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Abstract

Strawberry fruit is highly perishable and susceptible to oxidative stress and rapid quality
deterioration during postharvest storage. This study evaluated the effectiveness of an
edible coating based on xanthan gum (XG), enriched with citric acid (CA) and/or ascorbic
acid (AA), in preserving the quality of ‘Rossetta’ strawberries stored at 4 £ 1 °C for 9 days.
Coated fruits showed higher values of firmness, titratable acidity, and color parameters
compared to the control, along with a more gradual increase in total soluble solids, indi-
cating reduced dehydration and delayed ripening. In addition, treated samples retained
higher levels of bioactive compounds, including total phenolics, flavonoids, and antho-
cyanins, as well as antioxidant activity, confirming improved nutraceutical quality during
storage. By the end of storage, the combined XG+CA+AA coating modulated the antioxi-
dant enzymatic system, enhancing the activity of superoxide dismutase (44.6%), catalase
(31.6%) and ascorbate peroxidase (44.6%) in counteracting oxidative stress, accompanied by
a 32.8, 45.9 and 29.8% reduction in polyphenol oxidase and lipoxygenase activities, as well
as malondialdehyde content, compared to the control, respectively. Overall, the combined
XG+CA+AA coating was the most effective, highlighting a synergistic action of the acids
and confirming its potential to extend shelf life and preserve strawberry quality.

Keywords: strawberry; xanthan gum; physico-chemical traits; bioactive compounds;
enzymatic assays; principal component analysis

1. Introduction

Strawberry (Fragaria x ananassa, Duch.) is one of the most widely consumed berries,
both fresh and in processed forms. According to FAOSTAT [1] data for 2024, the global
area devoted to strawberry cultivation totals approximately 436.067 hectares, while world
production reaches about 10.73 million tons, indicating a high average yield. Asia accounts
for the largest share of production (45.3%), followed by the Americas (26.2%) and Eu-
rope (21.3%), while Africa (6.6%) and Oceania (0.6%) contribute to a much lesser extent.
Within the European context, Italy plays a significant role, particularly regarding protected-
environment production. According to national data (ISTAT) [2] for 2025, strawberry
cultivation in greenhouses covers a total area of approximately 2.744 hectares, with a total
production of about 97.410 tons.

Strawberries are characterized by an extremely short shelf life and rapid spoilage,
phenomena attributable to their high sensitivity to mechanical stress, excessive softening
of the tissues, and physiological changes [3]. These factors make the fruit particularly
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susceptible to damage during harvesting, transport, storage, and processing, increasing the
risk of infection by a variety of fungal and bacterial pathogens. Their high perishability is
closely linked to their unique structural characteristics: a water content ranging from 90 to
95%, a thin epidermis, and a high susceptibility to microbial infections [4]. The combination
of delicate tissues, high water content, and active post-harvest metabolism contributes to
limiting the fruit’s shelf life, posing a significant challenge for commercial preservation and
large-scale distribution. This fruit is characterized by a rich and diverse nutritional profile,
including sugars, vitamins, and minerals, as well as numerous bioactive compounds such
as ascorbic acid, carotenoids, polyphenols, and folates [5].

The rapid deterioration of strawberries is a critical factor in their postharvest storage.
Under refrigerated conditions, at a temperature of approximately 4 °C, the product’s
shelf life is generally limited to about five days [6]. This limited shelf life is primarily
attributable to the fruit’s high respiration rate, which accelerates metabolic and senescence
processes. Over the past few decades, numerous approaches have been developed to
extend the shelf life of strawberries and mitigate their rapid quality deterioration. These
strategies include low-temperature storage [7], modified atmosphere (MA) packaging [8],
and irradiation treatments using ultraviolet, gamma [9], or X-rays [10] and high-intensity
ultrasound (HIU) [11]. In response to these challenges, scientific research has recently
focused on innovative solutions that not only counteract deterioration processes but also
ensure environmental sustainability and protect consumer health. In this context, edible
coatings are emerging as one of the most promising technologies in the field of post-harvest
preservation of fruits [12]. These coatings, applied directly to the fruit’s surface, form
a semipermeable barrier that regulates gas exchange and moisture loss. They reduce
transpiration and limit oxygen diffusion, thereby slowing down oxidative and respiratory
processes [13,14]. Furthermore, they contribute to improving the product’s mechanical
properties, increasing resistance to physical damage during handling and distribution [15],
and can preserve or even enhance sensory characteristics such as texture, appearance, and
overall acceptability [16].

