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Abstract: Mango is a climacteric fruit that requires efficient postharvest technologies to maintain
quality during storage and transportation. This study aimed to investigate the effect of biodegradable
packaging from chitosan (CS) incorporated with graphene oxide (GO) on the quality, bioactive
compounds and antioxidant activity of cold-stored ‘Tommy Atkins’ mangoes. Mangoes harvested
at physiological maturity were stored without packaging or in CS, CS-GO or non-biodegradable
polyethylene (PE) packaging at 12.0 ◦C and 89% relative humidity for 42 days. The results show that
GO improved the water barrier and mechanical properties of CS packaging. All packaging delayed
fruit ripening by reducing the respiration rate, mass loss, softening and changes in color, soluble
solids, titratable acidity and beta-carotene content, also preserving the mangoes’ visual appearance.
In addition, all packaging maintained higher ascorbic acid, yellow flavonoid, phenolic compounds
and antioxidant activity levels in the fruit, compared to non-packed ones. Chitosan packaging
is a promising, eco-friendly alternative for the preservation of quality, bioactive compounds and
antioxidant activity of cold-stored ‘Tommy Atkins’ mangoes, extending their postharvest life by at
least 14 days.

Keywords: Mangifera indica L.; postharvest quality; biopolymers; shelf life; nanoparticles; packaging;
MAP; fruit ripening; phenolic compounds; carotenoids

1. Introduction

Mangoes (Mangifera indica L.) are a tropical fruit with an attractive color, delicious
taste and exotic flavor, and are also a rich source of nutrients and phytochemicals, such
as provitamin A carotenoids, ascorbic acid and phenolic compounds [1,2]. These bioac-
tive compounds provide benefits for the human body by acting as natural antioxidants,
inhibiting oxidation damage caused by reactive oxygen species [3].

Mango production takes place in more than 100 countries, with an increasing interna-
tional trade and a high demand in the mainstream market outlets in most of the developed
countries [4]. Brazil is among the largest of the mango-exporting countries, with harvests
of high-quality fruit taking place all year long. Tommy Atkins is the leading exporting
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cultivar in Brazil, as a well-known mango genotype with great international appeal, espe-
cially due to its ability to withstand longer transportation and shelf life, compared to other
genotypes [1,5,6]. These traits also make Tommy Atkins the most widely grown mango
cultivar in the world.

Mango is a highly perishable climacteric fruit, characterized by rapid and intense
ripening-related changes, including increased respiration and ethylene production, soft-
ening, conversion of starch to sugars, degradation of organic acids and chlorophylls and
synthesis of carotenoids [4]. Several technologies have been investigated and applied to
extend mangoes’ postharvest life [5,7–11]. Refrigeration at 10–13 ◦C is one of the most
efficient techniques to maintain quality and extend the postharvest life of ‘Tommy Atkins’
mangoes without leading to chilling injury [12]. However, refrigeration alone may not be
enough to export mangoes to distant markets, whose transport can take more than 30 days,
limiting the worldwide mango distribution from the production regions to consumers.

In addition to refrigeration, modified atmosphere (MA) can also be used to maintain
quality and extend mango postharvest life [5]. MA delays fruit ripening and senescence
and preserves quality by reducing oxygen concentration and increasing carbon dioxide
levels around the fruit as a result of its respiration and metabolic activity [13]. Traditionally
used MA packaging films involve non-degradable materials, such as polyethylene (PE),
which contributes to many environmental problems.

The application of biopolymers as edible coatings is a simple, non-toxic and envi-
ronmentally friendly alternative for preserving mango quality, through formation of a
transparent film on the fruit surface that acts as a barrier to water, oxygen and carbon
dioxide, providing MA conditions to the fruit. The interest in biopolymers as eco-friendly
and sustainable substitutes for petroleum-based plastics is strongly increasing because of
their high biodegradability, low cost and ease to obtain from renewable resources [14,15].

Chitosan (CS) is a low-cost polymer derived from animal and fungal sources that has
been tested for application in food, agriculture and pharmaceutical industries. The use of CS
for food packaging has been successfully gaining attention due to its excellent film-forming
ability associated with antioxidant and antimicrobial properties [16–18]. Besides many
advantages over synthetic polymers, CS may have weak mechanical and moisture-barrier
properties [19], both of which could be improved via the incorporation of nanoparticles to
the film-forming solutions.

Graphene oxide (GO) is derived from graphene via the chemical modification of
graphite, resulting in a molecule with various oxygen functional groups [20]. Amide
linkages tend to be formed between the CS’s highly reactive amine groups and GO’s
carboxylic acid groups, being expected that GO incorporates well into the biopolymeric CS
matrix [14]. A homogeneous distribution and incorporation of GO into the CS matrix can
enhance the mechanical, thermal, structural, morphological and barrier properties of the
CS films, as previously reported in other studies [15,21].

