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Abstract: Fresh-cut fruits, renowned for their convenience and nutritional value, are susceptible
to rapid deterioration, compromising their quality and shelf life. In this study, a sustainable and
environmentally friendly edible coating was developed based on sodium alginate (SA; 1% w/v), cedar
mucilage (CM; 4% w/v), and calcium chloride (2% w/v), applied using a layer-by-layer technique to
preserve the quality and prolong the shelf life of fresh-cut melon. Fruits were cut into cubes coated or
uncoated by dipping and subsequently packaged in a polyethylene terephthalate container and stored
for 15 days at 4 °C. Physicochemical traits and qualitative features such as polyphenol, flavonoid,
carotenoid, ascorbic acid content, as well as antioxidant activity, were assessed. Furthermore, the
enzymatic antioxidant system and the ascorbate—glutathione cycle were investigated. The coating
reduced weight loss and enhanced polyphenol, flavonoid, and ascorbic acid content and antioxidant
activity during cold storage. Edible coating (SA + CM) represents a valid tool to extend the postharvest
life, improve the storability, and enhance the physicochemical and qualitative traits of fresh-cut melon.
Further research is required to optimize coating formulations and application techniques to maximize
their effectiveness and commercial viability in the food industry.

Keywords: fruit; postharvest; bioactive compounds; oxidative stress; ascorbate-glutathione cycle

1. Introduction

Challenges stemming from time constraints throughout the evolution of society and
the prioritization of convenience are frequently cited as primary factors contributing to
the underconsumption of fresh fruits and vegetables, resulting in levels that fall below the
World Health Organization’s recommended daily intake [1-4]. In recent years, consumer
habits regarding fruit and vegetable consumption have undergone significant changes, with
today’s consumers increasingly recognizing the importance of a balanced, nutrient-rich diet
in promoting overall health and reducing the risk of chronic disease [5]. This has led to an
increased demand for fresh, convenient, and high-quality produce, particularly fresh-cut
fruits [6]. Fresh-cut melon provides consumers with a convenient and ready-to-eat option,
saving time and effort in preparation. It eliminates the need for washing, peeling, and
cutting, making it an attractive choice for busy individuals or those seeking quick and easy
snacks. Therefore, marketing melons as convenient, ready-to-eat fresh-cut products in slices
or cubes is an attractive option for both consumers and retailers, given that melons are
relatively inconvenient to consume due to their large size and the presence of a significant
inedible portion [7].

Melons (Cucumis melo L.), belonging to the Cucurbitaceae family, are not only refresh-
ingly delicious fruits but also beneficial for health. Melons contain typical nutrients, such
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as minerals and vitamins, as well as a wide range of carotenoids, flavonoids, and phenolic
acids with biological properties, such as antioxidant, anticancer, antineurodegenerative,
and anti-inflammatory activity [8]. The primary drawback associated with fresh-cut fruits
is their short shelf life, frequently lasting fewer than two weeks [9]. Cutting or minimally
processing fruits causes alterations in physiological properties due to the loss of cellular
integrity, which can impact their quality, appearance, texture, and nutritional value [10].
Understanding these physiological changes and implementing appropriate postharvest
handling techniques and storage strategies are crucial for maintaining the freshness and
marketability of fresh-cut fruits [7]. Different techniques, such as cold storage [11,12],
edible coatings [8,13-19], ozone [20], modified storage atmosphere [7,21,22], ultraviolet
radiation [23], and cold plasma [24], have been employed to preserve the quality and safety
of fresh-cut melons.

Edible coatings (ECs) are a promising technology used to improve the quality, safety,
shelf life, and overall consumer appeal of various ready-to-eat fruits [25]. These coatings,
typically made from natural polymers such as proteins, polysaccharides, lipids, or com-
binations thereof, form a protective layer on the surface of the fruit that helps to prolong
the fruit’s shelf life and marketability. One of the main advantages of edible coatings is
their ability to reduce the rate of physiological processes, such as respiration and ethylene
production, associated with fruit ripening and deterioration during storage [26]. Several
studies have tested the effectiveness of several ECs realized with different compounds such
as chitosan, alginate, calcium chloride, pectin, gellan, mucilage, hydrocolloid, and Aloe
vera gel on fresh-cut melon [15,17,18,21,27-29].

The aim of this study was to evaluate the effectiveness of a layer-by-layer edible
coating on ready-to-eat melon by analyzing its physicochemical, qualitative, and enzymatic
properties during cold storage.

2. Materials and Methods
2.1. Raw Materials and Processing

Cantaloupe melons (Cucumis melo var. cantalupensis) were purchased from a local
market (Caserta, Italy) and stored at 4 °C and 95% relative humidity until processing.
Fruits were selected for size uniformity, the absence of fungal infection, and soluble solid
content between 8 and 10 °Brix, corresponding to commercial ripeness, as suggested by
Martifion et al. [15]. Whole melons were washed with running water, immersed in sodium
hypochlorite (110 ppm) for 2 min, rinsed with sterile distilled water, peeled aseptically, and
sliced into 2 cm sided cubes.

