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Abstract: Mushrooms support the Irish economy, with a farm gate value of roughly EUR 130 million
in 2022 and with 80%–85% of Irish production exported to the United Kingdom. In order to apply
cutting edge technologies and offer creative solutions to increase the shelf life of mushrooms, it
is essential to understand the mechanisms of action and preservation effects of the current trends
in edible mushroom packaging systems. This review summarises the mechanisms of action for
nanopackaging, biodegradable packaging, edible coatings, modified atmosphere packaging (MAP),
and active packaging in terms of their enzyme activity, antimicrobial activity, antioxidant activity,
and rate of respiration along with the changes in texture, colour, nutritional value, and shelf life
of mushrooms reflected in the preservation effects of these packaging systems. SWOT analysis
highlights the strengths, weaknesses, and threats of these packaging systems and provides potential
opportunities for trialing innovative packaging materials for fresh edible mushrooms in Ireland.

Keywords: mushrooms; nanopackaging; biodegradable packaging; edible coatings; MAP; active
packaging; tyrosinase inhibitors; SWOT analysis

1. Introduction

Agaricus bisporus, Lentinus edodes, Pleurotus ostreatus, Flammulina velutipes, and Pleurotus
eryngii are common edible mushroom species found in mainstream foods [1]. Because of
its great flavor and nutritional value, Agaricus bisporus, commonly referred to as “white
button mushroom”, is the most widely grown and consumed edible mushroom in the
world, making up 30% of all mushroom production [2]. It is a rich source of nutrients
including protein, amino acids, and dietary fiber [3–5], antioxidants [5,6], terpenoids [7],
lectins [8], phenolic compounds [5,9], polysaccharides [5,10], and ergosterols [11,12].

Edible mushroom production and trade are expanding globally, with a significant
positive impact on human living standards [13]. According to the Global Mushroom Market
(2023–2030) research report, the compound annual growth rate (CAGR) of the mushroom
market increased globally by 9.2% from USD 57.18 billion in 2022 to USD 62.44 billion in
2023. At a CAGR of 9.8%, the mushroom market is projected to reach USD 90.88 billion
in 2027. Teagasc Fact sheet Horticulture reported that around 68,000 tonnes of Agaricus
bisporus are produced annually in Ireland, nearly all of which are exported to the UK, with
20% used to supply the domestic market [14]. The fact sheet states that the mushroom
industry contributes to the Irish economy with a production value of approximately EUR
130 million in 2022. However, exporting to continental Europe is not feasible due to the
short shelf life of mushrooms, as they typically only last three days at ambient conditions
and five to eight days in a cold storage system [15], as well as to the narrow margins that
the industry faces.
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The main contributing factors to the short shelf life of mushrooms are their high mois-
ture content and enzyme activity coupled with their lack of a cuticle [16], which aggravates
the respiratory and metabolic rates of the seeds’ tender tissues. Additionally, these factors
make mushrooms more vulnerable to mechanical damage and microbial contamination,
which can result in browning and a decline in quality [17–19]. These effects involve physico-
chemical quality degradation, including cap opening, loss of essential phenolic compounds,
proteins, and vitamins, water loss, cell membrane deterioration, loss of firmness, and
increased microbial activity in the process of storage and transportation [20,21], in turn
leading to loss of nutritional value, flavor, market acceptability value, and shelf life. Recent
findings have reported a wide range of preservation techniques for fresh mushrooms, in-
cluding irradiation [22], ultrasonication [22], pulsed eclectic field treatment [23,24], [25,26],
1-methylcyclopropene treatment [27], modified atmosphere packaging, active packaging,
edible coatings and nanopackaging [1,15,28–31], and biodegradable packaging made from
materials such as dextran/chitosan [32].

More specifically, edible coatings and biodegradable packaging are safe and envi-
ronmentally friendly packaging systems; they are made from natural substances such
as pectin, chitosan, or sodium alginate to maintain quality and extend the shelf life of
mushrooms [32–36], and are mostly composed of active ingredients with antibacterial and
antioxidant activities [37,38]. Studies have shown that the incorporation of essential oils,
active ingredients, and nanoparticles in edible coatings and biodegradable film packaging
can improve the techno-functional properties of the packaging materials [39]. Furthermore,
tyrosine inhibitors such as plant extracts, fungus and bacterial extracts, and synthetic and
natural phenolic compounds are utilized to control mushroom browning [40–43].

This review focuses on the mechanisms of action of modified atmosphere packaging,
active packaging, edible coatings, nanopackaging, and biodegradable packaging systems
in terms of respiration and energy metabolism, antimicrobial activity, antioxidant activ-
ity, polyphenol oxidase, and tyrosinase inhibition, whereas the preservation effects are
demonstrated in terms of changes in the quality and shelf life of mushrooms. Most impor-
tantly, the SWOT analysis presented here could potentially serve as a reference for novel
strategies in the development of innovative packaging materials for the preservation of
edible mushrooms as well as for the establishment of a closed loop system in the Irish
mushroom sector.

2. Mechanisms of Action and Preservation Effects

Desirable techno-functional properties of packaging materials such as permeability
and mechanical and thermal properties [44] play a key role in maintaining quality by
preventing off-flavour development, contamination, browning, and softening, thereby ex-
tending the shelf life of mushrooms [29,45]. Studies have shown that modified atmosphere
packaging (MAP) stands first in terms of frequency of use for edible mushrooms, followed
by active packaging, biodegradable film packaging, and nanopackaging systems based on
a review of 235 articles on mushroom preservation techniques published between 2010 and
2021 [29] (Figure 1).

2.1. Changes in Quality of Fresh Mushrooms

Fresh mushrooms are flavorful, have a moisture content ranging from 81.8% to 94.8%,
and are rich sources of nutrients such as carbohydrates (50%–65%), protein (19%–35%), fat
(2%–6%), minerals, dietary fiber, phenolic compounds, and vitamins [46]. A wide range of
studies have shown change in quality of fresh mushrooms during storage, including tex-
ture [47–49], color [16,50–52], nutrients, and flavor [17,47,49,53–55]. These quality changes
in mushrooms are attributed to the cumulative effects of respiratory, energy, membrane
lipids, and reactive oxygen species metabolic reactions due to changes in enzymatic activity
and microbial activity in response to intrinsic factors and the atmosphere surrounding the
product. For example, the transport of electrons in mitochondria cells results in excessive
reactive oxygen species accumulation such as H2O2 and O2

− in mushroom [56]. These
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processes can lead to oxidative damage to nutrients such as membrane lipids, nucleic acids,
and proteins as well as enzyme activity inhibition, leakage of electrolytes, and increased
electrical conductivity, ultimately causing tissue aging, nutritional quality loss, and reduced
shelf life of mushrooms [48,57].

Coatings 2024, 14, x FOR PEER REVIEW 3 of 24 
 

 

 
Figure 1. The research frequency of four packaging technologies for preservation of edible mush-
rooms according to a review of 235 articles published between 2010 and 2021. 

2.1. Changes in Quality of Fresh Mushrooms 
Fresh mushrooms are flavorful, have a moisture content ranging from 81.8% to 

94.8%, and are rich sources of nutrients such as carbohydrates (50%–65%), protein (19%–
35%), fat (2%–6%), minerals, dietary fiber, phenolic compounds, and vitamins [46]. A 
wide range of studies have shown change in quality of fresh mushrooms during storage, 
including texture [47–49], color [16,50–52], nutrients, and flavor [17,47,49,53–55]. These 
quality changes in mushrooms are attributed to the cumulative effects of respiratory, en-
ergy, membrane lipids, and reactive oxygen species metabolic reactions due to changes 
in enzymatic activity and microbial activity in response to intrinsic factors and the at-
mosphere surrounding the product. For example, the transport of electrons in mito-
chondria cells results in excessive reactive oxygen species accumulation such as H2O2 
and O2− in mushroom [56]. These processes can lead to oxidative damage to nutrients 
such as membrane lipids, nucleic acids, and proteins as well as enzyme activity inhibi-
tion, leakage of electrolytes, and increased electrical conductivity, ultimately causing tis-
sue aging, nutritional quality loss, and reduced shelf life of mushrooms [48,57]. 

Figure 2 provides an overview of changes in mushroom quality along with the 
mechanisms of action and preservation effects of five major packaging systems for the 
preservation of fresh edible mushrooms: edible coatings, modified atmosphere packag-
ing, active packaging, biodegradable packaging, and nanopackaging. For instance, edi-
ble coatings and biodegradable packaging made with active ingredients can successfully 
delay or minimize browning reactions by inhibiting tyrosinase and polyphenol oxidase 
activities in fresh mushrooms [58–61]. 

0 10 20 30 40 50 60 70 80

Modified atmosphere packaging

Active packaging

Biodegradable film packaging

Nanopackaging

Frequency 

Figure 1. The research frequency of four packaging technologies for preservation of edible mush-
rooms according to a review of 235 articles published between 2010 and 2021.

Figure 2 provides an overview of changes in mushroom quality along with the mecha-
nisms of action and preservation effects of five major packaging systems for the preservation
of fresh edible mushrooms: edible coatings, modified atmosphere packaging, active pack-
aging, biodegradable packaging, and nanopackaging. For instance, edible coatings and
biodegradable packaging made with active ingredients can successfully delay or minimize
browning reactions by inhibiting tyrosinase and polyphenol oxidase activities in fresh
mushrooms [58–61].

Nanopackaging minimizes tissue aging, electrical conductivity, and the accumulation
of reactive oxygen species (ROS) by controlling the energy metabolism and enzymatic
activity of mushrooms [29]. MAP lowers the rate of respiratory metabolism, thereby re-
ducing the loss of cell wall components and cell swelling [62]. By regulating metabolic
enzyme activity, oxygen concentration, and energy metabolism, active packaging can lessen
membrane lipid metabolism and microbial growth, thereby preventing loss of nutrients
and flavor from mushrooms [30,63]. The mechanisms of action of packaging systems can
be explained by enzymatic, (such as tyrosinase and polyphenol oxidase activity), antimicro-
bial, antioxidant, and respiration activity [44,61,64]. The following sections highlight the
mechanisms of action and preservation effects of edible coatings, MAP, active packaging,
biodegradable packaging, and nanopackaging.

