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Abstract: The preservation of the freshness of fruits and vegetables until their consumption is the

aim of many research activities. Quality losses of fresh fruit and vegetables during cold chain are

frequently attributable to an inappropriate use of postharvest technologies. Moreover, especially

when fresh produce is transported to distant markets, it is necessary to adopt proper postharvest

preservation technologies in order to preserve the initial quality and limit microbial decay. Nowadays,

for each step of supply chain (packing house, cold storage rooms, precooling center, refrigerate

transport and distribution), are available innovative preservation technologies that, alone or in

combination, could improve the fresh products in order to maintain the principal quality and

nutritional characteristics. The issue groups five original studies and two comprehensive reviews

within the topic of preservation technologies related to innovative packaging and postharvest

operation and treatments, highlighting their effect on quality keeping.

Keywords: active cardboard box; antimicrobial compounds; biocontrol; nanoparticles coating; oxalic

acid; plasma-activated water; preservatives; respiration rate; shelf life; TiO2 photocatalytic

Fresh fruits and vegetables are perishable food, which undergo quality losses during
cold chain if suitable preservation technologies are not used. Among these, packaging
has an important role. Recently, active packaging was successful applied to improve the
shelf life of fresh table grape [1] and blueberries [2]. Furthermore, active packaging, using
red thyme oil (Thymus vulgaris L.), could be employed by the citrus industry to extend the
shelf-life of oranges for fresh market use and juice processing [3].

Moreover, postharvest processes and technologies may preserve the quality and limit
microbial decay in fresh fruits and vegetables. In this context, Pinto et al. [4] showed
that the exposure to gaseous ozone before packaging followed by storage under modified
atmosphere packaging (MAP) could be a useful technological approach to extend the
postharvest storage of small berry fruit. Similarly, the combined effect of cold storage and
oxalic acid treatment resulted in a valid and sustainable solution to preserve the visual
quality of green and purple asparagus spears [5].

In the Special Issue on “Innovative Preservation Technology for the Fresh Fruit and
Vegetables”, three main research topics were covered: (i) innovative packaging; (ii) posthar-
vest processes and technology affecting the product quality; (iii) postharvest technology to
limit microbial decay. Within the first topic, three research articles were published.

In the first article [6], the use of cardboard box activated with essential oils in order to
enhance the shelf life of fresh mandarins (Citrus reticulata Murcott Seedless) was described.
The authors studied the effect of different forms of paperboard packages sprayed in internal
surfaces with the lacquer containing essential oils (EOs) encapsulated by cyclodextrins
inclusion complex in order to simulate the transport boxes of 10 kg of mandarins fruits
until three weeks at 8 ◦C. This results in reduced microbial growth (together with decay
incidence) and weight losses, while maintaining the physicochemical quality (soluble solids,
titratable acidity, firmness and color) with an increase of one week in storage life. The

Foods 2021, 10, 719. https://doi.org/10.3390/foods10040719 https://www.mdpi.com/journal/foods
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controlled release of EOs from the box extended the shelf life of mandarins during either a
long cold transportation simulation or a commercialization period at non-recommended
room temperature.

In the second paper, Pace et al. [7] studied the proper oxalic acid (OA) concentration
and the suitable packaging material able to maintain an adequate low O2 concentra-
tion inside fresh-cut iceberg lettuce (Lactuca sativa L.) bags closed in MAP. The results
showed a significant effect of 5 mM OA on respiration rate delay. In addition, polypropy-
lene/polyamide (PP/PA) was selected as the most suitable packaging material to be used in
low O2 MAP. Combining OA dipping with low O2 MAP using PP/PA as material resulted
in the ability to reduce leaf edge browning, respiration rate, weight loss and electrolyte
leakage, preserving the visual quality of fresh-cut lettuce until 8 days at 8 ◦C.

The last article, within the first topic, aimed to identify the impact of 15% Kelulut
honey (KH) nanoparticles (Nps) coating solution on papaya’s respiration rate, antioxidant
activity and total phenol content and to investigate the respiration rate kinetic model
of nano-coated papaya (Carica papaya L.) using the Peleg model in order to describe the
function of gas composition and storage day [8]. The results showed that KH Nps coating
can be used as a conserving material, extending the shelf life by inhibiting the respiration
rate and C2H4 production, while maintaining the antioxidant activity and total phenol
content, in papaya.

The research topic regarding postharvest processes and technology affecting the
product quality was also covered with two research articles published in this Special Issue.

The effect of cutting styles (slice, pie and shred) on the quality characteristics and
antioxidant activity of purple and yellow flesh sweet potato cultivars during 6 days of
storage at 4 ◦C was investigated by Dovene et al. [9]. The finding of this study revealed that
pie-cut processing has potential in improving the quality and increasing the antioxidant
activity of fresh-cut purple and yellow flesh sweet potato (Ipomoea batatas L.) cultivars,
while shredding accelerated the quality deterioration of both sweet potato cultivars. Jia
et al. [10] proposed a precise temperature control cold storage with low-temperature
fluctuation (LFT) combined with an ozone (O3) generator and a titanium dioxide (TiO2)
photocatalytic reactor to the cold storage of peach (Prunus persica L. Batsch). The results
showed that LFT significantly reduced the chilling injury of peach fruit during storage.
Moreover, its combination with the TiO2 photocatalytic system significantly improved the
postharvest storage quality of the fruit. This treatment maintained higher titratable acidity,
total soluble solids, better firmness, color, microstructure and lower decay rate, polyphenol
oxidase activities, total phenol accumulation, respiratory intensity, ethylene production
and malondialdehyde content during 60 d of storage.

Finally, the last research topic was the object of two reviews. In the first one, the recent
physical, chemical and the biological approaches conceived to control the development of
gray mold Botrytis cinerea in table grapes was discussed by De Simone et al. [11]. Since the
global consumption of table grape (Vitis vinifera L.) has increased in the last 20 years by
over 70% [12], the researchers studied solutions to control Botrytis cinerea, which represent
the major cause of table grapes losses occurring in pre and postharvest. Among physical
methods, dipping in hot water, electrolyzed oxidizing water or different gas compositions
using controlled or modified atmosphere packaging are discussed. Regarding the chemical
methods, different treatments (wound inoculation, spraying, dipping or fumigation) were
reported to control Botrytis cinerea. In regard to the bio-based applications, several protec-
tive cultures and compounds of biological origin, were assessed for their possible use as
biological control agents against gray mold decay. Many biological compounds were tested
for the biocontrol of table grape spoilages and these compounds include vegetal extracts,
essential oils or edible coating. The authors highlight that each treatment has peculiar
benefits and limitations that affect the concrete applications and the future perspectives.
As previously applied with success in other fields, an integrated management program
that contemplate the combinations of two or more different solutions, could be useful to
minimize post-harvest losses caused by undesired fungal development on table grape.
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The second review elaborated the properties of plasma-activated water (PAW), the
effect of various treatment parameters on its efficiency in bacterial inactivation and its usage
as a standalone technology, as well as a hurdle approach with mild thermal treatments [13].
A section highlighting different models that can be employed to generate PAW alongside a
direct comparison of the PAW characteristics on the inactivation potential and the existing
research gaps are also included. The mechanism of action of PAW on the bacterial cells and
any reported effects on the sensory qualities and shelf life of food has been evaluated. It
was concluded that PAW offers a significant potential as a non-chemical and non-thermal
intervention for bacterial inactivation, especially on food. However, the applicability and
usage of PAW depend on the effect of environmental and bacterial strain-based conditions
and cost-effectiveness.

In conclusion, the research papers proposed, carried out within the European or
National Project or promoted by private enterprise, reported innovative results improving
the knowledge in the topic of “Innovative Preservation Technology for the Fresh Fruit and
Vegetables”. We expect the results presented in this Special Issue to be a stimulus for other
future research in this field.
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Abstract: Mandarins are usually sold in bulk and refrigerated in open cardboard boxes with a relatively

short shelf-life (12–15 days) due to physiological and pathological disorders (rot, dehydration, internal

breakdown, etc.). The influence of a controlled release of essential oils (EOs) from an active packaging

(including β-cyclodextrin-EOs inclusion complex) was studied on the mandarin quality stability,

comparing different sized cardboard trays and boxes, either non-active or active, at the pilot plant

scale (experiment 1; commercialization simulation at room temperature after a previous simulation

of short transportation/storage of 5 days at 8 ◦C). Then, the selected package was further validated

at the industrial scale (experiment 2; cold storage at 8 ◦C up to 21 days). Among package types,

the active large box (≈10 kg fruit per box) better maintained the mandarin quality, extending the

shelf life from two weeks (non-active large box) to three weeks at room temperature. Particularly,

the active large box highly controlled microbial growth (up to two log units), reduced weight losses

(by 1.6-fold), reduced acidity, and increased soluble solids (highly appreciated in sensory analyses),

while it minimized colour and controlled firmness changes after three weeks. Such trends were also

observed during the validation experiment, extending the shelf life (based on sensory quality) from

14 to at least 21 days. In conclusion, the mandarin’s shelf life with this active cardboard box format

was extended more than one week at 8 ◦C.

Keywords: β-cyclodextrin; inclusion complex; carvacrol; essential oils; active packaging; citrus;

quality; shelf life; decay incidence

1. Introduction

Mandarin (Citrus reticulata) is a citrus fruit consumed worldwide with a total production of

approximately 34 million tonnes in 2018 [1]. The production of mandarins (including clementines,

satsumas and different hybrid mandarins) occupies the second place of total citrus fruit production

followed by lemons, limes, and grapefruits [1]. Nevertheless, since a high proportion of oranges,

the most cultivated citrus fruit, are used for juice extraction [2], mandarin production could thus be

considered as the most cultivated citrus fruit for fresh consumption.

The high popularity of mandarins among consumers is explained by its characteristic convenience

(easy to peel and eat), palatable sweetness-acidity binomial, and high content of bioactive compounds,

Foods 2020, 9, 590; doi:10.3390/foods9050590 www.mdpi.com/journal/foods5
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mainly vitamin C [3,4]. The sweetness and acidity of mandarins, and citrus fruit in general, have been

conventionally measured with soluble solids content (SSC) and titratable acidity (TA) determinations.

This important sweetness-acidity binomial has been quantified using maturity indexes like the

conventional SSC/TA index, and the BrimA (an abbreviation for “Brix minus Acids”) index [5],

as recommended for citrus [6]. These maturity indexes have been highly correlated to the fruit flavour

together with peel colour, which may influence the sensory acceptance highly influenced by them [6,7].

The development of citrus peel colour during maturation is associated to the coordinated carotenoid

biosynthesis and chlorophyll degradation [7]. In particular, up to 94% of total carotenoid content in

mandarins are present in the peel after colour beak. Specifically, β-cryptoxanthin and apocarotenoids

are the carotenoids responsible for the distinctive orange-reddish pigmentation in mandarins [7].

The peel colour is the main attribute of mandarins determining the consumer decision to purchase

them, together with size and blemish-free [8]. Several colour indexes calculated using CIE and Hunter

coordinates (mainly L, a and b) have been proposed to determine the orange colour changes in citrus

with a single and representative colour index. In particular, a/b index, which increases with increasing

yellow to red colour, was proposed early for citrus due to the high correlation with the United States

Department of Agriculture (USDA) colour standards [9,10]. Furthermore, ((1000 × a)/(L × b)) index

was proposed for predicting the fruit colour changes during the degreening of citrus since it correlated

well with the visual appreciation of peel colour changes of citrus from dark green to orange [11]. Citrus

fruit flesh is not as firm as other fruits due to the characteristic presence of juice sacs. Nevertheless,

citrus firmness is important since flesh firmness of citrus fruits, and mandarin in particular, highly

influences their mouth feel [12].

Mandarin postharvest losses can have physiological, pathological or physical (e.g., rind wounds,

bruises) origin, with weight loss and physiological disorders being the major causes of such postharvest

losses [2]. Weight loss does not result only in direct quantitative losses (=economic losses), leading also

to the triggering of physiological disorders like peel pitting, stem-end rind breakdown, shrivelling,

collapse of the stem-end button, etc. [2,13]. Mandarins are also sensitive to chilling injuries when the

storage temperature is below 5 ◦C, characterized by pitting and brown discolouration followed by

increased susceptibility to decay. Therefore, the recommended storage temperature for mandarins is

5–8 ◦C [13]. Among the main pathological disorders of citrus fruits, mainly caused by filamentous fungi

are stem-end rots, green mould, blue mould, grey mould, black rot, brown rot, and anthracnose [2].

Postharvest treatments conventionally used to maintain the quality of citrus and extend their shelf

life are waxes and/or chemical fungicides. Nevertheless, such conventional postharvest treatments

have raised important health and environmental issues, as the residue levels of such agrochemicals that

are progressively more restricted by official regulations. In that sense, alternative and eco-sustainable

postharvest treatments are needed, presenting essential oils (EOs) an interesting opportunity due to

their high antimicrobial properties.

EOs are oily liquids extracted from plants that display a high in vitro antimicrobial activity.

Carvacrol is the major component of oregano EOs with wide spectra against both gram-negative

(e.g., enterobacteria) and gram-positive bacteria, and other microbial groups like moulds [14–17].

Nevertheless, in vivo effectiveness of EOs is reduced due to their evaporation and other light and

oxygen degradative reactions. In that sense, higher EO concentrations are needed in vivo to reach

the same effectiveness in vitro, with the consequent appearance of EO-related off-flavours [18].

Furthermore, EO mixes including the major EO components (e.g., carvacrol) together with its

correspondent EOs (e.g., oregano EOs) have shown a synergistic effect on the antimicrobial activity [19].

In that sense, an encapsulated EOs mix composed of carvacrol:oregano EO:cinnamon EO (70:10:20;

weight (w):w:w) showed a high antimicrobial effect in plant products packaged with this active

package [11,20]. Nanoencapsulation can greatly reduce EOs oxidation and evaporation while ensuring

a controlled release of EOs in small concentrations to the surrounding atmosphere. Cyclodextrins

(CDs) (cyclic oligomers of α-d-glucopyranose with a hydrophobic cavity) can highly encapsulate EOs

avoiding their oxidation, light-degradation, evaporation, etc. [15,21]. The most important CDs at the
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industrial level are α- and β-CDs. In particular, β-CD is highly extended due to its low cost. βCD is

approved as a food additive in Europe (E459), USA, and Japan, with an acceptable daily intake of

5 mg kg−1 (body weight) day−1 [22].

Antimicrobial active packaging is an emerging technology that allows extending the food shelf life

through a controlled release of the encapsulated antimicrobial compounds [23]. Corrugated cardboard

is widely used in the European Union as an eco-sustainable packaging material for packaging of fresh

fruit and vegetables. Furthermore, cardboard is highly used for mandarins under different formats

(boxes, trays, flock-packs, alveoli trays, etc.). In that sense, EOs-βCD inclusion complexes may be

included to develop antimicrobial active cardboard packaging to extend the shelf life of plant products

as observed by our Group in vegetables [15,20,24,25]. High relative humidity (RH) and temperatures

have been reported to increase the controlled release of EOs from the inclusion complex [20,26],

as is expected to occur with the recommended high RH (90%–95%) maintained during cold storage

of mandarins and subsequent commercialization during retail at room temperature. Nevertheless,

the effects of this antimicrobial active packaging have not been studied yet on fruits with a high

potential to increase the shelf life of products usually sold in cardboard packages like mandarins.

This work aimed to study the effect of an active (supplemented with an EOs mix-βCDs

inclusion complex) cardboard packaging in different formats (different sized trays and boxes) on the

mandarin quality after a commercialization simulation (room temperature) at the pilot plant scale

up to three weeks (with a previous simulation of short transportation/storage of five days at 8 ◦C).

The selected package was then validated at the industrial scale in a second experiment during storage

at 8 ◦C up to 21 days.

2. Materials and Methods

2.1. Materials

Carvacrol, oregano, and cinnamon EOs were obtained from Lluch Essence S.L. (Barcelona, Spain).

βCD (Kleptose®10) was obtained from Roquette (Lestrem, France). Waterproof lacquer (UKAPHOB

HR 530; 10.5% solids) (authorised for food contact surfaces in accordance with EC (2004) [27]) was

acquired from Schill+seilacher GMBH (Böblingen, Germany). Corrugated cardboard was supplied

by SAECO company (Molina de Segura, Spain). All microbial analysis materials were acquired from

Scharlau Chemie (Barcelona, Spain).

Mandarins (Citrus reticulata Murcott Seedless) were obtained from the company Blancasol S.a.t.

(Blanca, Murcia, Spain) in March 2019. Mandarins were grown in open fields under organic agriculture

practices. Fruits were manually harvested and transported to the pilot plant of our Department, where

they were selected according to homogeneous orange colour (more than 80 percent of the surface

showed orange colour), physical integrity and absence of decay. No waxes neither fungicides were

applied to mandarins. Selected mandarins were then packaged within the corresponding packaging

treatment and then stored as described in each experiment (pilot plant scale and industrial validation

experiments, as described below).

2.2. Preparation of the EOs-βCD Inclusion Complex and Application to Packages

An EOs mix composed of carvacrol:oregano EO:cinnamon EO 70:10:20 (weight (w):w:w)

(composition analysis previously reported [25]) was prepared based on its high antimicrobial effect in

accordance with our previous studies with several EOs mixes [15,28]. The EOs-βCD inclusion complex

was prepared using the kneading method [29]. Briefly, 0.15 g of EOs was mixed with 1.14 g of βCD

(1:1 molar ratio) in a mortar with 3 mL of ethanol, kneaded for 45 min and finally maintained in a

vacuum desiccator at room temperature for at least 72 h. The achieved encapsulation efficiency of

the EOs-βCD inclusion was of 92%–95%, in accordance with our previous data [15]. This EOs-βCD

inclusion complex has been fully characterized and published by our group [15,25].
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The EOs-βCD inclusion complex was dissolved in water-diluted lacquer prior to spraying on all

internal surface of the package. The lacquer was diluted (to a final solid concentration of 8.5%) to

compensate for the addition of EOs-βCD inclusion complex since lacquers with solid content >30%

make lacquer spraying on the cardboard surface difficult. In that sense, the EOs-βCD inclusion

complex content was at that maximum concentration that did not compromise the technological

properties of the lacquer to be sprayed on the cardboard surface of the packaging in accordance with

preliminary tests. Lacquer containing the EOs-βCD inclusion complex was sprayed at 12 mL·m−2

following the manufacturer’s recommendations to obtain homogeneous spraying on the paperboard

surface while reaching a maximum lacquer absorption. The mechanical and hydrophobic properties of

the paperboard material, sprayed and non-sprayed, with the EOs-βCD inclusion complex are fully

described in our previous publication [15].

2.3. Design of the Pilot Plant Experiment and Industrial Validation Experiment: Packaging Treatments and
Storage Conditions

Two experiments were performed during this study: pilot plant scale experiment and industrial

validation experiment.

2.3.1. Experiment 1: Pilot Plant Scale

The first experiment was developed at pilot plant scale studying five different packaging formats to

select the most appropriate in order to highly maintain the mandarin quality during a short cold storage

period (simulating a short transport/storage of 5 days at 8 ◦C) supplemented with a commercialization

period at room temperature up to 3 weeks. The five package formats (Figure 1) were:

• Small tray (ST): Tray (230 × 120 × 25 mm; length ×width × height) of microcorrugated paperboard

with flow-pack of macroperforated (45 holes (8 mm Ø each) per m2) film of polylactic acid (PLA).

Each ST contained 0.7–0.8 kg of fruit.

• Small box (SB): Box with lid (190 × 150 × 75 mm) of macrocorrugated paperboard. Each lateral

side of the box had 2 holes (10 mm Ø each) and the lid 4 holes (10 mm Ø each). Each SB contained

0.7–0.8 kg of fruit.

• Large tray (LT): Tray (300 × 200 × 90 mm) of macrocorrugated paperboard with a cover of the

macroperforated PLA film. Each LT contained 2.3–2.4 kg of fruit.

• Large tray+alveoli (LT+): LT with alveoli (also known as pulp tray) of microcorrugated paperboard.

Each LT+ contained 8 mandarins.

• Large box (LB): Box (600 × 400 × 180 mm) of macrocorrugated paperboard with a cover of the

macroperforated PLA film. Each LB contained ≈10 kg of fruit.

Each of the five package types was also tested as active or non-active packages. For active

packages, all internal surfaces of paperboard packages were sprayed with the lacquer containing the

EOs-βCD inclusion complex (as described in the previous section). For the active LT+, only the alveoli

tray was sprayed with the lacquer containing the EOs-βCD inclusion complex. For non-active packages,

the same procedure was conducted but the lacquer did not include the EOs-βCD inclusion complex.

All packages with fruit were stored in this first experiment during a cold storage (8 ◦C, 90%–95% RH)

for 5 days (simulating a short transport/storage) followed by a simulated commercialization period

(at room temperature and ambient RH) up to 3 weeks. Three replicates (three packages) per each of

10 packaging treatments (5 packaging types×package activity (non-active and active)) were prepared per

each of the following 4 sampling times: 5 days-cold storage (CS), CS+1 week (wk) of commercialization

(CS+1 wk), CS+2 wk and CS+3 wk. Then, a total of 120 packages were prepared. All analyses and

determinations were conducted in our laboratory of the Universidad Politécnica de Cartagena.
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Figure 1. Package formats studied: (A) small tray (ST); (B) small box (SB); (C) large tray (LT); (D) large

tray+alveoli (LT+); E, large box (LB).

2.3.2. Experiment 2: Industrial Validation

Once the effect of a short cold storage+commercialization period was studied in Experiment 1,

the Experiment 2 studied the effect of the selected package type (LB, as described in “Results” section)

during a long cold (8 ◦C) storage period up to 21 days (which may also simulate a transatlantic

transport). For it, harvested mandarins were packaged in the LB (≈10 kg of fruit per cardboard box)

(active or non-active) in the company (Fruca S.A.; Beniaján, Murcia, Spain) installations by the company

personnel as usually conducted in pallets (83 cardboard boxes per pallet). Then, the packaged product

was stored in the company cold rooms at 8 ◦C and 90%–95% RH.

Three replicates (three packages) per each 2 packaging treatments (non-active LB and active LB)

were taken per each 3 sampling times: 7, 14, and 21 days. At each sampling time, three LB packages with

fruit were taken from the company installations and transported to our laboratory of the Universidad

Politécnica de Cartagena where all analyses and determinations (except weight loss, which was always

monitored in the company cold rooms) were conducted.

2.4. Weight Loss

Weight of packages containing the product was monitored at each sampling time to determine

the weight loss (%) of mandarins during storage.

2.5. Soluble Solids Content and Titratable Acidity

Juice from mandarin wedges was obtained with a blender (model MX2050; Braun, Germany). SSC

was determined with a digital handheld refractometer (Atago N1; Tokyo, Kanto, Japan) at 20 ◦C and

expressed as ◦Brix. TA of the diluted juice (2 mL plus 48 mL of distilled water) was determined with

an automatic titrator (model T50; Metter Toledo; Milan, Italy) with 0.1 M NaOH to reach pH 8.1. TA
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was expressed as citric acid in %. BrimA index (Equation (1)) [5] was selected as the most appropriate

maturity index for mandarins as recommended for citrus [6].

BrimA = SSC− (k× TA) (1)

where k is the tongue’s sensitivity index, normally ranging from 2 to 10 [5], set at value 3 for citrus [6].

Each of the three replicates was analysed in duplicate.

2.6. Colour

Colour of mandarin (external colour) was determined using a colourimeter (Chroma Meter CR-400,

Konica Minolta, Japan) at illuminant D65 and 2◦ observer, and with a viewing aperture of 8 mm. Three

measurements were made (equatorial zone) per each fruit and they were then automatically averaged

by the device. Ten mandarins were analysed per each replicate. The following specific colour index

(Equation (2)) was selected as the most appropriate for orange citrus as previously reported [11,30]:

Colour index =
1000× a∗

L∗ × b∗
(2)

where L*, a*, and b* refer to the CIE colour parameters obtained from the colourimeter measurements.

2.7. Firmness

Firmness was determined with a texture analyzer (model TA XT Plus; TA Instruments; Surrey, UK)

by measuring the amount of force (N) to compress 8-mm deep (P/10 probe of 10 mm Ø) a whole mandarin

fruit on the diameter height. The texture analyzer was set for a drop speed of 20 mm min−1 and equipped

with a load cell of 5 kg. Ten mandarins were analysed per each replicate.

2.8. Microbial Analyses and Decay Incidence

Surface microbial loads of mandarins were analysed as previously described [24]. Briefly, three

mandarin fruits were mixed with buffered peptone water (1:1 w:volume) and then homogenised for

1 h at 120 rpm in an orbital shaker at 4 ◦C. Viable counts were based on duplicate counts by 10-fold

serial dilutions in buffered peptone water. Then, aliquots (1 mL) of the microbial dilutions were

pour-plated in plate count agar and violet red bile dextrose agar for mesophiles and psychrophiles and

enterobacteria, respectively. For yeast and moulds, microbial aliquots (0.1 mL) were spread-plated

on rose bengale agar. Mesophiles, psychrophiles, enterobacteria, yeast, and moulds were incubated

at 31 ◦C (48 h), 4 ◦C (7 days), 37 ◦C (24 h), 25 ◦C (5 days) and 25 ◦C (7 days), respectively. Results

were expressed as log colony forming units (CFU) cm−2. Each of the three replicates was analysed

in duplicate.

Decay incidence was quantified by calculating the percentage of rotten mandarins (fruits with

visible mycelial growth) independently in each of replicates (packages).

2.9. Sensory Analyses

Sensory analyses were performed according to international standards [31]. Sensory tests were

conducted in a standard room [32] equipped with ten individual taste booths. The panel consisted of

twelve assessors (six women and six men, aged 22–61 years) who had been trained in discriminative quality

attributes. Mandarin segments (5 units) were served at room temperature in transparent glass plates coded

with three random digit numbers. Still mineral water was used as a palate cleanser. The quality attributes

scored were overall quality (5: excellent; 3: fair, limit of acceptability (below 3 were not sensory accepted);

1: extremely bad), overall flavour (5: excellent; 3: fair; 1: extremely bad), sweetness (5: very sweet; 3: fair;

1: little sweet), acidity (5: very acid; 3: fair; 1: little acid) and juiciness (5: very juicy; 3: fair; 1: little juicy).

The product shelf life was established based on the limit of acceptability of the product overall quality.
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2.10. Statistical Analyses

The data were subjected to analysis of variance (ANOVA) using the SPSS software (v.19 IBM,

New York, NY, USA). Statistical significance was assessed at p = 0.05, and the Tukey’s multiple range

test was used to separate the means.

3. Results

3.1. Experiment 1: Selection of Active Package (Pilot Plant Scale)

3.1.1. Weight Loss

The weight loss of samples after the cold storage period (CS; 5 days at 8 ◦C) was very low (<1.5%)

(Table 1). No significant (p > 0.05) differences (SSC, TA, neither BrimA) among non-active and active

samples were observed for any of the packaging treatments after the CS period (Table 1). Similarly, low

weight losses have been reported in mandarins after short cold storage periods (<1 week) showing the

adopted low storage temperature in cold rooms, together with high RH, a crucial role to slow down

the physiological processes responsible for product weight losses (mainly due to dehydration) [33–35].

Nevertheless, mandarins are stored at room temperature for long periods during retail, leading to

increased weight loss [36].
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Table 1. Weight loss (%), soluble solid content (SSC; ◦Brix), titratable acidity (TA; %), BrimA maturity

index (SSC-(3 × TA)), firmness (N) and colour index of mandarins packaged within different packages

types (ST, small tray; SB, small box; LT, large tray; LT+, large tray with alveoli tray; and LB, large

box), non-active (CT) and active, during a cold storage period (CS; 5 days at 8 ◦C) followed by a

commercialization simulation (room temperature) up to 3 weeks (CS+1 wk, CS+2 wk and CS+3 wk)

(n = 3 ± SD). Least significant differences are represented between parentheses.