2.2. Edible Coatings and Experimental Design

Cedar mucilage was extracted from fruit peel according to the method described by
Sortino et al. [30] and used to prepare a 4% (w/v) mucilage solution. Two other different
coating solutions were prepared in sterile distilled water: sodium alginate (1%, w/v, Sapore
puro, Turin, Italy) and calcium chloride (2%, w/v, Sigma-Aldrich, Milan, Italy). The layer-
by-layer technique was performed as previously reported by Trevino-Garcia et al. [31].
Melon cubes were randomly divided into two batches, and the first batch was dipped for
2 min in a calcium chloride solution, cedar mucilage solution, sodium alginate, and finally
calcium chloride solution (coated sample). Dipping in each solution was interspersed
with a drying period of approximately three minutes under a laminar flow hood at room
temperature. Fruit from the second lot underwent the same treatment as the treated fruit,
but the dipping solutions were replaced with sterile distilled water (uncoated sample). The
coated and uncoated samples, containing approximately 150 g of melon cubes, were placed
in plastic containers (polyethylene terephthalate) with lids and stored at 4 °C and 95%
relative humidity for fifteen days. Three biological replicates were prepared for control and
coated samples at each time point. Analyses were performed on days 0, 5, 10, and 15, with
daily visual monitoring throughout the storage period (Figure S1).
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2.3. Physicochemical Traits

Weight loss was determined by weighing the fresh-cut melon at each sampling and
calculating the difference in weight. The initial sample weight was measured after dip-
ping treatment. The results are expressed as a percentage of weight loss according to
the following equation: Weight loss (%) = [(initial sample weight) — (sample weight at
each sampling)]/(initial sample weight) x 100. The total soluble solid (TSS) content was
determined on the extracted juice using a digital refractometer (Sinergica Soluzioni, DBR35,
Pescara, Italy) and expressed in °Brix. Titratable acidity (TA) was determined by basic acid
titration with 0.1 mol L~! NaOH and expressed as grams of citric acid equivalent (CAE)
per 100 mL of juice (g CAE 100 mL~!), and pH values were measured at 25 °C using a
digital pH meter (model 2021, XS PH 50 VIO LAB, Torino, Italy).

Firmness was measured using a digital penetrometer (Turoni, Forli, Italy) with a 5 mm
diameter probe, and the results are expressed in newtons (N).

2.4. Bioactive Compounds and Antioxidant Activity

Bioactive compounds and antioxidant activity were determined using a methanolic
extract obtained from homogenizing melon cubes in a methanol solution (80% v/v) as
described by Ravindranath et al. [32]. The total phenol content (TPC) and flavonoid content
(TFC) were determined using the Folin—Ciocalteu method [33] and the aluminum chloride
colorimetric method [34], respectively. TPC and TFC results are expressed as milligrams of
gallic acid equivalents (GAEs) per 100 g fresh weight (FW) and as milligrams of catechin
equivalents (CEs) per 100 g fresh weight (FW), respectively. GAEs and CEs were used as
standards and analyzed under the same conditions.

Ascorbic acid content was determined as reported by Petriccione et al. [35] using an
assay mixture comprising 300 pL of extract, 0.3% (v/v) metaphosphoric acid, and (5:1, v/v)
diluted Folin’s reagent, in a final volume of 2 mL and evaluating the absorbance after an
incubation of 10 min at 760 nm. The results are expressed as milligrams of ascorbic acid
(AA) per 100 g of fresh weight (FW).

Total carotenoids were extracted from melon cubes using N-N-dimethylformamide
(1:2 w/v). The absorbance of the extract was evaluated at three wavelengths (470, 633, and
645 nm) using a UV-VIS spectrophotometer (Model V-630, Jasco, Milan, Italy). Carotenoid
content was calculated using Wellburn equations [36], and the results are expressed as
milligrams per 100 g fresh weight (FW).

The radical scavenging activity of the methanol extracted samples was evaluated
toward 2,2-azinobis-(3-ethylbenzothiazolin-6-sulphonic acid) (ABTS). ABTS assay was
performed according to Ravindranath et al. [32], and the results are expressed in pmol of
Trolox equivalents (TE) per 100 g fresh weight (FW).

2.5. Hydrogen Peroxide Content

Hydrogen peroxide content was assessed as described by Carvalho et al. [14]. Fresh
melon (1:10 w/v) was homogenized in trichloroacetic acid (5% w/v) and centrifuged at
12,000 g for 15 min at 4 °C. The supernatant was mixed with a reaction mixture containing
0.1% trichloroacetic acid and 1 mol L~! potassium iodide, and the absorbance of the mix-
ture assay was monitored at 390 nm. The results are expressed as mol H,O, per kg fresh
weight (FW).

