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In recent years, minimally processed fruits and vegetables have gained widespread consumer attention due to
the need for a convenient yet healthy diet. As several factors can affect the shelf life of minimally processed
products, it is essential to use preservation technologies that maintain the freshness of fruits and vegetables en-
suring consumer health. In the second part of this review, the main physical preservation methods including heat
treatments, refrigeration, irradiation, high pressure, ultraviolet radiation, and electrolyzed water are discussed
in terms of their advantages, disadvantages, and applications. Advances in packaging for minimally processed

products are also explored, such as active and intelligent packaging, edible films and coatings, and vacuum pack-
aging. Defining the operational parameters related to treatment time and dose/intensity appropriate is one of the
greatest difficulties in the application of physical methods. Therefore, these factors must be carefully evaluated,
as must the sustainability and economic viability of each method.

1. Introduction

Minimal processing has become one of the fastest-growing segments
of the food industry as a result of the emergence of a new consumer
profile defined as “rich in cash, poor in time” (Ali, Yeoh, Forney & Sid-
diqui, 2017; De Corato, 2019). This modern lifestyle has increased the
demand for practical, convenient, and healthy products that not only
save time and effort but also offer the benefits of fresh produce, boost-
ing the market for minimally processed fruits and vegetables (MPFVs)
(Denoya et al., 2017). The main problem is that minimal process-
ing of fruits and vegetables allows increased metabolism, resulting in
faster spoilage, biochemical changes, and greater susceptibility to mi-
crobial contamination (Bansal, Siddiqui & Rahman, 2015). To this end,
MPFVs require refrigerated storage, chemical and/or physical preserva-
tion methods, and an efficient packaging system that ensures a longer
shelf life and greater consumer safety (De Corato, 2019; Ali, Yeoh, For-
ney & Siddiqui, 2017).

Physical preservation methods have gained great prominence in re-
cent years since they minimize the impacts on health from the use of
chemical methods and are eco-friendly technologies. In general, they
can be divided into thermal technologies, such as the use of hot water
and hot air, and nonthermal technologies, such as irradiation, high pres-
sure, ultraviolet radiation, and electrolyzed water. Strategies related to
the storage of MPFVs have also received considerable attention from
researchers, leading to improvements in packaging (edible films and
coatings, active and intelligent packaging) and changes in the atmo-
sphere surrounding the products (modified atmosphere, controlled at-
mosphere, vacuums) (Angiolillo, Conte & Nobile, 2017; Belay, Caleb &
Opara, 2019; Hassan, Chatha, Hussain, Zia & Akhtar, 2018).

In the first part of this review, some fundamental information about
the implications of processing on MPFVs, the microbiological safety of
these products, and the main chemical preservation methods used in
the sector were reviewed. As the second part, this article explores the
main physical preservation methods and the main packaging systems
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suitable for MPFVs. It addresses the advantages, disadvantages, and ap-
plications of each technology, and it presents perspectives on the MPFV
market.

2. Physical preservation methods
2.1. Irradiation

Electromagnetic waves, especially gamma-rays, are among the most
important ionizing radiations arousing interest in food preservation.
Gamma-irradiation of food usually involves exposure to gamma-rays,
emitted by a cobalt-60 or cesium-137 source, inside shielded and her-
metically sealed chambers (Baskaran et al., 2007). The irradiation
source emits gamma rays that have capacity to penetrate structures and
microorganisms. This process damage the microbial DNA inactivating
the cell (Fig. 1). Irradiated foods do not become radioactive and are
considered safe (Aleksieva & Yordanov, 2018). Although the highest
dose allowed for commercial use is 10 kGy, substantially lower doses
are sufficient for pathogen destruction (1-5 kGy) and delayed ripening
and senescence of fruits and vegetables (0.2-0.5 kGy) (Loro, Botteon
& Spoto, 2018; Frimpong, Kottoh, Ofosu & Larbi, 2015). In fact, de-
hydrated food products withstand high radiation doses without having
compromised quality, while fresh fruits and vegetables usually cannot
withstand very high doses (Wang & Meng, 2016). The optimal dose for
ripening, senescence inhibition, and pathogen control and the highest
dose that fruits can tolerate differ between species, cultivars, and devel-
opmental stages and depend on the edaphic and climatic conditions to
which the crop has been subjected (Hussain, Omeera, Suradkar & Dar,
2014; Frimpong, Kottoh, Ofosu & Larbi, 2015).

Irradiation is an emerging physical preservation method for the treat-
ment of MPFVs, being efficient at maintaining the quality and increasing
the shelf life of produce, and can replace chemical products whose use is
restricted (Vivek, Singh & RC, 2019). Despite the high cost of installing
the equipment, there has been a significant increase in the commer-
cialization of irradiated products, and the installation of the irradiation
structure is regulated by the government and has well-established com-
mercial standards due to the risks involved (Roberts, 2016). Irradiated
products must be labeled as such on their packaging. Methods such as
electron paramagnetic resonance spectroscopy can identify whether the
food received ionizing radiation, providing greater consumer safety and
facilitating the control of the technique (Aleksieva & Yordanov, 2018).

Irradiation is typically used after the cutting and packaging of MPFVs
(Frimpong, Kottoh, Ofosu & Larbi, 2015). Gamma-irradiation doses
lower than 10 kGy are effective, but the dose and the combination of
irradiation with other methods depend on the vegetable species and
the target pathogens (Arjeh, Barzegar & Sahari, 2015; Hussain, Omeera,
Suradkar & Dar, 2014). The use of 2% ascorbic acid (w/v) and 1 kGy
of gamma-irradiation in eggplant proved significantly (p<0.05) effec-
tive in inhibiting the PPO activity, surface browning, and maintaining
the creamy white color of the vegetable for up to 6 days of storage
(Hussain, Omeera, Suradkar & Dar, 2014). In minimally processed car-
rots and lettuce, the dose of 2 kGy was the most efficient at maintaining
microbiological quality, reducing the counting of pathogenic organisms
such as Bacillus cereus, Cronobacter sakazakii, Staphylococcus aureus, and
Klebsiella spp (Frimpong, Kottoh, Ofosu & Larbi, 2015).
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Fig. 1. Microbial inactivation mechanism of gamma irradiation
(Rosario, Rodrigues, Bernardes & Conte-Junior, 2021).

