foods

Review

Emerging Postharvest Technologies to Enhance the Shelf-Life of
Fruit and Vegetables: An Overview

Michela Palumbo 2, Giovanni Attolico 3, Vittorio Capozzi
Maria Lucia Valeria de Chiara

and Maria Cefola 2

check for
updates

Citation: Palumbo, M.; Attolico, G.;
Capozzi, V.; Cozzolino, R.; Corvino,
A.; de Chiara, M.L.V.; Pace, B.; Pelosi,
S.; Ricci, I.; Romaniello, R.; et al.
Emerging Postharvest Technologies
to Enhance the Shelf-Life of Fruit and
Vegetables: An Overview. Foods 2022,
11,3925. https://doi.org/10.3390/
foods11233925

Academic Editor: Arun K. Bhunia

Received: 2 November 2022
Accepted: 28 November 2022
Published: 5 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 2

, Rosaria Cozzolino #*©, Antonia Corvino 20,

12D, Bernardo Pace 2*(, Sergio Pelosi 2, Ilde Ricci 2, Roberto Romaniello !

Department of Science of Agriculture, Food and Environment, University of Foggia, Via Napoli, 25,
71122 Foggia, Italy

2 Institute of Sciences of Food Production, National Research Council of Italy (CNR), c/o CS-DAT,
Via Michele Protano, 71121 Foggia, Italy

Institute on Intelligent Industrial Systems and Technologies for Advanced Manufacturing,
National Research Council of Italy (CNR), Via G. Amendola, 122/0, 70126 Bari, Italy

4 Institute of Food Science, National Research Council (CNR), Via Roma 64, 83100 Avellino, Italy
Correspondence: rosaria.cozzolino@isa.cnr.it (R.C.); bernardo.pace@ispa.cnr.it (B.P.);

Tel.: +39-0825-299111 (R.C.); +39-0881-630210 (B.P.)

Abstract: Quality losses in fresh produce throughout the postharvest phase are often due to the
inappropriate use of preservation technologies. In the last few decades, besides the traditional
approaches, advanced postharvest physical and chemical treatments (active packaging, dipping,
vacuum impregnation, conventional heating, pulsed electric field, high hydrostatic pressure, and cold
plasma) and biocontrol techniques have been implemented to preserve the nutritional value and safety
of fresh produce. The application of these methodologies after harvesting is useful when addressing
quality loss due to the long duration when transporting products to distant markets. Among the
emerging technologies and contactless and non-destructive techniques for quality monitoring (image
analysis, electronic noses, and near-infrared spectroscopy) present numerous advantages over the
traditional, destructive methods. The present review paper has grouped original studies within
the topic of advanced postharvest technologies, to preserve quality and reduce losses and waste in
fresh produce. Moreover, the effectiveness and advantages of some contactless and non-destructive
methodologies for monitoring the quality of fruit and vegetables will also be discussed and compared
to the traditional methods.

Keywords: active packaging; cold plasma; dipping; E-nose; high hydrostatic pressure; image analysis;
innovative postharvest technologies; pulsed electric field; vacuum impregnation; near-infrared
spectroscopy

1. Introduction

Fresh fruit and vegetables are important sources of essential vitamins, minerals,
and antioxidants. In recent decades, consumers have become more likely to consume
these products since they are aware of their potential preventive effects against some
non-communicable diseases. In addition, increasing safety (chemical, toxicological and
microbial) and traceability are important aspects for all the players in the supply chain
(from the farm to consumers) [1]. Food quality may be defined as the combination of
several physical and chemical attributes (appearance, texture, flavor, and nutritional value)
which have a crucial impact on determining the degree of consumer acceptability [2]. The
quality of fruit and vegetables is mostly based on the evaluation of different external at-
tributes (size, shape, color, gloss, firmness, texture, and taste) and internal factors (chemical,
physical and microbial) dealing with nutritional traits, safety, and sustainability [3].
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Producers

Harvested commodities are metabolically active and highly perishable. They undergo
quality losses due to the ripening and senescence processes, which are often associated
with the development of spoilage microorganisms and other undesired phenomena, which
must be controlled to preserve the quality and increase the shelf-life of the product during
storage [4,5]. Furthermore, high water activity and the presence of nutritional factors
associated with these matrices can also favor the growth of pathogens [6,7]. Fruit and
vegetables with better sensory and nutritional attributes have a relevant economic value.
Consequently, inadequate preservation practices, besides causing important losses in
nutritional and quality characteristics, can have a detrimental economic impact along the
entire supply chain, from growers to consumers. The Food and Agriculture Organization
(FAO) estimated that 33% of the total food produced for human consumption is lost due to
postharvest spoilage (Figure 1). Overall, 44% of losses occur in industrialized (developed)
countries and 40% occur in developing countries [8].
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Figure 1. Causes of postharvest losses along the supply chain. (Adapted from [9]).
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In a recent report released by the FAO [10], it was reported that fruit and vegetables
are the food group with the second-highest value of losses and waste (about 22%), exceeded
only by roots, tubers, and oil-bearing crops at all stages in the food supply chain (Figure 2),
due to their highly perishable nature.
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Figure 2. Food losses and waste along the supply chain (percentage for each food group).

The reduction of losses and wastage in fruit and vegetable production is important
for improving security, promoting the sustainability of the environment, and reducing
production costs.

Optimal postharvest handling, including storage time and temperature management,
relative humidity, chemical and/or physical treatments, and packaging (i.e., a modified
atmosphere) can slow down the biological processes caused by senescence and maturation,
reduce or inhibit the development of physiological disorders, and minimize microbial
growth and contamination [1,11,12]. For example, temperature is the most important
and simplest postharvest factor that can delay the decay of the product [2,13]. Generally,
there is a recommended storage temperature for each product, and optimum quality
preservation can be achieved if the commodity is rapidly cooled to its best postharvest
storage temperature as soon as possible after harvest [14].

Furthermore, the amounts of internationally traded agricultural products have gener-
ally increased with the progress of food globalization. Consequently, the distance and the
duration of transport have been extended; therefore, prolonged exposure to non-optimal
storage conditions can cause a rapid deterioration in the product quality, with the conse-
quent losses and waste. For these reasons, increased product shelf-life and more advanced
quality control technology over longer distances have become key issues [15].

Nowadays, there is much research about the effects of new postharvest physical and
chemical treatments and about the biocontrol techniques used to preserve the quality,
nutritional value, and safety of fresh produce, from harvest to consumer consumption. It
has been widely demonstrated that these methods, whether alone or in combination with
the appropriate management of storage temperature, could preserve the principal quality
and nutritional traits of fruit and vegetables.

Conventional methods (sensory evaluations and analytical methodologies) used to
evaluate fruit and vegetable quality are destructive, time-consuming, and labor- and cost-
intensive. Moreover, these techniques are not suitable for in-line application in industrial or
in market settings to give real-time information to the consumers on the quality of the prod-
uct at hand. On the contrary, the emerging contactless and non-destructive technologies
for the quality monitoring of fresh produce, including near-infrared spectroscopy, hyper-
spectral or multispectral imaging, image analysis, electronic noses, etc., present numerous
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advantages over conventional destructive methods [3]. These emerging techniques are
normally used for external and internal quality evaluation and are principally based on the
measurement of chemical or physical attributes that correlate with certain quality traits of
agricultural products [16].

The aim of this review article is to report a detailed collection of the research works
carried out in the last years about the principal application of new postharvest physical
and chemical emerging technologies to preserve the quality and reduce postharvest losses
and waste in fresh fruit and vegetables. Moreover, the effectiveness and advantages of
quality evaluation via some contactless and non-destructive methodologies are described
and compared to conventional approaches.

2. Postharvest Strategies to Extend the Shelf-Life of Fruit and Vegetables
2.1. Physical Treatments

Emerging non-thermal physical technologies have moved into the spotlight in the
last few years, with the aim of replacing the traditional postharvest technologies based on
thermal processing. Besides being highly water-consuming, the conventional methodolo-
gies can show deleterious effects on the fresh commodities” quality aspects. These novel
technologies can reduce nutrient losses, increase consumer acceptability, promote food
quality, and prolong shelf-life and freshness, guaranteeing the complete absence of chemical
byproducts in the processed product, combined with a reduction in the environmental im-
pact [17]. Among these emerging methods, microwave heating, high hydrostatic pressure,
pulsed electric fields, high hydrostatic pressure, and cold plasma have been applied to
reduce the microbial load, thus helping to preserve the freshness and quality characteristics
of fruit and vegetables [18]. However, these techniques show numerous advantages and
disadvantages that have begun to be investigated to achieve a suitable quality standard by
adopting cost-effective methods [19].

This subsection aims to briefly collect the emerging physical technologies that have
been applied to fresh and minimally processed or fresh horticultural products over the past
few years, particularly focusing on the treatments’ effectiveness in maintaining the quality
and safety of fruit and vegetables.

2.1.1. Microwave

Generally, heating processes, such as hot water and hot air treatments, high-temperature/
short-time treatments, and radio frequency can cause a reduction in the contents of essential
nutrients and flavor-related compounds, due to heat application and its slow distribution in
plant tissue by means of conduction or conduction processes. Microwaving was applied in
this context as an alternative to conventional heating [20], with the aim of achieving a fast
and effective increase in temperature without a temperature gradient. This technique briefly
treats fruits and vegetables to manage microbial growth throughout the product’s minimal
processing, minimizing losses of quality and simultaneously guaranteeing the smallest
effect on the environment and the absence of residues in the treated product [21].

However, little information is available in the literature related to the application
of this innovative physical technique with the aim of minimizing quality loss during
the postharvest phase (Table 1). Minimally processed carrots [22], apples, and bok choy
(Brassica campestris L.) were subjected to high-power /short-time treatments, demonstrating
promising results from a microbiological point of view [23,24]. An excessive duration or
intensity of the microwave treatment, however, can induce excessive temperature increase,
damaging the fresh tissue, due to non-uniform heating [25]. For this reason, there is a need
to overcome several challenges to achieve a successful microwave process on an industrial
scale for fresh and minimally processed products.
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Table 1. The main applications of emerging physical postharvest treatments on fresh and minimally
processed horticultural products, as reported in research published over the last five years.

Treatment Experimental Conditions Food Matrix Effects Reference
Minimally processed Microwaving decreases respiration rate,
Microwave 454 W/5s bokyc}})w while retarding decay occurrence, and [22]
y improves cell membrane integrity.
Application of the treatments at the
. highest intensity after minimal
Microwave 300-100 W/35-10 s Fresh cut apples processing led to the best mesophiles and [23]
psychrophiles control.
Sugar content was reduced after PEF
Pulsed Electric Field 10,000 pulses at 0;51’ L0and Fresh-cut lotus root apphc.atlon in fresh .Sam.ples’ thus [26]
1.5kV cm lowering the browning index and
reducing acrylamide.
Twelve hours after the treatment, high
- CO; and volatiles production was
1 2 %
Pulsed Electric Field 5 pulses of 350 kVm Carrot observed; after 24 h, the largest total [27]
phenolic increase occurred.
Treatment did not affect color, while an
-1 7
Pulsed Electric Field 0.8,2and 3.5kV cm™ and 5,12 and Carrot increase in the phenolic and carotenoid [28,29]
30 pulses .
content and softening was observed.
. . Red cabbage: 150-200 MPa at 35-55 °C, Variations in the HHP treatments
High ilydristatlc 5-20 min/Radish: 100-200 MPa, at Re;l;fb(iaﬁet le;\;es affected the integrity of the tissues and [30]
pressure 20-40 °C, 5-10 min and racish tubers cell turgor.
Hieh hvdrostatic After HHP treatment and storage, the
g1y 50-400 MPa for 3-60 min Fresh-cut papaya fruit enhancement of carotenoid precursors [31]
pressure
and carotene content was observed.
Hieh hvdrostatic Color parameters, firmness, electrical
& re};sure 100-600 MPa for 2 min Fresh-cut pumpkin conductance, and pectin esterification [32]
P were positively affected by HHP.
HHP reduced the respiration rate,
Mild high . prevented tissue damage, and positively
hydrostatic pressure 20-80 MPa for 10 min Mango affected the content of bioactive (321
compounds.
. .. HPP significantly affected firmness,
ressurIe_hgr}c:cessin 100-300 MPa for 5-20 min Mlmm?rllle};p r(l)(e:essed flavonoids, polyphenols, vitamin C [33]
P P 8 pineapp content, and colorimetric parameters.
After applying 400 MPa, the
Hieh presstre pectinmethylesterase enzyme was
g1 P 200, 400, 600 MPa for 5 min Pumpkin inactivated. Color parameters decreased [34]
treatments . . .. ..
and an increase in antioxidant activity
was observed.
. . Treatment caused high tissue damage,
nghrlgzsdur;)esstatlc 400-600 MPa; 1-5 min Blueberries thus resulting in the leakage of bioactive [35]
P cellular components.
Hich-pressure The longest treatment led to more severe
s 400,600 MPa; 1, 5 min Zucchini slices cell lysis, browning and dehydration [36]
treatments
occurrence.
Plasma treatment caused less browning
Dielectric Barrier 5 + 5 min on each side, 10 + 10, and Fresh cut apple incidence and enhanced phenols and [37,38]
Discharge (DBD) 15 + 15; 30 and 60 min PP antioxidant activity after 10 min of o
treatment.
Cold plasma treatment significantly
reduced bacteria and mold development
Cold plasma 40kV/90 s Fresh cut cantaloupe during storage. Final product showed [39]

higher quality, firmness, and sensory
attributes.

Dielectric barrier
discharge cold
plasma

Plasma levels of 7% and 14% duty
cycle for 5, 10, 20 min.

Strawberry

Plasma treatment of 20 minutes reduced
the mesophilic bacteria and yeasts and
molds, while not affecting texture and

color.

[40]
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Table 1. Cont.
Treatment Experimental Conditions Food Matrix Effects Reference
ACP treatment was able to prolong the
product shelf-life in treated strawberries.
Atmospheric cold . A 15-minute treatment resulted in 2 log )
plasma (ACP) ACP at 60 kV for 10, 15, 30 min Strawberry bacteria reduction, also enhancing the (4]
phenolic content and antioxidant activity.
TSS, pH, and moisture were not affected.
. . . Total aerobic bacterial count was
Dielectric barrier significantly reduced by treatment, while
discharge cold 60 kV/5 min Fresh cut pitaya }% li Y y rea s [42]
plasma phenolic content and antioxidant activity

increased.

Atmospheric double
barrier discharge

1 or 5 min at 45 and 65 kV

Treatment effectively inhibited the
growth of mesophiles and yeast and

Fresh cut pears mold. The 65 kV /1 min treatment [43]

plasma slowed respiration rate and maintained
organoleptic properties and quality.
. A treatment length of 10 min was
Cold atmospheric . .
. . . . Ready-to-eat rocket optimal for the adequate reduction of the
dielectric barrier 5,10, 15 and 20 min . . . R [44]
. leafy salad microbial load while maintaining color
discharge plasma .
and firmness.
ACP treatment inhibited microbial
development and decay occurrence.
Atmospheric cold . . Treatments of 5 and 10 min showed
plasma (ACP) 0,5,10, 15 and 20 min Blueberries negligible effects on firmness, pH, ORP (431
and anthocyanin concentration, but
darkened the color.
D:jleilsecizlrc l;ar;‘;er Treatment reduced the total bacterial
8¢ & 20-min DBD treatment and 20 min . load after 7 days of storage, also slowing
plasma and arc . . Shiitake mushroom e [46]
. PAW immersion down the overall color modification and
plasma-activated ositively affecting firmness
water (PAW) p y & :
PAW-8 treatment inhibited bacterial
development and the reduced browning
Plasma-activated 7.0 kHz at 6 kV, 8 kV (PAW-8), 10 kV Fresh cut apple of the cut surface without affecting [47]
water (PAW) for 5 min pp firmness, titratable acidity, radical
scavenging activity, and antioxidant
content.
PAW variably affected enzyme activities,
while it did not show an effect on total
Plasma activated Activation times of 10, 20, 30, 45 and phenolic content and antioxidant activity.
Fresh cut apple [48]

water (PAW)

60 min, 5 min washing

Significant reductions in the aerobic
bacteria and yeast and mold loads were
observed.

2.1.2. Pulsed Electric Field

Recently, pulsed electric field (PEF) technology has become of the most interest because
of its capability to obtain safe food with minimal heat production through the use of s to
ms-pulses of a high electric field of high intensity [49]. This technique has been widely used
on liquid, semi-solid and solid foods, also including fresh fruit, vegetable smoothies, and
juices. The PEF parameters to be optimized to obtain microbial and enzymatic inactivation
in fresh products are represented by the strength of the electric fields, the treatment time,
and the frequency, polarity, or shape of the pulses. Beneficial effects from PEF treatment
were observed in the reduction of enzymatic activity with a consequent improvement in
the quality parameters [26-29,50,51], as reported in Table 1. PEF-treated products better
retained their fresh flavor, textural, and functional attributes, including a longer shelf-
life and greater microbiological safety. However, PEF-induced metabolic stress could
negatively affect the quality of the final product, thus limiting the application of PEF to
fresh-cut products. Among the limited studies reporting the effects on the metabolism
and characteristics of minimally processed produce, Li et al. [30] have reported that PEF
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treatment limited the browning index and acrylamide content in ready-to-eat lotus root
during postharvest life.