2.6. Antioxidant Enzymes and Ascorbate—Glutathione Pathway Enzymes

For total protein extraction, melon cubes were ground in liquid nitrogen and homog-
enized in extraction buffer containing potassium phosphate (pH 7.8, 100 mM), sodium
ethylenediaminetetraacetic acid (pH 7.0, 1 mM), dithiothreitol (2 mM), phenylmethane-
sulfonyl fluoride (1 mM), polyvinylpolypyrrolidone (5% w/v), and glycerol (10% v/v).
Ascorbic acid (5 mM) was added only for the extraction of ascorbate peroxidase and ascor-
bate oxidase enzymes. The homogenate was centrifuged at 18,000x g for 10 min at 4 °C.
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The resulting supernatant was used to assess enzyme activity, and its protein content was
estimated with the Bradford method [37] using bovine serum albumin as standard.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was monitored by spectrophotometric
analysis based on the inhibition of the photoreduction of nitro blue tetrazolium chloride
(NBT) with riboflavin. The assay mixture contained potassium phosphate buffer pH 7.8
(50 mM), sodium EDTA (0.1 mM), methionine (13 mM), NBT (75 mM), riboflavin (2 mM),
and 200 pL of crude enzyme extract. After incubation at room temperature under continuous
light, the absorbance of the assay mixture was measured at 560 nm. One SOD unit was
defined as the amount of enzyme that inhibited the rate of NBT reduction by 50% under the
above assay conditions. SOD activity is expressed as units per g fresh weight (FW).

Catalase (EC 1.11.1.6; CAT) activity was evaluated using the reaction medium de-
scribed by Carvalho et al. [14].

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was evaluated according to Nakano
and Asada [38], with some modifications. The reaction mixture contained potassium
phosphate buffer (pH 7, 100 mM), ascorbic acid (0.33 mM), H,O, (0.35 mM), sodium EDTA
(pH 7, 0.66 mM), and 100 uL of the crude enzyme extract. APX activity was evaluated by
monitoring the reduction of ascorbic acid at 290 nm.

Ascorbate oxidase (EC 1.10.3.3; AOX) is an enzyme that catalyzes the oxidation of
ascorbic acid to dehydroascorbate. AOX activity was determined as suggested by Diallinas
et al. [39], with slight modifications. The reaction mixture contained potassium phosphate
buffer (pH 7.0 100 mM), H,O, (88 mM), 100 pL of the crude enzyme extract, and (0.066 mM)
ascorbic acid. The reaction was monitored at 265 nm.

Monodehydroascorbate reductase (EC 1.6.5.4; MDHAR) activity was determined
spectrophotometrically by monitoring the oxidation of nicotinamide adenine dinucleotide
(NADH) at 340 nm [40]. The reaction mixture contained 50 mM potassium phosphate, pH
7.6,0.25 mM NADH, 2 mM sodium ascorbate, 0.25 U ascorbate oxidase from Cucurbita sp.
(Sigma-Aldrich, Milan, Italy), and 50 pL of the crude enzyme extract.

Dehydroascorbate reductase (EC 1.8.5.1; DHAR) activity was evaluated in accordance
with Dalton et al. [41], with slight modifications. The reaction mixture contained 100 mM
HEPES-KOH (pH 7.0), 0.1 mM EDTA, 2.5 mM reduced glutathione (GSH), 0.2 mM dehy-
droascorbate (DHA), and 100 pL of the extract. The ascorbate production was monitored at
265 nm.

Glutathione reductase (EC 1.6.4.2; GR) activity was evaluated by monitoring the oxi-
dation of dihydro nicotinamide—adenine dinucleotide phosphate (NADPH) at 340 nm [41].
The reaction mixture contained 50 mM potassium phosphate pH 7.0, 0.5 mM glutathione in
the oxidized form (GSSG), 100 pL of the crude enzyme extract, and 0.2 mM NADPH.

The results of the above-reported enzymes are expressed as U per g FW, where 1 U
of enzyme activity is the amount of enzyme required for the conversion of 1 umol of the
substrate into product per minute.

2.7. Statistical Analysis

All data are expressed as the mean + standard deviation. The differences between
coated and uncoated fruits were evaluated by one-way ANOVA and Tukey test (p < 0.05)
for mean comparisons. Principal component analysis (PCA) and partial least-square
discrimination analysis (PLS-DA) were applied to describe the relationship between the
physicochemical, nutraceutical, and enzymatic traits to identify the principal components
contributing to the majority of the variation within the dataset. Data were mean-centered
and scaled to unit variance. These analyses were carried out using SPSS v.20.0 statistical
software (IBM Corporation, Armonk, NY, USA) and MetaboAnalyst 4.0 (https://www.
metaboanalyst.ca/, accessed on 14 March 2024).
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3. Results and Discussion
3.1. Physicochemical Traits

Fresh-cut fruits and vegetables exhibit high respiration rates and produce ethylene
in response to injury, which, combined with the expanded surface area per unit volume,
improves water loss and the loss of texture, flavor, and nutritional quality [42]. Table 1
shows the changes in the physicochemical traits of coated and uncoated fresh-cut melons
during the fifteen days of cold storage.