Package Activity Weight Loss SSC TA BrimA Firmness Colour

Day 0 - 15.1 ± 0.4 1.23 ± 0.12 11.4 ± 0.2 19.3 ± 1.5 7.8 ± 0.5

CS ST CT 0.3 ± 0.1 12.5 ± 0.5 1.58 ± 0.12 7.8 ± 0.2 16.5 ± 1.0 7.6 ± 1.0
Active 0.3 ± 0.1 14.4 ± 1.4 1.48 ± 0.10 9.9 ± 1.3 17.6 ± 2.5 8.3 ± 0.3

SB CT 1.5 ± 0.5 13.4 ± 0.9 1.67 ± 0.13 8.4 ± 1.2 19.4 ± 2.0 7.7 ± 1.0
Active 1.1 ± 0.2 12.9 ± 0.8 1.63 ± 0.03 8.0 ± 0.7 19.9 ± 2.8 7.9 ± 0.3

LT CT 0.8 ± 0.2 12.5 ± 0.5 1.62 ± 0.21 7.7 ± 0.7 20.4 ± 1.9 8.6 ± 0.6
Active 0.7 ± 0.2 13.0 ± 0.8 1.52 ± 0.11 8.5 ± 0.6 20.0 ± 3.4 8.3 ± 0.8

LT+ CT 0.9 ± 0.2 13.6 ± 0.5 1.59 ± 0.11 8.8 ± 0.6 20.7 ± 2.8 8.2 ± 0.6
Active 1.3 ± 0.3 13.4 ± 0.7 1.48 ± 0.19 9.0 ± 1.1 18.8 ± 1.6 8.2 ± 0.7

LB CT 0.1 ± 0.0 13.9 ± 1.7 1.45 ± 0.09 9.5 ± 1.8 19.9 ± 3.3 8.1 ± 0.8
Active 0.1 ± 0.0 12.7 ± 1.1 1.67 ± 0.10 7.7 ± 1.0 19.7 ± 2.1 8.3 ± 0.8

CS+1 wk ST CT 1.7 ± 0.2 13.2 ± 1.2 0.97 ± 0.12 10.3 ± 1.4 19.1 ± 1.9 6.9 ± 0.8
Active 1.8 ± 0.3 13.0 ± 0.8 1.11 ± 0.15 9.7 ± 0.5 18.9 ± 1.0 7.2 ± 0.5

SB CT 5.7 ± 0.5 13.4 ± 1.3 1.10 ± 0.09 10.1 ± 1.3 18.4 ± 1.8 7.1 ± 0.9
Active 4.5 ± 0.3 13.3 ± 1.1 1.11 ± 0.15 10.0 ± 1.1 18.4 ± 2.9 7.8 ± 0.7

LT CT 2.9 ± 0.4 13.5 ± 0.8 1.15 ± 0.08 10.0 ± 0.7 19.6 ± 3.1 6.8 ± 0.7
Active 3.1 ± 0.4 13.0 ± 0.6 1.04 ± 0.15 9.9 ± 0.8 18.1 ± 1.9 6.8 ± 0.7

LT+ CT 4.0 ± 0.5 13.4 ± 1.2 1.00 ± 0.18 10.4 ± 0.9 20.5 ± 2.8 7.2 ± 0.8
Active 4.6 ± 0.5 13.2 ± 1.0 1.02 ± 0.10 10.1 ± 0.8 18.5 ± 1.5 7.4 ± 0.4

LB CT 2.60.4 14.3 ± 1.0 1.06 ± 0.13 11.1 ± 0.8 18.0 ± 2.5 7.5 ± 1.0
Active 1.6 ± 0.1 14.6 ± 1.0 1.02 ± 0.15 11.5 ± 1.0 18.6 ± 1.5 7.3 ± 0.9

CS+2 wk ST CT 4.5 ± 0.9 11.5 ± 1.1 0.84 ± 0.09 9.0 ± 0.9 15.7 ± 1.7 8.0 ± 0.6
Active 5.1 ± 0.7 14.4 ± 0.8 1.08 ± 0.15 11.2 ± 0.9 16.7 ± 1.3 8.1 ± 0.6

SB CT 11.4 ± 0.8 14.6 ± 0.4 0.85 ± 0.10 12.0 ± 0.5 14.2 ± 1.1 8.8 ± 0.7
Active 10.2 ± 0.2 12.9 ± 1.1 1.06 ± 0.09 9.7 ± 1.3 15.0 ± 1.4 8.4 ± 0.4

LT CT 11.7 ± 1.2 13.5 ± 0.5 1.24 ± 0.13 9.8 ± 0.7 17.5 ± 1.5 8.6 ± 1.0
Active 7.4 ± 1.1 14.1 ± 0.8 1.18 ± 0.07 10.5 ± 0.8 17.2 ± 1.6 8.3 ± 1.1

LT+ CT 8.1 ± 0.3 13.3 ± 0.6 0.93 ± 0.08 10.5 ± 0.7 17.3 ± 1.0 8.2 ± 0.3
Active 8.5 ± 0.4 13.8 ± 0.8 0.98 ± 0.08 10.9 ± 0.8 14.8 ± 1.2 8.1 ± 0.5

LB CT 8.7 ± 1.3 14.5 ± 1.1 1.15 ± 0.15 11.0 ± 1.1 16.4 ± 1.4 8.6 ± 0.9
Active 5.9 ± 0.5 13.9 ± 1.0 1.22 ± 0.15 10.2 ± 0.8 17.1 ± 1.4 8.7 ± 1.0

CS+3 wk ST CT 11.0 ± 1.5 14.5 ± 0.5 0.93 ± 0.07 11.7 ± 0.6 16.7 ± 1.7 8.1 ± 0.5
Active 8.2 ± 0.1 13.7 ± 1.0 0.96 ± 0.07 10.8 ± 0.9 17.6 ± 1.5 8.2 ± 0.3

SB CT 14.0 ± 0.9 16.0 ± 1.2 1.01 ± 0.07 13.0 ± 1.3 14.8 ± 1.0 8.7 ± 0.7
Active 12.9 ± 0.3 13.9 ± 0.4 0.87 ± 0.05 11.4 ± 0.5 14.8 ± 1.4 8.8 ± 1.0

LT CT 15.9 ± 0.7 14.4 ± 0.4 0.90 ± 0.05 11.7 ± 0.4 17.5 ± 1.5 8.7 ± 0.8
Active 9.9 ± 1.2 14.1 ± 0.4 0.90 ± 0.11 11.4 ± 0.2 14.8 ± 1.0 8.2 ± 0.7

LT+ CT 10.2 ± 0.9 15.7 ± 0.4 0.93 ± 0.08 12.9 ± 0.3 15.4 ± 1.6 8.3 ± 0.7
Active 10.9 ± 0.7 15.5 ± 0.4 1.04 ± 0.09 12.4 ± 1.2 15.0 ± 1.4 8.2 ± 1.0

LB CT 14.2 ± 1.2 15.2 ± 1.5 1.12 ± 0.11 11.8 ± 1.3 15.8 ± 1.5 8.6 ± 0.6
Active 9.0 ± 0.5 13.5 ± 0.9 0.85 ± 0.09 10.9 ± 1.0 15.9 ± 1.3 8.7 ± 1.0

Packaging type (A) (0.7) ‡ (0.5) † (0.05) * (0.4) * (0.7) † (0.2) *

Package activity (B) (0.4) ‡ ns ns ns ns ns

Storage time (C) (0.6) ‡ (0.6) ‡ (0.08) ‡ (0.6) ‡ (0.9) ‡ (0.3) ‡

A × B (1.2) ‡ (0.8) ‡ ns (0.8) ‡ (1.2) ‡ ns

A × C (1.4) ‡ (1.0) † (0.18) ‡ (1.0) † (1.9) ‡ (0.4) *

B × C (0.9) ‡ (0.6) † (0.01) * (0.5) * ns ns

A × B × C (2.0) ‡ (1.4) † (0.25) ‡ (1.9) ‡ ns ns

ns: not significant (p > 0.05); *, † and ‡ significance for p ≤ 0.05, 0.01 and 0.001, respectively.

Weight loss of mandarins was increased during the commercialization period having all factors

(packaging type, package activity and storage time), and their interactions, statistically significant
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effect on weight loss (p < 0.001) (Table 1). In accordance, mean (packaging type-package activity)

weight losses of 3.3, 8.1, and 11.6 after CS+1 wk, CS+2wk, and CS+3wk, respectively, were observed.

In particular, samples within non-active LB and LT showed the highest weight losses (14–16%) after

CS+3wk, which may be attributed to the high product weight:package surface rates of these packages.

Weight losses were significantly (p < 0.001) reduced using active packages, compared to non-active

packages, with weight losses of 8%–9.5% after CS+3wk RT. Nevertheless, samples within active SB

registered the highest weight loss (12.9%) among active samples after CS+3wk RT, probably due to

the numerous and large perforations of this package that possibly intensified the weight loss in these

mandarins. On the other side, the use of active LB and LT led to the highest weight loss reductions

(decreases of 5.2 and 6.3 weight loss units, respectively) compared to their respective non-active

samples after CS+3wk RT. In that sense, the controlled EOs release from active packages highly reduced

the product weight loss for LB and LT. That finding denotes the benefits of the use of a macroperforated

liner (LB and LT) compared to the macroperforated cardboard cover (SB), apart from the reduced

visibility of the product for the consumer.

The transpirational water loss from the primary surface of plant products is limited by the plant

cuticle as observed in citrus [37]. The chemical composition and/or the spatial arrangement of the

components of the cuticle are more linked to other physical parameters like cuticle thickness or wax

coverage [38]. Hence, the released EOs might change such cuticle properties, as previously studied [39],

probably leading to the hereby observed lower weight loss of mandarins using the active packages.

3.1.2. Soluble Solids, and Titratable Acidity

Mandarins showed initial SSC and TA of 15.1 ◦Brix and 1.23%, respectively, at day 0 (Table 1).

The individual factors package type and storage time were significant for SSC and TA, while package

activity factor did not (Table 1). All factor interactions were also significant for SSC and TA

(except packaging type×package activity for TA). SSC was decreased after the CS period by 1.6–2 ◦Brix

showing LT and SB samples the highest SSC reductions with mean values (averaged between non-active

and active) of 2.4 and 2 ◦Brix, respectively. In contrast, TA values of samples increased by 0.3–0.4 TA

units after the CS period, without great differences (<0.2 TA units) between packaging treatments.

The cold storage of horticultural products is interpreted by plant cells as an abiotic stress leading to

the synthesis of antioxidant compounds (e.g., organic acids), as previously reported in citrus fruit [40],

during the first days of cold storage. Lately, the biosynthesis rates of these antioxidants decrease.

In that sense, the observed TA increment and SSC reduction during cold storage may be explained by

the organic acids biosynthesis using sugars as energy pools [15].

During the commercialization period, SSC increased, while TA was reduced, showing mandarins

differences of 0.11–0.38 TA units after three weeks. Particularly, active LB samples showed the highest

TA reduction of 0.38 TA units. Mature citrus fruits, which are classified as non-climacteric, evolve

very low amounts of ethylene during ripening and a low respiration rate, but respond to exogenous

ethylene by ripening-related pigment changes and accelerated respiration [41,42]. Furthermore,

the ethylene biosynthesis pattern described as system I, typical from non-climateric fruit, revealed

that the use of 1-Methylcyclopropene (a chemical competitive inhibitor of the ethylene active sites of

plant products) in citrus resulted in an increase in ethylene evolution [41]. It has been demonstrated

that EOs inhibited ethylene biosynthesis in several fruit and vegetables, although such mechanism

is not still fully understood [43–48]. In contrast, it has been already demonstrated a competitive

inhibition of EOs within the active sites of browning-relevant enzymes (polyphenol oxidase, peroxidase

and phenylalanine ammonia-lyase) in lettuce [49]. In that sense, the inhibitory effect of EOs on

ethylene production could be owed to a competitive inhibition of the EOs with the active sites of key

enzymes of the ethylene biosynthesis pathway (aminocyclopropane-1-carboxylic acid synthase and

Met-adenosyltransferase). Overall, EOs action could produce the same effect as 1-Methylcyclopropene

in citrus [41] leading to an acceleration of senescence and respiration with the consequent consumption

of organic acids and sugars increment (leading to an incremented maturity index as shown below)
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as reported in citrus fruits like mandarins [50,51]. TA differences >0.36 TA units have been reported

to be significantly detected in sensory analyses [51]. Furthermore, reduced TA and increased SSC

occurred during fruit postharvest life led to higher sensory scores and greater consumer acceptability

of mandarins and oranges [6,51,52].

Due to the high importance of a balanced SSC-TA binomial for the fruit quality, the SSC/TA

maturity index has been conventionally adopted. Nevertheless, BrimA index has been proposed as a

better predictor of flavour for citrus fruits since SSC/TA is calculated as a ratio, rather than a subtractive

calculation like BrimA [5,6]. The k value (Equation (1)) reflects the tongue’s higher sensitivity to acid

than to sugar allowing this index that smaller amounts of acid than sugar to make the same numerical

change to BrimA, and in opposite direction. The BrimA index works on the simple principle that sugar

and acid tend to have opposing effects on taste and the tongue perceives sugar and acids with differing

sensitivities [5,53]. BrimA reached values of 11–13 at the third week of commercialization (Table 1).

Particularly, active LB, LT and SB showed BrimA values below 11.5, showing active LB the lowest value

(10.9), while the rest of the samples showed BrimA values above 11.5. Such trends are in accordance

with sensory scores of active LB, LT, and SB after CS+3 wk period (see “Sensory analyses” section).

In conclusion, LB samples showed the highest TA reduction, which may be sensorially

positive-appreciated, during commercialization while LT and SB samples showed the highest SSC

reductions during the cold storage period, which may reduce their sensory acceptance.

3.1.3. Firmness

Mandarins showed an initial firmness of 19.3 N (Table 1). The individual factor storage time was

significant (p < 0.001) for the fruit firmness. In that sense, a general decrease of ≈3 N was observed after

the second week of commercialization when comparing mean values (average of all sample treatments)

with day 0. The firmness reduction of mandarins, and other citrus fruits, during postharvest storage

has been well correlated to the cellular wall polysaccharides, which may be decreased during fruit

maturation [12]. The individual factor packaging type was also significant (p < 0.01) for firmness.

Particularly, mean firmness values (averaged between active and non-active during all storage time) of

LB samples showed the highest firmness (18.4 N), while SB showed the lowest mean firmness value

(17.3 N). The benefit from using alveoli trays (LT+) on the fruit firmness was not hereby observed since

such differences are only appreciated after vibrations occurred during a real transport. On the other

side, the individual factor package activity was not significant (p > 0.05) for fruit firmness, neither the

double interaction package type×package activity nor the triple interaction.

Overall, LB samples showed the highest firmness during storage, regardless of active or non-active

packages. Nevertheless, our previous studies with tomatoes showed that product firmness was

better maintained during storage when using active packages including the same EOs-βCD inclusion

complex [24,25]. The latter finding may be explained since the tomato peel is more susceptible to

dehydration processes during postharvest life than mandarin peel, which has the characteristic oil

vesicles of citrus fruits that may provide higher mechanical resistance to the fruit.

3.1.4. Colour

Mandarins showed initial CIE colour parameters of L* = 59.5 ± 1.0, a* = 59.5 ± 1.0, b* = 59.5 ± 1.0,

which corresponded to Chroma = 67.6 ± 2.7 and ◦Hue = 65.0 ± 1.6 (Supplementary Material Table S1).

A marked luminosity (L*) increase and a mild yellowness increment (b*) were observed in the first

week of commercialization after the cold storage period, which was correlated with a CI decrease after

CS+1 wk (Table 1). Such colour changes are due to the accumulation of carotenoids (up to 94% present

in the mandarin peel) after colour beak of the fruit, specially β-cryptoxanthin and apocarotenoids,

which are responsible for the distinctive orange-reddish pigmentation in mandarins [54].

CI is a good colour index for citrus fruits that reflect all L*, a* and b* changes together as previously

reported [30]. It showed similar trends to a*/b* index, another classical colour index in citrus fruits [7].

The individual factor package type was significant (p < 0.05) for CI showing LT the highest colour
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changes after the first week of commercialization, while LB and LT+ showed the lowest CI changes.

The observed CI differences among LT and LT+ may be explained since lower quantity of fruits,

and more spaced, were disposed within the LT+ package probably leading to a lower ethylene

accumulation, the ripening hormone with autocatalytic nature [55].

Later, as the commercialization period advanced, CI was increased to levels comparable to

day 0 and CS. It may be explained by the mild redness (a*) increment observed in such advanced

commercialization stage, which agrees with the orange to red-orange turning during mandarin

maturation, highly contributing a* in the CI equation (Equation (2)). In contrast, package activity factor

was not significant (p > 0.05) for colour parameters (L*, a*, b* nor CI), neither the double, nor triple,

interactions with this factor.

As observed, no great colour changes were observed during cold storage of mandarins, showing

LB and LT+ the lowest colour changes after the first week of commercialization. Furthermore, the active

material did not negatively affect the fruit colour during storage.

3.1.5. Sensory Analyses

Sensory quality of mandarins, and particularly flavour, is highly influenced by attributes like

sweetness and acidity. Furthermore, the flavour acceptance of mandarins is the result of an appropriate

high sweetness combined with a pleasant low-moderate acidity. In that sense, sensory analyses of this

study were focussed on the determination of this complex attribute that is the fruit flavour. Meanwhile,

other attributes like colour and consistency are more accurately determined by colour and firmness

measurements, as previously showed.

After the CS period (Figure 2), all samples showed overall quality scores over the limit of

acceptability, reaching the highest scores mandarins within active packages (4.2–4.5), while for

non-active ones were closer to the limit of acceptability (3.4–3.9). Particularly, samples within active

packages showed the highest sweetness scores (3.8–4.2) after CS period, without great differences

among packaging treatments, showing active LB the lowest acidity score (2.7). The tongue reflects a

higher sensitivity to acid than to sugar [53]. Furthermore, reduced acidity, together with increased

sweetness, have been positively scored by panellists during maturation of oranges [6,51]. In that

sense, the lower acidity in such active samples probably explains the higher sweetness appreciation

of these samples after the CS period. Such reduced acidity of LB samples may be explained by the

higher product weight:package surface rate of this package, which may lead to a higher autocatalytic

synthesis of ethylene, with the consequent ripening effects, like the reduction of organic acids due to

the product respiration that has been reported to occur in citrus fruit [50,51]. Nevertheless, ripening

must be also controlled showing the active packaging a crucial role due to the reported properties of

EOs to control ethylene biosynthesis in fruits [43]. No off-flavours, nor those related to EOs (due to the

controlled and low EOs release from these active packages [20,24]), were detected during both CS and

commercialization periods.
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Figure 2. Sensory scores of mandarins packaged within different packages (ST, small tray; SB, small

box; LT, large tray; LT+, large tray with alveoli tray; and LB, large box), non-active (CT) and active (A),

after cold storage ((A); 5 days at 8 ◦C) followed by a commercialization simulation (room temperature)

for 2 weeks (B) or 3 weeks (C). The coloured orange area defines the limit of acceptability (scores below

3 are considered below the limit of acceptability).

As expected, fruit maturation was enhanced during the commercialization period, characterized by

a more pronounced acidity reduction coupled with a sweetness perception increment. Active samples

showed higher sweetness and lower acidity compared to non-active samples. All non-active samples

registered overall quality scores below the limit of acceptability after CS+3wk. Attending to active

samples, those with higher product weight:package surface ratio (LB, LT and SB) reached overall quality

scores over the limit of acceptability, displaying active LB the highest overall scores (3.5).

In conclusion, the shelf life of mandarins during a commercialization period (following a previous

cold storage of five days at 8 ◦C) could be established in three weeks for active packages with high

product weight:package surface ratio. Particularly, active LB reached the highest sensory scores, while it

is reduced to two weeks for non-active packages.

3.1.6. Microbiology and Decay Incidence

Mandarins showed initial mesophilic, psychrophilic, enterobacteria, yeasts and moulds loads

of 1.3, 1, <0.5, 2.3 and 2.2 log CFU cm−2, respectively (Table 2). In general, microbial loads increased

during storage periods, although such microbial growth was low. In that sense, microbial loads

of samples were below 2.8 (mesophilic), 2.6 (psychrophilic), 1.6 (enterobacteria), 2.4 (yeasts) and

3.5 log CFU cm−2 (moulds) after CS+3wk. Such low surface microbial loads are usual in fresh fruits,

compared to processed (e.g., fresh-cut) fruits. The higher microbial loads corresponded to moulds.

In particular, Alternaria and Cladosporium have been reported as the main moulds in mandarins,

followed by Fusarium and Rhizopus [56].
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Table 2. Microbial loads (log CFU cm−2) of mandarins packaged within different packages types (ST, small

tray; SB, small box; LT, large tray; LT+, large tray with alveoli tray; and LB, large box), non-active (CT)

and active, during a cold storage period (CS; 5 days at 8 ◦C) followed by a commercialization simulation

(room temperature) up to 3 weeks (CS+1 wk, CS+2 wk and CS+3 wk) (n = 3 ± SD). Least significant

differences are represented between parentheses.

Storage Package Activity Mesophiles Psychrophiles Enterobacteria Yeast Moulds

Day 0 1.3 ± 0.1 1.0 ± 0.1 <0.5 2.3 ± 0.5 2.2 ± 0.3

CS ST CT 1.9 ± 0.1 1.0 ± 0.7 0.5 ± 0.2 2.3 ± 0.4 1.9 ± 0.4
Active 1.6 ± 0.2 0.6 ± 0.8 0.5 ± 0.3 2.3 ± 0.1 1.5 ± 0.3

SB CT 2.3 ± 0.1 1.9 ± 0.2 1.2 ± 0.1 2.0 ± 0.2 2.3 ± 0.1
Active 1.8 ± 0.2 1.1 ± 0.2 <0.5 1.9 ± 0.3 1.8 ± 0.1

LT CT 2.5 ± 0.3 2.5 ± 0.3 1.6 ± 0.2 2.4 ± 0.1 2.3 ± 0.2
Active 1.9 ± 0.2 0.8 ± 0.2 <0.5 1.9 ± 0.3 2.1 ± 0.2

LT+ CT 2.3 ± 0.4 1.1 ± 0.4 0.5 ± 0.2 2.0 ± 0.2 2.0 ± 0.1
Active 1.7 ± 0.3 0.5 ± 0.4 <0.5 1.5 ± 0.5 2.1 ± 0.1

LB CT 1.9 ± 0.4 2.1 ± 0.8 <0.5 2.2 ± 0.1 1.8 ± 0.2
Active 1.2 ± 0.2 1.4 ± 0.2 <0.5 1.7 ± 0.4 1.7 ± 0.2

CS+1 wk ST CT 2.4 ± 0.3 2.0 ± 0.4 0.8 ± 0.1 2.4 ± 0.2 2.7 ± 0.1
Active 2.0 ± 0.4 1.6 ± 0.2 0.5 ± 0.4 1.7 ± 0.3 2.4 ± 0.1

SB CT 2.6 ± 0.2 2.0 ± 0.6 1.5 ± 0.1 1.9 ± 0.3 2.7 ± 0.2
Active 2.1 ± 0.4 1.3 ± 0.2 <0.5 1.7 ± 0.4 2.4 ± 0.2

LT CT 2.5 ± 0.2 2.3 ± 0.5 1.7 ± 0.1 2.0 ± 0.3 2.6 ± 0.2
Active 1.7 ± 0.3 1.7 ± 0.2 0.5 ± 0.1 2.0 ± 0.1 2.6 ± 0.1

LT+ CT 2.4 ± 0.2 1.2 ± 0.1 1.1 ± 0.4 2.3 ± 0.1 1.9 ± 0.2
Active 2.0 ± 0.2 0.2 ± 0.1 <0.5 1.7 ± 0.1 1.8 ± 0.2

LB CT 2.3 ± 0.1 1.6 ± 0.6 0.8 ± 0.2 2.3 ± 0.1 2.5 ± 0.3
Active 1.3 ± 0.3 0.6 ± 0.3 <0.5 2.0 ± 0.2 2.0 ± 0.2

CS+2 wk ST CT 2.5 ± 0.1 1.2 ± 0.1 1.3 ± 0.3 2.2 ± 0.1 3.0 ± 0.3
Active 1.9 ± 0.1 1.1 ± 0.4 <0.5 1.9 ± 0.2 3.0 ± 0.2

SB CT 2.7 ± 0.3 2.1 ± 0.2 1.2 ± 0.2 2.0 ± 0.2 2.6 ± 0.2
Active 1.9 ± 0.3 1.4 ± 0.2 0.5 ± 0.2 1.6 ± 0.4 2.2 ± 0.1

LT CT 2.3 ± 0.3 1.4 ± 0.2 1.2 ± 0.3 1.5 ± 0.5 2.5 ± 0.1
Active 2.1 ± 0.3 1.5 ± 0.9 <0.5 1.5 ± 0.3 2.1 ± 0.2

LT+ CT 2.1 ± 0.2 2.1 ± 0.5 1.2 ± 0.2 2.0 ± 0.2 2.7 ± 0.3
Active 1.3 ± 0.4 1.4 ± 0.2 <0.5 1.3 ± 0.2 2.0 ± 0.3

LB CT 2.6 ± 0.3 1.6 ± 0.2 0.5 ± 0.4 2.3 ± 0.2 2.6 ± 0.1
Active 1.6 ± 0.1 1.8 ± 0.2 0.6 ± 0.4 1.2 ± 0.1 2.2 ± 0.1

CS+3 wk ST CT 2.8 ± 0.3 2.2 ± 0.4 1.1 ± 0.2 2.2 ± 0.2 3.1 ± 0.2
Active 1.9 ± 0.2 2.1 ± 0.3 0.9 ± 0.2 2.1 ± 0.1 2.3 ± 0.2

SB CT 2.3 ± 0.1 2.5 ± 0.2 1.6 ± 0.4 1.7 ± 0.2 2.0 ± 0.1
Active 1.8 ± 0.2 1.5 ± 0.3 <0.5 1.2 ± 0.1 1.9 ± 0.1

LT CT 2.6 ± 0.3 2.6 ± 0.5 0.9 ± 0.2 2.0 ± 0.4 3.4 ± 0.2
Active 1.8 ± 0.2 1.7 ± 0.1 <0.5 1.3 ± 0.2 2.4 ± 0.3

LT+ CT 2.3 ± 0.2 1.9 ± 0.3 1.0 ± 0.1 1.8 ± 0.2 2.5 ± 0.2
Active 1.7 ± 0.2 1.0 ± 0.1 <0.5 1.2 ± 0.1 1.9 ± 0.3

LB CT 2.6 ± 0.2 1.8 ± 0.4 <0.5 2.4 ± 0.2 3.5 ± 0.2
Active 1.9 ± 0.2 1.3 ± 0.2 0.5 ± 0.3 2.0 ± 0.4 3.0 ± 0.3

Packaging type (A) (0.2) ‡ (0.4) ‡ (0.2) ‡ (0.3) ‡ (0.2) ‡

Package activity (B) (0.1) ‡ (0.2) ‡ (0.1) ‡ (0.2) ‡ (0.1) ‡

Storage time (C) (0.2) ‡ (0.4) ‡ (0.2) ‡ (0.3) ‡ (0.2) ‡

A×B ns ns (0.2) ‡ ns ns

A×C (0.5) ‡ (0.8) ‡ (0.4) ‡ (0.6) ‡ (0.4) ‡

B×C (0.3) ‡ (0.5) ‡ (0.2) ‡ (0.4) ‡ (0.3) ‡

A×B×C ns ns (0.5) ‡ ns (0.6) ‡

ns: not significant (p > 0.05); ‡, significance for p ≤ 0.001.
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All individual factors (package type, package activity and storage time) were significant (p < 0.001)

for all microbial groups. In general, samples within active packages showed lower microbial loads

than their respective non-active packaged samples. Furthermore, double interactions with storage

time were also significant (p < 0.001) for all microbial groups.

Mesophilic loads augmented by 0.5–1 log units after the CS period, showing active LB the lowest

load with 1.2 log CFU cm−2. Mesophilic loads of non-active packaged samples incremented by 1–1.1,

1.2–1.4 and 1.4–1.6 log units after one, two, and three weeks of commercialization, respectively, for LB

and ST packages. Meanwhile, the rest of non-active packaged mandarins registered increments of 1–1.4

during the three-week commercialization without high differences among them. Although non-active

LB and non-active ST samples showed the highest mesophilic increments, their respective active

packages highly reduced the mesophilic increments after CS+3 wk by two and 2.7 fold, respectively.

In that sense, samples packaged within active packages showed similar (p > 0.05) mesophilic loads of

1.7–1.9 log CFU cm−2 after CS+3 wk.

In general, no significant (p > 0.05) psychrophilic increments were observed after the CS period,

except non-active LT and non-active LB that registered psychrophilic growth of 1.4–1.5 log units.

The higher growth in these packaging treatments may be explained by the high quantity of samples

per package, which may stimulate the microbial growth due to the high humidity and low ventilation,

especially in the fruits in the bottom of the package. Nevertheless, the active LT and active LB

packages showed 1–1.7 lower log units after the CS period, compared to their corresponding non-active

packages. No significant (p > 0.05) psychrophilic growth was observed during the first 1 week of

commercialization. At the third week of commercialization, psychrophilic increments of 1–1.5 were

observed for non-active ST, SB and LT, compared to their respective initial loads, although their

respective active versions did not register significant changes (p > 0.05). Attending to their final loads,

active LB and active LT+ registered the lowest psychrophilic loads of 1–1.3 log CFU cm−2 after CS-3wk.

Enterobacteria loads were below 1 log CFU cm−2 after the CS period, except non-active SB and LT

with loads of 1.2 and 1.6 log units, respectively. After the first week of commercialization, enterobacteria

loads of non-active packages increased by 1–1.7 log units, while no significant (p > 0.05) changes were

observed for active packages. Enterobacteria loads did not change (p > 0.05) during the second and

third week of commercialization, compared to the first week, being kept the latter trend related to the

effectiveness of active packages. In that sense, active packages showed enterobacteria loads below

1 log CFU cm−2 after 3 weeks of commercialization.

Mould loads of samples did not register high changes (<0.8 log units) after CS, CS+1 wk and CS+2 wk

periods. Non-active LB, ST, and LT showed mould increments of 1–1.3 log CFU cm−2 after CS+3 wk,

compared to their respective initial levels. In general, active samples showed 0.5–1 fewer log units

than their respective non-active samples at CS+3 wk. Attending to yeasts, low changes (<1 log units)

were observed during both cold storage and three weeks of commercialization. As observed, low

yeast and moulds changes were observed during storage periods of mandarins due to the lower

growth rate of these microbial groups. Attending to decay incidence, the storage time factor was

not significant (p > 0.05), neither their double and triple interactions with package type and package

activity (data not shown). Mean values of samples during the complete commercialization period did

not show significant (p > 0.05) differences among them, with decay incidence values ranging between

1.3% and 7%. The absence of the expected increment of decay incidence throughout commercialization

may be due to the low quantity of fruits per packages, especially for ST, SB and LT+. For the same

reason, no conclusions can be obtained related to the effect of package type and package activity factors

on the decay incidence of samples.

As observed, no microbial growth (except mesophilic loads that slightly increased by 0.5–1 units)

was observed after the 5-days cold storage at 8 ◦C, which remarks the importance of cold storage to

extend the shelf life of citrus fruit attending to microbial quality [13]. Nevertheless, fruits are usually

commercialized during retail at temperatures higher than 8 ◦C, usually at room temperature for the

case of citrus fruits. Particularly, microbial growth of 1–1.6 log units was achieved after 3 weeks
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of commercialization simulation (with the previous cold storage) reaching mesophiles the highest

increments at this room temperature period. Nevertheless, active packages highly controlled the

microbial growth, especially high in non-active LB, but active LB better controlled the microbial growth

among the rest of active packages. In that sense, the controlled EO release from the βCD inclusion

complex (as characterized in our previous publications [20,24]) led to an antimicrobial effect, which was

more appreciable during the commercialization period since at such higher temperatures the EO release

from the inclusion complex is higher. The latter behaviour is explained since molecular Brownian

motion is enhanced with the temperature increments, leading to a higher EO release from the inclusion

complex [57].

As far as microbial growth is concerned, enterobacteria seemed to be more sensitive to the released

EOs from active packages, as previously observed in tomatoes by our Group [20,28]. Carvacrol,

the major component of the hereby used EOs mix of the complex, was considered, together with thymol

(the major component of oregano EO together with carvacrol), as the EOs component with the widest

spectra activity. In that sense, carvacrol is effective against both gram-negative and gram-positive with

even higher effectiveness against the gram-negative bacteria (e.g., enterobacteria) [17,58]. In that sense,

the hydroxyl group from the structure of this phenolic compound is crucial to disintegrate the outer

membrane of gram-negative bacteria, which is more susceptible to the EOs antimicrobial properties [18].

Furthermore, the higher susceptibility of gram-negative bacteria to EOs has been hypothesized due

to the less dense cell wall and lower peptidoglycan content compared to Gram-positive bacteria,

as observed in a study with oregano and thyme EOs [58].

3.2. Experiment 2: Industrial Validation of the Selected Active Packaging

In accordance with experiment 1, LB was selected for the industrial validation experiment owed

to the high beneficial effects of active LB on the mandarin quality to reach a long shelf life. Once the

quality changes were studied during the most adverse storage conditions for mandarins (i.e., room

temperature storage), the industrial validation experiment was studied at a recommended cold storage

for mandarins [13].