2.1.3. High Hydrostatic Pressure

High hydrostatic pressure (HHP) technology is mostly used for microbial inactivation
or reduction and for enzyme denaturation. However, high pressure, inducing injuries on
microbial cellular structures, might show similar effects on the plant cells; thus, an in-depth
study into treatment optimization in various fresh systems is required. Several results show
that HHP significantly affects microbial load; however, it also influences the functionality
of proteins, such as enzymes and tissue structure, specifically and differentially due to
the wide variety of product types [31]. Moreover, the stimulation and accumulation
of nutraceutical compounds were also observed. The effects of HHP application have
been reported for different minimally processed horticultural commodities [32-35], whole
produce [31,36,45,52], and juice [53], demonstrating great efficiency in improving food
safety aspects and in maintaining quality.

2.1.4. Cold Plasma

The application of cold plasma is widely used in the whole and minimally processed
fruit and vegetable industry as an innovative technology used to handle microbial devel-
opment [42], with the aim of replacing conventional sanitation treatments, meanwhile
preserving the nutritional and antioxidant aspects of food products. Several scientific stud-
ies reported the effectiveness of non-thermal plasma on different horticultural products
(Table 1). Several fruit-based fresh-cut products have been subjected to plasma treatment
with beneficial effects, in terms of the quality parameters and the inhibition of microbial
growth. During the last few years, plasma-activated water (PAW) application has also been
more and more widely studied. This technique allows the producer to avoid cell damage
caused by direct exposure to cold plasma, representing a valuable alternative to the conven-
tional solution of washing during fresh-cut processing for several products. To date, cold
plasma and PAW washing applications have been described for strawberries [40,41,54-56],
kumquat fruit [44,57] green leafy vegetables [40,58-62], blueberries [37,52,63,64], fresh-cut
apples [38,47,48,65-67] pears [39,43], cantaloupe melons [46], mushrooms [68,69], toma-
toes [70], kiwifruits [71], and red currants [72].

2.2. Dipping and Vacuum Impregnation

The quality of fresh-cut fruit and vegetables is widely affected by physiological
changes, such as enzymatic browning caused by tissue damage and high respiration
rates, and by physical factors, including mechanical injuries and the removal of outer
protective coverings, which culminate in faster weight loss, shriveling, loss of color and
appearance, and shorter shelf-life [73]. Hence, innovative food processing technologies,
such as dipping and vacuum impregnation techniques, are being investigated and imple-
mented to sanitize, reduce enzymatic browning, improve the texture, and use nutrients
(vitamins, probiotics, minerals, organic acids, phenols, etc.) to fortify fresh-cut fruit and
vegetables, in order to preserve and improve the quality and to extend the shelf-life of these
products [74-76].

Dipping treatments consist of soaking the product, with or without mechanical agita-
tion, followed by the removal of the excess solution. This method is commonly used on
whole, peeled, shredded, and sliced commodities and on more perishable products, as it
favors the dispersion of the solution, covering the maximum surface area of the product
without any damage or stress [77]. One of the major advantages of these dipping treatments
is the removal of the cellular exudates, which can have a detrimental effect on the posthar-
vest quality of commodities. Depending on the food product, the variables of the dipping
process to be optimized are the time of soaking, the frequency, the solute composition, the
temperature, and the concentration of the solution. Several studies have tested dipping
treatments with calcium (Ca) salts to extend the shelf-life of products. Ca enrichment, in
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fact, has several advantages, including the reduction of microbial growth due to a decrease
in activity water, the improvement of texture, acceptability, and storability, and the pre-
vention of browning due to the oxidation phenomena and the development of off-flavors
in fresh-cut foods [78-81]. Giacalone and Chiabrando [82] compared the effect of dipping
in Ca salts (chloride or propionate) and citric acid solutions on apple cubes, highlighting
an improvement in firmness, color, sensory attributes, and browning inhibition on fruits
treated with Ca chloride and citric acid. Albertini et al. [83] tested the immersion of papaya
slices in a water solution containing cinnamaldehyde, Ca chloride, and their combinations,
showing that a combination treatment increased the maintenance of firmness and had an
effect on flavor and taste. Other studies have evaluated the dipping process in solutions of
Ca chloride, combined with pectin methyl-esterase (PME), on firmness and some of the
quality attributes of raspberry fruits during refrigerated storage, showing that the treatment
improved the firmness and reduced the weight loss of the fruit [84]. The application of
natural extracts for use as anti-browning agents (polyphenols, carotenoids, organic acids,
and bioactive peptides) represents a recent approach that is used to improve the quality
and extend the shelf-life of fresh-cut fruit and vegetables [85]. Many natural agents from
tomato skin [86], pineapple juice [87], pomegranate peel [88], mango peel [89], aloe vera
gel [90], and extracts from pumpkin, artichoke, grape, and broccoli, etc. [91] have been
reported for browning control in fresh-cut fruits. Supapvanich et al. [92] tested the im-
mersion of fresh-cut apple slices in coconut water and evaluated several quality attributes
(visual quality, color, and enzymatic and antioxidant activity) during storage, reporting
that coconut-liquid endosperms could inhibit the browning incidence of fresh-cut fruit
for up to 9 days at 4 °C. Wessels et al. [91] evaluated the anti-browning effect of 36 plant
extracts, applied as dipping solutions on the enzymatic activity and the color parameters
of fresh-cut apple slices, suggesting that the inhibition of browning might be attributable to
the antioxidant activity of secondary plant metabolites, especially the phenolic compounds.

Food vacuum impregnation (VI) (Figure 3) is a method that allows producers to
directly introduce, dissolve, or suspend substances in the void fraction (i.e., the pores) of
a food matrix in a controlled manner [93]. VI includes two main steps: (1) the pressure
is reduced in the system (under vacuum), the native gases and liquids are removed, and
the product pores are expanded under the action of pressure gradients until mechanical
equilibrium is achieved; (2) the atmospheric pressure is restored (relaxation period) and,
with the opposite pressure gradient, the external solution fills the pores while the tissues
relax, until a new equilibrium has been reached. The hydrodynamic mechanism and
deformation-relaxation phenomena take place during the vacuum impregnation process,
leading to the flow of external solutions into the intracellular spaces of foods [94].

Before the application of VI treatment, it is necessary to consider the porosity, the
tissue structure, the size and geometry of the food, the impregnation solution (concentra-
tion and type of solute), and the process parameters (vacuum pressure, exposure time,
relaxation time at atmospheric pressure, temperature, product/solution relationship, and
agitation). Fruit and vegetables have a substantial amount of intercellular space occupied
by gas; therefore, the VI represents a suitable tool for incorporating compounds that allow
producers to extend the shelf-life without modifying the cellular structure of food [95].
In the last few years, several authors have studied the application of VI to obtain foods
enriched with antimicrobial, functional, and structural compounds. Kang and Kang [96]
evaluated the effect of VI when applied to the washing process, with a malic acid so-
lution used to remove microorganisms from the surface of broccoli. Yilmaz and Ersus
Bilek [97] evaluated the simultaneous effect of an ultrasound-VI process, using natural
phenolic compounds extracted from black carrot, on several quality attributes and on the
inhibition of microorganism growth in fresh-cut apple discs. Santana Moreira et al. [98]
enriched minimally processed fruit salad with 3-carotene and lutein, which are natural
pigments used to improve the appearance and color of food products, as well as to offer
health benefits related to antioxidant and anticancer activity. Natural fruit and vegetable
juices, rich in bioactive compounds, were used to impregnate solid fruits and generate
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products with high nutritional value [99,100]. Derossi et al. [101], using the VI technology,
enriched fresh-cut apple slices to improve their antioxidant activity and healthy properties
by filling their pores with an aloe vera gel extract; other authors used grape juice to increase
the antioxidant activity of apple cubes [102]. A recent study highlighted the finding that
the application of VI, using a solution of Ca chloride and pectin methyl-esterase (PME), had
a positive effect on firmness, weight loss, soluble solids content, and vitamin C levels of
jujube fruits [103], while other authors used VI with solutions of Ca lactate and PME, both
alone and in combination, to improve the product’s quality attributes, including texture
profile and color, and to prolong the shelf-life of fresh-cut papaya cubes [104].

Manometer

Vacuum pump

Solution

Fruit or

vegetables
fresh-cut (cubes,
slices, etc.)

Vacuum chamber

Figure 3. Schematic representation of the vacuum impregnation device, the arrows point at each
system element.

2.3. Edible Active Packaging, Based on Natural Compounds

Edible active packaging consists of edible polymers with the incorporation of natural
antioxidants. Edible coatings have proven to be an effective primary packaging material
in delaying the ripening process, preserving the nutritional properties and preventing
quality loss by decreasing several natural processes, including gaseous exchange and the
respiration and transpiration rate [105]. Recently, it has been observed that the efficiency of
edible coatings can be significantly improved by incorporating active natural components
with antioxidant and/or antimicrobial properties. These packaging products are called
“active” and are designed to interact with food by releasing components with biological
properties. The integration of active compounds into biopolymer matrices enhances the
oxidation stability of the food product and inhibits the growth of food-borne pathogens,
providing additional safety features for the food products, even in the absence of cold
storage [106].

An alginate and chitosan edible coating enriched with an extract from olive leaves has
demonstrated the ability to increase the shelf-life of sweet cherries. Moreover, compared
with the uncoated samples, a delay in the ripening process and the significant retention of
phenolic and antioxidant components were also observed [107]. Robles-Séanchez et al. [108]
demonstrated that an alginate coating, when incorporated with citric and acetic acid, al-
lowed fresh-cut mangoes to retain several quality attributes, such as antioxidant activity,
phenolic content, and color. However, the flavonoids and (3-carotene could not be re-
tained [108]. Moreover, an edible coating with 1% chitosan and 5% ascorbic acid inhibited
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browning, retained flesh firmness, delayed microbial growth, and maintained phenolic
compounds throughout the storage period in fresh-cut apples [109]. Liu et al. [110] verified
the effectiveness of gallic acid-grafted chitosan film as a novel active packaging material for
the preservation of mushrooms (Agaricus bisporus). Compared to commercial polyethylene
film, mushrooms packed with the active film showed significantly lower respiration rate,
browning degree, malondialdehyde content, electrolyte leakage rate, superoxide anion
production rate, and hydrogen peroxide content, with a potential increase in the antioxidant
status of mushrooms, which, in turn, maintained the postharvest quality of the products.
Carvalho et al. [111] showed that a 2% chitosan-based coating, enriched with 500 mg L~
antimicrobial trans-cinnamaldehyde, preserved the quality of fresh-cut cantaloupe melons
during their storage at 4 °C by preserving the content of total vitamin C and carotenoids,
lightness, and firmness. Moreover, it was reported that carrots coated with turmeric and
casein extended their shelf life by about 7 days, preserving the carotenoid content, the
texture, and the antibacterial properties [112].

Imeneo et al. [113] demonstrated that a pectin-based coating, enriched with an extract
of lemon by-product, ensured that fresh-cut carrots maintained stable structural integrity
for 14 days of storage at 4 °C, due to a reduction in enzymatic bacterial activity. This
kind of treatment also resulted in higher levels of carotenoids, phenolic compounds, and
antioxidant activity.

Lemon essential oil, incorporated into a chitosan edible coating, has been reported to
reduce the respiration rate of strawberries and improve the antifungal activity of chitosan
against Botrytis cinerea [114]. Ghafoor et al. [115] investigated the effect of chitosan edible
coatings with natural functional ingredients obtained from orange peel (OPE) and olive cake
(OCE) on the quality attributes of fresh Barhi date fruit. When chitosan was mixed with OPE
or OCE, a significant increase in phenolic content and in radical scavenging activity was
observed with respect to the uncoated samples. Moreover, chitosan-coating significantly
preserved the product’s textural properties, particularly hardness, and inhibited mold
growth, without any non-significant changes in the consumer acceptability of the fruit
throughout the storage time.

Vieira et al. [116] placed active film pads made from chitosan, enriched by the ethanolic
extracts of green tea and rosemary as natural antifungal agents, on the bottom of commercial
trays for the preservation of raspberry fruits. This sustainable packaging successfully
decreased raspberry fruit fungal incidence, preserved the overall quality during storage,
and extended the shelf-life of fruits by up to 14 days.

2.4. Strategies of Biocontrol

The study of microbiota represents one of the hottest topics in agri-food research, and
this trend is confirmed by the great interest in the microbiota associated with fruit and
vegetables [117]. These complex microbial ecosystems encompass the diversity of naturally
associated bacteria, yeasts, and filamentous fungi (molds) [118,119]. At harvest, this mi-
crobial diversity can play an extremely diversified role, modulating the quality and safety
of the postharvest products [120,121]. This microbiota can be associated with undesired
microorganism pathogens, the producers of toxins, bacteria-carrying antibiotic resistance
genes, and/or with potential spoilage activity with respect to the food matrices of inter-
est [122,123]. At the same time, these undesired microorganisms can arise from postharvest
processes, operators, and environments [123]. These spoilage microbes can be controlled
using different strategies that are often combined in the framework of hurdle technology
applications [123]. Among the other approaches, biocontrol represents the key solution in
the field of biological treatments [121,124]. Exploiting selected microbes as control agents,
biocontrol is considered one of the more sustainable postharvest approaches to increasing
the shelf-life of fruit and vegetables [124,125]. Bio-protection relies on the application of
selected microbes that can limit the development of undesired microorganisms. The idea of
having the microbiome of the fruit or vegetable as a target offers a privileged perspective
in understanding the variables involved in biocontrol solutions, including the currently
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emerging interest in products that have been developed for preharvest applications but
that also demonstrate interest in terms of postharvest biological control [121]. The presence
of products on the market (Table 2) helps us to define the diversity of microorganisms that
are actually valued in this sector.

Table 2. A non-exhaustive list of biocontrol-based products that are currently marketed for posthar-
vest applications. Adapted with permission from Sellitto et al. [121]. Copyright 2021 MDPI.

Product Active Ingredient Country/Company Fruit/Vegetable Target
Bio-fungicides recommended for postharvest applications
. ® . Jet Harvest Solutions Pome Fruit, Citrus, Penicillium, Botrytis,
Biosave Pseudomonas syringae Strawberry, Cherry,
USA Mucor
Potato
Nexy® Candida oleophila Lesaffre Belgium Pome Fruit Botrytis, Penicillium
BoniProtect o Aureobasisium pullulans . . Pome Fruit Penicillium, Botrytis,
BlossomProtect . Bio-ferm, Austria Grape S
® (2 strains) Monilinia
Botector
Table Grape, Pome . s
Noli Metschnikowia fructicola Koppert The Fruit, Strawberry, Stone Boi’.‘rytzs, Pemczllzy "
Netherlands ) Rhizopus, Aspergillus
Fruit, Sweet Potato
Bio-fungicides developed for preharvest applications, also recommended for postharvest
Serenade® Opti Bacillus subtilis Bayer Grape,P]ii:?; Fruits, Botrytis, Silver scarf
Amylo—x® chzllus . Biogard, Ttaly Grape,.APple.z, Pear, Botrytis, P‘seudomonas
amyloliquefaciens Kiwifruit syringae
CBC-Europe, Germany
Bio-protection agents developed for food processing, also recommended for postharvest
Harvested Grape, Botrytis,
Gaia™ Metschnikowia fructicola 10C, France Withering Grape, non-Saccharomyces
Grape Musts spoiling yeasts
Botrytis
.. ICV/ Lallemand, Harvested Grapes, ’
™ -
Nymphea Torulaspora delbrueckii France Grape Musts non-Saccharomyces

spoiling yeasts

All the solutions currently on the market encompass the application of yeast and
bacteria as control agents (Table 2). The successful application of yeast in postharvest
biocontrol is related to their general predisposition toward physically colonizing the sur-
faces (also in response to the released exopolysaccharides), efficiently competing for the
nutrients to overcome frequently used pesticides, release lytic enzymes, and induce the
host resistance [126,127] (e.g., lytic enzymes, Figure 4).

Alongside a global aptitude for concretizing antagonism, there is a diversity of specific
killer toxins that can be bio-produced by these eukaryotic microorganisms and that have
specific cellular targets in the killer-sensitive microbial cell (e.g., membrane, cell wall, RNA,
and replication) [126]. This dual aptitude for creating antagonism justifies the amount
of interest in yeasts for postharvest control actions on a wide range of fresh fruit and
vegetables (e.g., lemon, see Figure 5).



Foods 2022, 11, 3925

12 of 29

~

£\ Production of lytic >---» Cutting links
.., enzymes m ®  Cytoplasmatic

e, . . membrane

; Protease - .
Mannoproteins

“A 7 Chitin
Glucanase™-. R
. [-1,3-glucan
~_ B-1,6-glucan

A-
Chitinase *-._

Phytopathogenic Fungus
conidia

ey '

Fungal cell
wall

Figure 4. Enzyme production via selected yeasts and their lytic effect on the phytopathogenic fungus
cell wall. Reprinted with permission from Hernandez-Montiel et al. [127]. Copyright 2021 MDPIL.

Figure 5. Colored scanning electron microscope (SEM) image of the surface of a lemon wound,
inoculated with the killer yeast (orange) and ungerminated spores of citrus fungal postharvest
phytopathogen (green). Reprinted with permission from Diaz et al. [126]. Copyright 2020 MDPIL.