Table 1. Total soluble solids (TSSs; °Brix), pH, titratable acidity (TA; g citric acid /100 mL of juice),
weight loss (WL; %), and firmness (F; N) in uncoated and coated fresh-cut melons after 0, 5, 10, and
15 days of cold storage at 4 °C.

Days TSS pH TA WL F
Uncoated
0 94040264  6.3640.03°¢ 0.14 £ 0.03¢ 02 470 +£0.104
5 747 £025% 5464005  0.09+£0.022> 22840199 427 +025
10 727 +£0302  539+005% 0.08+0.02% 413+£006¢  330+036°
15 7.08£0212 53440032 007 +0022  460+054° 250+ 0362
Coated
0 953+0314  634+005¢ 0.14 +0.01¢ 02 4.67 40214
5 870+036b¢  6314002¢  013+£0.01° 158 +0.10P  443+0209
10 850+ 026 61940029  0124001P  1.89+0.08bc  3.63 +0.15b¢
15 840+020P>  587+£006° 0.114001> 288+0259  323+0.15P

Means followed by the same letter do not differ significantly at p = 0.05 (Tukey test).

The WL of samples significantly increased during cold storage. After 15 days of
storage, the uncoated samples showed a WL of 4.60 + 0.54%, while the coated samples
exhibited a WL of 2.88 & 0.25%. The bi-layer coating tested in this study helped to reduce
weight loss during cold storage. The EC tested in this study showed better efficacy in
reducing WL than the lemon extract and soy protein isolate-based coating tested by Yousuf
et al. [18] on fresh-cut melon during cold storage. Furthermore, our results are in agreement
with the findings of Trevino-Garza et al. [17] and Chong et al. [27], who tested linseed
mucilage—chitosan and chitosan-CaCl,-based ECs in fresh-cut melon, respectively. Weight
loss in fresh-cut fruit is mainly due to water loss, but ECs can effectively prevent moisture
loss through the fruit surface, resulting in a reduced rate of moisture loss and transpiration
and respiration rates, as reported by Chong et al. [27].

Several studies have shown that edible coatings create a protective layer on the fruit
surface, which can alter the surrounding atmosphere by serving as a semipermeable
barrier, thereby enabling control over the gas exchange between the commodity and its
environment, as well as reducing water loss, shriveling, and qualitative decay [8,31,35].

The TSS content is a critical factor that affects the quality and taste of fresh-cut fruits
for consumers, contributing significantly to their sweetness and overall sensory appeal [43].
The TSS content decreased over time in both uncoated and coated samples during cold
storage. A significant reduction in TSS value was observed after 5 days of storage, with
a decrease of 20% and 8.70% in uncoated and coated samples, respectively. At the end of
cold storage, the uncoated samples showed a significantly lower value of 7.08 & 0.21 °Brix
compared to the coated samples, with a value of 8.40 £ 0.20 °Brix. Our results are consis-
tent with the studies on fresh-cut melons treated with 3-carotene nanocapsules/xanthan
gum [19], CaCl,/chitosan [27], and linseed mucilage—chitosan coating [17].

The decrease in TSS content could be linked to the utilization of sugars as a nutrient
source by spoilage microorganisms during their growth [44] and the higher rate of juice
loss and inherent enzymatic activity [19].
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pH values showed significant differences between the uncoated and coated samples
throughout cold storage. At the beginning of the experiment (day 0), both uncoated and
coated samples exhibited similar pH values of 6.36 & 0.03 and 6.34 & 0.05, respectively.
The uncoated samples showed a gradual decrease in pH, reaching 5.34 & 0.03 at the end
of cold storage. In contrast, the coated samples displayed more stability in pH, with a
slight decrease, and a pH value of 5.87 % 0.06 after 15 days. pH changes can be due to
oxidative and environmental stress during postharvest life [27]. In addition, these stresses
also contribute to a reduction in ATPase pumping capacity, thus decreasing the cellular
pH [45]. The significant decrease in pH observed in the uncoated samples may be primarily
due to these stresses, which had a lower effect on the coated ones.

Similarly, TA levels followed a similar pattern during cold storage in both sam-
ples. After 15 days, uncoated samples showed a significant reduction in TA over time
(0.07 £ 0.02 g CAE 100 mL '), compared to the coated samples, which displayed a slower
reduction (0.11 & 0.01 g CAE 100 mL~!). The TA decrease is due to the utilization of organic
acids as substrates in metabolic pathways [16]. Several studies have demonstrated that ECs
can slow down the TA decrease in fresh-cut fruit during cold storage [46,47].