The main limitation of this technique is the high cost of implemen-
tation and the relationship between the consumer and the product.
Frequently, consumers are conservative and reluctant to accept prod-
ucts processed by novel technologies, especially when they don’t have
enough information about the process. So, the limitation of informa-
tion leads to a wrong perception of risks, culminating in a rejection of
irradiated foods (Galati, Moavero & Crescimanno, 2019.

Although irradiation is safe because it inhibits food-contaminating
microbiota, the process can induce reactions that lead to the forma-
tion of different compounds, and it is essential to determine the cor-
rect dose for each vegetable (Morehouse, Perez & McNeal, 2018). In
pasteurized fruit juices, doses of 2 to 4 kGy generated higher-than-
normal furan concentrations than were found in fresh unpasteurized
juices (Morehouse, Perez & McNeal, 2018). Like furan, which can be
carcinogenic if consumed in large quantities, other compounds harmful
to health can be formed. It is important to determine the feasibility and
safety of using irradiation alone and in combination with other methods
(Carthew, DiNovi & Setzer, 2010; Morehouse, Perez & McNeal, 2018).

2.2. Ultraviolet radiation

The use of ultraviolet (UV) radiation in the preservation chain of
fruits and vegetables is growing, and its main function is microorgan-
ism inactivation to decrease product contamination (Urban, Charles,
de Miranda & Aarrouf, 2016). UV radiation is a type of electromag-
netic radiation at a wavelength of 100-400 nm, and it can be divided
into wavelength categories, such as UV-A (315 to 400 nm), UV-B (280 to
315 nm), and UV-C (100-280 nm) (Prakash, Inthajak, Huibregtse, Capo-
raso & Foley, 2000). Nonionizing UV-C radiation is the most commonly
used for fruit and vegetable decontamination due to its sanitizing poten-
tial, and it can be applied to whole and minimally processed products
(Tomés-Callejas, Otén, Artés & Artés-Hernandez, 2012; Gutiérrez, Char,
Escalona, Chaves & Rodriguez, 2015). For minimally processed prod-
ucts, UV-C radiation is used mainly in the sanitization step after cutting
and slicing (Balbinot Filho & Borges, 2020; Gutiérrez, Char, Escalona,
Chaves & Rodriguez, 2015).

The UV radiation technique is applied to various species of
MPFVs, including arugula, lettuce, turnip, radish, apple, and pear
(Balbinot Filho & Borges, 2020; Graca, Santo, Quintas & Nunes,
2017; Gutiérrez, Char, Escalona, Chaves & Rodriguez, 2015; Tomaés-
Callejas, Otén, Artés & Artés-Hernandez, 2012). In lettuce leaves that
have an irregular surface, UV-C can reduce the growth of pathogens
and spoilage microorganisms, increasing preservation and maintain-
ing the sensory quality attributes of the product (Balbinot Filho &
Borges, 2020).

UV radiation acts on microorganisms, promoting changes in their
membrane structures and nucleic acids, as well as activating vegetable
defense pathways (Urban, Charles, de Miranda & Aarrouf, 2016). This
method has several advantages over other fruit and vegetable decontam-
ination methods, such as its ease of application and relatively low cost
of installation and maintenance. In addition, it has no legal restrictions,
is lethal to a wide range of pathogenic and deteriorating microorgan-
isms, does not leave residues in food and causes low losses in sensory
quality, with no changes in thermosensitive nutrients (Balbinot Filho
& Borges, 2020). Like any technique, UV radiation has limitations be-



B.A.F. Gomes, A.C.S. Alexandre, G.A.V. de Andrade et al.

Food Chemistry Advances 2 (2023) 100304

Tap water Salt solution Fig. 2. Schematics of electrolyzed water gen-
erator and produced compounds (Huang et al.,
2008).
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cause it is a low-penetration surface treatment. In addition, irregulari-
ties and cracks in produce can protect microorganisms from the action
of UV-C radiation, and solid surfaces such as packaging can interfere
with produce exposure to the technique (Balbinot Filho & Borges, 2020).
The main advantages and disadvantages of this method are presented
in Table 1.

The efficiency of UV radiation depends on the dose used, since the
use of inadequate dosages can cause negative impacts on the sensory
characteristics of the product, requiring careful analysis for each veg-
etable (Zhang & Jiang, 2019). In MP Lollo Rosso and Red Oak Lea let-
tuce, doses between 2,37 and 8,14 kJ/m2 of UV radiation lead to a
reduction of 1 and 2 logarithmic cycles (log UFC/g) of bacteria, includ-
ing psychotropic, mesophyllic, Enterobacter, coliforms, and yeast (Al-
lend et al., 2006). Also, there was a significant reduction of 1 to 2
log UFC/g at the counting of Enterobacter, molds, and yeasts in min-
imally processed apples using doses of 1,2 to 14,1 kJ/m2 and expo-
sure times between 1 and 25 min Gémez et al. (2015). In minimally
processed arugula leaves, doses of 10, 20, and 30 kJ m ~ 2 reduced
the oxygen (O,) levels, the microbial activity, and the levels of total
chlorophyll and carotenoids and increased the carbon dioxide (CO,) lev-
els inside packages over 8 days of storage in a modified atmosphere
(Gutiérrez, Char, Escalona, Chaves & Rodriguez, 2015). In pear, mi-
croorganism growth and survival was also reduced by the use of UV-
C radiation (Graga, Santo, Quintas & Nunes, 2017). High doses may
raise the levels of phenolic compounds due to the stress on vegetable
tissues, which may be desirable because it increases beneficial photo-
chemical compounds (Gutiérrez, Char, Escalona, Chaves & Rodriguez,
2015; Zhang & Jiang, 2019).