Several studies have tested edible coatings based on polysaccharides, such as gellan
gum [17,18], pullulan [19,20], alginate [21], chitosan [3,22], pectin [23], and carboxymethyl-
cellulose [24] to prolong the shelf life of strawberries. These biopolymer-based coatings
have been widely reported to act as semi-permeable barriers to gases and moisture, thereby
reducing respiration rates, transpiration, and oxidative processes. In addition, they can
serve as carriers for functional compounds such as antioxidants and antimicrobials, further
enhancing their preservative effects. Overall, these coatings have demonstrated effective-
ness in delaying ripening, maintaining firmness, reducing microbial growth, and preserving
key quality attributes, such as color, texture, and nutritional value during storage [17-24].
However, despite the extensive research on individual polysaccharides, limited informa-
tion is available on the combined use of xanthan gum with organic acids to enhance both
the physicochemical stability and the antioxidant response of strawberries. This study
investigated the effect of an edible coating based on xanthan gum (XG, 0.3% w/v), used as a
film-forming polysaccharide matrix, in combination with citric acid (CA, 2.0% w/v) and/or
ascorbic acid (AA, 1.0% w/v), on the postharvest quality of ‘Rossetta’ strawberries. The
aim was to evaluate the effectiveness of different coating formulations in preserving the
physicochemical and qualitative attributes of the fruits during storage. The modulation of
the antioxidant enzymatic system and the mitigation of oxidative damage were evaluated
during cold storage (4 £ 1 °C) up to 9 days.
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2. Materials and Methods
2.1. Strawberries Samples and Edible Coatings

Strawberries (‘Rossetta®’) were harvested at the commercial ripeness stage from the
experimental field of ‘Cooperativa Sole” (Parete, Caserta, Italy; 40.9605736 N, 14.1482696 E).
The fruits were transported to the CREA-OFA laboratory and carefully selected to ensure
the absence of defects. Randomly selected strawberries were subjected to three different
coating treatments, placed in 16 polyethylene terephthalate (PET) containers with lids and
stored at4 £ 1 °C for 9 days. The containers were not hermetically sealed; therefore, gas
exchange with the external environment was not completely prevented and could occur
during storage.

The strawberries were dipped into three different solutions for 60 s: xanthan gum
(XG, 0.3% w/v) combined with citric acid (CA, 2.0% w/v); XG with ascorbic acid (AA, 1.0%
w/v); and XG with both CA and AA. Control samples were immersed in sterile distilled
water. Xanthan gum was selected due to its excellent film-forming ability, high viscosity
at low concentrations, stability over a wide range of pH and temperature conditions, and
proven safety and biodegradability, which make it suitable for postharvest applications.
Compared with other polysaccharides, it also provides good oxygen-barrier properties and
mechanical stability of the coating layer. Citric acid and ascorbic acid were included due to
their well-documented antioxidant properties and their ability to enhance the oxidative
stability of coated fruits. The concentrations of xanthan gum (0.3% w/v), citric acid (2.0%
w/v), and ascorbic acid (1.0% w/v) were selected based on preliminary optimization trials
carried out prior to the main experiment. All reagents were of analytical grade and were
purchased from Merck Life Science S.r.l. (Milan, Italy).

After treatment, fruits were air-dried at room temperature and then stored in transpar-
ent PET containers, each containing eight strawberries. Three biological replicates were
prepared for each treatment. Sampling was carried out at harvest (day 0) and after 3, 6, and
9 days of storage. In addition, fruits were visually inspected daily throughout the whole
cold storage period.

2.2. Physico-Chemical Characterization

Fruit color variations during cold storage were evaluated by recording the CIE L*, a*,
and b* parameters. Measurements were carried out on the fruit surface (n = 10) using a
Minolta colorimeter (CR5, Minolta Camera Co., Osaka, Japan). The L* value represents
lightness (from dark to bright), a* indicates the green-red component, and b* reflects the
blue-yellow component. The hue angle (H*) and Chroma (C) were calculated using the
chromaticity values a and b according to McGuire [25]. Total titratable acidity (TA; g of citric
acid/L) was determined by an alkaline solution (0.1 M sodium hydroxide) to the end point
at pH 8.1. Total soluble solids (TSS; °Brix) were evaluated by using a digital refractometer
(Sinergica Soluzioni, DBR35, Pescara, Italy). The firmness (F) of the strawberries (n = 10)
was measured using a penetrometer (TR snc, Forli, Italy) equipped with a 6 mm probe and
expressed in Newtons.

2.3. Bioactive Compounds and Antioxidant Activity

Extraction of bioactive compounds was carried out according to the procedure re-
ported by Petriccione et al. [3]. Total phenolic content (TPC) was quantified using the
Folin—Ciocalteu spectrophotometric method as described by Singleton & Rossi [26]. Analy-
ses were performed in triplicate for each sample using 20 uL of extract in a final reaction
volume of 2 mL, and the absorbance was monitored at 765 nm. The results were expressed
as mg of gallic acid equivalents (GAE) per 100 g of fresh weight (FW).
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Total flavonoid content (TFC) was assessed using the aluminum chloride colorimetric
method as described by Zhishen et al. [27]. The assay was carried out with 200 pL of extract
in a final volume of 2 mL, and results were expressed as mg of catechin equivalents (CE)
per 100 g FW.