Firmness is a crucial indicator of the structural integrity and the overall quality of
fruits [48]. Our findings revealed significant differences in firmness between coated and un-
coated samples over the experiment. Initially, both coated and uncoated samples exhibited
similar levels of firmness at day 0 (Table 2). However, as the storage period progressed, a
significant decline in firmness was observed in both samples. The coated samples displayed
higher firmness compared to the uncoated ones throughout the cold storage period. After
15 days, the firmness of the coated samples (3.23 £ 0.15 N) was significantly higher than
that of the uncoated ones (2.50 & 0.36 N), suggesting that the coating treatment effectively
reduced the firmness loss during storage. The firming effect of the coating is due to cal-
cium’s role in binding with complex polysaccharides and proteins that form the cell wall at
the cellular level [49]. Several studies on fresh-cut melon have demonstrated that edible
coatings can help slow down the softening process and maintain firmness, thus prolonging
the marketability of fruits [15,19,27].

Table 2. Total phenol content (TPC, mg GAE 100 g~! FW), total flavonoid content (TFC, mg CE 100
g~ ! FW), antioxidant activity toward 2,2-azinobis-(3-ethylbenzothiazolin-6-sulphonic acid) (ABTS,
umol TE/100 g FW), ascorbic acid (AA; mg 100 g_1 FW), and carotenoid content (CAR; mg 100 g‘l
FW) in uncoated and coated fresh-cut melons after 0, 5, 10, and 15 days of cold storage at 4 °C.

Days TPC TFC ABTS AA CAR
Uncoated
0 482+0412 015+0032 18640092 652340939  2555+0.09f8
5 822 +0.44P 01940012 320+007P 5615+1.76°  18.07+0.209
10 9.64+037° 026+0.01° 3544029b¢ 473640912 1092+ 040P
15 1053 +070¢ 033+£001°4 56740159 439142162 7.74 £ 0.07 2
Coated
0 50840172 014+£0012 187+£0072 6578+0609 257440248
5 9.46+023°  031+0.02°¢ 3624007 6295+062° 2440+ 077f
10 13'293: 019 03840019 634+008° 60.81+1.13¢ 2118+ 0.61°¢
15 1527 £0.30¢ 046 +0.01¢ 8784+017f 5947 +077b 15754 048°¢

Means followed by the same letter do not differ significantly at p = 0.05 (Tukey test).

3.2. Bioactive Compounds and Antioxidant Activity

In Table 2, the bioactive compound content and antioxidant activity of the coated and
uncoated fresh-cut melon after 0, 5, 10, and 15 days of cold storage are shown.
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Phenolic compounds are widely recognized as the primary compounds involved in
the overall antioxidant capacity of fruits and vegetables. Cutting or damaging fruit triggers
a cellular response that activates phenolic biosynthesis, enhancing the nutritional value
and health-promoting properties [50-52]. Different studies have demonstrated a significant
TPC increase and antioxidant activity following wounding in several fresh-cut fruits and
vegetables [53-59].

Consistent with previous research, our study showed that TPC and TFC increased
during cold storage with higher values in the coated samples. In the uncoated samples,
TPC ranged from 4.82 + 0.41 mg GAE 100 g~ FW on day 0 to 10.53 = 0.70 mg GAE 100 g
FW on day 15, while the coated samples displayed a significant increase in TPC, reaching
a value of 15.27 + 0.30 mg GAE 100 g FW ! after 15 days of cold storage. This upward
trend suggests a gradual accumulation of polyphenols within the samples over time, as
demonstrated by Manozzi et al. [8] on fresh-cut melons. Similarly, TFC in the uncoated
sample increased from 0.15 + 0.03 to 0.33 4- 0.01 mg CE 100 g~! FW. In the coated samples,
the values increased from 0.14 + 0.01 to 0.46 + 0.01 mg CE 100 g~ ! FW.

ECs offer a powerful method for preserving the high levels of polyphenols and
flavonoids in fruits by mitigating their interaction with oxidative enzymes. By limiting the
availability of oxygen, ECs create an environment where polyphenols and flavonoids are
less prone to oxidation [57].

In this study, the ascorbic acid content in the uncoated samples ranged from 65.23
+ 0.93 mg 100 g~! FW on day 0 to 43.91 4 2.16 mg 100 g~ ! FW on day 15, indicating a
reduction of 32.7%. Similarly, in the coated samples, the concentration of ascorbic acid
decreased from 65.78 & 0.60 mg 100 g~! FW on day 0 to 59.47 + 0.77 mg 100 g~ FW on
day 15, showing a decrease of 9.6%. However, the rate of ascorbic acid decrease appeared
significantly slower in the coated samples compared to the uncoated ones, in agreement
with Mannozzi et al. [8]. ECs delay the AA loss due to low oxygen permeability, which
leads to a reduction in the enzyme activity responsible for AA oxidation [35].