2.3. Electrolyzed water

The use of electrolyzed water is the main physicochemical tech-
nology available for the treatment of minimally processed foods
(Abadias, Usall, Oliveira, Alegre & Vifnias, 2008; Rahman, Khan & Oh,
2016). This technique can be used to replace chemical treatments in the
sanitization stages, uses only sodium chloride (NaCl) in its production,
and is widely used for disinfecting vegetables after slicing and before
packaging (Abadias, Usall, Oliveira, Alegre & Vifias, 2008; Graca, Aba-
dias, Salazar & Nunes, 2011). The principle of this technology involves
the electrolysis of dilute NaCl solutions as shown in Fig. 2, in which the

anodes and cathodes can be separated or not by a diaphragm. Variations
in the electrolysis process related to the possibility of using different di-
luted solutions are responsible for the generation of different types of
electrolyzed water, such as acidic, basic, and neutral electrolyzed water
(Rahman, Khan & Oh, 2016).

Although acid electrolyzed water is very efficient at reducing mi-
crobial loads, it has lower stability, and its low pH can cause greater
wear of the processing structure (Cui, Shang, Shi, Xin & Cao, 2009).
Neutral electrolyzed water is the most effective alternative to decon-
taminate produce without causing sensory losses due to its greater sta-
bility (Cui, Shang, Shi, Xin & Cao, 2009; Deza, Araujo & Garrido, 2003).
The antimicrobial efficacy of this method is similar to those of chem-
ical treatments, such as treatment with sodium hypochlorite, and is
safer, as it reduces the amount of free chlorine present in minimally
processed products after disinfection (Abadias, Usall, Oliveira, Alegre &
Vinas, 2008). It does have some drawbacks, such as the reduction of an-
timicrobial activity over time due to the presence of organic matter that
reduces the concentration of active chlorine, requiring the continuous
replacement of the NaCl source in the electrolyzed water. In addition,
the main limitation of this technique is the relatively high initial cost due
to the acquisition cost of the equipment (Rahman, Khan & Oh, 2016).
The efficiency of electrolyzed water treatments depends highly on the
amount of available chlorine, and it varies according to the fruit or veg-
etable (Aday, 2016). In addition to active chlorine, other compounds
are produced during electrolysis, such as reactive oxygen species that
contribute to antimicrobial activity (Jeong, Kim & Yoon, 2009).

In apples inoculated with Escherichia coli, Listeria innocua, or
Salmonella choleraesuis, electrolyzed water was efficient at reducing the
microbial load (Graca, Abadias, Salazar & Nunes, 2011). In fresh-cut ap-
ples inoculated with yeast, UV-C radiation was more efficient at storage
than electrolyzed water (Graca, Santo, Pires-Cabral & Quintas, 2020).
In a study of minimally processed mango, electrolyzed water was more
efficient at the control of E. coli, while UV-C radiation showed better
control of Cronobacter sakazakii (Santo, Graca, Nunes & Quintas, 2018).

2.4. Cooling

Cooling is the main technique used to store and preserve perishable
products because the decreased temperature reduces respiratory activity
and ethylene synthesis, in addition to being good at keeping the micro-
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Table 1

Advantages and disadvantages of using UV-C radiation as a conservation method.

Disadvantages

Advantages

Due to low penetration, treatments are limited to surfaces, films, and clear liquids.

Non-thermal treatment: thermosensitive nutrients are not altered.

Irregularities, pores, cracks, and roughness can protect microorganisms from incident light.

UV-C radiation is non-ionizing: it does not change the chemical nature of food

components and does not leave residues.

The presence of materials, such as packaging, between the light and the product interferes with the efficiency of the method.

UV-C rays are lethal to most spoilage and pathogenic microorganisms.

Relatively low cost of implementation and maintenance.

Adapted from Sethi et al. (2018).
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bial load of the treated products low (Duan et al., 2020). Therefore, it
is essential that efficient cooling systems be active during all minimal
processing stages (De Corato, 2019).

Colas-Meda, Vinas, Alegre and Abadias (2017) evaluated the impact
of the use of abusive temperatures on the growth and survival of Listeria
monocytogenes and Salmonella enterica in minimally processed “Confer-
ence” pears during 8 days of storage (Colas-Meda, Vinas, Alegre & Aba-
dias, 2017). The microorganisms were intentionally inoculated, and the
product was immersed in antioxidant solution, packaged under a modi-
fied atmosphere, and stored under appropriate cooling conditions (4 °C)
or an abusive temperatures (three days at 4 °C + five days at 8 °C). At
the end of storage, a significant reduction in S. enterica populations was
observed in both treatments. Regarding the growth of L. monocytogenes,
in the first treatment there was a population increase of 1.6 logarith-
mic units, while in the second treatment there was an increase of 2.2
logarithmic units. This showed that L. monocytogenes could grow even
under low-pH and cooling conditions and a modified atmosphere. In
addition, that study reaffirmed the importance of low temperatures in
maintaining low microbial loads.

Despite the beneficial effects of cooling, very low temperatures or
refrigerated storage for long periods can lead to the development of
chilling injury in produce, especially those of tropical and subtropical
origin, which is a limitation of the method (Duan et al., 2020). However,
chilling injury is not usually observed in MPFVs, since the short stor-
age period (approximately 1-2 weeks) prevents them from reaching the
limit or latency period for the manifestation of injury symptoms. In ad-
dition, symptoms usually manifest after the removal of the product from
the refrigerated condition, which is definitely not recommended for
MPFVs (Artes-Hernandez, Rivera-Cabrera & Kader, 2007). As minimal
processing causes physical stress to tissues, making them more perish-
able than intact products, MPFVs should be stored at temperatures lower
than those recommended for intact produce (Artes-Hernandez, Rivera-
Cabrera & Kader, 2007).