3.2.1. Weight Loss

The weight loss of samples after 7 days was very low (<1%), as previously observed in the

experiment 1. Package activity and storage time individual factors were significant (p < 0.001) for

the weight loss of samples (Figure 3). In that sense, samples within active packages showed 1–1.1

fewer weight loss units than non-active packaged mandarins during storage. As expected, weight

losses increased during storage with an increment of 4.2–4.3 weight loss units after 14 and 21 days,

respectively. Nevertheless, no significant differences (p > 0.05) were observed between non-active and

active samples.

Overall, weight losses of samples within non-active and active packages during storage were low

after 14 days (2.7% and 1.6%, respectively). Weight losses were then incremented to 6.9% and 5.9% for

non-active and active samples, respectively, after 21 days at 8 ◦C. As previously discussed, the released

EOs may cause mild structural changes in the structures of the fruit surface [39], such as in the cuticle,

leading to a lower water mass transport in accordance with weight loss data.
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Figure 3. Weight loss of mandarins packaged within non-active and active packages up to 21 days at

8 ◦C (n = 3, ± SD). Least significant differences (LSD) are represented with bars. The uppercase letters

A and B denote package type and storage time, respectively. ns, not significant (p > 0.05). ‡ significance

for p ≤ 0.001.

3.2.2. Soluble Solids Content, Titratable Acidity and Firmness

Mandarins showed initial SSC, TA, and BrimA values of 14.3 ◦Brix, 0.9%, and 11.6, respectively, at

day 0 (Figure 4A–C). Package activity and storage time effects, as well as their interaction, were not

significant (p > 0.05) for SSC, with SSC values of 13.7–15.1 ◦Brix during all cold storage period

(Figure 4A). The observed slight SSC reduction during the five day-cold storage period (experiment 1)

was not hereby observed, since this antioxidant response, which implies the use of sugars as an energy

source [15], was probably downregulated from day 5 to day 7.

As far as TA is concerned, the package activity, and its interaction with storage time, did not

show significant (p > 0.05) effects on TA (Figure 4B). In general, no significant changes (p > 0.05) were

observed between active and non-active samples although non-active samples showed a TA value 0.18

units lower after 21 days of storage. Samples packaged within the active package did not show (p >

0.05) such TA decrease, but a similar trend was observed. This TA decrease is common during citrus

fruit maturation, as previously discussed due to the respiratory activity of the plant product [50,51],

and it was positively correlated with a higher sensory acceptability of mandarins [6,51,52]. Such

respiratory rates are higher at room temperature compared to the cold storage temperature, since a

significant TA reduction was only observed after 21 days at 8 ◦C.

As expected, the ripening of mandarins advanced during cold storage in accordance with BrimA

values (p < 0.01), although in a lower rate compared to the commercialization period (experiment 1). In

that sense, significant BrimA changes were only observed after 21 days of storage at 8 ◦C (Figure 4C).

Contrary to storage time, the package activity factor did not show a significant effect (p > 0.05) on

BrimA maturity index, neither the package activity×storage time interaction.

Mandarins showed firmness values of 16.2–18.7 N during cold storage, with no significance (p >

0.05) for any of the individual factors and their interaction (data not shown).

Conclusively, the use of the active package did not affect the SSC and TA attributes during storage

at 8 ◦C, which may not compromise the consumer acceptance due to the high importance of these

attributes on the flavour acceptance of mandarin samples [6]. Furthermore, the firmness of mandarins

was not affected during cold storage, independently of the packaging treatment.
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Figure 4. Soluble solids content (A), titratable acidity (B), BrimA maturity index (C) and colour index

(D) of mandarins packaged within non-active and active packages up to 21 days at 8 ◦C (n = 3 ± SD).

Least significant differences (LSD) are represented with bars. The uppercase letters A and B denote

package type and storage time, respectively. ns, not significant (p > 0.05). † and ‡ significance for

p ≤ 0.01 and 0.001, respectively.

3.2.3. Colour

Mandarins showed initial CIE colour parameters of L* = 64.1 ± 0.7, a* = 30.0 ± 1.3, b* = 61.6 ± 1.3 in

this experiment 2, which corresponded to Chroma = 68.5 ± 1.5 and ◦Hue = 64.0 ± 0.9 (Supplementary

material Table S2). The storage time factor was significant (p < 0.001) for all L*, a* and b*. These colour

parameters were reduced during storage. Particularly, L* and a* showed low and moderate reductions

of <3 and <9 units after 21 days of cold storage, respectively, while b* was reduced by 6 and ≈20

units after 7–14 and 21 days, respectively. These colour changes corresponded to an increment of CI

during cold storage, reaching CI increases in active samples of 1.8–2 units after 14–21 days (Figure 4D),

while such CI increments were not significant (p > 0.05) for non-active samples. As observed, active

packages still allowed a moderate fruit turning from orange to red-orange, as a result of the carotenoids

biosynthesis [54]. Nevertheless, these colour changes were not high, which would not compromise the

consumer acceptance (see “Sensory analyses” section).

3.2.4. Sensory Analyses

Sensory analyses of samples after 14 days of storage showed good sensory scores without high

differences (<0.5) between samples stored within non-active and active packages (Figure 5). Particularly,

mean values (non-active and active) for overall quality, overall flavour, acidity, sweetness and juiciness

of 4.4, 3.6, 3, 4, and 3.9, respectively, were observed after 14 days.
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Figure 5. Sensory scores of mandarins packaged within active or non-active package after 14 days

(A) and 21 days (B) of storage at 8 ◦C. The coloured orange area defines the limit of acceptability

(scores below 3 are considered below the limit of acceptability).

After 21 days, samples within active packages still showed sensory scores over the limit of

acceptability, with overall quality and overall flavour scores of 3.5 and 3.6, respectively, while non-active

samples were not sensorially accepted (Figure 5). Furthermore, active samples showed lower acidity

scores than non-active samples, which is in accord with TA data, which might lead to a higher consumer

acceptance [6,51].

In conclusion, the shelf life of mandarins during storage at 8 ◦C could be established, based

on sensory quality related to flavour attributes, in at least 21 days for samples stored within the

active package, while such shelf life is reduced to 14 days when mandarins are stored within

non-active packages.

3.2.5. Microbiology and Decay Incidence

Mandarins also showed low initial loads (1–1.5 log CFU m−2) for all microbial groups (Figure 6),

as previously explained in Experiment 1. The storage time factor was significant (p < 0.001) for all

microbial groups, except for psychrophiles.

Attending to mesophiles, an increment of 1 log unit was observed after seven days in samples

stored within the non-active package, whose loads were maintained (p > 0.05) during the rest of

storage period (Figure 6A). Package activity factor was significant (p < 0.01) for mesophiles, with loads

≈1.7 log units lower at every sampling time compared to the non-active samples.

Psychrophiles loads of 0.5–1.3 log CFU m−2 were observed during all storage periods without

significant (p > 0.05) changes among the different sampling times (data not shown). Furthermore,

package activity factor was not significant (p > 0.05) for psychrophiles loads.

Enterobacteria growth was also very low during storage with the only significant increment

observed at day 7 (Figure 6B). Package activity factor was significant (p < 0.01) for enterobacteria loads,

showing samples within active packages 0.5–1.1 lower log units than non-active samples. As observed,

enterobacteria growth at 8 ◦C was low due to the higher optimum growth temperatures for this

microbial group. Although such lower enterobacteria growth at this storage temperature did not

allow to show the higher effectivity of EOs against this microbial group, as observed in Experiment 1,

mandarins within active packages showed the lowest enterobacteria loads (0.6 log CFU m−2) after

21 days at 8 ◦C.

Moulds showed the highest growth among microbial groups with 2 and 1.5 higher log units after

21 days for non-active and active samples, respectively (Figure 6C). Particularly, the highest growth

was observed from day 7 to day 21, while no significant growth (p > 0.05) was detected in the first seven

days of storage. As observed, the package activity factor was significant for mould loads, showing

mandarins within the active package ≈0.6 lower log units than non-active samples at days 14 and 21.

The lower optimum growth temperature for moulds allowed the observed higher growth, compared

to other groups like enterobacteria, although active packages still controlled such mould growth.
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Figure 6. Microbial loads (A), mesophiles; (B), enterobacteria; (C), moulds; (D), yeasts of mandarins

packaged within non-active and active package up to 21 days at 8 ◦C (n = 3, ± SD). Least significant

differences (LSD) are represented with bars. The uppercase letters A and B denote package type and

storage time, respectively. ns, not significant (p > 0.05). *, † and ‡ significance for p ≤ 0.05, 0.01 and

0.001, respectively.

Similar to moulds, package activity and storage time factors were significant (p < 0.001) for

yeasts (Figure 6D). In that sense, yeast growth of 1.4 log units was observed in non-active samples,

while increments of only 0.5 units were observed in active samples after 21 days.

Decay incidences of 1.1%–1.6%, 5.5%–6.5% and 10.4%–17.4% were observed after seven, 14 and 21 days,

respectively (Figure 7). Package activity and storage time factors, as well as their interaction, were significant

for decay incidence (p < 0.001). Mandarins within active packages showed lower decay incidence that

non-active samples. Furthermore, this benefit was even enhanced as the storage time increased with a

two-fold reduction of decay incidence after 21 days.

In conclusion, the controlled release of EOs from the βCD inclusion complex of active boxes

allowed to control microbial growth of mandarins packaged within this active package, which was

also reflected on the reduced decay incidence. Furthermore, the inhibition of ethylene production by

EOs [43,44] may also be responsible for the observed decay incidence reduction since ethylene may

promote fungus growth as widely reported [59].
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Figure 7. Decay incidence of mandarins packaged within non-active and active package up to 21 days

at 8 ◦C (n = 3, ± SD). Least significant differences (LSD) are represented with bars. The uppercase

letters A and B denote package type and storage time, respectively. ‡ significance for p ≤ 0.001.

4. Conclusions

The use of active packaging including βCD-EOs inclusion complex extended the shelf life

of mandarins during a commercialization simulation (room temperature; conducted after a short

storage period simulating a short transport/storage) from two weeks (non-active packages) to three

weeks. Different package formats were studied (different sized trays and boxes, and even including

alveoli trays), with “large box” format (≈10 kg fruit per box) showing the best results during this

commercialization period. Particularly, the active large box better controlled the microbial growth

of mandarins (with loads up to two log units lower after three weeks) and colour changes, while it

induced the highest reductions of weight losses and the greatest acidity decrease of mandarins after

three weeks (correspondent to the lowest maturity index changes among active samples), which was

highly appreciated in the sensory analyses. This package format was then selected and validated at

the industrial level during a long storage (up to 21 days) of mandarins. The active large box showed

the same benefits, reducing microbial growth (together with decay incidence) and weight losses

while maintaining the physicochemical quality (soluble solids, titratable acidity, firmness, and colour).

In that sense, the shelf life of mandarins was extended from 14 days (non-active large box) to at least

21 days. As observed, the controlled release of EOs from the active large box extended the shelf life

of mandarins either during a long cold transportation simulation or a commercialization period at

non-recommended room temperature.
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Abstract: Leaf edge browning is the main factor affecting fresh-cut lettuce marketability. Dipping

in organic acids as well as the low O2 modified atmosphere packaging (MAP), can be used as

anti-browning technologies. In the present research paper, the proper oxalic acid (OA) concentration,

able to reduce respiration rate of fresh-cut iceberg lettuce, and the suitable packaging materials aimed

to maintaining a low O2 during storage, were selected. Moreover, the combined effect of dipping

(in OA or in citric acid) and packaging in low O2 was investigated during the storage of fresh-cut

iceberg lettuce for 14 days. Results showed a significant effect of 5 mM OA on respiration rate delay.

In addition, polypropylene/polyamide (PP/PA) was select as the most suitable packaging material

to be used in low O2 MAP. Combining OA dipping with low O2 MAP using PP/PA as material,

resulted able to reduce leaf edge browning, respiration rate, weight loss and electrolyte leakage,

preserving the visual quality of fresh-cut lettuce until 8 days at 8 ◦C.

Keywords: Lactuca sativa L.; minimally processed lettuce; modified atmosphere packaging; oxalic acid;

shelf life

1. Introduction

Iceberg lettuce (Lactuca sativa L.) is considered one of the most popular vegetable and represent

the primary fresh-cut product processed in Italy as well as in many other European and North America

countries. Iceberg lettuce is highly desired by worldwide consumers and processors for its sensory and

technological properties [1]. When lettuce is processed as fresh-cut product, an accelerated metabolism,

due to the processing operations, causes, among the other alterations, the browning of cut surface [1–4].

Peroxidase (POD; EC 1.11.1.7) and polyphenol oxidase (PPO; EC 1.14.18.1) are enzymes that catalyze

the conversion of polyphenols into quinones. In particular PPO catalyzes both hydroxylation of

monophenols to o-diphenols and oxidation of colorless o-diphenols to o-quinones give brown pigments

to cut tissues. While POD promote the oxidation of phenols to quinones in the presence of hydrogen

peroxide [1]. To limit these changes that affect quality, supplementary techniques have been used

in addition to the low temperature, such as modified atmosphere, chemical dipping based on different

organic acids, edible coatings, heat treatments [1,5–7]. Saltveit [8] reports that modified atmosphere

packaging (MAP) with low O2 and high CO2 was successfully applied to control browning specifically

for the iceberg lettuce, whereas Gorny [9] shows that atmospheres with O2 values between 0.5 kPa

and 3 kPa are recommended for iceberg lettuce. In addition, natural dipping in solutions based on

Foods 2020, 9, 988; doi:10.3390/foods9080988 www.mdpi.com/journal/foods29
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ascorbic, citric, salicylic or oxalic acid, to prevent leaf edge browning can be used. These substances

are recognized as safe for food applications and consumption, and are widely used for fresh-cut

products [7,10,11]. Citric acid has been extensively used for its anti-browning activity in minimally

processed fruits and vegetables [12] and specifically on fresh lettuce [5]. Moreover, it was also reported

the efficiency of oxalic acid in preventing lettuce browning and extending the shelf life of fresh-cut

fruits and vegetables [5,10,11,13–16].

Starting from these considerations, the goal of the present work is to study the combined effect of

dipping in oxalic or citric acid and low O2 MAP to control the leaf edge browning of fresh-cut lettuce.

To this aim, the proper oxalic acid concentration, and the suitable packaging material able to maintain

an adequate low O2 concentration inside MAP bags were selected in specifically preliminary trials.

Changes in sensory characteristics, respiration rate and chemical parameters (such as ammonium

content, electrolyte leakage, phenolic content and o-quinones) during cold storage were investigated.

To our knowledge, this is the first manuscript describing the effect of oxalic acid on the quality of

fresh-cut iceberg lettuce.

2. Materials and Methods

2.1. Plant Material and Sample Preparation

Iceberg lettuce heads (Lactuca sativa L.) were obtained from a local farm located in Foggia,

at the same growing stage and were transported to the laboratory under refrigerated conditions

in polystyrene boxes. Samples were kept in darkness for 24 h at 4 ◦C and at 85% relative humidity

before being processed.

Lettuce heads were processed by removing outer leaves and the stem with stainless steel

knives, then they were cut using a vegetable cutter (CL52 Robot Coupe, Vincennes-Cedex, France).

Thus, the fresh-cut iceberg lettuce pieces obtained (3 × 4 cm) were pooled and blended, to minimize

product heterogeneity, and were used for the experiments described below.

Two preliminary trials, the first aimed to select the proper oxalic acid (OA) concentration and the

other finalized to the choice of the suitable packaging material to be used in the MAP, were carried out.

Then, based on results of preliminary trials, an experiment was conducted in order to show the

combined effect of dipping in OA or citric acid and low O2 MAP on fresh-cut iceberg lettuce.

2.1.1. Preliminarily Trials

Selection of the Proper Oxalic Acid Concentration

Four lots of fresh-cut iceberg lettuce, obtained as reported above, were used. Each lot was washed,

firstly, in tap water for 5 min at 5 ◦C, and subsequently dipped for 1 min at 5 ◦C in one of the three

different OA concentrations: 1, 3, or 5 mM OA. Samples dipped in tap water were used as control

(CTRL). After dipping, lettuce pieces belonging to each dipping treatment were immediately placed

in a manual centrifuge and dried for about 1 min to remove the water excess. Then, lettuce pieces

were placed in open polypropylene (PP) bags. A total of 36 bags (3 replicate × 4 treatments, 1 mM OA,

3 mM OA, 5 mM OA, or CTRL, × 3 storage time, 2, 4, and 7 days) were prepared. All bags, with about

150 g of fresh-cut lettuce each, were stored at 8 (±1) ◦C. At 0 days and at each storage time, all samples

were analyzed for the respiration rate.

Selection of the Proper Packaging Material

In the second preliminary trial, three packaging materials were compared: polypropylene

(PP, 30 μm thickness, OTR 1100 cm3·m−2 24 h−1·bar−1), polypropylene/polyamide (PP/PA, 67 μm

thickness, OTR 100 cm3·m−2 24 h−1·bar−1), and PP/PA micro-perforated (PP/PA MP, 67 μm thickness)

(Carton Pack Srl, Rutigliano, Italy).
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Fresh-cut lettuce was dipped for 1 min at 5 ◦C in tap water and then centrifuged for about 1 min

to remove water excess. In each bag (21 × 18 cm), 150 g of fresh-cut iceberg lettuce pieces were

placed. For each packaging material (PP, PP/PA or PP/PA MP) 12 bags were prepared and sealed using

a packaging machine (Boxer 50 GAS-Lavezzini, Fiorenzuola d’Arda, Italy) with an initial atmosphere

of 3 kPa O2 and 97 kPa N2.

In addition, 12 open PP bags with 150 g of fresh-cut iceberg lettuce each were used as control

(CTRL). All bags were stored at 8 ◦C for 6 days. Initially, and at each storage time (1, 2, 3 and 6 days),

the visual quality of lettuce pieces was evaluated and the atmosphere composition inside packages

was analysed.

2.1.2. Combined Effect of Dipping in Oxalic or in Citric Acid and Low O2 MAP

The results of the preliminary trials were applied in the present experiment. Fresh-cut lettuce

was washed in tap water for 5 min at 5 ◦C, and then dipped for 1 min at 5 ◦C in one of the following

different solutions: 5 mM OA (the best concentration resulted from preliminary trial), or 1% citric

acid (w:v) (CIT). Samples dipped in tap water in the same conditions, were used as control (CTRL).

After dipping, lettuce pieces, belonging to each treatment (OA, CIT or CTRL) were immediately placed

in a manual centrifuge for about 1 min to remove water excess. Dipped samples (OA, CIT or CTRL)

were subsequently placed in PP/PA bags (21 × 18 cm) (the proper material resulted from preliminary

trial) and sealed, with an initial modified atmosphere (MAP) of 3 kPa O2 and 97 kPa N2, using the

packaging machine.

A total of 27 bags (3 replicates × 3 dipping treatments, OA, CIT, CTRL x 3 storage time, after 3,

6 and 8 days) were prepared. All bags, with about 150 g fresh-cut iceberg lettuce each, were stored at

8 (±1) ◦C. The quality parameters measured, initially, and at each storage time, are described below.

2.2. Respiration Rate and Headspace Analysis

The respiration rate of fresh-cut iceberg lettuce was measured at 8 ◦C using a closed system as

previously descripted by Kader [17] initially and during storage (just after the opening of the bags

for MAP samples). About 100 g of product, for each treatment and replicate (n = 3), was placed

into 6 L sealed plastic jars (one jar per replicate) where CO2 was allowed to accumulate up to

0.1 kPa (concentration of the CO2 standard). The CO2 analysis was conducted taking 1 mL of gas

sample from the headspace of the plastic jars and injecting into a gas chromatograph (p200 micro

GC-Agilent, Santa Clara, CA, USA) equipped with dual columns and a thermal conductivity detector.

Carbon dioxide was analyzed with a retention time of 16 s and a total run time of 120 s on a 10 m

porous polymer (PPU) column (Agilent, Santa Clara, CA, USA) at a constant temperature of 70 ◦C.

Respiration rate was expressed as mL CO2 kg−1·h−1.

Gas composition (O2 and CO2 kPa) of packages in MAP was measured during storage, using a gas

analyser (CheckPoint O2/CO2 Dansensor® Mocon, Ringsted, Denmark).

2.3. Sensory Evaluation, Colour, Texture and Weight Loss

Fresh-cut iceberg lettuce belonging to each treatment was examined by a group of eight trained

researchers at the beginning of the experiment (on the fresh lettuce) and at each storage time.

Coded (3 digits) samples were presented to the trained researchers (judges) individually, to enable

them to make independent evaluations.

Visual quality was evaluated on a 5-point rating scale according to Cefola et al. [18] where 5:

excellent (fresh appearance, full sensory acceptability); 4: good (product acceptable from a sensory

point of view); 3: limit of sensory acceptability; 2: product has notable visual defects; 1: severe

visual defects. Samples rated below 3 were considered as unmarketable for the loss of the sensory

visual quality (loss of turgor and brightness accompanied by softening and browning of leaf tissues).

A color photographic scale, accompanying with a brief description of freshness, color uniformity,

and brightness, was applied as reference.
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The color of lettuce pieces was measured using a colorimeter (CR-400-Konica Minolta, Osaka,

Japan) equipped with a D65 illuminant in the reflectance mode and in the CIE L* a* b* color scale.

In detail, L* indicates the lightness from black (0 value) to white (100 value), a* the redness (+) or

greenness (-), and b* the yellowness (+) or blueness (-).

The color was measured on three random points on the midribs surface of 5 pieces of lettuce for

each replicate. The instrument was calibrated with a white plate as standard reference (L* = 97.55,

a* = 1.32, b* = 1.41). The a* and b* color parameters recorded, were used for the calculation of the hue

angle (h◦) using the following formula [19].

h
◦

= arctg
b∗

a∗
, (1)

where, a* and b* are the color parameters acquired by colorimeter.

The texture of the fresh-cut lettuce was assessed using a texture analyzer (ZwickLine

Z0.5-Zwick/Roell, Ulm, Germany) equipped with a Kramer shear cell with 10 blades. For each

replicate 5 samples of about 3 g each one were used. Texture was expressed as the maximum peak

force (N) per gram of lettuce (N g−1).

The weight loss of each replicate was calculated as percentage compared with the initial weight.

2.4. Electrolyte Leakage and Ammonium Content

Electrolyte leakage was measured applying the procedure described by Kim et al. [20] with slight

modifications. For each replicate, about 2.5 g of lettuce disks of 8 mm of diameter, obtained using a cork

borer, were immersed in tubes containing 25 mL of distilled water. After 30 min of storage at 8 ◦C,

the conductivity of the solution was measured by a conductivity meter (Cond. 51+, XS Instruments,

Carpi, Italy). The tubes, with the vegetable portion, were then frozen and after 24 h, samples were

thawed, and the total conductivity was measured. Electrolyte leakage was calculated as the percentage

ratio of initial over total conductivity.

Ammonium content was evaluated according to Fadda et al. [21]. Lettuce pieces (5 g) were

chopped and homogenized (T 25 digital Ultra-Turrax - IKA, Staufen, Germany) for 2 min in 20 mL of

distilled water on an ice bath, and then centrifuged (Prism R C2500-R - Labnet, Edison, NJ, USA) for

5 min at 6440× g at 4 ◦C. Then, the supernatant extract (0.5 mL), was mixed with 5 mL of nitroprusside

reagent (phenol and hypochlorite in alkali reaction mixture) and heated at 37 ◦C for 20 min. The color

development after incubation, was determined with a spectrophotometer (UV-1800 - Shimadzu, Kyoto,

Japan) reading the absorbance at 635 nm. The content of NH4
+ was expressed as mmol NH4

+ kg−1 of

fresh weight, using ammonium sulfate as standard (0–10 μg mL−1, R2 = 0.99).

2.5. Total Phenol Content and O-Quinones Determination

The total phenol content was determined according to the method of Fadda et al. [21]. Five grams

of chopped lettuce for each replication was homogenized in a methanol:water solution (80:20) for

1 min and then centrifuged at 4 ◦C at 6440× g for 5 min. The absorbance was read after 2 h at 765 nm.

The total phenol content was calculated based on the calibration curve of gallic acid and was expressed

as milligrams of gallic acid per kg of fresh weight.

Soluble o-quinones of lettuce tissues, were extracted as described by Degl’Innocenti et al. [22]

with low modifications. Five grams of tissues were homogenized with 20 mL methanol:water solution

(80:20) for 1 min, filtered and centrifuged at 4 ◦C at 6440× g for 5 min. The supernatant was used

directly to measure the soluble o-quinones at a wavelength of 437 nm. The result was expressed as the

absorbance for 5 g of fresh weight.

2.6. Statistical Analysis

For each preliminary trial, a two-way ANOVA for p ≤ 0.05 was performed to evaluate the

effects of treatments, storage time and their interaction on quality parameters measured. As for the
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main experiment, a two-way ANOVA for p ≤ 0.05 was performed to evaluate the effects of combined

treatments (dipping and packaging), storage time and their interaction on quality parameters. When the

interaction between factors was significant, data were shown as graphs with mean values ± standard

deviation. The statistical analysis was performed using the software STATISTICA 6.0 (StatSoft,

Hamburg, Germany).

3. Results

3.1. Oxalic Acid Concentration and Packaging Selection

In the first preliminary trial, three different OA concentrations were compared (1 mM, 3 mM or

5 mM) as fresh-cut lettuce dipping treatments for 1 min at 5 ◦C and the respiration rate was monitored

during storage in air at 8 ◦C. Respiration rate was significantly affected by interaction between dipping

treatments and storage time (p ≤ 0.001). Fresh-cut lettuces dipped in OA showed the lowest respiration

rate during the entire storage (Figure 1). In particular, after 2 days of storage in air at 8 ◦C, fresh-cut

lettuce dipped in 5 mM OA showed a respiration rate about 50% lower than CTRL. Then, after 4 and

7 days, no significant differences compared to CTRL were measured. A similar trend was also detected

for the other two dipping solutions (1 or 3 mM), but in these cases the reduction in respiration rate

respect to CTRL after 2 days of storage was about 22% and 38% for 1 and 3 mM OA, respectively.

Figure 1. Respiration rate measured during the storage at 8 ◦C in fresh-cut iceberg lettuce dipped with

different oxalic acid (OA) concentrations respect to control samples (CTRL).

Concerning the second preliminary trial, Figure 2 shows the changes in O2 and CO2 inside the

bags closed in MAP with 3 kPa O2 and 97 kPa N2. In PP and PP/PA MP bags the O2 and CO2 increased

during storage until to values between 5 and 10 kPa for both gases. On the other hand, in PP/PA bags

the O2 concentration decreased until 1 kPa after 1 day of storage, then this value remained constant

until the end of the trial, while the CO2 concentration increased reaching, at the end of the storage,

a value of over 15 kPa. The gas composition measured inside PP/PA bags, positively affected the

fresh-cut lettuce visual quality (Figure 3). Indeed, fresh-cut lettuce stored in PP/PA showed the highest

visual quality score during the entire storage, followed by samples stored in PP, PP/PA MP and CTRL.

Moreover, lettuce stored in air lost marketability after only 2 days of storage, mainly for the severe

browning of the cut-surface. On the other hand, samples stored in MAP resulted marketable for

4–6 days in PP or PP/PA MP bags, while a long marketability (more than 6 days) might be reached

when fresh-cut lettuce was packed in PP/PA. To sum up, the results of these two preliminary trials

were used in the main experiment aimed to select the proper combination of dipping and MAP to

improve fresh-cut lettuce marketability.
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Figure 2. Changes in O2 and CO2 inside PP (A), PP/PA (B), PP/PA MP (C) fresh-cut iceberg lettuce

bags. Data are mean (n = 3) ± standard deviation.

Figure 3. Changes in visual quality of fresh-cut iceberg lettuce stored in MAP using PP, PP/PA or PP/PA

MP bags or in air (CTRL). Data are mean (n = 3) ± standard deviation.

3.2. Combined Effect of Dipping and MAP to Extend the Marketability of Fresh-Cut Lettuce

Results of the two-way ANOVA showed a significant effect of interaction (combined

treatment × storage) on visual quality, hue angle and respiration rate (Table 1). Total phenol

and o-quinones were affected by storage and combined treatment, respectively, while weight loss,

electrolyte leakage and ammonium were affected by both factors (Table 1). The main effect of each

factor on these parameters (weight loss, electrolyte leakage, ammonium content, total phenols and

o-quinones) are reported in Table 2. The product treated with OA-MAP showed, a significant lower

mean value for weight loss, electrolyte leakage and o-quinones than the other combined treatments

(Table 2).

The highest value of ammonium content was measured for CIT-MAP, whereas no differences on

total phenol content was reported among treatments (Table 2).

Nonetheless, during storage, a significant increase in weight loss, ammonium content, and total

phenols was measured in all samples, while for o-quinones no significant difference was observed

(Table 2).

In Figure 4, changes in VQ, hue angle and respiration rate during storage are reported. In particular,

the VQ value, remained almost constant in sample OA-MAP, while a slight reduction was observed

for CIT-MAP and CTRL-MAP after 3 and 6 days, respectively, although the mean values remained

above the marketable limit (VQ = 3) for the entire trial in all samples (Figure 4A). As for h◦, the initial

value remained almost constant during storage for all samples and only in CTRL-MAP sample a slight

reduction after 3 days of storage was measured (Figure 4B).

Starting from an initial value of about 15 mL CO2 kg−1 h−1, respiration rate increased in all

samples over time: in details, OA-MAP and CIT-MAP showed a similar trend, with an increase at the
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end of the trial of about 30% compared to fresh samples, while the rise in CTRL-MAP was of roughly

45% (Figure 4C).

Figure 4. Changes in visual quality (A), hue angle (B), and respiration rate (C) in fresh-cut iceberg

lettuce dipped in oxalic acid (OA), citric acid (CIT) or control (CTRL) and stored in modified atmosphere

packaging (MAP). Data are mean value (n = 3) ± standard deviation.

Table 1. Effect of combined treatments (dipping in oxalic acid, citric acid or water and packaging

in MAP) (A), storage (3, 6, 8 days at 8 ◦C) (B), and their interaction (A × B) on quality parameters of

fresh-cut iceberg lettuce.

Parameter Combined Treatment (A) Storage (B) Combined Treatment × Storage (A × B)

Respiration rate (mL CO2 kg−1·h−1) ns * ***
Hue angle (h◦) *** *** ***

Texture (N·g−1) ns ns ns
Weight loss % * *** ns

Visual Quality (VQ) *** ns *
Off Odour ns ns ns

Electrolyte leakage % * * ns

Ammonium content (mmol·kg−1 NH4
+) ** *** ns

Total phenols (mg·kg−1 gallic acid) ns * ns
o-quinones (OD 427 nm) * ns ns

Asterisks indicate the significance level for each factor of the ANOVA test (ns, not significant; * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.0001).
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Table 2. Main effects of main factors (combined treatments or storage) on the postharvest quality of

fresh-cut iceberg lettuce.