In fresh-cut melon, the presence of ascorbic acid positively influenced the levels of
phenols, as demonstrated by Altunkaya et al. [60] in minimally processed lettuce. The
synergism observed between these compounds underscores the complex interplay of
antioxidants in fresh commodities.

The ABTS radical scavenging capacity increased throughout cold storage, with higher val-
ues in the coated samples. The uncoated samples showed values ranging from 1.86 £ 0.09 umol
TE 100 g~! FW and 5.67 = 0.15 umol TE 100 g~ FW from 0 to 15 days of cold storage, while in
the coated samples, it reached 8.78 & 0.17 umol TE 100 g’l FW at the end of the experiment.

Few literature data on ABTS assays performed on coated fresh-cut melon have been
reported. Chikhala et al. [61] reported that the inclusion of Lactobacillus plantarum 75 in
xanthan coatings significantly retained the radical scavenging capacity during cold storage
in cantaloupe melon fresh cuts.

Melon is a good source of carotenoids characterized by high antioxidant activity [62].
During cold storage, we observed a decrease in the rate of carotenoid content from 69.7%
to 38.7% in the uncoated and coated samples, respectively. ECs with their oxygen barrier
properties contributed to higher levels of carotenoids in the coated samples compared
to the uncoated samples, potentially minimizing their oxidation [8,11]. The reduction in
the carotenoid content observed over the shelf-life period of fruits and vegetables can be
attributed to various factors, including the degradation induced by exposure to oxygen and
cellular damage caused by wounds. Carotenoids, due to being sensitive to oxidation, are
particularly vulnerable to degradation when exposed to oxygen present in the surrounding
environment. This oxidative degradation process can lead to a decline in carotenoid levels,
affecting fruits’ nutritional quality [11].

3.3. Enzymatic Antioxidant System

In fresh-cut fruit, antioxidant defense systems mitigate ROS-induced damage and
preserve quality [63]. One of the main mechanisms of ROS detoxification involves enzy-
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matic antioxidants. Enzymes such as superoxide dismutase (SOD), catalase (CAT), and
enzymes involved in the ascorbate—glutathione cycle, such as ascorbate peroxidase (APX),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR), play a key role in the scavenging and neutralization of ROS,
thus maintaining cellular redox homeostasis and protecting against oxidative stress [64].
In addition, wounding accelerates the ripening and senescence of postharvest fruits and
vegetables, and ROS in injured fruits may act as signaling molecules in response to cut-
wounding stress [65,66]. Furthermore, ROS plays an important role in the wound-induced
activation of both the primary and secondary metabolism [67].

SOD activity (Figure 1A) exhibited different trends between the uncoated and coated
samples during the cold storage period. In the uncoated samples, a significant decrease
was observed over time. This decrease was 15.8% after 10 days and 17.4% after 15 days
compared to the initial value. In the coated samples, we observed a significant SOD activity
increase of 50.3% and 55.4% after 10 and 15 days, respectively, compared to the beginning
of the experiment. These results suggest that this coating has a significant effect on SOD
during cold storage, inducing an increase in the activity of this enzyme and enhancing the
ROS scavenging potential in fresh-cut melon. SOD catalyzes the dismutation of superoxide
radicals (O;°7) into oxygen (O;) and hydrogen peroxide (HyO;) This enzymatic reaction
is essential to neutralizing superoxide radicals, which are highly reactive and can cause
damage to cellular components such as proteins, lipids, and DNA [68].
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Figure 1. Superoxide dismutase (A) and catalase (B) activity in coated and uncoated fresh-cut melons
after 0, 5, 10, and 15 days of cold storage at 4 °C. Different letters indicate significant differences
between different groups (p < 0.05; Tukey test).
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CAT activity (Figure 1B) decreased in the coated and uncoated samples during cold
storage, with higher values in coated ones. CAT showed lower values in the coated
(2.36 umol g~! FW) than the uncoated samples (1.45 umol g~! FW) after 15 days of cold
storage. CAT catalyzes the decomposition of hydrogen peroxide without reducing power,
with a high turnover rate but low substrate affinity [69]. Our results are in agreement
with those reported in a previous study indicating that a coating comprising chitosan and
trans-cinnamaldehyde in fresh-cut melons induced a significant increase (p < 0.05) in CAT
activity compared to uncoated samples [14].

In fresh-cut melon, APX and AOX activity displayed different trends during cold
storage (Figure 2). APX significantly increased with a higher value in the coated samples,
while a significant decrease in AOX was registered. Compared to the uncoated samples,
APX activity was 53.3%, 44.6%, and 20.2% higher in the coated fruit after 5, 10, and 15 days,
respectively, while the AOX activity in the coated fruit was 5.7%, 27.9%, and 18.8% higher at
5,10, and 15 days, respectively. The lower APX activity in fresh-cut melon at the beginning
of the experiment indicates that CAT plays a predominant role in the H,O, neutralization,
as suggested by Carvalho et al. [14].
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Figure 2. Ascorbate peroxidase (A) and ascorbate oxidase (B) activity in fresh-cut melon after 0, 5, 10,
and 15 days of cold storage at 4 °C. Different letters indicate significant differences between different
groups (p < 0.05; Tukey test).