2.5. Thermal treatments

Thermal or heat treatments are procedures based on high tempera-
tures and are commonly used as an alternative to chemicals to control
pathogens. Because heat is effective against microorganisms that have
already penetrated the fruit or vegetable and those that are on the sur-
face, it is a good option for food preservation, including of minimally
processed foods (Chiabrando, Peano & Giacolone, 2018; Chiabrando &
Giacolone, 2020). However, heat can negatively affect the physical and
nutritional quality of fruits and vegetables, causing a decrease in the
levels of thermosensitive vitamins and damage to the product, reinforc-
ing the importance of the correct use of the technique (Avila, Medrano,
Pardo, Gonzalez & Aguilar, 2018).

Heat treatment consists of exposing the product to temperatures
ranging from 40 to 60 °C by immersion in hot water, steam, or hot
air for periods that vary mainly according to the volume of the prod-
uct (Leneveu-Jenvrin et al., 2019). Heat treatments have been widely
used in the minimal processing industry, alone or combined with other
preservation techniques (Barba et al., 2017). Good results were observed
from immersion of kiwi, table grape, and garlic in hot water. The au-
thors reported improved quality and prolonged shelf life of the prod-
ucts, reaffirming that the technique can be used as an emerging and
sustainable process in the preservation of MPFVs (Zudaire et al., 2018;
Chiabrando, Peano & Giacolone, 2018; Chiabrando & Giacolone, 2020).
Hydrothermal treatment at 50 °C for 10 to 30 min can be used to main-
tain quality and minimize microbial growth in minimally processed
’Kimju’ and "Pan Srithong’ guavas (Poubol, Techavuthiporn & Kanlaya-
narat, 2018). Sliced onions subjected to heat treatment at 55 °C for
60 s showed a significant reduction in mesophilic aerobic bacteria. Heat
treatment reduced the loss of fresh mass and helped maintain visual
characteristics, indicating that it is a good strategy for obtaining safe
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Fig. 3. Schematic layout for a High Hydrostatic Pressure treatment pilot (Picart-Palmade et al., 2019).

and high-quality MPFVs when combined with other sanitization tech-
niques (Zudaire et al., 2018).

2.6. High pressure

High pressure is an emerging nonconventional and nonthermal tech-
nology that uses pressures of approximately 1000 to 7000 atm (100 to
700 MPa) to eliminate the microbial load and delay the enzymatic reac-
tions responsible for food spoilage while keeping small molecules intact,
such as vitamins and aromatic compounds. High-pressure treatment is
conducted in a closed chamber (pressure vessel), in which water acts
as a pressure transfer medium (Fig. 3). The hydrostatic method sub-
jects liquid or solid foods (already packaged) to pressures ranging from
400 to 700 MPa, where pressurization is applied equally on all sides
(Smelt, 1998).

Yeasts and other fungi are more sensitive to high pressure, being
neutralized by pressures of 200 to 300 MPa, while bacteria are inacti-
vated at higher pressures, between 400 and 600 MPa. Conversely, vege-
tative species, such as spores, can withstand pressures up to 1000 MPa.
The factors that influence the use of high-pressure treatment are the
required pressure level, the time, the temperature, the target microbio-
logical species, and the shape of the bacterium, which can influence the
cell’s resistance to the process, bacilli being more sensitive than cocci
(Mieszczakowska-Frac, Celejewska & Plocharski, 2021; Huang, Hsu &
Wang, 2020)

The efficacy of the process against bacteria is due to the accumula-
tion of damage inside the cells. The crystallization of membrane phos-
pholipids is the main target of high-pressure application because it
changes the cell permeability. Consequently, it compromises other cel-
lular functions and attributes, such as by altering the morphology of the
cell and its components, hindering DNA replication and ion exchange,
changing the fatty acid composition, and causing denaturation of pro-
teins and enzymes important for cellular functions (Vivek, Singh & RC,
2019).

The application of high-pressure technology can inactivate enzymes
since it promotes disturbances in the medium and can influence the
pH and substrate concentration and increase temperature. These distur-
bances can compromise the integrity of enzymes or result in changes in
their conformational structures. With the application of pressures from
100 to 300 MPa, enzymes can be reactivated after decompression, while
pressures above 300 MPa are recommended for total enzymatic inactiva-
tion (Vivek, Singh & RC, 2019). Such enzymes as polyphenol oxidases
are not completely deactivated by high pressure, requiring the appli-
cation of combined technologies for better efficiency of the technique.

Packaging with low oxygen permeability is a great ally in the preser-
vation of previously pressurized MPFVs; however, the use of vacuum
in the product is not recommended due to the possibility of anaerobic
respiration (Denoya et al., 2017).

Some technical factors hinder the use of high-pressure technology
on a large scale, such as the difficulties defining the pressure inten-
sity, the total treatment time (as well as the pressurization and decom-
pression times), and the temperature distribution in the pressure vessel.
In minimally processed peaches, high pressure combined with sanitiza-
tion, bleaching, and vacuum packaging was efficient and maintained the
color parameters of the product (Vivek, Singh & RC, 2019). Tests with
pressures of 200 to 600 MPa for 3 min applied to nectarines and star
fruit showed pigment stability at high pressure (Denoya et al., 2017).

3. Packaging

Packaging is used to maintain the freshness and quality of food prod-
ucts throughout the entire distribution chain until they are eaten. In ad-
dition to providing safety and ensuring the maintenance of the sensory
characteristics of food, active compounds and intelligent technologies
that can provide information to consumers about food quality and in-
tegrity can be added to packaging. New packaging types also offers more
efficient oxygen, CO,, and water vapor barrier properties, increasing
the shelf life of the products (Kalpana, Priyadarshini, Leena, Moses &
Anandharamakrishnan, 2019; Topuz & Uyar, 2020). Examples of pack-
aging applied to MPFVs include modified atmosphere packaging (MAP),
controlled atmosphere storage (CAS), active packaging, vacuum pack-
aging, smart packaging, and edible films (EFs) and coatings (ECs).