Total anthocyanin content was determined using the pH differential spectrophotomet-
ric method [28]. Briefly, 100 uL of extract was diluted separately in potassium chloride
buffer (0.025 M, pH 1.0) and sodium acetate buffer (0.4 M, pH 4.5). Absorbance of each
solution was measured using a UV-Vis spectrophotometer at 520 and 700 nm. Anthocyanin
concentration was calculated based on the difference in absorbance between the two pH
conditions and expressed as mg of cyanidin-3-glucoside equivalents (CGEs) per 100 g of
fresh weight (FW).

Antioxidant activity was assessed by measuring the change in ABTS absorbance at
720 nm following the addition of the extract. The assay was performed according to
the procedure described by Ferrara et al. [29], with a final reaction volume of 1 mL. The
percentage reduction in ABTS concentration was determined relative to the initial value.
Trolox was used as the standard, and the results were expressed as pmol Trolox equivalents
(TEs) per gram of fresh weight (FW).

2.4. Enzymatic Activities

The activities of enzymes involved in oxidative processes and cellular defense were
determined, including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), polyphenol oxidase (PPO), and lipoxygenase (LOX).

2.4.1. Crude Extract

Strawberries were frozen in liquid nitrogen and ground into a fine powder using a
pre-chilled mortar. The powder was resuspended (1:5 w/v) in extraction buffer containing
potassium dihydrogen phosphate (500 mM; pH 7.8), sodium ethylenediaminetetraacetate
(Na-EDTA) (10 mM; pH 7.0), 2% (w/v) polyvinylpolypyrrolidone, and 5 mM ascorbic acid
(used exclusively for APX extraction). Samples were centrifuged at 14.000 x g for 15 min at
4 °C. The supernatant was collected into fresh tubes and used for enzymatic activity assays
of CAT, SOD and APX.

2.4.2. Catalase, Superoxide and Ascorbate Peroxidase Activity

Catalase (CAT, EC 1.11.1.6) activity was assayed as reported by Petriccione et al. [3].
The reaction mixture consisted of 500 mM potassium phosphate buffer (pH 7.0), 88 mM
H,0O,, and 200 pL of crude enzyme extract, with a final volume of 1.5 mL. The enzymatic
activity was monitored spectrophotometrically as a decrease in absorbance at 240 nm, and
the results were expressed as nmol g ! fresh weight (FW).

Superoxide dismutase (SOD; EC 1.15.1.1) and ascorbate peroxidase activities (APX; EC
1.11.1.11) were determined spectrophotometrically, as described by Pasquariello et al. [30].
The activity of SOD was assayed with a method based on the inhibition of photochemical
reduction of nitroblue tetrazolium (NBT) in the presence of riboflavin. The mixture (final
volume 1.5 mL) was made up of 50 mM potassium phosphate buffer (pH 7.8), 0.1 mM
Na-EDTA, 13 mM methionine, 75 uM NBT, 2 uM riboflavin, and 400 pL of crude enzyme
extract. Samples were then exposed to continuous light for 15 min, after which the level of
absorption at a wavelength of 560 nm was measured. Enzyme activity was expressed as U
g_1 fresh weight (FW).

APX activity was assayed in a 1.5 mL reaction mix containing potassium phos-
phate buffer (100 mM, pH 7.0), ascorbic acid (0.33 mM), H,O, (0.35 mM), sodium EDTA
(0.66 mM), and crude extract (50 puL). The activity was determined as the decrease in ab-
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sorbance at 290 nm due to ascorbate oxidation, and the results were expressed as nmol g !
fresh weight (FW).

2.4.3. Polyphenol Oxidase Activity

Polyphenol oxidase (PPO; EC.1.10.3.1) activity was determined according to Chen
et al. [31], with slight modifications. The enzyme extract was obtained by homogenizing 2 g
of the sample in 5 mL of sodium phosphate buffer (200 mM; pH 6.5) with 5% (w/w) PVPP.
The homogenate was centrifuged at 12,500 g for 15 min at 4 °C. Then, 100 pL of supernatant
was incubated with 1.4 mL of catechol (500 mM), and the increase in absorbance was
monitored at 398 nm. PPO activity was expressed as nmol of catechol oxidized g~ ! fresh
weight (FW).

2.4.4. Lipoxygenase Activity

Lipoxygenase (LOX; EC 1.13.11.12) activity was assayed following the method de-
scribed by Pasquariello et al. [30]. Frozen fruit powder (1:3 w/v) was homogenized in
a potassium phosphate buffer (50 mM, pH 7.8) containing 1 mM Na-EDTA and 2% w/v
PVPP. The reaction mixture (1.5 mL) contained sodium phosphate buffer (pH 6.0, 0.093 M),
sodium linoleate (0.17 mM) and 50 puL of enzyme extract. LOX activity was assessed
spectrophotometrically at 234 nm, and the results were expressed as nmol g~ ! of fresh
weight (FW).