H,0O; is a non-radical reactive oxygen species generated during many particular
conditions and is currently universally recognized as an important mediator of redox-
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regulated processes [68]. HyO, is a product of oxidative metabolism and can cause cell
damage if not neutralized. In our study, a decrease in Hy,O, levels was observed in
the coated samples over time, showing greater effectiveness in neutralizing HyO,. The
coated samples showed significantly lower H,O, content of 5.88, 12.24, and 17.52 at 5, 10,
and 15 days, respectively compared to the uncoated samples (Figure 3A). This could be
attributed to the higher activity of antioxidant enzymes, in particular APX and CAT in
the coated samples, which work together to neutralize H,O, and maintain cellular redox
homeostasis.
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Figure 3. Hydrogen peroxide content (A), as well as monodehydroascorbate reductase (B), dehy-
droascorbate reductase (C), and glutathione reductase (D) activity, in fresh-cut melon after 0, 5, 10,
and 15 days of cold storage at 4 °C. Different letters indicate significant differences between different
groups (p < 0.05; Tukey test).

MDHAR is involved in the conversion of monodehydroascorbate (MDHA) to its
reduced form, ascorbic acid (AsA). In our study, we observed an increase in MDHAR
activity (Figure 3B) over time in both the coated and uncoated samples. Compared to the
uncoated samples, the MDHAR activity in the coated fruit was 17.11, 20.70, and 17.09%
higher at 5, 10, and 15 days, respectively. This suggests that this coating may positively
influence the reducing capacity of MDHA, leading to an increase in MDHAR activity.
Elevated MDHAR activity, in turn, may contribute to the enhanced availability of ascorbic
acid, a crucial substrate for the subsequent phase of the AsA—GSH cycle. This cascade of
events potentially underscores the beneficial impact of the coating on the overall efficiency
of the cycle and cellular antioxidant defense mechanisms [70].

DHAR catalyzes the conversion of dehydroascorbate (DHA) to its reduced form,
ascorbic acid (AsA), utilizing reduced glutathione (GSH) as an electron donor [68]. Coating
affected DHAR activity in the same way as MDHAR, increasing its activity by 38.28, 23.11,
and 25.05% at 5, 10, and 15 days, respectively, compared to uncoated (Figure 3C). This
suggests an improvement in AsA recycling efficiency, as increased DHAR activity implies
a faster conversion of DHA to AsA. This process is important for maintaining high levels
of AsA in the cycle, providing essential protection against oxidative stress.

GRis involved in the recycling of GSSG into GSH, using NADPH as a cofactor. In our
study, coating caused an increase in GR activity compared to the uncoated fresh-cut melon
throughout cold storage (Figure 3D) with significantly higher values in coated samples.
The GR activity in coated fruit was 16.40%, 25.97%, and 20.79% higher at 5, 10, and 15 days,
respectively, compared to the uncoated samples. High GR activity promotes the rapid



Horticulturae 2024, 10, 465

11 of 16

recycling of GSSG into GSH, maintaining a high GSH/GSSG ratio, which is crucial for the
cell’s antioxidant defense [68].

ROS are byproducts of cellular metabolism and are produced in small amounts under
normal physiological conditions acting as signaling molecules [66]. In fresh-cut fruit, ROS
levels become elevated due to cut-wounding processes causing membrane damage and
reducing the shelf life [65]. In fresh-cut melons, higher ROS accumulation was found to be
associated with higher respiration rates and ATP and ADP levels [71]. Hydrogen peroxide
(H203) is one of the most common and stable ROS found in biological systems. This study
showed that in the uncoated fresh-cut samples, there was a significant increase in HyO,
levels of about 17.6% compared to the coated samples at the end of cold storage. Exogenous
coating treatments enhance the efficiency of the ascorbate—-glutathione cycle, a crucial
antioxidant pathway involved in the detoxification of ROS, as demonstrated in different
fresh-cut fruits such as apple [72,73], pear [74], melon [14], peach [75], and avocado [70].

During cold storage, the enzymes involved in the AsA-GSH cycle exhibited different
responses between coated and uncoated fresh-cut melon. Coating during storage enhanced
the activities of SOD, APX, MDHAR, DHAR, and GR, resulting in reduced H,O, content
and increased AA content (Figure 4).

0 51015
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GSSG

NAD(P)+ E
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Figure 4. Response of the fresh-cut melons AsA—GSH cycle under coating treatment during 15 days
of cold storage at 4 °C. Each row in the heat map corresponds to one sample (first: uncoated; second:
coated).