Even among the prokaryotic microorganisms, steric competition and the antagonism
in terms of nutritional factors, as well as the release of lytic enzymes, biofilm formation,
and resistance induction (in the host plant), represent the tools of the biological arsenal
against postharvest pathogens [128]. To these aspects, we must add the producers of
antifungal molecules (e.g., peptides and volatile organic compounds) and the siderophores
that chelate iron [128]. The genera Bacillus and Pseudomonas are considered some of the most
effective antagonists for postharvest control [129,130]. Bacillus is commonly recognized as
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a biological alternative to standard chemical fungicides/bactericides in agriculture [130].
Pseudomonas has a wide diffusion in the field, attesting to the resilience of this genus in the
agricultural environment [129]. Among the different phenotypes of interest in the selected
strains, the ability to survive harsh environmental conditions, fast growth (also with low
nutrient availability), the capability to modulate the host response, and the production of
lytic enzymes/antimicrobial compounds (including the endospore formation for Bacillus)
have been widely explored [129-131].

In the field of prokaryotes, the heterogeneous group of lactic acid bacteria (LAB)
represents a promising reservoir of potential bio-based solutions for sustainable agriculture,
also in terms of postharvest applications [132,133]. LAB generally have a long history of
safe use in food fermentations and, also due to this characteristic, several LAB species are
recognized as having facilitated paths in defining their safe use in food, according to the
different legislative environments [134,135]. The biological mechanisms exploited in the
control of undesired microbes on fruits and vegetables after the harvest are multivariate
and belong to classes that are widely studied in other food applications [136]. Among
the others, this molecular arsenal includes organic acids, bacteriocins, and antimicrobial
peptides [136].

All these biomolecules have been exploited to improve the shelf-life of fresh plant
products during storage conditions [137-140], both through the inoculation of cells and /or
of the cell-free supernatants [136,141]. There were several matrices, including leafy green,
mixed salads, lettuce, potato, mushroom, tomato, melon, cabbage, apple, table grape, lotus
root, litchi, strawberry, kiwifruit, and banana, on which the LAB have been successfully
applied for this type of purpose [137,140]. The target microorganisms used in the studies
are mainly pathogenic bacteria (e.g., Listeria monocytogenes, Salmonella enterica, and Staphylo-
coccus aureus), but fungal spoilage bacteria (e.g., Botrytis cinerea, Penicillium expansum, and
Aspergillus flavus) have also been employed [140-143]. It is possible to detect emerging
trends regarding the treatment methods used by the selected LABs and/or with molecules
having antimicrobial action. One process of particular interest is the use of fermented
products, obtained by inoculating the strain of interest [139,143-145], or the use of edible
coatings [137,146,147]. This is a rapidly evolving field in which there are numerous open
problems: from the screening of new strains suitable for maximizing efficacy against a
broad spectrum of undesirable microorganisms, to the strategy of applying bacteria to
the product, without altering the product’s sensory quality. In general, the application of
supernatants and solutions based on the incorporation of the bacterium in a coating (in
some cases, this is also of microbial origin) represent interesting solutions as they are able to
improve the degree of standardization for these bio-based strategies [137,148,149]. Future
perspectives in the field of biocontrol in the postharvest of fresh plant products show that it
is crucial to highlight the need for a clear shared global regulatory environment (e.g., [136])
to speed up innovative actions and the assessment of biocontrol, in combination with other
physical and chemical solutions (within the framework of hurdle technology) (e.g., [150]).

3. Innovative Non-Destructive Techniques for the Quality Monitoring of Fruit
and Vegetables

3.1. Image Analysis through a Computer Vision System

Computer vision systems (CVSs) are part of an innovative, contactless, and non-
destructive technology, based on traditional imaging in the visible range of the electromag-
netic spectrum, which is widely used for the in-line grading of fruit and vegetables [151-157].
CVSs include novel technologies to automatically extract from an image the relevant visual
information related to the visual quality of the product: they are used to classify and grade,
to assess the quality, to detect defects, and to estimate the internal properties. Proper image
analysis algorithms and regression or classification models can perform these tasks. The
principal benefits of objective, consistent, and pervasive food control along the entire supply
chain, from the producers to the final consumers, that are provided by this technology are
a reduction in loss and waste, as well as increased consumer satisfaction.
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A CVS typically acquires images using a setup composed of the combination of a
digital camera, an illumination system, and a personal computer that extracts classification
features and builds appropriate models, using statistical methods or machine learning
approaches (Figure 6).
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Figure 6. The imaging station and the general workflow of an image-processing system. Four main
steps are foreseen in the image processing: Image acquisition, Pre-processing, Features extraction
and Classification.

CVSs have been developed to evaluate the quality and marketability of several fresh
commodities since color has proven to be crucial for market acceptance. CVS technology
is able to estimate the color properties at the pixel level and to provide a more objec-
tive and consistent evaluation with respect to standard colorimeters, which have limited
applicability at an industrial level and for in-line monitoring [158].
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Recently, an innovative CVS has been developed to evaluate the quality level of
rocket leaves and to non-destructively discriminate the cultivation approach using color
information extracted from digital images. The proposed CVS permitted the authors to
achieve an accuracy of about 95% in quality-level assessment and of about 65-70% in the
discrimination of the cultivation approach by the use of a random forest model for the
automatic selection of the relevant features for classification [159].

The use of CVS also represents an effective tool to monitor fresh-cut fruit quality along
the entire supply chain, reducing food waste and ensuring freshness at the market level.
In this context, several interesting applications have been reported in the literature on
fresh-cut products: artichokes [160], nectarines [161], iceberg lettuce [151], radicchio [162],
apples [163], and potatoes [164]. As regards packaged products, the identification of
regions of images affected by the presence of shadows or highlights produced by the
interaction of light with a plastic bag is a critical problem that needs to be solved for quality-
level assessment to be achieved through the packaging material. A robust and powerful
segmentation approach that selects the regions where colors can be measured properly
is mandatory to achieve performances similar to the results obtained on unpackaged
samples [165,166].

Besides their external appearance, CVS can be used for the evaluation of the inner
quality of horticultural products. During postharvest storage, ripening or senescence
processes can cause alterations in nutritional quality, leading to changes in the product’s
visual attributes, including color and/or texture [167]. In this regard, the yellowing of
green leafy vegetables is strictly related to chlorophyll loss, while the browning processes
that occur on the surfaces of fresh-cut products are caused by polyphenol oxidase and
peroxidase activity on phenolic compounds. Moreover, the total soluble solids and pH
values are statistically affected by the various levels of the ripening stages: when the
particular fruit color is enhanced, the total soluble solids content increases, and the fruit
acidity decreases.

Pace et al. [168], studying the relationships between antioxidant activity (AA) or total
phenols (TP) and the color traits of a local landrace of yellow to purple pigmented carrots,
developed CVS regression models that were able to estimate the AA and TP contents
(R? = 0.97 and R? = 0.94, respectively).

Moreover, enforcement of the image-processing method, based on the JPEG images of
plums at several maturity stages, highlighted the finding that the indices of an RGB color
scale of sample images were correlated to the different chemical traits of plums. A robust
correlation between fruit acidity (expressed as the total soluble solids content) and the mean
intensity of the green color (R? = 0.99) and the R/G ratio (R? = 0.85) was obtained [153].

Recently, image analysis by CVS has been applied to predict the enzymatic activity of
both polyphenol oxidase (PPO) and peroxidase (POD) on banana samples, evaluating the
peel browning that occurred during 9 days of storage at 25 °C. The extraction of several
color features (such as the average and variance of all RGB color parameters) from the
images that were acquired by CVS allowed the obtaining of two equations using a genetic
programming model that could predict PPO and POD activity during the browning process
of banana peels. However, the correlation coefficients did not show significant differences
between the predicted and measured values of the enzymatic activity of PPO and POD
(R? = 0.98 and 0.97, respectively) [169].

Sabzi et al. [170] implemented an automatic CVS method able to predict with high
accuracy (R? = 0.95) the pH value of oranges from images in the visible wavelengths of
the external peel. The average time spent in estimating the pH values with the proposed
non-destructive technique was 0.42 s, suitable for in-line industrial applications.

A CVS was recently adopted to discriminate between the ripening stages (half-red
or red) of strawberries harvested at three different times. Among the chemical indicators
of ripening, titratable acidity resulted in it being statistically correlated to the image data
(Pearson correlation coefficient = 1), providing a good indicator for the non-destructive
evaluation of the ripening stage of strawberries [171].
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Additionally, Palumbo et al. [166] proposed a combination of image analysis and the
random forest model to forecast the contents of chlorophyll and ammonia, as objective
indicators of senescence, for unpackaged and packaged rocket leaves. An irrelevant
performance loss on packaged products (Pearson’s linear correlation coefficient was 0.84
and 0.91 for chlorophyll and ammonia content, respectively) compared to unpackaged
ones (0.86 for chlorophyll and 0.92 for ammonia) was reported. Moreover, the three partial
least squares regression (PLSR) models, built to predict the visual quality level of fresh-cut
rocket leaves, using as predictors the total chlorophyll and the ammonia contents obtained
by destructive methods, were employed by CVS on packaged products and by CVS on
unpackaged ones, highlighting the high performance in validation in terms of R? (0.70, 0.77
and 0.80 for destructive methods, CVS through packaging, and CVS without packaging,
respectively).

The application of Image-processing techniques has been recently evaluated for the
estimation of the total soluble solids and pH of strawberries. The RGB, HSV, and HSL
color-space channels were used as input variables to develop multiple linear regression
(MLR) and support vector machine regression (SVM-R) models. The results demonstrated
that an SVM-R model working on the characteristics in the HSV color space performed
better than an MLR model for total soluble solids and pH prediction (accuracy of 84.1%
and 79.2% for total soluble solids and 78.8% and 72.6% for pH in the training and testing
stages, respectively) [172].

Finally, one very interesting application of image analysis was reported by Li et al. [173],
who provided innovative and smart technology to predict the shelf-life and the quality
of kiwifruit during cold storage, via acquiring and calculating the RGB value extracted
from photos taken by a smartphone camera. The results showed that the R to B ratio values
(Central R/B) were negatively correlated with titratable acidity, vitamin C content, and
firmness and were positively correlated with soluble solids content, total soluble sugars,
and total plate counts. The smartphone has become an essential portable device nowadays;
the methodology proposed by these authors, based on smartphone image analysis, is sim-
pler and faster than the other reported prediction methods. The obtained rapid evaluation
of the postharvest quality of kiwifruit may avoid losses and waste, especially for ordinary
consumers or fruit retailers at the end of the supply chain.

3.2. E-Nose

Odors and flavors, crucial sensory parameters for consumer acceptability, are strictly
affected by organic volatile compounds (VOCs), which are the final products of the
metabolism of plant-based food matrices [174]. The identification and semi-quantification
of volatile metabolites via headspace solid-phase microextraction (HS-SPME) sampling, fol-
lowed by gas chromatography-mass spectrometry (GC-MS), has become a well-established
methodology for the assessment of the quality of fruit and vegetables on a molecular
basis [175], but the concrete application of HS-SPME/GC-MS in the food industry is lim-
ited [176].

In the last few years, the electronic nose (E-nose) has become one of the most favorable
sensing technologies as an alternative to conventional HS-SPME/GC-MS. From a practical
point of view, it achieves the differentiation and classification of food matrices with different
aroma signatures by evaluating the presence and the content of specific volatile metabolites
in the headspace of the samples [175,177].

The E-nose is a sensing device supplied with a set of partial specific and broad-
spectrum electronic chemical sensors that mimic human olfactory perception; it provides a
digital VOC fingerprint that can be explored using suitable statistical tools. These electronic
devices are generally composed of three parts: a sample-handling apparatus, a detector,
and a system for data acquisition [66]. The use of the olfactometric methodology for the
evaluation of the VOC profiles of horticultural food products offers several important
advantages, including the low cost of analysis, ease of use, rapidity, non-destructiveness,
no need for preliminary sample-preparation steps, environmentally friendly use, and auto-
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matic data handling [178,179]. Among the different sensors, the metal oxide semiconductor
(MOS) sensors are most frequently used in E-nose applications, presenting the advantages
of fast response, high sensitivity, and low cost [180].

Due to the complexity and size of the data matrices produced by the E-nose, it is
necessary to treat the sensory responses with chemometric tools to extract information
regarding food quality, safety, and fraud recognition and postharvest handling evaluations,
as well as ripening assessments [171,181-184].

Numerous reports have been published on the application of E-noses in the analysis
of different foods of plant origin [181]. In particular, according to some recent studies it can
be indicated that an E-nose is a useful methodology for investigating the ripening stage of
fruit [171,182,185].

In the study by Palumbo et al. [171], an E-nose, along with attenuated total reflection-
Fourier transform infrared (ATR-FTIR) spectroscopy and image analysis (IA), were used
as fast and non-destructive methodologies to discriminate between two ripening stages
(half-red or red) of the strawberry variety “Sabrosa”, harvested at three different times. In
particular, the PCA carried out on the E-nose values indicated that there was a potential
correlation among the E-nose signals and the fruit-ripening stage, as the E-nose device
reacted sensitively and selectively to changes in the aroma profiles of strawberries at
different maturity degrees. Moreover, the correlation analysis between E-nose data and
the VOCs profiles, previously obtained by HS-SPME/GC-MS, demonstrated that E-nose
responses were in line with HS-SPME/GC-MS analysis [184,186].

Aghilinategh et al. [182] explored the combination of the responses of a MOS gas sensor
E-nose with suitable pattern recognition methods, including artificial neural networks
(ANN), principal component analysis (PCA), and linear discriminant analysis (LDA) to
determine the maturation stage of white berry and blackberry. Most consistent with the
results, although all the statistical methods used were able to differentiate among the fruit,
based on the ripeness grades, the ANN showed the best classification performance, with
an accuracy of more than 88%.

Recently, Qiao et al. [187] investigated the fruit quality indexes, including titratable
acidity, soluble sugar content, sugar—acid ratio, soluble solids amount, soluble protein level,
and flavor profile via an E-nose among naturally and artificially ripe crab apples. The aroma
patterns generated by 12 MOS sensors were treated by PCA, LDA, SVM, and random forest
(RF) analyses. The data obtained indicated that the RF, with an average recognition accuracy
of about 98%, can be considered the best algorithm for distinguishing between naturally
or artificially ripe crab apples. On the other hand, the correlation analysis, performed by
PLSR, among the E-nose values and the quality parameters allowed the authors to establish
good predictive models with regression coefficients (R?) that were higher than 0.91 [187].

There are several studies reporting the applicability of the E-nose, combined with
chemometric strategies, in classifying fruit and vegetables in line with their geographical
origin [181].

Li et al. [188] investigated the origin of 303 maca samples collected from more than 100
sites within the main growing area in China, using GC-MS and an MOS-based E-nose to
detect the maca samples’ volatile and odor fingerprints, respectively. Correlation and multi-
regression analyses showed that all sensors had a significant association with specific maca
volatiles. Moreover, using E-nose and a backpropagation (BP) neural network algorithm,
a maca odor database was implemented that was able to trace the maca origin with
predictability greater than 78%. This study suggested that the E-nose is a fast, reliable, and
efficient method by which to predict the geographical provenance of Chinese maca [188].

In an interesting paper, data obtained via an MOS E-nose treated with statistical tools
were used to discriminate table grapes, depending on the different agronomic practices
(conventional vs. organic farming) and geographical origin [189]. PCA experiments
performed on the E-nose responses showed poor clustering of the fruit samples according
to the growing site or cultivation methods, while a supervised approach using LDA allowed
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promising prediction rates of 84% and 85% for the discrimination of the growing handling
and geographic provenance, respectively [189].

In line with previous reports, the E-nose has been reported to provide effective and use-
ful information for an overall evaluation of the freshness of fruit and vegetables [181,190].

Cozzolino et al. [184] explored the potentiality of the E-nose as a rapid technique in
discriminating samples of the sweet cherry variety, “Ferrovia”, packaged in a high-CO,
(16% Oy + 20% CO, + 64% N») or air (20% O, + 0.03% CO, + 80% N») environment, for
up to 21 days. The projection to latent structures (PLS) methods that were applied to the
E-nose data indicated that the fresh sample and the packaged or unpackaged fruit could
be classified, based on both the storage conditions and the storage time. Furthermore,
a correlation analysis among the E-nose responses and the overall VOCs, detected in
a previous study via HS-SPME/GC-MS [185] on the same cherry samples, allowed the
researchers to associate samples with specific flavor profiles, using one or more E-nose
sensors. Specifically, the S10 sensor results were related to some VOCs that are thought to
be possible markers of freshness and could, thus, be used for a rapid assessment of product
quality. Finally, since the data of the rapid and the conventional approaches agreed, the
E-nose is confirmed to be an appropriate method for the real-time physiological and quality
evaluations of postharvest plant-based food.

Ghasemi-Varnamkhasti et al. [191] used an E-nose equipped with 8 MOS sensors to
evaluate the freshness of strawberries stored in three different polymer packaging types,
including polypropylene (PPP), ethylene vinyl alcohol (EVOH), and polyvinyl chloride
(PVC). E-nose data, treated with pattern recognition approaches such as PCA, LDA, and
SVM, allowed the researchers to properly classify the unpackaged and packaged samples
and explore the effects of polymer packages on strawberry freshness. The response surface
method (RSM) was considered for the choice of the optimized sensor array with regard
to the contribution of each sensor in the sample classification. Sample headspace profiles
were studied on days 1, 8, and 16. The results showed that the PCA explained 84% of the
variance of the data, while the LDA categorized all the sensor responses with an accuracy
of 86.4%. Moreover, the SVM method could accurately distinguish between the samples by
86.4% and by 50.6% in training and validation, respectively, by using a polynomial basis
function (C-5VM) and could distinguish between them by 85.2% and 55.6% in training and
validation, respectively, using a radial basis function (Nu-SVM). Finally, among the eight
sensors used in the study, four of them were selected as the optimal sensors for adoption in
an E-nose system.

