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Abstract

This study investigates the potential of bamboo-based sustainable packaging in combina-
tion with passive modified atmosphere (MA) and cold storage to enhance the shelf life of
strawberries while preserving their physico-chemical properties, bioactive compounds, and
antioxidant enzyme activity. The study monitored key parameters such as fruit weight loss,
firmness, color, and the content of bioactive compounds as well as phenolics and flavonoids.
Additionally, antioxidant enzyme activity, including catalase, ascorbate peroxidase, and super-
oxide dismutase, was assessed to evaluate oxidative stress during 9 days at 4 °C. The results
show that strawberries packaged with bamboo materials in a passive MA retained their
physico-chemical traits, exhibiting slower changes in firmness, color, and bioactive compound
content compared to those in unpackaged samples. Furthermore, the antioxidant enzyme
activity remained significantly higher, suggesting a lower oxidative stress in packaged fruit.
This combination of bamboo-based packaging with passive MA is a valid, effective, and
sustainable approach to prolonging the qualitative traits of strawberries during cold storage,
offering both environmental and nutritional benefits.

Keywords: bamboo-based packaging; sustainability; shelf life; strawberry; qualitative traits

1. Introduction

The strawberry is a widely cultivated berry in different countries around the world
with global production at 8.9 million tons, led by China with 38% of the total [1]. The fruit
is consumed due to its flavor, aroma, delicious taste, and nutritional value, being rich in
sugars, organic acids, vitamins, and mineral elements. Furthermore, this red berry is a
dietary source of bioactive compounds such as polyphenols, flavonoids, and anthocyanins
with health-promoting effects and represents an important component of human diets [2-5].
In addition, fresh strawberries can be consumed in their processed forms such as wine,
strawberry juice, jellies, canned fruit, and jam [6].

The strawberry is a non-climacteric fruit, but its high water content, softening, and
respiration rate cause postharvest losses and waste throughout the supply chain due to
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physical injuries, fungal spoilage, and off-flavor development, which can be more than
30% before reaching consumer tables [4,7].

The important attributes for fruit selection, such as freshness, firmness, size, color,
and flavor, act as promoters of purchase and consumption intentions [8]. Furthermore,
several studies have demonstrated that other factors as well as price, availability, packaging,
convenience, and brand affect consumer food choices [9,10].

An important support for the delivery of highly perishable fruit is the cold chain com-
bined with other postharvest strategies, which play positive roles in the preservation of food
from field to table [11]. Additionally, packaging makes it possible to improve transfer along
the supply chain to the consumer while ensuring fruit with a high-quality shelf life [12].
In recent years, some efforts have also been made to produce biodegradable packaging to
decrease the environmental burden of the material’s production and after-use disposal [13].

Converting agro-waste into sustainable packaging materials not only reduces its
environmental impact but also supports the circular economy [14].

Several studies have focused on developing plant-based biodegradable packaging
materials by utilizing natural waste to extract fibers, starch, and cellulose for the creation of
environmentally friendly packaging solutions [14,15].

Bamboo is a rapidly renewable resource with a 3—4 year growth cycle, making it
an attractive reinforcement for polymer composites. Its composition, primarily cellulose,
hemicellulose, and lignin, accounts for over 95% of its mass, along with minor components
like resins and waxes. Chemically similar to wood, bamboo contains higher levels of these
minor compounds. However, most current research focuses on composites reinforced with
short bamboo fibers; meanwhile, studies on the use of bamboo waste remain limited [16].

Regarding strawberry fruits, several studies on the development of environmentally
sustainable and consumer-friendly postharvest treatments, such as salicylic acid treatment
combined with blue light [6], chitosan-based coatings alone [17,18] or with the incorpo-
ration of functional compounds such as turmeric and green tea extracts [19], ascorbic
acid [20] and cellulose plus oregano essential oil [21], and composite film packaging [22],
have demonstrated that they can be used to maintain the fruit’s quality during cold storage,
minimizing the postharvest losses and extending the shelf-life of this fruit.

Modified atmosphere packaging (MAP) is a useful and cost-effective technology that
can avoid anaerobiosis activities and prolong the shelf life of several commodities [23].
Several aspects such as food respiration and transpiration rates, environmental conditions
(humidity and temperature), and package permeability influence the successful use of
MAP systems [24]. The gas concentration inside MAP can be due to the product’s phys-
iological traits and film permeability (passive) or the previous injection of pre-set gas
mixtures into the package (active) [25].

Several studies have demonstrated that modified atmosphere packaging (passive and
active MAP) represents a valuable strategy that can reduce the respiration rate, slow down
softening and color changes, maintain nutraceutical features, and extend the postharvest
quality of strawberry fruit [26-28].

Few studies have evaluated the effectiveness of modified atmosphere packaging
(MAP) combined with biodegradable trays for the preservation of whole or fresh-cut fruit.

The aim of this study was to assess the potential applications of bamboo-based sustain-
able packaging, combined with a passive modified atmosphere and cold storage, for the
extension of the shelf life of strawberry fruit. Notably, this work presents, for the first time,
the development and use of trays produced from bamboo processing waste, offering an
innovative approach to biodegradable packaging. The study investigated the effects of this
novel packaging system on the physico-chemical and nutraceutical properties of straw-
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berries throughout storage. Furthermore, the impact on the fruit’s antioxidant enzymatic
system and the extent of oxidative damage during storage were also analyzed.

2. Materials and Methods
2.1. Fruit Sample and Experimental Design

Strawberry fruits (cv. Melissa) were randomly harvested during the commercial
ripening stage and selected on the basis of the absence of physical defects and qualitative
decay.

The trays were produced from waste generated during the processing of bamboo stems,
which were dried, ground, and mixed with cellulose (23% w/w) and starch (2% w/w).

Afterward, the fruit were placed inside the trays made from bamboo waste
(30 x 10 x 3 cm) and wrapped in a semipermeable film (SP) (Cryovac, Elmwood Park,
NJ, USA) (polyolefines; 15 pm thickness; CO, transmission rate 41,000 cm® m—2 day_1 ;
O, transmission rate 10,000 cm® m 2 clay_1 at 23 °C and 0% RH; moisture transmission
vapor 25 g m~2 day ! at 38 °C and 100% RH) (B-PMA) (Figure S1). Control (CTRL) samples
were placed inside plastic containers (polyethylene terephthalate) without a semipermeable
film. Three biological replicates containing eight fruits were realized per sampling date
and stored for 9 days at 4 + 1 °C and a 95 £ 0.5% relative humidity. Every three days,
all analyses were performed in three technical replicates.

All reagents were analytical grade and purchased from Merck, Milan, Italy.