Main Factors Weight Loss %
Electrolyte
Leakage %

Ammonium Content
(mmol·kg−1 NH4

+)
Total Phenols (mg·kg−1

gallic acid)
O-Quinones (OD 427 nm)

Combined Treatments
OA-MAP 0.361 b 41.4 b 1.99 b 83.1 ns 0.10 b
CIT-MAP 0.445 ab 44.3 a 2.17 a 89.6 ns 0.12 ab

CTRL-MAP 0.512 a 44.1 a 1.96 b 83.9 ns 0.14 a
Storage

3 0.295 b 42.5 b 1.72 b 76.4 b 0.13 ns
6 0.484 a 45.2 a 2.15 a 88.6 a 0.11 ns
8 0.539 a 42.1 b 2.27 a 91.7 a 0.13 ns

For each factor (combined treatments or storage) different letters (a,b) indicate significant differences (p < 0.05)
according to Dunkan’s test. ns, not significant.

4. Discussion

Fresh-cut lettuce marketability is mainly affected by the leaf edge browning, due to the action

of polyphenol oxidase (PPO) on phenols [23,24]. As a consequence, the shelf life of fresh-cut lettuce

is limited to 2–3 days at 8 ◦C in air. In this research paper, the combined effect of dipping in oxalic

acid or citric acid and MAP (3 kPa O2 in 97 kPa N2) was studied with the goal to extend the fresh-cut

lettuce marketability.

The low PP/PA permeability to O2 and CO2 at 8 ◦C, promoted inside packages a flow of O2 adequate

for product respiration. Thus, after a slight reduction from the initial value, the O2 concentration

remained stable at 1 kPa, while CO2 increased to about 15 kPa. It was reported that O2 concentrations

below 3 kPa, but not less than 0.5–1 kPa, avoid the fermentation and browning of the cut surface

in fresh-cut lettuce [25]. These atmosphere conditions positively affected the storability of fresh-cut

lettuce as previously observed [26]. Moreover, these concentrations are suitable to delay browning

in fresh-cut lettuce due to the reduction in the phenolic metabolism [27–29].

The combined treatment based on dipping in OA and low O2 MAP allowed controlling respiration

rate and weight loss, limiting the browning development and electrolyte leakage, finally preserving

the visual quality. OA is generally recognized as safe (GRAS) compound, useful in pre and postharvest

treatments on fruits and vegetables [15]. The positive effect of OA concentration applied on respiration

rate and weight loss, might be due to a delay of metabolic activity, as reported for artichoke [30],

asparagus [13], and rocket and baby spinach leaves [11]. In addition, Cefola et al. [11] reported that OA

dipping might act as antioxidant controlling vegetable tissue browning as well as preserving the leaf

membrane integrity, limiting the increase in electrolytic leakage during storage [16]. It was reported

that OA might directly inhibit the activities of the enzymes involved in browning reactions (PPO, POD),

reducing the pH of the treated produce. On the other hand, OA could react with soluble quinones,

reducing them to into uncoloured catechol or creating colourless adducts [6,31].

5. Conclusions

Oxalic acid 5 mM was selected as proper concentration able to delay the respiration rate of

fresh-cut iceberg lettuce. Moreover, suitable packaging was obtained using polypropylene/polyamide

bags closed in modified atmosphere packaging with 3 kPa O2 in 97 kPa N2. Combining dipping in

oxalic acid or citric acid with low O2 modified atmosphere packaging, the best results were obtained

using oxalic acid as treatment. In particular, the combined effect of oxalic acid dipping and low O2

modified atmosphere packaging allowed us to reduce the respiration rate, weight loss, and electrolyte

leakage during storage, preserving the visual quality of fresh-cut iceberg lettuce stored at 8 ◦C until

8 days.
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Abstract: This study evaluated the respiration rate of coated and uncoated (control) papayas

(Carica papaya L.) with 15% of Kelulut honey (KH) nanoparticles (Nps) coating solution during cold

storage at 12 ± 1 ◦C for 21 days. The respiration rate of the papayas significantly changed during

storage, with an increase in CO2 and a decrease in O2 and C2H4, while the ascorbic acid and total

phenolic content was maintained. The changes in respiration rate were rather slower for coated

papayas when compared to control ones. A kinetic model was established from the experimental

data to describe the changes of O2, CO2, and C2H4 production in papayas throughout the storage

period. All O2, CO2, and C2H4 were experimentally retrieved from a closed system method and then

represented by the Peleg model. The outcomes indicated the Peleg constant K1 and K2, which were

gained from linear regression analysis and coefficients of determination (R2), seemed to fit well with

the experimental data, whereby the R2 values exceeded 0.85 for both coated and control papayas. The

model confirmed both the capability and predictability aspects of the respiration rate displayed by

papayas coated with KH Nps throughout the cold storage period. This is supported by the differences

in the stomatal aperture of coated and control papaya shown by microstructural images.

Keywords: kinetic model; Peleg constant; papaya; respiration rate; nanoparticles coating; shelf life

1. Introduction

Papaya is a tropical climacteric fruit with high respiration rates and ethylene (C2H4)
production during ripening. The fruit is rich in vitamins, minerals, and dietary antioxi-
dants [1]. Nevertheless, it has a short life span due to its climacteric respiration pattern.
Papaya of colour indices 2 and 3 can last between five and seven days at ambient temper-
ature, while those with colour indices 4 and 5 can maintain their quality for only two to
three days [2]. The short life span enhances the rate of natural deterioration, such as physic-
ochemical damages that eventually increase its susceptibility to diseases and infection [3].
This results in post-harvest loss, a deficit in production yield, as well as a limitation to
long-distance export destinations.

The two post-harvest handling strategies, namely modified atmosphere packaging
(MAP) and controlled atmosphere (CA), can effectively control the quality of fresh produce
by modifying the gas exchange of the fresh produce and its nearby atmosphere [4–6]. Edible

Foods 2021, 10, 432. https://doi.org/10.3390/foods10020432 https://www.mdpi.com/journal/foods
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coating, an effective MAP strategy, has displayed exceptional outcomes for maintaining the
quality of tropical climacteric fruits such as papaya [5,7], mango [8,9], and banana [10,11].
According to Maringgal et al. [12], an edible coating is capable of creating a semipermeable
barrier on fruit surfaces that can decrease the fruit respiration rate and C2H4 production
and result in the maximum quality retention of fruit during storage. Several studies
have reported that edible coating can increase the shelf life of papaya during storage by
decreasing respiration rate, slowing down the senescence process, and maintaining the
chemical compositions, such as ascorbic acid (AA) and total phenolic content (TPC) of
papaya [13–16].

Fruit respiration rate can be described by its carbon dioxide (CO2) generation and
oxygen (O2) consumption. Recently, Maringgal et al. [17] have suggested that the Kelulut
honey (KH) coating can potentially minimise the papaya respiration rate during cold
storage at 12 ± 1 ◦C and prolong their shelf life up to 12 days. The authors also added that
KH coating can act as a physical barrier that leads to the rapid CO2 accumulation rate of
the coated fruit. On the other hand, Nicolaï et al. [18] explained that CO2 may have some
direct and indirect controlling effect on the respiration metabolism and C2H4 production.
The respiration rate can be determined via a flow-through system or closed system [19]. For
the flow-through system, the fruit sample is placed in a non-permeable container where a
gas mixture flows at a constant rate. In the closed system, the fruit sample is filled with
gas-tight containers of known volume which contain ambient air as the initial atmosphere.

Respiration rate modelling is an effective method to evaluate the respiratory kinetics
of fresh produce. There are several respiration rate models that have been used in fruits,
such as the Arrhenius, Michaelis–Menten, and Peleg models [17,20]. The Peleg model
has been applied to analyse the experimental data on the changing of O2, CO2, and C2H4

concentrations as well as describe the rate of gas composition function. The suitability of the
Peleg model in describing respiration rate has been acknowledged for some fruits, including
apples [21,22], bananas [23,24], fresh-cut papaya [20], mangoes [25], and kiwiberry [26].
However, studies on using Peleg modelling to determine the impact of nano-coating
on the rate of respiration for the whole papaya are almost non-existent. Most of the
studies have focused more on its potential in enhancing the quality of the fruit [27–29].
For instance, Vieira et al. [30] examined the efficacy of hydroxypropyl methylcellulose
coating incorporated with silver nanoparticles (Nps) on the post-harvest shelf life of
papaya. It was found that nano-coating successfully maintained the quality of papayas,
extended the shelf life of papaya up to 14 days, controlled the development of anthracnose
disease, and reduced the rate of respiration of the fruit during storage. According to
Maringgal et al. [31], this could be due to the reduced Nps size that leads to superior
Nps penetration, absorption, as well as migration into fruits, thus promoting an effective
coating system.

Therefore, this study aims to (1) identify the impact of nano-coating on papaya’s
respiration rate, AA, as well as TPC, and (2) investigate the respiration rate kinetic model
of nano-coated papaya using the Peleg model in order to describe the function of gas
composition and storage day.

2. Materials and Methods

2.1. Bio-Synthesis of Kelulut Honey Nanoparticles

The KH Nps were generated as described by Maringgal et al. [31] through deposition
as well as precipitation of calcium carbonate (CaCO3) in KH via biosynthesis.

2.2. Fruit Sample Preparation

A total of 30 fresh papayas (Carica papaya L. cv. Sekaki) at colour index 2 (green
with traces of yellow) were employed for this research. The fruit were bought from a
commercial wholesaler located in Selangor, Malaysia. The chosen papayas were ensured
to be uniform in size and shape, with an average weight ranging between 1000 g and
1500 g. The chosen samples also did not have external injuries and pathogenic infection,
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and were given additional preventive treatment by immersing into 0.01% chlorinated water
that was prepared from 5% sodium hypochlorite. The treatments were divided into two
categories, namely control (uncoated) and coated with KH Nps at 15% concentration, with
each category consisting of 15 fruit.

Nano-coating of KH Nps at 15% concentration (w/v) containing 1% glycerol and Tween
20 were prepared as described by Maringgal et al. [31]. The papayas were dipped into the
KH Nps concentrations for 1 min and then air-dried for a duration of 2 h. The samples
were packed in commercial corrugated boxes in a single layer and stored at 12 ± 1 ◦C with
85–90% relative humidity for 21 days. The observed changes in respiration rate, C2H4

production, AA, and TPC were recorded at seven-day intervals in which three samples
were used for each analysis.

2.3. Determination of Gas Exchange and Ethylene (C2H4) Production

The papaya’s respiration rate was determined by performing methods detailed by
Maringgal et al. [17] with minor modification. A closed system was adopted, whereby the
fruit was enclosed for 5 h (previously 2 h) in an airtight container at room temperature.
All samples were subjected to the measurement of internal gas concentration (O2, CO2,
and C2H4), whereby 1 mL sample of internal gas from the central cavity of the papaya was
drawn out thrice with the use of a syringe after being incubated for 5 h inside the airtight
container. A gas chromatography instrument (Agilent 6890N Network, California, CA,
USA) equipped with a stainless-steel column (Carboxen-1010 PLOT, 30 m × 0.53 mm I.D)
and a thermal conductivity detector (TCD/methanizer-FID, 230 ◦C) was used, into which
the gas samples were injected. The carrier gas, helium, was employed at 3.0 mL·min−1

flow rate. Before and after sample analyses, the peak areas that were identified for standard
gas mixtures were measured. The measurements of the initial and final O2, CO2, and C2H4

were carried out and employed to compute the respiration rate. The measurements used
the expression of nmol kg−1 s−1 for O2 and CO2, and μL/kg·h for C2H4.

2.4. Ascorbic Acid (AA) Assay

The AA was identified according to Wall [32], whereby 20 g of papaya sample was
homogenised with 80 mL of 3% metaphosphoric acid (HPO3) by using a high-speed blender
for a minute. The AA was calculated using Equation (1) and expressed in mg/100 g.

AA =
mL dye used × dye f actor × volume o f product (100 mL) × 100

Weight o f sample (20 g) × volume o f sample f or titration (5 mL)
(1)

2.5. Determination of the Total Phenolic Content (TPC)

The determination of the TPC was carried out by using the Folin–Ciocalteu reagent
prescribed by Abu Bakar et al. [33] and modified by Mendy et al. [3]. First, 300 μL of
papaya extract was mixed with 2250 μL of Folin–Ciocalteu reagent, vortexed for 15 s, and
allowed to stand for 5 min at room temperature. Next, the mixture was added to 2250 μL
of sodium bicarbonate solution (60 g/L). After that, the mixture was allowed to stand
for 2 h (previously 90 min) in the dark at room temperature, whereby the absorbance
was computed with the use of a Multiskan GO microplate spectrophotometer (Thermo
Scientific 1510, Vantaa, Finland) at 750 nm. The outcomes were expressed as mg of gallic
acid equivalent per 100 g for the fresh sample (mg GAE/100 g).

2.6. Microstructural Microscopy

For microstructure observation, the papaya peel cubes were fixed in a solution con-
taining 4% glutaraldehyde for 2 days at 4 ◦C. With the use of 0.1 M sodium cacodylate
buffer (pH 7.6), the peel cubes were rinsed three times for 30 min, one after another. In a
solution containing 1% (w/v) osmium tetraoxide, the papaya peel cubes were post-fixed at
4 ◦C for 2 h. Using 0.1 M sodium cacodylate buffer solution (pH 7.6), every fixed papaya
peel cube was again rinsed three times for 30 min. In a series of acetone concentrations
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ranging from 35% to 100%, the cubes were dehydrated during three changes of acetone
solution. Next, a specimen basket was used to transfer the papaya peel cubes. It was then
placed into a critical point dryer (LEICA EM CPD030, Wetzlar, Germany) for 30 min. The
drying papaya peel cubes were mounted onto the stub using double-sided adhesive and
gold-coated by a gold sputter coater. The samples were observed using a scanning electron
microscope (JEOL JSM-IT100, InTouchScope™, Tokyo, Japan).

2.7. Data Analysis, Experimental Data Modelling, and Model Parameter Estimation

The two-way analysis of variance (ANOVA) was applied in determining the statistical
variances among the papaya samples and storage days. The mean significant variances
between the parameters were compared using the least significant difference (LSD) test at
a p < 0.05 significance level. Statistical analyses were carried out with the use of SAS 9.4
software (Version 9.4, SAS Institute, Cary, NC, USA).

The experimental data of O2, CO2, and C2H4 were determined by measuring the gas
O2, CO2, and C2H4 concentrations over the storage days. Changes observed in the evalu-
ated gases over storage days were calculated by employing the closed system equations,
as given in the following [23]:

RO2
=

(
yti

O2 − yt f

O 2

)
× V

100 × M × t
(2)

RCO2
=

(
yti

CO2 − yt f

CO2

)
× V

100 × M × t
(3)

RC2 H4
=

(
yti

C2 H4 − yt f

C2 H4

)
× V

1000 × M × t
(4)

where RO2
is the O2 rate, nmol kg−1 s−1; RCO2

is the CO2 rate, nmol kg−1 s−1; RC2 H4
is

the C2H4 rate, μL/kg·h;
(

yti

O2 − yt f

O 2

)
is the O2 concentration, %;

(
yti

CO2 − yt f

CO2

)
is the

CO2 concentration, %;
(

yti

CH4 − yt f

CH4

)
is the C2H4 concentration, %; V is the volume of

the incubation airtight container, m3; M is the mass of the fruit, kg; and t is the incubation
time, h.

The respiratory quotient (RQ) was determined as the CO2 respiration rate divided by
the O2 respiration rate. The data were plotted using a response surface analysis (Design
Expert Software, Version 11, Stat-Ease Inc., Minneapolis, MN, USA).

3. Results and Discussion

3.1. Changes in Gas Concentrations

Table 1 shows the main and interaction effects of KH Nps coating and storage duration
on the gas concentration, respiration rate, RQ, AA, and TPC of papaya fruits at 12 ± 1 ◦C.
On the other hand, Table 2 presents a two-way ANOVA of KH Nps coating and storage
durations on the experimental parameters of the papaya fruits. The ANOVA result showed
the significant effect of the experimental factors (KH Nps coating and storage durations)
on the experimental parameters at p < 0.05. Changes in the concentrations of O2, CO2, and
C2H4 during the storage period at 12 ± 1 ◦C were observed, as illustrated in Figure 1.
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Table 2. Analysis of variance (ANOVA) of KH Nps coating and storage durations on the gas

concentration, respiration rate, RQ, AA, and TPC of papaya fruits.

Factor Parameter Mean Square F-Value Pr < F

Day

O2 Concentration 23.28 148.71 <0.001
CO2 Concentration 2.17 262.79 <0.001
C2H4 Concentration 66.83 62.44 <0.001

O2 Rate 0.000069 9.60 0.0007
CO2 Rate 0.000009 321.02 <0.001
C2H4 Rate 44.29 44.67 <0.001

RQ 0.007 256.95 <0.001
AA 71.43 83.64 <0.001
TPC 0.022 38.12 <0.001

Coating

O2 Concentration 30.28 193.44 <0.001
CO2 Concentration 4.19 508.46 <0.001
C2H4 Concentration 158.74 148.31 <0.001

O2 Rate 0.000468 64.95 <0.001
CO2 Rate 0.000014 462.00 <0.001
C2H4 Rate 138.53 139.71 <0.001

RQ 0.013 448.00 <0.001
AA 100.49 117.66 <0.001
TPC 0.003 6.19 0.0218

Day × Coating

O2 Concentration 20.97 6.98 <0.001
CO2 Concentration 0.38 46.24 <0.001
C2H4 Concentration 9.28 8.67 0.0012

O2 Rate 0.000022 3.09 0.0569
CO2 Rate 0.000002 51.90 <0.001
C2H4 Rate 6.34 6.39 0.0047

RQ 0.002 72.76 <0.001
AA 16.84 19.72 <0.001
TPC 0.002 3.15 0.0368

The changes in gas concentrations of coated papayas were significantly (p < 0.05)
delayed, when compared to the control ones. A gradual reduction in O2 concentration
was noted for all the treatments throughout the 21 days (see Figure 1A). Nonetheless,
escalating trends were observed for CO2 and C2H4 concentrations in both coated and
control papayas (see Figure 1B,C). For coated papaya, the initial CO2 percentage increased
from 0.86% to 2.82%, whereas the control papaya recorded an increase in CO2 from 0.51%
to 1.35%. The production of C2H4 was higher on day 21, with the value of 22.92 μL/L
and 15.19 μL/L for control and coated papayas, respectively. The increased CO2 concen-
tration for KH Nps-coated papayas was in line with the reduction in O2 concentration
during storage. Xu et al. [34] reported that the accumulation of CO2 in coated fruits was
because of a reduced respiration rate that inhibited physiological effects towards the fruits.
Meindrawan et al. [35] revealed that nanocomposite coating can decrease the amount of O2

for respiration and limit diffusion of CO2 out of the fruit tissues. The KH Nps coating might
have restricted the gas exchange through papaya peel, thus retarding C2H4 production.
The study outcomes are in agreement with prior observational studies, which reported
that high internal CO2 concentration in fruit can hinder C2H4 generation, thus delaying
the ripening of fruit [36].
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Figure 1. Changes in gas concentration in terms of (A) O2, (B) CO2, and (C) C2H4 at 0, 7, 14, and

21 days. Vertical bars indicated LSD (p < 0.05). LSD: least significant difference.

3.2. Respiration Rate

Both respiration rate and C2H4 production rate in fruit are regarded as good indices to
determine shelf life [37]. Figure 2 illustrates the significant decrease (p < 0.05) in respiration
rate in the coated papaya but a gradual increase in respiration rate in the control papaya.
This signifies that the O2 rate in the coated papaya was lower during cold storage when
compared to the control samples (see Figure 2A). After 21 days of storage, the highest O2

rates were 49.78 × 10−3 nmol kg−1 s−1 and 36.66 × 10−3 nmol kg−1 s−1 for the control
papaya and the coated papaya, respectively.

The effect of KH Nps coating on CO2 rate appeared to vary significantly (p < 0.05).
The CO2 rate was found to increase in parallel with the storage period for both the control
and the coated papayas (see Figure 2B). The coated papayas showed the highest CO2 rate,
at 5.79 × 10−3 nmol kg−1 s−1 on day 21 from its initial rate at 1.71 × 10−3 nmol kg−1 s−1.
Likewise, the control papayas displayed the lowest CO2 rate after 21 days of storage, at
2.98 × 10−3 nmol kg−1 s−1, whereas the initial CO2 rate was 1.09 × 10−3 nmol kg−1 s−1.

The C2H4 production rate differed significantly (p < 0.05) due to the KH Nps coating
treatment (see Figure 2C). The C2H4 production rate in control fruit escalated rapidly and
reached its peak after 21 days of storage at 18.21 μL/kg·h. On the contrary, the coated
papaya exhibited the lowest value for C2H4 production rate after 21 days of storage
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(11.24 μL/kg·h) as well as a slow increase in C2H4 production rate upon completion of the
storage period.

Such delays in respiration and C2H4 production rates for the coated papayas, in com-
parison to those of the control, may suggest that the KH Nps edible coating exerted an
obstacle to gaseous exchange. This present study discovered that the KH Nps coating
generated a modified atmosphere with high CO2 and low O2 in the papaya, which reduced
both respiratory and C2H4 production rates. Past studies have shown that the reduced rates
of respiration and C2H4 production in coated papaya resulted in delayed senescence [38].
Similarly, Mendy et al. [3] reported that papaya coated with Aloe vera gel coating experi-
enced less weight loss during the storage period when compared to control, which was
ascribed to the coatings having provided a semi-permeable layer against gas movement
and a resulting decrease in respiration rate. The pattern of respiration and C2H4 production
rates recorded in this study is in agreement with the findings reported by Ali et al. [13],
whereby papaya coating with chitosan suppressed both respiration and C2H4 production
rates through the modification of the fruit’s internal atmosphere.

Figure 2. Respiration rate in terms of (A) O2, (B) CO2, (C) C2H4 production at 0, 7, 14, and 21 days.

Vertical bars indicated LSD (p < 0.05).

Moreover, Maringgal et al. [17] found that the uncoated papaya displayed an early
increase in respiration rate compared to papayas coated with 1.0% and 1.5% KH for 12 days
of cold storage period. The reduction in respiration and C2H4 production rates due to
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coating treatment has been reported by many researchers for a range of fruits, including
mango [39], mandarin [40], guava [41], and banana [11].

Additionally, Sapper et al. [42] described that the RQ was influenced by changes
in respiration rate, indicating the existence of the substrate used during the respiration
process of fruit. The RQ was relying on both O2 and CO2 production rates, resulting in
a decrease in O2 and an increase in CO2 [43]. This study revealed the RQ exhibited a
significant effect on the storage day and coating treatment of papaya (Tables 1 and 2). The
RQ gradually increased for both coated and control papaya during the 21 days of storage,
as shown in Figure 3. However, it was noted that the RQ was higher for coated papaya
as compared to control papaya. This suggested that the transition of metabolic substrates
from carbohydrates to organic acids was higher in coated papaya, which was in agreement
with the findings of Sapper et al. [42] and Fagundes et al. [44]. The authors found that an
RQ equal to 1 signifies that the metabolic substrates are carbohydrates, while an RQ higher
than 1 signifies that the metabolic substrates are organic acids.

Figure 3. The effect of CO2 and O2 partial pressures on the RQ of control and coated papaya fruit

at 12 ± 1 ◦C. The red dot symbols represent data points above and below the response surface,

respectively (p < 0.05).
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3.3. Model Parameter Estimation

The Peleg equations (Equations (2)–(4)), which were modified to reflect curvilinear
changes in terms of gas concentration over storage day, were employed to model the
computed respiration rates. The inverse of change in gas concentration and the respiration
rate models with storage period were plotted, whereby model parameters K1 and K2 were
estimated via linear regression analysis. The value of K1 was estimated using the curve’s
slope, whereas K2 is denoted by the intercept on the y-axis. Table 3 presents the values of
K1 and K2, as well as the coefficient of determination (R2). The R2 seemed to be very high
(R2 > 0.85), which signified an exceptional fit between the experimental data and the Peleg
model for coating treatment.

Table 3. Values of Peleg’s model parameter (K1, K2, and R2) for O2, CO2, and C2H4 concentrations in

coated and control papaya.

Gas Papaya K1 K2 R2

O2
Control 0.68 ± 0.35 25.15 ± 0.43 0.859
Coated 2.35 ± 0.32 27.06 ± 0.27 0.997

CO2
Control 0.27 ± 0.59 0.29 ± 0.61 0.976
Coated 0.66 ± 0.62 0.16 ± 0.54 0.997

C2H4
Control 3.53 ± 0.73 9.01 ± 0.55 0.998
Coated 1.63 ± 0.77 8.59 ± 0.53 0.967

Both K1 and K2 values increased for the model parameters of O2, which was influenced
by the KH Nps coating treatment. For instance, the values of K1 and K2 for coated papaya
were 2.35 and 27.06, respectively. Comparatively, the values of K1 and K2 for control
papaya were 0.68 and 25.15, respectively. In this present study, K2 was more influenced
by the coating treatment. A higher value of K2 was also reported by Rahman et al. [20]
for fresh-cut papaya, Bhande et al. [23] for banana, as well as Mahajan and Goswami [21]
for apples. The variance between K1 and K2 is attributable to both gaseous and physical
changes of fruit during the storage period. The Peleg model described K1 as referring
to the rate constant, and it is physically related to both the consumption as well as the
evolution of gases starting from the very initial stage, while K2 refers to the model’s capacity
constant, implying the respective gas content that can be attained by the system up to
infinity. The R2 values in terms of O2 were high; 0.997 and 0.859 for coated and control
papayas, respectively.

The K2 appeared to be lower than K1 for coated papaya in terms of CO2. The values
of K1 and K2 for coated papaya were 0.66 and 0.16, respectively; while those for control
papaya were 0.27 and 0.29, respectively. The R2 values in terms of CO2 were also high;
0.997 and 0.976 for coated and control papayas, respectively.

Next, the relationship between coating treatment and model parameters in terms
of C2H4 concentration showed a similar trend to the O2 concentration. For instance, the
values of K1 and K2 for coated papayas were 1.63 and 8.59, respectively; while those
for control papayas were 3.53 and 9.01. The R2 values in terms of C2H4 were 0.967 for
coated papayas and 0.998 for control papayas. Figures 4 and 5 illustrate that most of the
experimental values were lower than those predicted. The figures display the variances
between experimental and predicted respiration rates for coated (see Figure 4) and control
(see Figure 5) papayas in terms of O2, CO2, and C2H4 concentrations. Moreover, the
empirical equation developed by Peleg [45] has proven its capability for respiration rate
prediction in several fresh produce products [20]. Data developed by this equation plays a
significant role in the design of successful modified atmospheric systems for nano-coated
papaya. Based on the results of this study, both respiration and C2H4 production rates of
the papaya were well described by the Peleg kinetic models, and their values have been
shown to be significantly influenced by the coating treatments.
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Figure 4. Experimental and predicted respiration rates in term of (A) O2, (B) CO2, and (C) C2H4

production in KH Nps-coated papaya.

Figure 5. Experimental and predicted respiration rates in term of (A) O2, (B) CO2 and (C) C2H4

production in control papaya.
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3.4. Microscopy Observation

The effect of KH Nps coating on the papaya’s surface characteristics was observed by
using a scanning electron microscope (SEM). Figure 6A,B indicates the stomatal aperture
on papaya peel in control and coated fruits on day 0 of storage. After 21 days of storage,
KH Nps coating at 15% concentration continued to cover the stomata on the papaya peel
(Figure 6D), hence causing a delay in the ripening process. The KH Nps coating might
have protected the stomata on the papaya peels, thus decreasing the respiration rate.
Nevertheless, the control papaya peel resulted in exposed stomatal aperture, as shown
in Figure 6C, thus reflecting the increase in both respiration and C2H4 production rates,
apart from affecting both the post-harvest qualities and physicochemical characteristics of
papaya throughout the storage period.

Figure 6. Microstructural images of stomatal aperture on papaya peels at different storage periods:

(A) control at day 0, (B) coated at day 0, (C) control at day 21, and (D) coated at day 21.

These results were consistent with the research of Jongsri et al. [39], where it was
observed that there was a low molecular weight of chitosan coating, which hence conferred
protection and covered the stomata of mango peels. This contributes to the delay in the
process of ripening during storage. Deng et al. [46] showed that the non-homogeneous
coating present on the fruit’s surface has the potential to enhance the mass transfer across
the fruit surface, thus increasing respiration rate as well as a fungal infection. In the current
research, a low respiration rate and delayed C2H4 production were maintained by the
coated papayas.

3.5. Effect on Ascorbic Acid (AA) and Total Phenolic Content (TPC)

AA, or vitamin C, is a water-soluble vitamin and is an important vitamin in papaya [47,48].
Lee and Kader [49] asserted that AA content can be easily degraded due to improper post-
harvest handling and storage conditions. In this study, AA content was significantly (p < 0.05)
greater for the control papayas than the coated papayas (see Figure 7A). The AA content
increased during storage, and the highest AA was recorded for control papaya on day 14 at
59.65 mg/100 g, and 52.01 mg/100 g for coated papaya. This finding is supported by an early
study performed by Wills and Widjanarko [50], who explained that AA content will increase
in parallel with the ripening stages, then decline thereafter due to senescence.
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Figure 7. Effect of Ascorbic Acid (A) and Total Phenolic Content (B) in KH Nps coated papaya stored

at 12 ± 1 ◦C for 21 storage days. Vertical bars indicated LSD (p < 0.05). GAE: gallic acid equivalent.

FW: fresh weight.

Furthermore, KH Nps-coated papaya displayed a slower initial increase in AA as
compared to the control papaya. At day 21, the AA content of KH Nps-coated papaya
maintained a higher value (48.69 mg/100 g) compared to control papaya (42.33 mg/100 g).
This suggests that the KH Nps coating slowed down the synthesis of AA during storage.
This finding was consistent with Ali et al. [13], wherein the authors found that papaya
coating with chitosan is able to reduce the respiration rate of fruit by increasing the CO2

concentration, thus slowing down the synthesis of AA during storage. The fruit were
stored at 12 ± 1 ◦C with relative humidity (RH)of 85–90% for four weeks. Additionally,
the higher AA retention by KH Nps coating treatment could be associated with the ability
of the coating to act as a gas barrier to reduce the O2 tension in the papaya fruit tissue.
This statement was supported by the study of Maftoonazad and Ramaswamy [51], who
revealed that the atmosphere composition around the fruit has a significant role in AA
retention during storage. Magwaza et al. [47] and Madani et al. [52] added that lower C2H4

production in fruits improved AA retention, which was confirmed when C2H4 production
was measured and revealed a low concentration in KH Nps-coated papaya.