Huang et al. [192] reported a rapid and non-destructive method to investigate the
changes in freshness quality of postharvest spinach from 1 to 12 days of cold storage, using
machine vision and an E-nose, combined with chemometrics. Ten trained panelists classi-
fied the spinach freshness during cold storage into four grades. K-nearest neighbors (KNN),
SVM, and a backpropagation artificial neural network (BPNN) were used for the prediction
of spinach freshness. The results obtained from applying the BPNN model related to ma-
chine vision showed the same output as the KNN approach, with a classification accuracy
of 85.4% in the prediction of spinach freshness. On the other hand, the BPNN model, based
on E-nose data, allowed obtaining a better result with respect to the SVM approach, with
classification accuracies of 81.2% and 75.0%, respectively. Besides, the BPNN model, built
on multisensory data fusion using machine vision and E-nose data, greatly improved the
accuracy of the freshness evaluation of postharvest spinach by reaching a classification
accuracy of 93.7%.

3.3. Near-Infrared Spectroscopy

Infrared (IR) spectroscopy is a very useful technique to recognize specific functional
groups in a molecule (Table 3) and, thus, the chemical composition of a product by relating
the vibrational properties of matter to certain internal features. Therefore, every sample has
a specific IR spectrum; fruit and vegetable products with a similar spectrum also present
similar bioactive compounds and nutritional value [193]. Among the IR methodologies,
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near-infrared (NIR) spectroscopy, which covers the magnetic spectrum range between
780 and 2500 nm, is a rapid, non-destructive, multi-analytical technique that is widely
and effectively used in several sectors, such as the food industry, agriculture, chemicals,
pharmaceuticals, textiles, polymers, cosmetics, and medical applications [194].

Table 3. Adsorption peaks of the functional groups. Adapted from [195].

Adsorption Peaks
Functional Group Wavenumber (cm—1) Wavelength (um)

O-H aliphatic and 3600-3000 2.8-33
aromatic

NH, amine 3600-3100 2.8-3.2

CH aromatic 3150-3000 3.2-33

CH aliphatic 3000-2850 3.3-3.5

C=N nitril 2400-2200 42-4.6

C=C- alkyne 2260-2100 4448

COOR ester 1750-1700 5.7-5.9

COOH carboxylic acid 1740-1670 5.7-6.0

Cc=0 aldehydes and 1740-1660 5.7-6.0
ketones

CONH, amide 1720-1640 5.8-6.1

C=C- alkene 1670-1610 6.0-6.2

J-O-R aromatic 1300-1180 7.7-8.5

R-O-R aliphatic 1160-1060 8.6-9.4

According to the specific application, three setup modes are possible (Figure 7) to use.
First, it is important to note that the penetration of NIR radiation into the tissues decreases
with the depth, so it is necessary to select the measurement configuration. For example,
thick-skinned fruit can compromise reflectance and interactance ability in detecting internal
quality or injuries. On the other hand, transmittance can yield information about the skin
and core of a fruit, but the process needs high light intensity that can damage the product
(Figure 7).
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Figure 7. Setup for acquisition in reflectance (a), transmittance (b), and interactance (c). The arrows
indicate the direction of light coming out of the lamp (1) hits the sample (2) and then reaches the
detector (3).
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The outcomes of NIR spectroscopy, combined with multivariate techniques and an
image analyzer, can yield information about the solid soluble content (SSC), the firmness,
the dry matter (DM), the hardness, and, in some cases, the internal injuries of harvested
produce.

Peirs et al. [196] examined the spectral variability of apples in reflectance mode and
demonstrated that it depends mainly on the seasons and cultivars, and depends less on
orchards. Besides, the data variability seems to be associated with the changes in the
produce’s texture properties and in its chemical composition. Actually, the sugar and acid
content, as well as the cell size, the number of cells, and the number of intercellular spaces
were affected by the different growing conditions. Conversely, Schaare and Fraser [197]
compared the three NIR modes in estimating the SSC, density, and flesh color of kiwifruit,
achieving a higher accuracy by using the interactance mode. The dry matter (DM), the SSC,
and the flesh color of kiwifruit were evaluated by Clark et al. [198], applying an interactance
modality in order to predict fruit-storage disorder. The model successfully classified the
fruits according to their susceptibility to storage, based on the NIR profile. The incidence of
postharvest storage disorders increased for fruit that was less mature, which contained less
DM, lower SSC, and greener flesh color than their unaffected counterparts. McGlone and
Kawano [199] also analyzed the kiwi, obtaining an excellent predictive model for SSC and
DM, but not for firmness.

Several studies have focused their research on the internal quality of citrus, specifically.
Liu et al. [200] demonstrated the NIR potential to measure the SSC of intact navel orange
fruit. This suggests that it can be used as a valid tool for the determination of other internal
quality indices in other thick-skinned fruits, such as tangerine and lemon. The results
obtained by Gémez et al. [201] confirm NIR as a non-destructive technique for measuring
mandarin quality profiling, especially in predicting the sugar content. Similar results were
obtained by Lee et al. [202], who evaluated citrus using transmittance methods to yield
information about the fruit flesh; in particular, a PLSR model was found to predict sugar
content.

Among the NIR techniques, Fourier transform infrared spectroscopy (FTIR) is involved
in several studies as it offers the advantages of high sensitivity, high resolution, and fast data
acquisition speed. Conversely, FTIR is an expensive and complex tool. Schulz et al. [203]
applied NIR-FT-Raman, ATR-IR, and NIR spectroscopy, in combination with chemometric
algorithms for the rapid determination of pungency in black and white ground pepper
and green whole pepper berries, demonstrating that vibrational spectroscopy methods can
replace the conventional procedures for the effective quality control of peppercorns and
pepper extracts and of pepper oil treated in the industry. Furthermore, the spectral data can
be used to simultaneously classify the pepper oils according to their different monoterpene
and sesquiterpene compositions. Amodio et al. [204] applied an FTIR spectrometer to
discriminate among strawberries produced by three different fertility management systems.
Data treated by chemometric tools allowed the sensor to obtain good classification models
to successfully predict TSS, pH, and TA. FTIR, coupled with attenuated total reflectance
(ATR-FTIR) techniques, has been demonstrated to present several advantages, including
better signal-to-noise ratio, multiplexing, higher energy, and improved resolution [205].
In Palumbo et al. [171], the ATR-FTIR data have been significantly correlated to titratable
acidity as a good indicator of the maturity stage of “Sabrosa” strawberries.

The NIR system is an effective non-invasive technique that can be used to analyze the
chemical composition of fresh produce and quality changes during storage, promoting its
application directly on the field and in the industrial line and as a valid approach for the
traceability and authentication of agricultural produce.

4. Conclusions

This review paper provides an overview of the effects of advanced postharvest tools
(active packaging, dipping, vacuum impregnation, pulsed electric field, high hydrostatic
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pressure, and cold plasma) and of biocontrol techniques to preserve the high nutritional
value and safety of fresh produce after harvesting.

Physical treatments (such as microwaving, a pulsed electric field, high hydrostatic
pressure, and cold plasma) and a biocontrol strategy proved to be useful for improving the
safety of products and consequently extending their shelf-life. Technologies such as dipping,
vacuum impregnation, and edible active packaging should be applied when the aim of
producers is to preserve the quality and enhance the nutritional value of fresh fruits and
vegetables. Moreover, the combination of more techniques, among those reported, might
positively affect both the safety and the quality of the products. Therefore, in conclusion,
the adoption of these technologies represents an innovation in the fruit and vegetable sector,
in order to satisfy the consumer’s needs. However, cost analysis is necessary to verify the
real applicability.

Regarding the non-destructive techniques reported (image analysis, the E-nose, and
near-infrared spectroscopy), the research in this field has made it possible to validate its
effectiveness for the non-destructive evaluation of fresh and fresh-cut fruit and vegetables
from “the field to the fork”, with the aim of optimizing the process phases and limiting
losses. Furthermore, the application of these techniques by the end user could increase the
satisfaction of the players in the supply chain, improving the quality of the process.

To this end, portable tools to be applied on industrial lines or in the field are required.
Further research is in progress, investigating new technologies to extend shelf life and
enable the continuous monitoring of product quality at all stages of the supply chain.

Author Contributions: Conceptualization, M.P.,, R.C., B.P. and M.C; literature search, M.P,, V.C.,
R.C,A.C,MLVd.C, LR and M.C,; investigation, M.P, R.C., B.P. and M.C.; writing—original draft
preparation, M.P,, V.C., R.C. and M.C.; writing—review and editing, M.P,, G.A., V.C, R.C, AC,,
ML.VdC,BP,SP, LR, RR and M.C;; supervision, M.P, G.A., V.C,, R.C., M.L.V.d.C,, B.P. and M.C;;
project administration, B.P. and M.C.; funding acquisition, B.P. and M.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the project Prin 2017 “Multifunctional polymer composites
based on grown materials (MIFLOWER)” from the Italian Ministry of Education University and
Research Project (grant number: 2017B7MM]5_001) and Project PON «R&I» 2014-2020—Azione
II—"Shelf life, quality, and safety of fruit and vegetables with a high service content” POFACS—"
(grant number ARS01_00640) from European Union, and the Italian Ministry of Education University.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors thank Massimo Franchi of CNR-ISPA for his technical support in
the laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mahajan, P.V,; Caleb, O.].; Singh, Z.; Watkins, C.B.; Geyer, M. Postharvest Treatments of Fresh Produce. Philos. Trans. R. Soc. Math.
Phys. Eng. Sci. 2014, 372, 20130309. [CrossRef] [PubMed]

2. Brasil, LM.; Siddiqui, M.W. Postharvest Quality of Fruits and Vegetables: An Overview. In Preharvest Modulation of Postharvest
Fruit and Vegetable Quality; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1-40. ISBN 978-0-12-809807-3.

3. Chauhan, O.P.; Lakshmi, S.; Pandey, A.K.; Ravi, N.; Gopalan, N.; Sharma, R K. Non-Destructive Quality Monitoring of Fresh
Fruits and Vegetables. Def. Life Sci. ]. 2017, 2, 103. [CrossRef]

4. Barth, M.; Hankinson, T.R.; Zhuang, H.; Breidt, F. Microbiological Spoilage of Fruits and Vegetables. In Compendium of the
Microbiological Spoilage of Foods and Beverages; Sperber, W.H., Doyle, M.P,, Eds.; Springer: New York, NY, USA, 2009; pp. 135-183.
ISBN 978-1-4419-0825-4.

5. De Corato, U. Improving the Shelf-Life and Quality of Fresh and Minimally-Processed Fruits and Vegetables for a Modern Food
Industry: A Comprehensive Critical Review from the Traditional Technologies into the Most Promising Advancements. Crit. Rev.
Food Sci. Nutr. 2020, 60, 940-975. [CrossRef]

6. Berger, C.N,; Sodha, S.V.; Shaw, R.K,; Griffin, PM.; Pink, D.; Hand, P; Frankel, G. Fresh Fruit and Vegetables as Vehicles for the

Transmission of Human Pathogens: Fresh Produce as Vehicles for Transmission of Human Pathogens. Environ. Microbiol. 2010,
12, 2385-2397. [CrossRef] [PubMed]


http://doi.org/10.1098/rsta.2013.0309
http://www.ncbi.nlm.nih.gov/pubmed/24797137
http://doi.org/10.14429/dlsj.2.11379
http://doi.org/10.1080/10408398.2018.1553025
http://doi.org/10.1111/j.1462-2920.2010.02297.x
http://www.ncbi.nlm.nih.gov/pubmed/20636374

Foods 2022, 11, 3925 22 of 29

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Srisamran, J.; Atwill, E.R.; Chuanchuen, R.; Jeamsripong, S. Detection and Analysis of Indicator and Pathogenic Bacteria in
Conventional and Organic Fruits and Vegetables Sold in Retail Markets. Food Qual. Saf. 2022, 6, fyac013. [CrossRef]
Gustavsson, ]J.; Cederberg, C.; Sonesson, U. The Methodology of the FAO Study: “Global Food Losses and Food Waste—Extent,
Causes and Prevention”-FAO. Available online: https://www.diva-portal.org/smash/get/diva2:944159 /FULLTEXTO1.pdf
(accessed on 29 August 2022).

Bourne, M. Post Harvest Food Losses—The Neglected Dimension in Increasing the World Food Supply; Cornell International Agriculture
Mimeograph 53; New York State College of Agriculture and Life Sciences, Cornell University: Ithaca, NY, USA, 1977.

SOFA 2019—The State of Food and Agriculture in the World. Available online: https:/ /www.fao.org/state-of-food-agriculture/
2019/en/ (accessed on 14 November 2022).

Singh, V.; Hedayetullah; Zaman, P.; Meher, . Postharvest Technology of Fruits and Vegetables: An Overview. J. Postharvest Technol.
2014, 2, 124-135.

Ali, A.; Yeoh, WK_; Forney, C.; Siddiqui, M.W. Advances in Postharvest Technologies to Extend the Storage Life of Minimally
Processed Fruits and Vegetables. Crit. Rev. Food Sci. Nutr. 2018, 58, 2632-2649. [CrossRef]

Fatchurrahman, D.; Amodio, M.L.; Colelli, G. Quality of Goji Berry Fruit (Lycium barbarum L.) Stored at Different Temperatures.
Foods 2022, 11, 3700. [CrossRef]

Kader, A.A. Postharvest Technology of Horticultural Crops; University of California Agriculture and Natural Resources: Davis, CA,
USA, 2002; ISBN 978-1-879906-51-8.

Fahmy, K.; Nakano, K. Effective Transport and Storage Condition for Preserving The Quality of ‘Jiro” Persimmon in Export
Market. Agric. Agric. Sci. Procedia 2016, 9, 279-290. [CrossRef]

Bhargava, A.; Bansal, A. Fruits and Vegetables Quality Evaluation Using Computer Vision: A Review. J. King Saud Univ.—Comput.
Inf. Sci. 2021, 33, 243-257. [CrossRef]

Garcia-Oliveira, P; Fraga-Corral, M.; Pereira, A.G.; Prieto, M.A_; Simal-Gandara, J. Solutions for the Sustainability of the Food
Production and Consumption System. Crit. Rev. Food Sci. Nutr. 2022, 62, 1765-1781. [CrossRef] [PubMed]

Fan, X.; Wang, W. Quality of Fresh and Fresh-Cut Produce Impacted by Nonthermal Physical Technologies Intended to Enhance
Microbial Safety. Crit. Rev. Food Sci. Nutr. 2022, 62, 362-382. [CrossRef] [PubMed]

Ganesan, A.R; Tiwari, U.; Ezhilarasi, PN.; Rajauria, G. Application of Cold Plasma on Food Matrices: A Review on Current and
Future Prospects. |. Food Process. Preserv. 2021, 45, €15070. [CrossRef]

Dar, A.H.; Shams, R.; Rizvi, Q.U.E.H.; Majid, . Microwave and Ohmic Heating of Fresh Cut Fruits and Vegetable Products; Elsevier
Inc.: Amsterdam, The Netherlands, 2019; ISBN 9780128161845.