2.2. Physico-Chemical Traits

Fruit firmness was assessed with a digital penetrometer (TR-Turoni, Bologna, Italy)
using a 5 mm diameter probe, applying measurements on two opposite sides of ten fruits.
The results were recorded in Newtons (N). The total soluble solids (TSSs) and total acidity
(TA) were analyzed from the extracted juice. TSS was determined with a digital refractometer
(Sinergica Soluzioni, DBR35, Pescara, Italy), while TA was measured through acid-base
titration, following the methodology described by Petriccione et al. [14]. The values were
expressed in Brix for TSS and g of citric acid per liter of juice for TA, respectively. Fruit
color was analyzed with a Minolta colorimeter (CR5, Minolta Camera Co., Tokyo, Japan),
measuring chromaticity coordinates—L* (lightness), a* (green to red), and b* (blue to yellow)—
on two opposite sides of 15 fruits for each packaging condition. The hue angle (H*) was
derived from the a* and b* values, following the method reported by Adiletta et al. [29].

Weight loss was monitored at each sampling point and calculated as a percentage
relative to the initial fruit weight.

2.3. Bioactive Compounds

Strawberry samples (1:5 w/v) were extracted using an 80% (v/v) methanol solu-
tion, following the approach outlined by Adiletta et al. [30]. The supernatant, obtained
through centrifugation at 12,000x g for 15 min at 4 °C, was collected for further analy-
sis. The total phenolic content (TPC) in the strawberry extract was assessed using the
Folin—Ciocalteu method, as described by Singleton & Rossi [31]. The results are reported
as milligrams of gallic acid equivalents (GAEs) per 100 g of fresh weight (FW).

To determine the total monomeric anthocyanins (TACs) and total flavonoid content
(TFC), the pH differential method and the aluminum chloride colorimetric method were
applied, respectively, as described by Giusti & Wrolstad [32]. The findings are expressed
in terms of cyanidin-3-glucoside equivalents (CGEs) per 100 g of FW and milligrams of
catechin equivalents (CEs) per 100 g of FW.

The total antioxidant activity (AA) of the strawberry extracts was evaluated us-
ing the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, following the procedure detailed
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by Petriccione et al. [33]. The percentage reduction in DPPH concentration was recorded
after 15 min of incubation. The results are expressed as pumol Trolox equivalents (TEs)
per gram of FW, based on a standard curve.

2.4. Enzymatic Activity

Total soluble proteins were extracted from frozen fruit tissue powder in extraction
buffer (1:5 w/v) as described by Petriccione et al. [17]. The resulting supernatant was
used to determine the enzymatic activities of catalase, ascorbate peroxidase, and gua-
iacol peroxidase. The Bradford assay was used to assess the protein content in all sam-
ples [34]. Catalase (EC 1.11.1.6) (CAT) activity was evaluated according to Adiletta et al. [30].
The assay mixture (1.5 mL) contained potassium phosphate buffer 500 mM (pH 7.0),
H,O, 88 mM, and 400 uL of crude enzyme extract. The specific activity was expressed
as umol H,O, g’l fresh weight (FW). Superoxide dismutase (EC 1.15.1.1) (SOD) ac-
tivity was determined spectrophotometrically by measuring the inhibition of nitro
blue tetrazolium (NBT) photoreduction using riboflavin. The reaction mixture included
50 mM potassium phosphate buffer (pH7.8), 0.1 mM EDTA, 13 mM methionine, 75 mM NBT,
2 mM riboflavin, and 200 pL of crude enzyme extract. Samples were incubated at room
temperature under continuous light, and absorbance was read at 560 nm. One unit of SOD
activity corresponded to a 50% inhibition of NBT reduction. The results are expressed as
units per gram of fresh weight (FW) [35]. Ascorbate peroxidase (EC 1.11.1.11) (APX) activ-
ity was evaluated at 290 nm as suggested by Pasquariello et al. [35]. The reaction mixture
(1.5 mL final volume) contained potassium phosphate buffer 500 mM (pH 7.0), ascorbic
acid 5 mM, H,O, 88 mM, sodium EDTA 10 mM (pH 7.0), and 50 pL of crude enzyme
extract. The specific activity was expressed as pumol ascorbate g~! FW. Guaiacol peroxidase
(EC 1.11.1.7) (GPX) activity was assayed according to Pasquariello et al. [35]. The reaction
mixture contained potassium phosphate buffer 500 mM (pH 7.0), sodium-EDTA 10 mM
(pH 7.0), H,O, 88 mM, guaiacol 32 mM, and 350 puL of crude enzyme extract in a final volume
of 1.0 mL. The specific enzyme activity was expressed as pmol tetraguaiacol g~! FW.

2.5. Polyphenoloxidase and Lipoxygenase Activity and MDA Content

Polyphenoloxidase activity (PPO) was determined following the extraction and as-
say described by Pasquariello et al. [35] and the absorbance of the reaction mixture
was monitored at 398 nm. The specific activity is expressed as pmol catechol g=! FW.
Lipoxygenase (LOX) activity was quantified according to the method and the assay described
by Pasquariello et al. [35]. LOX activity was monitored at 234 nm and the results are expressed
as nmol hydroperoxides g~ FW.

The malondialdehyde (MDA) content was evaluated according to the extraction and
the assay as suggested by Pasquariello et al. [35] using three wavelengths (432, 532, and
600 nm) for spectrophotometric determination. The MDA content was calculated according
to Bao et al. [36] and is expressed as pmol 100 g_1 FW.

2.6. Statistical Analyses

All experimental data are reported as the mean + standard deviation. The significant
differences (p < 0.05) between packaged and unpackaged strawberry fruit, were evaluated
by one-way ANOVA and Tukey test for mean comparisons (p < 0.05). Principal component
analysis (PCA) was applied to simplify complex data by transforming it into a set of princi-
pal components that describe the relationship between the physico-chemical, nutraceutical,
and enzymatic traits. SPSS v. 20.0 software (IBM Corporation, Armonk, NY, USA) was
used to carry out the statistical analyses.
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3. Results
3.1. Effect of Packaging and MAP on Strawberry Physicochemical Features

The physico-chemical traits evaluated in the CTRL and B_PMA strawberry samples
during 9 d of cold storage are reported in Table 1. Weight loss showed a significant increase
throughout the storage period with significantly lower values in the B_PMA samples,
reaching at the 9th day a loss of 4.16% and 37.26% in the B_LPMA and CTRL strawberries,
respectively (Figure 1). The packaging system preserved the moisture and firmness of the
fruit compared to the unpackaged sample. A firmness and moisture reduction of 39.1%
and 19.3%, respectively, was recorded after 9 d of storage for the CTRL strawberries.

The TSS increased during storage in the CTRL samples, while no statistical differences
in sampling days in the B-PMA samples were registered. The TA content decreased during
storage in the CTRL samples, whereas it remained stable in the B-PMA strawberries.

The L* and hue angle in the CTRL strawberries showed a rapid decrease from
30.94 £ 2.33 to 24.00 £+ 1.24 and from 33.78 £ 0.29 to 26.09 £ 2.30 at the end of the
storage period, respectively. In contrast, the B-PMA strawberries retained their initial
colorimetric parameters.