Recently, CS-GO-based biodegradable packaging has been developed for fruit con-
servation using the casting method, resulting in an eco-friendly and high-performance
packaging material that effectively maintain the quality and extend the postharvest life of
melons [22]. Although MA conditions can have a strong effect on maintaining the quality
and extending the postharvest life of mangoes, studies must be undertaken to determine the
potential use of biodegradable packaging to make exporting mangoes to distant markets,
that are still limited by the use of regular refrigerated containers, possible. Therefore, this
study aimed to investigate the effect of biodegradable packaging from chitosan (CS) incor-
porated with graphene oxide (GO) on the quality, bioactive compounds and antioxidant
activity of cold-stored ‘Tommy Atkins’ mangoes.

2. Materials and Methods
2.1. Fruit Material

‘Tommy Atkins’ mangoes were obtained from a commercial orchard in Petrolina, PE,
Brazil (9◦03′04.6′′ S latitude, 40◦17′46.5′′ W longitude, and altitude of 376 m). Mangoes
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were harvested at the point of physiological maturity, represented by full shoulders at the
fruit stem end and a predominant light-green skin color [23]. Mangoes without diseases or
injuries were selected for uniformity of size, color and shape. Then, the fruit was washed,
sanitized with a 200 ppm (v/v) sodium hypochlorite solution for 15 min and dried at room
temperature before analysis.

2.2. Chemicals

An 85% deacetylated chitosan (CS) was purchased from Polymar (Fortaleza, Brazil).
Graphene oxide (GO), gallic acid, DPPH, ABTS, Trolox, Folin–Ciocalteu’s reagent, acetic
acid, methanol, acetone, hexane, potassium persulfate, hydrochloric acid and anhydrous
sodium carbonate were provided by Sigma-Aldrich (San Luis, MO, USA). Polyethylene
(PE) packaging was acquired from Nissan Steel Industry (Kyoto, Japan).

2.3. Preparation and Characterization of CS-GO Biodegradable Packaging

Biodegradable packaging was prepared according to Paiva et al. [22]. Briefly, the
CS (2%, w/v) and the GO at 0% and 0.25% (w/w) were dissolved in 1% acetic acid (v/v),
followed by moderate stirring for 12 h. The film-forming solutions were homogenized in
an ultrasonic bath for 10 min. Then, 240 g of each solution were transferred to an acrylic
plate of 32 × 32 cm and dried for 10 h at 50 ◦C. Each package consisted of two overlapped
films, which were then sealed in the edges, with an opening to insert the fruit, using a
sealing machine.

For each formulation, five films were used in the characterization of the water vapor
transmission rate (WVTR) and mechanical properties. The WVTR was measured in quin-
tuplicates, following the methodology of Sun et al. [24], in accordance with the American
Society for Testing and Materials (ASTM) E96-00 method. Permeation measuring cells were
filled with about 5 mL of distilled water, and square film samples (2 × 2 cm) were placed
over the cells. The cell–film sets were weighed and placed in a desiccator containing silica
gel, with internal temperature of 25 ◦C and 50% relative humidity. Cell-films were weighed
every hour for eight hours, and the following equation was used to calculate the WVTR
(Equation (1)):

WVTR = M/(At) (1)

where WVTR is the water vapor transmission rate (g/m2/s); M is the mass of water permeating
through the film (g); A is the permeation area (m2); and t is the permeation time (s).

The mechanical properties tensile strength (σ, in MPa), elongation at break (ε, in %)
and Young’s modulus (Є, in MPa) were measured in film samples of 50 mm × 5 mm
using a mechanical testing machine (model DL5000/10000, EMIC, São José dos Pinhais,
Brazil), which operated according to ASTM D882-8312, at a test speed of 5 mm/min and an
application force of 5 kN.

2.4. Postharvest Treatments

Mangoes were divided in four treatments, being CS-based biodegradable packaging
(with and without GO), PE-based non-degradable packaging and the control (unpacked
fruit). Two mangoes were inserted in each package, which was sealed using a sealing
machine, creating conditions of modified atmosphere (MA). Then, the mangoes were stored
at 12.0 ± 0.5 ◦C and 89 ± 3% relative humidity, in the central position at the end of a cold
chamber (GEFRIO, Fortaleza, Brazil), with dimensions of 3 × 2 × 3 m (length × width ×
height), and air flow of 2 m s−1 [12]. A total of 96 fruit were stored for 42 days, simulating
conditions of long-distance shipping. Every 14 days, six fruit per treatment were randomly
sampled for analysis. About 50 g of each sample was stored at −85 ◦C for later bioactive
compounds and antioxidant activity analyses.
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2.5. Determination of Quality Parameters, Bioactive Compounds and Antioxidant Activity
2.5.1. Respiration Rate

Respiration rate of mangoes was measured with a gas analyzer model PA 7.0 (WITT,
Witten, Germany). Each fruit was placed for 1 h into an airtight container, and the final
CO2 concentrations were recorded. Respiration rate was expressed as mg/kg/h.

2.5.2. Mass Loss

Mass loss was calculated by multiplying the difference between the initial mass and
the mass at the end of the storage by 100 and dividing by the initial mass. Mass loss was
expressed as percentage.

2.5.3. Skin and Pulp Color

Color was determined in skin and pulp tissues with a colorimeter model CR-400
(Konica Minolta, Tokyo, Japan). The color was expressed as hue angle (◦h), where 0/360◦

represents red, 90◦ represents yellowish green, 180◦ represents turquoise blue and 270◦

represents violet.