2.4.5. Malondialdehyde Content

The malondialdehyde (MDA) content was determined according to the method de-
scribed by Goffi et al. [32], with minor modifications. Briefly, 1.0 g of frozen fruit tissue
powder was homogenized in 10 mL of a solution containing 10% (w/v) trichloroacetic
acid (TCA), 0.25% (w/v) thiobarbituric acid, and 0.25 N HCI. The mixture was heated at
95 °C for 30 min in a boiling water bath and then rapidly cooled in an ice bath to stop the
reaction. After centrifugation, the absorbance of the supernatant was measured at 450,
532, and 600 nm using a spectrophotometer. MDA concentration was calculated using the
formula reported by Bao et al. [33] to correct for non-specific turbidity and the presence of
interfering sugars. Results were expressed as nmol g ! fresh weight (FW).

2.5. Statistical Analysis

All data are expressed as the mean =+ standard deviation (5.D). Statistical differences
between uncoated and coated fruits were determined by Duncan’s test. Differences were
considered significant at p < 0.05 and are indicated with different letters. Principal compo-
nents analysis (PCA) was used to identify the principal components contributing to most
of the variations within the dataset, evaluating the physico-chemical, nutraceutical, and
enzymatic changes during storage in uncoated and coated strawberries. Factor analysis was
performed with orthogonal rotation using the Varimax method with Kaiser normalization
to maximize the variance of the squared loadings. All analyses were carried out using the
SPSS software package, version 20.0 (SPSS Inc., Chicago, IL, USA).

3. Results and Discussion
3.1. Evaluation of Edible Coatings on Physico-Chemical Traits in Strawberry

The main physico-chemical parameters monitored during cold storage of strawberries,
comparing untreated control samples (CTRL) with fruits coated with edible coatings based
on xanthan gum, combined respectively with citric acid (XG+CA), ascorbic acid (XG+AA),
and both acids (XG+CA+AA), are shown in Table 1.
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Table 1. Firmness, total soluble solids (TSS), titratable acidity (TA), and colorimetric parameters (L*:
lightness, C*: chroma, and H°: hue angle), of ‘Rossetta’” strawberries uncoated (CTRL) and coated
with xanthan gum (XG, 0.3% w/v) combined with citric acid (CA, 2.0% w/v), ascorbic acid (AA, 1.0%
w/v), or both CA and AA, during nine days of cold storage (CS).

Days of Firmness TSS TA . " o
Treatment Cs N) (°Brix) (Citric Acid g/L) L ¢ H
0 113 £3.1P 744012 824+0.3¢ 31.4 + 1.3 bed 414+294% 319 +1.1°¢
3 94 +33a 874+ 04¢ 8.0+ 0.3de 30.3 4 1.2 abed 40.7 £3.62 29.9 4 2.5 abe
CTRL
6 7.8 +1.32 94+01¢ 7.3+0.2Pbc 29.9 + 1.8 abed 39.8 +4.02 27.0 4 1.9 abe
9 714142 10.1 £ 0.3 f 694012 271+1.6° 423+25 255+2342
0 113 £3.1° 744012 82+03¢ 31.4 4+ 1.3 bed 414 +3,0% 319 +1.1°¢
3 9942302 89+0.1 81+0.1de 33.7+134 482+ 28b 313+ 1.2bc
XG+CA
6 96+1.82 92+03de 74+03¢ 328411 467 +1.5% 31.4 4+ 2.4bc
9 8.1+09% 94+01¢ 7.2 +0.13bc 28.6 +2.72b 415+26 27.9 4 2.7 abe
0 113 +3.1P 74+012 82+03¢ 31.4 +1.3bcd 414+30% 319+1.1¢
3 112 +26P 82401P 794014 31.8 + 1.6bcd 405+ 6212 30.3 + 2.5 abe
XG+AA
6 10.0 £ 1.5 85+0.1b¢ 744011°¢ 30.7 =+ 4.01 abed 445+ 329 29.9 4 1.7 abe
9 83+ 1.0 93+0.15¢ 7.0 4+ 0.06 2P 28.5 +0.84 2 421 +3.1% 26.2 + 5.4 P
0 113 £3.1P 744012 82+0.28¢ 31.4 4 1.30 bed 414 +30% 319 +1.1°¢
3 10.7 £ 2.5 754012 7.9 +0.25de 3294212 46.3 +4.852 30.1 + 3.50 abe
XG+CA+AA
6 94+ 1.76 8.6+0.15¢ 79+0.074 30.2 £ 2.592bcd 437 4 325ab 30.8 + 2.57 abe
9 92 +1.762 89+ 0.2 7.2 +0.09 be 29.5 4+ 1.95 abe 428+3.112b 30.3 4 3.19 abe

Means followed by the same letter do not differ significantly at p < 0.05 (Duncan’s test).