2.2. Edible Coatings, Essential Oils, and Tyrosinase Inhibitors

Edible coatings have moderate to excellent barrier, preservative, cosmetic, and aes-
thetic qualities, are biocompatible and environmentally friendly, and can usually be con-
sumed with food [17]. Edible coatings combined with active ingredients can supply
bioactive compounds to enhance the quality of edible mushrooms or prolong their shelf life,
in addition to superior qualities of high air permeability and moisture permeability [65].
Chitosan, guar gum, sodium alginate, aloe vera, leek powder, pectin, carboxymethyl, and
cellulose are commonly used as edible coating materials for edible mushrooms; they are
based on natural biopolymers with essential oils, nanoparticles, and active ingredients
such as cinnamon (Table 1). For example, the mixture of chitosan with guar gum can
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significantly increase antimicrobial activity, reduce cell wall and membrane destructive
symptoms, and maintain higher firmness, protein, and ascorbic acid while increasing total
soluble solids and reducing sugars of Lentinus edodes mushrooms [66]. Edible coatings
made from a cinnamon nanoemulsion active ingredient in polymeric matrixes of alginate
and glycerol significantly decreased the respiration rate, PPO activity, pseudomonas count,
and weight loss while increasing antioxidant activity and maintaining firmness, color, and
total polyphenols of Agaricus bisporus mushrooms [67].

Table 1. Mechanism of actions and preservation effects of edible coatings of fresh edible mushrooms.

Edible Coating Applicable Mechanism of Actions a Preservation Effects b Reference

Chitosan-guar gum Lentinus edodes

Significantly reduced cell
wall and membrane

destructive symptoms
Increased

antimicrobial activity

Maintained higher
firmness, protein, and

ascorbic acid
Increased total soluble

solids and reducing sugars

[66]

Alginate-glycerol-
cinnamon

nanoemulsions
Agaricus bisporus

Decreased respiration rate
Reduced polyphenol

oxidase activity
Reduced

Pseudomonas counts
Increased

antioxidant activity

Decreased weight loss
Maintained firmness

Maintained colour and
total polyphenols

[67]

Pectin-chitosan-sodium
alginate- carboxymethyl

cellulose- N-acetyl cysteine
Agaricus bisporus

Controlled lipid peroxidation
Increased

antioxidant activity

Delayed weight loss and
cap opening [68]

Aloe vera-basil essential oil Agaricus bisporus

Reduced polyphenol oxidase,
respiration, and electrolyte

leakage rate
Increased phenylalanine

ammonia-lyase and
antioxidant activity

Reduced weight loss
and softening
Increased total

phenolic contents
Delayed browning and

colour change

[69]

Leek powder sunflower
oil-guar gum Agaricus bisporus Reduced the rate of

respiration
Reduced weight loss
Maintained colour [70]

Alginate-nanoAg-Silver
nitrate-sodium
Borohydride-

polyvinylpyrrolidone

Lentinus edodes
Reduced the rate of

respiration and
physiological activity

Extended shelf life
Reduced weight loss

softening, browning, and
microbial counts.
Increased total
soluble solids

[71]

a respiration and energy metabolism, antimicrobial activity, antioxidant activity; b nutritional value, shelf life, and
sensory quality.

Table 2 shows the effects incorporation of different sources of essential oils in edible
coatings on the shelf life of fresh mushroom. A recent study showed that an edible coating
with cajuput (Melaleuca cajuputi Powell.) essential oil extract minimized weight loss and
respiration rate while maintaining firmness, color, and fungal antioxidant metabolites, and
had a shelf life of 12 days [28]. Furthermore, edible coatings of mushroom with Citrus
aurantium essential oil provided 20 days of shelf life [72], and Eucalyptus leaf essential oil
provided 12 days of shelf life [63,73].
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Table 2. The effects of different sources of essential oils in edible coatings on the shelf life of fresh
mushrooms.

Essential Oils Shelf Life References

Eucalyptus leaf 12 [63,73]
Lemon 12 [47]

Cinnamon 5 [74,75]
Tocopherol with zein 12 [76]

Cinnamaldehyde 12 [67]
Satureja khuzistanica 16 [77]

Citrus aurantium peel 20 [78]
Cumin seed 20 [78]

Cuminum cyminum 20 [78]
Citrus aurantium 20 [72]

Melaleuca cajuputi Powell. 12 [28]

Steroids, alkaloids, and phenolic compounds make up the majority of the diverse
range of tyrosinase inhibitors isolated from plant sources and fungi, and are frequently
incorporated in polymeric matrixes of edible coatings. Phenolic compounds, which can
range in size from simple to large and complex tannins and derived polyphenols, display
strong tyrosinase inhibition because of their molecular weight and quantity of aromatic
rings [42,58,61]. To identify new sources of anti-tyrosinase compounds, research has been
performed on the tyrosinase inhibitory activity of several plant extracts [61,79], and all
significantly inhibited tyrosinase activity.
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A smaller class of alkaloids and polyphenols found in fungi, including Aspergillus
sp., Paecilomyces sp., Trichoderma sp., Phellinus linteus, Daedalea dickinsii, and Dictyophora
indusiata, have been reported to selectively block the enzyme and are a source of novel
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tyrosinase inhibitors [40,41]. Studies have shown that four distinct strains of lactic acid
bacteria isolated from cow faeces exhibit tyrosinase inhibitory activity [80]. For instance,
the most active compounds within the group of natural flavones, flavanols, isoflavones,
and flavanones inhibited mushroom tyrosinase with an IC50 of 44–500 µM, while natural
anthocyanidins, aurones, and chalcones had an IC50 ranging from 18 to 106.7 µM, which
was in comparison to kojic acid (a potent inhibitor of tyrosinase) with a tyrosinase inhibitory
activity of IC50 of 59–318 µM (Table 3).

Table 3. Natural and synthetic phenolic compounds at half-maximal inhibitory concentration (IC50)
values against white button mushroom tyrosinase.

Compound Name Tyrosinase Inhibition
(IC50 Values (mM)) References

Natural anthocyanidins 18–78 [81,82]
Natural aurones 31.7–98.5 [82]

Synthetic aurones 31–100 [83]
Natural chalcones 23–106.7 [60]

Synthetic chalcones 29.3–114.4 [58,84]
Natural flavones 110 [58–61]
Natural flavanols 55–300 [58,59]

Natural isoflavones 52–500 [61]
Natural flavanones 44–500 [81,82]
Synthetic flavonols 53–182 [82]

Kojic acid 59–318 [58–61,85]

2.3. Biodegradable/Compostable Food Contact/Packaging

Biodegradable/compostable food contact films are primarily used for packaging pur-
poses, as opposed to edible films, which are normally sprayed or liquid-impregnated on
food surfaces and are typically consumed with the food [21,76]. Table 4 shows the mecha-
nism of action and preservation effects of compostable/biodegradable packaging for fresh
edible mushroom. Common compostable food contact films or biodegradable packaging
materials for edible mushrooms include starch, chitosan, soybean protein, cellulose, zein,
and polylactic acid (PLA) [86–90]. Because polysaccharides have poor mechanical stability,
solubility, and barrier, the most common technique to improve the techno-functional prop-
erties of polysaccharide films is to pour polymer into a solution containing protein [91,92]
and active ingredients [93]. Studies have shown that the ideal ratio for chitosan and zein
film mixtures is 1:1 [94], as these combinations have superior structural and mechani-
cal qualities compared to either material alone. Per the authors’ findings, the packaging
impeded the activities of mushroom peroxidase and polyphenol oxidase activities while
decreasing the rate of respiration, weight loss, and relative electrolyte leakage rates of fresh
edible mushrooms.

Table 4. Mechanisms of action and preservation effects of compostable/biodegradable packaging for
fresh edible mushrooms.

Biodegradable Packaging Applicable Mechanism of Actions a Preservation Effects b Reference

Chitosan-0.0 to 4.0% w/v
dextran film Agaricus bisporus

Highest tensile and elastic
strength, water vapour

permeability attained with 0.5%
w/v dextran dispersion in

chitosan

Delayed spoilage
Shelf life of 28 days at 4 ◦C [32]

Chitosan-gallic acid film Agaricus bisporus

Increased the activities of
superoxide dismutase and

catalase
The lowest respiration rate and

polyphenol oxidase activity
recorded

Maintained mushroom quality
by reducing browning degree,

O2
−, malondialdehyde

content, H2O2, and rate of
electrolyte leakage

[93]
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Table 4. Cont.

Biodegradable Packaging Applicable Mechanism of Actions a Preservation Effects b Reference

PLA-polybutylene
adipate film Lentinus edodes

Effectively reduced the
respiration rate

Lowered microbial count and
CO2 level

Prevented water vapour
condensation inside the package

Inhibited cap opening
Improved phenolic contents

Maintained firmness
Delayed senescence
Shelf life of 14 days

[95]

Chitosan-zein-lemon essential
oil film Agaricus bisporus

Significantly inhibited microbial,
PPO, and POD activities

Decreased respiratory rate
Increased antioxidant and

antibacterial activities

Delayed browning
Inhibited microbial growth

Maintained textural properties
[96]

Chitosan-zein film

Reduced electrolyte leakage and
respiration rate

Significantly inhibited PPO and
POD activities

Lowered physiology activity

Lowered weight loss
Maintained colour [94]

Chitosan-zein/α-
tocopherol film Agaricus bisporus

Reduced respiration rate,
electrolyte leakage rate,
polyphenol oxidase and

peroxidase activity
Increased CAT, SOD, POD, and

antioxidant activities

Reduced browning index and
weight loss

Maintained colour, firmness,
and overall quality of

mushrooms

[86]

a respiration and energy metabolism, antimicrobial activity, antioxidant activity; b nutritional value, shelf life,
and sensory quality. CAT—catalase, H2O2—hydrogen peroxide, POD—peroxidase, O2

−—superoxide radical,
PPO—polyphenol oxidase, SOD—superoxide dismutase.