2.5.4. External Appearance

External appearance was evaluated with a 9-point visual scale according to Lima et al. [25],
where higher values represent better appearance and lower incidence of injuries, spots or rot,
and 5 is the limit of acceptability, expressing fruit with 10% spots.

2.5.5. Pulp Firmness

Pulp firmness was measured with a texture analyzer TA.XTPlus (Stable Micro Systems,
Godalming, UK), equipped with a 6 mm stainless steel probe and set for a 10 mm penetra-
tion distance. Pulp firmness results were obtained from the average of two measurements
performed in the equatorial region of each fruit without the skin, and were expressed in N.

2.5.6. Soluble Solid Content (SSC)

Soluble solid content (SSC) was determined in the juice using a digital refractometer
model PAL-1 (Atago, Tokyo, Japan). The results were expressed in percentage.

2.5.7. Titratable Acidity (TA)

Titratable acidity (TA) was measured by titrating 5 mL of juice diluted in 45 mL of
distilled water with 0.1 N sodium hydroxide solution to an end point of pH 8.1, using an
automatic titrator model 848 (Metrohm, Herisau, Switzerland). The results were expressed
in g of citric acid per 100 g.

2.5.8. Beta-Carotene Content

Beta-carotene content was determined according to the method of Nagata and Ya-
mashita [26]. One gram of mango pulp was added to test tubes with 10 mL of ace-
tone:hexane (4:6, v/v). The solution was stirred for 1 min using a homogenizer model T18
digital (IKA, Guangzhou, China). An aliquot of the supernatant was transferred to quartz
cuvettes and was read on a spectrophotometer at 663, 645, 505 and 453 nm. Beta-carotene
content was determined according to Equation (2):

β-carotene (mg/100 g) = (0.216 A663 − 1.22 A645 − 0.304 A505 + 0.452 A453) × 10 (2)

where A663, A645, A505 and A453 refer to absorbances at 663, 645, 505 and 453 nm, respectively.

2.5.9. Ascorbic Acid Content

Ascorbic acid (AsA) content was determined according to the AOAC method [27]. A
total of 5 mL of mango juice was diluted in 100 mL of 0.5% (w/v) oxalic acid, which was
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then titrated with 0.02% (v/v) 2,6-dichlorophenol indophenol 0.02% (v/v) until reaching
light pink color. The results were expressed as mg of AsA/100 g.

2.5.10. Total Phenolic Compounds (TPC) Content

For the preparation of the phenolic extract, 15 g of mango pulp was weighed in
centrifuge tubes and left to extract in 20 mL of 50% methanol (v/v) for 1 h. The samples
were later centrifuged at 10,000× g for 15 min at 4 ◦C. The supernatant was filtered and
transferred to a 50 mL volumetric flask. The residue was extracted in 20 mL of 70% acetone
(v/v) for 1 h. Centrifugation was repeated and the supernatant was filtered and added to
the volumetric flask containing the supernatant of the first extraction. The final volume
was then completed to 50 mL with distilled water.

TPC content was determined via the Folin–Ciocalteu method [27]. An aliquot of the
phenolic extract was mixed with 1 mL of Folin–Ciocalteu reagent (1:3, v/v), 2 mL of 20% (w/v)
sodium carbonate solution and 2 mL of distilled water in test tubes, which were shaken in
a Vortex mixer and left to rest for 30 min, protected from light. Absorbance at 700 nm was
measured using a spectrophotometer. Gallic acid was used to develop a standard calibration
curve, and the results were expressed as g of gallic acid equivalents (GAE)/100 g.

2.5.11. Yellow Flavonoid (YF) Content

For determination of YF content, one gram of mango pulp was extracted in 10 mL of a
95% (v/v) ethanol/1.5 N HCl (85:15) solution [28]. Samples were homogenized for 1 min
in an ULTRA-TURRAX homogenizer (model T18 digital, IKA, Guangzhou, China). The
extract was transferred to a 50 mL balloon protected from light, conserved for 16 h under
refrigeration and then filtered (Whatman No. 1 filter paper).

YF content was quantified by reading the extract absorbance at 374 nm on a spectropho-
tometer, using an absorption coefficient of 76.6. Results were expressed in mg/100 g.

2.5.12. Antioxidant Activity (AOX)

AOX was determined using the methods based on the capacity of the phenolic extract
to scavenge the ABTS•+ and the DPPH• radicals [29].

In the ABTS•+ method [30], the radical was generated by reaction of the ABTS stock
solution (7 mmol L−1) with potassium persulfate (140 mmol L−1), kept in the dark for 16 h
at ambient temperature. Prior to the analysis, the mixture was diluted in ethanol until
reaching an absorbance of 0.700 ± 0.005 at 734 nm. Three different dilutions for each fruit
extract were prepared in triplicate. In the dark, 30 µL of each dilution were added to 3 mL
of the ABTS radical, followed by homogenization in a Vortex mixer. The samples were read
at 734 nm after 6 min of the addition of the radical. A standard Trolox curve was used, and
the results were expressed as µM of Trolox per g of fresh mass.