3.4. Multivariate Data Analysis

Two multivariate analysis techniques, namely PCA and PLS-DA, were employed to
analyze traits in the coated and uncoated samples in fresh-cut melon during cold storage.

PCA revealed significant insights considering the dataset. The first two PCs explained
a substantial portion of the variance, totaling 98.1%. This high cumulative variance eluci-
dates that much of the variability within the data could be effectively summarized using
these two PCs. Analyzing the contribution of each PC, PC1 explained 78.8% of the to-
tal variance in the dataset while PC2 accounted for an additional 19.3% of the variance
(Figure 5A).

TPC, TEC, ABTS, APX, DHAR, and GR activities were positively correlated with PC1,
whereas firmness, TSS, pH, TA, AA, CAR, CAT, SOD, AOX, and MDHAR activity were
positively correlated with PC2. WL and H,O, content were negatively correlated with PC2
(Figure 5B). Overall, PCA provided valuable insights into the behavior of the analyzed
samples throughout the cold storage period, highlighting how their characteristics change
and diverge over time in the coated and uncoated samples.

PLS-DA was employed to assess the relationship between the analyzed traits and two
key factors such as edible coating and the duration of cold storage. The first two latent
components that accounted for 98.1% of the total variance were integrated to realize a bi-
plot (Figure 6A). Overall, the PLS-DA model demonstrated both good goodness of fit (R2Y
= 0.76) and reliable predictive performance (Q2 (cum) = 0.71). These results suggest that
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the model is robust and capable of effectively capturing the relationships between predictor
variables (traits) and response variables (presence or absence of an edible coating and
duration of cold storage), thereby providing valuable insights and predictive capabilities
for the analyzed dataset.
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Figure 5. PCA scores (A) and loading plots (B) of analyzed features on fresh-cut melon after 0 (T0),
5 (T5), 10 (T10), and 15 (T15) days of cold storage at 4 °C (U: uncoated and C: coated).
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Figure 6. PLS-DA score plot (A); PLS-DA score plot loaded with different analyzed traits (B);
normalized heatmap (dark red hues indicate high levels and light blue hues indicate low levels) and
dendrogram based on hierarchical clustering analysis of PLS-DA data (colored boxes on the right
show the relative concentration of each analyzed trait) (C); VIP scores (D).
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The GR and DHAR activity were more closely associated with edible coating, while
CAR and AA were associated with storage time (Figure 6B). Hierarchical cluster analysis
(HCA) was performed on the dataset of analyzed traits to visualize clusters of samples
sharing similar features linked to the edible coating (Figure 6C). Heatmaps highlighted the
levels of low and high values of the analyzed traits, resulting in a matrix for each sample.
At the top of the heatmap, a cladogram revealed two primary clusters observed in the
PLS-DA plot. The first cluster consisted of coated and uncoated samples at the beginning
of the experiment, while the second cluster was composed of two subgroups: The first
consisted of coated samples after 10 and 15 days of cold storage, while the other consisted
of uncoated samples after 5, 10 and 15 days and coated sample after 5 days of cold storage.
The outcomes of this analysis indicated that the dendrogram generated by HCA effectively
discriminated between postharvest treatments in a storage-time-dependent manner.

The values of variable importance (VIP) scores allow for the identification of which
variables (VIP > 1.0) contribute most significantly to the classification or discrimination
achieved by the PLS-DA model. The top three analyzed traits with VIP scores greater than
1 were TPC, GR, and DHAR (Figure 6D). PCA and PLS-DA provided a clear differentiation
between the coated and uncoated samples, highlighting the efficacy of coating in influenc-
ing analyzed attributes during cold storage. Multivariate analysis represents a valuable
approach to elucidate the complex interactions between postharvest treatments and storage
conditions in fruits. Furthermore, these techniques have been used to identify patterns and
correlations within large datasets, elucidating the impact of postharvest treatments on fruit
metabolism and quality attributes [72,74,76].

4. Conclusions

A layer-by-layer edible coating comprising sodium alginate, cedar mucilage, and
calcium chloride is effective in extending the postharvest life in fresh-cut melon during
cold storage. This innovative coating preserved the physicochemical traits, maintained the
quality and nutraceutical attributes, and improved the antioxidant enzymatic system that
regulates oxidative stress and the ascorbate-glutathione cycle.

Edible coatings are an economically feasible and eco-friendly tool for developing more
effective postharvest management strategies to ensure the delivery of high-quality fresh-cut
fruits to consumers. Coating treatments for the postharvest preservation of fresh-cut fruit
offer a promising way to address both economic and environmental challenges in the food
supply chain. By harnessing the benefits of coatings, stakeholders in the agriculture and
food industry can contribute to global efforts to achieve sustainable food production and
reduce food waste.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae10050465/s1, Figure S1: Images of uncoated (U) and coated
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