Additionally, one of the most efficient ways to create new materials with the desired
properties is to combine compostable polymers with active agents such as antioxidants
and antimicrobials as carriers to improve the barrier and mechanical properties of the
polymers [97,98]. Studies have shown that antibacterial agents (lactobacillin), essential oils,
gallic acid, cinnamic aldehyde, ascorbic acid, vitamins, and tea polyphenols incorporated
with biodegradable polymers can improve the techno-functionality of compostable packag-
ing materials for edible mushrooms [53,93,99–103]. For example, a mixtures of chitosan,
zein, and lemon essential oil biodegradable packaging film significantly inhibited PPO,
POD, and microbial activities, decreased the respiratory rate, increased antioxidant and
antibacterial activity, delayed browning, and maintained the textural properties of Agaricus
bisporus mushrooms [96]. In another study, composite biodegradable packaging made
from chitosan with 0.5% w/v dextran dispersion significantly improved tensile strength,
elasticity, and water vapour permeability while delaying spoilage and extending the shelf
life of Agaricus bisporus mushrooms at 4 ◦C to 28 days [32].

2.4. Active Packaging

Active packaging with built-in active ingredients permits the release or absorption of
substances into and from packaged food or the surrounding environment, allowing prod-
ucts to extend their shelf life [104]. Thus, there are two types of active packaging systems:
scavenging systems and release systems [105,106]. In scavenging systems, keeping the food
and packaging material apart prevents food spoilage by absorbing gases such as oxygen. In
release systems, the food or the package’s headspace is exposed to active agents. Numerous
active packaging systems have been developed to date, including ethylene scavenger pack-
aging, water-controlled packaging, antioxidant packaging, antibacterial packaging, CO2
generation systems, O2 scavenger packaging, and odour-absorbent packaging [107–110].

Multilayer active packaging systems with high absorbency and ion-exchange capacity
coatings such as zeolites as active coatings of low-density polyethylene (LDPE) or high-
density polyethylene (HDPE) films can be used for extending the shelf life of fruits and
vegetables [111]. For instance, in Agaricus bisporus, zeolites combined with aҫai extract active
coating in an active MAP packaging system (5% CO2, 80% O2, and 15% N2) decreased
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water loss and browning while increasing the bioactive compounds and ascorbic acid
content of the mushrooms, thereby extended shelf life to 28 days [112]. Studies have
shown that a mixture of 0.5% collagen and 1% carboxymethyl cellulose active coatings
accompanied by plasma modification of LDPE can significantly inhibit polyphenol oxidase
and β-1,3-glucanase activity, reduce the respiration rate, and increase catalase activity to
inhibit browning while maintaining the structural integrity of Agaricus bisporus mushrooms
and extending their shelf life from 7 days to 21 days [113]. Furthermore, a bilayer active
packaging of gelatin with pomegranate peel powder coated on polyethylene film combined
with MAP showed increased antibacterial activity and extended the shelf life of Pleurotus
ostreatus mushrooms by 9 days compared to the conventional packaging system [114].

Additionally, active packaging systems can involve the incorporation of active in-
gredients such as bioactive plant extracts, antioxidants, antimicrobials, O2 and ethylene
scavengers, and CO2 emitters/generators in a polymeric matrix of edible coatings or
biodegradable packaging materials [54,106,115–117]. Specifically, antibacterial and an-
tioxidant active packaging system have been reported to be the most frequently utilized
for edible mushrooms [76,87,99]. Numerous edible mushrooms, including Agaricus bis-
porus [99,118], Pleurotus ostreatus [119], and shitake mushroom [120], have been packaged
in this format on a large scale. For example, studies have shown that the incorporation
of active ingredients in biodegradable [100] and edible coating [93] polymeric matrixes
improved the mechanism of action and preservation effects of the packaging materials
(Table 5). For instance, the incorporation of 0.5% nisin antimicrobial polypeptide in PLA
significantly reduced PPO activity and total bacteria count, maintained quality by reducing
changes in texture and sensory attributes, and extended the shelf life of Boletus edulis
mushrooms to 18 days [100].

Table 5. Mechanisms of action and preservation effects of active packaging systems for fresh edi-
ble mushrooms.

Active Packaging Applicable Mechanism of Actions a Preservation Effects b Reference

Active coatings/films in a multilayer active
packaging systems

Bilayer active
packaging + MAP:

gelatin with pomegranate
peel powder coated on the

polyethylene film

Pleurotus ostreatus Increased antibacterial
activity

Increased the shelf-life of
mushroom by 9 days

compared to the control
Inhibited bacterial growth

Lowered weight loss
Improved overall

acceptability

[114]

Collagen and
carboxymethyl cellulose

active coatings with plasma
modification of LDPE

Agaricus bisporus

0.5% Collagen and 1.0%
carboxymethyl cellulose

Effectively inhibited
polyphenol oxidase and
β-1,3-glucanase activity

Modified the gas
composition in the package
(carbon dioxide: 10%–15%

and oxygen: 8%–15%)
Increase catalase activity
Reduced respiration rate

Inhibited browning
Maintained

structural integrity
Extended shelf life from 7

to 21 days

[113]

Zeolite aҫai extract coating
with MAP (5% CO2, 80%

O2, 15% N2)
Agaricus bisporus

Significantly increased
antioxidant activity

Inhibited the deterioration of
mushroom quality

slowed water loss, and
slowed the browning

process Increased bioactive
compounds and ascorbic

acid content
Extended shelf life to

28 days

[112]
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Table 5. Cont.

Active Packaging Applicable Mechanism of Actions a Preservation Effects b Reference

Active ingredients in a biodegradable
polyemeric matrix

PLA/PCL-antimicrobial Agaricus bisporus
Significantly decreased the

CO2 concentration and
microbial counts

Preserved firmness, colour,
overall quality, and market

acceptability of
mushrooms for

a 12-day storage period

[99]

PLA-0.5% nisin
antimicrobial polypeptide Boletus edulis

Reduced polyphenol oxidase
activity and total bacteria

count

Maintained quality by
reducing changes in
texture and sensory

attributes
Shelf life of 18 days with

7.5 and 15 wt.% plasticizer
PLA film

[100]

Chitosan-baicalin-
liposomes-polyvinyl

alcohol
Agaricus bisporus

Exhibited high antibacterial
activity on Escherichia coli
and Staphylococcus aureus

Inhibited weight loss
Reduced browning

and rancidity
Minimized

bacterial growth
Maintained nutrients of

mushrooms

[103]

Glutenin-tamarind
gum-melatonin Agaricus bisporus

Improved mechanical,
barrier and

thermal properties
Decreased polyphenol

oxidase activity, respiratory
rate, H2O2, and O2

− levels
Maintained high antioxidant

enzyme activities

Maintained colour and
hardness

Increased ascorbic acid and
glutathione content
Maintained quality
Delayed senescence

[121]

Active ingredients in edible coatings polymeric
matrix

Gallic acid-chitosan Agaricus bisporus

Increased the activities of
superoxide dismutase

and catalase
Reduced respiration rate and
polyphenol oxidase activity

Maintained mushroom
quality by reducing the
browning degree, O2

−,
malondialdehyde content,

H2O2, and rate of
electrolyte leakage

[93]

Chitosan-tripolyphosphate
nanoaggregates Agaricus bisporus

Exhibited a significant
reduction in polyphenol

oxidase activity
Increased the

antioxidant capacity

Reduced the
browning index

Preserved ascorbic acid
and firmness

Increased phenolic
compounds

[101]

a respiration and energy metabolism, antimicrobial activity, antioxidant activity; b nutritional value, shelf life, and
sensory quality. PLA—Polylactic acid, H2O2—hydrogen peroxide, O2

−—superoxide radical.

2.5. Nanopackaging

Nanopackaging is the process of incorporating nano-scale sizes and structures ranging
from 1–100 nm [122,123]. Nanoparticles such as zinc oxide, starch, carbon nanotubes,
silver nanoparticles, titanium dioxide, chitosan nanoparticles, nanoclay, antimicrobial
nanomaterials, and silver are widely used and have huge potential in food packaging.
Recent studies have classified nanomaterials into two separate categories with respect to
their material and shape. The material group includes metallics, carbon, organics, boron
nitride, minerals, and silicon, while the shape group involves quantum dots, nanowires,
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nanofibers, aerogels, nanorods, nanosheets, and nanotubes [123,124]. Nanoscale fillers
in polymeric matrixes can improve the mechanisms of action of packaging materials,
including their enzymatic activity, antimicrobial properties, antioxidant activity [125],
mechanical strength, thermal stability, and barrier qualities [88,126], and as such offer the
best packaging for maintaining quality and extending the shelf life of various types of
mushrooms [28,95,127,128]. For example, metal and metal oxide nanoparticles such as
gold, silver, titanium dioxide, zinc oxide, and copper oxide have antimicrobial properties
for food preservation [122].

The application of nanomaterials to conventional synthetic plastics (adding new prop-
erties) or biopolymers (helping to improve mechanical and barrier properties) that form
mushroom packaging is currently the subject of growing research [129–135]. Table 6 high-
lights the mechanisms of action and preservation effects of nanopackaging for mushrooms
from a wide range of recent studies.

Table 6. Mechanisms of action and preservation effects of nanopackaging for edible mushrooms.