Usall, J.; Ippolito, A.; Sisquella, M.; Neri, F. Physical Treatments to Control Postharvest Diseases of Fresh Fruits and Vegetables.
Postharvest Biol. Technol. 2016, 122, 30-40. [CrossRef]

Martinez-Hernandez, G.B.; Amodio, M.L.; Colelli, G. Potential Use of Microwave Treatment on Fresh-Cut Carrots: Physical,
Chemical and Microbiological Aspects. J. Sci. Food Agric. 2016, 96, 2063—2072. [CrossRef] [PubMed]

Song, L.; Luo, H.; Cheng, X.; Yan, F,; Yang, Z.; Yu, Z. Effects of Microwave Treatment on Physiology and Quality of Minimally
Processed Bok Choy (Brassica campestris L.) during Storage at 5 °C. J. Food Meas. Charact. 2018, 12, 913-922. [CrossRef]

Colelli, G.; Amodio, M.L.; de Chiara, M.L.V. Operating Conditions for Microwave Application throughout Production Process to
Reduce Microbial Load of Fresh-Cut Apples. Acta Hortic. 2021, 223-230. [CrossRef]

Vadivambal, R.; Jayas, D.S. Non-Uniform Temperature Distribution During Microwave Heating of Food Materials—A Review.
Food Bioprocess Technol. 2010, 3, 161-171. [CrossRef]

Lopez-Gamez, G.; Elez-Martinez, P.; Martin-Belloso, O.; Soliva-Fortuny, R. Changes of Carotenoid Content in Carrots after
Application of Pulsed Electric Field Treatments. LWT 2021, 147, 111408. [CrossRef]

Lopez-Gamez, G.; Elez-Martinez, P.; Martin-Belloso, O.; Soliva-Fortuny, R. Enhancing Phenolic Content in Carrots by Pulsed
Electric Fields during Post-Treatment Time: Effects on Cell Viability and Quality Attributes. Innov. Food Sci. Emerg. Technol. 2020,
59,102252. [CrossRef]

Ribas-Agusti, A.; Martin-Belloso, O.; Soliva-Fortuny, R.; Elez-Martinez, P. Enhancing Hydroxycinnamic Acids and Flavan-3-Ol
Contents by Pulsed Electric Fields without Affecting Quality Attributes of Apple. Food Res. Int. 2019, 121, 433—440. [CrossRef]
[PubMed]

Lopez-Géamez, G.; Elez-Martinez, P.; Martin-Belloso, O.; Soliva-Fortuny, R. Pulsed Electric Fields Affect Endogenous Enzyme
Activities, Respiration and Biosynthesis of Phenolic Compounds in Carrots. Postharvest Biol. Technol. 2020, 168, 111284. [CrossRef]
Li, J.; Shi, J.; Huang, X.; Wang, T.; Zou, X,; Li, Z.; Zhang, D.; Zhang, W.; Xu, Y. Effects of Pulsed Electric Field Pretreatment on
Frying Quality of Fresh-Cut Lotus Root Slices. LWT 2020, 132, 109873. [CrossRef]

Rux, G.; Gelewsky, R.; Schliiter, O.; Herppich, W.B. High Hydrostatic Pressure Treatment Effects on Selected Tissue Properties of
Fresh Horticultural Products. Innov. Food Sci. Emerg. Technol. 2020, 61, 102326. [CrossRef]

Ramos-Parra, P.A.; Garcia-Salinas, C.; Rodriguez-Lopez, C.E.; Garcia, N.; Garcia-Rivas, G.; Hernandez-Brenes, C.; Diaz de la
Garza, R.I. High Hydrostatic Pressure Treatments Trigger de Novo Carotenoid Biosynthesis in Papaya Fruit (Carica papaya Cv.
Maradol). Food Chem. 2019, 277, 362-372. [CrossRef] [PubMed]

Hu, X.;; Ma, T; Ao, L.; Kang, H.; Hu, X,; Song, Y.; Liao, X. Effect of High Hydrostatic Pressure Processing on Textural Properties
and Microstructural Characterization of Fresh-cut Pumpkin (Cucurbita pepo). J. Food Process Eng. 2020, 43. [CrossRef]


http://doi.org/10.1093/fqsafe/fyac013
https://www.diva-portal.org/smash/get/diva2:944159/FULLTEXT01.pdf
https://www.fao.org/state-of-food-agriculture/2019/en/
https://www.fao.org/state-of-food-agriculture/2019/en/
http://doi.org/10.1080/10408398.2017.1339180
http://doi.org/10.3390/foods11223700
http://doi.org/10.1016/j.aaspro.2016.02.115
http://doi.org/10.1016/j.jksuci.2018.06.002
http://doi.org/10.1080/10408398.2020.1847028
http://www.ncbi.nlm.nih.gov/pubmed/33242978
http://doi.org/10.1080/10408398.2020.1816892
http://www.ncbi.nlm.nih.gov/pubmed/32942909
http://doi.org/10.1111/jfpp.15070
http://doi.org/10.1016/j.postharvbio.2016.05.002
http://doi.org/10.1002/jsfa.7319
http://www.ncbi.nlm.nih.gov/pubmed/26112226
http://doi.org/10.1007/s11694-017-9707-y
http://doi.org/10.17660/ActaHortic.2021.1319.26
http://doi.org/10.1007/s11947-008-0136-0
http://doi.org/10.1016/j.lwt.2021.111408
http://doi.org/10.1016/j.ifset.2019.102252
http://doi.org/10.1016/j.foodres.2018.11.057
http://www.ncbi.nlm.nih.gov/pubmed/31108767
http://doi.org/10.1016/j.postharvbio.2020.111284
http://doi.org/10.1016/j.lwt.2020.109873
http://doi.org/10.1016/j.ifset.2020.102326
http://doi.org/10.1016/j.foodchem.2018.10.102
http://www.ncbi.nlm.nih.gov/pubmed/30502158
http://doi.org/10.1111/jfpe.13379

Foods 2022, 11, 3925 23 of 29

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Kundukulangara Pulissery, S.; Kallahalli Boregowda, S.; Suseela, S.; Jaganath, B. A Comparative Study on the Textural and
Nutritional Profile of High Pressure and Minimally Processed Pineapple. J. Food Sci. Technol. 2021, 58, 3734-3742. [CrossRef]
Paciulli, M.; Ganino, T.; Meza, L. G.M.; Rinaldi, M.; Rodolfi, M.; Morbarigazzi, M.; Chiavaro, E. High Pressure and Thermal
Processing on the Quality of Zucchini Slices. Eur. Food Res. Technol. 2021, 247, 475-484. [CrossRef]

Paciulli, M.; Rinaldi, M.; Rodolfi, M.; Ganino, T.; Morbarigazzi, M.; Chiavaro, E. Effects of High Hydrostatic Pressure on
Physico-Chemical and Structural Properties of Two Pumpkin Species. Food Chem. 2019, 274, 281-290. [CrossRef]

Pathak, N.; Grossi Bovi, G.; Limnaios, A.; Frohling, A.; Brincat, J.; Taoukis, P.; Valdramidis, V.P.; Schliiter, O. Impact of Cold
Atmospheric Pressure Plasma Processing on Storage of Blueberries. ]. Food Process. Preserv. 2020, 44. [CrossRef]

Segura-Ponce, L.A ; Reyes, ].E.; Troncoso-Contreras, G.; Valenzuela-Tapia, G. Effect of Low-Pressure Cold Plasma (LPCP) on the
Wettability and the Inactivation of Escherichia coli and Listeria innocua on Fresh-Cut Apple (Granny Smith) Skin. Food Bioprocess
Technol. 2018, 11, 1075-1086. [CrossRef]

Zhang, Y.; Zhang, J.; Zhang, Y.; Hu, H.; Luo, S.; Zhang, L.; Zhou, H.; Li, P. Effects of In-package Atmospheric Cold Plasma
Treatment on the Qualitative, Metabolic and Microbial Stability of Fresh-cut Pears. . Sci. Food Agric. 2021, 101, 4473-4480.
[CrossRef] [PubMed]

Ziuzina, D.; Misra, N.N.; Han, L.; Cullen, PJ.; Moiseev, T.; Mosnier, ].P; Keener, K.; Gaston, E.; Vilaro, I.; Bourke, P. Investigation
of a Large Gap Cold Plasma Reactor for Continuous In-Package Decontamination of Fresh Strawberries and Spinach. Innov. Food
Sci. Emerg. Technol. 2020, 59, 102229. [CrossRef]

Li, M,; Li, X;; Han, C; Ji, N,; Jin, P; Zheng, Y. Physiological and Metabolomic Analysis of Cold Plasma Treated Fresh-Cut
Strawberries. J. Agric. Food Chem. 2019, 67, 4043-4053. [CrossRef] [PubMed]

Bagheri, H.; Abbaszadeh, S. Effect of Cold Plasma on Quality Retention of Fresh-Cut Produce. . Food Qual. 2020, 2020. [CrossRef]
Chen, C,; Liu, C; Jiang, A.; Guan, Q.; Sun, X,; Liu, S.; Hao, K.; Hu, W. The Effects of Cold Plasma-Activated Water Treatment on
the Microbial Growth and Antioxidant Properties of Fresh-Cut Pears. Food Bioprocess Technol. 2019, 12, 1842-1851. [CrossRef]
Guo, J.; Qin, D.; Li, W.; Wy, F; Li, L,; Liu, X. Inactivation of Penicillium Italicum on Kumquat via Plasma-Activated Water and Its
Effects on Quality Attributes. Int. ]. Food Microbiol. 2021, 343, 109090. [CrossRef]

Paciulli, M.; Medina Meza, 1.G.; Rinaldi, M.; Ganino, T.; Pugliese, A.; Rodolfi, M.; Barbanti, D.; Morbarigazzi, M.; Chiavaro, E.
Improved Physicochemical and Structural Properties of Blueberries by High Hydrostatic Pressure Processing. Foods 2019, 8, 272.
[CrossRef]

Zhou, D.; Li, T,; Cong, K.; Suo, A.; Wu, C. Influence of Cold Plasma on Quality Attributes and Aroma Compounds in Fresh-Cut
Cantaloupe during Low Temperature Storage. LWT 2022, 154, 112893. [CrossRef]

Tappi, S.; Ragni, L.; Tylewicz, U.; Romani, S.; Ramazzina, I.; Rocculi, P. Browning Response of Fresh-Cut Apples of Different
Cultivars to Cold Gas Plasma Treatment. Innov. Food Sci. Emerg. Technol. 2019, 53, 56-62. [CrossRef]

Zhou, R.; Zhou, R.; Mai-Prochnow, A.; Zhang, X.; Xian, Y.; Cullen, PJ.; Ostrikov, K. (Ken) Surface Plasma Discharges for the
Preservation of Fresh-Cut Apples: Microbial Inactivation and Quality Attributes. J. Phys. Appl. Phys. 2020, 53, 174003. [CrossRef]
Vanga, S.K.; Wang, J.; Jayaram, S.; Raghavan, V. Effects of Pulsed Electric Fields and Ultrasound Processing on Proteins and
Enzymes: A Review. Processes 2021, 9, 1-16. [CrossRef]

Gonzalez-Casado, S.; Martin-Belloso, O.; Elez-Martinez, P.; Soliva-Fortuny, R. Enhancing the Carotenoid Content of Tomato Fruit
with Pulsed Electric Field Treatments: Effects on Respiratory Activity and Quality Attributes. Postharvest Biol. Technol. 2018, 137,
113-118. [CrossRef]

Sotelo, K.A.G.; Hamid, N.; Oey, I.; Pook, C.; Gutierrez-Maddox, N.; Ma, Q.; Ying Leong, S.; Lu, J. Red Cherries (Prunus avium Var.
Stella) Processed by Pulsed Electric Field — Physical, Chemical and Microbiological Analyses. Food Chem. 2018, 240, 926-934.
[CrossRef] [PubMed]

Hu, X.; Sun, H.; Yang, X.; Cui, D.; Wang, Y.; Zhuang, ].; Wang, X.; Ma, R.; Jiao, Z. Potential Use of Atmospheric Cold Plasma for
Postharvest Preservation of Blueberries. Postharvest Biol. Technol. 2021, 179, 111564. [CrossRef]

Raj, P; Boulet, C.; Yildiz, S.; Sablani, S.; Tang, J.; Barbosa-Canovas, G.V.; Nationale, E.; Agronomie, S5.D.; Alimentaires, I. Effect of
High Hydrostatic Pressure on Microbial Inactivation and Quality Changes in Carrot-Orange Juice Blends at Varying PH. LWT
2022, 159, 113219. [CrossRef]

Rana, S.; Mehta, D.; Bansal, V.; Shivhare, U.S.; Yadav, S.K. Atmospheric Cold Plasma (ACP) Treatment Improved in-Package
Shelf-Life of Strawberry Fruit. ]. Food Sci. Technol. 2020, 57, 102-112. [CrossRef]

Ahmadnia, M.; Sadeghi, M.; Abbaszadeh, R.; Ghomi Marzdashti, H.R. Decontamination of Whole Strawberry via Dielectric
Barrier Discharge Cold Plasma and Effects on Quality Attributes. J. Food Process. Preserv. 2021, 45, €15019. [CrossRef]

Hozak, P; JireSova, J.; Khun, J.; Scholtz, V.; Julak, J. Shelf Life Prolongation of Fresh Strawberries by Nonthermal Plasma Treatment.
J. Food Process. Preserv. 2022, 46, e16150. [CrossRef]

Puligundla, P.; Lee, T.; Mok, C. Effect of Intermittent Corona Discharge Plasma Treatment for Improving Microbial Quality and
Shelf Life of Kumquat (Citrus japonica) Fruits. LWT 2018, 91, 8-13. [CrossRef]

Giannoglou, M.; Stergiou, P.; Dimitrakellis, P.; Gogolides, E.; Stoforos, N.G.; Katsaros, G. Effect of Cold Atmospheric Plasma
Processing on Quality and Shelf-Life of Ready-to-Eat Rocket Leafy Salad. Innov. Food Sci. Emerg. Technol. 2020, 66, 102502.
[CrossRef]

Tan, J.; Karwe, M.V. Inactivation of Enterobacter Aerogenes on the Surfaces of Fresh-Cut Purple Lettuce, Kale, and Baby Spinach
Leaves Using Plasma Activated Mist (PAM). Innov. Food Sci. Emerg. Technol. 2021, 74, 102868. [CrossRef]


http://doi.org/10.1007/s13197-020-04831-6
http://doi.org/10.1007/s00217-020-03640-7
http://doi.org/10.1016/j.foodchem.2018.09.021
http://doi.org/10.1111/jfpp.14581
http://doi.org/10.1007/s11947-018-2079-4
http://doi.org/10.1002/jsfa.11085
http://www.ncbi.nlm.nih.gov/pubmed/33432579
http://doi.org/10.1016/j.ifset.2019.102229
http://doi.org/10.1021/acs.jafc.9b00656
http://www.ncbi.nlm.nih.gov/pubmed/30883111
http://doi.org/10.1155/2020/8866369
http://doi.org/10.1007/s11947-019-02331-w
http://doi.org/10.1016/j.ijfoodmicro.2021.109090
http://doi.org/10.3390/foods8070272
http://doi.org/10.1016/j.lwt.2021.112893
http://doi.org/10.1016/j.ifset.2017.08.005
http://doi.org/10.1088/1361-6463/ab6f8f
http://doi.org/10.3390/pr9040722
http://doi.org/10.1016/j.postharvbio.2017.11.017
http://doi.org/10.1016/j.foodchem.2017.08.017
http://www.ncbi.nlm.nih.gov/pubmed/28946363
http://doi.org/10.1016/j.postharvbio.2021.111564
http://doi.org/10.1016/j.lwt.2022.113219
http://doi.org/10.1007/s13197-019-04035-7
http://doi.org/10.1111/jfpp.15019
http://doi.org/10.1111/jfpp.16150
http://doi.org/10.1016/j.lwt.2018.01.019
http://doi.org/10.1016/j.ifset.2020.102502
http://doi.org/10.1016/j.ifset.2021.102868

Foods 2022, 11, 3925 24 of 29

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Laurita, R.; Gozzi, G.; Tappi, S.; Capelli, F; Bisag, A.; Laghi, G.; Gherardi, M.; Cellini, B.; Abouelenein, D.; Vittori, S.; et al. Effect
of Plasma Activated Water (PAW) on Rocket Leaves Decontamination and Nutritional Value. Innov. Food Sci. Emerg. Technol. 2021,
73,102805. [CrossRef]

Silvetti, T.; Pedroni, M.; Brasca, M.; Vassallo, E.; Cocetta, G.; Ferrante, A.; De Noni, I.; Piazza, L.; Morandi, S. Assessment of
Possible Application of an Atmospheric Pressure Plasma Jet for Shelf Life Extension of Fresh-Cut Salad. Foods 2021, 10, 513.
[CrossRef] [PubMed]

Sudarsan, A.; Keener, K. Inactivation of Spoilage Organisms on Baby Spinach Leaves Using High Voltage Atmospheric Cold
Plasma (HVACP) and Assessment of Quality. Innov. Food Sci. Emerg. Technol. 2022, 79, 103023. [CrossRef]

Dong, X.Y.; Yang, Y.L. A Novel Approach to Enhance Blueberry Quality During Storage Using Cold Plasma at Atmospheric Air
Pressure. Food Bioprocess Technol. 2019, 12, 1409-1421. [CrossRef]

Ji, Y.; Hu, W,; Liao, J.; Jiang, A.; Xiu, Z.; Gaowa, S.; Guan, Y.; Yang, X.; Feng, K; Liu, C. Effect of Atmospheric Cold Plasma
Treatment on Antioxidant Activities and Reactive Oxygen Species Production in Postharvest Blueberries during Storage. J. Sci.
Food Agric. 2020, 100, 5586-5595. [CrossRef]

Tappi, S.; Ramazzina, I.; Rizzi, F; Sacchetti, G.; Ragni, L.; Rocculi, P. Effect of Plasma Exposure Time on the Polyphenolic Profile
and Antioxidant Activity of Fresh-Cut Apples. Appl. Sci. 2018, 8, 1939. [CrossRef]

Liu, C,; Chen, C,; Jiang, A.; Sun, X.; Guan, Q.; Hu, W. Effects of Plasma-Activated Water on Microbial Growth and Storage Quality
of Fresh-Cut Apple. Innov. Food Sci. Emerg. Technol. 2020, 59, 102256. [CrossRef]

Perinban, S.; Orsat, V.; Raghavan, V. Influence of Plasma Activated Water Treatment on Enzyme Activity and Quality of Fresh-Cut
Apples. Food Chem. 2022, 393, 133421. [CrossRef]

Gavahian, M,; Sheu, F.; Tsai, M.; Chu, Y. The Effects of Dielectric Barrier Discharge Plasma Gas and Plasma-activated Water on
Texture, Color, and Bacterial Characteristics of Shiitake Mushroom. J. Food Process. Preserv. 2020, 44. [CrossRef]

Zhao, Z.; Wang, X.; Ma, T. Properties of Plasma-Activated Water with Different Activation Time and Its Effects on the Quality of
Button Mushrooms (Agaricus bisporus). LWT 2021, 147, 111633. [CrossRef]

Lee, T.; Puligundla, P.; Mok, C. Intermittent Corona Discharge Plasma Jet for Improving Tomato Quality. J. Food Eng. 2018, 223,
168-174. [CrossRef]

Zhao, Y.; Chen, R.; Liu, D.; Wang, W.; Niu, J.; Xia, Y.; Qi, Z.; Zhao, Z.; Song, Y. Effect of Nonthermal Plasma-Activated Water on
Quality and Antioxidant Activity of Fresh-Cut Kiwifruit. IEEE Trans. Plasma Sci. 2019, 47, 4811-4817. [CrossRef]

Limnaios, A.; Pathak, N.; Grossi, G.; Fr, A.; Valdramidis, P.; Taoukis, P.S.; Schliiter, O. Effect of Cold Atmospheric Pressure Plasma
Processing on Quality and Shelf Life of Red Currants. LWT 2021, 151, 112213. [CrossRef]

Siddiqui, W.; Chakraborty, I.; Ayala-Zavala, ].F; Dhua, R.S. Advances in Minimal Processing of Fruits and Vegetables: A Review.
J. Sci. Ind. Res. 2011, 70, 12.