3.1. Modified atmosphere packaging

MAP is a technology that has been widely applied postharvest for
more than 90 years to preserve the quality of fresh and minimally pro-
cessed products and prolong their shelf life under ideal processing and
storage conditions (Belay, Caleb & Opara, 2016; Opara, Caleb & Be-
lay, 2019). One of the main objectives of modifying the atmosphere is
to promote an environment with low O, and high CO, levels to lower
metabolism, respiration, oxidative stress, tissue senescence, and ethy-
lene synthesis. A modified atmosphere can be achieved by passive or
active techniques, passive MAP being more economical than active MAP
(Belay, Caleb & Opara, 2017).

The gaseous equilibrium inside packaging with a passive modified
atmosphere consists of a dynamic process determined by the permeabil-
ity of the polymer film used, the metabolism of the packaged product,



B.A.F. Gomes, A.C.S. Alexandre, G.A.V. de Andrade et al.

and the storage conditions (temperature and relative humidity). Pack-
aging with an active modified atmosphere is based on the displacement
or replacement of gasses inside the package or on the use of gas scav-
engers or absorbers to establish a desired initial mixture of O,, CO,,
and nitrogen (N,). The efficiency of this method can be influenced by
the metabolism of the product, the initial composition of the gasses, and
the permeability of the applied polymer film (Belay, Caleb & Opara,
2019; Hussein et al., 2015; Oliveira et al., 2015).

According to Oliveira et al. (2015), if the permeability of a film to
0O, and CO, is adapted to the product’s respiration, an equilibrium-
modified atmosphere is established inside the package, and the shelf
life of the product increases. If ideal conditions are not applied, the
opposite effect arises because inadequate gas concentrations can cause
irreversible damage to the tissues of fruits and vegetables. O, concen-
trations below the critical limit (usually 1%) can induce anaerobic res-
piration and fermentation, resulting in the development of undesirable
flavors and odors. Conversely, the presence or accumulation of CO, at
high concentrations (usually above 15%) can have a negative effect on
the quality of the processed products, causing the onset of physiological
injury, accelerating changes in color and firmness, and increasing com-
pound solubilization (Oliveira et al., 2015; Belay, Caleb & Opara, 2019;
Teixeira, Cunha Junior, Ferraudo & Durigan, 2016).

To reduce the risk of anaerobiosis during the storage of MPFVs,
perforation-mediated MAP (PM-MAP) can be applied, further increasing
the shelf life and maintaining the quality of the products. The sensory
characteristics of minimally processed strawberry, mango, corn, melon,
and banana were kept unchanged during storage with the application
of PM-MAP (Hussein et al., 2015).

The use of passive MAP with organic acids may elicit a syner-
gistic effect. In green pepper, the use of gibberellic acid (GA3;) com-
bined with this technique improved the quality attributes and increased
the shelf life of the product (Maurya, Ranjan, Gothandam & Pareek,
2020). In sweet persimmon, the combination of treatment with 1-
methylcyclopropene (1-MCP) at 1.0 4L L ~ ! and active MAP with an O,
transmission rate of 6000 + 400 cm® m ~ 2 day~! and a CO, transmis-
sion rate of 30,000 + 800 cm3® m ~ 2 day~! delayed the advancement
of ripening and inhibited the development of lesions during storage at
1 °C (Zhao et al., 2020). The application of passive MAP to ready-to-eat
cherry tomato served to maintain the firmness and color of the product
and reduced the respiratory rate during storage at 7 °C (Paulsen, Barrios
& Lema, 2019). Passive MAP minimized the effects of temperature on
the physicochemical and sensory quality of minimally processed broc-
coli stored at 8 °C (Paulsen et al., 2018), extending the shelf life of min-
imally processed d’Anjou pears by 21 days, in addition to reducing bac-
terial, yeast, and filamentous fungal populations (Siddiq et al., 2020).
Despite the advantages of using MAP, physiological disturbances were
observed in minimally processed romaine lettuce in active MAP (80%
N, + 20% CO,). The disorders may be a consequence of the increased
ethylene production (almost 9-fold) during the first 4 days of storage
(Koukounaras, Siomos, Gerasopoulos & Papachristodoulou, 2019).

Therefore, the application of passive or active MAP efficiently pre-
serves fruits and vegetables. The initial gas concentrations, the type of
film used, the storage temperature, and, especially, the metabolism of
the product to be packaged should be analyzed to ensure the nutritional
and sensory quality and the safety of the foods offered to consumers.

3.2. Controlled atmosphere storage

CAS is a process in which the concentrations of ambient gasses is
rigorously controlled by correcting the gas levels when necessary. Thus,
the controlled atmosphere requires a hermetically sealed storage envi-
ronment with the presence of O, and CO, analyzers and gas removal
and injection mechanisms. In this technique, the O, pressure is reduced
by injecting N,, while the CO, pressure is increased by injecting this gas
using an adsorption by pressure oscillation gas separation system that
absorbs O, through a membrane with a filtration system. In this case, the
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N,-rich gas is exported, and the bound O, is released by depressurization
of the packaging or the storage chamber. That is, the hollow fiber mem-
brane system operates by heating the compressed air, which is forced
through hollow fibers made of semipermeable membranes, promoting
the continuously selective removal of CO,, O, and N, in the storage
space (Angiolillo, Conte & Nobile, 2017; Siqueira, Eca, de Aquino & da
Silva, 2020).