Nano Packaging Applicable Mechanism of Action a Preservation Effects b References

PE/PP-Ag nanoparticles Agaricus bisporus

Delayed respiration rate
Inhibited bacterial growth

Inhibited ROS accumulation
Increased SOD and CAT activity
Reduced reactive oxygen species

Maintained sensory quality
and firmness

Reduced weight loss and
browning

Extended shelf-life from 8 to
10 days

[53]

PE- Nano masterbatch
composite

Flammulina
velutipes

Delayed ATP content decline
Inhibited carbohydrate

metabolism
Reduced energy metabolism

Maintained
post-harvest quality [127]

PVA-Nano-SiO2:nano-TiO2 Agaricus bisporus

Reduced the rate of respiration
Decreased bacteria counts

Increased antimicrobial activity
Effectively controlled the level of

O2 and CO2

Maintained pH, colour, total
phenol content, and ascorbic

acid content
[132]

PE- Nano Ag:TiO2 Agaricus bisporus
Inhibited glutathione activity

Reduced bacterial counts and rate
of respiration

Maintained ascorbic acid
content [130]

PE- Nano
Ag:TiO2:attapulgite:SiO2

Flammulina velutipes

Significantly reduced
bacterial count

Increased SOD, CAT, and POD
activities

Decreased MDA and
tyrosinase activity

Nanoparticles enhanced the
umami flavour

Increased accumulation of
phenolic compounds

[127,135–137]

Chitosan nanoparticle
-Cajuput essential oil Agaricus bisporus Decreased respiration rate

Increased antioxidant activity

Maintained firmness and
colour

Extended shelf life
[28]

Chitosan-nano-SiO2:1%
nisin Agaricus bisporus

Increased antimicrobial activity
Reduced polyphenol oxidase

activity

Reduced weight loss
Maintained colour, pH, and

total soluble solids
[138]

1-MCP: nano-packaging, 4
◦C, RH 90%–95% Pleurotus eryngii

Decreased respiration
rateEnhanced antioxidant activity

Increased PPO, SOD, and CAT
activities

Maintained texture
Improved soluble proteins [27]

Chitosan-acetic acid:
glycerol: SiO2 nanoparticles Agaricus bisporus

Reduced peroxidase activity
Increased superoxide dismutase

and catalase activities
Increased antioxidant activity

Reduced respiration rate

Prolonged shelf life to 12 days.
Increased total phenol content

Maintained overall quality
[139]

PLA-nanoTiO2
Lentinus edodes

Agaricus bisporus
Inhibited microbial activity

Reduced respiratory rate
Decreased reducing sugars
Reduced vitamin C content [140]

a respiration and energy metabolism, antimicrobial activity, antioxidant activity; b nutritional value, shelf life, and
sensory quality. CAT—catalase, H2O2—hydrogen peroxide, POD—peroxidase, O2

−—superoxide radical, PPO—
polyphenol oxidase, SOD—superoxide dismutase, MDA—malondialdehyde, ROS—reactive oxygen species.
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Nanoparticles incorporated in films can increase the shelf life of fresh produce by
regulating the exchange of gases across the films. Nanopackaging can prevent oxidative
damage and aging in mushrooms by lowering the respiration rate and ethylene synthesis,
thereby preserving high levels of ATP and energy metabolism in cells [29,53]. Studies have
shown that nanocomposite packaging materials containing nanoparticles of silver, titanium,
and silicon can effectively postpone the degradation of membrane lipids, decrease POD
activity, tyrosinase activity, and reactive oxygen in mushrooms [53,130,141]. For exam-
ple, a nanocomposite film of polyethylene with a mixture of nanosilver and nanotitania
significantly inhibited glutathione activity, reduced the rate of respiration and bacterial
counts, and maintained the ascorbic acid content of Agaricus bisporus mushrooms [130]. On
the other hand, a mixture of chitosan with nanosilica and 1% nisin nanocomposite film
increased antimicrobial activity, reduced polyphenol oxidase activity and weight loss, and
maintained the color, pH, and total soluble solids of Agaricus bisporus mushroom [138].

2.6. Modified Atmosphere Packaging (MAP)

MAP increases the shelf life of mushrooms by lowering the amount of reactive oxygen
species, thereby blocking microbial activity and respiratory metabolism. Studies have
shown that MAP is regarded as an efficient, straightforward, and relatively inexpensive
packaging technique for fresh mushrooms [21]. To create a passive modified atmosphere,
packaging bags, film covering the tray, or a tray with microporous material are directly
perforated [142,143], contributing to preservation by controlling the amount and makeup
of gases. Table 7 provides an overview of the mechanisms of action and preservation effects
of modified atmosphere packaging for mushroom. According to studies, fresh mushrooms
are preserved better in environments with low O2 levels (between 2% and 10%) and limited
CO2 levels (up to 5%).

Table 7. Mechanisms of action and preservation effects of modified atmosphere packaging for
mushrooms.

Modified Atmosphere
Packaging Applicable Mechanism of Action a Preservation Effects b Reference

PE/PA-calcium
chloride-citric acid/10% O2,

5%CO2/
5%O2, 10% CO2

Pleurotus florida

Significantly decreased
respiration rate

Increased radical scavenging
activity

10% O2 and 5% CO2:
retained quality, received

higher sensory ratings and
storage life of 25 days

Lowered the changes in
weight, pH and TSS, and
total polyphenol contents

[143]

Polyvinyl chloride-
polyethylene-silicon

window
Pine-mushrooms Lowered respiratory rate

Increased CAT activity

Delayed texture and
flavour changes, reduced

browning and weight loss,
delayed senescence
Decreased ammonia

content

[144]

Biorientated
polypropylene-gamma

irradiation
Lentinula edodes

Decreased respiratory rate
Significantly decreased

microbial count
Increased antioxidant ability
Reduced microbial activity

Increased total sugar
content

Lowered the accumulation
levels of malondialdehyde

Promoted phenolic
compounds

[145]
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Table 7. Cont.

Modified Atmosphere
Packaging Applicable Mechanism of Action a Preservation Effects b Reference

High CO2 (20% CO2 +
15% O2)

Low CO2 (30% O2 +
2% CO2)

High N2 (85% N2, 15% O2)
Low O2 (2% O2 + 30% CO2),

at 4 ◦C, 95% RH

Pleurotus eryngii
Optimised rate of respiration

attained with 20% CO2 +
15% O2

High total phenolic content
Reduced browning
Shelf life of 10 days

[146]

Cellophane film-CO2
scavenger Agaricus bisporus

Equilibrium gas composition
of 3.6% O2 and 11.5% CO2

attained

Maintained weight loss,
pH, firmness and colour [142]

50% CO2:50% N2
70% CO2:30% O2

50% CO2:50% O2, at 4 ◦C

Crassostrea
plicatula

Improved beneficial bacterial
diversity

Optimized condition CO2:O2
(70%:30%)

Reduced microbial growth [147]

Chitosan-nanopackaging-
10% O2 10%

CO2

Agaricus bisporus Reduced respiration rate Minimized changes
in quality [148]

CO2:20% O2 (applied at 2
h; 12 h and 22 h)

Agaricus bisporus
Pleurotus ostreatus

Optimized process attained at
12 h CO2 treatment

Inhibited physiological
processes

Maintained quality [149]

Alginate coating-high O2 Lentinus edodes

Alginate coating (2%) + 100%
O2: Reduced microbial count
Inhibited the activity of PPO

and POD

Maintained firmness
Delayed browning, cap

opening, changes in
soluble solids, total sugars,

and ascorbic acid
Shelf life of 16 days

[150]

a respiration and energy metabolism, antimicrobial activity, antioxidant activity; b nutritional value, shelf life, and
sensory quality. CAT—catalase, POD—peroxidase, PPO—polyphenol oxidase.

The effects of multiple initial gas components (ranging from low 3% to high 100% of
O2 content) on the nutrient components (polysaccharides, total phenols, and free amino
acids) of fresh Lentinula edodes mushroom were studied [151,152]. According to the authors,
high-O2 packaging (more than 50% O2) can enhance the umami amino acid content while
preventing the synthesis of ethanol and electrolyte leakage. MAP packaging involving
PE/PA, calcium chloride, and citric acid with 10% O2 and 5% CO2 significantly decreased
the respiration rate, increased radical scavenging activity, retained quality, received higher
sensory ratings, lowered the changes in weight, pH and TSS, and total polyphenol contents,
and extended the storage life of Pleurotus florida mushroom to 25 days [143].

3. SWOT Analysis
3.1. Strength

Regardless of the type of packaging system, they all play an important role in main-
taining or improving the quality of mushrooms and extending their shelf life [29]. Each
packaging system has unique performance characteristics defining their strengths/benefits
in terms of preserving edible mushrooms, safety, and circular economy impact.

Considering the high bioactivity of mushrooms, such as their transpiration and respi-
ration rate, extreme values of relative humidity within the packaging system have negative
effects. For example, low relative humidity can cause loss of weight and texture/hardness,
whereas high relative humidity can cause water vapour to condense within the packaging
and on the mushroom surface, providing free water for microbial growth and discol-
oration [15]. In this regard, MAP is an effective, easy, and economical mushroom packaging
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technology that prevents water vapor condensation by changing the gas composition and
moisture transport within the packaging system.

As discussed in this review article, most recent innovative packaging technologies
apply a combination of techniques whereby active ingredients or nanoparticles are incor-
porated in a bio-polymeric matrix, leading to functional edible coatings, biodegradable
packaging, active packaging, or nanopackaging for preservation of edible mushrooms.
These innovative functional packaging systems are based on biopolymers, making them
environmentally friendly, biodegradable, non-toxic, renewable, and biocompatible [29,153].
This makes them the best alternative to synthetic single-use plastic packaging materials
such as polyvinyl chloride (PVC), polyethylene (PE), and polypropylene (PP) used in
packaging in the Irish mushroom industry [154]. This can significantly contribute to a
continuous cycle of resource utilization, reducing waste and creating a closed-loop system
to promote a more sustainable future and transition to a circular bio-economy.

3.2. Weakness

Recycled plastic and biopolymer-based packaging materials can eliminate single-use
plastics in circular packaging systems or circular economies [154]. However, in Europe
fresh edible mushrooms are generally retailed in polypropylene (PP) punnets wrapped
in a stretchable polyvinyl chloride (PVC) cling film, and trays are single use plastics with
a label on the top [155]. This kind of film not only has high permeability to O2 and
CO2, it uses single-use plastics subject to environmental criticism, and might be banned
for food packaging in the future. The packaging film must be environmentally friendly
and adapted to the O2 and CO2 requirements of the commodity, which largely depend
on the storage temperature [153,156]. Similarly, the packaging systems used in the Irish
mushroom industry represent one of the main contributing factors to the high percentage of
plastic waste sent to landfills and incinerators in Ireland [154]. According to EU Packaging
Regulations (SI 322/2020), Ireland must hit recycling targets of 65% of all packaging by
2025 and 70% by 2030, whereas the 2023 report of the Environmental Protection Agency
(EPA) indicated that in 2021 only 28% of plastic waste was recycled in Ireland.