In uncoated fruit, a progressive decrease in firmness was observed, with values
declining from 11.3 to 7.1 N. This trend can be attributed to the natural softening of tissues
due to cell wall degradation and loss of turgor pressure [3,34]. In contrast, coated samples
showed higher initial firmness values and a slower reduction in texture over time. In
particular, the XG+AA and XG+CA treatments were more effective in slowing the rate of
fruit firmness loss, maintaining structural integrity even at later storage stages, suggesting
in preserving cell membrane stability. These results are consistent with Chu et al. [19],
who reported that pullulan coatings enriched with cinnamon essential oil nanoemulsions
effectively slowed firmness loss in strawberries during storage.

Similarly, total soluble solids (TSS) increased in all samples during storage. The
increase in TSS may be attributed to the more advanced ripening process in untreated
fruit, which promotes the hydrolysis of polysaccharides and the conversion of reserve
carbohydrates into soluble sugars. However, this increase was significantly lower in coated
fruits compared to the control, indicating a reduction in dehydration processes due to
slowed gas exchange and water loss, thereby contributing to more stable sugar levels [35].
These findings are consistent with previous studies reporting that xanthan gum-based
coatings applied to strawberries and blackberries can slow down quality deterioration
during storage [35,36].

Titratable acidity showed a decreasing trend in all samples, reflecting the consumption
of organic acids during respiratory metabolism. The decrease was significantly higher in
the control sample (from 8.2 to 6.9 citric acid g/L), whereas coated fruits, particularly those
treated with XG+AA and XG+CA+AA, exhibited greater stability in acidity levels. This
contributed to the maintenance of a balanced sugar/acid ratio, a key parameter closely
related to sensory quality and consumer acceptability [37]. During storage, certain organic
acids in strawberries are converted into sugars, resulting in a progressive decrease in
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acidity; however, different edible coatings can help slow this decline and preserve acidity
levels [3,19,35].

Changes in colorimetric parameters were consistent with the progression of ripening.
In control fruits, a progressive reduction in lightness (L*), which reflects surface brightness,
was observed throughout storage. Conversely, coated samples maintained more stable
chroma (C*) and hue angle (H°) values over time, indicating a better preservation of the
original color attributes and a reduced degradation of pigments, resulting in improved
visual quality during cold storage (Figure S1). Edible coatings maintain color and gloss by
forming a semipermeable barrier that reduces oxygen permeability and water loss [35].

Overall, the results agree with previous studies on strawberries treated with edible
coatings, which have demonstrated a positive effect in slowing metabolic processes and
preserving physicochemical quality attributes during storage [38,39].

3.2. Effect of Edible Coatings on Non-Enzymatic Antioxidant System in Strawberry

Strawberries represent a rich source of essential nutrients as well as non-nutritive
bioactive compounds such as flavonoids, anthocyanins, and phenolic acids. These bioactive
compounds play a key role in plant defense mechanisms and significantly contribute to
the overall antioxidant capacity of the fruit [40]. Among them, anthocyanins, a subclass of
flavonoids, are responsible for the characteristic red—purple coloration of the fruit and are
known for their cellular protective properties, as they modulate antioxidant responses, neu-
tralize free radicals, and reduce cellular damage induced by oxidative stress, inflammation,
and cytotoxicity [41].

In this study, the content of bioactive compounds and antioxidant activity were
monitored at the beginning of the experiment and after 3, 6, and 9 days of cold storage, as
reported in Figure 1. Total phenolic content in the uncoated sample was significantly lower
than in the coated ones throughout the storage period, showing a significant reduction after
9 days. Coatings with XG+CA and XG+AA induced an increase in total phenolic content
compared to the initial value, maintaining relatively stable levels during cold storage. In
fruits coated with XG+CA+AA, a statistically significant increase in total phenolic content
was observed throughout the whole storage period, reaching the highest value on day 9
(Figure 1A). A similar trend was observed for total flavonoid content; the values remained
relatively stable on day 0, whereas coated samples, particularly XG+CA+AA, showed
significantly higher levels from day 3 onward. In contrast, the control sample progressively
decreased over time, indicating flavonoid degradation in uncoated fruit (Figure 1B).

Anthocyanin content is commonly used as an indicator of strawberry ripeness, as
these compounds are closely associated with fruit ripening. In addition, they play a key
role in determining the visual quality of strawberries by contributing to the characteristic
red coloration of fully ripe fruits [42]. Anthocyanin content in the control sample showed
a statistically significant decrease during storage, reaching the lowest value on day 9.
The XG+CA coating allowed the anthocyanin content to remain stable up to day 6 of
storage. In contrast, fruits coated with XG/AA showed an increase in anthocyanin content
on day 9 compared to the initial value. The combined XG+CA+AA coating induced
a statistically significant increase in anthocyanin content after 3 and 6 days of storage
compared to the initial value, with levels remaining stable until the end of cold storage
(Figure 1C). The decline in anthocyanin content during storage may be attributed to
senescence and tissue deterioration [43]. However, several studies investigating different
edible coatings applied to strawberry fruit have reported an increase in anthocyanin content
during storage [21,24,43].
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Figure 1. Polyphenols (A), flavonoids (B), anthocyanins content (C) and antioxidant activity (D) of
‘Rossetta’ strawberry uncoated (CTRL) and coated with xanthan gum (XG, 0.3% w/v) combined with
citric acid (CA, 2.0% w/v), ascorbic acid (AA, 1.0% w/v), or both CA and AA, during cold storage
at 4 °C for nine days. Different letters indicate significant differences between different treatments
(p < 0.05; Duncan test).