Although CAS has been used for more than 200 years, it was only in
the first half of the twentieth century that the technique was refined and
applied commercially for the first time (Thompson, Prange, Bancroft &
Puttongsiri, 2018). Generally, CAS costs more than MAP due to the need
for constant maintenance of gas levels in chambers with large amounts
of product and is therefore applied less often. However, when combined
with strict temperature control and adequate postharvest handling pro-
cedures, CAS can effectively extend the shelf life of perishable foods, and
it has been applied mainly to products with higher commercial value,
such as apples and pears (Siqueira, Eca, de Aquino & da Silva, 2020).
The main commercial systems used in CAS application are external gas
generators, pulverized liquid nitrogen systems, and hyperbaric systems.
In addition, CO, and ethylene control systems can be used for CAS ap-
plication (Angiolillo, Conte & Nobile, 2017).

Mditshwa, Fawole and Opara (2018) found that CAS maintained the
postharvest quality of apple, reducing the respiratory rate and ethy-
lene production, as well as the onset of physiological disorders such
as superficial scald. In immature flower stems of minimally processed
onion shoots under CAS (1.0 kPa O, + 2.0 kPa CO,) refrigerated at
1 °C, the physicochemical quality was preserved over 30 days of stor-
age (Zudaire et al., 2020). The firmness values of minimally processed
blueberries under CAS (5% O, + 15% CO, + 80% N,) combined with
cooling were maintained during storage (Concha-Meyer et al., 2015).
CAS (1% O, + 5% CO,) reduced the activity of peroxidase and polyphe-
nol oxidases in lychee, reducing browning and red color loss in the peri-
carp and maintaining the levels of enzymatic and nonenzymatic antiox-
idants during storage (Ali, Khan, Malik & Shahid, 2016). In the case of
minimally processed burdock, CAS composed only of CO, with a purity
above 99.9% prolonged the shelf life of this unconventional vegetable
in the short term, inhibiting its browning and improving its quality.
Fresh-cut burdock treated with CO,, for 4, 6, or 8 h showed better visual
quality during 8 days of storage than that treated with air (Dong et al.,
2015).

As with MAP, inadequate gas control can lead to physiological disor-
ders in fresh MPFVs under CAS. Some examples are the irregular ripen-
ing of fruits, such as banana, mango, pear, and tomato, exposed to O,
levels less than 2% and/or CO, levels greater than 5% for more than
1 month, and the development of unpleasant flavors and odors due to
anaerobiosis and fermentative metabolism (Angiolillo, Conte & Nobile,
2017; Thompson, Prange, Bancroft & Puttongsiri, 2018).

3.3. Vacuum packaging

Vacuum packaging of MPFVs is a type of MAP. Vacuum packaging
has advantages over common packaging, such as a gas barrier, micro-
bial growth and oxidation-reduction, and prevention of product discol-
oration (Mantilla, Mano, Carvalho Vital & Franco, 2010).

The physicochemical characteristics of minimally processed vacuum-
packed potato subjected to different doses of gamma-radiation were
maintained after the application of the techniques (Pires et al., 2017).
Rinaldi, Vieira and Fialho (2019) observed that the application of vac-
uum in the storage of minimally processed cassava conferred greater
stability to the physicochemical components of the product and greater
microbiological safety.

Despite the advantages of vacuum packaging, the results observed
during the storage of MPFVs could be enhanced if this technique were
combined with other technologies, such as active and intelligent pack-

aging.
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3.4. Edible films and coatings

EFs and ECs are two packaging strategies used to extend the shelf
life of fresh MPFVs. Although EFs and ECs are usually considered syn-
onymous, they are different concepts, mainly coming down to the way
they are produced. ECs are applied in liquid form to food by im-
mersing or spraying the products in the substance, generating a solu-
tion formed by the structural matrix (edible polymers). In turn, EFs
are first molded as a solid sheet and then applied as packaging to
food products (Guimaraes, Abrunhosa, Pastrana & Cerqueira, 2018;
Maringgal, Hashim, Mohamed Amin Tawakkal & Muda Mohamed,
2020).

Interest in EFs and ECs has increased in recent years due to
their benefits over synthetic films, such as their biocompatibility,
biodegradability, and compliance with chemical and biochemical
changes (Hassan, Chatha, Hussain, Zia & Akhtar, 2018). Edible polymers
are polymeric materials that can be consumed by humans, animals, or
microorganisms without harmful effects on their health. They can be
produced from polysaccharides, proteins, and lipids or their combina-
tion. Hydrocolloids, formed by the combination of polysaccharides and
proteins, have good film formation capacity and good oxygen and aroma
barrier characteristics. However, they are not indicated for storage in
environments with high relative humidity due to their hydrophilic na-
ture. Lipid-based coatings provide a better barrier to water vapor than
those made with polysaccharides and proteins due to their hydropho-
bic nature. They have the disadvantage of not forming flexible films
(Kouhi, Prabhakaran & Ramakrishna, 2020).

In the production of EFs or ECs, only water, ethanol, or a combi-
nation of them are used in order to maintain the edibility of the mix-
ture. Other components can be added to the matrix of these materi-
als to improve their functional properties, such as plasticizers (espe-
cially polyols such as glycerol, sorbitol, propylene glycol, sucrose, fatty
acids, polyethylene glycol, and monoglycerides). These compounds in-
crease the extensibility, dispensability, and flexibility of the developed
film and decrease the cohesion and stiffness of the film. In addition,
we can use crosslinking agents such as transglutaminase and genipin
for proteins and citric or tannic acid for polysaccharides, reinforce-
ments such as fibers and nanoreinforcements derived from polysaccha-
rides such as cellulose nanofibers, starch nanocrystals to improve the
mechanical properties, and emulsifiers to stabilize composite coatings
and improve their adhesion (such as tweens, spans, fatty acid salts,
and lecithins). Additives can also be added to improve the quality,
stability, and safety of packaged foods, such as antioxidants, antimi-
crobial compounds, aromas, and pigments (Ballesteros-Martinez, Pérez-
Cerver & Andrade-Pizarro, 2020; Hassan, Chatha, Hussain, Zia & Akhtar,
2018; Kerch, 2015; Prakash, Baskaran, Paramasivam & Vadivel, 2018;
Putnik et al., 2017, do Lago et al., 2020). The addition of oat straw
cellulose nanofibers promoted improvements in the mechanical and bar-
rier properties of cassava starch-based bionanocomposites by increasing
stiffness and reducing water vapor permeability and water solubility. In
addition, morphological analysis indicated a good interaction between
the constituents of the bionanocomposites, indicating that this type of
material has the potential to be applied as an EC of MPFVs as a sustain-
able alternative to traditional polymers (do Lago et al., 2020).