In the DPPH• method [31], three dilutions of each extract were prepared in triplicate.
In the dark, 100 µL of each extract dilution was added to 3.9 mL of the DPPH• radical
(0.06 mM). The mixture was stirred in a Vortex mixer and then left to rest in the dark. As a
control, 100 µL of the control solution (50% methanol, 70% acetone and water, in the 4:4:2
ratio) was used instead of phenolic extract. The readings were carried out at 515 nm, 45 min
after the addition of the DPPH• radical, considering absorbance stabilization. The AOX
was calculated as the extract concentration required to reduce the initial concentration of
the DPPH• radical by 50% (EC50), with values expressed as mg fresh mass/mL of DPPH•.

2.6. Statistical Analysis

The experiment was performed using a completely randomized design, in a split-plot
arrangement (4 × 4), with three replications of two mangoes. The plots were represented
by packaging conditions (CS, CS-GO, PE and control), while the subplots consisted of
storage times (0, 14, 28 and 42 days). The data were submitted to two-way ANOVA, and the
least significant difference (LSD) test (p ≤ 0.05) was used to compare the means between
packaging types.
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A principal component analysis (PCA) based on the correlation matrix among the
variables was applied to summarize the data into few principal components responsible
for most of data variance.

Statistical analyses were performed in R 4.0.2 (R Development Core Team, Vienna,
Austria) and are detailed in Supplementary Material S1.

3. Results
3.1. Water Vapor Transmission Rate and Mechanical Properties of the Packaging

The incorporation of GO reduced the water vapor transmission rate (WVTR) of CS-
based films by 35% (p ≤ 0.05). The tensile strength and the Young’s modulus of the CS
film were increased by 21% and 19% through the addition of GO (p ≤ 0.05), respectively.
The elongation break was not influenced by the presence of GO (p > 0.05), which averaged
5.70% and 5.81% in the packaging with 0% and 0.25% GO, respectively (Table 1).

Table 1. Water vapor transmission rate (WVTR), tensile strength (σ), elongation at break (ε) and
Young’s modulus (Є) of chitosan (CS) and graphene oxide (GO)-based biodegradable packaging.

CS-Based
Package

Water-Ba Rrier Properties Mechanical Properties

WVTR
(g/m2/s)

σ

(×10−3 MPa)
ε

(%)
Є

(×10−3 MPa)

0% GO 52.73 ± 3.49 a 31.2 ± 2.5 b 5.70 ± 0.27 a 5.47 ± 0.29 b
0.25% GO 35.65 ± 2.42 b 37.9 ± 4.5 a 5.81 ± 0.32 a 6.52 ± 0.77 a

The values represent the mean ± standard deviation of five independent measurements. The values followed by
different letters in the column are statistically different (p ≤ 0.05) according to the F-test.

3.2. Fruit Quality Parameters

All quality parameters were significantly (p≤ 0.05) influenced by packaging treatment
and storage period, as well as by the interaction between the two factors.

Mangoes in all treatments exhibited increased respiration rates during storage. How-
ever, after the 14th day of storage, the unpacked fruit showed a higher respiration rate than
packed ones (p ≤ 0.05). At 42 days of storage, fruit in all packaging had about 40% lower
respiration rate than unpacked fruit (Figure 1a).
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Figure 1. Effect of packaging conditions on respiration rate (a), mass loss (b), skin hue (c), pulp hue
(d) and external appearance (e) of ‘Tommy Atkins’ mangoes stored at 12 ◦C for 42 days. The values
followed by different letters, in each storage day, are statistically different (p ≤ 0.05) according to the
LSD test. ns indicates non-significant differences between packaging conditions (p > 0.05). Vertical
bars represent the mean ± standard deviation of three replications per treatment (n = 3).

The packaging resulted in reduced mass loss (p ≤ 0.05) compared with the control
treatment. Synthetic packaging provided a much lower mass loss, compared to the other
treatments (p ≤ 0.05), with only 1.22% at 42 days. At the same day, mass losses of mangoes
stored in CS and CS-GO-based packaging were 5.62% and 5.03%, respectively, values
statistically lower (p ≤ 0.05) than those observed in the control fruit (7.99%) (Figure 1b).

The hue angle of both the skin and pulp of ‘Tommy Atkins’ mangoes decreased during
storage, which was more pronounced in unpacked fruit. At harvest, mangoes had a green
skin color (h◦ = 114.3), which gradually changed to yellow (h◦ = 82.6) in unpacked mangoes
after 42 days of storage; during the same period, packed fruit showed a higher (p ≤ 0.05)
average skin hue (h◦ = 94.2), indicating a yellowish-green color (Figure 1c). Pulp hue values
of control mangoes decreased from 93.4◦ at harvest to 82.0◦ at the 42nd day of storage,
which was statistically lower (p ≤ 0.05) than the average of 85.2◦ found in packed fruit at
the same day (Figure 1d).