40

WL (%)

0 1 2 3 4 5 6

Days of storage
—e—CTRL B-PMA
Figure 1. Weight loss (WL) (%) in packaged (B-PMA) and unpackaged (CTRL) strawberries after

9 days of cold storage at 4 °C. The data are expressed as mean =+ sd and different letters indicate
significant differences between samples (Tukey test; p < 0.05).
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Table 1. Physico-chemical traits (firmness (N), total soluble solids (TSS; © Brix), titratable acidity
(TA; g citric acid per juice liter), lightness (L*), and hue angle (H)) evaluated in the CTRL and B-PMA
strawberry samples during 9 d of cold storage. The data are expressed as mean =+ sd and values
followed by different letters in the same column are significantly different from each other (Tukey test;

p < 0.05).

Firmness TSS TA
Samples  Days 0 Tans (G Citric Acid L* H
(N) (° Brix) . X
per Juice Liter)

0 5.14 + 0.61 ¢ 7.03+£0.212 5.56 + 0.02 © 3094 +233¢ 3378 +£02949
CTRL 3 4.65 + 0.09 be 7.47 £0.152 4634+0.05° 2514+1.662° 30.19 £2.62bc
6 3.65 4+ 0.14 2P 8.10+0.20° 44540182 2612+ 1.642>  29.60 +2.07P
9 3.13+0.102 11.77 4+ 0.20¢ 436 +0.052 2400+ 1242  26.09+2302
0 5.14+0.61¢ 7.03+0212 5.56 £ 0.02°¢ 30.94 +2.33 33.78 4 0.29 ¢
BPMA 3 524 +0.39¢ 7.07 £0.112 554 +0.02°¢ 31534+ 150¢ 3396+ 19749
6 5.56 + 0.53 ¢ 7.10 £0.10 2 5.60 + 0.04 ¢ 30.73 +£227¢ 3218 + 1.99 bed
9 533 +1.11¢ 713 +0.152 551 +£0.13°¢  2856+236P 3319 +1.92¢

3.2. Influence of Packaging and MAP on Strawberry Bioactive Compounds

Bioactive compounds such as polyphenols, flavonoids, and anthocyanins, and antioxi-
dant activity were measured in the strawberries to evaluate the influence of the packaging
conditions. The current results reveal that bamboo-based sustainable packaging combined
with MAP significantly increased polyphenol (Figure 2A), flavonoid (Figure 2B), and antho-
cyanin (Figure 2C) content in the strawberries during storage. The bioactive compounds
of the strawberries were strongly affected by the packaging systems and storage time.
An increment in polyphenol and flavonoid content was found until 6 d of storage followed
by a slight decrease at the end of the experiment. Comparing both storage conditions,
B-PMA showed a higher content of these bioactive compounds for all storage durations
(Figure 2A,B). No significant differences in anthocyanin content were observed in the
B-PMA samples, whereas a significant decrease in the CTRL samples was registered from
the first to the last day of storage (Figure 2C). Antioxidant activity displayed a similar
behavior to polyphenol content; after 9 days of storage, the antioxidant activity of the
CTRL strawberries was the lowest (2.86), compared to B-PMA (p < 0.05) (Figure 2D).
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Figure 2. Total phenol content (TPC) ((A), mg GAE 100 g‘1 FW), total flavonoid content (TFC) ((B),
mg CE 100 g*1 FW), total anthocyanins content (TAC) ((C), mg C3G 100 g*1 FW), antioxidant activity
(AA) (D), umol TE/g FW) in packaged (B-PMA) and unpackaged (CTRL) strawberries after 9 days
of cold storage at 4 °C. The data are expressed as mean =+ sd and different letters indicate significant
differences between samples (Tukey test; p < 0.05).

3.3. Influence of Packaging and MAP on Antioxidant Enzymes and Membrane Damage

The activities of antioxidant enzymes, such as superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX), evaluated during storage in packaged and unpack-
aged strawberries, are shown in Table 2. SOD activity in both storage conditions showed an
upward trend, with higher activity in the B-PMA fruit compared with the CTRL samples
at each sampling (Table 2). CAT activity significantly decreased during storage, while an
opposite trend in APX activity was observed. The B-PMA samples displayed higher CAT and
APX activity with respect to the CTRL samples during the 9 days of cold storage (Table 2).

Table 2. Superoxide dismutase (SOD; U g*1 FW), catalase (CAT; pmol g*1 FW), and ascorbate
peroxidase (APX; pmol g_1 FW) in packaged (B-PMA) and unpackaged (CTRL) strawberries after
9 days of cold storage at 4 °C. The data are expressed as mean =+ sd and values followed by different
letters in the same column are significantly different from each other (Tukey test; p < 0.05).

Samples Days SOD CAT APX
0 0.45 +0.012 2.61 +0.06°¢ 0.18 +0.012
CTRL 3 0.46 +0.022 1.80 + 0.07 © 022 4+ 0.012
6 0.57 +£0.01P 153 +0.04" 0.23 +£0.012
9 0.66 + 0.02 ¢ 1.14 +0.102 0.25 +0.022
0 0.45 +0.012 2.61 +0.06¢ 0.18 +0.012
BPMA 3 0.56 + 0.02b 247 +0.07¢ 0.24 +0.022
6 0.66 + 0.02°¢ 223 +0.044 0.34 +0.02°
9 0.72 +0.014 2.06 +0.07 4 0.48 +0.01°¢

In this study we observed a gradual increase in enzymatic browning and membrane
damage until day 9 of cold storage. The packaging condition inhibited the increase in
PPO and GPX activity compared to the CTRL samples, which showed an upward trend
throughout cold storage (Figure 3).



Processes 2025, 13, 2262 8 of 16

12 A
d
10 ¢
£ s ¢
=
=]
3
£ 6 b
g a a a a
o
-9
o4
2
0
0 3 6 9
0.7 B

0.6
0.5

0.4

d
c c
b b
03 a
a a

0.2

0

0 3 6 9

Days of storage

GPX (nmol g FW)

= B-PMA u CTRL

Figure 3. Polyphenol oxidase (PPO) ((A), nmol g*1 FW) and guaiacol peroxidase (GPX) ((B),
nmol g~! FW) activity in packaged (B-PMA) and unpackaged (CTRL) strawberries after 9 days
of cold storage at 4 °C. The data are expressed as mean + sd and different letters indicate significant
differences between samples (Tukey test; p < 0.05).

Bamboo-based sustainable packaging combined with MAP significantly reduced
membrane damage in strawberry fruit with a lower LOX activity (26.6%) and MDA content
(35.8%) than in the CTRL samples at the end of storage (Figure 4A,B).
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Figure 4. Lipoxygenase activity (LOX) ((A), nmol g*1 FW) and malondialdehyde content (MDA) ((B),
nmol g~! FW) in packaged (B-PMA) and unpackaged (CTRL) strawberries after 9 days of cold storage
at 4 °C. The data are expressed as mean =+ sd and different letters indicate significant differences
between samples (Tukey test; p < 0.05).