Studies have shown that the use of single or multiple perforations in MAP can pose
risks due to microbial safety, moisture penetration into the product, and loss of volatile
flavor compounds [157]. On the other hand, the design of MAP depends on the properties
of the packaging material, gas composition in the environment, sample surface, storage
temperature, and humidity [142,158]. This complicates operation and control, and requires
consideration of all of the above parameters to allow for species-specific MAP design
for mushrooms.

Because of these limitations of MAP, as discussed in Section 2, current studies have
focused on innovative functional packaging materials such as active packaging, edible
coatings, biodegradable film packaging, and nanopackaging; however, all of these have
their own limitations. For example, active packaging systems are emerging with active
roles as O2/ethylene scavengers, CO2 generation systems, antioxidants, antimicrobials,
and odor absorbers. However, the main challenge is to control the release rate of active
ingredients within active packaging systems during storage [29]. For this reason, there
is increasing research on the need for encapsulation techniques for active ingredients in
edible coatings and biodegradable packaging systems; in particular, synergistic effects are
worth further investigation.

Biodegradable film packaging has poor technical and functional properties such as me-
chanical properties and barrier properties, which limits its industrial expansion [29,153,156].
Overall, the limitations of emerging packaging technologies such as edible coatings,
biodegradable film packaging, and nanopackaging depend on the primary origin, pro-
duction method, and waste management system of the biopolymer. Therefore, life cycle
assessment of materials is necessary to make them into global industrial food-grade pack-
aging materials. On top of this, nanopackaging and active packaging materials may pose
migration issues threatening the safety of humans and the environment.
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3.3. Opportunities

From MAP to innovative functional packaging materials such as active packaging,
biodegradable packaging, edible coatings, and nanopackaging, the continued expansion
of innovation in packaging technology is enabling innovation of a variety of sustainable
packaging options to close the loop on plastic waste and promote a circular economy.
The development of MAP using recycled materials and a combination of these packaging
formats can help in reshaping the way in which mushrooms are packaged and consumed
while reducing food and plastic waste.

For example, recycled polyethylene terephthalate (rPET) is a sustainable approach
to move away from single-use plastics. It is a lightweight, rigid packaging material with
excellent barrier properties, which can support the circular economy by using recycled
materials and minimizing waste [154]. The team behind the Science Foundation of Ire-
land (SFI) Food Waste Challenge winner Leaf No Waste project packaging team (based
in National Prepared Consumer Food Research Centre, Teagasc, Ashtown) is currently
investigating and trialling the use of novel rPET for fresh produce packaging. PET mono
and rPET films can be used to introduce modified atmosphere in the package to extend the
shelf life of fresh produce such as mushrooms. This can support Ireland in complying with
the EU Packaging Regulation (SI 322/2020). The lightweight novel rPET plastic punnets are
fully recyclable compared to PP (polypropylene), which is the most used plastic packaging
material in Irish mushroom packaging. If successfully used, PET monomaterials could
eliminate the use of Poly-Vinyl Chloride (PVC) in fresh produce packaging in general.

Mixing biodegradable polymers with nanoparticles is one of the most effective ways to
obtain novel packaging materials with desirable properties. For example, the incorporation
of nanomaterials or active ingredients in biodegradable packaging, edible coatings, and
MAP can improve the techno-functional properties of packaging materials and extend the
shelf life of mushrooms.

In recent years, functional paper and cardboard packaging for raw mushrooms has
gradually emerged as a sustainable alternative to single-use plastics [159]. Therefore, incor-
porating ethylene scavengers, tyrosinase inhibitors, and essential oils to develop innovative
activated paper and pulp trays can help slow down respiration and softening rates while
preventing weight loss and browning of Irish edible mushrooms. For instance, the SFI
food waste challenge winner the Leaf No Waste project aimed to develop novel sustainable
functional compostable food contact packaging materials by increasing diversification of
biopolymer sources through utilization of renewable biological resources and valorization
of waste, which can support the Irish bio-economy action plans and reduce plastic waste.

Interestingly, many industries around the world are now moving towards producing
biopolymers-based packaging, such as WikiFoods and Loliware’s edible packaging, Ecova-
tive packaging from mushroom mycelium, Nature Works plant-based plastics, reusable
packaging systems from Loop, and a number of companies producing recycled paper and
cardboard. Considering the current advancements in research and industrial trends focus-
ing on bio-based packaging technologies, there is a great opportunity for recycled plastic
MAP, edible coatings, biodegradable packaging, nanopackaging, and active packaging to
promote a circular economy in the Irish edible mushroom industry.

3.4. Threats

In MAP, the use of perforation techniques may involve microbial safety risks, though
in biodegradable film packaging and edible coatings the use of pure biopolymers poses no
threat to society or the environment [29,153,156]. However, when biopolymers are com-
bined with nanofillers or active ingredients to improve the functionality of the packaging
materials, there might be a risk that these active ingredients will enter the mushroom and
cause both short-term and long-term health hazards. Additionally, nanoparticles or active
ingredients might migrate into soil or water bodies during the biodegradation process;
hence, there could be a risk of environmental pollution. As set out in Section 2 of this review,
there is a lack of research on migration studies concerning innovative packaging materials.
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4. Conclusions

This review paper offers a theoretical foundation on the mechanisms of action and
preservation effects of active packaging, edible coatings, compostable/biodegradable
packaging, modified atmosphere packaging, and nanopackaging for new approaches
to preserve Irish edible mushrooms. In light of the characteristics of various mushroom
species and packaging systems, it is best to combine different packaging techniques in order
to fully utilize the advantages of each and achieve the best preservation effect. Potential
migration of active ingredients or nanoparticles from packaging materials needs attention
in future research to ensure food safety and regulatory compliance.

The SWOT analysis highlights the strength, weakness, and threats of these packaging
systems and discusses the potential opportunity presented by these packaging systems
for trialling innovative packaging materials for fresh mushroom in the Irish context. This
could promote plastic waste reduction by addressing potential strategies around creating a
continuous cycle of natural resource use for biopolymers, active ingredients, edible coatings,
and nanopackaging in which plastic packaging materials are reused or recycled instead
of being disposed of after a single use, aiding the shift towards a more sustainable and
circular bio-economy.
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70. Yazıcıoğlu, N. Effects of Leek Powder and Sunflower Oil in Guar Gum Edible Coating on the Preservation of Mushrooms
(Agaricus bisporus). Turk. J. Agric. Food Sci. Technol. 2023, 11, 2533–2539. [CrossRef]

71. Gao, M.; Feng, L.; Jiang, T. Browning inhibition and quality preservation of button mushroom (Agaricus bisporus) by essential oils
fumigation treatment. Food Chem. 2014, 149, 107–113. [CrossRef]

72. Karimirad, R.; Behnamian, M.; Dezhsetan, S. Bitter orange oil incorporated into chitosan nanoparticles: Preparation, characteriza-
tion and their potential application on antioxidant and antimicrobial characteristics of white button mushroom. Food Hydrocoll.
2020, 100, 105387. [CrossRef]

73. Guo, Y.; Chen, X.; Gong, P.; Wang, R.; Han, A.; Deng, Z.; Qi, Z.; Long, H.; Wang, J.; Yao, W.; et al. Advances in the Role
and Mechanisms of Essential Oils and Plant Extracts as Natural Preservatives to Extend the Postharvest Shelf Life of Edible
Mushrooms. Foods 2023, 12, 801. [CrossRef]

74. Niu, Y.; Yun, J.; Bi, Y.; Wang, T.; Zhang, Y.; Liu, H.; Zhao, F. Predicting the shelf life of postharvest Flammulina velutipes at various
temperatures based on mushroom quality and specific spoilage organisms. Postharvest Biol Technol. 2020, 167, 111235. [CrossRef]

75. Shao, P.; Yu, J.; Chen, H.; Gao, H. Development of microcapsule bioactive paper loaded with cinnamon essential oil to improve
the quality of edible fungi. Food Packag. Shelf. Life 2021, 27, 100617. [CrossRef]

76. Zhang, R.; Belwal, T.; Li, L.; Lin, X.; Xu, Y.; Luo, Z. Recent advances in polysaccharides stabilized emulsions for encapsulation
and delivery of bioactive food ingredients: A review. Carbohydr. Polym. 2020, 242, 116388. [CrossRef]

77. Nasiri, M.; Barzegar, M.; Sahari, M.A.; Niakousari, M. Tragacanth gum containing Zataria multiflora Boiss. essential oil as a natural
preservative for storage of button mushrooms (Agaricus bisporus). Food Hydrocoll. 2017, 72, 202–209. [CrossRef]

78. Karimirad, R.; Behnamian, M.; Dezhsetan, S. Application of chitosan nanoparticles containing Cuminum cyminum oil as a
delivery system for shelf life extension of Agaricus bisporus. LWT 2019, 106, 218–228. [CrossRef]

79. Huang, W.-Y.; Cai, Y.-Z.; Zhang, Y. Natural phenolic compounds from medicinal herbs and dietary plants: Potential use for cancer
prevention. Nutr. Cancer 2010, 62, 1–20. [CrossRef]

80. Ji, K.; Cho, Y.S.; Kim, Y.T. Tyrosinase Inhibitory and Anti-oxidative Effects of Lactic Acid Bacteria Isolated from Dairy Cow Feces.
Probiotics Antimicrob. Proteins 2018, 10, 43–55. [CrossRef]

81. Loizzo, M.R.; Tundis, R.; Menichini, F. Natural and Synthetic Tyrosinase Inhibitors as Antibrowning Agents: An Update. Compr.
Rev. Food Sci. Food Saf. 2012, 11, 378–398. [CrossRef]

82. Haudecoeur, R.; Carotti, M.; Gouron, A.; Maresca, M.; Buitrago, E.; Hardre, R.; Bergantino, E.; Jamet, H.N.; Belle, C.; Reglier, M.;
et al. 2-Hydroxypyridine- N-oxide-Embedded Aurones as Potent Human Tyrosinase Inhibitors. ACS Med. Chem. Lett. 2016, 8,
55–60. [CrossRef]

83. Lee, H.; Yildiz, G.; dos Santos, L.C.; Jiang, S.; Andrade, J.E.; Engeseth, N.J.; Feng, H. Soy protein nano-aggregates with improved
functional properties prepared by sequential pH treatment and ultrasonication. Food Hydrocoll. 2016, 55, 200–209. [CrossRef]

84. Chen, K.; Zhao, D.Y.; Chen, Y.L.; Wei, X.Y.; Li, Y.T.; Kong, L.M.; Hider, R.C.; Zhou, T. A Novel Inhibitor Against Mushroom
Tyrosinase with a Double Action Mode and Its Application in Controlling the Browning of Potato. Food Bioprocess Technol. 2017,
10, 2146–2155. [CrossRef]

85. Deshmukh, B.S.; Waghmode, A. Role of wild edible fruits as a food resource: Traditional knowledge. Int. J. Pharm. Life Sci. 2011,
2, 919–924.