At the 14th day of storage, the unpacked fruit already presented an external appearance
inferior to the packed ones (p ≤ 0.05), whose difference significantly remained until the
end of storage. On the last day, the control fruit had an average score of 3.3 for external
appearance, classifying them as unsuitable for commercialization due to the high severity
of spots, injuries and wrinkles. On the same evaluation day, packed fruit had external
appearance classified as regular/good, averaging 6.7 (Figure 1e).

Pulp firmness decreased over storage in all treatments, but this reduction was more
intense in control fruit, which differed at 14 days of storage from packed ones (p ≤ 0.05).
Mangoes have shown a pulp firmness of 73.0 N at harvest, decreasing to 2.8 N and 5.0 N
after 42 days of storage in unpacked and packed fruit, respectively (Figure 2a).
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Figure 2. Effect of packaging conditions on pulp firmness (a), soluble solid content (SSC) (b), titratable
acidity (TA) (c) and SSC/TA ratio (d) of ‘Tommy Atkins’ mangoes stored at 12 ◦C for 42 days. The
values followed by different letters, on each storage day, are statistically different (p ≤ 0.05) according
to the LSD test. ns indicates non-significant differences between packaging conditions (p > 0.05).
Vertical bars represent the mean ± standard deviation of three replications per treatment (n = 3).

Starting at 7.8% at harvest, the soluble solid content (SSC) increased until 14.5% and
13.8% in unpacked and packed mangoes, respectively (Figure 2b). Packed fruit have shown
a lower SSC at 14 and 28 days of storage (p ≤ 0.05), compared to control fruit.

Titratable acidity (TA) decreased in all treatments during storage. However, this
reduction was more intense in unpacked fruit, differing from other treatments at 28 and
42 days of storage (p ≤ 0.05) (Figure 2c). ‘Tommy Atkins’ mangoes were harvested with
1.29 g of citric acid/100 g, which decreased to 0.20 and 0.38 g of citric acid/100 g after
42 days of storage in unpacked and packed fruit, respectively.

The SSC/TA ratio increased in all treatments, but in unpacked fruit, the increase was
1126% over storage, while packed mangoes showed a statistically lower (p ≤ 0.05) increase
of 546%, 489%, and 492%, for fruit in CS, CS-GO and PE packaging, respectively (Figure 2d).

3.3. Beta-Carotene, Ascorbic Acid, Total Phenolic Compounds and Yellow Flavonoids

The interaction between storage time and packaging significantly (p ≤ 0.05) influ-
enced the β-carotene content in mangoes. Fruit showed an average β-carotene content
of 0.23 mg/100 g at harvest, with an increase with storage time, regardless of packaging
condition. However, unpacked fruit had statistically higher (p ≤ 0.05) β-carotene content
than those found in packed fruit at 28 and 42 days of storage. The highest mean β-carotene
content was found in the control treatment at the 42nd day (115.12 mg/100 g) (Figure 3a).
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Figure 3. Effect of packaging conditions on β-carotene (a), ascorbic acid (AsA) (b,c), total phenolic
compounds (TPC) (d) and yellow flavonoids (YF) (e) content and total antioxidant activity (AOX)
via ABTS•+ (f) and DPPH• (g) radical capture methods of ‘Tommy Atkins’ mangoes stored at 12 ◦C
for 42 days. The values followed by different letters, in each storage day, are statistically different
(p ≤ 0.05) according to the LSD test. ns indicates non-significant differences between packaging
conditions (p > 0.05). Vertical bars represent the mean ± standard deviation of three replications per
treatment (n = 3).

Packaging treatment and storage time significantly (p ≤ 0.05) affected the ascorbic
acid (AsA) content in ‘Tommy Atkins’ mangoes, while the interaction between both was
nonsignificant (p > 0.05). Mangoes showed, at the point of harvest, an average AsA content
of 22.6 mg/100 g, which decreased over storage until averaging 16.5 mg/100 g at 42 days
of storage (Figure 3b). The mean AsA content in packed fruit was 20.2 mg/100 g, which
was 11% higher (p ≤ 0.05) than that found in unpacked fruit (18.2 mg/100 g) (Figure 3c).

The total phenolic compound (TPC) content in mangoes was significantly (p ≤ 0.05)
influenced by storage time and packaging conditions and by the interaction between them.
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At harvest, mangoes had a mean TPC content of 76.88 mg GAE/100 g FW, which decreased
in all the samples during storage as a natural effect of fruit ripening. However, from 28 days
onwards, packed fruit had significantly higher (p ≤ 0.05) TPC content than unpacked ones
(Figure 3d).

Yellow flavonoid (YF) content was influenced by storage time and packaging condi-
tions, as well as by the interaction between both (p ≤ 0.05). YF content in mangoes was
2.12 mg/100 g at the time of harvest, decreasing over storage, more markedly in control.
At the end of the storage period, packed fruit averaged 1.24 mg/100 g for YF content, while
unpacked fruit showed a 27% lower (p ≤ 0.05) content (0.90 mg/100 g) (Figure 3e).