Phenolics are the secondary metabolites existent in plants that have antioxidant
properties during the oxidative stress process [53]. It appears that the TPC of papaya varied
significantly (p < 0.05) due to KH Nps coating (Figure 7B). The highest TPC (42.64 mg
GAE/100 g fresh weight (FW)) was recorded for the coated papaya fruits on day 14. The
TPC for the control papaya rapidly increased during the storage and reached the maximum
(38.48 mg GAE/100 g FW) at day 14, however, it was unable to maintain the TPC rate until
day 21 (21.20 mg GAE/100 g FW). A low value of TPC or a sharp reduction in TPC after
14 days in the control papaya could be due to the higher respiration rate, which may have
resulted in the loss of TPC because of the degradation of specific phenolic compounds [37].

At the end of storage (day 21), the coated papaya was able to maintain the TPC better
than control papaya and this may be because the KH Nps coating reduced the metabolism
in the coated papaya. In other words, the KH Nps coating treatment has the ability to
maintain the TPC of papaya fruit during cold storage. Similar contributions have been
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made by Ayón-Reyna et al. [54], who found that untreated papaya had a lower TPC as
compared to papaya treated with hydrothermal-calcium chloride. This has also been
explored in a prior study by Ghasemnezhad et al. [55], in which the authors revealed the
decrease in TPC of coated apricot due to the deterioration process.

4. Conclusions

The kinetic change in respiration rate and the C2H4 production of control and coated
papayas were studied in this research. The respiration rate and C2H4 production in papayas
were significantly affected by the KH Nps coating. The current study also showed that KH
Nps coating can be used as a conserving material, extending the shelf life by inhibiting
the respiration rate and C2H4 production, while maintaining the AA and TPC, in papaya.
Furthermore, differences in stomatal aperture were observed in coated and control papaya
after 21 days of cold storage. This study also suggested that respiration data generated by
a closed system could be employed to model the respiration rates. The respiration rate and
C2H4 production that were predicted by the Peleg model obtained R2 values higher than
0.85 for both coated and control papaya. This showed that KH Nps is a promising edible
coating that can be employed in commercial post-harvest applications for extending the
shelf life of papayas.
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Abstract: The effect of cutting styles (slice, pie, and shred) on the quality characteristics and antioxidant

activity of purple and yellow flesh sweet potato cultivars during six days of storage at 4 ◦C was

investigated. The results indicated that the sliced and pie samples showed no significant difference

(p > 0.05) on the firmness, weight loss, and vitamin C content compared with the whole sweet potato

in both cultivars during storage. The pie sample exhibited the highest wound-induced phenolic,

flavonoid, and carotenoid accumulation and DPPH radical scavenging activity among the cuts in

both cultivars. Moreover, the shredded sample showed significantly (p < 0.05) higher polyphenol

oxidase (PPO) activity but lower total phenolic and flavonoid content and the lowest antioxidant

activity among the samples. Thus, the finding of this study revealed that pie-cut processing has

potential in improving the quality and increasing the antioxidant activity of fresh-cut purple and

yellow flesh sweet potato cultivars while shredding accelerated the quality deterioration of both

sweet potato cultivars.

Keywords: sweet potatoes; cutting styles; quality; antioxidant activity

1. Introduction

Sweet potato (Ipomoea batatas L.) root is an important tropical root with significant economic

value due to its high nutritional and antioxidant potential [1]. Sweet potato storage root is rich in

carbohydrates, dietary fiber, vitamins (A, B1, B2, C, and E) and minerals (Ca, Mg, K, and Zn) [2].

Wounding stress generated by the cut in the plant tissues has been verified to induce the production

of phenolic compounds that possess antioxidant activities in plants [3]. This has made cutting an

innovative and straightforward technique to increase the accumulation of phenolic compounds and

improve the antioxidant activity of many fruits and vegetables during short-term storage [4]. Cutting

practices have been explored in carrot [5], pitaya [4], and many other fruits and vegetables. However,

the increase in the antioxidant activity of the fresh-cut produce depends on the balance between

antioxidants synthesis and oxidation, such as phenolic compounds [6]. This is because the wounding

stress triggers two types of responses in phenolic metabolism. Firstly, the oxidation of the existing

phenolic compounds due to the disruption of the cell membrane, causing the phenolics to combine with

the oxidative enzyme systems, particularly the polyphenol oxidase (PPO) enzyme that is involved in

tissue browning. Secondly, the synthesis of monomeric or polymeric phenolics to repair the wounding

damage through the phenylpropanoid pathway [5,7,8]. Previous research demonstrated that wounding

intensity had an obvious effect on the levels of physiological and biochemical changes in fresh-cut
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product and cutting styles were one of the most important factors that influence the storage quality

and the preservation of fresh-cut fruits and vegetables [9].

According to the reports of Li et al. [4] and Grace et al. [10] the biosynthesis and conversion

rates of phenolics and flavonoid in fresh-cut produce changed during storage time, depending on

the wounding intensity applied to the plant tissue, hence, it is important to investigate the effect of

different cutting styles on the quality and antioxidant activity in fresh-cut fruits and vegetables.

Purple and yellow sweet potato cultivars, in addition to their nutritive components, are also rich

in flavonoid and carotenoids pigments that also contribute to its antioxidant capacity [2,11]. The size

of sweet potato roots is relatively large; hence fresh-cut sweet potatoes more convenient and preferable

for consumers. Fresh-cut sweet potatoes are processed into frozen, dried, canned, fried, fermented,

and pureed products and also used as natural food colorants. Currently, there is little information

on the effect of cutting styles on the quality characteristics and antioxidant activity of fresh-cut sweet

potato cultivars. The purpose of this study is to fill that research gap by evaluating the effect of cutting

styles on the quality characteristics and antioxidant activity of fresh-cut sweet potato cultivars.

2. Materials and Methods

2.1. Sample Collection and Processing

Purple and yellow sweet potato cultivars (Ipomoea batatas L.) were purchased from the local market

in Nanjing, Jiangsu, P.R. China, and transferred to the laboratory in 2 h. The sweet potato cultivars

were selected according to uniformity in appearance and absence of physical defects or lesion. The

roots from each cultivar were washed, peeled, and cut into three different styles: slice (1 cm thickness),

pie or quarter-slice (1/4 section from a slice of 1 cm thickness), and shred. Whole roots were used as

control. The samples were then packaged (100 g) in each plastic containers (15 × 10 × 4 cm) and stored

at 4 ◦C with 85–90% relative humidity for six days. During storage, samples (one container of each

sample) were taken every two days for firmness, color, and chemical analysis while the weight loss

was determined using pre-weighed 500 g of each sample.

2.2. Color Change, Firmness, and Weight Loss Determination

The flesh color of the sweet potato cultivars was determined using a colorimeter (Konica Minolta,

Tokyo, Japan) according to the method described by Tang et al. [12]. The color was evaluated by

measuring L*, a*, and b* values (L* indicates Lightness, a* red/green coordinate, and b* is the yellow/blue

coordinate). The firmness was measured according to the method described by Wall et al. [13] with

some modifications. The firmness was measured on two paired sides using a TA-XT2i texture analyzer

(Stable Micro System Ltd., London, UK) with a 3 mm diameter probe at a speed of 60 mm/min for slice

and pie style while 5 mm diameter probe at a speed of 1 mm/s was used for shred style. Firmness was

expressed as newtons (N). The weight was measured in gram using the electronic scale (maximum

(max = 300 g), verification scale value (e = 0.1 g), scale division value (d = 0.01 g) (Chengdu Beisaike

Instrument Research Institute, Chengdu, China). The weight loss was expressed as a percentage (%).

The color was measured from taken from the very same sample-pieces on each sampling

2.3. Total Phenolics and Total Flavonoids Content Determination

The total phenolics contents of the samples were determined using the Folin–Ciocalteau assay

method [14]. Absorbance was measured at 765 nm, and the results were expressed as milligrams of

gallic acid (GAE) per gram. Total flavonoid contents of the sweet potato cultivars were determined

using the vanillin-HCl method [15]. The absorbance of the standard catechin solution was measured

at 430 nm, and 80% ethanol was used as control. Total flavonoid content was expressed as catechin

equivalent derived from the standard curve.
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2.4. Analysis of Total Carotenoids and Vitamin C Contents

Carotenoid content was determined using trichloroacetic acid (TCA) solution extraction followed

by spectrophotometric analysis, as described by Huang et al. [16]. Absorbance was measured at 534 nm

using a spectrophotometer (TU-1810 DSPC, Beijing Puxi Instrument Co., Beijing, China). Vitamin

C content was analyzed by the procedure of Arakawa et al. [17]. The fresh sweet potato (2 g) was

extracted in 5 mL of 5% TCA solution. The homogenate extracts were centrifuged at 12,000× g for

20 min at 4 ◦C, and then the supernatants were used for vitamin C analysis. Vitamin C content was

expressed as mg g−1 fresh weight, based on a standard curve.

2.5. Antioxidant Determination

The antioxidant activity of the sweet potato tissue was measured using 2,2-diphenyl-1-

picrylhydrazyl (DPPH) free radical-scavenging activity, as reported by Bae et al. [18] with some

modifications. The fresh tissue (2 g) was extracted using 5 mL of 50% ethanol. The homogenate was

centrifuged at 13,000× g for 20 min at 4 ◦C. The enzyme extracts (0.1 mL) was added to 1.9 mL DPPH

(120 μmol L−1) and reacted in the dark for 20 min, and the absorbance was measured at 525 nm. The

mixture of 0.1 mL of 50% ethanol and 1.9 mL of DPPH reagent was used as the control.

The following equation was used when calculated

% DPPH scavenging phenol ratio = 1 − [(A − B)/A0] × 100%

A = the absorbance of the sample; B = the absorbance of the sample with 1.9 mL 50% ethanol); and

A0 = the absorbance of the control.

Ferric reducing antioxidant power (FRAP) assay was done according to the method described by

Chen et al. [19] with some modification. FRAP solution used for the assay was freshly prepared by

mixing 100 mL acetate buffer (0.3 M, pH 3.6) in 10 mL TPTZ solution (10 mM, in 40 mM HCl) and

10 mL ferric chloride (20 mM). This solution was warmed at 37 ◦C with a water bath before use. Each

sample (1 mL) was then added to the freshly prepared FRAP solution (5 mL); the mixture was kept in

the dark at 37 ◦C for 20 min. The absorbance was read at 593 nm against a blank using a microplate

spectrophotometer. Different concentrations (100–1400 μM) of ferrous sulfate standard solutions were

used to prepare the calibration curve. Higher FRAP value indicated greater ferric reducing antioxidant

capacity and final results were expressed as μM Fe (II).

2.6. PPO Activity

The measurement of PPO activity was carried out according to the method described by Manohan

et al. [20] with slight modification. The fresh sweet potato tissue (1 g) was ground in 5 mL of phosphate

buffer, and the homogenate was centrifuged at 12,000× g for 20 min at 4 ◦C. The reaction system

consisted of 1.9 mL of phosphate buffer, 1 mL of enzyme solution, and 1 mL of catechol (0.1 mol L−1),

and the absorbance was measured at 420 nm.

2.7. Total Aerobic Bacterial Count (TABC)

Total aerobic bacterial count (TABC) was analyzed according to the method by Li et al. [4].

The results were expressed as log10 colony-forming unit (CFU) per kilogram based on fresh weight

(log CFU g−1).

2.8. Statistical Analysis

Statistical analyses were performed using SPSS version 20.0 (SPSS INC., Chicago, IL, USA)

software data in the research are represented as means ± standard deviation (SD) of three replications.

One-way ANOVA analyzed data, and differences among samples were determined by comparison of

means using Duncan’s multiple range test at p < 0.05.
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3. Results and Discussion

3.1. Whole, Sliced, Pie, and Shredded Purple and Yellow Flesh Sweet Potato Cultivars

The whole, sliced, pie, and shredded purple and yellow flesh sweet potato cultivars are shown in

Figure 1. Interestingly, the different cutting styles induced varying degrees of progressive changes in

the color of both sweet potato cultivars.

Figure 1. Whole, sliced, pie, and shredded yellow and purple flesh sweet potato cultivars.

The pie-cut had the most significant color changes within the first two days of the storage in

both cultivars, but on day 6 of the storage, the shredded samples became the most discolor on visual

observation. The higher color changes in the pie samples in both cultivars at the early stage of the

storage could be due to increased accumulation of phenolics, flavonoid, and carotenoid. The excessive

discoloration, especially of the shredded samples during the late stage of the storage, could be due

to wound-induced phenolic oxidation together with increased polyphenol oxidase activity in both

sweet potatoes. The purple flesh sweet potato showed more rapid change in color compared to the

yellow flesh sweet potato. This could be due to higher wound-induced phenolics, flavonoid, and

carotenoid phenolic accumulation in the purple flesh sweet potato compared to the yellow flesh sweet

potato. Color and visual appeal is an important quality parameter of fresh-cut produce: while slight

changes in color might indicate increased phenolics, carotenoid, flavonoid and/or other phytochemicals

accumulation, excessive discoloration is often interpreted as an indication of oxidative deterioration

and often affect consumer acceptability of fresh-cut produce [12].

3.2. Effect of Cutting Styles on the Color, Firmness, and Weight Loss of the Sweet Potato Cultivars

Excessive coloration is an indication of low quality in fresh-cut sweet potatoes [21] hence, the

determination of color is of great importance in investigating the quality of fresh-cut sweet potato

cultivars. The effect of the cutting styles on the color of the sweet potato cultivars is shown in Table 1.

Cutting induced the increase in L* value with storage time in both cultivars. The a* value in purple

flesh sweet potato was higher than that in yellow flesh sweet potato, and it presented a decreasing

trend in purple flesh sweet potato during storage. At the end of storage, pie cutting sweet potatoes

showed the lowest a* value among samples in both cultivars. The b* value of purple flesh sweet potato

in different cutting styles increased significantly (p < 0.05) with storage time, while yellow flesh sweet

potatoes exhibited a decreasing trend. The shredded sweet potato cultivars showed the highest b*

values at the end of storage. These results indicated that the color of fresh-cut sweet potatoes changed

with wounding intensity and storage time (Figure 1). Sweet potato cultivars contained naturally

pigmented phytochemicals, including β-carotene, which appears dark green, yellow, or orange-color
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and flavonoids that display yellow color [10]. The results of total carotenoid and flavonoid contents

verified that cutting could induce the synthesis of the pigmented phytochemicals, which may closely

relate with the changes in the color of sweet potato cultivars (Figure 2C,D and Figure 3A,B). Besides,

the decreasing trends in b* value of slice and pie cutting yellow flesh sweet potato indicated that cutting

might also result in the oxidation and degradation of pigmented phytochemicals. Furthermore, the

excessive coloration in the shredded samples could also be a result of increased microbial contamination.

Microorganisms have been reported to contaminate and discolor store fresh-cut produce [22] The color

variations in the purple and yellow flesh sweet potato cultivars are similar to the previously published

data on the effect of storage time on the color of sweet potato cultivars [12].

As shown in Table 1, the firmness of both sweet potato cultivar decreased with storage time, and

similar results were also found in the research of Wall et al. [13]. Besides, the increased of wounding

intensity accelerated the decrease of firmness in sweet potatoes and shred cutting sweet potatoes

presented the lowest firmness in both cultivars during storage. The progressive decrease in firmness in

the shredded sample could be the result of rupture of the plasma membrane, and plasmolysis in tissue,

which indicated the deterioration and loss of quality. Hence fresh-cut produce with extremely low

firmness, as seen in the shredded sample in both cultivars, often have low acceptability.

Fresh cut processing resulted in significant (p < 0.05) weight loss in the shredded sample of both

the purple and yellow flesh sweet potatoes while the sliced and pie samples were not significantly

(p < 0.05) affected compared to the whole sweet potato. The weight loss in fresh-cut produce was

mainly caused by the evaporation moisture and the loss of nutrition. High weight loss in stored sweet

potato cultivars indicated short storage-life, rapid deterioration, and loss of quality [23]. In our results,

shred cutting accelerated weight loss. The higher weight loss resulted in the lower turgor pressure

in the cell, which played an important role in the firmness among samples of different cutting styles.

Thus, the results of color, firmness and, weight loss suggested that shred cutting in both cultivars lead

to the quality deterioration of the fresh-cut produce while the slice and pie-cut with relatively lower

wounding intensity had no adverse on the quality during the storage period.
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Figure 2. Effect of cutting styles on the total phenolic (A,B), total flavonoid (C,D) content of the purple

and yellow flesh the sweet potato cultivars, respectively.

Figure 3. Effect of cutting styles on the total carotenoid (A,B), vitamin C (C,D) content of the purple

and yellow flesh the sweet potato cultivars, respectively.
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3.3. Effect of Cutting Styles on the Total Phenolics and Flavonoid Content

The effect of cutting styles on the total phenolics and flavonoid contents of the purple and yellow

flesh sweet potato cultivars stored at 4 ◦C is presented in Figure 2A–D. The results indicated that

the cutting significantly (p < 0.05) increased the total phenolics and flavonoid accumulation in both

cultivars compared to the whole sweet potatoes. Wounding stress has been shown to increase phenolic

accumulation by activating the phenylpropanoid pathway in fresh-cut fruit and vegetables [4,7]. Similar

results were also found in our research. The contents of the phenolics and flavonoid contents increased

with storage time firstly and then decreased slightly after four days of the storage. The decrease of

total phenolic could be explained by the increase in utilization rate and decrease in synthesis rate.

The accumulation of phenolics and flavonoids in sliced and pie-cut sweet potatoes was significantly

(p < 0.05) higher than that in the shredded sample in both cultivars, which could be related to the

oxidation and utilization of these bioactive compounds in high wounding intensity samples. In sweet

potatoes, the total phenolic content in shreds cutting samples showed decrease trends while that in

slices and pie-cuts increased [24]. Phenolic compounds have been severally reported as the main

contributor to the antioxidant capacity of plants [9] while flavonoids have been shown to have radical

scavenging or chelating activities [25]. The phenolics and antioxidant capacity in plants have been

reported to be influenced by cultivars, maturity, and other environmental factors such as sunlight

exposure [26]. In our results, the purple flesh sweet potatoes presented higher total phenolics and

flavonoid contents than the yellow flesh sweet potato cultivars.

3.4. Effect of Cutting Styles on the Total Carotenoid and Vitamin C Content

The effect of the cutting styles on the carotenoid and vitamin C contents of the purple and yellow

flesh sweet potato cultivars is shown in Figure 3A–D. Sweet potato cultivars are rich in carotenoid,

particularly beta-carotene responsible for conferring pro-vitamin A activity that contributes to the

prevention of vitamin A deficiencies and night blindness [10]. Furthermore, carotenoids are bioactive

secondary metabolites in the plants that have been linked to health protection in in-vitro, in-vivo, and

clinical research [27]. The study demonstrated that the carotenoid content in the yellow flesh sweet

potatoes was higher than that in the purple flesh sweet potatoes, and cutting significantly (p < 0.05)

increased the total carotenoid content compared to the whole sweet potatoes in both the purple and

yellow flesh sweet potato cultivars. The total carotenoid content increased steadily among the cuts but

declined slightly after four days of storage in both cultivars.

The result further revealed that the pie-cut had the highest total carotenoid content, while the

shredded had the lowest carotenoid content in both cultivars throughout the storage period. This

finding further indicated that the excessive wounding intensity in the shredded sample adversely

affected the rate of wound-induced carotenoid biosynthesis. These results implied that the pie cutting

of the sweet potato cultivars made it a better source of carotenoid and improved its bioactive properties

compared to the whole sweet potatoes. This finding corroborated the previous report of Grace et al. [10]

in which carotenoid biosynthesis of sweet potato cultivars was reported to increase with the storage

time. However, unlike the carotenoid content, the vitamin C content of the purple and yellow flesh

sweet potato decreased significantly (p < 0.05) in the shredded sample while the sliced and the pie-cut

was not significantly (p < 0.05) affected until after four days of storage. The result of this study further

supports the previous finding of Huang et al. [16] in who reported that the vitamin C content of stored

sweet potato cultivars decreased with increased storage time. At the end of the storage time, the

vitamin C content in the fresh-cut potatoes was lower than the whole, and the vitamin C content in the

shredded sample was the least in both cultivars, which could be related to the damage of cell and the

oxidation of vitamin C caused by high wounding intensity. Vitamin C is an essential part of a daily

diet, and a decrease in vitamin C content, as seen in the shredded sample, implies lower nutritional

quality, which would affect its consumer acceptability.
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3.5. Effect of Cutting Styles on the DPPH Free Radical Scavenging Activity and Ferric Reducing
Antioxidant Power

High antioxidant activity in food materials had been extensively studied and shown to correlates

an increase in cardio-protective, hepato-protective, antidiabetic, as well as other physiological functions

in both in-vitro and clinical studies [7,28]. DPPH free radical scavenging activity and ferric reducing

antioxidant power (FRAP) were used to assess the effect of the cutting styles on the antioxidant ability

of the sweet potato cultivars. Fresh-cut processing significantly (p < 0.05) increased the DPPH free

radical scavenging activity and FRAP in both the purple and yellow flesh sweet potatoes compared to

the whole sweet potato cultivar during the storage period. The pie produce had the highest radical

scavenging activity and ferric reducing antioxidant power among the fresh cut in both cultivars.

However, the purple flesh sweet potato showed higher antioxidant activity compared to the yellow

flesh sweet potato Figure 4A,B.

This could be due to higher phenolic and flavonoid content in the purple flesh sweet potato

compared to the yellow flesh sweet potato. Antioxidant and free radical scavenging ability in sweet

potato are largely attributed to phenolic content [28]. Previous research findings have demonstrated

that flavonoids can significantly contribute to improving the radical scavenging activity of sweet potato

cultivars [26].

There was strong positive correlation between the antioxidant activity and the phenolics, flavonoids,

carotenoids, and vitamin C content of both the purple and yellow sweet potato cultivars (Tables 2 and 3).

The total phenolics and flavonoids content showed significant (p ≤ 0.05) positive correlation with the

ferric reducing antioxidant power activity while total carotenoid significantly (p ≤ 0.01) correlated

with the FRAP activity. This further supports other research reporting that increases in phenolic and

flavonoid content enhance the antioxidant activity of food material [7]

Figure 4. Effect of cutting styles on the DPPH radical scavenging activity (A,B) and ferric reducing

antioxidant power (C,D) of the purple and yellow flesh sweet potato cultivars, respectively.
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3.6. Polyphenol Oxidase (PPO) Activity

The PPO activity of the fresh-cut sweet potato cultivars is presented in Figure 5. PPO activity in

potatoes increased with increased storage time, and similar results were also found in apples [8]. The

PPO enzyme activity of the whole sweet potatoes was significantly lower (p < 0.05) compared to all

the fresh-cut samples in both purple and yellow flesh sweet potato cultivars. The shredded sample

showed the highest PPO activity compared to the sliced and pie-cuts in both cultivars. This implies that

increasing wounding intensity in the potatoes sample enhanced the activity of PPO in both cultivars.

PPO is the enzyme that is mainly involved in the browning process in injured plant tissues [8].

Figure 5. Effect of cutting styles on the PPO activity (A,B) of the purple and yellow flesh sweet potato

cultivars, respectively.

PPO catalyzes the hydroxylation of mono and di-phenols to o-diphenols, which further oxidizes

to o-quinones. These o-quinones condense and polymerize with certain amino acids and proteins to

produce the undesirable brown/dark melanin pigments seen in fresh-cut fruits and vegetables [29].

Torres-Contreras et al. [24] reported that decreased phenolic content in shredded-potatoes during

storage was linked to increased PPO activity. In our results, shredding the sweet potato cultivars

induced the highest PPO and oxidative browning activity and which resulted in the increased brown

surface color of the shredded sample compared to the sliced, pie-cuts, and the whole sweet potatoes

(Figure 1 and Table 1). The subsequent oxidative browning induced by increased PPO activities in

shred potatoes was undesirable in foods and food systems because of its changes in food appearance,

development of off-flavors, and losses of nutrition quality [29,30]. This report is similar to the findings

of Jang et al. [8] in which PPO activity increased with increased storage time and decreased consumer

acceptability of fresh-cut apple.

3.7. Total Aerobic Bacterial Count (TABC)

The total aerobic count was determined to evaluate the effect of different cutting styles on the

microbiological quality of the sweet potato cultivars (Figure 6). Fresh-cut produce is prone to decay

by spoilage and pathogenic microbes that of public health significance [3]. In this study, TABC in

potatoes increased with storage time and cutting induced the growth of microorganisms. Shredded

sweet potatoes presented the most TABC in the four groups of samples in both cultivars, and it was

significantly (p < 0.05) higher in the fresh-cut sweet potato cultivars than the whole sweet potatoes.

The high-water activity and approximately neutral tissue pH in sweet potato cultivars promoted

rapid microbial growth, which has been reported to contaminate fresh-cut produce and result in

the faster deterioration of fresh-cut produce compared to whole fruits or vegetables [31]. Fresh-cut

processing destroys plant tissue and exposes the nutrients rich cytoplasm to microbial contamination

and spoilage [22].
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Figure 6. Effect of cutting styles on the total aerobic count (A,B) of the purple and yellow flesh the

sweet potato cultivars, respectively.

Hence the finding of this study is similar to the results of other studies on the microbiological

quality of fresh-cut produce [3,31]. However, the pie and sliced samples presented significantly

(p < 0.05) less microbial numbers among the fresh-cut produce and suggested they would be better

alternatives in fresh-cut processing of sweet potato cultivars to shredding. Food safety constitutes a

growing concern for producers, public, and relevant regulatory agencies in the fresh-cut processing

industry; hence, selecting cutting styles that ensure minimal contamination of the fresh-cut produce

remains a critical focus for all relevant stakeholders in the fresh-cut processing industry [31]. The

present investigation suggested that pie cutting was a useful tool in improving the bioactive contents

as well as the antioxidant activity of potatoes.

4. Conclusions

In this study, the effect of cutting styles on the quality characteristics and antioxidant activity of

sweet potato cultivars was evaluated. The results indicated that cutting could enhance the antioxidant

activity of sweet potatoes, but shred cutting had the adverse effect on the quality of the sweet potatoes

due to its excessive wounding stress. The pie samples exhibited the highest total phenolic, flavonoid,

and carotenoid accumulation and thus presented the highest antioxidant activity in both cultivars. The

PPO activity was excessively high in the shredded sample and resulted in the decrease of phenolic

antioxidants and the change of color. Therefore, the finding of the current study demonstrated that it is

possible to provide the consumer with fresh-cut sweet potatoes rich in bioactive compounds by simply

pie cutting, which shows potential in the processing of sweet potatoes.
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Abstract: Chilling injury, tissue browning, and fungal infection are the major problems of peach

fruit during post-harvest storage. In this study, a precise temperature control cold storage with

low-temperature fluctuation (LFT) and internal circulation flow system is designed. An ozone

(O3) generator and a (titanium dioxide) TiO2 photocatalytic reactor were applied to cold storage to

investigate the variation of LFT combined with ozone fumigation and a TiO2 photocatalytic reactor

in the efficiency of delaying ripening and maintaining peach fruit quality. Results showed that

the temperature fluctuation with the improved control system was only ±0.1 to ±0.2 ◦C compared

with that of ±0.5 to ±1.0 ◦C in conventional cold storage. LFT significantly reduced the chilling

injury of peach fruit during storage. Although LFT combined with fumigation of 200 mg m−3

ozone periodical treatment slightly damaged the peach fruit after 40 d of storage, its combination

with the TiO2 photocatalytic system significantly improved the postharvest storage quality of the

fruit. This treatment maintained higher titratable acidity (TA), total soluble solids (TSS), better

firmness, color, microstructure, and lower decay rate, polyphenol oxidase (PPO) activities, total

phenol accumulation, respiratory intensity, ethylene production, and malondialdehyde (MDA)

content during 60 d of storage. All the results show that LFT combined with the TiO2 photocatalytic

system might be a promising technology for quality preservation in peach fruit storage.

Keywords: peach; chilling injury; internal circulation system; low fluctuation of temperature; TiO2

photocatalytic; storage quality

1. Introduction

Peach [Prunus persica (L.) Batsch] belongs to the Rosaceae family, with a long history of cultivation

in China. The output quantity of peach is more than 8 million tons every year [1]. It is worth noting

that peach presents strong respiration intensity and rapid softening after harvest, which leads to short

Foods 2020, 9, 234; doi:10.3390/foods9020234 www.mdpi.com/journal/foods69
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shelf-life [2]. Up to now, various techniques such as normal atmosphere cold storage, hypobaric

storage, gamma-irradiation, heat treatments, and controlled atmosphere cold storage have been applied

in peach preservation [3–5]. Among these technologies, cold storage is the most commonly used,

especially for large amounts of peaches. However, during low-temperature storage, chilling injuries,

quick softening, browning, woolly texture, and high perishability are still the main problems [6].

Accurate control of temperature and humidity in a cold storage room is generally not simple [7].

Non-uniform airflow from air coolers, evaporator defrosting processing, and frequent door opening

and closing during storage result in the fresh products being exposed to undesired high-temperature

fluctuations [8]. At present, temperature fluctuations in commercial cold storage rooms are

approximately ±0.5 to ±1.0 ◦C [9]. Peach, like cucumber and mango, is sensitive to temperature

fluctuation and prone to chilling injury during storage [10]. Chilling injury is mainly caused by the

conversion of membrane lipids from liquid crystal phase to rigid solid gel phase, which destroys the

integrity of the cell membrane [11]. Temperature also affects respiration and postharvest rot rates of

the product [12]. The application of a jacketed storage system provided a feasible scheme to overcome

these disadvantages, in which refrigerated air is circulated through an air space surrounding the

storage room rather than within the space itself [13]. Although the construction cost of jacketed storage

is 15% higher than that of conventional cold storage, the use of jacketed systems can significantly

improve product quality and storage life, which depends on better temperature control and higher

relative humidity [14–17]. In addition, the jacketed system can significantly reduce energy consumption

because of sensible cooling during the dormant storage period and less defrosting times [13].