86. Zhang, L.; Liu, Z.; Sun, Y.; Wang, X.; Li, L. Combined antioxidant and sensory effects of active chitosan/zein film containing
α-tocopherol on Agaricus bisporus. Food Packag. Shelf Life 2020, 24, 100470. [CrossRef]

87. Zhang, R.; Cheng, M.; Wang, X.; Wang, J. Bioactive mesoporous nano-silica/potato starch films against molds commonly found
in post-harvest white mushrooms. Food Hydrocoll. 2019, 95, 517–525. [CrossRef]

https://doi.org/10.3390/nano11020292
https://www.ncbi.nlm.nih.gov/pubmed/33499415
https://doi.org/10.1016/j.ijbiomac.2021.12.023
https://doi.org/10.3762/bjnano.11.129
https://www.ncbi.nlm.nih.gov/pubmed/33029474
https://doi.org/10.1016/j.ijbiomac.2021.05.182
https://doi.org/10.1016/j.scienta.2019.04.062
https://doi.org/10.1016/j.fpsl.2021.100662
https://doi.org/10.3390/agriculture12091491
https://doi.org/10.2525/ecb.59.87
https://doi.org/10.24925/turjaf.v11is1.2533-2539.6442
https://doi.org/10.1016/j.foodchem.2013.10.073
https://doi.org/10.1016/j.foodhyd.2019.105387
https://doi.org/10.3390/foods12040801
https://doi.org/10.1016/j.postharvbio.2020.111235
https://doi.org/10.1016/j.fpsl.2020.100617
https://doi.org/10.1016/j.carbpol.2020.116388
https://doi.org/10.1016/j.foodhyd.2017.05.045
https://doi.org/10.1016/j.lwt.2019.02.062
https://doi.org/10.1080/01635580903191585
https://doi.org/10.1007/s12602-017-9274-x
https://doi.org/10.1111/j.1541-4337.2012.00191.x
https://doi.org/10.1021/acsmedchemlett.6b00369
https://doi.org/10.1016/j.foodhyd.2015.11.022
https://doi.org/10.1007/s11947-017-1976-2
https://doi.org/10.1016/j.fpsl.2020.100470
https://doi.org/10.1016/j.foodhyd.2019.04.060


Coatings 2024, 14, 172 19 of 21

88. Chawla, R.; Sivakumar, S.; Kaur, H. Antimicrobial edible films in food packaging: Current scenario and recent nanotechnological
advancements- a review. Carbohydr. Polym. Technol. Appl. 2021, 2, 100024. [CrossRef]

89. Pei, F.; Han, P.; Zhou, Z.; Fang, D.; Mariga, A.M.; Yang, W.; Ma, N.; Hu, Q. The characteristics of the film assembled by caffeic
acid-grafted-chitosan/polylactic acid and its effect on the postharvest quality of Agaricus bisporus. Food Packag. Shelf Life 2022, 32,
100828. [CrossRef]

90. Roy, S.; Rhim, J.W. Starch/agar-based functional films integrated with enoki mushroom-mediated silver nanoparticles for active
packaging applications. Food Biosci. 2022, 49, 101867. [CrossRef]

91. Escamilla-García, M.; Calderón-Domínguez, G.; Chanona-Pérez, J.J.; Farrera-Rebollo, R.R.; Andraca-Adame, J.A.; Arzate-Vázquez,
I.; Mendez-Mendez, J.V.; Moreno-Ruiz, L.A. Physical and structural characterisation of zein and chitosan edible films using
nanotechnology tools. Int. J. Biol. Macromol. 2013, 61, 196–203. [CrossRef]

92. Kumar, D.; Kumar, P.; Pandey, J. Binary grafted chitosan film: Synthesis, characterization, antibacterial activity and prospects for
food packaging. Int. J. Biol. Macromol. 2018, 115, 341–348. [CrossRef]

93. Liu, J.; Liu, S.; Zhang, X.; Kan, J.; Jin, C. Effect of gallic acid grafted chitosan film packaging on the postharvest quality of white
button mushroom (Agaricus bisporus). Postharvest Biol. Technol. 2019, 147, 39–47. [CrossRef]

94. Zhang, L.; Liu, Z.; Wang, X.; Dong, S.; Sun, Y.; Zhao, Z. The properties of chitosan/zein blend film and effect of film on quality of
mushroom (Agaricus bisporus). Postharvest Biol. Technol. 2019, 155, 47–56. [CrossRef]

95. He, X.; Wang, X.; Liu, Y.; Fang, H.; Zheng, S.; Liu, H.; Guan, W.; Yan, R. Biodegradable PBAT/PLA packaging maintained
the quality of postharvest shiitake mushroom by modified humidity and atmosphere. Food Packag. Shelf Life 2022, 34, 100949.
[CrossRef]

96. Wang, X.; Sun, Y.; Liu, Z.; Huang, X.; Yi, F.; Hou, F.; Zhang, F. Preparation and characterization of chitosan/zein film loaded with
lemon essential oil: Effects on postharvest quality of mushroom (Agaricus bisporus). Int. J. Biol. Macromol. 2021, 192, 635–643.
[CrossRef]

97. Wang, X.; He, X.; Wu, X.; Fan, X.; Wang, F.; Lin, Q.; Guan, W.; Zhang, N. UV-C treatment inhibits browning, inactivates
Pseudomonas tolaasii and reduces associated chemical and enzymatic changes of button mushrooms. J. Sci. Food Agric. 2022, 102,
3259–3265. [CrossRef]

98. Al-Tayyar, N.A.; Youssef, A.M.; Al-hindi, R. Antimicrobial food packaging based on sustainable Bio-based materials for reducing
foodborne Pathogens: A review. Food Chem. 2020, 310, 125915. [CrossRef]

99. Qin, Y.; Liu, D.; Wu, Y.; Yuan, M.; Li, L.; Yang, J. Effect of PLA/PCL/cinnamaldehyde antimicrobial packaging on physicochemical
and microbial quality of button mushroom (Agaricus bisporus). Postharvest Biol. Technol. 2015, 99, 73–79. [CrossRef]

100. Han, L.; Qin, Y.; Liu, D.; Chen, H.; Li, H.; Yuan, M. Evaluation of biodegradable film packaging to improve the shelf-life of Boletus
edulis wild edible mushrooms. Innov. Food Sci. Emerg. Technol. 2015, 29, 288–294. [CrossRef]

101. Ojeda, G.A.; Sgroppo, S.C.; Martín-Belloso, O.; Soliva-Fortuny, R. Chitosan/tripolyphosphate nanoaggregates enhance the
antibrowning effect of ascorbic acid on mushroom slices. Postharvest Biol. Technol. 2019, 156, 110934. [CrossRef]

102. Atta, O.M.; Manan, S.; Shahzad, A.; Ul-Islam, M.; Ullah, M.W.; Yang, G. Biobased materials for active food packaging: A review.
Food Hydrocoll. 2022, 125, 107419. [CrossRef]

103. Lu, S.; Tao, J.; Liu, X.; Wen, Z. Baicalin-liposomes loaded polyvinyl alcohol-chitosan electrospinning nanofibrous films: Character-
ization, antibacterial properties and preservation effects on mushrooms. Food Chem. 2022, 371, 131372. [CrossRef]

104. Yildirim, S.; Röcker, B.; Pettersen, M.K.; Nilsen-Nygaard, J.; Ayhan, Z.; Rutkaite, R.; Radusin, T.; Suminska, P.; Marcos, B.; Coma,
V. Active Packaging Applications for Food. Compr. Rev. Food Sci. Food Saf. 2018, 17, 165–199. [CrossRef] [PubMed]

105. Ahmed, M.W.; Haque, M.A.; Mohibbullah, M.; Khan, M.S.I.; Islam, M.A.; Mondal, M.H.T.; Ahmmed, R. A review on active
packaging for quality and safety of foods: Current trends, applications, prospects and challenges. Food Packag. Shelf Life 2022, 33,
100913. [CrossRef]

106. Kuai, L.; Liu, F.; Chiou, B.S.; Avena-Bustillos, R.J.; McHugh, T.H.; Zhong, F. Controlled release of antioxidants from active food
packaging: A review. Food Hydrocoll. 2021, 120, 106992. [CrossRef]

107. Ahmed, F.A.; Arif, M.; Alvarez, A.M. Antibacterial effect of potassium tetraborate tetrahydrate against soft rot disease agent
Pectobacterium carotovorum in tomato. Front. Microbiol. 2017, 8, 1728. [CrossRef]

108. Karimirad, R.; Behnamian, M.; Dezhsetan, S. Development and characterization of nano biopolymer containing cumin oil as a
new approach to enhance antioxidant properties of button mushroom. Int. J. Biol. Macromol. 2018, 113, 662–668. [CrossRef]