3.4. Antioxidant Activity

Antioxidant activity (AOX) of ‘Tommy Atkins’ mangoes showed a significant effect
(p ≤ 0.05) due to storage time and packaging conditions, as well as the interaction between
them, which was observed in both the ABTS•+ and DPPH• methods. A decrease was
detected in fruit AOX in both ABTS•+ (Figure 3f) and DPPH• (Figure 3g) methods during
storage. However, a higher (p ≤ 0.05) antioxidant activity was observed in packed fruit,
compared to control fruit, which was reported from 28 days onwards in both methods
(Figure 3f,g).

The correlation between ABTS•+ and DPPH• values was significantly strong and
negative (−0.970) (Figure 4). The ABTS•+ radical-scavenging activity is equivalent to
that of Trolox; therefore, higher µM values of Trolox/g correspond to higher antioxidant
activities. On the other hand, DPPH• value is measured as the extract concentration
required to reduce the initial concentration of the free radical by 50%, so lower values of
mg/mL correspond to higher AOX.
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The contents of AsA (r = 0.910), TPC (r = 0.970) and YF (r = 0.947) had strong significant
and positive (p≤ 0.05) correlations with the AOX, according to the ABTS•+ assay. Similarly,
these compounds also showed strong significant (p≤ 0.05) correlations with the antioxidant
activity measured with the DPPH• method. Coefficients of correlation between DPPH•
and the contents of AsA, TPC and YF were −0.892, −0.978 and −0.926, respectively.

In contrast, β-carotene content showed significant opposite correlations with both
methods of antioxidant activity analyses, being negative with ABTS•+ (−0.915) and positive
with DPPH• (0.951) (Figure 4).

3.5. Principal Component Analysis

The data variability was explained in 92.02% by the first two principal components
(PCs). PC1 was responsible for 88.00% of the total variance in the dataset and was positively
correlated with the SSC, respiration rate, mass loss, SSC/TA ratio, β-carotene and DPPH•.
In contrast, the external appearance, skin and pulp hue, TA, pulp firmness, AsA, YF, TPC
and ABTS•+ were negatively correlated with PC1 (Figure 5).
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Figure 5. Principal component analysis plot of data from different quality attributes, bioactive
compounds and antioxidant properties of ‘Tommy Atkins’ mangoes stored at 12 ◦C for 42 days.

The negative axes of PC1 were highly correlated with mangoes at harvest (0 day) and
unpacked mangoes at 14 days of storage, which presented quality parameters typical of
unripe fruit. Conversely, the positive axis of PC1 had a strong correlation with control fruit
at 28 days and fruit of all treatments at 42 days, which indicates fruit of a more advanced
ripening stage (Figure 5).

4. Discussion

‘Tommy Atkins’ is one of the mango varieties most valued by mango-exporting
countries, due to its longer shelf life and ability to withstand long transportation compared
to other varieties [1,6]. Even so, ‘Tommy Atkins’ mangoes require adoption of postharvest
technologies to enable the export of high-quality fruit to the final destination, whose
transport can take more than 30 days. The ideal storage temperature for ‘Tommy Atkins’
mangoes ranges from 10 to 13 ◦C, in order to reduce fruit metabolism and conserve
fruit quality without lead to chilling injury [12]. However, due to the high perishability
of mangos, other technologies are required in addition to cold storage to increase fruit
postharvest life.

In our study, the adoption of a passive modified atmosphere (MA) through the use of
biodegradable packaging was tested as an eco-friendly technology for mango export. In
passive MAs, the packaging acts as a barrier against gas exchanges and moisture loss from
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the fruit to the environment [11], where the desired in-pack gas levels (low O2 and high
CO2) are established naturally from the process of fruit respiration. The effectiveness of MA
in preservation of fruit quality depends on factors related to fruit (species, variety, maturity
stage and mass), packaging material (thickness and permeability to moisture, O2 and CO2)
and storage conditions (temperature and moisture). In addition, the exposure of fruit to
low oxygen concentrations increases the risk of stress-related physiological disorders that
reduce fruit quality and acceptance by consumers [32].

CS has been extensively used in the creation of MA conditions for fruit conservation
because its film-forming properties, which reduces gas exchanges between the fruit and
the atmosphere [17,18]. However, CS has a significant water affinity, which can result
in the weakening of the mechanical properties of materials based on this polymer [16].
According to our results, the incorporation of GO reduced the water vapor transmission
rate (WVTR) of CS-based films. The WVTR represents the ability of a film to block the
passage of water across its surface. This property is influenced by environmental factors
such as temperature and relative humidity, film structure, including its thickness and area,
difference in pressure and concentration gradient across the film [19]. Low WVTR values
are favorable for the development of eco-friendly coatings or films to enhance the shelf
life of food products, including fresh fruit [24]. Molecules of GO tend to fill the structural
gaps when incorporated in the CS polymeric chain [33]. According to Ahmed et al. [21],
the decrease in the diffusion of water vapor through the film is related to the creation of a
tortuous path, due to the excellent dispersion of GO in the polymeric matrix.

