared with conventional packaging. Soft-ripened and brined cheeses also exhibit improved storage
stability under CO:-enriched atmospheres, where reduced yeast and mould activity delays off-flavour
development and enhances sensory quality (Renoldi ez al., 2025) [8].

Meat, Poultry and Seafood

Meat, poultry and seafood represent the most important commercial applications of MAP. Fresh red
meat utilizes high-oxygen MAP systems (60-80% O and 20-40% CO:) to maintain the bright-red
oxymyoglobin pigment while suppressing microbial growth (Zdunczyk et al., 2024) [10]. In poultry,
elevated CO: concentrations (30-70%) effectively inhibit psychrotrophic spoilage bacteria and
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pathogenic organisms, extending refrigerated shelf life and preserving sensory quality (Robertson,
2016) [2].

Seafood is particularly vulnerable to spoilage because of its high moisture content, abundant free
amino acids and rapid proliferation of psychrotrophic microorganisms such as Shewanella spp. CO:-
enriched atmospheres (40—-60%) suppress these organisms and reduce trimethylamine formation
(DeWitt & Oliveira, 2016). Depending on species, temperature and gas composition, MAP can more

than double the refrigerated shelf life of seafood products relative to conventional air packaging (Table
2).

Fresh Produce

Fresh and minimally processed fruits and vegetables remain metabolically active after harvest,
making them highly susceptible to quality deterioration. Low-oxygen atmospheres (2—5% O2)
combined with moderate CO: concentrations (5-10%) reduce respiration rates, delay enzymatic
browning, slow senescence and maintain texture and visual quality (Sandhya, 2010; Caleb et al., 2012)
[9, 5]. MAP has proven particularly effective for fresh-cut fruits, berries, leafy vegetables, mushrooms
and ready-to-eat salad products. Successful MAP design for fresh produce requires careful optimization
of gas composition and packaging permeability to maintain a desirable equilibrium atmosphere
throughout storage, taking into account commodity-specific respiration rates, maturity stage and storage
temperature.

SOCIOECONOMIC AND ENVIRONMENTAL CONSIDERATIONS

Modified Atmosphere Packaging (MAP) has significant socioeconomic and environmental
implications beyond its role in food preservation. By extending shelf life and reducing spoilage, MAP
helps minimize food losses, improve supply chain efficiency, and enhance market accessibility for
producers and retailers. Additionally, it contributes to sustainability by reducing food waste and
supporting resource conservation. However, the environmental impact of packaging materials and
consumer awareness regarding packaging technologies remain important considerations for the broader
adoption of MAP systems.

Shelf-Life Extension and Supply Chain Value

The economic value of MAP derives primarily from its ability to extend product shelf life, reducing
losses across the supply chain and improving product availability. By slowing microbial growth and
oxidative deterioration, MAP enables dairy foods, seafood, meat, bakery products and fresh produce to
maintain acceptable quality over longer storage and distribution periods (Robertson, 2016) [2].
Extended shelf life contributes to reduced product wastage, improved inventory management and
greater flexibility in transportation and retail operations. Although MAP requires investment in
specialized equipment, gas-mixing systems and high-barrier materials, these costs are frequently offset
by reductions in spoilage losses and improvements in supply-chain efficiency (Marsh & Bugusu, 2007)
[12]. MAP also facilitates access to distant domestic and international markets by maintaining product
quality over extended distribution periods.

Table 2. Representative shelf-life extension achieved using modified atmosphere packaging.

Product Shelf Life: Air | Shelf Life: MAP MAP Atmosphere Reference

Fresh beef 3-5 days 10-14 days 20-30% CO: + 70-80% O> |Zdunczyk et al. (2024)
Salmon fillets 2-4 days 7-12 days 40-60% CO:2 + N2 DeWitt & Oliveira (2016)
Paneer 3-5 days 1215 days CO2-enriched MAP Czerwinski et al. (2021)
Soft cheese 7-10 days 20-25 days 50% CO2 + 50% Na Albisu et al. (2023)
Fresh-cut lettuce 24 days 7-10 days 2-5% 02 + 5-10% CO:2 Caleb et al. (2012)
Potato chips/snacks |Several weeks |2-3x improvement [N flushing Robertson (2016)
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Environmental Implications

The environmental implications of MAP are primarily associated with the balance between
packaging material impacts and the benefits obtained through reduced food waste. Life-cycle
assessment studies consistently demonstrate that the environmental burden of food production
considerably exceeds that of packaging manufacture and disposal for most food products (Molina-
Besch et al., 2022) [14]. Technologies that effectively extend shelf life therefore provide substantial
environmental benefits despite requiring additional packaging materials, contributing indirectly to
lower greenhouse gas emissions, reduced resource wastage and improved sustainability performance.
Increasing attention is directed toward sustainable packaging materials compatible with MAP, including
bio-based polymers, PLA/EVOH multilayer structures, cellulose-derived high-barrier films and
nanocomposite materials incorporating nanoclays or chitosan (Perera et al., 2023) [6]. Regulatory
initiatives are simultaneously encouraging improved recyclability, reduced material usage and the
transition toward circular packaging systems.

Consumer Perception and Labelling

Consumer understanding of MAP technology remains limited. Many consumers are unfamiliar with
packaging gases and may incorrectly associate gas flushing with chemical treatment or artificial
preservation (Kerry ef al., 2006) [15]. Consumer acceptance generally improves when information is
presented transparently and packaging emphasizes freshness preservation and food safety benefits.
Labelling statements such as "Packaged in a Protective Atmosphere" have been widely adopted to
improve consumer understanding and comply with regulatory requirements. Digital communication
technologies including QR codes, freshness indicators and intelligent packaging systems have emerged
as valuable tools for enhancing transparency and providing real-time product information throughout
the supply chain (Perera et al., 2023) [6]. Consumer preferences regarding packaging attributes may
also vary considerably across geographic regions and cultural settings, highlighting the importance of
market-specific communication strategies.

CONCLUSION

Modified Atmosphere Packaging has become an indispensable technology in modern food
preservation and supply-chain management. By replacing ambient air with carefully controlled gas
mixtures, MAP effectively mitigates the major mechanisms of food deterioration-microbial growth,
lipid oxidation, enzymatic activity and moisture-related quality losses-across dairy foods, meat,
seafood, fresh produce and bakery products. Its ability to simultaneously enhance food safety, preserve
product quality and support extended distribution networks provides significant advantages over
conventional packaging systems in increasingly globalized food supply chains.

Economically, MAP contributes to improved inventory management, reduced spoilage losses and
enhanced market reach. Environmental assessments indicate that reducing food waste through shelf-
life extension generates substantial sustainability benefits, as the environmental burden of food
production typically exceeds that of packaging materials. Concurrent advances in bio-based polymers,
high-barrier cellulose materials and nanocomposite technologies are creating opportunities to improve
MAP environmental performance while maintaining product protection.

Despite considerable progress, important research challenges remain. Predictive models for gas
transfer and headspace evolution often lack broad applicability across diverse food systems. Large-scale
implementation, long-term safety and regulatory acceptance of emerging bio-based and nanocomposite
barrier materials require further validation. Additional research is needed to understand consumer
perceptions of MAP in emerging markets and to evaluate the commercial feasibility of intelligent
packaging integration. Addressing these challenges will be essential for advancing MAP toward a more
precise, sustainable and consumer-oriented preservation technology capable of meeting evolving food-
system demands.
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