Escobedo-Avellaneda, Z.; Garcia-Garcia, R.; Valdez-Fragoso, A.; Mdjica-Paz, H.; Welti-Chanes, J. Fruit Preservation and Design of
Functional Fruit Products by Vacuum Impregnation. In Fruit Preservation; Rosenthal, A., Deliza, R., Welti-Chanes, ]., Barbosa-
Canovas, G.V.,, Eds.; Food Engineering Series; Springer: New York, NY, USA, 2018; pp. 335-349. ISBN 978-1-4939-3309-9.
Chinnaswamy, S.; Rudra, S.G.; Sharma, R.R. Texturizers for Fresh-Cut Fruit and Vegetable Products. In Fresh-Cut Fruits and
Vegetables; Elsevier: Amsterdam, The Netherlands, 2020; pp. 121-149. ISBN 978-0-12-816184-5.

Joshi, A.; Prajapati, U.; Sethi, S.; Arora, B.; Sharma, R.R. Fortification in Fresh and Fresh-Cut Horticultural Products. In Fresh-Cut
Fruits and Vegetables; Elsevier: Amsterdam, The Netherlands, 2020; pp. 183-204. ISBN 978-0-12-816184-5.

Martin-Diana, A.B.; Rico, D.; Frias, ].M.; Barat, ].M.; Henehan, G.T.M.; Barry-Ryan, C. Calcium for Extending the Shelf Life of
Fresh Whole and Minimally Processed Fruits and Vegetables: A Review. Trends Food Sci. Technol. 2007, 18, 210-218. [CrossRef]
Soliva-Fortuny, R.C.; Martin-Belloso, O. New Advances in Extending the Shelf-Life of Fresh-Cut Fruits: A Review. Trends Food Sci.
Technol. 2003, 14, 341-353. [CrossRef]

Alzamora, S.M.; Salvatori, D.; Tapia, M.S.; Lépez-Malo, A.; Welti-Chanes, J.; Fito, P. Novel Functional Foods from Vegetable
Matrices Impregnated with Biologically Active Compounds. J. Food Eng. 2005, 67, 205-214. [CrossRef]

Mu, B.; Xue, J.; Zhang, S.; Li, Z. Effects of the Use of Different Temperature and Calcium Chloride Treatments during Storage on
the Quality of Fresh-Cut “Xuebai” Cauliflowers. Foods 2022, 11, 442. [CrossRef]

Mola, S.; Uthairatanakij, A.; Srilaong, V.; Aiamla-or, S.; Jitareerat, P. Impacts of Sodium Chlorite Combined with Calcium Chloride,
and Calcium Ascorbate on Microbial Population, Browning, and Quality of Fresh-Cut Rose Apple. Agric. Nat. Resour. 2016, 50,
331-337. [CrossRef]

Giacalone, G.; Chiabrando, V. Effect of Different Treatments with Calcium Salts on Sensory Quality of Fresh-Cut Apple. ]. Food
Nutr. Res. 2013, 52, 79-86.

Albertini, S.; Lai Reyes, A.E.; Trigo, ].M.; Sarriés, G.A.; Spoto, M.H.F. Effects of Chemical Treatments on Fresh-Cut Papaya. Food
Chem. 2016, 190, 1182-1189. [CrossRef]

Yan, R.; Han, C.; Fu, M; Jiao, W.; Wang, W. Inhibitory Effects of CaCl2 and Pectin Methylesterase on Fruit Softening of Raspberry
during Cold Storage. Horticulturae 2021, 8, 1. [CrossRef]

Hamdan, N.; Lee, C.H.; Wong, S.L.; Fauzi, CENN.C.A.; Zamri, N.M.A.; Lee, T.H. Prevention of Enzymatic Browning by Natural
Extracts and Genome-Editing: A Review on Recent Progress. Molecules 2022, 27, 1101. [CrossRef] [PubMed]
Martinez-Hernandez, G.B.; Castillejo, N.; Artés-Hernandez, F. Effect of Fresh—Cut Apples Fortification with Lycopene Micro-
spheres, Revalorized from Tomato by-Products, during Shelf Life. Postharvest Biol. Technol. 2019, 156, 110925. [CrossRef]


http://doi.org/10.1016/j.ifset.2021.102805
http://doi.org/10.3390/foods10030513
http://www.ncbi.nlm.nih.gov/pubmed/33804422
http://doi.org/10.1016/j.ifset.2022.103023
http://doi.org/10.1007/s11947-019-02305-y
http://doi.org/10.1002/jsfa.10611
http://doi.org/10.3390/app8101939
http://doi.org/10.1016/j.ifset.2019.102256
http://doi.org/10.1016/j.foodchem.2022.133421
http://doi.org/10.1111/jfpp.14316
http://doi.org/10.1016/j.lwt.2021.111633
http://doi.org/10.1016/j.jfoodeng.2017.11.004
http://doi.org/10.1109/TPS.2019.2904298
http://doi.org/10.1016/j.lwt.2021.112213
http://doi.org/10.1016/j.tifs.2006.11.027
http://doi.org/10.1016/S0924-2244(03)00054-2
http://doi.org/10.1016/j.jfoodeng.2004.05.067
http://doi.org/10.3390/foods11030442
http://doi.org/10.1016/j.anres.2016.12.001
http://doi.org/10.1016/j.foodchem.2015.06.038
http://doi.org/10.3390/horticulturae8010001
http://doi.org/10.3390/molecules27031101
http://www.ncbi.nlm.nih.gov/pubmed/35164369
http://doi.org/10.1016/j.postharvbio.2019.05.026

Foods 2022, 11, 3925 25 of 29

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Supapvanich, S.; Mitsang, P.; Srinorkham, P. Effects of ‘Queen” and ‘Smooth Cayenne’ Pineapple Fruit Core Extracts on Browning
Inhibition of Fresh-Cut Wax Apple Fruit during Storage. Int. Food Res. J. 2017, 24, 559-564.

Turrini, F.; Malaspina, P; Giordani, P; Catena, S.; Zunin, P.; Boggia, R. Traditional Decoction and PUAE Aqueous Extracts of
Pomegranate Peels as Potential Low-Cost Anti-Tyrosinase Ingredients. Appl. Sci. 2020, 10, 2795. [CrossRef]

Jirasuteeruk, C.; Theerakulkait, C. Ultrasound-Assisted Extraction of Phenolic Compounds from Mango (Mangifera indica cv.
Chok Anan) Peel and Its Inhibitory Effect on Enzymatic Browning of Potato Puree. Food Technol. Biotechnol. 2019, 57, 350-357.
[CrossRef]

Supapvanich, S.; Mitrsang, P.; Srinorkham, P.; Boonyaritthongchai, P.; Wongs-Aree, C. Effects of Fresh Aloe Vera Gel Coating
on Browning Alleviation of Fresh Cut Wax Apple (Syzygium samarangenese) Fruit cv. Taaptimjaan. J. Food Sci. Technol. 2016, 53,
2844-2850. [CrossRef]

Wessels, B.; Damm, S.; Kunz, B.; Schulze-Kaysers, N. Effect of Selected Plant Extracts on the Inhibition of Enzymatic Browning in
Fresh-Cut Apple. J. Appl. Bot. Food Qual. 2014, 87, 16-23. [CrossRef]

Supapvanich, S.; Yimpong, A.; Srisuwanwichan, J. Browning Inhibition on Fresh-Cut Apple by the Immersion of Liquid
Endosperm from Mature Coconuts. J. Food Sci. Technol. 2020, 57, 4424—4431. [CrossRef] [PubMed]

Gras, M.; Vidal-Broténs, N.; Betoret, A.; Chiralt; Fito, P. The Response of Some Vegetables to Vacuum Impregnation. Innov. Food
Sci. Emerg. Technol. 2002, 3, 263-269. [CrossRef]

Fito, P. Modelling of Vacuum Osmotic Dehydration of Food. J. Food Eng. 1994, 22, 313-328. [CrossRef]

Andrés, A; Salvatori, D.; Albors, A.; Chiralt, A ; Fito, P. Vacuum Impregnation Viability of Some Fruits and Vegetables. In Osmotic
Dehydration & Vacuum Impregnation; Fito, P., Chiralt, A., Barat, ].M., Spiess, W.E.L., Behsnilian, D., Eds.; CRC Press: Boca Raton,
FL, USA, 2019; pp. 53-60. ISBN 978-0-429-13221-6.

Kang, ].-W.; Kang, D.-H. Enhanced Antimicrobial Effect of Organic Acid Washing against Foodborne Pathogens on Broccoli by
Vacuum Impregnation. Int. ]. Food Microbiol. 2016, 217, 85-93. [CrossRef] [PubMed]

Yilmaz, EM.; Ersus Bilek, S. Ultrasound-Assisted Vacuum Impregnation on the Fortification of Fresh-Cut Apple with Calcium
and Black Carrot Phenolics. Ultrason. Sonochem. 2018, 48, 509-516. [CrossRef]

Santana Moreira, M.; de Almeida Paula, D.; Mauricio Furtado Martins, E.; Nascif Rufino Vieira, E.; Mota Ramos, A.; Stringheta,
P.C. Vacuum Impregnation of 3-Carotene and Lutein in Minimally Processed Fruit Salad. J. Food Process. Preserv. 2018, 42, e13545.
[CrossRef]

Lech, K.; Michalska, A.; Wojdyto, A.; Nowicka, P.; Figiel, A. The Influence of Physical Properties of Selected Plant Materials on the
Process of Osmotic Dehydration. LWT 2018, 91, 588-594. [CrossRef]

Peng, J.; Bi, ].; Yi, J.; Allaf, K.; Besombes, C.; Jin, X.; Wu, X.; Lyu, J.; Asghar Ali, M.N.H. Apple Juice Concentrate Impregnation
Enhances Nutritional and Textural Attributes of the Instant Controlled Pressure Drop (DIC)-dried Carrot Chips. J. Sci. Food Agric.
2019, 99, 6248-6257. [CrossRef]

Derossi, A.; Ricci, I.; Fiore, A.G.; Severini, C. Apple Sclices Enriched With Aloe Vera By Vacuum Impregnation. Ital. . Food Sci.
2017, 30, 256-267. [CrossRef]

Gonzélez-Pérez, J.E.; Jiménez-Gonzélez, O.; Ramirez-Corona, N.; Guerrero-Beltran, ].A.; Lépez-Malo, A. Vacuum Impregnation
on Apples with Grape Juice Concentrate: Effects of Pressure, Processing Time, and Juice Concentration. Innov. Food Sci. Emerg.
Technol. 2022, 77,102981. [CrossRef]

Zhang, L.; Wang, P; Chen, F; Lai, S.; Yu, H.; Yang, H. Effects of Calcium and Pectin Methylesterase on Quality Attributes
and Pectin Morphology of Jujube Fruit under Vacuum Impregnation during Storage. Food Chem. 2019, 289, 40-48. [CrossRef]
[PubMed]

Yang, H.; Wu, Q.; Ng, L.Y.; Wang, S. Effects of Vacuum Impregnation with Calcium Lactate and Pectin Methylesterase on Quality
Attributes and Chelate-Soluble Pectin Morphology of Fresh-Cut Papayas. Food Bioprocess Technol. 2017, 10, 901-913. [CrossRef]
Pandey, VK.; Islam, R.U.; Shams, R.; Dar, A.-H. A Comprehensive Review on the Application of Essential Oils as Bioactive
Compounds in Nano-Emulsion Based Edible Coatings of Fruits and Vegetables. Appl. Food Res. 2022, 2, 100042. [CrossRef]
Rangaraj, V.M.; Rambabu, K.; Banat, F.; Mittal, V. Natural Antioxidants-Based Edible Active Food Packaging: An Overview of
Current Advancements. Food Biosci. 2021, 43, 101251. [CrossRef]

Zam, W. Effect of Alginate and Chitosan Edible Coating Enriched with Olive Leaves Extract on the Shelf Life of Sweet Cherries
(Prunus avium L.). ]. Food Qual. 2019, 2019, 8192964. [CrossRef]

Robles-Sanchez, R.M.; Rojas-Grati, M.A.; Odriozola-Serrano, I.; Gonzélez-Aguilar, G.; Martin-Belloso, O. Influence of Alginate-
Based Edible Coating as Carrier of Antibrowning Agents on Bioactive Compounds and Antioxidant Activity in Fresh-Cut Kent
Mangoes. LWT-Food Sci. Technol. 2013, 50, 240-246. [CrossRef]

Ozdemir, K.S.; Gokmen, V. Effect of Chitosan-Ascorbic Acid Coatings on the Refrigerated Storage Stability of Fresh-Cut Apples.
Coatings 2019, 9, 503. [CrossRef]

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]

Carvalho, R.L.; Cabral, M.F,; Germano, T.A.; de Carvalho, WM,; Brasil, LM.; Gallao, M.I.; Moura, C.EH.; Lopes, M.\M.A.; de
Miranda, M.R.A. Chitosan Coating with Trans-Cinnamaldehyde Improves Structural Integrity and Antioxidant Metabolism of
Fresh-Cut Melon. Postharvest Biol. Technol. 2016, 113, 29-39. [CrossRef]


http://doi.org/10.3390/app10082795
http://doi.org/10.17113/ftb.57.03.19.5728
http://doi.org/10.1007/s13197-016-2262-4
http://doi.org/10.5073/JABFQ.2014.087.003
http://doi.org/10.1007/s13197-020-04479-2
http://www.ncbi.nlm.nih.gov/pubmed/33087956
http://doi.org/10.1016/S1466-8564(02)00032-2
http://doi.org/10.1016/0260-8774(94)90037-X
http://doi.org/10.1016/j.ijfoodmicro.2015.10.004
http://www.ncbi.nlm.nih.gov/pubmed/26496412
http://doi.org/10.1016/j.ultsonch.2018.07.007
http://doi.org/10.1111/jfpp.13545
http://doi.org/10.1016/j.lwt.2018.02.012
http://doi.org/10.1002/jsfa.9898
http://doi.org/10.14674/IJFS-939
http://doi.org/10.1016/j.ifset.2022.102981
http://doi.org/10.1016/j.foodchem.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/30955629
http://doi.org/10.1007/s11947-017-1874-7
http://doi.org/10.1016/j.afres.2022.100042
http://doi.org/10.1016/j.fbio.2021.101251
http://doi.org/10.1155/2019/8192964
http://doi.org/10.1016/j.lwt.2012.05.021
http://doi.org/10.3390/coatings9080503
http://doi.org/10.1016/j.postharvbio.2018.09.004
http://doi.org/10.1016/j.postharvbio.2015.11.004

Foods 2022, 11, 3925 26 of 29

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Jagannath, J.H.; Nanjappa, C.; Gupta, D.D.; Bawa, A.S. Studies on the Stability of an Edible Film and Its Use for the Preservation
of Carrot (Daucus carota). Int. J. Food Sci. Technol. 2006, 41, 498-506. [CrossRef]

Imeneo, V.; Piscopo, A.; Martin-Belloso, O.; Soliva-Fortuny, R. Efficacy of Pectin-Based Coating Added with a Lemon Byproduct
Extract on Quality Preservation of Fresh-Cut Carrots. Foods 2022, 11, 1314. [CrossRef] [PubMed]

Perdones, A.; Sanchez-Gonzdlez, L.; Chiralt, A.; Vargas, M. Effect of Chitosan-Lemon Essential Oil Coatings on Storage-Keeping
Quality of Strawberry. Postharvest Biol. Technol. 2012, 70, 32-41. [CrossRef]

Ghafoor, K.; Al-Juhaimi, EY.; Babiker, E.E.; Mohamed Ahmed, I.A.; Shahzad, S.A.; Alsawmahi, O.N. Quality Attributes of
Refrigerated Barhi Dates Coated with Edible Chitosan Containing Natural Functional Ingredients. Foods 2022, 11, 1584. [CrossRef]
Vieira, T.M.; Alves, V.D.; Moldao Martins, M. Application of an Eco-Friendly Antifungal Active Package to Extend the Shelf Life
of Fresh Red Raspberry (Rubus idaeus L. cv. "Kweli’). Foods 2022, 11, 1805. [CrossRef]