3.4. Principal Component Analysis

All datasets obtained in this study underwent multivariate analysis to evaluate the
effectiveness of the packaging conditions combined with MAP compared to unpacked
samples of strawberries during 9 d of cold storage. PCA explained 81.99% of the total
variance in the first two PCs (PC1 56.58% and PC2 25.41%). PC1 was positively correlated
with L* (R? = 0.751), hue angle (R? = 0.778), firmness (R? = 0.903), CAT (R? = 0.980),
anthocyanin (R? = 0.868), and antioxidant activity (R? = 0.798), TA (R? = 0.902), while it was
negatively correlated with TSS (R? = —0.896), GPX (R? = —0.928), PPO (R? = —0.974), LOX
(R? = —0.885), and MDA (R? = —0.987). PC2 was positively correlated with weight loss
(R? = 0.866), SOD (R? = 0.884), APX (R? = 0.934), POL (R? = 0.903), and FLAV (R? = 0.851).
PCA showed significant variation in strawberries with different packaging systems. B-MPA
induced significant differences during cold storage compared to the control samples in
terms of physico-chemical, nutraceutical, and enzymatic traits (Figure 5). The packaged
samples were characterized by different features with a shift along positive PC2 compared
to the unpackaged ones, which showed a shift along negative PC1 during cold storage,
highlighting the different effects on strawberries of the packaging conditions and the
storage times.
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Figure 5. Principal component analysis of physico-chemical, qualitative, and enzymatic traits in
packaged samples (B-PMA) and unpackaged (CTRL) strawberries after 0 (T0), 3 (3), 6 (6), and 9 (9) days
of cold storage at 4 °C £ 0.5. Abbreviations: total soluble solids (TSSs), titratable acidity (TA); firmness (F),
lightness (L), hue angle (H), weight loss (WL), total phenols (POLs); flavonoids (FLAVs); anthocyanin
(ANT); antioxidant activity (AOX); superoxide dismutase (SOD); catalase (CAT); ascorbate peroxidase
(APX); guaiacol peroxidase (GPX); polyphenoloxidase (PPO); malondialdehyde (MDA).

4. Discussion

Strawberries, with their delicate texture and vibrant flavor, are highly perishable fruits
that require effective preservation technologies to maintain their quality from harvest to
consumption [37,38]. Various innovative technologies have been developed to extend the
shelf life, enhance the freshness, and preserve the nutritional attributes of strawberries [39].
Several studies have demonstrated that MAP involves modifying the composition of the
air surrounding the strawberries to slow down the ripening process and inhibit microbial
growth [26,40]. Packaging with controlled levels of oxygen and carbon dioxide helps
maintain fruit color, firmness, and flavor in this fruit [39,41]. Passive MAP operates on the
principle of gas permeability and selective barrier properties inherent in the packaging
materials. These materials allow for a controlled exchange of gases between the internal
and external environments, creating a modified atmosphere within the package [42].

The bamboo-based sustainable packaging combined with a passive modified atmo-
sphere and cold storage as tested in this study made it possible to delay senescence and
minimize physiological changes, offering a powerful tool in efforts to reduce food waste
and meet consumer expectations for high-quality strawberries. In our study this method,
which regulates the gaseous environment around the fruits, plays a pivotal role in min-
imizing weight loss and extending the shelf life of strawberries. Weight loss in stored
strawberries is primarily attributed to the fruit’s thin pellicle, which makes them more
susceptible to rapid transpiration and respiration processes [40]. One of the key objectives
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of MAP is to reduce the levels of oxygen around the fruits, slowing down respiration and
the associated weight loss [43].

These findings are consistent with those reported by Korte et al. [44], who evaluated
various bio-based and conventional packaging trays for their impact on quality loss in fresh
cherry tomatoes. Their study highlighted that both the material and structural design of the
packaging can significantly influence weight loss by regulating internal relative humidity.

Furthermore, various equilibrium-modified atmosphere packaging (EMAP) systems
(cellulose trays with a cellulose film, polylactic acid (PLA) trays and film, and polyethylene
terephthalate trays (PET) with a film of polypropylene (PP)) were effective at reducing
weight loss in gooseberry fruit during storage [45].

Our results agreed with previous findings obtained by Afifi et al. [26], which high-
lighted that the MAP-based packaging of strawberries retained their weight compared to
unpackaged samples, with a prominent reduction in weight loss. Lei et al. [46] observed a
decrease in firmness in strawberries stored both in modified atmosphere packaging systems
and without packaging. In our study, the weight loss was below the limit of marketability,
which for soft fruit is 6% of the initial value of fresh weight, as reported by Paulsen et al. [41],
underscoring the effectiveness of the packaging system in terms of mitigating weight loss
during storage.

Consumer acceptance of fruit is often influenced by a combination of sensory at-
tributes, including TSS and TA. These two parameters play significant roles in shaping the
flavor profile of strawberries, and their balance is crucial for achieving a desirable taste
that resonates with consumer preferences and gives the fruit its commercial value [38].
Total soluble solids (TSSs) refers to the sum of all sugars, organic acids, and other dissolved
compounds in a solution that contribute to the taste and sensory attributes of the straw-
berry [47]. In our study, the smallest changes to TSS content were observed under passive
MAP conditions, as reported by Pasha et al. [47].

The titratable acidity of fruits, a key parameter indicating the presence of organic acids,
plays a crucial role in determining their flavor, freshness, and overall quality [41]. When in-
tegrated with MAPD, a preservation technique that alters the gaseous environment around
fruits, the management of titratable acidity becomes pivotal for maintaining optimal taste
and extending shelf life. In our study the TA value of the modified atmosphere decreased
significantly less than that of the control samples during cold storage, due to a slowdown in
the respiration rate of the strawberries, as suggested by Paulsen et al. [41] and Pasha et al. [47].

Our results align with those of Baratter et al. [48], who reported a gradual decline
in titratable acidity during strawberry storage, with higher acidity levels preserved in
fruit stored in cassava starch-based biodegradable trays. This suggests that the packag-
ing material may play a significant role in slowing metabolic changes associated with
fruit senescence.

Firmness loss in fruits is often associated with increased respiration rates and ethylene
production. MAP allows for the regulation of oxygen and carbon dioxide levels, slowing
down respiration and mitigating the impact of ethylene on fruit softening [39]. Preserving
fruit firmness is not only a technical consideration but also directly impacts consumer satis-
faction. Firmness was negatively correlated with weight loss as reported by Pasha et al. [47],
due to an increase in water transpiration. In addition, fruit softening is also caused by
the degradation of cell wall polysaccharides during storage [11]. In this study firmness
showed higher values in MAP-packaged strawberries than in the control samples, as has
been reported in other studies [41,47], probably due to the packaged samples exhibiting
the lowest weight loss under a modified atmosphere.

Firmness declined during storage, as also observed by Dladla et al. [49] in tomatoes
stored in different packaging materials, including expandable polystyrene (EPS) and paper
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trays covered with polyvinyl chloride (PVC) and flow wrap. They suggested that the type
of packaging significantly influences texture changes over time.

The color of strawberries is a key quality attribute that reflects both ripeness and
consumer appeal. BMAP effectively preserved the color of the strawberries throughout
the storage period. These results are in agreement with Garavito et al. [45], who reported
slower color changes in cape gooseberry fruits stored in different biodegradable equilibrium
modified atmosphere packaging systems.