Titanium dioxide (TiO2) and ozone have been evaluated as promising sanitizers for fresh fruit and

vegetables [18,19]. As a wide band gap (3.2 eV) semiconductor under ultroviolet (UV) (320–400 nm)

illumination, TiO2 generates energy-rich electron-hole pairs that can be transferred to the surface of

TiO2 and promotes reactivity with the surface-absorbed molecules leading to the production of active

radicals [20]. TiO2 efficiently promotes the photocatalytic oxidation of organic compounds and the

oxidation of microorganism cell membranes [21]. In practical application, TiO2 is mainly used in food

packaging and photocatalytic reactors [19,22]. TiO2 photocatalytic reactors had been applied to tomato

fruit during storage to delay ripening time [23]. Because of its ability to reduce microorganisms and for

the oxidation of ethylene, gaseous ozone had been successfully applied for the storage of various fruits

such as apples, papayas, orange potatoes, pears, and strawberries [24,25]. However, there was no

research into the effect of LFT combined with ozone and a TiO2 photocatalytic system on postharvest

quality of peaches.

Although both ozone and TiO2 photocatalysis treatments have been studied in a variety of fruit

and vegetables, little has been done in their combination with low-temperature fluctuation for peach

storage. Here, the improved temperature control and the combination of this technique with TiO2

photocatalysis or ozone intermittent treatment were investigated in the cold storage of peaches, and

important quality parameters such as TSS, (polyphenol oxidase) PPO activity, total phenol content,

(malondialdehyde) MDA, and fruit microstructure were analyzed in cold-stored peaches. The main

purpose of this study is to evaluate the optimal temperature and post-harvest quality control techniques

for cold storage of peaches.

2. Materials and Methods

2.1. Plant Material

Peaches [Prunus persica (L.) Batsch cv. Jin Qiu hong] were obtained from an orchard in Beijing,

China. Only fruit free from damage, diseases or infestations, and of approximately a uniform size (250

to 300 g) and maturity were selected and pre-cooled to 5 ◦C [26].
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2.2. Specification of Cold Storage

The structure of conventional cold storage is shown in Figure 1A. The cold storage with

improved precise temperature control is composed of both a separate external jacket and an internal

storage room, refrigeration equipment, and an internal circulation flow system. The jacket-room

(6700 × 6200 × 4600 mm) was a conventional cold store (Figure 1B), while the internal storage room

(6000 × 5000 × 3500 mm) was made up of 1.5-mm thick aluminum plates. The fruit were placed in the

internal room.

2.3. Gaseous Ozone and TiO2 Treatment

The ozone and TiO2 photocatalytic reactor were separately installed in the internal circulation

system (Figure 1C,D). Ozone (90%) was produced by an FL-803Y ozone generator (Shenzhen Feili

Electrical Technology Co. Ltd., Shenzhen, China). The JSDHMK-1227 TiO2 photocatalytic reactor

was provided by a local company (Tianjin Gasin-DH Preservation Technologies Co. Ltd., Tianjin,

China). The particle specific surface area and equivalent particle size of TiO2 were 11.7 m2 g−1 and

93.7 nm, respectively, the wavelength of ultraviolet light was 365 nm. The TiO2 coated surface area

was 592.8 cm2.

2.4. Storage Condition

Peach samples were randomly divided into 40 plastic baskets (10 kg per basket). Peaches of each

treatment (10 baskets) were transferred to the corresponding cold rooms, which were set as 0 ◦C. All

cold storage rooms were built by Tianjin Gasin-DH Preservation Technologies Limited Co. Ltd (Tianjin,

China). The treatments were as follows: CK (control), stored in a conventional cold storage room;

LFT, stored in a precise temperature control cold storage; LFT + O3, stored in a precise temperature

control cold storage and fumigated with ozone concentration of 200 mg m−3 (selected from previous

experiments) for 30 min every week; LFT + TiO2, stored in a precise temperature control cold storage

and treated with a TiO2 photocatalytic system for 30 min every week. The relative humidity for all

treatments was 90% ± 5%. For each treatment, the experimental measurements were taken every

ten days.

2.5. Analysis of Cold Storage Temperature Fluctuation

A BTC-A16 temperature and humidity recording instrument (Tianjin Boyuanda Technology

Co. Ltd., Tianjin, China) was used to measure the temperature fluctuation in all storage rooms.

The uniformity of temperature distribution in the conventional and the improved cold storage was

evaluated at 35 temperature measurement points at heights of 0.5 and 3.5 m.

2.6. Analysis of Physicochemical Properties

2.6.1. Color and Firmness Analysis

Fruit surface color was determined on three different locations of each individual fruit using

the HP-200 colorimeter (Shanghai Chinaspec Optoelectronics Technology Co. Ltd., Guangzhou.

China) [27]. The L* (lightness), a* (reddish-greenish) and b* (yellowish-bluish) indexes of the

International Commission on Illumination Lab color space (CIELAB) colorimetric system were used to

evaluate the color change of the peach samples [28].

The firmness of flesh fruit was measured using a GY-4 digital penetrometer (Zhejiang Top

Instrument Co. Ltd., Hangzhou, China) with the needle-like probe of 10 mm diameter [29]. The results

were expressed as Newton (N). Ten replicates were measured for this analysis, in which two fruit were

used for each replicate.
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2.6.2. Titratable Acidity (TA) and Total Soluble Solids (TSS) Analysis

TA was measured by acid-base titration and expressed as a malic acid content percentage [30].

The total soluble solid (TSS) content of a peach was measured by a PAL-1 refractometer (Atago Co.

Ltd., Tokyo, Japan) [31]. Ten replicates were performed for this analysis, in which two fruit were used

for each replicate.

2.6.3. Respiratory Rate and Ethylene Production

A GXH-305 infrared gas analyzer (Junfang Science & Technology Institute of Physical and Chemical

Research, Beijing, China) was used to measure the respiratory rate, according to the method of Yang et

al. [32]. Peach samples were placed in gas-tight jars for 1 h at 0 ◦C. Ethylene production was measured

according to the method of Huan et al. [33]. The head space gas (1 mL) gas was injected into an

Agilent GC 7890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with a

flame ionization detector (FID). Fresh mass-based rates of respiration were measured as CO2 release

(mg kg−1 h−1) and those of ethylene production were given as μL kg−1 h−1.

2.6.4. Decay Rate Analysis

The decay rate was measured by a previous method with visual evaluation [34]. The growth of

mold on peach was regarded as decay, and the analysis carried out 10 repetitions based on 25 peaches.

2.6.5. Polyphenol Oxidase (PPO) Activity and Total Phenolics Content Analysis

PPO activity was measured according to the method of Wang et al. [28]. Briefly, 3.0 g tissue

was homogenized in 10 mL of 0.05 mol L−1 sodium phosphate buffer (pH 7.8) and 0.5 g of

polyvinylpyrrolidone (PVPP). Then the homogenate was centrifuged in a 5804-r refrigerated centrifuge

(Eppendorf, International Trade Co., Ltd., Shanghai, China) at 5000× g for 10 min. The supernatant

(0.5 mL) was mixed with 1.5 mL phosphate buffer (0.05 mol L−1, pH 7.8) and 1 mL catechol (0.1 mol

L−1). The change of optical density (OD) of the reaction mixture was measured every 30 s for 3 min at

420 nm by a 756-PC UV–vis spectrophotometer (T6 New Century, Beijing Purkinje General Instrument

Co., Ltd., Beijing, China). The result of PPO activity was expressed as U g−1 fresh weight, where U =

0.01 Δ420 nm per min.

The Folin–Ciocalteu procedure was used to measure the total phenolic content according to the

method of Piccolella et al. [35] with modifications. Briefly, 2.0 g of peach samples were crushed and

added with 5.0 mL of 60% ethanol solution (v/v), then centrifuged at 3000× g for 10 min. Next, 0.25 mL

of the supernatant was obtained and added with 5.0 mL of distilled water, 0.25 mL of Folin–Phenol

reagent and 0.8 mL of 20% (w/w) Na2CO3, respectively. Then the mixture was placed in dark place for

30 min and measured at 760 nm absorbance. The results were expressed as g kg−1 fresh weight.

2.6.6. Malondialdehyde (MDA) Content Analysis

Malondialdehyde (MDA) content was measured by thiobarbituric acid-reactive substance [36].

Peach tissue (5.0 g) was homogenized with 10 mL of trichloroacetic acid (TCA, 100 g L−1) and then

centrifuged at 16,000× g for 10 min. The reaction mixture was a blend of 2.0 mL supernatant and

2.0 mL of thiobarbituric acid (0.5%, TBA), was heated in boiling water and cooled before centrifuged at

1000× g for 15 min. Finally, the absorbance of the mixture was measured at 532, 600, and 450 nm. MDA

content was expressed on a fresh weight basis as mmol kg−1.

2.6.7. Scanning Electron Microscope (SEM) Analysis

Microstructure of peach fruit was analysed with a SEM, as previously described [34]. The peach

samples (approximately 3.0 × 3.0 × 1.0 mm) were cut from fruit with a blade. The samples were

freeze-dried in a FD-1A-50 lyophilizer for 12 h (Shanghai billon instrument Co. Ltd., Shanghai,

China) and then coated with 25 nm thick gold using a Balzers Union SCD 040 Sputter Coater (Balzer,
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Wiesbaden, Germany) before SEM analysis. Representative areas were examined with a Hitachi S-2500

(Hitachi Ltd., Tokyo, Japan) scanning electron microscopy at an accelerating voltage of 20 kV.

2.7. Statistical Analysis

Experiments were performed in a completely randomized manner with 10 replicates. SPSS version

13.0 software (SPSS Inc., Chicago, IL, USA) was used for the one-way analysis of variance (ANOVA) at

the level of p < 0.05. All data was repeated ten times and expressed as mean ± SD (standard deviation).

3. Results and Discussion

3.1. Temperature Fluctuation

Random temperature fluctuations can cause the centre temperature of chilled produce to decrease

temporarily below the threshold level beyond which cold injury may develop [37]. Moreover,

temperature fluctuations may exacerbate moisture condensation, which lead to microbial growth

and fruit rot [38]. In order to analyze the temperature fluctuation of the cold storage system, the

temperature distribution of 0.5 and 3.5 m height planes in the conventional cold storage and the

improved cold storage was measured. At a temperature setting of 0 ◦C, the temperature fluctuation

in the jacketed storage room was small at only ±0.1 to ±0.2 ◦C (Figure 2A,B), if compared to ±0.5 to

±1.0 ◦C in the conventional cold store (Figure 2C,D). The latter was temperature-controlled by the

refrigeration equipment (Figure 1A). Direct cooling was used and the products were exposed to the

cold blown air [13]. In the improved cold storage system, the storage room was cooled by air flowing

through an enclosed space or jacket surrounding the walls, floor, and ceiling rather than by direct

circulation of air through the room (Figure 1B,C). By adding an inner structure, it avoided direct contact

between the products and the evaporator, and maintained a low temperature fluctuation in the internal

room. A similar jacket system was reported by Raghavan et al. [18] and used to store fresh carrots,

which inhibited the loss of moisture and maintained postharvest quality after long-term storage [17].

Figure 1. Comparison of conventional cold storage and LFT controlled cold storage. (A) Structure of

conventional cold storage room. (B) Structure of LFT controlled cold storage room. (C) Floor plan of

LFT cold storage room. (D) Horizontal profile of LFT controlled cold storage room.
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Figure 2. Temperature fluctuations at 0.5 (A,C) and 3.5 m (B,D) height in the improved (A,C) and the

conventional (B,D) cold storage.

3.2. Physicochemical Properties

3.2.1. Color and Firmness

Figure 3 shows the appearance and section of peaches during storage for 30 and 60 d. For fruit

from both cold store types, no significant differences in the color of the cut surfaces were found after 30

d of storage. In contrast, after 60 d, peaches of the CK group showed symptoms of severe chilling, i.e.,

browning, woolliness, and flesh translucency. The color of peach slices in LFT, LFT + O3, and LFT

+ TiO2 groups were all better than of those of the CK group, which indicates that LTF significantly

reduced the chilling damage of peach fruit during storage. On the skin of LFT +O3 peaches, symptoms

of injury and pitted structures appeared after 60 d of storage. Similarly, high concentrations of gaseous

ozone also caused damage to carrots [39]. Fruit of the LFT + TiO2 group showed the best appearance

and bright flesh color (Figure 3). In agreement with the appearance observations, the L* value gradually

decreased, whereas the b* value gradually increased throughout the storage of 60 d (Table 1). L* is the

lightness and corresponds to a darkbright scale (0, black; 100, white). After storage for 20 d, L* value

of the LFT, LFT + O3, and LFT + TiO2 peaches were higher than those of the CK group, indicating

that LFT combined with either ozone fumigation or TiO2 photocatalysis could better maintain the L*

value of peach fruit. Oddly, the L* value of peaches of the LFT + O3 group was lower than those of the

LFT+TiO2 group after 40 d, which may be due to slight oxidation and damage of peach fruit caused

by repeated ozone fumigation. A similar result was reported by Bridges et al. [40] where exposure

to gaseous O3 at 1.71 mg g−1 for 5.0 h resulted in noticeable bleaching of carrot and tomato tissue.

The increase of b* value indicates the deepening of yellow. In the experiment, the values of b* in the

CK group were significantly higher than those in other treatment groups after 30 d. The LFT + TiO2

treatment showed the lowest b* value at 60 d, which expressed the lowest color change. Furthermore,

the value of a* was not displayed due to no-significant differences between among different treatments.
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Figure 3. Effect of control (CK), LFT, LFT combined with ozone treatment (LFT +O3) and LFT combined

with TiO2 photocatalysis (LFT + TiO2) treatments on the appearance and longitudinal section photos of

peach fruit after storage of 30 and 60 d.

The firmness of peach fruit in all groups continuously declining during storage; however, the

firmness of fruits in LFT + O3 and LFT + TiO2 groups were significantly higher than that those of

the CK and LFT groups after 40 d of storage (p < 0.05; Table 1). There was no significant difference

between fruits in the LFT + O3 group and LFT + TiO2 group (p > 0.05). These results indicate that the

combination of LFT and TiO2 photocatalysis or ozone treatment significantly impacts fruit firmness,

which might be related to degraded ethylene during storage.

3.2.2. Titratable Acidity (TA) and Total Soluble Solids (TSS)

TA values declined throughout the entire storage period for all treatments (Table 1). However,

both LFT + O3 and LFT+TiO2 treatments delayed the loss of TA by 0.15% and 0.25%, respectively,

during the 60 d of storage. Similar results were demonstrated by Ali et al. [41] and Li et al. [42]

where papaya and strawberry fruit showed a decreasing tendency in TA value treated with ozone and

TiO2–LDPE packaging, respectively.

TSS content is an important indicator of fruit maturity and intrinsic quality. There were no

significant (p > 0.05) differences among all groups initially, but TSS content in CK group declined

rapidly after 30 d. The TSS content in the LFT + TiO2 group increased from an initial value of 15.12% to

15.92% at 9 d of storage and then decreased to 13.20% at 60 d. However, due to the lack of a continuous

supply of organic substances in the later period of storage, TSS can be consumed by respiration,

resulting in the decline of TSS content [43]. At the end of storage (60 d), there was a significant

difference among the TSS contents of the CK, LFT + TiO2, and LFT + O3 groups. These results were in

accordance with the finding of Xing et al. [44] that the nano-TiO2 coating treatment could maintain

mango quality by delaying the decline in TSS content.
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Table 1. Changes of physicochemical properties of different treatments after 60 d storage.

Physicochemical
Properties

Storage
Period (d)

Treatments

CK LFT LFT + O3 LFT + TiO2

Color (L* value)

0 78.75 ± 0.12 a 78.75 ± 0.09 a 78.82 ± 0.08 a 78.85 ± 0.05 a

10 76.47 ± 0.10 a 76.49 ± 0.11 a 76.53 ± 0.07 a 76.81 ± 0.06 a

20 73.44 ± 0.13 c 74.81 ± 0.10 b 76.35 ± 0.05 a 76.23 ± 0.06 a

30 72.56 ± 0.11 c 74.20 ± 0.12 b 75.60 ± 0.04 a 74.86 ± 0.05 ab

40 68.54 ± 0.09 c 72.35 ± 0.10 b 73.25 ± 0.13 b 74.56 ± 0.12 a

50 65.52 ± 0.13 d 69.01 ± 0.09 c 71.52 ± 0.08 b 73.67 ± 0.12 a

60 59.95 ± 0.10 d 63.79 ± 0.14 c 70.46 ± 0.10 b 72.43 ± 0.09 a

Color (b* value)

0 5.25 ± 0.02 a 5.16 ± 0.01 a 5.21 ± 0.01 a 5.23 ± 0.02 a

10 5.66 ± 0.01 a 5.56 ± 0.02 a 5.53 ± 0.03 a 5.51 ± 0.04 a

20 6.01 ± 0.04 a 5.92 ± 0.05 a 5.96 ± 0.03 a 5.94 ± 0.03 a

30 6.32 ± 0.05 a 6.22 ± 0.02 a 6.28 ± 0.03 a 6.19 ± 0.02 a

40 7.82 ± 0.01 a 6.86 ± 0.01 b 6.57 ± 0.03 b 6.35 ± 0.03 c

50 9.02 ± 0.04 a 8.52 ± 0.01 b 8.01 ± 0.02 c 6.52 ± 0.03 d

60 10.53 ± 0.02 a 9.54 ± 0.04 b 8.85 ± 0.03 c 6.68 ± 0.05 d

Fruit Firmness
(N)

0 58.72 ± 0.02 a 58.62 ± 0.03 a 58.71 ± 0.01 a 58.63 ± 0.04 a

10 52.51 ± 0.03 a 52.62 ± 0.03 a 52.54 ± 0.04 a 52.53 ± 0.03 a

20 46.03 ± 0.04 a 47.41 ± 0.03 a 48.32 ± 0.06 a 47.44 ± 0.03 a

30 40.72 ± 0.03 b 42.01 ± 0.04 b 45.23 ± 0.05 a 46.22 ± 0.06 a

40 36.31 ± 0.05 b 38.81 ± 0.06 b 43.12 ± 0.03 a 44.13 ± 0.02 a

50 30.92 ± 0.04 c 31.43 ± 0.03 c 37.92 ± 0.02 b 42.01 ± 0.03 a

60 25.62 ± 0.06 d 29.31 ± 0.02 c 35.91 ± 0.05 b 41.82 ± 0.04 a

Titratable
Acidity (%)

0 0.42 ± 0.01 a 0.42 ± 0.02 a 0.42 ± 0.01 a 0.42 ± 0.01 a

10 0.36 ± 0.02 a 0.37 ± 0.00 a 0.38 ± 0.01 a 0.36 ± 0.01 a

20 0.28 ± 0.00 a 0.29 ± 0.02 a 0.36 ± 0.03 a 0.34 ± 0.01 a

30 0.18 ± 0.01 d 0.26 ± 0.02 b 0.25 ± 0.03 c 0.27 ± 0.02 a

40 0.12 ± 0.02 d 0.20 ± 0.02 c 0.22 ± 0.03 b 0.21 ± 0.01 a

50 0.09 ± 0.01 d 0.15 ± 0.02 c 0.18 ± 0.00 b 0.16 ± 0.01 a

60 0.06 ± 0.00 d 0.12 ± 0.01 c 0.15 ± 0.02 b 0.14 ± 0.03 a

Total Soluble
Solids (%)

0 15.12 ±0.16 a 15.12 ± 0.12 a 15.12 ± 0.20 a 15.12 ± 0.11 a

10 15.53 ± 0.14 a 15.41 ± 0.12 a 15.62 ± 0.18 a 15.85 ± 0.19 a

20 15.83 ± 0.15 a 15.65 ± 0.16 a 15.85 ± 0.12 a 15.92 ± 0.11 a

30 12.23 ± 0.10 b 13.97 ± 0.11 a 14.47 ± 0.14 a 14.32 ± 0.10 a

40 11.36 ± 0.15 c 13.05 ± 0.22 b 14.32 ± 0.10 ab 13.85 ± 0.08 a

50 10.85 ± 0.12 c 12.51 ± 0.11 b 13.22 ± 0.10 ab 13.55 ± 0.21 a

60 9.81 ± 0.19 c 11.32 ± 0.22 b 12.23 ± 0.08 b 13.20 ± 0.10 a

* Means within each row with the different letters indicate significant difference (p < 0.05) between treatments.

3.2.3. Respiratory Rate and Ethylene Production

As shown in Figure 4A, the CK and LFT treatment groups reached their first respiratory peak

on the 20th day with 32.96 and 30 mg CO2 kg−1 h−1, respectively, while the LFT + O3 and LFT +

TiO2 groups had only one respiratory peak on the 50th day of 24.68 and 26.52 mg CO2 kg−1 h−1.

The CK and LFT treatment groups reached their maximum value of 35.25 and 32.25 mg CO2 kg−1

h−1, respectively, on the 50th day. In addition, the respiratory rate of LFT + O3 treated peaches was

significantly lower than the other three groups from days 20 to 50 (p < 0.05). Ozone mainly inhibits

the respiration by inhibiting oxidative phosphorylation of mitochondria of fruit cells and the normal

electron-transport respiratory chain [45]. However, although the treatments of LFT + O3 and LFT

+ TiO2 were lower than the CK and LFT groups, there was no significant difference between them

(p > 0.05). As a typical climacteric fruit, inhibiting or delaying the emergence of respiratory peak is the

key measure to maintaining the storage quality of peach fruit [46]. It indicated that the combination

of LFT and a TiO2 photocatalysis reactor or ozone could significantly inhibit the peach’s breathing.

Similar results were reported by Han et al. [34] for ozone treatment on black mulberry, and Tao et

al. [47] for a chitosan/nano-TiO2 composite film treatment on pears.
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Figure 4. Effect of control (CK), LFT, LFT combined with ozone treatment (LFT +O3) and LFT combined

with TiO2 photocatalytic (LFT + TiO2) treatments on the respiratory rate and ethylene production

of peaches during storage at 0 ◦C for 60 d. Values are expressed as means ± SD (n = 10). Different

letters (a–d) indicate significant differences among treatments for each sampling time at p < 0.05. (A)

Respiratory rate. (B) Ethylene production.

The release of ethylene could accelerate the ripening and senescence of peaches during storage [48].

As shown in Figure 4B, the maximum ethylene release of the LFT + O3 and LFT + TiO2 groups was

12.7 and 13.6 μL kg−1 h−1, respectively, which were significantly lower than of those of the CK and LFT

groups at 40 d storage (p < 0.05). The difference in ethylene production between the CK group and

the LFT + O3 group fruit was highly significant, and CK group fruit provided more than twice the

ethylene production than that of LFT + O3 group fruit. Hawkins et al. [49] demonstrated that ozone

and its anions have certain effects on endogenous ethylene degradation. In addition, our results show

that LFT combined with ozone and TiO2 photocatalysis have a good synergistic effect in degrading

ethylene during peach storage. Similar results have been reported in a previous study where the

presence of TiO2 and UV-A light can remove ethylene gas from the storage atmosphere [23]. However,

although the ethylene production of LFT treatment was also lower than that of the CK group, the

differences were not significant (p > 0.05), which indicates that LFT has little effect on regulating the

release of ethylene.

3.2.4. PPO Activity and Total Phenolics Content

PPO has long been considered to be a major factor leading to fruit discoloration after harvest.

As shown in Figure 5A, there was no significant difference in PPO activities among all treatments

during the first 20 d of storage. However, PPO activity declined rapidly in both LFT treated and CK

group fruit starting at 40 d, which might be because the fruit became senescent and over-ripe. Greater

efficacies in inhibiting the PPO activities were found in both LFT + O3 and LFT + TiO2 treated fruit

than that of CK group fruit after 20 d. Furthermore, at the 60th day of storage, reduction of PPO

activity can be achieved by the LFT + TiO2 treatment, compared with the other treatments.
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Figure 5. Effect of control (CK), LFT, LFT combined with ozone treatment (LFT +O3) and LFT combined

with TiO2 photocatalytic (LFT + TiO2) treatments on the PPO activity, total phenolics content, decay

rate, and MDA content of peaches fruit during storage at 0 ◦C for 60 d. Values are expressed as means ±

SD (n = 10). Different letters (a–d) indicate significant differences among treatments for each sampling

time at p < 0.05. (A) PPO activity. (B) Total phenolics content. (C) Malondialdehyde content. (D)

Decay rate.

The total phenol content progressively increased for the first 40 d and then decreased during

storage in all the treatments of peach fruit, and the fruit treated with LFT + TiO2 possessed the

lowest total phenol content and the slowest increase rate (Figure 5B). This may be related to the TiO2

photocatalysis. A similar result was reported by Li et al. [42] that nano-TiO2–low-density polyethylene

packaging could inhibit the biosynthesis of phenolics. As the substrate of enzymatic browning, the total

phenol content exhibited positive correlated responses in the degree of browning [50]. Reducing the

content of total phenol and PPO activity is one of the main modes of fruit resistance to browning [51].

Here, the LFT+O3 and LFT + TiO2 treatments can effectively reduce the formation of total phenols

and inhibit the activity of PPO. In our study, higher PPO activity and total phenol content were found

in LFT + O3 group fruit after 40 d of storage. It might be related to the physiological damage of the

peach fruit being excessively exposed to ozone. The report of Ong et al. [52] showed that the balance

between oxidative and reductive processes might be destroyed due to repeated ozone treatments,

which then promotes the oxidation of phenolics, resulting in browning. Overall, LFT + TiO2 treatment

could effectively reduce the PPO activity and the corresponding total phenolic content in peaches.
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3.2.5. Malondialdehyde (MDA) Content

As shown in Figure 5C, MDA content increased substantially in all treatments. However, the MDA

content of peach fruit in the LFT + TiO2 group was remarkably restricted: only 60.6% of the decay rate

of the CK group fruit at the end of storage time. LFT treatment reduced and delayed the accumulation

of MDA, and MDA content in LFT treated fruit was 2.9 mmol kg−1 on day 60, showing about 12% less

than that of the CK fruit. The cell membrane changes from a gel phase to a liquid crystal phase at large

temperature fluctuations, which increases the risk of semi-permeable membrane loss [53]. However,

higher MDA content of fruit was observed in the LFT+O3 treatment after 40 d, which may be due to

the lack of free radical scavenging ability of ozone-treated fruits at low temperature [54]. In addition,

the interaction of phenolic compounds with PPO is enhanced following damage of membrane integrity,

which leads to tissue deterioration or senescence of the fruit [55]. In this study, it was observed that the

LFT + TiO2 treatment reduced the MDA content. Our result is in agreement with a previous study,

which reported that nano-TiO2 films can decrease the accumulation of MDA content of Ginkgo biloba

seeds [56].

3.2.6. Decay Rate

As shown in Figure 5D, fruits of the CK and LFT groups decayed during the first 20 d, and

the degree of decay was significantly higher than of those of the LFT + O3 and LFT + TiO2 groups.

However, the decay symptoms were observed after 30 d in fruits of LFT + TiO2 and LFT + O3 groups,

and the decay rate of peach fruit was significantly reduced. The decay rates of LFT + TiO2 and LFT +O3

treatments were 65.2% and 75.3% lower than that of the control group at 60 d, respectively. Hoffmann

et al. [57] reported that the superoxide anion radicals (·O2
-) and hydroxyl radicals (·OH) produced by

the TiO2 photocatalytic reactor under the irradiation of light with a specific wavelength have strong

oxidative decomposition capability to kill bacteria by damaging the proteins in the cell membrane.

Among all treatments, the LFT + O3 treatment employed in this study resulted in a significant

effect on the decay rate of peach fruit, which might be related to the effective inhibition of ozone on

microorganisms. Victorin [58] reported that ozone could destroy microorganisms by oxidizing cellular

components such as sulfhydryl groups in amino acids and enzymes in cell membranes. Similarly,

ozone could reduce the decay rate of blackberries after harvest [59].

3.2.7. Scanning Electron Microscopy (SEM) Observation

In this study, the micromorphology of the peel and flesh structure of peaches at the end of storage

was observed. As shown in Figure 6A, significant destruction, folding, and deformation of flesh tissue

were observed in the fruit of both the CK and the LFT groups at the end of storage. In contrast, LFT

combined with ozone or a TiO2 photocatalytic reactor maintained an integrated and uniform tissue

structure of peach fruit. This may reveal the ability of ozone and TiO2 photocatalysis to maintain

normal physiological metabolism of peach fruit and inhibit microbial reproduction. SEM images of a

control fruit surface-section showed deformed stomata, indicating the loss of moisture control function

in epidermal cells (Figure 6B1). Conversely, the stomata were regular on the fruit surface of the LFT +

TiO2 group, the morphology of guard cells was complete, the closed status could effectively suppress

water loss (Figure 6B4). However, severe hair loss and stomatal closure occurred in the LFT + O3

treatment group due to repeated ozone fumigation. Similar phenomenon was also reported by Han et

al. [34] where the stomas of black mulberry peel was closed by ozone treatment. In conclusion, the LFT

+ TiO2 photocatalytic treatment significantly suppressed the degradation of flesh and epidermal tissue

of peach fruit, allowing the maintenance of their morphological features.
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Figure 6. SEM images of different treatments on the flesh structure (A) and peel (B) of peach fruit on

the 60th day. (1) CK; (2) LFT; (3) LFT + O3; (4) LFT + TiO2. The stomata and epidermis of peach skin

are represented by St and Eh, respectively.

4. Conclusions

In the present study, low-temperature fluctuations combined with either ozone fumigation or

a TiO2 photocatalysis reactor could effectively reduce the decay and respiration rates, and degrade

ethylene during refrigerated storage. However, slight oxidation and damage of peach fruit were found

in the LFT + O3 treatment during the later stage of storage. In addition, the LFT + TiO2 treatment was

superior to LFT + O3 in maintaining fruit color and microstructure, inhibiting the enzyme activity

of PPO, preventing the substrate generation of total phenol, and extending the shelf-life of peach

fruit. In summary, the LFT + TiO2 treatment provided a more appropriate air composition for peach

storage, which was conducive to prolonging the postharvest life and ensuring the quality of fruit

during storage.
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Abstract: Consumers highly appreciate table grapes for their pleasant sensory attributes and as

good sources of nutritional and functional compounds. This explains the rising market and global

interest in this product. Along with other fruits and vegetables, table grapes are considerably

perishable post-harvest due to the growth of undesired microorganisms. Among the microbial

spoilers, Botrytis cinerea represents a model organism because of its degrading potential and the

huge economic losses caused by its infection. The present review provides an overview of the recent

primary physical, chemical, and biological control treatments adopted against the development of

B. cinerea in table grapes to extend shelf life. These treatments preserve product quality and safety.

This article also focuses on the compliance of different approaches with organic and sustainable

production processes. Tailored approaches include those that rely on controlled atmosphere and the

application of edible coating and packaging, as well as microbial-based activities. These strategies,

applied alone or in combination, are among the most promising solutions in order to prolong table

grape quality during cold storage. In general, the innovative design of applications dealing with

hurdle technologies holds great promise for future improvements.