EFs and ECs are MAP methods that show promising results for the
preservation of fruit and vegetable quality because they can act as a par-
tial barrier to water vapor, leading to less surface moisture loss and mod-
ification of the atmosphere around the product, resulting in a barrier to
gas exchange. In addition, they can reduce respiratory rates and senes-
cence (without causing anaerobiosis), slow microbial growth, improve
the exterior and nutritional value of fresh MPFVs, and maintain their
firmness, color, vitamins, and bioactive compounds (Guimaraes, Abrun-
hosa, Pastrana & Cerqueira, 2018; Jongsri, Wangsomboondee, Rojsit-
thisak & Seraypheap, 2016; Mostafidi, Sanjabi, Shirkhan & Zahedi,
2020; Prakash, Baskaran, Paramasivam & Vadivel, 2018). To be con-
sidered ideal, edible packaging (EF or EC) must meet some technologi-
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cal prerequisites, such as mechanical durability, permeability to water
vapor and gasses (depending on the product to be packaged), good op-
tical properties, and low susceptibility to chemical or microbiological
changes, and neutral sensory profile (Hellebois, Tsevdou & Soukoulis,
2020).

Chitosan stands out among the polymers that can form the basis of
EFs and ECs due to its biological and antimicrobial activity. Alginate is
also widely used to maintain the quality and increase the shelf life of
foods, promote the formation of a water barrier, and prevent microbial
contamination. Waxes and other coatings act by delaying the ripening
and aging of fresh products and may increase microbial stability and
sustainability (Mostafidi, Sanjabi, Shirkhan & Zahedi, 2020). Gums have
been used as excellent vehicles for active substances, controlling their
speed of diffusion and improving the ripeness control of fresh MPFVs
(Tahir et al., 2019).

Rodriguez, Sibaja, Espitia and Otoni (2020) observed that EFs devel-
oped using papaya puree and high-methoxyl pectin as binding agents,
ascorbic and citric acids as browning inhibitors (antioxidants), and glyc-
erol as a plasticizer prolonged the shelf life of foods susceptible to oxida-
tion, such as minimally processed pears. An EC consisting of whey pro-
tein, pectin, transglutaminase, sorbitol, and water effectively reduced
mass loss, prevented microbial growth, and preserved the antioxidant
activity of minimally processed apple, potato, and carrot over 10 days
of storage. They did not change the hardness or chewability of the prod-
ucts (Marquez et al., 2017).

Chitosan-based ECs containing nanoparticles decreased water vapor
permeability during storage of fresh MPFVs. In addition, vitamin C and
polyphenol losses were reduced during storage, indicating viability of
the use of this packaging as long as the safety of the nanoparticles is con-
firmed (Kerch, 2015). Chitosan-based EFs containing glycerol showed
excellent bactericidal and fungicidal activity in strawberry over 1 week,
indicating an effect of chitosan against gram-positive and gram-negative
bacteria, even after plasticization, in addition to protection of straw-
berry against fungal attack. Therefore, there is enormous potential in
the development of ECs for fresh MPFVs (Pavinatto et al., 2020).

According to Hassan, Chatha, Hussain, Zia & Akhtar, 2018, na-
noemulsions and nanoparticles may contribute to improving the bar-
rier properties and functionality of coatings for application in minimally
processed fresh fruits due to the greater distribution and homogeneity
of the pores and skin of these products. Prakash, Baskaran, Paramasi-
vam and Vadivel (2018) showed that the application of essential oil-
based nanoemulsions as disinfectant washes or incorporated into ECs
considerably improved the quality and microbial safety of MPFVs.

Therefore, EFs and ECs are extremely attractive for their efficiency in
providing protection and stability to MPFVs. It is important to note that
edible packaging does not completely replace conventional packaging
materials, although their properties help improve the efficiency of food
packaging and can help reduce the use of petroleum-derived polymers.
Furthermore, the consumer’s acceptance of EFs and ECs will depend on
how well the packaging material is integrated with the food product
(Aldred &Wansink. 2016).

3.5. Active packaging

In addition to protecting foods against the external environment,
active packaging has the main purpose of increasing their shelf life,
safety, and quality and/or improving their sensory characteristics
(Ahmed et al., 2017). The most common types of active packaging
are antimicrobial films, packaging with oxygen or ethylene absorbers,
moisture regulators, and flavor and odor releasers and/or absorbers
(Ramos, Jimenez, Peltzer & Garrigos, 2012; Ahmed et al., 2017).

Active packaging containing cysteine and sulfite was effective at
inhibiting the enzymatic browning of sliced apples (Oliveira, Soares,
de Paula & Viana, 2008). For this type of packaging system to be brought
to market, studies are needed to ensure its functionality and the quality
of the packaged product. The packaging system formed by polypropy-
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lene trays, biodegradable sachets containing 1-MCP, and biodegradable
starch films applied to minimally processed lettuce did not increase the
shelf life of the product, possibly due to the low 1-MCP concentration
and the high permeability of the biodegradable film to this compound,
preventing the maintenance of an adequate gas concentration inside the
package (Marin, Montanucci, Benassi & Yamashita, 2010).