All coated treatments improved antioxidant capacity over time, with the strongest
effect again observed in the combined coating. The control showed a gradual decline,
highlighting the protective role of coatings in maintaining the bioactive compounds content
and the highest antioxidant activity (Figure 1D). Similarly, chitosan-based composite coating
loaded with ascorbic acid and curcumin maintained a higher antioxidant activity compared
to uncoated strawberries during 15 days of cold storage [44].

Bioactive compounds play a key role in mitigating oxidative stress and prolonging the
shelf-life of fruits [12]. Edible coatings form a protective layer around the fruit, limiting
oxygen availability and thereby slowing the enzymatic oxidation of bioactive compounds;
consequently, they enhance the non-enzymatic antioxidant system and overall antioxidant
capacity, helping to neutralize the accumulation of reactive oxygen species (ROS) during
storage in different fruits [3,35,45].

3.3. Evaluation of the Enzymatic Antioxidant System

In fruits, antioxidant systems slow down ROS-induced damage and preserve quality
during storage [12]. A key mechanism is the enzymatic detoxification of ROS, involving
enzymes such as superoxide dismutase, catalase and those of the ascorbate-glutathione
cycle. These enzymes work together to scavenge ROS, maintain redox balance, and protect
cells from oxidative stress [46].

The enzymatic antioxidant system in strawberries highlights the role of SOD, CAT,
and APX in counteracting oxidative stress induced by superoxide radicals (O,e~) and
hydrogen peroxide (H,;O;) during cold storage. SOD converts superoxide radicals into
hydrogen peroxide, thereby reducing the initial damage caused by reactive oxygen species.
CAT and APX then convert hydrogen peroxide into water, protecting fruit cells. The edible
coatings modulate the activity of antioxidant enzymes, reducing oxidative damage. In
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particular, SOD, CAT, and APX act in a coordinated manner to neutralize ROS, limiting
browning and oxidative deterioration of strawberries during cold storage.

Overall, SOD activity increased over time in all samples, with a more pronounced rise
in treated fruits compared to the control. Xanthan gum (XG)-based treatments, especially in
combination with other components, showed higher superoxide dismutase (SOD) activity
during the later stages of storage, suggesting an improved capacity to scavenge superoxide
radicals and alleviate oxidative stress (Figure 2). This is consistent with the findings of
Hong et al. [47], who reported that elevated SOD activity is an important indicator of
strawberry tolerance to adverse environmental conditions.

25
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Figure 2. Superoxide dismutase activity of ‘Rossetta’ strawberry uncoated (CTRL) and coated with
xanthan gum (XG, 0.3% w/v) combined with citric acid (CA, 2.0% w/v), ascorbic acid (AA, 1.0% w/v),
or both CA and AA, during cold storage at 4 °C for nine days. Different letters indicate significant
differences between different treatments (p < 0.05; Duncan test).

In contrast, CAT activity showed a general decreasing trend during storage. However,
treated samples maintained higher CAT levels than the control throughout the storage
period, indicating that coatings helped preserve hydrogen peroxide detoxification capacity
and delay oxidative deterioration (Figure 3A).

Similarly, APX activity increased progressively during storage, with significantly
higher values in coated fruits. The combined treatments (XG+AA and XG+CA+AA) were
particularly effective, highlighting a stronger activation of the ascorbate-glutathione cycle
and improved ROS scavenging (Figure 3B).

These results suggest that edible coatings enhance the antioxidant defense system by
modulating key enzymatic activities, thereby contributing to improved oxidative stability
and prolonged postharvest quality of the fruit. Azam et al. [35] demonstrated that XG-
based edible coatings can regulate the enzymatic antioxidant defense system in blackberries,
thereby mitigating oxidative stress and delaying postharvest deterioration.
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Figure 3. Catalase (A) and ascorbate peroxidase (B) activity of ‘Rossetta” strawberry uncoated (CTRL)
and coated with xanthan gum (XG, 0.3% w/v) combined with citric acid (CA, 2.0% w/v), ascorbic
acid (AA, 1.0% w/v), or both CA and AA, during cold storage at 4 °C for nine days. Different letters
indicate significant differences between different treatments (p < 0.05; Duncan test).

3.4. Evaluation of Enzymatic Browning and Membrane Damage

All edible coatings, particularly the XG+CA+AA formulation, led to a statistically
significant reduction in polyphenol oxidase (PPO) and lipoxygenase (LOX) activities, as
well as malondialdehyde (MDA) content, compared with the control at 6 and 9 days after
treatment (Table 2).