Keywords: table grapes; Botrytis cinerea; grey mould; spoilage microbes; post-harvest; modified

atmosphere packaging (MAP); ozone (O3); antimicrobial compounds; preservatives; biocontrol

1. Introduction

Viticulture is one of the major forms of fruit crop cultivation worldwide, and its global

diffusion contributes considerably to human nutrition. The fruit has a non-climacteric character

with a quite low rate of physiological activity. Grapes (Vitis vinifera L.) are essential not only for

wine production but also for fresh consumption. Table grapes are highly appreciated by consumers,

primarily because of their sensory attributes, but also because of their vitamins and bioactive compounds

(e.g., flavonoids) [1]. More than 27 million tons of table grapes are produced worldwide annually

Foods 2020, 9, 1138; doi:10.3390/foods9091138 www.mdpi.com/journal/foods85
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(an increase of 71% since 2000), and about 4.2 million tons were exported among countries in

2014 [2]. Accordingly, increasing attention has been paid to lengthening the shelf-life of table grapes for

export. Prolonged storage time preserves marketability and adds value; however, it is often associated

with a decrease in overall product quality. In general, several factors, including bunch dehydration,

rachis browning, peel colour changes, lacerations and colonization by various spoilage fungi result in

significant economic losses.

Among other factors, fungal decay represents the principal factor responsible for post-harvest

deterioration in table grapes [3]. Botrytis cinerea is the main biological cause of post-harvest problems

since it is accountable for grey mould formation [4]. Indeed, this undesired fungus is ranked second in

the “world top 10 fungal pathogens in molecular plant pathology” in terms of economic and scientific

relevance, preceded only by Magnaporthe oryzae [5]. Fungal spores are generally present on the surface

of fruits, and, during post-harvest handling the berries can supply a suitable environment for spore

germination (mainly the damaged fruits) (Figure 1).

Figure 1. Effect of grey mould on cold-stored cv. “Italia” table grape berries. Image from Ahmed et al. [3].

Moreover, the infection can occur during storage, marketing, and even after customer purchase.

In the vineyard, high relative air humidity and low environmental temperatures reduce the host’s

defences. This environment favours the rapid spread of contamination from a single berry to the

whole bunch [6,7]. During post-harvest treatments of fruits and vegetables, processing technologies

and biotechnologies provide physical, chemical, and biological hurdles to limit the development of

undesired microorganisms [8]. Changes in technical and technological solutions, consumer needs,

and regulatory framework lead to a continuous evolution of the handling procedures to limit decay

induced by spoilage fungi. All of these advances are generally tailored to reducing and averting spoilage

growth, but they are more broadly oriented towards optimization of global quality of production,

including safety, health properties, and sensory acceptability [9–12].

Among the economic and social trends, attention to sustainable viticulture and organic production

represents a field of high interest, as evidenced by the rising number of cultivated hectares worldwide

(Figure 2).

Nowadays, this kind of table grape cultivation is still increasing in diffusion and economic

importance [13]. The production of organic grapes necessitates compliance with specific regulations

that limit the chemicals allowed during production and distribution [14]. In general, organic-labelled

products are defined as those from plantations that respect and exploit biodiversity, organic turnovers,

and soil structure [14]. The European Union has led the cultivation of organic grapes globally,

followed by China, the United States of America, and Turkey [15]. Within Europe, the countries with

the most extensive acreages dedicated to organic farming are Spain and Italy (1.9 and 1.4 million

hectares, respectively; both contributing more than 100,000 hectares to the increase in organic land

observed in Europe) [15].

In recent years, different strategies have been proposed to control B. cinerea in order to improve the

management of post-harvest decay in table grapes and to prevent quality losses [16–18]. The present
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review aims to discuss the more recent investigations conceived to control B. cinerea decay in table

grapes, including the primary physical, chemical, and biological approaches.

Figure 2. Global area for the cultivation of organic grapes in the period 2004–2015. Source:

Research Institute of Organic Agriculture (FiBL) and IFOAM—Organics International—SOEL magazine

(2006–2017).

2. Physical Methods to Control B. cinerea in Table Grapes

Physical technologies mainly include modification of several parameters such as temperature,

absolute and relative gas pressure, UV irradiation, and sonication. Table grapes for fresh consumption

often need a long period of storage for commercial purposes such as export and ready-to-eat.

They are usually stored in chambers with strictly controlled temperature and humidity. To this aim,

cold storage (~0 ◦C) is the primary method to avoid post-harvest infections without affecting the

main physicochemical features of the product [19]. However, B. cinerea survives at low temperatures,

and any variation of temperature can promote water condensation, thus favouring fungal growth

and sporulation [20]. In general, physical methods are often considered eco-friendly and residue-free

emerging technologies, widely accepted by consumers. Although these methods have been extensively

investigated in different fruit and vegetable products, only a few studies report their employment for

the reduction of grey mould in table grapes (Table 1).

Surface sanitation is the main strategy implemented to control microbial contamination of fruits

and it can be achieved by using different methods. Among these, dipping in hot water (about 50 ◦C)

is an interesting option to prolong the shelf-life of fruits and vegetables [33,34]. Treatments at 50 ◦C

for 10 min, or at 55 ◦C for 5 min, are sufficient to reduce the fungal growth, maintaining product

quality because it does not alter the grape’s organoleptic profile [21,22]. Accordingly, it allows for the

marketability of minimally-processed and ready-to-eat table grapes [21,22]. Nonetheless, more studies

are requested to improve the processing conditions, i.e., temperature and time of exposure against

B. cinerea contamination.
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Ultraviolet irradiation (UV) (wavelengths between 10 to 400 nanometers (nm)) and sonication

by ultrasound are non-thermal treatments considered simple, reliable, and eco-friendly emerging

technologies for lengthening the shelf life of fresh fruits during storage. Ultraviolet irradiation C (UV-C,

10–280 nm) treatment induced a general stimulation of the phenylpropanoid pathway, associated with

plant defence mechanisms, leading to an increased resistance to the diseases in artificially inoculated

berries [24]. UV-C irradiation is effective, with dosages between 0.125 to 0.5 kJ/m2 at a fixed distance

of 25 cm [35]. In a recent study, harvested ‘Crimson’ red table grapes were exposed to an increased

UV-C intensity (6.0 kJ/m2), for two illumination periods of 1 min with a specific distance of 60 cm and

then maintained at 20 ◦C for 24 h, followed by cold storage [24]. Regarding ultrasound application,

Bal et al. [23] demonstrated the effectiveness of this treatment at 32 kHz, in a distilled water chamber at

20 ◦C for 10 min. Their study produced encouraging results in preserving grape quality throughout

storage for 60 days. A reduction of decay rate was shown and evaluated by scoring the number

of contaminated berries, from 2.8 (water-treated control) to 1.5 (ultrasound treated grapes), in an

acceptability scale from 1 to 5 points (1 = no decay; 5 = over 20 decayed berries per bunch in a box of

5 kg grapes). It is essential to underline that, in the last two studies, both UV irradiation and sonication

are also compared to treatments which combine physical methods with biological compounds, such as

chitosan (an antimicrobial linear polysaccharide derived from chitin) and putrescine (biogenic diamine,

a class of compound with relevant biological properties), respectively.

Few studies are reported on the use of high hydrostatic pressure and electrolyzed oxidizing water

(EOW), especially on table grapes. Romanazzi et al. [25] investigated the efficiency of hyperbaric

treatments at 0.15 MPa for 24 h, on artificially inoculated ‘Italia’ table grapes berries, during simulated

shelf-life for three days at 20 ◦C. A significant reduction of the infected berries (from 49.0 to 30.8 %)

and of their lesion diameter (from 8.7 to 7.2 mm) was reported for the treated grapes, when compared

to control fruits stored at ambient pressure [25]. Electrolyzed oxidizing water is produced through the

controlled electrolysis of sodium chloride solutions. Dipping in EOW [250 ppm total residual chlorine

(TRC); pH = 6.3–6.5; ORP = 800–900 mV, 1% NaCl] was adequate to prevent the infection of green

table grapes artificially contaminated with B. cinerea until one week, showing a decay rate of 2% after

ten days of storage at 25 ◦C [26]. Interestingly, a dipping treatment followed by a daily spray of grapes

with EOW prevented the infection until 24 days, showing a daily decay rate of 2% after 26 days of

storage at 25 ◦C [26].

The modification of absolute and relative gas pressure, in association with low temperatures

during storage, is an important strategy to enhance the shelf life of fruits and vegetables [36].

The main methods include controlled atmosphere (CA) and modified atmosphere packaging (MAP).

CA is defined as an atmosphere different than air, applied to commodities in the storage chamber.

MAP involves a change in gas environment in packaged commodities, as a result of respiration

(passive MAP) or by the different gas permeability of the packaging (active MAP) [37]. The latter

method has received considerable attention because of the possibility of maintaining modifications

up to consumption [38–40]. In both CA and MAP approaches, the use of different gas composition

(e.g., changes in ratio Oxygen (O2)/Carbon dioxide (CO2)) aims to minimize the metabolic activity

and oxidative phenomena, thus reducing the physiological decay caused by aerobic microorganisms

(e.g., B. cinerea) [36,39]. In table grapes, an atmosphere with different gas composition, including high

CO2/low O2 concentrations [41–43], and the addition of O3 [42], has the effect of reducing decay.

Furthermore, this strategy retards senescence, reduces stem and berry respiration, limits rachis

browning, and preserves berry firmness [41–43]. However, CO2 concentrations >10% reportedly

promote off-flavor development, rachis and berries’ browning [43]. CA with ozone (O3) at 0.3 μL/L

was assessed as the minimum concentration to significantly inhibit decay development, in artificially

contaminated berries, up to seven weeks in cold storage [28,44]. Recently, in similar storage conditions,

ozone-CA with 0.1 μL/L in the day and 0.3 μL/L at night, was found to effectively reduce grey mould,

even after 68 days, with a maximum disease incidence of 2.1%, comparable to weekly SO2-fumigated

grapes [29]. Passive MAP in micro-perforated polypropylene films, was found to have the highest
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performance in the decay management of ‘Vittoria’ and ‘Red Globe’ table grapes [30]. Cefola and

Pace [32] reported best results on ‘Italia’ table grapes, after 14 days of cold storage and three days of

shelf-life, by using MAP with an initial concentration of 10% CO2, both in terms of sensory quality

preservation and decay control. Considering that the use of massive doses of gas in a single pre-storage

application can be defined as a sanitation procedure, we refer the discussion to chemical methods

following section.

3. Chemical Methods to Control B. cinerea in Table Grapes

At present, sulphur dioxide (SO2) remains the main method that is used to control the microbial

spoilage of post-harvest fruit commodities. The employment of SO2 provides long term storage due to its

antioxidant, antibacterial, antifungal and anti-browning properties [19,45]. However, excessive residue

levels of SO2 in berry peels can result in quality deterioration, such as bleached berries, production of

off-flavour, or hairline disorder [46,47]. Significant health risks to consumers are also reported due to

the emergence of allergies, nausea, respiratory distress and skin rashes [48]. For this reason, the United

States Environmental Protection Agency (USEPA) categorized SO2 as a pesticide, with maximum

tolerance in final products of 10 ppm, and, more generally, sulphur dioxide residuals on table grapes

are internationally regulated, including in the European Union [49,50]. Its use is also excluded from

certified “organic” grapes [16]. Therefore, several chemical alternatives have been proposed to replace

SO2 in the restraint of B. cinerea in table grapes (Table 2).

The use of conventional synthetic fungicides is generating increasing concern among consumers

due to the potential negative effects on human health [61], soil microbiota [62], and on microorganisms

beneficial for food and beverage fermentations [63]. Even if the use of conventional synthetic fungicides

is forbidden for organic grapes [14], application is widespread to prevent spoilage mould formation

in conventional agriculture [64]. Despite the fact that some studies have focused on the positive

action of different combinations of synthetic fungicides or bioactive compounds [51], the occurrence of

resistant strains of B. cinerea has been reported [65]. The most recently introduced class of synthetic

fungicides belongs to the Succinate Dehydrogenase Inhibitors (SDHIs) [66]. In 2012, a novel SDHI,

named fluopyram, was registered against B. cinerea and it was able to control grey mould infections

in table grapes, with efficacy of inhibition in the range 80.1–94.4% [52]. However, high risks of rapid

occurrence of resistance without appropriate management has already been underlined in other

crops [67]. For this reason, alternative control methods are needed. Among these, resistance induced

by elicitors, molecules able to activate defence gene expression and enhance their antimicrobial-related

pathways [68], is an attractive alternative because it is associated with minor environmental risk.

Acibenzolar-S-methyl is a commercial elicitor able to activate the phenylpropanoid pathway, which leads

to the accumulation of lignin, phenolic compounds and flavonoids [68]. In table grapes, it can be

used as spray aspersion or dipping solution, both with a significant reduction in terms of decay

incidence [53].
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Other chemicals are widely used as dipping solutions to sanitize fruit surfaces. The treatment of

grapes by immersion or spraying with solutions of different generally recognized as safe (GRAS) salts

at 1% reduced the percentage of spoiled fruit. This was the case with iron sulphate (FeSO4) (92%),

ammonium bicarbonate (NH4HCO3) (91%), sodium silicate (Na2SiO3) (89%), sodium bicarbonate

(NaHCO3) (76%) and sodium carbonate (Na2CO3) (74%) (application in pre-harvest, decay measured

post-harvest) [55]. However, treatment with FeSO4 could cause small black spots on the grape

surface [55]. Disinfection by dipping in 32% ethanol, followed by six weeks of cold storage,

reduced natural decay incidence on ‘Scarlotta Seedless’ from about 60% to 4.1% [54]. Nevertheless,

the use of large quantities of ethanol is expensive and may be dangerous, due to its flammability.

A more practical method is the use of ethanol vapour-generating bags, that confer longer protection,

effectively reducing decay incidence in artificially inoculated grapes stored for one month, in a

comparable way to SO2 generating-pads in polyethylene bags [56]. In this case, significantly lower

weight loss and moderate stem browning were also observed [56]. Furthermore, it is relevant to

underline that active coatings associated with selected films represent a promising strategy to increase

table grape shelf life [69].

Recently, Gorrasi et al. [70] demonstrated the efficacy of active packaging based on a food

grade acrylic resin filled with Layered Double Hydroxide (LDH) nanofiller hosting antimicrobial

2-acetoxybenzoic anion (salicylate), on microbial control during table grape (cv Egnathia) storage.

In addition to ethanol vapours, other gas types have been used as fumigation treatment for the

sanitization of bunches. With this scope, chlorine dioxide (ClO2) is a gaseous disinfectant admitted

in the sanitization of uncut and unpeeled fruits and vegetables. In a recent study, Chen et al. [57]

reported a reduction of decay incidence and of rachis browning in table grapes treated with ClO2

during storage. The Food and Drug Administration (FDA) has approved ClO2, given that these

treatments might leave chlorite residues on food products at non-hazardous concentrations [71].

Nitrous oxide (N2O) is another gas tested to control post-harvest decay in fruit crops. In vitro tests

did not show inhibition against grey mould; however, in vivo experiments in table grapes fumigated

for 6 h showed a significant reduction in decay development during six days of cold storage [58].

Therefore, it was hypothesized that N2O was indirectly able to inhibit grey mould by increasing the

host′s disease resistance [58].

The use of pre-treatments with high concentrations of CO2 have been widely studied; these

showed great potential in decay control and prevention of water loss and oxidative damage [59].

In Cardinal table grapes, these effects seem to be related to the specific induction of defence

proteins, including dehydrins and proteins associated with pathogenesis, as well as endogenous

protective osmolytes [59]. In the last few years, different concentrations of CO2 were evaluated.

Pre-treatments with 20% of CO2 for three days [59], 40% CO2 for 48 h followed by CA storage [27],

and 50–70% for 24 h followed by MAP [31], were all effective against post-harvest decay of the cultivars

assayed. Although all the treatments guaranteed basic quality standards for commercial table grapes,

a concentration-dependent effect has been observed. However, as previously mentioned, the use of

pre-storage application of a high concentration of CO2 causes cultivar-dependent collateral effects such

as rachis, berries browning and off-flavours [43].

Ozone fumigation is one of the most prominent sanitation strategies for fruits and

vegetables [72,73]. Different approaches have been developed for ozone-based treatments on table

grapes [74,75]. Among these, continuous exposure in controlled atmosphere during cold storage

has been reported [28,29]. Decay reduction was confirmed only with pre-treatment at 20 μL/L for

30 min, followed by MAP storage [31]. Interestingly, intermittent ozone treatment (2 μL/L, 12 h for

day) induced higher resveratrol accumulation (in three different table grape cultivars) [60]. Moreover,

this could be responsible for decreases in the level of pesticide residues (phenomena reported for

grapes stored in ozone atmosphere) [75,76]. Nevertheless, ozone is corrosive and represents a worker

hazard [77], and, among the quality parameters, significant weight loss during storage was usually

highlighted [28,44,60].
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4. Biological Methods to Control B. cinerea in Table Grapes

Consumers widely accept the development of bio-based applications to exert microbial control in

agro-food chains because of the growing demand for eco-friendly approaches and products free of

synthetic chemicals [78–80]. For these purposes, several protective cultures [81–84] and compounds of

biological origin [80,85] have been assessed for their possible use as Biological Control Agents (BCAs)

against B. cinerea in table grapes.

4.1. Microbial Resources

Several yeast species are found in association with the surface of the grapes, in particular,

the genera Saccharomyces, Candida, Dekkera, Pichia, Hanseniaspora, Metschnikowia, Kluyveromyces,

Saccharomycodes, Schizosaccharomyces, Torulaspora, and Zygosaccharomyces [86,87]. Highly variable

in terms of relative proportion, often as a function of the sanitary condition of the grapes, these species

have different significances in oenology, i.e., pro-technological, spoilage, biocontrol, production of

toxic catabolites [88–92]. On the other hand, it is possible to find prokaryotic organisms present

on the grape surface that exert their biotechnological action in the last phases of the winemaking

process [93]. This broad microbial diversity justifies massive isolation of yeasts and bacteria to preserve

and characterize strains of biotechnological interest [94–96]. This isolation can be of microorganisms

from plants, grape bunches, musts or wines and selection is made of those capable of inhibiting

undesired microbe development on grapevines [97,98] up to the final steps of wine production [99].

This reservoir of microbial-based biocontrol solutions has also been exploited in fruits [100–103],

in several cases offering the option to inhibit B. cinerea in table grapes (Table 3).

Among yeast species, strains belonging to Saccharomyces are the most commonly studied because of

their pivotal function in alcoholic fermentation and their role as a biological model organism [117–119].

Recently, Nally et al. [108] used a fruit decay test on wounded table grape berries to screen the activity

of 65 yeasts, previously tested against B. cinerea by using in vitro approaches. They found that 15

S. cerevisiae strains and one strain of Sch. pombe, isolated from grape must, were able to reduce grey

mould decay [108]. Among these, the disease incidence of grapes treated with Sch. pombe BSchp67

reached 29.9%, while 9 strains of S. cerevisiae were able to fully inhibit decay development when added

at a concentration of 107 cells/mL [108].

Regarding the non-Saccharomyces yeasts, H. uvarum is a species of enological interest,

usually present on the grape surface [120,121]. In various studies, it has demonstrated an

antagonistic property, mainly based on competition for living space [122]. The addition of this

yeast has been implicated in the reduced incidence of grey mould disease in artificially inoculated

table grapes [111]. Moreover, this antagonistic activity was enhanced by the addition in the

formulation of salicylic acid or salts, such as sodium bicarbonate or ammonium molybdate [109,123].

Starmerella bacillaris (synonym Candida zemplinina) is another species of interest, commonly isolated

from grapevines/musts [124,125] and from wines fermented by using botrytized grapes [126,127].

Three Starm. bacillaris strains, recently isolated from these wines, denoted a significative antifungal

activity, probably addressable to the release of volatile organic compounds (VOCs) [110]. The production

of VOCs is widely diffused among yeasts. Mewa-Ngongang et al. [112] observed a fungicidal effect of

C. pyralidae Y1117 and P. kluyveri Y1125, mediated by VOC release in a closed environment, able to

inhibit fungal growth for five weeks of storage [112].
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In vivo studies demonstrated that grey mould can be efficiently controlled by various microbial

antagonists isolated from a large variety of vegetal matrices. Wickerhamomyces anomalus BS91,

M. pulcherrima MPR3, and Aureobasidium pullulans PI1 were isolated from spontaneous olive

fermentation and pomegranate, minimally processed. In detail, M. pulcherrima strain showed the

best antifungal activity (disease incidence (DI) = 6.7%, disease severity (DS) = 2.7%), followed by

W. anomalus BS91 and A. pullulans PI1, and all of these yeasts were capable of VOC production [106].

In particular, the antagonistic activity of W. anomalus seemed to be connected to a killer phenotype [106].

Enzyme secretion in the environment, such as b-1,3-glucanase, pectinase, and protease, was also

reported for W. anomalus and A. pullulans [106], whereas, the activity of M. pulcherrima was probably

associated with iron depletion [128]. In the patenting literature, two patents based on M. fructicola

strain’s biocontrol applications for viticultural applications have been reported [129].

Epiphytic Issatchenkia terricola yeasts isolated from ‘Thompson Seedless’ grapes’ surface have

shown the ability to reduce decay caused by B. cinerea up to 80% compared to the untreated control [104].

In another study, yeast and bacteria strains were isolated from fruits and leaves of the same cultivar

without any signs of infection, and tested for potential applications in biocontrol [107]. Yeasts were

identified as Candida membranifasciens Kh69 and Meyerozyma guilliermondii Ka21 and Kh59, while bacteria

were Bacillus spp. Kh26 and Ralstonia spp. N1. All tested microbes were able to increase B. cinerea

inhibition from 23.8% to 54.7%. Among these, the highest level was found for Ralstonia spp. N1(54.7%),

while Bacillus spp. Kh26 and M. guilliermondii Ka21 and Kh59 showed inhibition below 50% [107].

Still on the prokaryotic side, a bacterial strain, Paenibacillus pasadenensis R16, isolated from

grapevine cultivar ‘Barbera’, has shown a reduction in disease incidence of grey mould by 27.5% [116].

It was also supposed that the main metabolite responsible for antifungal activity was farnesol which was

never before reported to have biocontrol potential [116]. A large number of bacterial strains belonging to

Bacillus spp. are reported to have antimicrobial activity against several plant phytopathogens [130–132].

In fact, a lot of commercial bio-fungicides, such as B. subtilis QST713 (Serenade®, Bayer CropScience)

and B. amyloliquefaciens FZB24 (Taegro®, Novozymes), are now available and effective against grey

mould on grapes. Recently, Chen et al. [115] demonstrated the ability of four Bacillus strains,

isolated from various ecological niches, to control decay development in table grapes and other fruit

crops. The most vigorous antifungal activity was recorded in B. subtilis Z-14 [115]. VOC production,

enzyme, siderophores, and lipopeptide antibiotics were proposed as possible modes of action.

4.2. Antimicrobial Compounds of Biological Origin

Recently, there have been intense investigations conducted in the field of natural antimicrobials

and their effectiveness. Many biological compounds have been tested for the bio-control of table

grape spoilages. These compounds include classes of chemicals/matrices such as vegetal extracts,

essential oils, and defence inducers (Table 4).

Among the vegetal compounds, volatiles generated from cellulose soaked with garlic

hydro-alcoholic extract and its derived sulfur compounds have shown anti-grey mould activity

in packaged table grapes both at 4 and 25 ◦C, during the 14 days of experimental trials [133]. However,

organoleptic and sensorial adverse effects of this treatment have still not been investigated [133].

Cinnamic acid, extracted from cinnamon bark, is widely used as a food additive. Dipping the berries

in a solution of 10 mM cinnamic acid can significantly decrease the incidence of decay development up

to half of that in control after four days of storage at 25 ◦C [134]. Hinokitiol is a natural monoterpenoid

mainly extracted from the wood of Cupressaceae. In a recent study [135], no decay was visible after

60 h at 22 ◦C in artificially wounded/inoculated table grape berries treated with a 3 g/L hinokitiol

solution [135].
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Essential oils (EOs) from many plants, such as thymus and lemongrass, have revealed great

potential in post-harvest disease control [144]. In addition, the effect of mint EOs was recently

investigated by using direct contact (e.g., dipping) and volatile methods (filter paper) [136]. In this

study, EO released by the paper was more effective than the direct contact and was capable of inhibiting

B. cinerea in artificially inoculated trials during nine days of shelf-life [136]. However, the effect on

product flavour and consumer acceptance was not investigated.

Another research field involves the use of vegetal hormones, plant activators, and inner signalling

molecules. These molecules act through a complex signalling network under the control of salicylic

acid, ethylene, jasmonic acid, and phenylpropanoid pathways, which leads to the increase of specific

secondary metabolites (e.g., flavonoids, soluble sugars, and phytoalexins). Methyl jasmonate is a

volatile compound that mediates stress responses in plants and has shown to promote fungal resistance

in various fruit crops. Recently, it was found to be effective in lessening the development of B. cinerea

in artificially infected table grapes [137]. In this study, the fruits were packed in the presence of a filter

paper soaked with a solution of methyl jasmonate at 10 μmol/L and stored at 25 ◦C [137]. The disease

incidence in the treated fruits after 24, 36, and 48 h was 41.7%, 60.6%, and 86.5% of that in the control

trial, respectively [137].

Fulvic acids (FA) are the soluble fraction of natural organic matter and are used in agriculture

as a plant growth promoter and to control several plant diseases. Xu et al. [138] assayed different

concentrations of FA as dipping solutions for wounded table grape fruits, subsequently sprinkled with

a conidia suspension of B. cinerea. After six days of incubation at 22 ◦C, the treatment with a solution at

20 mg/mL FA was found to be effective by reducing decay development [138]. The authors suggested

that secondary metabolites produced by the berry mediate antifungal activity. However, the formation

of necrotic spots was reported [138].

Among secondary metabolites, phytoalexins are synthesized by the plants as broad-spectrum

inhibitors. Stilbenoids, including pterostilbene and piceatannol, are phytoalexins commonly found in

vine leaves and wine [139]. “Mare’s milk” table grapes treated with 50 mg/L pterostilbene did not

show any sign of infection while piceatannol at the same concentration reduced grey mould disease by

75% after nine days storage at 22 ◦C [139]. These molecules seemed to be the most effective in a group

of seven phenolic compounds, including resveratrol and coumarin [139].

Edible coatings made with natural polymers like chitosan or alginate can act as a cover material able

to wrap the berry. Thus, these formulations can extend the shelf-life of fruit crops and maintain quality

reducing water losses [145,146]. Chitosan is a linear polysaccharide composed of D-glucosamine and

N-acetyl-D-glucosamine linked by a β-(1→4) bond obtained by treating the exoskeleton of arthropods

with alkaline solutions. Recently, it was found that chitosan-silica nanocomposite polymers can reduce

the incidence of decay in grape berries by 59% [140]. Moreover, this coating can be used to incorporate

bioactive compounds. An additive effect of chitosan combined with Salvia fruticosa Mill. extract [141]

and Mentha piperita or M. villosa essential oil [142] was reported. Alginate is another biocompatible

and biodegradable polymer extracted from brown algae and used as a food additive with the code

E401. It was demonstrated that the incorporation of vanillin, a phenolic compound, in a coating

formulation prolongs the shelf life of table grapes until 35 days of storage, by reducing total yeasts and

mould counts [143]. However, the retention of soluble solids, titratable acidity, firmness, and color was

also enhanced.

5. Conclusions and Future Directions

Post-harvest fungal decay of fruits and vegetables is responsible for huge levels of economic

loss and account consistently for large quantities of agro-food waste [147–150]. To improve economic,

social, and environmental sustainability in the sector of table grapes, this review paper provides an

overview of the wide plethora of physical, chemical, and bio-based solutions to improve the control

of fungal pathogens and spoilage fungi. Each treatment has peculiar benefits and limitations that

affect the concrete applications and shape different future perspectives [151]. For example, considering
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limitations, ozone does not always penetrate natural openings efficiently; condensation inside the

package (MAP) increases the chance of microbial decay of produce; the antagonistic target of a

biocontrol agent can have a strain-dependent spectrum. In some cases, the limitation is due to lack

of harmonization of regulations and consumer acceptance (e.g., irradiation), and investment needs

compared to the volume of production (e.g., CA storage) rather than of specific technological or

biological issues [151].

As in other fields of food technology, an integrated management program (combining two or

more different solutions) could be useful to minimize post-harvest losses caused by undesired fungal

development [147,152–155]. Synergistic approaches have also been developed to reduce B. cinerea

incidence in table grapes, adopting hurdles technology [23,24,27,31,51]. In other cases, one treatment

aimed to reduce microbial contamination, while another was applied to stabilize fruit quality and

the microbial population during cold storage and/or shelf-life [27,31,156]. Moreover, it is important

to underline that a consistent range of solutions has been developed and tested on other fruits

and vegetable [157–163] and, in several cases, could be tested/transferred for application on table

grapes. Among the other green solutions, poorly explored in grapes, is the exploitation of lactic acid

bacteria as biocontrol agents [164,165]: prokaryotic organisms that received interest also in the light

of additional positive side effects, e.g., probiotic activity and antagonistic activity against food-borne

pathogens [166–170].
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Abstract: Plasma-activated water (PAW) is generated by treating water with cold atmospheric plasma

(CAP) using controllable parameters, such as plasma-forming voltage, carrier gas, temperature,

pulses, or frequency as required. PAW is reported to have lower pH, higher conductivity, and higher

oxygen reduction potential when compared with untreated water due to the presence of reactive

species. PAW has received significant attention from researchers over the last decade due to its

non-thermal and non-toxic mode of action especially for bacterial inactivation. The objective of

the current review is to develop a summary of the effect of PAW on bacterial strains in foods as

well as model systems such as buffers, with a specific focus on fruit and vegetables. The review

elaborated the properties of PAW, the effect of various treatment parameters on its efficiency in

bacterial inactivation along with its usage as a standalone technology as well as a hurdle approach

with mild thermal treatments. A section highlighting different models that can be employed to

generate PAW alongside a direct comparison of the PAW characteristics on the inactivation potential

and the existing research gaps are also included. The mechanism of action of PAW on the bacterial

cells and any reported effects on the sensory qualities and shelf life of food has been evaluated. Based

on the literature, it can be concluded that PAW offers a significant potential as a non-chemical and

non-thermal intervention for bacterial inactivation, especially on food. However, the applicability

and usage of PAW depend on the effect of environmental and bacterial strain-based conditions and

cost-effectiveness.