109. Carina, D.; Sharma, S.; Jaiswal, A.K.; Jaiswal, S. Seaweeds polysaccharides in active food packaging: A review of recent progress.
Trends Food Sci. Technol. 2021, 110, 559–572. [CrossRef]

110. Zuo, C.; Hu, Q.; Su, A.; Pei, F.; Ma, G.; Xu, H.; Xie, M.; Liu, J.; Mariga, A.M.; Yang, W. Transcriptome analysis reveals the
underlying mechanism of nanocomposite packaging in delaying quality deterioration of Flammulina velutipes. Postharvest Biol.
Technol. 2021, 182, 111723. [CrossRef]

111. Eroglu, N.; Emekci, M.; Athanassiou, C.G. Applications of natural zeolites on agriculture and food production. J. Sci. Food Agric.
2017, 97, 3487–3499. [CrossRef]

112. Hanula, M.; Pogorzelska-Nowicka, E.; Pogorzelski, G.; Szpicer, A.; Wojtasik-Kalinowska, I.; Wierzbicka, A.; Półtorak, A. Active
packaging of button mushrooms with zeolite and açai extract as an innovative method of extending its shelf life. Agriculture 2021,
11, 653. [CrossRef]

https://doi.org/10.1016/j.carpta.2020.100024
https://doi.org/10.1016/j.fpsl.2022.100828
https://doi.org/10.1016/j.fbio.2022.101867
https://doi.org/10.1016/j.ijbiomac.2013.06.051
https://doi.org/10.1016/j.ijbiomac.2018.04.084
https://doi.org/10.1016/j.postharvbio.2018.09.004
https://doi.org/10.1016/j.postharvbio.2019.05.013
https://doi.org/10.1016/j.fpsl.2022.100949
https://doi.org/10.1016/j.ijbiomac.2021.10.068
https://doi.org/10.1002/jsfa.11668
https://doi.org/10.1016/j.foodchem.2019.125915
https://doi.org/10.1016/j.postharvbio.2014.07.018
https://doi.org/10.1016/j.ifset.2015.04.008
https://doi.org/10.1016/j.postharvbio.2019.110934
https://doi.org/10.1016/j.foodhyd.2021.107419
https://doi.org/10.1016/j.foodchem.2021.131372
https://doi.org/10.1111/1541-4337.12322
https://www.ncbi.nlm.nih.gov/pubmed/33350066
https://doi.org/10.1016/j.fpsl.2022.100913
https://doi.org/10.1016/j.foodhyd.2021.106992
https://doi.org/10.3389/fmicb.2017.01728
https://doi.org/10.1016/j.ijbiomac.2018.02.043
https://doi.org/10.1016/j.tifs.2021.02.022
https://doi.org/10.1016/j.postharvbio.2021.111723
https://doi.org/10.1002/jsfa.8312
https://doi.org/10.3390/agriculture11070653


Coatings 2024, 14, 172 20 of 21

113. Chang, C.K.; Cheng, K.C.; Hou, C.Y.; Wu, Y.S.; Hsieh, C.W. Development of active packaging to extend the shelf life of Agaricus
bisporus by using plasma technology. Polymers 2021, 13, 2120. [CrossRef]

114. Han Lyn, F.; Maryam Adilah, Z.A.; Nor-Khaizura, M.A.R.; Jamilah, B.; Nur Hanani, Z.A. Application of modified atmosphere
and active packaging for oyster mushroom (Pleurotus ostreatus). Food Packag. Shelf Life 2020, 23, 100451. [CrossRef]

115. Bolumar, T.; Andersen, M.L.; Orlien, V. Antioxidant active packaging for chicken meat processed by high pressure treatment.
Food Chem. 2011, 129, 1406–1412. [CrossRef]

116. Singh, S.; Gaikwad, K.K.; Lee, M.; Lee, Y.S. Thermally buffered corrugated packaging for preserving the postharvest freshness of
mushrooms (Agaricus bispours). J. Food Eng. 2018, 216, 11–19. [CrossRef]

117. Li, T.; Liu, Y.; Qin, Q.; Zhao, L.; Wang, Y.; Wu, X.; Liao, X. Development of electrospun films enriched with ethyl lauroyl arginate
as novel antimicrobial food packaging materials for fresh strawberry preservation. Food Control 2021, 130, 108371. [CrossRef]

118. Wrona, M.; Bentayeb, K.; Nerín, C. A novel active packaging for extending the shelf-life of fresh mushrooms (Agaricus bisporus).
Food Control 2015, 54, 200–207. [CrossRef]

119. Han, J.W.; Ruiz-Garcia, L.; Qian, J.P.; Yang, X.T. Food Packaging: A Comprehensive Review and Future Trends. Compr. Rev. Food
Sci. Food Saf. 2018, 17, 860–877. [CrossRef] [PubMed]

120. Ye, J.J.; Li, J.R.; Han, X.X.; Zhang, L.; Jiang, T.J.; Xia, M. Effects of Active Modified Atmosphere Packaging on Postharvest Quality
of Shiitake Mushrooms (Lentinula edodes) Stored at Cold Storage. J. Integr. Agric. 2012, 11, 474–482. [CrossRef]

121. Feng, L.; Jiang, X.; Kitazawa, H.; Wang, X.; Guo, Y.; Li, L.; Liu, H.; Wang, Y.; Wang, J. Characterization of bioactive films loaded
with melatonin and regulation of postharvest ROS scavenging and ascorbate-glutathione cycle in Agaricus bisporus. Postharvest
Biol. Technol. 2022, 194, 112107. [CrossRef]

122. Dash, K.K.; Deka, P.; Bangar, S.P.; Chaudhary, V.; Trif, M.; Rusu, A. Applications of Inorganic Nanoparticles in Food Packaging: A
Comprehensive Review. Polymers 2022, 14, 521. [CrossRef]

123. Piperigkou, Z.; Karamanou, K.; Engin, A.B.; Gialeli, C.; Docea, A.O.; Vynios, D.H.; Pavão, M.S.G.; Golokhvast, K.S.; Shtilman,
M.I.; Argiris, A.; et al. Emerging aspects of nanotoxicology in health and disease: From agriculture and food sector to cancer
therapeutics. Food Chem. Toxicol. 2016, 91, 42–57. [CrossRef]

124. Yan, L.; Zhao, F.; Li, S.; Hu, Z.; Zhao, Y. Low-toxic and safe nanomaterials by surface-chemical design, carbon nanotubes,
fullerenes, metallofullerenes, and graphenes. Nanoscale 2011, 3, 362–382. [CrossRef]

125. Xing, Y.; Li, W.; Wang, Q.; Li, X.; Xu, Q.; Guo, X.; Bi, X.; Liu, X.; Shui, Y.; Lin, H.; et al. Antimicrobial Nanoparticles Incorporated
in Edible Coatings and Films for the Preservation of Fruits and Vegetables. Molecules 2019, 24, 1695. [CrossRef]

126. Emamhadi, M.A.; Sarafraz, M.; Akbari, M.; Thai, V.N.; Fakhri, Y.; Linh, N.T.T.; Mousavi Khaneghah, A. Nanomaterials for food
packaging applications: A systematic review. Food Chem. Toxicol. 2020, 146, 111825. [CrossRef]

127. Fang, D.; Wang, H.; Deng, Z.; Kimatu, B.M.; Pei, F.; Hu, Q.; Ma, N. Nanocomposite packaging regulates energy metabolism of
mushrooms (Flammulina filiformis) during cold storage: A study on mitochondrial proteomics. Postharvest Biol. Technol. 2022, 193,
112046. [CrossRef]

128. Zhang, S.; Fang, X.; Wu, W.; Tong, C.; Chen, H.; Yang, H.; Gao, H. Effects of negative air ions treatment on the quality of fresh
shiitake mushroom (Lentinus edodes) during storage. Food Chem. 2022, 371, 131200. [CrossRef]

129. Chau, C.F.; Wu, S.H.; Yen, G.C. The development of regulations for food nanotechnology. Trends Food Sci. Technol. 2007, 18,
269–280. [CrossRef]

130. Hernández-Muñoz, P.; Cerisuelo, J.P.; Domínguez, I.; López-Carballo, G.; Catalá, R.; Gavara, R. Nanotechnology in Food
Packaging. In Nanomaterials for Food Applications; Elsevier: Amsterdam, The Netherlands, 2019; pp. 205–232. [CrossRef]

131. Huang, J.; Hu, Z.; Hu, L.; Li, G.; Yao, Q.; Hu, Y. Pectin-based active packaging: A critical review on preparation, physical
properties and novel application in food preservation. Trends Food Sci. Technol. 2021, 118, 167–178. [CrossRef]

132. Cai, M.; Zhong, H.; Ma, Q.; Yang, K.; Sun, P. Physicochemical and microbial quality of Agaricus bisporus packaged in nano-
SiO2/TiO2 loaded polyvinyl alcohol films. Food Control 2022, 131, 108452. [CrossRef]

133. Zheng, B.; Kou, X.; Liu, C.; Wang, Y.; Yu, Y.; Ma, J.; Liu, Y.; Xue, Z. Effect of nanopackaging on the quality of edible mushrooms
and its action mechanism: A review. Food Chem. 2023, 407, 135099. [CrossRef]

134. Ma, N.; Wang, C.; Pei, F.; Han, P.; Su, A.; Ma, G.; Kimatu, B.M.; Hu, Q.; Fang, D. Polyethylene-based packaging material loaded
with nano-Ag/TiO2 delays quality deterioration of Agaricus bisporus via membrane lipid metabolism regulation. Postharvest Biol.
Technol. 2022, 183, 111747. [CrossRef]

135. Shi, C.; Wu, Y.; Fang, D.; Pei, F.; Mariga, A.M.; Yang, W.; Hu, Q. Effect of nanocomposite packaging on postharvest senescence of
Flammulina velutipes. Food Chem. 2018, 246, 414–421. [CrossRef]

136. Zhang, P.; Fang, D.; Pei, F.; Wang, C.; Jiang, W.; Hu, Q.; Ma, N. Nanocomposite packaging materials delay the browning of
Agaricus bisporus by modulating the melanin pathway. Postharvest Biol. Technol. 2022, 192, 112014. [CrossRef]