Polyphenol oxidase (PPO) and lipoxygenase (LOX) activities in ‘Rossetta” strawberries
increased progressively over 9 days of cold storage across all treatments, indicating an
overall induction of oxidative processes associated with fruit senescence. However, clear
differences were observed among treatments (Table 2).

In control samples, PPO activity exhibited the highest values throughout storage, with
a continuous increase up to day 9. Among the treatments, XG+CA+AA showed the lowest
PPO activity (p < 0.05), suggesting a synergistic effect when the two organic acids are
combined. Citric and ascorbic acids act as anti-browning agents through different mecha-
nisms, with ascorbic acid reducing quinones back to colorless diphenols and inhibiting PPO
activity, while citric acid lowers PPO activity by acidifying the environment and chelating
copper at the enzyme’s active site [48,49].
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A similar trend was observed for LOX activity, although with a more pronounced
increase over time. The control sample showed the highest LOX values, particularly on day
6 and day 9, indicating enhanced lipid peroxidation and membrane degradation during
storage. Coated samples significantly reduced LOX activity, with XG+CA+AA being the
most effective treatment in limiting enzymatic activity, especially at later storage stages
(Table 2).

Table 2. Polyphenol oxidase (PPO) and lipoxygenase (LOX) activity and malondialdehyde content of
‘Rossetta’ strawberries uncoated (CTRL) and coated with xanthan gum (XG, 0.3% w/v) combined
with citric acid (CA, 2.0% w/v), ascorbic acid (AA, 1.0% w/v), or both CA and AA, during nine days
of cold storage (CS).

PPO (nmol/g FW)

Days of CS CTRL XG+CA XG+AA XG+CA+AA
0 3.94+ 0212 3.89 £0.192 3.88 +0.22°2 39140222
3 5.10 +0.28 2 48540262 49440262 48140272
6 6.12 £0.32"P 5.64 4+ 0.31° 572 4+0.31P 5.05 + 0.28
9 7.96 + 0.42 ¢ 5.96 & 0.32 2P 6.05+0.33° 535+ 0.312
LOX (nmol/g FW)
0 15226 £ 7522 15026 £ 8552 15124 +8.152  150.26 + 8.63 2
3 32625+ 1648 22563 4+ 12483 23562 +12.85P  201.52 4+ 11.26 2
6 389.15+20.15¢  336.25+18.52P 34522 +19.26P  224.62 +13.262
9 428.11 +£22.28° 38425+ 17.26° 37526 +£20.33P  231.524+9522
MDA (nmol/g FW)
Days of CS CTRL XG+CA XG+AA XG+CA+AA
0 147.50 4 0.412®  149.07 + 0.40° 151.13 £ 0.20° 139.37 4+ 0.552
3 256.00 £ 0554 23837 +059° 200404+ 047 19217 £0.372
6 293404+ 0779 261.03+£024°¢ 21317 +071° 20137 £0.592
9 330.10 £ 0559  301.87+031°¢  251.77+ 054  231.63+0282

Means followed by the same letter do not differ significantly at p < 0.05 (Duncan’s test).Means followed by the
same letter do not differ significantly at p < 0.05 (LSD test).

The MDA content increased during cold storage in all treatments, indicating a contin-
uous rise in lipid peroxidation and oxidative stress in strawberry tissues.

On day 0, all samples showed low MDA levels, suggesting uniform initial physio-
logical status among treatments. After 3 days of cold storage, an increase was observed
in all groups, although the MDA content varied among treatments. The CTRL showed
the highest MDA level (256.00 pmol/100 g FW), while the combined coating treatment
(XG+CA+AA) exhibited the lowest value (192.17 umol /100 g FW), indicating a protective
effect against oxidative damage.

This trend became more evident on day 6, where MDA content further increased in all
samples. Again, CTRL fruits exhibited the highest accumulation (293.40 pmol/100 g FW),
whereas XG-based treatments, particularly those containing both CA and AA, maintained
significantly lower levels (201.37-261.03 pmol/100 g FW), suggesting improved membrane
stability.

By day 9, MDA reached its maximum values in all treatments, ranging from
231.63 umol /100 g FW in XG+CA+AA to 330.10 umol/100 g FW in CTRL. Notably, the
combined treatment consistently showed the lowest MDA levels throughout storage, high-
lighting its superior effectiveness in delaying lipid peroxidation (Table 2).
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Opverall, the results demonstrate that edible coatings, particularly when xanthan gum
is combined with both citric and ascorbic acid, effectively slow down oxidative enzyme
activities. This suggests improved preservation of membrane integrity and a reduced rate
of browning and senescence processes during cold storage.

These results agree with previous studies on strawberries treated with edible coatings
based on chia seed mucilage, bacterial cellulose, and chitosan, which have shown similar
effects in modulating enzymatic activities during cold storage [3,50].