Strawberries are renowned not only for their sweet taste but also for their remark-
able antioxidant activity [50]. Total phenolics, anthocyanins, and flavonoids are essential
components of the plant’s non-enzymatic antioxidant system, playing a crucial role in neu-
tralizing free radicals as antioxidant molecules. [46]. Our findings on the trend in bioactive
compound content are consistent with those of Lei et al. [46] in active equilibrium modi-
fied atmosphere-packaged strawberries. This significant increase in bioactive compound
content may be attributed to the reduced oxidative stress due to MAP preservation [51].
Anthocyanin content was significantly higher in the B-MAP samples, which is consistent
with findings by Esmaeili et al. [52], who demonstrated similar results in strawberries pack-
aged under modified atmosphere conditions using an Aloe vera-based coating and stored
for 15 d at 4 °C. In this study, antioxidant activity followed a similar trend to polyphenol
content, showing significant improvement in the B-MAP samples during cold storage.
Antioxidant activity is closely linked to bioactive compound content and declined with
changes in strawberry weight and quality [17,51].

MAP can influence the activity of antioxidant enzymes, which play a crucial role
in protecting cells from oxidative stress. By altering oxygen and carbon dioxide levels,
this technique can help preserve food quality, delay spoilage, and maintain enzymatic
functionality [53,54]. Several antioxidant enzymes work synergistically to neutralize re-
active oxygen species (ROS) and preserve cellular integrity in strawberry fruit. SOD is a
pivotal enzyme that catalyzes the dismutation of superoxide radicals (O, ™) into molecu-
lar oxygen (O7) and hydrogen peroxide (H,O;), playing a crucial role in the first line of
defense against oxidative stress in strawberries by eliminating superoxide radicals [55].
Catalase is responsible for breaking down hydrogen peroxide (H;O;) into water (H,O) and
molecular oxygen (Oy), preventing the accumulation of HyO;, which can be harmful to
cellular structures. APX is involved in the ascorbate—glutathione cycle, wherein it reduces
hydrogen peroxide using ascorbate as the electron donor. This enzyme contributes to
the detoxification of ROS, particularly within the chloroplasts and cytosol of strawberry
cells [17]. MAP treatment efficiently maintained higher SOD, CAT, and APX activities,
which play a crucial role in mitigating oxidative stress in strawberry fruits. Other studies
have demonstrated that SOD, CAT, and APX activities were significantly higher in fruits
stored under MAP conditions [30,56]

GPX utilizes reduced glutathione (GSH) to reduce hydrogen peroxide and lipid hy-
droperoxides, playing a key role in maintaining cellular redox balance in strawberries.
Though not a direct antioxidant enzyme, PPO contributes to browning by oxidizing phe-
nolic compounds, while POD catalyzes substrate oxidation using hydrogen peroxide [54].
In our study, GPX and PPO activities were significantly higher in the controls compared
to MAP-stored strawberries, which is consistent with findings in litchi fruit as reported
by Ali et al. [56]. The lower GPX and PPO enzyme activities may be attributed to the high
CO; concentration within MAP films, which suppresses enzyme activity [57].

A lower level of LOX and MDA in MAP-stored samples displayed the main-
tenance of membrane integrity as demonstrated in strawberries stored with other
postharvest treatments [17,58,59].
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These results confirmed that the reduction in color changes is due to the preservation
of cell compartmentalization and the separation of PPO and GPX enzymes from their
phenolic substrates, as reported by Petriccione et al. [33].

Several studies have demonstrated that PCA is a valid multivariate data analysis tool that
makes it possible to reduce large matrix data; analyze physico-chemical, qualitative, and enzy-
matic traits; and discriminate fruit crop samples under different postharvest conditions [60].

5. Conclusions

The integration of bamboo-based passive modified atmosphere packaging with cold stor-
age effectively preserved strawberry quality, minimizing weight loss, maintaining firmness,
and enhancing bioactive compounds and enzymatic antioxidant activity. This sustainable
packaging system delayed senescence, reduced oxidative stress, and extended shelf life,
offering an eco-friendly solution to improve postharvest storage while reducing food waste.

Bamboo-based sustainable packaging, when combined with a passive modified at-
mosphere (PMA) and cold storage at 4 °C, is a highly effective and eco-friendly solution
for preserving the quality of strawberries over a 9-day period. This packaging system
significantly reduced weight loss (4.16% vs. 37.26% in unpackaged fruit) and maintained
higher firmness and moisture content, effectively delaying typical postharvest degrada-
tion processes. Strawberries stored under B-PMA conditions retained higher levels of
polyphenols, flavonoids, anthocyanins, and overall antioxidant activity, highlighting the
system’s ability to preserve nutraceutical value. Enzymatic assays further confirmed that
antioxidant enzymes (SOD, CAT, and APX) were significantly more active in the packaged
samples, suggesting a more robust defense against oxidative stress. Moreover, the activities
of browning-related enzymes such as PPO, GPX, and LOX, as well as the content of malon-
dialdehyde (MDA), were significantly lower in the B-PMA samples, indicating reduced
membrane damage and a delay in senescence-related processes.

The integration of bamboo-based biodegradable packaging and passive MAP not only
extends the postharvest life of strawberries but also preserves their sensory, nutritional,
and functional qualities. This strategy represents a promising sustainable alternative to
conventional packaging, aligning with current consumer demand for eco-friendly solutions
while enhancing fruit preservation and reducing food waste.

Supplementary Materials: The following supporting information can be downloaded at: https://
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trays made from bamboo processing residues for strawberry packaging.

Author Contributions: Conceptualization, G.A., M.D.M., P.C. and M.P; methodology, G.A., M.D.M.
and M.P; software, G.A. and M.P,; validation, G.A. and M.P; formal analysis, G.A. and M.P.; investi-
gation, G.A., G.D.F, A.D.G. and M.P; resources, G.A., P.C. and M.P,; data curation, G.A. and M.P;
writing—original draft preparation, G.A. and M.P,; writing—review and editing, G.A., PC. and M.P;
visualization, G.A. and M.P; supervision, G.A.,, M.D.M.,, P.C. and M.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was in part financed by Consorzio bambui Italia, Soc. Cons. A.rl
Via dell'Industria 16, 61010 Tavullia (PU), Italy.

Data Availability Statement: The data from this study are available only in this study; there are no
archives or databases available elsewhere, except from the corresponding author.

Conflicts of Interest: Authors Giuseppe De Filippis, Antonio Di Grazia and Paolo Ciambelli were
employed by Narrando s.r.l. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.


https://www.mdpi.com/article/10.3390/pr13072262/s1
https://www.mdpi.com/article/10.3390/pr13072262/s1

Processes 2025, 13, 2262 14 of 16

References

1.  FAOSTAT, 2020 FAOSTAT. Food and Agriculture Organization of the United Nations Statistics Division. 2020. Available online:
http:/ /faostat.fao.org (accessed on 30 April 2025).