The mechanical properties (tensile strength and Young’s modulus) of the CS packaging
were improved by the addition of GO, confirming the previous results of Paiva et al. [22]. The
mechanical properties represent the resistance of the packaging to breakage and consequently
reflect their potential to protect food from contact with the external environment [19]. For
fresh fruit and vegetables, packaging is an important means of reducing gas exchanges with
the external environment, thus reducing fruit respiration and metabolism and extending their
shelf life. In this context, the CS-based biodegradable packaging is more suitable for use
throughout refrigerated transportation, as a way to preserve the quality of the mangoes until
they arrive to their final destination than for the transport of the fruit by the consumer. In
this case, the biodegradable packaging does not require mechanical strength equivalent to
commercial PE-based packaging for transport use [22].

Unpacked mangoes showed higher respiration rates than packed ones throughout
the storage period. This result is in accordance with previous studies that also observed
an effect of CS on reducing mango respiratory metabolism [34–36]. The decrease of fruit
respiration rate is attributed to the gas barrier properties of the polymers, CS and PE, which
reduce the availability of oxygen and concentrate the carbon dioxide surrounding the fruit,
suppressing fruit metabolism.

Mass loss of mangoes was reduced via packaging treatments, especially PE-based
packaging, which reduced the mass loss of fruit by 6.5-fold compared to the control at
the end of storage. The positive effect of MA conditions on preventing mass loss has also
been reported in mangoes coated with CS [8,37] or packed in plastic film [38]. The mass
loss is related to fruit respiration and transpiration and results in quality losses that affect
consumer acceptance. Packaging acts as a barrier with a protective function for the mango’s
surface, blocking the movement of moisture and solutes and improving mass retention [35].

Color is an important quality parameter for mango consumers, directly influencing
their acceptance. ‘Tommy Atkins’ mangoes are characterized by a dark-red, blush skin
color that covers much of the fruit’s surface, with green and orange-yellow accents [23].
Mango ripening is accompanied by color changes from green to yellow-orange in the skin
as a result of chlorophyll degradation concomitant with the accumulation of carotenoids in
the mesocarp tissue [39]. However, the skin color may not have a good relationship with
the internal quality of the fruit in some mango varieties [40]. In this context, pulp color
changes are uniform during fruit ripening, so it is considered an adequate maturity index
for mangoes [41]. Skin and pulp hue angles decreased as the duration of storage increased,
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which confirms color changes typical of mango ripening. In both fruit tissues, bagged fruit
had higher hue values than control fruit, representing a delay in fruit ripening as a result of
MA conditions. A previous study with lettuce revealed that MA regulated the expression
of pheophorbide a oxygenase, a key enzyme in the chlorophyll degradation pathway [42].

The packaging reduced fruit softening, in agreement with Oliveira et al. [8], who
reported the retention of firmness in chitosan-coated ‘Tommy Atkins’ mangoes compared
to uncoated ones. Fruit softening is related to the solubilization of pectic substances,
starch hydrolysis and transpiration [37]. Excessive softening is the major undesirable
change that influences the marketability of mango [9]. Alterations in gaseous composition
inside the packaging promoted by MA tends to reduce the activity of cell-wall-degrading
enzymes [13], delaying the loss of firmness in packed mangoes.

Mango ripening is accompanied by the hydrolyzation of starch into simple sugars
(glucose, fructose and sucrose), which increases fruit SSC and sweetness perception. Con-
comitantly, organic acids are used as respiratory substrates, decreasing fruit acidity [13].
The delay in these biochemical changes in packed fruit in relation to unpacked ones could
be related to the reduced available oxygen for fruit upon MA conditions, which reduces
fruit respiration [37].

β-carotene is a pro-vitamin A lipophilic molecule with important biological functions
related to antioxidant activity, providing protection to human organism against cancer, car-
diovascular diseases and diabetes by scavenging the oxygen free radicals [43]. As the major
carotenoid in the pulp of ‘Tommy Atkins’ mangoes [44], β-carotene was quantified in our
study to determine changes in fruit ripening. β-carotene content increased in all samples
throughout the storage period, with a higher content in unpacked fruit. These results cor-
roborate those presented in the literature, where mangoes stored under MA accumulated
significantly less carotenoids over storage [45]. The changes in fruit metabolism promoted by
packaging include the inhibition of ethylene synthesis, which in turn stimulates carotenoid
biosynthesis by enhancing the transcription of phytoene synthase [46].

AsA (or vitamin C) is a natural water-soluble vitamin that acts as a potent antioxidant
and free-radical scavenger [47]. AsA is the most abundant antioxidant compound in
all plant tissues, and has a key role in crucial reactions throughout plant development,
including its action as a promoter of enhanced pectin solubilization and depolymerization
of polysaccharides during the ripening of climacteric fruit [48]. In our study, AsA content
decreased in ‘Tommy Atkins’ mangoes during cold storage, as a result of the increased
enzymatic degradation by ascorbic acid oxidase, which catalyzes the oxidation reaction of
L-ascorbic acid to dehydroascorbic acid (DHA) [49].

Conditions of low oxygen availability promoted by packaging tend to delay the en-
zyme activity and oxidation reactions of AsA, conserving its content longer in packed fruit.
Similar results were found in mangoes in MA conditions through the use of coatings based
on guar-Spirulina platensis-Aloe vera extract [50], alginate [51] and CS-zein-cinnamaldehyde
nano-cellulose [35]. The retention of AsA in mangoes after harvest is strictly related to high
fruit quality, considering the high antioxidant and free-radical scavenging properties of
AsA and its action as fruit preserver, through the inhibition of polyphenol oxidase activity,
which oxidizes diphenols to quinones and leads to browning after wounding. AsA also acts
as a promoter of enhanced pectin solubilization and depolymerization of polysaccharides
during the ripening of climacteric fruit [52].