3.5. Principal Component Analysis (PCA)

PCA is a reliable tool for monitoring the postharvest behavior of fruit, as previously
demonstrated in several studies [3,30,51]. In this work, PCA was applied to evaluate the
effectiveness of three different coatings on ‘Rossetta’ strawberry fruits during cold storage,
based on the analysis of physico-chemical quality attributes and enzymatic activities related
to oxidative stress, enzymatic browning, and membrane integrity.

The eigenvalues of the covariance matrix indicated that the first two principal com-
ponents accounted for 65.94% of the total variance in the dataset during cold storage.
Specifically, PC1 and PC2 explained 43.19% and 22.74% of the total variance, respectively.
The PCA biplot showed a clear separation among strawberry samples according to both
treatment and storage time, highlighting distinct clustering patterns associated with coating
application and storage duration (Figure 4).

PC1 primarily separates samples according to storage progression and quality deterio-
ration. Control samples (CTRL-3, CTRL-6, CTRL-9) are positioned on the negative side of
PC1, closely associated with higher levels of MDA, LOX, and PPO, indicating enhanced
lipid peroxidation and oxidative stress during storage. In contrast, coated samples, par-
ticularly those treated with XG-based formulations, are distributed on the positive side
of PC1, reflecting better preservation of fruit quality attributes, such as total acidity (TA),
flavonoids (FLAVs), phenolics (POLs), and antioxidant-related enzymes.

PC2 further differentiates the effects of coating composition and storage time. Early
storage samples (day 0 and day 3) cluster closer to the origin, indicating limited physio-
logical divergence at initial stages. As storage progresses, samples treated with combined
coatings (XG+CA+AA-6 and XG+CA+AA-9) are clearly separated in the upper-right quad-
rant, showing association with antioxidant enzymes such as SOD and APX, as well as
antioxidant compounds (ANTs). This suggests that these treatments effectively enhance
the antioxidant defense system during prolonged storage.

Overall, the PCA highlights a relationship between coating applications and preserva-
tion of strawberry quality.

The superior performance of the XG+CA+AA coating may be attributed to the comple-
mentary functions of citric acid and ascorbic acid. Ascorbic acid acts as a potent antioxidant,
scavenging reactive oxygen species and delaying the oxidation of phenolic compounds,
thereby preserving fruit quality and antioxidant capacity during storage [52]. Citric acid
contributes through pH reduction and metal-ion chelation, inhibiting polyphenol oxidase
activity and limiting oxidation reactions catalyzed by transition metals [53]. Moreover, CA
can stabilize AA by maintaining an acidic microenvironment, prolonging its antioxidant
effectiveness. The combined use of AA and CA has been reported to provide greater antiox-
idant protection than either compound alone. Additionally, both organic acids may interact
with the xanthan gum matrix, promoting a more compact film structure with enhanced
barrier properties against oxygen and water vapor transfer [54]. These effects can reduce
moisture loss, oxidative deterioration, and quality degradation, ultimately explaining the
improved efficacy of the XG+CA+AA coating compared with single-acid formulations.
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Figure 4. 2D-principal component analysis plot in ‘Rossetta” strawberry uncoated (CTRL) and coated
with xanthan gum (XG, 0.3% w/v) combined with citric acid (CA, 2.0% w/v), ascorbic acid (AA,
1.0% w/v), or both CA and AA, at harvest (0) and after 3, 6 and 9 days of cold storage at 4 °C. (F:
firmness; TSS: total soluble solid content; TA: titratable acidity; L: L* value; H: hue angle; POL:
polyphenol content; FLAV: flavonoid content; AO: antioxidant activity; SOD: superoxide dismutase;
CAT: catalase; APX: ascorbate peroxidase; LOX: lipoxygenase; PPO: polyphenol oxidase; MDA:
malondialdehyde content).

4. Conclusions

Edible coatings based on xanthan gum enriched with citric acid and ascorbic acid
represent a promising and sustainable strategy to support the preservation of posthar-
vest quality in ‘Rossetta” strawberries during cold storage. The XG+CA+AA formulation
showed better overall performance compared with coatings containing citric acid or ascor-
bic acid alone, which may be associated with complementary effects of the two organic
acids within the xanthan gum matrix. In particular, the combined treatment contributed
to more effective maintenance of fruit firmness, slower progression of ripening-related
changes, and better preservation of key physico-chemical parameters, including titratable
acidity and color stability. Moreover, treated fruits generally exhibited higher levels of
bioactive compounds and antioxidant activity, together with enhanced activity of enzymes
involved in the response to oxidative stress.

At the same time, the coatings appeared to reduce enzymatic browning and lipid
peroxidation, as suggested by lower polyphenol oxidase and lipoxygenase activities, as
well as malondialdehyde content.

Opverall, these results suggest that edible coatings enriched with natural organic acids
may contribute to improving the postharvest quality and extending the marketability
period of strawberries, representing a potential eco-friendly approach for postharvest
management in fresh fruit supply chains.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /horticulturae12070779/s1; Figure S1: Strawberries fruit during
storage at 0, 3, 6, and 9 days. U = uncoated fruit; C = coated fruit.
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