2. De Souza, V.R; Pereira, P.A,; Da Silva, T.L.; Lima, L.C.O.; Pio, R.; Queiroz, F. Determination of the bioactive compounds,
antioxidant activity and chemical composition of Brazilian blackberry, red raspberry, strawberry, blueberry and sweet cherry
fruits. Food Chem. 2014, 156, 362-368. [CrossRef] [PubMed]

3. Skrovankova, S.; Sumczynski, D.; Mlcek, J.; Jurikova, T.; Sochor, ]. Bioactive compounds and antioxidant activity in different
types of berries. Int. J. Mol. Sci. 2015, 16, 24673-24706. [CrossRef] [PubMed]

4. Li, Z;Wei, Y,; Cao, Z,; Jiang, S.; Chen, Y.; Shao, X. The jasmonic acid signaling pathway is associated with terpinen-4-ol-induced
disease resistance against Botrytis cinerea in strawberry fruit. J. Agric. Food. Chem. 2021, 69, 10678-10687. [CrossRef] [PubMed]

5. Cosme, F; Pinto, T.; Aires, A.; Morais, M.C.; Bacelar, E.; Anjos, R.; Ferreira-Cardoso, J.; Oliveira, I.; Vilela, A.; Gongalves, B. Red
Fruits Composition and Their Health Benefits-A Review. Foods 2022, 11, 644. [CrossRef]

6. Zhang, Y.; Li, S.; Deng, M.; Gui, R.; Liu, Y.; Chen, X,; Lin, Y.; Li, M.; Wang, Y.; Tang, H.; et al. Blue light combined with salicylic
acid treatment maintained the postharvest quality of strawberry fruit during refrigerated storage. Food Chem X 2022, 15, 10038.
[CrossRef]

7. Chen, T;]Ji, D,; Zhang, Z; Li, B.; Qin, G.; Tian, S. Advances and strategies for controlling the quality and safety of postharvest
fruit. Eng 2021, 7, 1177-1184. [CrossRef]

8. Dixon, H.; Mullins, R.; Wakefield, M.; Hill, D. Encouraging the consumption of fruit and vegetables by older Australians:
An experimental study. J. Nutr. Educ. Behav. 2004, 36, 245-249. [CrossRef]

9.  Mai, R;; Symmank, C.; Seeberg-Elverfeldt, B. Light and pale colors in food packaging: When does this package cue signal superior
healthiness or inferior tastiness? J. Retail. 2016, 92, 426-444. [CrossRef]

10. Vila-Lépez, N.; Kiister-Boluda, I. Commercial versus technical cues to position a new product: Do hedonic and functional/healthy
packages differ? Soc. Sci. Med. 2018, 198, 85-94. [CrossRef]

11.  Zhao, X.; Xia, M.; Wei, X,; Xu, C.; Luo, Z.; Mao, L. Consolidated cold and modified atmosphere package system for fresh
strawberry supply chains. LWT 2019, 109, 207-215. [CrossRef]

12.  Verghese, K.; Lewis, H.; Lockrey, S.; Williams, H. Packaging’s role in minimizing food loss and waste across the supply chain.
Packag. Technol. Sci. 2015, 28, 603—-620. [CrossRef]

13.  Wikstrom, F; Verghese, K.; Auras, R.; Olsson, A.; Williams, H.; Wever, R.; Gronman, K.; Pettersen, M.K.; Moller, H.; Soukka, R.
Packaging strategies that save food: A research agenda for 2030. J. Ind. Ecol. 2019, 23, 532-540. [CrossRef]

14. Yin, Y; Woo, M.W. Transitioning of petroleum-based plastic food packaging to sustainable bio-based alternatives.
Sustain. Food Technol. 2024, 2, 548-566. [CrossRef]

15. Ho, M.P; Lau, K.T.; Wang, H.; Hui, D. Improvement on the properties of polylactic acid (PLA) using bamboo charcoal particles.
Compos. Part B-Eng. 2015, 81, 14-25. [CrossRef]

16. Nurul Fazita, M.R.; Jayaraman, K.; Bhattacharyya, D.; Mohamad Haafiz, M.K.; Saurabh, C.K.; Hussin, M.H.; HPS, A.K. Green
composites made of bamboo fabric and poly (lactic) acid for packaging applications—A review. Materials 2016, 9, 435. [CrossRef]
[PubMed]

17.  Petriccione, M.; Mastrobuoni, F.; Pasquariello, M.S.; Zampella, L.; Nobis, E.; Capriolo, G.; Scortichini, M. Effect of chitosan
coating on the postharvest quality and antioxidant enzyme system response of strawberry fruit during cold storage. Foods 2015, 4,
501-523. [CrossRef]

18.  Wang, S.Y.; Gao, H. Effect of chitosan-based edible coating on antioxidants, antioxidant enzyme system, and postharvest fruit
quality of strawberries (Fragaria x aranassa Duch.). LWT 2013, 52, 71-79. [CrossRef]

19. Yang, C;Lu, J.H.; Xu, M.T,; Shi, X.C.; Song, Z.W.; Chen, T.M.; Herrera-Balandrano, D.D.; Zhang, Y.-J.; Laborda, P.; Wang, S.Y.;
et al. Evaluation of chitosan coatings enriched with turmeric and green tea extracts on postharvest preservation of strawberries.
LWT 2022, 163, 113551. [CrossRef]

20. Saleem, M.S.; Anjum, M.A,; Naz, S.; Ali, S.; Hussain, S.; Azam, M.; Sardar, H.; Khaliq, G.; Canan, I; Ejaz, S. Incorporation of ascor-
bic acid in chitosan-based edible coating improves postharvest quality and storability of strawberry fruits. Int. J. Biol. Macromol.
2021, 189, 160-169. [CrossRef]

21. Lee, D.; Shayan, M.; Gwon, J.; Picha, D.H.; Wu, Q. Effectiveness of cellulose and chitosan nanomaterial coatings with essential oil
on postharvest strawberry quality. Carbohydr. Polym. 2022, 298, 120101. [CrossRef]

22. Huang, J.; Wu, W,; Niu, B.; Fang, X.; Chen, H.; Wang, Y.; Gao, H. Characterization of Zizania latifolia polysaccharide-corn starch
composite films and their application in the postharvest preservation of strawberries. LWT 2023, 173, 114332. [CrossRef]

23. Rashvand, M.; Matera, A.; Altieri, G.; Genovese, F,; Fadiji, T.; Opara, U.L.; Mohamadifar, M.A.; Feyissa, A.H.; Di Renzo, G.C.