137. Zhou, Z.; Han, P.; Bai, S.; Ma, N.; Fang, D.; Yang, W.; Hu, Q.; Pei, F. Caffeic acid-grafted-chitosan/polylactic acid film packaging
enhances the postharvest quality of Agaricus bisporus by regulating membrane lipid metabolism. Food Res. Int. 2022, 158, 111557.
[CrossRef]

138. Sami, R.; Elhakem, A.; Almushhin, A.; Alharbi, M.; Almatrafi, M.; Benajiba, N.; Fikry, M.; Helal, M. Enhancement in physico-
chemical parameters and microbial populations of mushrooms as influenced by nano-coating treatments. Sci. Rep. 2021, 11, 7915.
[CrossRef]

https://doi.org/10.3390/polym13132120
https://doi.org/10.1016/j.fpsl.2019.100451
https://doi.org/10.1016/j.foodchem.2011.05.082
https://doi.org/10.1016/j.jfoodeng.2017.07.013
https://doi.org/10.1016/j.foodcont.2021.108371
https://doi.org/10.1016/j.foodcont.2015.02.008
https://doi.org/10.1111/1541-4337.12343
https://www.ncbi.nlm.nih.gov/pubmed/33350114
https://doi.org/10.1016/S2095-3119(12)60033-1
https://doi.org/10.1016/j.postharvbio.2022.112107
https://doi.org/10.3390/polym14030521
https://doi.org/10.1016/j.fct.2016.03.003
https://doi.org/10.1039/C0NR00647E
https://doi.org/10.3390/molecules24091695
https://doi.org/10.1016/j.fct.2020.111825
https://doi.org/10.1016/j.postharvbio.2022.112046
https://doi.org/10.1016/j.foodchem.2021.131200
https://doi.org/10.1016/j.tifs.2007.01.007
https://doi.org/10.1016/B978-0-12-814130-4.00008-7
https://doi.org/10.1016/j.tifs.2021.09.026
https://doi.org/10.1016/j.foodcont.2021.108452
https://doi.org/10.1016/j.foodchem.2022.135099
https://doi.org/10.1016/j.postharvbio.2021.111747
https://doi.org/10.1016/j.foodchem.2017.10.103
https://doi.org/10.1016/j.postharvbio.2022.112014
https://doi.org/10.1016/j.foodres.2022.111557
https://doi.org/10.1038/s41598-021-87053-w


Coatings 2024, 14, 172 21 of 21

139. Khojah, E.; Sami, R.; Helal, M.; Elhakem, A.; Benajiba, N.; Alharbi, M.; Alkaltham, M.S. Effect of coatings using titanium dioxide
nanoparticles and chitosan films on oxidation during storage on white button mushroom. Crystals 2021, 11, 603. [CrossRef]

140. Yin, Y.; Xing, L.; Zhou, G.; Zhang, W. Antioxidative and Antibacterial Activities of Rosemary Extract in Raw Ground Pork Patties.
J. Food Nutr. Res. 2016, 4, 806–813. [CrossRef]

141. Zheng, E.; Zheng, Z.; Ren, S.; Zhou, H.; Yang, H. Postharvest quality and reactive oxygen species metabolism improvement of
Coprinus comatus mushroom using allyl isothiocyanate fumigation. Food Qual. Saf. 2022, 6, fyac031. [CrossRef]

142. Oliveira, F.; Sousa-Gallagher, M.J.; Mahajan, P.V.; Teixeira, J.A. Evaluation of MAP engineering design parameters on quality of
fresh-sliced mushrooms. J. Food Eng. 2012, 108, 507–514. [CrossRef]

143. Jafri, M.; Jha, A.; Bunkar, D.S.; Ram, R.C. Quality retention of oyster mushrooms (Pleurotus florida) by a combination of chemical
treatments and modified atmosphere packaging. Postharvest Biol. Technol. 2013, 76, 112–118. [CrossRef]

144. Wei, W.; Lv, P.; Xia, Q.; Tan, F.; Sun, F.; Yu, W.; Jia, L.; Cheng, J. Fresh-keeping effects of three types of modified atmosphere
packaging of pine-mushrooms. Postharvest Biol. Technol. 2017, 132, 62–70. [CrossRef]

145. Jiang, T.; Luo, S.; Chen, Q.; Shen, L.; Ying, T. Effect of integrated application of gamma irradiation and modified atmosphere
packaging on physicochemical and microbiological properties of shiitake mushroom (Lentinus edodes). Food Chem. 2010, 122,
761–767. [CrossRef]

146. Wan-Mohtar, W.A.A.Q.I.; Klaus, A.; Cheng, A.; Salis, S.A.; Abdul Halim-Lim, S. Total quality index of commercial oyster
mushroom Pleurotus sapidus in modified atmosphere packaging. Br. Food J. 2019, 121, 1871–1883. [CrossRef]

147. Chen, H.; Wang, M.; Lin, X.; Shi, C.; Liu, Z. Bacterial microbiota profile in gills of modified atmosphere-packaged oysters stored
at 4 ◦C. Food Microbiol. 2017, 61, 58–65. [CrossRef] [PubMed]

148. Gholami, R.; Ahmadi, E.; Ahmadi, S. Investigating the effect of chitosan, nanopackaging, and modified atmosphere packaging on
physical, chemical, and mechanical properties of button mushroom during storage. Food Sci. Nutr. 2020, 8, 224–236. [CrossRef]

149. Gunko, S.; Trynchuk, O.; Naumenko, O.; Podpriatov, H.; Khomichak, L.; Bober, A.; Zavhorodnii, V.; Voitsekhivskyi, V.; Zavadska,
O.; Bondareva, L. The effect of carbon dioxide on the quality of the mushrooms. Potravin. Slovak J. Food Sci. 2021, 15, 1018–1028.
[CrossRef]

150. Jiang, T. Effect of alginate coating on physicochemical and sensory qualities of button mushrooms (Agaricus bisporus) under a
high oxygen modified atmosphere. Postharvest Biol. Technol. 2013, 76, 91–97. [CrossRef]

151. Li, Y.; Ishikawa, Y.; Satake, T.; Kitazawa, H.; Qiu, X.; Rungchang, S. Effect of active modified atmosphere packaging with different
initial gas compositions on nutritional compounds of shiitake mushrooms (Lentinus edodes). Postharvest Biol. Technol. 2014, 92,
107–113. [CrossRef]

152. Li, P.; Zhang, X.; Hu, H.; Sun, Y.; Wang, Y.; Zhao, Y. High carbon dioxide and low oxygen storage effects on reactive oxygen
species metabolism in Pleurotus eryngii. Postharvest Biol. Technol. 2013, 85, 141–146. [CrossRef]

153. Perera, K.Y.; Jaiswal, S.; Jaiswal, A.K. A review on nanomaterials and nanohybrids based bio-nanocomposites for food packaging.
Food Chem. 2022, 376, 131912. [CrossRef]

154. Boyle, C. Cream of the crop. TResearch 2023, 18, 22–23.
155. Villaescusa, R.; Gil, M.I. Quality improvement of Pleurotus mushrooms by modified atmosphere packaging and moisture

absorbers. Postharvest Biol. Technol. 2003, 28, 169–179. [CrossRef]
156. Perera, K.Y.; Jaiswal, A.K.; Jaiswal, S. Biopolymer-Based Sustainable Food Packaging Materials: Challenges, Solutions, and

Applications. Foods 2023, 12, 2422. [CrossRef]
157. Caleb, O.J.; Mahajan, P.V.; Al-Said, F.A.J.; Opara, U.L. Modified Atmosphere Packaging Technology of Fresh and Fresh-cut

Produce and the Microbial Consequences—A Review. Food Bioprocess Technol. 2013, 6, 303–329. [CrossRef]
158. Mahajan, P.V.; Oliveira, F.A.R.; Montanez, J.C.; Frias, J. Development of user-friendly software for design of modified atmosphere

packaging for fresh and fresh-cut produce. Innov. Food Sci. Emerg. Technol. 2007, 8, 84–92. [CrossRef]
159. Boyaci, D.; Onarinde, B.; Aiyedun, S.; Waldron, K.W.; May, D.; Tucker, N. The beneficial effects of the addition of pulped Agaricus

bisporus mushroom body co-product to Kraft pulp packaging materials. Clean. Mater. 2022, 3, 100049. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/cryst11060603
https://doi.org/10.12691/jfnr-4-12-7
https://doi.org/10.1093/fqsafe/fyac031
https://doi.org/10.1016/j.jfoodeng.2011.09.025
https://doi.org/10.1016/j.postharvbio.2012.10.002
https://doi.org/10.1016/j.postharvbio.2017.05.020
https://doi.org/10.1016/j.foodchem.2010.03.050
https://doi.org/10.1108/BFJ-06-2018-0408
https://doi.org/10.1016/j.fm.2016.08.006
https://www.ncbi.nlm.nih.gov/pubmed/27697170
https://doi.org/10.1002/fsn3.1294
https://doi.org/10.5219/1634
https://doi.org/10.1016/j.postharvbio.2012.09.005
https://doi.org/10.1016/j.postharvbio.2013.12.017
https://doi.org/10.1016/j.postharvbio.2013.05.006
https://doi.org/10.1016/j.foodchem.2021.131912
https://doi.org/10.1016/S0925-5214(02)00140-0
https://doi.org/10.3390/foods12122422
https://doi.org/10.1007/s11947-012-0932-4
https://doi.org/10.1016/j.ifset.2006.07.005
https://doi.org/10.1016/j.clema.2022.100049

	Introduction 
	Mechanisms of Action and Preservation Effects 
	Changes in Quality of Fresh Mushrooms 
	Edible Coatings, Essential Oils, and Tyrosinase Inhibitors 
	Biodegradable/Compostable Food Contact/Packaging 
	Active Packaging 
	Nanopackaging 
	Modified Atmosphere Packaging (MAP) 

	SWOT Analysis 
	Strength 
	Weakness 
	Opportunities 
	Threats 

	Conclusions 
	References