Keywords: cold atmospheric plasma; microbes; disinfection; non-hazardous; inactivation; food-

borne pathogen

1. Introduction

Food spoilage is defined as a change in any food product that leads to a significant
reduction in its sensory qualities, such as color, texture, and overall smell, due to physical
damage or chemical changes (e.g., oxidation), and thus rendering it unacceptable by the
consumer [1]. These changes are mainly the result of microbial growth and metabolism
in the food, which may lead to the production of enzymes that facilitate to reactions re-
sulting in deleterious by-products affecting the food. These by-products vary in different
types of food and can lead to adverse sensory properties, including the presence of slime,
off-odors, and off-flavors. Bacterial strains associated with spoilage include Pectobacterium
carotovorum [2,3], Brochothrix thermosphacta [4], Clostridium perfringens [5], Bacillus spp. [6,7],
Pseudomonas fragi [8], Pseudomonas fluorescens [9], Shewanella putrefaciens [10], Serratia liquefa-
ciens [11] and Hafnia alvei [12]. Food spoilage is a primary concern for food industries due to
susceptible loss of shelf life and hence the economic losses followed by a long-term impact
on consumer preferences. Nevertheless, food spoilage is also a threat to the environment
as it leads to excessive wastage that end ups in the landfill, which does not contribute
to sustainable living. This is supported by a survey conducted in 2018, which indicated

Foods 2021, 10, 166. https://doi.org/10.3390/foods10010166 https://www.mdpi.com/journal/foods
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that 30–50% of the total food produced exclusively by one country in a year ends up in
the landfill, with the contribution from households, processing industries, food services,
primary production sector and retails being 53%, 19%, 12%, 11%, 5%, respectively [13].
Minimizing food spoilage by employing multiple interventions might help not only the
food industries but also the environment.

Another concern for the food processing industries and the regulatory authorities
is food poisoning due to bacterial growth in food. Some bacterial strains are capable
of producing toxins under certain conditions either in the food itself or inside the hu-
man body once live bacterial cells are ingested, while others are enteropathogenic and
entero-invasive pathogens [14]. Few examples of foodborne pathogens include Clostridium
botulinum [15,16], B. cereus [17], Staphylococcus aureus [18,19], Listeria monocytogenes [20],
Salmonella enterica serovar typhimurium [21], Salmonella spp. [22], E. coli O157:H7 [23], C.
perfringens [24], Shigella spp. [25], Yersina spp. [26] and Campylobacter jejuni [27]. Food poi-
soning has been a major public health concern, particularly regarding outbreaks affecting
immunocompromised individuals and infants and thus may lead to adverse social and
economic effects. Although many food-poisoning cases go under-reported due to quick
recovery and almost minimum effect on healthy individuals, some still have adverse effects
on immunocompromised individuals and infants [28]. Alternate disinfection technologies
that do not employ thermal treatments or harmful chemicals could be valuable options
for minimizing contamination and growth of microbial contaminants leading to either
spoilage or food poisoning. Such sustainable technologies are of great importance to the
vast ever-growing population with increasing demand of food across the globe.

Recently, the application of advanced oxidation processes (AOPs) for the decontami-
nation of fruit and vegetables has been widely investigated. These technologies include
electrolyzed water [29,30], gaseous ozone [3,31], UV light [32,33], and cold plasma [33,34].
One of these oxidation technologies is plasma-activated water (PAW), which is generated
by treating water with cold atmospheric plasma (CAP) using controllable parameters such
as plasma-forming voltage, carrier gas, temperature, pulses, or frequency as required.
Plasma has been recognized as the fourth state of matter. It is the ionized gas usually
produced when gas molecules are exposed to the electric field, forming reactive species and
ions [35]. PAW has received significant attention from researchers over the last decade due
to its non-thermal and non-toxic mode of action, which is mainly due to the reactive species
that could react with the bacterial structural components and later organelles, leading to
death [36]. This review summarizes the role of PAW as a disinfectant for bacterial decon-
tamination on the surface of foods with a focus on vegetables and fruit [36–40]. Although
most of the studies have investigated the combined effect of PAW with other interventions
such as heat, their standalone effect has also been reported.

2. Systems for PAW Generation

The fundamental method of generation of PAW involves operating a plasma generator
inside the water to generate the ions, which lead to reactive species for bacterial inactivation.
There are various combinations and models in the literature leading to difference in the
final outputs; these are outlined in Table 1.
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Table 1. The effect of different generation conditions and the characteristics of PAW.

Gas and Additional Features
Gap (Between Water

Surface and the
Upper Electrode)

AC Voltage and
Frequency

Quantitative Changes after
Generation Time

References

Grounded copper electrode
(diameter 0.5 mM) on top and

a capillary tube to generate
bubbles

10 mM 3–6 kV, 3–10 kHz

pH changed from 6.75 to 3.77 and
NO2

− concentration changed from
3.77 μM to 8.686 μM in 15 min

of activation

[41]

Plasma jet unit coaxial
tungsten electrode and a
quartz tube (diameter of

700 μM)

nil 6–10 kV, 7.0 kHz Not determined [42]

Plasma jet with RD1004
rotating nozzle

8.1-cM
voltage (295 V), air

pressure (1990 mBar), and
frequency (22.5 kHz)

pH changed from 6.5 to 3.1 and
Oxidation-reduction potential (ORP)

increased from 376.54 to 534.52 RmV in
5 min

[43]

Atmospheric pressure plasma
jet (patent atmospheric

pressure plasma jet (APPJ))
0 mM 3.0 kV and 16 kHz

pH reduced from 7 to 3.2 in 20 min and
the ORP increased from 310 to 510 mV.

[40]

1. DC-driven streamer corona.
2. Transient spark discharge

10 mM
(~10 mA) with a 5–20 kHz

repetition rate, 10 kV
The pH changed reduced by 4 units. [44]

Air plasma generator with
copper electrodes and quartz

dielectric
2 cM

20 kHz, high voltage (not
specified)

The pH changed from 6.8 to 2.3, ORP
changed from 250 to 540 mV.

[45]

Atmospheric cold plasma jet 7.5 cM 20 kHz, 30 kV
The pH changed from 5.88 to 2.85, ORP

changed from 406.1 to 565.40 mV.
[46]

Most studies have indicated an immediate drop in pH and an increase in electrical
conductivity and the ORP as a result of the formation of reactive species in the PAW
samples (Table 1). However, the increase of change in these properties cannot be directly
correlated with a single factor or reason. When PAW is produced, the gaseous species from
either the working or the atmospheric gas enters the liquid-gas interface and as a result
there are complex reactions leading to the non-equilibrium, hence generation of the ionic
moieties [44,47,48]. This process is highly influenced by the electric field and also using
bubble implosions which hence the movement as well as dispersion of the phenomenon
across the interface [49]. A recent review suggests that the electrical breakdown in water
can occur without a phase change such as evaporating liquid and condensing or dissolving
vapor [48]. The factors affecting the changes in PAW during activation may depend on
multiple factors. For example, increase in discharge power, which is a direct function of
applied voltage, would affect the increase in electric conductivity of the PAW [47]. On the
other hand, in another study Vlad et al. showed that increase in treatment time would
increase bacterial inactivation by PAW [50]. Although these studies reported above (Table 1)
have used different set ups for the PAW generation, it could still be concluded that the
efficiency can be a combined effect of two or more factors such as PAW activation time,
temperature, power used and the aeration or bubbling to improve the formation of reactive
oxygen species (ROS) [51].

Physicochemical Properties of PAW

PAW shows lower pH, higher conductivity and higher oxygen reduction potential
when compared with untreated water [44,52]. The reduction in pH is due to the formation
of acidic chemical species, which result in a steep decrease from pH 7 to pH 3 within 5–
10 min of activation, but with little change thereafter [37,53]. Oxidation-reduction potential
(ORP) can be defined as the ability of any solution to acquire or loose electrons to an
electrode, and this property of PAW is much more prominent as compared with non-
activated water. ORP of PAW depends on the strength of activation, which further depends
on the applied voltage, carrier gas and other parameters leading to an increase of up to
63% [54]. Conductivity is the ability of any solution to allow current to pass through it
and is reported to significantly increase due to plasma activation, primarily because of
the generation of ions [45]. With a plasma jet that was operated from a 10 kHz sinusoidal
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high-voltage power source with 18 kV peak-to-peak AC voltage using pre-mixed oxygen
and argon, the pH reduced from 7 to 3, ORP increased from 250 to 550 mV, conductivity
rose from 0 to 410 μS/cm and temperature increased from 25 to 30 ◦C after 15 min of
activation [55]. With a similar plasma source, when PAW was produced using 0.40–0.42 kV
AC voltage, the conductivity increased from 5 to 20 mS/cm, the ORP value increased from
180 to 250 mV, pH decreased from 7.0 to 6.0, and the temperature increased from 20 to
40 ◦C [56]. Hence, the change in the reactive species of PAW are measurable as ORP and
pH, and these changes directly show their effect on the potential to attack and disrupt the
bacterial membranes during inactivation [40]. These effects are explained in detail in this
review.

3. The Effect of PAW on Bacterial Inactivation

3.1. The Effect of PAW on Vegetables and Fruit

PAW has been known to show inactivation in the model systems such as water
and buffer, indicating potential to be used in liquid food matrix. However, different
food matrices can have different effects on the microbial adhesion and resistance, which
could alter their efficiency in several ways. Table 2 summarizes the reports on microbial
inactivation specifically on surfaces of vegetables and fruit. In most cases described here,
the use of PAW is as a washing intervention resulting in inactivation of up to 3 log10

CFU/mL of different strains (Table 2).

Table 2. The effect of PAW on microbial inactivation on fruit and vegetables.

Bacterial Strain
and Food

PAW Discharger
Input AC

Voltage (kV)
Power (W)

Plasma
Inducement
Time (min)

Treatment
Time (min)

Inactivation
Achieved

Ref

Aerobic bacteria on
apple slices

Hollow fiber-based
cold micro plasma jet

10 kV - 10 5 2 log10 CFU/mL [42]

Aerobic bacterial
counts on mung

bean sprouts

Atmospheric
pressure plasma jet

(APPJ) system based
on gliding arc

discharge in air

5 kV 750 W 0.5 30 2.3 log10 CFU/g [57]

S. aureus on
fresh-cut kiwifruit

slices
Micro plasma array - - - 30 1.8 log10 CFU/g [58]

S. aureus on
strawberries

APPJ 18 kV 20 15 2.0 log10 CFU/g [55]

Total bacterial
count on baby
spinach leaves

Surface barrier
discharge (SBD)

reactor
11 kV 36 W 20 2 1 log10 CFU/g [59]

Saccharomyces
cerevisiae CICC

1374 inoculated on
grape berries

Plasma jet with
electrodes and a

dielectric
8.2 kV - 60 30 0.5 log10 CFU/g [60]

The efficiency of PAW cannot be directly compared with that of heat treatment such
as thermal pasteurization which can lead to at least 6 log10 CFU/mL of non-spore-forming
bacteria depending on the food matrix. However, PAW treatment has been reported to be
effective in increasing the shelf life of fresh food.

PAW has also shown positive results in inhibiting the growth of bacteria, molds, and
yeasts in fresh-cut apples in a study by Liu et al. [42]. In this study, fresh-cut apple slices
were immersed in PAW generated at 8 kV for 5 min at room temperature and the treated
slices were stored at 4 ± 1 ◦C and 90% relative humidity (RH) for 12 days. Aerobic bacteria
count reduced by 1.05 log10 CFU/g on day 12 of refrigerated storage [42]. Additionally,
on day 12, a reduction equivalent to 0.64, and 1.04 log10 CFU/g was observed in molds,
and yeasts, respectively. PAW treated apples showed absence in total aerobic bacteria
for the first two days as compared with the 3 log10 CFU on the control samples which
were immersed in distilled water and stored under the same conditions as PAW treated
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slices. After 12 days, the total aerobic count reached up to 4–5 log10 CFU/mL in PAW
treated slices which were still less than the untreated sample by 2 log10 CFU/mL [42].
Yeast and mold numbers were also found to be lesser by 0.5 and 1 log10 CFU/g in the
PAW treated samples as compared with the control. The delayed onset of bacterial growth
and hence increase in numbers in the PAW treated samples were postulated as a result of
sub-lethal injury due to the reactive species. A similar effect on shelf life using PAW as a
disinfecting agent was observed on strawberries, where PAW treated (10 kHz sinusoidal
AC voltage source at 18 kV) strawberries showed less than 1 log10 CFU/g inactivation
of S. aureus. Complete absence of any growth of hyphae of filamentous fungi after six
days of storage at 20 ± 2 ◦C and 70 ± 5% RH indicated a potential of PAW to counter
fungal spoilage [55]. PAW has been reported to not only reduce the total aerobic counts
but also reduced the ability of growth by fungi and yeasts, which indicates that PAW has
the ability to alter the microbial community of the food-based ecosystem, which needs
further investigation [57]. Interestingly, fungal growth has been reported to be significantly
reduced by PAW treatment on strawberries by Ma et al. [55]. The rough and uneven
surfaces of strawberries act as physical barriers to protect microflora from ethanol and UV
light inactivation. However, PAW was could access these areas, indicating a potential of
PAW over other interventions.

3.2. The Effect of PAW on Microbial Inactivation in Model Systems

Buffers, diluents and salt solutions are often used as the dispersion matrix in place
of real food for microbial inactivation assays. This not only helps to minimize the effects
intrinsic characteristics and composition on the results, but also provides opportunity to
modify the intrinsic factors according to specific requirements. The studies specifically
reported on inactivation of non-spore-forming bacterial cells in model systems using PAW
are listed in Table 3.

Table 3. The effect of PAW on microbial inactivation in non-food matrix.

Bacterial Strain and
Model System

PAW Discharger
Input

Voltage
(kV)

Current,
Power, or

Frequency

Plasma
Inducement
Time (mins)

Treatment
Time (mins)

Inactivation
Achieved (log10

CFU/mL)
Ref

Enterobacter aerogenes in
water

Plasma jet with
rotating nozzle

295 V 22.5 kHz NR 5 1.92 ± 0.70 [43]

Enterobacter aerogenes in
plasma-activated

acidified buffer (PAAB)

Plasma jet with
rotating nozzle

295 V 22.5 kHz NR 5 5.11 ± 0.63 [43]

Hafnia alvei in
disinfecting PAW
solutions (9.9 mL)

Glidarc system NR NR 5 30 >5.0 [61]

Staphylococcus
epidermidis ATCC

12228,
Gliding arc type NR NR 5 15 <6 [62]

Leuconostoc
mesenteroides CNRZ

1468 cells in tryptic soy
broth (TSB)

Gliding arc type NR NR 5 20 <6 [62]

H. alvei CIP 5731 cells
in TSB

Gliding arc type NR NR 5 20 <6 [62]

S. putrefaciens in sterile
phosphate-buffered

saline (PBS)

Atmospheric
cold plasma jet

22 kV NR 5 30 >7 [46]

S. aureus (NCTC-8325)
cells in TSB

Corona discharge 10 kV
5 mA

50 mW
30 60 5.52 ± 0.23 [63]

E. coli in sterile PBS
Atmospheric

cold plasma jet
30 kV NR 5 60 5.7 [46]

NR = not reported.

Bacterial spores are resistant to thermal treatment (based on the decimal reduction
time or D-value), several chemicals, and dehydration. In most of the cases, either moderate
to high thermal treatment or a combined effect of multiple inactivation technologies need to
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be applied for spore inactivation in food [64]. PAW has been investigated as an alternative
to thermal treatments or harmful chemicals against bacterial spores. For example, a study
by Bai et al. [65] showed that up to 2 log10 CFU/mL reduction in the population of B. cereus
spores could be achieved by a single treatment of PAW at 55 ◦C (input power of 650 W for
60 s). This study also indicated that the inactivation kinetics fitted the log-logistic model,
which assumes there could be differences in the inactivation kinetics of any bacterial
population. As per this model, the whole bacterial spore population can be divided
into subpopulations. The first subpopulation has spores that are entirely resistant to the
treatment. The second has the ones that can repair themselves post-treatment and the third
are fully vulnerable to the treatment [66]. According to Bai et al. [65], the inactivation was
enhanced by reducing the volume of activation from 100 to 50 mL and by lowering the
spore inoculum from 107 to 105 CFU/mL.

The effects of PAW on biofilms have also been explored. A study by Xu et al. [63]
indicated that both the plasma inducement time and the plasma treatment time could
affect the bacterial cells in their ability to generate biofilms. Apart from more than 5 log10

CFU/unit reduction of S. aureus cells in the biofilm, the regrowth capacity of the surviving
cells was reduced by 30% as compared with the untreated cells [63]. This effect is postulated
as a result of regulation of genes (SarA, IcaA, SigB, Rbf, LuxS) involved in biofilm formation,
especially in response to disinfectants such as hydrogen peroxide. [63,67]. On the contrary,
in a study by Charoux et al. it was seen that PAW as a standalone method was ineffective in
inactivating Escherichia coli K12 cells in biofilms; however the synergistic effects of airborne
acoustic ultrasound and PAW enhanced the inactivation potential by 2 log CFU/mL [68].
A study by Hozak et al. also indicated that PAW was ineffective in inactivation of Gram-
positive and Gram-negative cells in the biofilm [69]. Similar results were obtained when
PAW was found to be more efficient in inactivating S. epidermidis, L. mesenteroides, and
H. alvei in planktonic forms as compared with adherent forms in biofilms [62]. Postulated
reasons for the reduced effect by PAW against the bacterial cells in biofilm could be due
to the inability to overcome the resistance of the bacterial cells in stationary phase unlike
those from overnight culture (planktonic cells) in exponential phase. Alternatively, the
short-lived reactive species, which are effective against the planktonic cells might not be
effective in the dense consortium of the biofilm, which consists of extra cellular matric as
well as well-organized clumps of bacterial cells. Although the mechanism of resistance of
bacterial biofilms is yet to be investigated in detail, it can be concluded that PAW would
need to be combined with at least one more technology to enhance its efficiency in cleaning
regimes for biofilm removal.

3.3. The Effect of PAW as a Hurdle Intervention against Bacterial Inactivation

PAW has also been investigated as a hurdle technology or a combined synergistic
approach against bacterial inactivation, especially in case of bacterial spores. The combina-
tion of PAW at 40 ◦C and 55 ◦C for the decontamination of B. cereus spores resulted in an
inactivation equivalent to 1.54 and 2.12 log10 CFU/g of B. cereus spores, respectively after
60 min of exposure [70]. The detailed analysis on the structure of the treated B. cereus spores
using transmission electron microscopy, scanning electron microscopy and the propidium
iodide (PI) assays indicated visible disruption of external structure (spore coat and cortex)
along with leakage of intracellular contents [70]. PI is a fluorochrome capable of binding
and labelling DNA fragments, only when there is some level of damage to an otherwise
intact cell membrane, which leads to permeability of the PI into the cell [71].

B. cereus spores consist of multi-layered protective structure including a spore coat and
a peptidoglycan cortex [72], which acts as a barrier to the external chemical disinfectants,
including phenols, organic acids, quaternary ammonium compounds (QACs) biguanides
and alcohols [73,74]. Images of spores treated with PAW showed specific disruption
or damage on the external layers, which include the spore coat made of peptidoglycan
layers. The structural damage is indicative of oxidative stress and mild thermal stress [70].
Ultrasound technology (40 Hz, 220 W) when combined with PAW at 40 ◦C for 60 min
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has been tested against S. aureus and E. coli. Ultrasound technology employs mechanical
sound waves of low to high frequencies (20 kHz–1.5 MHz) to have multiple applications
including bacterial inactivation, by imparting a damage to the cell walls as the mechanism
of action [75]. In combination with PAW, this mechanism against cell structural integrity
could be enhanced. As a result, inactivation equivalent to 1.33 log10 CFU/mL of E. coli
K12 and 0.83 log10 CFU/mL of S. aureus was achieved, as compared with less than 0.5
log10 CFU/mL for both strains under the same conditions with PAW alone [36]. There
was no significant difference among the pH, EC, and ORP [36] between the PAW samples
treated with and without ultrasonication, indicating that any change in the parameters
of acidity, EC and ORP was due to the presence of reactive species generated by plasma
activation and not by ultrasonication. The PAW treatment used in this study was for a
set time (up to 60 min) while being held at three different temperatures (4, 25 and 40 ◦C),
followed by ultrasonication at 40 Hz and output power of 220 W. This study demonstrated
that ultrasound increased the penetration of the reactive species generated by PAW into
the bacterial cells, and though the inactivation was significantly different by <1 log10

CFU/mL when PAW treatment with and without ultrasound was compared, the scanning
electron microscopic images showed increased porosity of the PAW and ultrasound treated
samples as compared with the samples treated with de-ionized water [36]. PAW and
mild heat (50 ◦C) for 6 min has been reported to be effective against S. cerevisiae leading
to an inactivation equivalent to 4.4 log10 CFU/mL as compared with a relatively lower
inactivation equivalent to 0.27 and 1.92 log10 CFU/mL with PAW at 25 ◦C and mild heat at
50 ◦C for 6 min as standalone treatments [76]. This study further investigated the damage
caused on the cells due to treatment using scanning electron microscopy, which revealed
the appearance of visible deformation on cell surface along with complete distortion of
parts of the cell wall in contrast to the images showing cell integrity post-treatment by
PAW alone and mild heat alone. The PI permeability assay also supported these findings
where the intensity of penetration of dye increased significantly (p < 0.05, by 132.14-fold),
indicating compromised cytoplasmic membranes and thereby increased binding of the dye
to cellular DNA and RNA [76,77]. PAW and mild heat (50, 52.5, and 55 ◦C, 30 min) has
been reported to inactivate Saccharomyces cerevisiae by 2.4 log10 CFU/g when inoculated
on grapes [78]. S. cerevisiae has been reported in spoilage of fresh fruit and fruit juices [79].
Therefore, these studies on successful inactivation of yeast indicate a potential application
of PAW towards extension of shelf life with minimum effect on the quality attributes.

In another study, the combined effect of PAW (18 kV for 120 min) and mild heat at 60 ◦C
led to inactivation equivalent to 3.4 and 3.7 log10 CFU/g of L. monocytogenes and S. aureus,
respectively, on salted Chinese cabbages [38]. The treatment was performed in a sequential
approach where initial PAW treatment was performed for 10 min, followed by heating in
a water bath (60 ◦C) for 5 min. Interestingly, this treatment of PAW (18 kV for 120 min)
and mild heat at 60 ◦C also resulted in 4, 5.7, 4.0, and 2.6 log10 CFU/mL reduction in
mesophilic aerobic counts, lactic acid bacteria, yeast, and molds and coliforms, respectively,
which were all present in the background microflora of the untreated samples [38]. This
study indicated a potential application of PAW with mild heat as a disinfection approach
in Korean market for cabbage kimchi [38] which is preferably cleaned using a non-thermal
approach to minimize changes in the sensory attributes for a fresh-like quality. Considering
the studies reported, it can be concluded that PAW has demonstrated efficiency as a hurdle
approach either in combination or sequentially to eliminate the bacteria or yeast from food
surfaces. However, the impact on the formation of the reactive species in the food needs
further research as a case-by-case basis.

3.4. PAW-Mechanism of Action on Bacterial Cells

The mechanism of disinfection using PAW can be explained as the oxidative stress
on the cell membranes of the bacterial cells. The cell membrane is disrupted, followed by
further damages to organelles, proteins and nucleic acid leading to the cell death [45,61].
The inactivation of bacterial cells by PAW has been reported as an effect of the reactive
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species on the bacterial cell membranes and the organelles. The reactive species can
interact with and hence damage the bacterial cell membranes through lipid peroxidation,
which disrupts the structure followed by leakage, morphology change, DNA damage and
disruptions of the functional structures of the proteins [80]. There is a clear agreement in
the literature on the dominant reactive species responsible for the mechanism of action
against bacterial cells. For example, hydroxyl radicals, ozone, nitric radicals (NO2

−), and
nitrate ions (NO3

−) are considered capable of interacting with the biological components of
the cell membrane and later the cytoplasmic components and organelles inside the bacterial
cell. The process of structural disruption leads to functional damage and physiological
imbalance. For example, three reactive species (NO3

−, H2O2, O3) generated in PAW using
a dielectric barrier discharge (DBD)-atmospheric cold plasma (ACP) system showed an
effect in inhibiting the growth of spoilage microbes as measured through total viable
counts on shrimps [81]. In this case, the total microbial numbers increased significantly
(p < 0.05) from 3.9 to 8.6 log10 CFU/g during nine days of storage in control samples that
were washed using tap water, whereas the growth of microbes were slower when washed
with PAW. The increase was only from 3.9 to 4.4 log10 CFU/g for the initial 6 days, and
reached 6.5 log10 CFU/g on the 9th day when stored at 5 ◦C, indicating possible sub-lethal
stress on the initial population, which might have hindered the growth rate [81]. This
study did not establish the individual effect of each of the reactive species. However, in
general, reactive species are known to attack intracellular superoxide dismutase (SOD),
catalase (CAT), peroxidase, and oxidases, which impart the form the defense mechanism
of the bacterial cells against stress [82,83]. This initial resistance is overcome when the
concentration of reactive species increases above the capacity of in-built defense systems,
leading to commencement of the oxidative damage involving lipids, DNA, and proteins.
This process is defined as oxidative stress, which can lead to cell death [84,85]. Short-lived
reactive species such as oxygen radicals lead to the immediate lethal effect on the bacterial
cells, whereas long-lived species such as nitrate ions, hydrogen peroxide radicals and ozone
might lead to a reduction in the recovery and growth of the sub-lethally injured cells [81].
The reduction in pH was only a difference of 0.2 units and in this case, the reduction in
microbial growth rate cannot be attributed to decrease in pH balance outside and hence
inside the cells [81]. Additionally, the gas used for the creation of the PAW does not seem
to indicate a direct influence on the inactivation of bacterial cells [81]. However, this needs
further investigation before being established as a fact.

4. The Effect of PAW on Sensory Attributes and Consumer Acceptance

Consumer demand for fresh-like, minimally processed or natural food has been a
growing area of interest for food scientists and industries. These trends call for technologies
that only result in insignificant or very mild changes due to physical, and chemical reactions
that affect the “fresh-like quality” [86–88]. PAW is a chemical-free and non-thermal inter-
vention and has the potential towards achieving the minimal processing target. However,
there are no sensory studies using trained panels reported in the literature. The changes
associated with quality and appearance, which also contribute to likability, have only been
investigated at the laboratory scale. For example, Chinese bayberries treated by PAW
showed a significantly (p < 0.05) higher firmness (measured using a texture analyzer) by
1.2 newton (N) when stored at 3 ◦C for eight days as compared with untreated berries [89].
The PAW treatment used in this study was a hollow electrode dielectric barrier structure
(HEDBS) with air as the working gas at a flow rate of 260 L/h using an AC power source
with a frequency of 20 kHz. The treatment time in this study was 0.5 min at room tem-
perature (25 ◦C) [89]. In red grapes, samples treated with PAW had a higher rate of color
change (red or violet to dark violet) than untreated controls [89], as assessed using three
parameters of color index for red grapes (CIRG), namely lightness (L), hue angle (H) and
chroma (C), over eight days of storage at 3 ◦C [90]. The change in color was attributed to
the impact of ROS on anthocyanins [89]. However, in response to this oxidative stress, these
berries were found to produce more antioxidants and accelerate the antioxidant enzymes
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to scavenge excessive ROS, which also related to the higher CIRG value as compared to the
control [89].

In a similar study, the effect of PAW (11 kV for 20 min) on the color (L, a, and b values)
of spinach leaves after storage at 4 ◦C for eight days was compared with the changes in
the untreated samples [59]. The control (untreated) and PAW treated samples showed
no significant difference in color evaluated using L, a, and b values, which indicated the
“fresh-like appearance”. It was shown that multiple rinsing with water affected the color
as there was an increase in the yellowness (b values), which was not seen with the PAW
treated samples [59]. In another study by Ma et al. [55] using PAW treatment (10 kHz
sinusoidal high-voltage source at 18 kV), the change in color and firmness of the treated
and untreated strawberries were compared after storage at 20 ± 2 ◦C and 70 ± 5% RH for
four days [55]. No significant difference in color (L, a, and b values) and firmness (N) was
observed between the treated and untreated strawberries, which showed that PAW did
not induce any change in these attributes and hence would resemble fresh-like qualities.
However, the firmness of the treated and the untreated samples was reduced after storage
when compared with the results obtained on day zero, indicating a natural phenomenon of
loss of the turgor pressure post-harvesting, especially when held at temperatures above
refrigeration [55]. Color is considered to be a very influential parameter of consumer’s
perception of food’s healthiness and purchase intention. Hence, the reports on the color
changes are indicative of consumer preference and perception [91]. The absence of any
significant change on color would indicate minimum effect of PAW on fruit and vegetables
and can be perceived as “minimally processed”.

5. Future Implications, Research Gap, and Conclusions

PAW has promising potentials to be used as a non-chemical decontamination agent
for food. Although no harmful chemicals are used in the generation of PAW, the presence
of residual reactive species in food during the shelf life is an area of investigation that
remains underexplored. At the same time, the cost and energy required to generate
efficiency against bacterial contaminants are high. The research gap on the specific effect
of microbial inactivation and the impact of specific intrinsic and extrinsic food properties
opens opportunities for comprehensive research and application. Therefore, PAW could
emerge as a non-hazardous, non-chemical disinfectant for food industries which could
be used as a hurdle or as a standalone step depending on the microbial population being
targeted. The successful and safe application of PAW in food-grade systems would also
depend on the optimization of analytical methods for detecting reactive species with
minimum interference due to the composition of food being tested.

Most of the work done on PAW as a disinfectant is on food (fruit and vegetables)
surface in lab settings where the controlled environment helps to identify variables and
mechanism of action. There is a significant gap in the literature on the use of PAW as a
disinfectant in real-life supply chain scenarios (e.g., packaging house and cool store). At
the same time, the specific compositional changes due to any residual reactive species
needs to be studied throughout shelf life to ensure that the structural changes of the food
(if any) do not affect any sensory attributes. The effect of PAW on bacterial spores food
and model systems need an elaborative investigation. Also, it is important to confirm
that the reactive species in PAW do not lead to the germination onset in spores as this
could adversely affect the shelf life or safety of food. Alternatively, if PAW can induce
germination, it has the potential to be used as a hurdle before thermal inactivation thereby
reducing the heat exposure and energy required to inactivate bacterial spores. There is
no evidence in the literature to compare the effect of PAW of the decimal reduction time
(D-value) of spores and vegetative bacterial cells, highlighting the research gap on whether
this resistance (D-value) is comparable to the well-established thermal resistance, which
is much higher in spores. Similarly, there is a lack of direct comparison of the resistance
exhibited by Gram-positive and Gram-negative vegetative cells. Future work in these areas
would enhance the knowledge of PAW disinfection in food processing.
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