Jurburg, S.D.; Eisenhauer, N.; Buscot, F; Chatzinotas, A.; Chaudhari, N.M.; Heintz-Buschart, A.; Kallies, R.; Kiisel, K.; Litchman,
E.; Macdonald, C.A ; et al. Potential of Microbiome-Based Solutions for Agrifood Systems. Nat. Food 2022, 3, 557-560. [CrossRef]
Wassermann, B.; Miiller, H.; Berg, G. An Apple a Day: Which Bacteria Do We Eat With Organic and Conventional Apples? Front.
Microbiol. 2019, 10, 1629. [CrossRef]

Klape¢, T.; Wojcik-Fatla, A.; Farian, E.; Kowalczyk, K.; Cholewa, G.; Cholewa, A.; Dutkiewicz, J. Mycobiota of Berry Fruits —
Levels of Filamentous Fungi and Mycotoxins, Composition of Fungi, and Analysis of Potential Health Risk for Consumers. Ann.
Agric. Environ. Med. 2022, 29, 28-37. [CrossRef]

Vermote, L.; Verce, M.; Mozzi, F.; De Vuyst, L.; Weckx, S. Microbiomes Associated With the Surfaces of Northern Argentinian
Fruits Show a Wide Species Diversity. Front. Microbiol. 2022, 13, 872281. [CrossRef]

Sellitto, V.M.; Zara, S.; Fracchetti, F; Capozzi, V.; Nardi, T. Microbial Biocontrol as an Alternative to Synthetic Fungicides:
Boundaries between Pre- and Postharvest Applications on Vegetables and Fruits. Fermentation 2021, 7, 60. [CrossRef]

Zhang, H.; Zhang, Q.; Chen, S.; Zhang, Z.; Song, J.; Long, Z.; Yu, Y.; Fang, H. Enterobacteriaceae Predominate in the Endophytic
Microbiome and Contribute to the Resistome of Strawberry. Sci. Total Environ. 2020, 727, 138708. [CrossRef] [PubMed]

De Simone, N.; Pace, B.; Grieco, F.; Chimienti, M.; Tyibilika, V.; Santoro, V.; Capozzi, V.; Colelli, G.; Spano, G.; Russo, P. Botrytis
Cinerea and Table Grapes: A Review of the Main Physical, Chemical, and Bio-Based Control Treatments in Post-Harvest. Foods
2020, 9, 1138. [CrossRef] [PubMed]

De Simone, N.; Capozzi, V.; Amodio, M.L.; Colelli, G.; Spano, G.; Russo, P. Microbial-Based Biocontrol Solutions for Fruits and
Vegetables: Recent Insight, Patents, and Innovative Trends. Recent Pat. Food Nutr. Agric. 2021, 12, 3-18. [CrossRef] [PubMed]
Capozzi, V.; Fragasso, M.; Bimbo, F. Microbial Resources, Fermentation and Reduction of Negative Externalities in Food Systems:
Patterns toward Sustainability and Resilience. Fermentation 2021, 7, 54. [CrossRef]

Diaz, M.A.; Pereyra, M.M.; Picon-Montenegro, E.; Meinhardt, F,; Dib, ].R. Killer Yeasts for the Biological Control of Postharvest
Fungal Crop Diseases. Microorganisms 2020, 8, 1680. [CrossRef]

Hernandez-Montiel, L.G.; Droby, S.; Preciado-Rangel, P.; Rivas-Garcia, T.; Gonzalez-Estrada, R.R.; Gutiérrez-Martinez, P;
Avila-Quezada, G.D. A Sustainable Alternative for Postharvest Disease Management and Phytopathogens Biocontrol in Fruit:
Antagonistic Yeasts. Plants 2021, 10, 2641. [CrossRef]

Carmona-Hernandez, S.; Reyes-Pérez, J.; Chiquito-Contreras, R.; Rincon-Enriquez, G.; Cerdan-Cabrera, C.; Hernandez-Montiel, L.
Biocontrol of Postharvest Fruit Fungal Diseases by Bacterial Antagonists: A Review. Agronomy 2019, 9, 121. [CrossRef]

Aiello, D.; Restuccia, C.; Stefani, E.; Vitale, A.; Cirvilleri, G. Postharvest Biocontrol Ability of Pseudomonas Synxantha against
Monilinia Fructicola and Monilinia Fructigena on Stone Fruit. Postharvest Biol. Technol. 2019, 149, 83-89. [CrossRef]

Bu, S.; Munir, S.; He, P;; Li, Y.; Wu, Y,; Li, X.; Kong, B.; He, P; He, Y. Bacillus subtilis L1-21 as a Biocontrol Agent for Postharvest
Gray Mold of Tomato Caused by Botrytis Cinerea. Biol. Control 2021, 157, 104568. [CrossRef]

Wang, X.; Zhou, X.; Cai, Z.; Guo, L.; Chen, X.; Chen, X,; Liu, J.; Feng, M.; Qiu, Y.; Zhang, Y.; et al. A Biocontrol Strain of
Pseudomonas Aeruginosa CQ-40 Promote Growth and Control Botrytis Cinerea in Tomato. Pathogens 2020, 10, 22. [CrossRef]
Raman, J.; Kim, J.-S.; Choi, K.R.; Eun, H.; Yang, D.; Ko, Y.-].; Kim, S.-]. Application of Lactic Acid Bacteria (LAB) in Sustainable
Agriculture: Advantages and Limitations. Int. J. Mol. Sci. 2022, 23, 7784. [CrossRef] [PubMed]

Linares-Morales, J.R.; Gutiérrez-Méndez, N.; Rivera-Chavira, B.E.; Pérez-Vega, S.B.; Nevarez-Moorill6n, G.V. Biocontrol Processes
in Fruits and Fresh Produce, the Use of Lactic Acid Bacteria as a Sustainable Option. Front. Sustain. Food Syst. 2018, 2, 50.
[CrossRef]

EFSA Panel on Biological Hazards (BIOHAZ); Koutsoumanis, K.; Allende, A.; Alvarez-Ordéiiez, A.; Bolton, D.; Bover-Cid, S.;
Chemaly, M.; Davies, R.; De Cesare, A.; Hilbert, F; et al. Update of the List of QPS-recommended Biological Agents Intentionally
Added to Food or Feed as Notified to EFSA 13: Suitability of Taxonomic Units Notified to EFSA until September 2020. EFSA |.
2021, 19, e06377. [CrossRef] [PubMed]

Russo, P; Spano, G.; Capozzi, V. Safety Evaluation of Starter Cultures. In Starter Cultures in Food Production; Speranza, B.,
Bevilacqua, A., Corbo, M.R,, Sinigaglia, M., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2017; pp. 101-128. ISBN 978-1-118-
93379-4.

Mani-Lopez, E.; Arrioja-Breton, D.; Lopez-Malo, A. The Impacts of Antimicrobial and Antifungal Activity of Cell-free Supernatants
from Lactic Acid Bacteria in Vitro and Foods. Compr. Rev. Food Sci. Food Saf. 2022, 21, 604-641. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1365-2621.2005.01038.x
http://doi.org/10.3390/foods11091314
http://www.ncbi.nlm.nih.gov/pubmed/35564037
http://doi.org/10.1016/j.postharvbio.2012.04.002
http://doi.org/10.3390/foods11111584
http://doi.org/10.3390/foods11121805
http://doi.org/10.1038/s43016-022-00576-x
http://doi.org/10.3389/fmicb.2019.01629
http://doi.org/10.26444/aaem/147297
http://doi.org/10.3389/fmicb.2022.872281
http://doi.org/10.3390/fermentation7020060
http://doi.org/10.1016/j.scitotenv.2020.138708
http://www.ncbi.nlm.nih.gov/pubmed/32334231
http://doi.org/10.3390/foods9091138
http://www.ncbi.nlm.nih.gov/pubmed/32824971
http://doi.org/10.2174/2212798412666210125141117
http://www.ncbi.nlm.nih.gov/pubmed/33550980
http://doi.org/10.3390/fermentation7020054
http://doi.org/10.3390/microorganisms8111680
http://doi.org/10.3390/plants10122641
http://doi.org/10.3390/agronomy9030121
http://doi.org/10.1016/j.postharvbio.2018.11.020
http://doi.org/10.1016/j.biocontrol.2021.104568
http://doi.org/10.3390/pathogens10010022
http://doi.org/10.3390/ijms23147784
http://www.ncbi.nlm.nih.gov/pubmed/35887142
http://doi.org/10.3389/fsufs.2018.00050
http://doi.org/10.2903/j.efsa.2021.6377
http://www.ncbi.nlm.nih.gov/pubmed/33537066
http://doi.org/10.1111/1541-4337.12872
http://www.ncbi.nlm.nih.gov/pubmed/34907656

Foods 2022, 11, 3925 27 of 29

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Agriopoulou, S.; Stamatelopoulou, E.; Sachadyn-Krol, M.; Varzakas, T. Lactic Acid Bacteria as Antibacterial Agents to Extend
the Shelf Life of Fresh and Minimally Processed Fruits and Vegetables: Quality and Safety Aspects. Microorganisms 2020, 8, 952.
[CrossRef]

Tenea, G.N.; Olmedo, D.; Ortega, C. Peptide-Based Formulation from Lactic Acid Bacteria Impairs the Pathogen Growth in
Ananas comosus (Pineapple). Coatings 2020, 10, 457. [CrossRef]

Dong, A.; Malo, A.; Leong, M.; Ho, V.T.T.; Turner, M.S. Control of Listeria Monocytogenes on Ready-to-Eat Ham and Fresh Cut
Iceberg Lettuce Using a Nisin Containing Lactococcus Lactis Fermentate. Food Control 2021, 119, 107420. [CrossRef]

De Simone, N.; Capozzi, V.; de Chiara, M.L.V.; Amodio, M.L.; Brahimi, S.; Colelli, G.; Drider, D.; Spano, G.; Russo, P. Screening of
Lactic Acid Bacteria for the Bio-Control of Botrytis Cinerea and the Potential of Lactiplantibacillus Plantarum for Eco-Friendly
Preservation of Fresh-Cut Kiwifruit. Microorganisms 2021, 9, 773. [CrossRef]

Yin, H.-B.; Chen, C.-H.; Colorado-Suarez, S.; Patel, J. Biocontrol of Listeria Monocytogenes and Salmonella Enterica on Fresh
Strawberries with Lactic Acid Bacteria During Refrigerated Storage. Foodborne Pathog. Dis. 2022, 19, 324-331. [CrossRef]

Yap, P-C.; MatRahim, N.-A.; AbuBakar, S.; Lee, H.Y. Antilisterial Potential of Lactic Acid Bacteria in Eliminating Listeria
Monocytogenes in Host and Ready-to-Eat Food Application. Microbiol. Res. 2021, 12, 234-257. [CrossRef]

Luz, C.; D’Opazo, V,; Quiles, ]. M.; Romano, R.; Mafies, J.; Meca, G. Biopreservation of Tomatoes Using Fermented Media by Lactic
Acid Bacteria. LWT 2020, 130, 109618. [CrossRef]

Ranjith, FH.; Muhialdin, B.J.; Yusof, N.L.; Mohammed, N.K.; Miskandar, M.H.; Hussin, A.S.M. Effects of Lacto-Fermented
Agricultural By-Products as a Natural Disinfectant against Post-Harvest Diseases of Mango (Mangifera indica L.). Plants 2021, 10,
285. [CrossRef] [PubMed]

Ghosh, M.; Chouhan, D.; Kamra, A.; Sharma, V. Sustainable Utilization of Potato Industry Waste for Antifungal Biopolymer
Production by Lactobacillus Helveticus and Its Application on Pomegranates (Punica granatum L.). Circ. Econ. Sustain. 2021, 1,
1297-1312. [CrossRef]

de Oliveira, K.A.R.; Fernandes, K.ED.; de Souza, E.L. Current Advances on the Development and Application of Probiotic-Loaded
Edible Films and Coatings for the Bioprotection of Fresh and Minimally Processed Fruit and Vegetables. Foods 2021, 10, 2207.
[CrossRef]

Fernandes, K.E.D.; de Oliveira, K.A.R; de Souza, E.L. Application of Potentially Probiotic Fruit-Derived Lactic Acid Bacteria
Loaded into Sodium Alginate Coatings to Control Anthracnose Development in Guava and Mango During Storage. Probiotics
Antimicrob. Proteins 2021, 1-15. [CrossRef]

Alvarez, A.; Manjarres, J.J.; Ramirez, C.; Bolivar, G. Use of an Exopolysaccharide-Based Edible Coating and Lactic Acid Bacteria
with Antifungal Activity to Preserve the Postharvest Quality of Cherry Tomato. LWT 2021, 151, 112225. [CrossRef]

Rocchetti, M.T.; Russo, P.; Capozzi, V.; Drider, D.; Spano, G.; Fiocco, D. Bioprospecting Antimicrobials from Lactiplantibacillus
Plantarum: Key Factors Underlying Its Probiotic Action. Int. ]. Mol. Sci. 2021, 22, 12076. [CrossRef]

Khalil, O.A.A.; Mounir, A.M.; Hassanien, R.A. Effect of Gamma Irradiated Lactobacillus Bacteria as an Edible Coating on
Enhancing the Storage of Tomato under Cold Storage Conditions. J. Radiat. Res. Appl. Sci. 2020, 13, 318-330. [CrossRef]

Pace, B.; Cefola, M.; Da Pelo, P.; Renna, F.; Attolico, G. Non-Destructive Evaluation of Quality and Ammonia Content in Whole
and Fresh-Cut Lettuce by Computer Vision System. Food Res. Int. 2014, 64, 647-655. [CrossRef]

Mohammadi, V.; Kheiralipour, K.; Ghasemi-Varnamkhasti, M. Detecting Maturity of Persimmon Fruit Based on Image Processing
Technique. Sci. Hortic. 2015, 184, 123-128. [CrossRef]

Kaur, H.; Sawhney, B.K.; Jawandha, S.K. Evaluation of Plum Fruit Maturity by Image Processing Techniques. . Food Sci. Technol.
2018, 55, 3008-3015. [CrossRef] [PubMed]

Cavallo, D.P; Cefola, M.; Pace, B.; Logrieco, A.F.; Attolico, G. Non-Destructive and Contactless Quality Evaluation of Table
Grapes by a Computer Vision System. Comput. Electron. Agric. 2019, 156, 558-564. [CrossRef]

Fashi, M.; Naderloo, L.; Javadikia, H. The Relationship between the Appearance of Pomegranate Fruit and Color and Size of Arils
Based on Image Processing. Postharvest Biol. Technol. 2019, 154, 52-57. [CrossRef]

Ireri, D.; Belal, E.; Okinda, C.; Makange, N.; Ji, C. A Computer Vision System for Defect Discrimination and Grading in Tomatoes
Using Machine Learning and Image Processing. Artif. Intell. Agric. 2019, 2, 28-37. [CrossRef]

Fan, S.; Li, J.; Zhang, Y.; Tian, X.; Wang, Q.; He, X.; Zhang, C.; Huang, W. On Line Detection of Defective Apples Using Computer
Vision System Combined with Deep Learning Methods. J. Food Eng. 2020, 286, 110102. [CrossRef]

Cavallo, D.P; Cefola, M.; Pace, B.; Logrieco, A.F,; Attolico, G. Contactless and Non-Destructive Chlorophyll Content Prediction by
Random Forest Regression: A Case Study on Fresh-Cut Rocket Leaves. Comput. Electron. Agric. 2017, 140, 303-310. [CrossRef]
Palumbo, M.; Pace, B.; Cefola, M.; Montesano, EF.; Serio, F.; Colelli, G.; Attolico, G. Self-Configuring CVS to Discriminate Rocket
Leaves According to Cultivation Practices and to Correctly Attribute Visual Quality Level. Agronomy 2021, 11, 1353. [CrossRef]
Amodio, M.L.; Cabezas-Serrano, A.B.; Peri, G.; Colelli, G. Post-Cutting Quality Changes of Fresh-Cut Artichokes Treated with
Different Anti-Browning Agents as Evaluated by Image Analysis. Postharvest Biol. Technol. 2011, 62, 213-220. [CrossRef]

Pace, B.; Cefola, M.; Renna, F,; Attolico, G. Relationship between Visual Appearance and Browning as Evaluated by Image
Analysis and Chemical Traits in Fresh-Cut Nectarines. Postharvest Biol. Technol. 2011, 61, 178-183. [CrossRef]

Pace, B.; Cavallo, D.P; Cefola, M.; Colella, R.; Attolico, G. Adaptive Self-Configuring Computer Vision System for Quality
Evaluation of Fresh-Cut Radicchio. Innov. Food Sci. Emerg. Technol. 2015, 32, 200-207. [CrossRef]


http://doi.org/10.3390/microorganisms8060952
http://doi.org/10.3390/coatings10050457
http://doi.org/10.1016/j.foodcont.2020.107420
http://doi.org/10.3390/microorganisms9040773
http://doi.org/10.1089/fpd.2021.0091
http://doi.org/10.3390/microbiolres12010017
http://doi.org/10.1016/j.lwt.2020.109618
http://doi.org/10.3390/plants10020285
http://www.ncbi.nlm.nih.gov/pubmed/33546183
http://doi.org/10.1007/s43615-021-00120-2
http://doi.org/10.3390/foods10092207
http://doi.org/10.1007/s12602-021-09871-8
http://doi.org/10.1016/j.lwt.2021.112225
http://doi.org/10.3390/ijms222112076
http://doi.org/10.1080/16878507.2020.1723886
http://doi.org/10.1016/j.foodres.2014.07.037
http://doi.org/10.1016/j.scienta.2014.12.037
http://doi.org/10.1007/s13197-018-3220-0
http://www.ncbi.nlm.nih.gov/pubmed/30065410
http://doi.org/10.1016/j.compag.2018.12.019
http://doi.org/10.1016/j.postharvbio.2019.04.017
http://doi.org/10.1016/j.aiia.2019.06.001
http://doi.org/10.1016/j.jfoodeng.2020.110102
http://doi.org/10.1016/j.compag.2017.06.012
http://doi.org/10.3390/agronomy11071353
http://doi.org/10.1016/j.postharvbio.2011.05.004
http://doi.org/10.1016/j.postharvbio.2011.03.005
http://doi.org/10.1016/j.ifset.2015.10.001