Recent advances in the potential of modeling and simulation to assess the performance of modified atmosphere packaging (MAP)
systems for the fresh agricultural product: Challenges and development. Trends Food Sci. Technol. 2023, 136, 48-63. [CrossRef]


http://faostat.fao.org
https://doi.org/10.1016/j.foodchem.2014.01.125
https://www.ncbi.nlm.nih.gov/pubmed/24629981
https://doi.org/10.3390/ijms161024673
https://www.ncbi.nlm.nih.gov/pubmed/26501271
https://doi.org/10.1021/acs.jafc.1c04608
https://www.ncbi.nlm.nih.gov/pubmed/34468130
https://doi.org/10.3390/foods11050644
https://doi.org/10.1016/j.fochx.2022.100384
https://doi.org/10.1016/j.eng.2020.07.029
https://doi.org/10.1016/S1499-4046(06)60387-4
https://doi.org/10.1016/j.jretai.2016.08.002
https://doi.org/10.1016/j.socscimed.2017.12.018
https://doi.org/10.1016/j.lwt.2019.04.032
https://doi.org/10.1002/pts.2127
https://doi.org/10.1111/jiec.12769
https://doi.org/10.1039/D4FB00028E
https://doi.org/10.1016/j.compositesb.2015.05.048
https://doi.org/10.3390/ma9060435
https://www.ncbi.nlm.nih.gov/pubmed/28773558
https://doi.org/10.3390/foods4040501
https://doi.org/10.1016/j.lwt.2012.05.003
https://doi.org/10.1016/j.lwt.2022.113551
https://doi.org/10.1016/j.ijbiomac.2021.08.051
https://doi.org/10.1016/j.carbpol.2022.120101
https://doi.org/10.1016/j.lwt.2022.114332
https://doi.org/10.1016/j.tifs.2023.04.012

Processes 2025, 13, 2262 15 of 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Firouz, M.S.; Mohi-Alden, K.; Omid, M. A critical review on intelligent and active packaging in the food industry: Research and
development. Food Res. Int. 2021, 141, 110113. [CrossRef] [PubMed]

Wilson, M.D; Stanley, R.A.; Eyles, A.; Ross, T. Innovative processes and technologies for modified atmosphere packaging of fresh
and fresh-cut fruits and vegetables. Crit. Rev. Food Sci. Nutr. 2019, 59, 411-422. [CrossRef]

Afifi, E.H. Effect of active and passive modified atmosphere packaging on quality attributes of strawberry fruits during cold
storage. Arab Univ. ]. Agric. Sci. 2016, 24, 157-168. [CrossRef]

Matar, C.; Salou, T.; Hélias, A.; Pénicaud, C.; Gaucel, S.; Gontard, N.; Guilbert, S.; Guillard, V. Benefit of modified atmosphere
packaging on the overall environmental impact of packed strawberries. Postharvest Biol. Technol. 2021, 177, 111521. [CrossRef]
Kahramanoglu, I. Effects of lemongrass oil application and modified atmosphere packaging on the postharvest life and quality of
strawberry fruits. Sci. Hortic. 2019, 256, 108527. [CrossRef]

Adiletta, G.; Gliottone, G.; Di Matteo, M.; Petriccione, M. Response of Qualitative Traits and Antioxidant Systems to Chitosan
Postharvest Treatment in ‘Black Golden’ Japanese Plum. Foods 2022, 11, 853. [CrossRef]

Adiletta, G.; Petriccione, M.; Di Matteo, M. Effects of Passive Modified Atmosphere Packaging on Physico-Chemical Traits and
Antioxidant Systems of ‘Dottato” Fresh Fig. Horticulturae 2022, 8, 709. [CrossRef]

Singleton, V.L.; Rossi, J.A. Colourimetry of Total Phenolics with Phosphomolybdic- phosphotungstic Acid Reagents.
Am. ]. Enol. Viticult. 1965, 16, 144—158. [CrossRef]

Giusti, M.M.; Wrolstad, R.E. Characterization and measurement of anthocyanins by UV-visible spectroscopy. Curr. Protoc. Food Anal.
Chem. 2001, 1, F1-2. [CrossRef]

Petriccione, M.; De Sanctis, F,; Pasquariello, M.S.; Mastrobuoni, F.; Rega, P.; Scortichini, M.; Mencarelli, F. The effect of chitosan
coating on the quality and nutraceutical traits of sweet cherry during postharvest life. Food Bioprocess Technol. 2015, 8, 394-408.
[CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Pasquariello, M.S.; Di Patre, D.; Mastrobuoni, F.; Zampella, L.; Scortichini, M.; Petriccione, M. Influence of postharvest chitosan
treatment on enzymatic browning and antioxidant enzyme activity in sweet cherry fruit. Postharvest Biol. Technol. 2015, 109, 45-56.
[CrossRef]

Bao, A.K.; Wang, SM.; Wu, G.Q.; Xi, ].J.; Zhang, J.L.; Wang, C.M. Over expression of the Arabidopsis H+-PPase enhanced
resistance to salt and drought stress in transgenic alfalfa (Medicago sativa L.). Plant Sci. 2009, 176, 232-240. [CrossRef]

Joshi, K.; Tiwari, B.; Cullen, PJ.; Frias, ].M. Predicting quality attributes of strawberry packed under modified atmosphere
throughout the cold chain. Food Packag. Shelf Life 2019, 21, 100354. [CrossRef]

Parvez, S.; Wani, I.A. Postharvest Biology and Technology of Strawberry. In Postharvest Biology and Technology of Temperate Fruits,
1st ed.; Mir, S., Shah, M., Mir, M., Eds.; Springer: Cham, Switzerland, 2018; pp. 331-348.

Priyadarshi, R.; El-Araby, A.; Rhim, J.-W. Chitosan-based sustainable packaging and coating technologies for strawberry
preservation: A review. Int. ]. Biol. Macromol. 2024, 278, 134859. [CrossRef]

Robinson, J.E.; Browne, K.M.; Burton, W.G. Storage characteristics of some vegetables and soft fruits. Ann. Appl. Biol. 2010, 81,
399-408. [CrossRef]

Paulsen, E.; Barrios, S.; Bogdanoff, N.; Leandro, G.C.; Valencia, G.A. Recent progress in modified atmosphere packaging and
biopolymeric films and coatings for fresh strawberry shelf-life extension. Packag. Technol. Sci. 2024, 37, 619-640. [CrossRef]
Odriozola-Serrano, I.; Soliva-Fortuny, R.; Martin-Belloso, O. Changes in bioactive composition of fresh-cut strawberries stored
under superatmospheric oxygen, low-oxygen or passive atmospheres. J. Food Compos. Anal. 2010, 23, 37-43. [CrossRef]
Nielsen, T.; Leufvén, A. The effect of modified atmosphere packaging on the quality of Honeoye and Korona strawberries.
Food Chem. 2008, 107, 1053-1063. [CrossRef]

Korte, I.; Albrecht, A.; Mittler, M.; Waldhans, C.; Kreyenschmidt, J. Influence of different bio-based and conventional packaging
trays on the quality loss of fresh cherry tomatoes during distribution and storage. Packag. Technol. Sci. 2023, 36, 569-583.
[CrossRef]

Garavito, J.; Mendoza, S.M.; Castellanos, D.A. Configuration of biodegradable equilibrium modified atmosphere packages,
including a moisture absorber for fresh cape gooseberry (Physalis peruviana L.) fruits. . Food Eng. 2022, 314, 110761. [CrossRef]
Lei, T.T.; Qian, J.; Yin, C. Equilibrium modified atmosphere packaging on postharvest quality and antioxidant activity of
strawberry. Int. ]. Food Sci. Technol. 2022, 57, 7125-7134. [CrossRef]