3.6. Smart packaging

Smart packaging is considered a modern packaging system capable
of monitoring food and/or environmental conditions and transmitting
the information to the consumer (Onwude et al., 2020). These packag-
ing systems are composed of sensors and indicators based on chemical,
enzymatic, immunochemical, or mechanical reactions (Wilson, 2007).
In general, they can be categorized into two types, data carrier pack-
ages and indicator packages, both of which provide information about
products to consumers (Spagnol, Silveira Junior, Pereira & Guimaraes
Filho, 2018). Data carrier packages are those with a bar code or radio
frequency identification (RFID) tag. Mainetti et al. (2013) used RFID
and near field communication technology in the traceability and moni-
toring of the supply chain of minimally processed vegetables, evaluating
the product from production to supermarket shelf. In the future, RFID
tags may be applied to the safe storage of minimally processed baby-leaf
vegetables combined with other technologies that help maintain prod-
uct quality (Saini, Ko & Keum, 2017).

Indicator packages provide data on time, temperature, the presence
of gasses such as ethylene and oxygen, and the growth of pathogenic
microorganisms and toxins, in addition to helping traders maintain
favorable commercial conditions (Onwude et al., 2020; Pires et al.,
2010; Sani et al., 2021). Temperature sensors were applied to mini-
mally processed lettuce during storage, which indicating undesirable
variations and conditions that were far from ideal, to ensure prod-
uct safety (Saini, Ko & Keum, 2017). Most studies with smart pack-
aging are performed on intact fruits and vegetables, although there is
potential for their application in minimally processed fruits, as with
the use of fruit ripeness sensors such as RipeSense™ (Raynes, Carver,
Gras & Gerrard, 2014), fluorescent dyes as sensors that signal in-
creased O, inside the package (Hempel, Gillanders, Papkovsky & Kerry,
2012), molybdenum ions that change color in the presence of ethylene
(Lang & Hiibert, 2012), and bromophenol blue dye that changes color
with the excess production of organic acid, indicating excess ripeness
(Kuswandi et al., 2013).

4. Global market and prospects

There are reports that minimally processed foods have been avail-
able since the 1930s. However, the rise of this market began in the
1950s, in the United States, as a result of new eating habits, such as
the emergence of fast food, which demanded agility in food prepara-
tion (Souza, de Almeida, Marques & Souza, 2020). In recent times, the
minimally processed foods segment has grown due to changes in eat-
ing habits around the world. According to the new research report by
Global Market Insights, the market for processed fruits and vegetables,
including ready-to-eat salads, will exceed US $392 billion by 2025. This
advance is attributed to several factors, such as the expansion of the mid-
dle class, supporting the expansion of the industry, and technological
innovations in production that have enabled the development of prod-
ucts with greater nutritional value and longer shelf lives (Global Market
Insights Inc., 2019).

Consumers today opt for high-quality, natural, nutritious, safe, con-
venient products. Globalization and modern lifestyles are factors di-
rectly related to the demand for MPFVs. In addition, the greater par-
ticipation of women in the labor market, the fewer people per house-
hold, and the increased number of individuals living alone, among
other factors, drive consumers to seek out these products and fur-
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ther reinforce the promising prospects of this sector. Therefore, the
production and consumption of MPFVs has the potential to meet the
needs of the population, and its rise shows an increasingly significant
trend (Ngadi, Bajwa & Alakali, 2012; Bansal, Siddiqui & Rahman, 2015;
Lavilla & Gayan, 2018).

The emerging technologies applied to MPFVs are an alternative to
consumers demands for convenience, freshness, safety, and more nat-
ural products with fewer additives and preservatives that maintain the
quality attributes of the food product. To meet this criterion, the alter-
native processes and preservation technologies should also be environ-
mentally friendly and low in cost. Despite their importance, these factors
alone don’t guarantee its success in the global market, because the suc-
cess of a new technology for MPFVs depends on consumer acceptance.
For example, irradiation and genetically modified organisms, despite
their efficiency in quality preservation, resulted in the greatest negative
effect on likely use, while nonthermal technologies produced the most
positive effect (Galati, Moavero & Crescimanno, 2019). So, the biggest
challenge for food engineers and scientists around the world is to de-
velop the emerging technologies that guarantee the safety and quality
of products while considering the consumer’s opinion and acceptance
(Sillani & Nassivera, 2015; Lavilla & Gayan, 2018).

So, the application of physical preservation methods has a great
prospective for maintaining the food quality and bioactive compounds
unaltered. The major challenge for this technology is its introduction
in the industry because it is difficult to achieve full control over the
variables associated with process operation. Furthermore, new studies
are required to assess how emerging technologies will affect the struc-
tural and functional characteristics of food components across a variety
of food groups. Finally, to guarantee success in the market, it is funda-
mental to create a relationship of trust with the consumer. The market
acceptability of a new food technology depends on effective commu-
nication between industry and consumers during the development and
implementation of the technology (Lavilla & Gayan, 2018).

5. Conclusions

The expansion of the market for minimally processed foods has
guided the development and improvement of physical preservation
methods that are efficient at maintaining the sensory, nutritional, and
microbiological quality of MPFVs and could be used with low temper-
atures throughout processing, transportation, and shelving. The main
physical preservation methods that can be used in the food industry are
thermal treatments, irradiation, high pressure, UV radiation, and elec-
trolyzed water. In addition to the physical methods cited, technological
advances in the development of packaging that interacts with consumers
and products, promoting desirable changes, are a new frontier in the
MPFV sector. The choice of the most appropriate method must be made
judiciously for each raw material that will be subjected to minimal pro-
cessing and must take into account factors related to sustainability, the
economic viability of each technology, and consumer acceptance. So,
the main advantages, disadvantages, and applications of each physical
preservation method were summarized in this review, helping food en-
gineers and researchers to choose the best method for their market or
study applications.
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