Foods 2022, 11, 3925 28 of 29

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Subhashree, S.N.; Sunoj, S.; Xue, J.; Bora, G.C. Quantification of Browning in Apples Using Colour and Textural Features by
Image Analysis. Food Qual. Saf. 2017, 1, 221-226. [CrossRef]

Hongyang, T.; Daming, H.; Xingyi, H.; Aheto, ].H.; Yi, R.; Yu, W.; Ji, L.; Shuai, N.; Menggqi, X. Detection of Browning of Fresh-cut
Potato Chips Based on Machine Vision and Electronic Nose. J. Food Process Eng. 2021, 44, €13631. [CrossRef]

Cavallo, D.P; Cefola, M.; Pace, B.; Logrieco, A.F.; Attolico, G. Non-Destructive Automatic Quality Evaluation of Fresh-Cut Iceberg
Lettuce through Packaging Material. J. Food Eng. 2018, 223, 46-52. [CrossRef]

Palumbo, M.; Pace, B.; Cefola, M.; Montesano, F.F.; Colelli, G.; Attolico, G. Non-Destructive and Contactless Estimation of
Chlorophyll and Ammonia Contents in Packaged Fresh-Cut Rocket Leaves by a Computer Vision System. Postharvest Biol. Technol.
2022, 189, 111910. [CrossRef]

Xia, Z.; Wu, D.; Nie, P.,; He, Y. Non-Invasive Measurement of Soluble Solid Content and PH in Kyoho Grapes Using a Computer
Vision Technique. Anal. Methods 2016, 8, 3242-3248. [CrossRef]

Pace, B.; Cefola, M.; Renna, F; Renna, M.; Serio, F; Attolico, G. Multiple Regression Models and Computer Vision Systems to
Predict Antioxidant Activity and Total Phenols in Pigmented Carrots. J. Food Eng. 2013, 117, 74-81. [CrossRef]

Nadafzadeh, M.; Abdanan Mehdizadeh, S.; Soltanikazemi, M. Development of Computer Vision System to Predict Peroxidase
and Polyphenol Oxidase Enzymes to Evaluate the Process of Banana Peel Browning Using Genetic Programming Modeling. Sci.
Hortic. 2018, 231, 201-209. [CrossRef]

Sabzi, S.; Javadikia, H.; Arribas, J.I. A Three-Variety Automatic and Non-Intrusive Computer Vision System for the Estimation of
Orange Fruit PH Value. Measurement 2020, 152, 107298. [CrossRef]

Palumbo, M.; Cozzolino, R.; Laurino, C.; Malorni, L.; Picariello, G.; Siano, F.; Stocchero, M.; Cefola, M.; Corvino, A.; Romaniello,
R.; et al. Rapid and Non-Destructive Techniques for the Discrimination of Ripening Stages in Candonga Strawberries. Foods 2022,
11, 1534. [CrossRef]

Basak, ].K.; Madhavi, B.G.K,; Paudel, B.; Kim, N.E.; Kim, H.T. Prediction of Total Soluble Solids and PH of Strawberry Fruits
Using RGB, HSV and HSL Colour Spaces and Machine Learning Models. Foods 2022, 11, 2086. [CrossRef]

Li, H,; Lv, S,; Feng, L.; Peng, P; Hu, L,; Liu, Z.; Hati, S.; Bimal, C.; Mo, H. Smartphone-Based Image Analysis for Rapid Evaluation
of Kiwifruit Quality during Cold Storage. Foods 2022, 11, 2113. [CrossRef] [PubMed]

Farneti, B.; Alarcon, A.A.; Papasotiriou, EG.; Samudrala, D.; Cristescu, S.M.; Costa, G.; Harren, F].M.; Woltering, E.J. Chilling-
Induced Changes in Aroma Volatile Profiles in Tomato. Food Bioprocess Technol. 2015, 8, 1442-1454. [CrossRef] [PubMed]

Zhu, D.; Ren, X.; Wei, L.; Cao, X,; Ge, Y.; Liu, H.; Li, J. Collaborative Analysis on Difference of Apple Fruits Flavour Using
Electronic Nose and Electronic Tongue. Sci. Hortic. 2020, 260, 108879. [CrossRef]

Barbosa-Pereira, L.; Rojo-Poveda, O.; Ferrocino, I.; Giordano, M.; Zeppa, G. Assessment of Volatile Fingerprint by HS-SPME/GC-
QMS and E-Nose for the Classification of Cocoa Bean Shells Using Chemometrics. Food Res. Int. 2019, 123, 684—-696. [CrossRef]
Gaggiotti, S.; Mascini, M.; Pittia, P.; Della Pelle, F.,; Compagnone, D. Headspace Volatile Evaluation of Carrot Samples—
Comparison of GC/MS and AuNPs-HpDNA-Based E-Nose. Foods 2019, 8, 293. [CrossRef]

Shen, H.; Tao, ]J. Applying Electronic Nose Based on Odour Classification and Identification Technology in Detecting the Shelf
Life of Fresh Fruits. Chem. Eng. Trans. 2018, 68, 217-222. [CrossRef]

Bonah, E.; Huang, X.; Aheto, ].H.; Osae, R. Application of Electronic Nose as a Non-Invasive Technique for Odor Fingerprinting
and Detection of Bacterial Foodborne Pathogens: A Review. J. Food Sci. Technol. 2020, 57, 1977-1990. [CrossRef]

Du, D.; Wang, J.; Wang, B.; Zhu, L.; Hong, X. Ripeness Prediction of Postharvest Kiwifruit Using a MOS E-Nose Combined with
Chemometrics. Sensors 2019, 19, 419. [CrossRef]

Galvan, D.; Aquino, A; Effting, L.; Mantovani, A.C.G.; Bona, E.; Conte-Junior, C.A. E-Sensing and Nanoscale-Sensing Devices
Associated with Data Processing Algorithms Applied to Food Quality Control: A Systematic Review. Crit. Rev. Food Sci. Nutr.
2022, 62, 6605-6645. [CrossRef]

Aghilinategh, N.; Dalvand, M.].; Anvar, A. Detection of Ripeness Grades of Berries Using an Electronic Nose. Food Sci. Nutr. 2020,
8,4919-4928. [CrossRef]

Nategh, N.A.; Dalvand, M.].; Anvar, A. Detection of Toxic and Non-Toxic Sweet Cherries at Different Degrees of Maturity Using
an Electronic Nose. J. Food Meas. Charact. 2021, 15, 1213-1224. [CrossRef]

Cozzolino, R.; Cefola, M.; Laurino, C.; Pellicano, M.P.; Palumbo, M.; Stocchero, M.; Pace, B. Electronic-Nose as Non-Destructive
Tool to Discriminate “Ferrovia” Sweet Cherries Cold Stored in Air or Packed in High CO, Modified Atmospheres. Front. Nutr.
2021, 8, 720092. [CrossRef] [PubMed]

Cozzolino, R.; Martignetti, A.; Cefola, M.; Pace, B.; Capotorto, I.; De Giulio, B.; Montemurro, N.; Pellicano, M.P. Volatile
Metabolites, Quality and Sensory Parameters of “Ferrovia” Sweet Cherry Cold Stored in Air or Packed in High CO, Modified
Atmospheres. Food Chem. 2019, 286, 659—-668. [CrossRef] [PubMed]

Cozzolino, R.; Pace, B.; Palumbo, M.; Laurino, C.; Picariello, G.; Siano, F.; De Giulio, B.; Pelosi, S.; Cefola, M. Profiles of Volatile
and Phenolic Compounds as Markers of Ripening Stage in Candonga Strawberries. Foods 2021, 10, 3102. [CrossRef] [PubMed]
Qiao, J.; Su, G.; Liu, C.; Zou, Y.; Chang, Z.; Yu, H.; Wang, L.; Guo, R. Study on the Application of Electronic Nose Technology in
the Detection for the Artificial Ripening of Crab Apples. Horticulturae 2022, 8, 386. [CrossRef]

Li, A;; Duan, S.; Dang, Y.; Zhang, X.; Xia, K,; Liu, S.; Han, X.; Wen, J.; Li, Z.; Wang, X.; et al. Origin Identification of Chinese Maca
Using Electronic Nose Coupled with GC-MS. Sci. Rep. 2019, 9, 12216. [CrossRef]


http://doi.org/10.1093/fqsafe/fyx021
http://doi.org/10.1111/jfpe.13631
http://doi.org/10.1016/j.jfoodeng.2017.11.042
http://doi.org/10.1016/j.postharvbio.2022.111910
http://doi.org/10.1039/C5AY02694F
http://doi.org/10.1016/j.jfoodeng.2013.02.005
http://doi.org/10.1016/j.scienta.2017.12.047
http://doi.org/10.1016/j.measurement.2019.107298
http://doi.org/10.3390/foods11111534
http://doi.org/10.3390/foods11142086
http://doi.org/10.3390/foods11142113
http://www.ncbi.nlm.nih.gov/pubmed/35885355
http://doi.org/10.1007/s11947-015-1504-1
http://www.ncbi.nlm.nih.gov/pubmed/26413182
http://doi.org/10.1016/j.scienta.2019.108879
http://doi.org/10.1016/j.foodres.2019.05.041
http://doi.org/10.3390/foods8080293
http://doi.org/10.3303/CET1868037
http://doi.org/10.1007/s13197-019-04143-4
http://doi.org/10.3390/s19020419
http://doi.org/10.1080/10408398.2021.1903384
http://doi.org/10.1002/fsn3.1788
http://doi.org/10.1007/s11694-020-00724-6
http://doi.org/10.3389/fnut.2021.720092
http://www.ncbi.nlm.nih.gov/pubmed/34621775
http://doi.org/10.1016/j.foodchem.2019.02.022
http://www.ncbi.nlm.nih.gov/pubmed/30827661
http://doi.org/10.3390/foods10123102
http://www.ncbi.nlm.nih.gov/pubmed/34945655
http://doi.org/10.3390/horticulturae8050386
http://doi.org/10.1038/s41598-019-47571-0

Foods 2022, 11, 3925 29 of 29

189.

190.

191.

192.

193.

194.
195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Longobardi, F; Casiello, G.; Centonze, V.; Catucci, L.; Agostiano, A. Electronic Nose in Combination with Chemometrics for
Characterization of Geographical Origin and Agronomic Practices of Table Grape. Food Anal. Methods 2019, 12, 1229-1237.
[CrossRef]

Liu, K.; Zhang, C. Volatile Organic Compounds Gas Sensor Based on Quartz Crystal Microbalance for Fruit Freshness Detection:
A Review. Food Chem. 2021, 334, 127615. [CrossRef] [PubMed]

Ghasemi-Varnamkhasti, M.; Mohammad-Razdari, A.; Yoosefian, S.H.; Izadi, Z.; Rabiei, G. Selection of an Optimized Metal Oxide
Semiconductor Sensor (MOS) Array for Freshness Characterization of Strawberry in Polymer Packages Using Response Surface
Method (RSM). Postharvest Biol. Technol. 2019, 151, 53-60. [CrossRef]

Huang, X.; Yu, S.; Xu, H.; Aheto, J.H.; Bonah, E.; Ma, M.; Wu, M.; Zhang, X. Rapid and Nondestructive Detection of Freshness
Quality of Postharvest Spinaches Based on Machine Vision and Electronic Nose. J. Food Saf. 2019, 39. [CrossRef]

Nicolai, B.M.; Beullens, K.; Bobelyn, E.; Peirs, A.; Saeys, W.; Theron, K.I.; Lammertyn, J. Nondestructive Measurement of Fruit
and Vegetable Quality by Means of NIR Spectroscopy: A Review. Postharvest Biol. Technol. 2007, 46, 99-118. [CrossRef]
McClure, W.E. 204 Years of near Infrared Technology: 1800-2003. J. Infrared Spectrosc. 2003, 11, 487-518. [CrossRef]

Reusch, W. Table of Contents. Available online: https://www2.chemistry.msu.edu/faculty /reusch/VirtTxtJml/introl.htm
(accessed on 17 November 2022).

Peirs, A.; Tirry, J.; Verlinden, B.; Darius, P.; Nicolai, B.M. Effect of Biological Variability on the Robustness of NIR Models for
Soluble Solids Content of Apples. Postharvest Biol. Technol. 2003, 28, 269-280. [CrossRef]

Schaare, PN.; Fraser, D.G. Comparison of Reflectance, Interactance and Transmission Modes of Visible-near Infrared Spectroscopy
for Measuring Internal Properties of Kiwifruit (Actinidia chinensis). Postharvest Biol. Technol. 2000, 20, 175-184. [CrossRef]

Clark, C.J.; McGlone, V.A.; De Silva, H.N.; Manning, M.A.; Burdon, J.; Mowat, A.D. Prediction of Storage Disorders of Kiwifruit
(Actinidia chinensis) Based on Visible-NIR Spectral Characteristics at Harvest. Postharvest Biol. Technol. 2004, 32, 147-158. [CrossRef]
McGlone, V.A.; Kawano, S. Firmness, Dry-Matter and Soluble-Solids Assessment of Postharvest Kiwifruit by NIR Spectroscopy.
Postharvest Biol. Technol. 1998, 13, 131-141. [CrossRef]

Liu, Y.; Sun, X.; Ouyang, A. Nondestructive Measurement of Soluble Solid Content of Navel Orange Fruit by Visible-NIR
Spectrometric Technique with PLSR and PCA-BPNN. LWT-Food Sci. Technol. 2010, 43, 602—-607. [CrossRef]

Goémez, A.H.; He, Y.; Pereira, A.G. Non-Destructive Measurement of Acidity, Soluble Solids and Firmness of Satsuma Mandarin
Using Vis/NIR-Spectroscopy Techniques. J. Food Eng. 2006, 77, 313-319. [CrossRef]

Lee, K.J.; Kim, G.Y,; Kang, S.W.; Son, J.R.; Choi, D.S.; Choi, K.H. Measurement of Sugar Contents in Citrus Using Near Infrared
Transmittance. Key Eng. Mater. 2004, 270-273, 1014-1019. [CrossRef]

Schulz, H.; Baranska, M.; Quilitzsch, R.; Schiitze, W.; Losing, G. Characterization of Peppercorn, Pepper Oil, and Pepper Oleoresin
by Vibrational Spectroscopy Methods. J. Agric. Food Chem. 2005, 53, 3358-3363. [CrossRef]

Amodio, M.L.; Ceglie, F.; Chaudhry, M.M.A_; Piazzolla, F.; Colelli, G. Potential of NIR Spectroscopy for Predicting Internal Quality
and Discriminating among Strawberry Fruits from Different Production Systems. Postharvest Biol. Technol. 2017, 125, 112-121.
[CrossRef]

Braue, E.H.; Pannella, M.G. Consistency in Circle Cell FT-IR Analysis of Aqueous Solutions. Appl. Spectrosc. 1987, 41, 1057-1067.
[CrossRef]


http://doi.org/10.1007/s12161-019-01458-y
http://doi.org/10.1016/j.foodchem.2020.127615
http://www.ncbi.nlm.nih.gov/pubmed/32711261
http://doi.org/10.1016/j.postharvbio.2019.01.016
http://doi.org/10.1111/jfs.12708
http://doi.org/10.1016/j.postharvbio.2007.06.024
http://doi.org/10.1255/jnirs.399
https://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/intro1.htm
http://doi.org/10.1016/S0925-5214(02)00196-5
http://doi.org/10.1016/S0925-5214(00)00130-7
http://doi.org/10.1016/j.postharvbio.2003.11.004
http://doi.org/10.1016/S0925-5214(98)00007-6
http://doi.org/10.1016/j.lwt.2009.10.008
http://doi.org/10.1016/j.jfoodeng.2005.06.036
http://doi.org/10.4028/www.scientific.net/KEM.270-273.1014
http://doi.org/10.1021/jf048137m
http://doi.org/10.1016/j.postharvbio.2016.11.013
http://doi.org/10.1366/0003702874447950

	Introduction 
	Postharvest Strategies to Extend the Shelf-Life of Fruit and Vegetables 
	Physical Treatments 
	Microwave 
	Pulsed Electric Field 
	High Hydrostatic Pressure 
	Cold Plasma 

	Dipping and Vacuum Impregnation 
	Edible Active Packaging, Based on Natural Compounds 
	Strategies of Biocontrol 

	Innovative Non-Destructive Techniques for the Quality Monitoring of Fruit and Vegetables 
	Image Analysis through a Computer Vision System 
	E-Nose 
	Near-Infrared Spectroscopy 

	Conclusions 
	References