Phenolic compounds are a group of phytochemicals widely distributed in plants, well
known for their beneficial biological effects, including the scavenging and neutralizing
of reactive oxygen species, which are partially responsible for the incidence of chronic
diseases [1,2]. Phenolic compounds also contribute to important organoleptic properties of
fruits and vegetables, such as astringency, color, bitterness and flavor [50]. TPC content
decreased throughout storage, as a natural effect of fruit ripening, so the preservation of
these compounds is important in order to avoid a loss of fruit quality. By limiting the
gas exchange between mangoes and the external environment, the packaging decreased
polyphenol oxidase activity, which occurs in the presence of molecular oxygen and is
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responsible for undesirable enzymatic browning reactions and losses of nutraceutical value
in fruit. The preservation of TPC in mangoes under MA was also observed in market
conditions (>20 ◦C) up to four weeks in studies on fruit packed with polypropylene [50]
and coated with guar-Spirulina platensis-Aloe vera extract [53].

Flavonoids are the major class of phenolic compounds, with the same biological functions,
including antioxidant, antiviral, antifungal, anti-angiogenic, anti-tumorigenic, antidiabetic,
and immunomodulatory bioproperties [54]. YF content decreased with the progression of the
storage period, but with lower significant losses of these compounds in packaged mangoes.
‘Banganapalli’ and ‘Totapuri’ mangoes also exhibited higher flavonoid content when stored in
a polypropylene-based packaging [55]. A similar effect was observed in ‘Mahali’ mangoes
by Rastegar et al. [51], who applied an alginate-based coating and observed a 1.7-fold higher
flavonoid content in coated fruit compared with the control fruit.

AOX represents the ability of phytochemicals to scavenge free radicals and inhibit
oxidation, thus providing benefits to the immune system [29]. The AOX was measured by
the capture of ABTS•+ and DPPH• radicals from the pulp of ‘Tommy Atkins’ mangoes. In
both methods, AOX decreased in all samples during storage, more markedly in unpacked
mangoes. The preservation of the AOX of packed mangoes is a consequence of the delay in
fruit ripening and the lower degradation of bioactive compounds during storage. Previous
studies have also reported beneficial effects of MA in maintaining the antioxidant activity
of mangoes during storage [45,50,51,53].

A principal component analyses (PCA) was carid out in order to summarize the data
obtained from all quality parameters, bioactive compounds and AOX, evaluated on ‘Tommy
Atkins’ mangoes, with the aim of assessing the effects of different packaging conditions
and 42 days of storage at 12 ◦C on the quality of the fruit. The results demonstrate the delay
in fruit ripening and the preservation of bioactive compounds provided by the packaging
of ‘Tommy Atkins’ mangoes.

The postharvest quality of packed fruit was extended by at least 14 days compared to
unpacked fruit stored under the same conditions. Moreover, due to the health-protective
effects of mangoes which are of high interest in mangoes, postharvest treatments such as
packaging stand out as an easy and effective method of preserving the phenolic compounds
and antioxidant activity of the fruit, with the advantage that the CS-based packaging is
eco-friendly and biodegradable.

5. Conclusions

The incorporation of GO improved the water-barrier and mechanical properties of CS
packaging. The incorporation of all the types of packaging delayed the ripening of ‘Tommy
Atkins’ mangoes by reducing their respiration rate, mass loss and softening, slowing
changes in color, SSC, TA and beta-carotene and preserving the appearance of the fruit. The
packaging also demonstrated a positive effect on preserving the bioactive compounds in
the mangoes. The postharvest quality of the packed fruit was extended by at least 14 days
compared to unpacked ones stored in the same conditions, with the advantage that the CS
packaging is eco-friendly and biodegradable.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/horticulturae9101145/s1, Table S1: F-values of analysis of variance
for quality attributes of ‘Tommy Atkins’ mangoes stored in different packaging conditions for 42 days
at 12 ◦C. One, two and three asterisks represent F-values at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001,
respectively, while ns represents non-significant F-value; Table S2: F-values of analysis of variance
for bioactive compounds and antioxidant activity of ‘Tommy At-kins’ mangoes stored in different
packaging conditions for 42 days at 12 ◦C. One, two and three asterisks represent F-values at p ≤ 0.05,
p≤ 0.01 and p≤ 0.001, respectively, while ns represents non-significant F-value; Table S3: Eigenvalues
and variances of the principal components that represent 15 variables evaluated in ‘Tommy Atkins’
mangoes stored in different packaging conditions for 42 days at 12 ◦C; Table S4: Loadings in principal
components 1 and 2 for 15 variables evaluated in ‘Tommy Atkins’ mangoes stored in different
packaging conditions for 42 days at 12 ◦C.

https://www.mdpi.com/article/10.3390/horticulturae9101145/s1
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