Pasha, H.Y.; Mohtasebi, S.S.; Tajeddin, B.; Taherimehr, M.; Tabatabaeekoloor, R.; Firouz, M.S,; Javadi, A. The effect of a new
bionanocomposite packaging film on postharvest quality of strawberry at modified atmosphere condition. Food Bioprocess Technol.
2023, 16, 1246-1257. [CrossRef]

Baratter, M.; Weschenlfelder, E.E,; Stoffel, F.; Zeni, M.; Piemolini-Barreto, L. T. Analysis and evaluation of cassava starch-based
biodegradable trays as an alternative packaging to fresh strawberry (Fragaria ananassa cv San Andreas). Am. J. Polym. Sci. Technol.
2017, 3, 76-81. [CrossRef]


https://doi.org/10.1016/j.foodres.2021.110113
https://www.ncbi.nlm.nih.gov/pubmed/33641980
https://doi.org/10.1080/10408398.2017.1375892
https://doi.org/10.21608/ajs.2016.14192
https://doi.org/10.1016/j.postharvbio.2021.111521
https://doi.org/10.1016/j.scienta.2019.05.054
https://doi.org/10.3390/foods11060853
https://doi.org/10.3390/horticulturae8080709
https://doi.org/10.5344/ajev.1965.16.3.144
https://doi.org/10.1002/0471142913.faf0102s00
https://doi.org/10.1007/s11947-014-1411-x
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.postharvbio.2015.06.007
https://doi.org/10.1016/j.plantsci.2008.10.009
https://doi.org/10.1016/j.fpsl.2019.100354
https://doi.org/10.1016/j.ijbiomac.2024.134859
https://doi.org/10.1111/j.1744-7348.1975.tb01656.x
https://doi.org/10.1002/pts.2817
https://doi.org/10.1016/j.jfca.2009.07.007
https://doi.org/10.1016/j.foodchem.2007.09.025
https://doi.org/10.1002/pts.2728
https://doi.org/10.1016/j.jfoodeng.2021.110761
https://doi.org/10.1111/ijfs.16052
https://doi.org/10.1007/s11947-022-02968-0
https://doi.org/10.11648/j.ajpst.20170304.14

Processes 2025, 13, 2262 16 of 16

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Dladla, S.S.; Workneh, T.S. Evaluation of the effects of different packaging materials on the quality attributes of the tomato fruit.
Appl. Sci. 2023, 13, 2100. [CrossRef]

Pinto, L.; Palma, A.; Cefola, M.; Pace, B.; D’Aquino, S.; Carboni, C.; Baruzzi, F. Effect of modified atmosphere packaging (MAP)
and gaseous ozone pre-packaging treatment on the physico-chemical, microbiological and sensory quality of small berry fruit.
Food Packag. Shelf Life 2020, 26, 100573. [CrossRef]

Koyama, R.; Ishibashi, M.; Fukuda, I.; Okino, A.; Osawa, R.; Uno, Y. Pre-and post-harvest conditions affect polyphenol content in
strawberry (Fragaria x ananassa). Plants 2022, 11, 2220. [CrossRef]

Esmaeili, Y.; Zamindar, N.; Paidari, S.; Ibrahim, S.A.; Mohammadi Nafchi, A. The synergistic effects of aloe vera gel and modified
atmosphere packaging on the quality of strawberry fruit. J. Food Process Preserv. 2021, 45, €16003. [CrossRef]

Adiletta, G.; Petriccione, M.; Liguori, L.; Zampella, L.; Mastrobuoni, F.; Di Matteo, M. Overall quality and antioxidant enzymes of
ready-to-eat ‘Purple Queen’pomegranate arils during cold storage. Postharvest Biol. Technol. 2019, 155, 20-28. [CrossRef]
Mahecha-Rubiano, Y.R.; Garavito, J.; Castellanos, D.A. Configuration of a combined active packaging system with modified
atmospheres and antimicrobial control to preserve fresh strawberry fruits. Food Packag. Shelf Life 2024, 46, 101390. [CrossRef]
Manda-Hakki, K.; Hassanpour, H. Effect of L-glutathione treatment on biochemical properties, antioxidant capacity and
antioxidant enzymes activity in strawberry fruits during storage. Heliyon 2024, 10, e38046. [CrossRef]

Ali, S.; Khan, A.S.; Malik, A.U.; Anjum, M.A.; Nawaz, A.; Shah, HM.S. Modified atmosphere packaging delays enzymatic
browning and maintains quality of harvested litchi fruit during low temperature storage. Sci. Hortic. 2019, 254, 14-20. [CrossRef]
De Reuck, K.; Sivakumar, D.; Korsten, L. Effect of integrated application of chitosan coating and modified atmosphere packaging
on overall quality retention in litchi cultivars. J. Sci. Food Agric. 2009, 89, 915-920. [CrossRef]

Jannatizadeh, A.; Aghdam, M.S.; Farmani, B.; Maggi, F.; Morshedloo, M.R. 3-Aminobutyric acid treatment confers decay tolerance
in strawberry fruit by warranting sufficient cellular energy providing. Sci. Hortic. 2018, 240, 249-257. [CrossRef]

Ozcan, G.; Barringer, S. Effect of enzymes on strawberry volatiles during storage, at different ripeness level, in different cultivars,
and during eating. J. Food Sci. 2011, 76, C324-C333. [CrossRef]

Cice, D,; Ferrara, E.; Pecoraro, M.T.; Capriolo, G.; Petriccione, M. An Innovative Layer-by-Layer Edible Coating to Regulate
Oxidative Stress and Ascorbate—Glutathione Cycle in Fresh-Cut Melon. Horticulturae 2024, 10, 465. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/app13042100
https://doi.org/10.1016/j.fpsl.2020.100573
https://doi.org/10.3390/plants11172220
https://doi.org/10.1111/jfpp.16003
https://doi.org/10.1016/j.postharvbio.2019.05.008
https://doi.org/10.1016/j.fpsl.2024.101390
https://doi.org/10.1016/j.heliyon.2024.e38046
https://doi.org/10.1016/j.scienta.2019.04.065
https://doi.org/10.1002/jsfa.3501
https://doi.org/10.1016/j.scienta.2018.06.048
https://doi.org/10.1111/j.1750-3841.2010.01999.x
https://doi.org/10.3390/horticulturae10050465

	Introduction 
	Materials and Methods 
	Fruit Sample and Experimental Design 
	Physico-Chemical Traits 
	Bioactive Compounds 
	Enzymatic Activity 
	Polyphenoloxidase and Lipoxygenase Activity and MDA Content 
	Statistical Analyses 

	Results 
	Effect of Packaging and MAP on Strawberry Physicochemical Features 
	Influence of Packaging and MAP on Strawberry Bioactive Compounds 
	Influence of Packaging and MAP on Antioxidant Enzymes and Membrane Damage 
	Principal Component Analysis 

	Discussion 
	Conclusions 
	References

