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Abstract

Mexican lime (Citrus aurantifolia Swingle) is a widely consumed citrus fruit, but its shelf life is limited. Edible coatings have
gained significant interest due to their ability to prolong fruit storage time. The objective of this study is to assess the efficacy
of edible coatings derived from wild sage seeds and pomegranate seed oil (PSO) in extending the shelf life of Mexican lime
fruit stored at 20+ 2 °C and 50-60% relative humidity. The study findings suggest that the treatments effectively prevented
a decline in fruit weight and titratable acidity. The total phenolic, flavonoid, and total antioxidant activity of the fruit showed
a decreasing trend over the 24-day shelf life. However, the coated fruits (excluding PSO) exhibited higher total phenolic
content, antioxidant capacity, as well as peroxidase and catalase activity during storage. Except for PSO, the application of
edible coatings had a beneficial impact on preserving the a* value, visual quality, and marketability of Mexican lime fruit by
reducing the activity of the polyphenol oxidase enzyme. The results suggest that these treatments can be an effective strategy

for improving the quality and extending the shelf life of Mexican lime fruit stored at ambient temperature.
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Introduction

Mexican lime (Citrus aurantifolia), a commonly known cit-
rus cultivar, holds significant commercial importance and is
cultivated worldwide [1]. Citrus fruits are esteemed for their
exceptional nutritional content, especially their organic acids
and sugars, which serve as primary metabolites and crucial
elements contributing to the fruit’s flavor quality. Among
citrus fruits, lime stands out as an excellent source of natural
bioactive compounds renowned for their health-promoting
properties [2]. Despite their remarkable nutritional value,
lime fruits are susceptible to significant water loss after har-
vest, particularly in hot and humid tropical regions. This
inherent vulnerability restricts their storage life to a mere
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6-9 days [3]. Furthermore, the degradation of chlorophyll
in the peel results in a loss of greenness, exacerbating the
reduction in the fruit’s shelf life [4].

The application of edible coatings has emerged as a
promising approach for extending the shelf life of fruits.
Edible coatings are eco-friendly, non-toxic, readily avail-
able, cost-effective, user-friendly, and renewable, making
them a reliable and trustworthy option for consumers [5].
Edible coatings are thin layers of edible materials that are
applied to the surface of food products. One of the main pur-
poses of edible coatings is to act as a barrier, regulating the
migration of various substances such as oxygen (O,), carbon
dioxide (CO,), flavorings, lipids, moisture, and other dis-
solved compounds [6]. Previous studies have demonstrated
that employing renewable coating materials on fresh citrus
fruits is an effective postharvest practice that enhances qual-
ity and extends shelf life. This is achieved by improving the
fruit’s visual appearance and mitigating postharvest losses
[7]. In a study, it was found that the application of Persian
gum on oranges helped to maintain their quality and extend
their storage life [8]. In the conducted research, edible coat-
ings composed of pea starch and guar gum were utilized to
evaluate their effects on the quality, storability, and shelf life
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of oranges. The study findings revealed that oranges coated
with these edible coatings received superior ratings in terms
of overall flavor and freshness when compared to uncoated
oranges after being stored for a duration of four weeks at a
temperature of 5 °C [9].

Wild sage (Salvia macrosiphon Boiss) gum contains a
mucilage layer that can be utilized in edible coatings for
fruits and vegetables. The seeds of the sage plant serve as the
source of this gum, which has been proven effective in creat-
ing a semi-permeable barrier to CO, and O,. As a result, the
respiration rate of the fruit decreases, leading to an extension
in its shelf life [10, 11].

Incorporating extracts from plants into coatings can
enhance the mechanical, sensory and nutritional properties
of the initial edible coating materials [12]. Pomegranate
seed oil is a valuable nutritional ingredient known for its
richness in phytochemicals, including punicic acid and anti-
oxidants. The beneficial properties of extracts are attributed
to the presence of phenolic compounds, particularly ortho-
diphenols [13]. Studies have demonstrated that the nutri-
tional and medicinal properties of pomegranate seed oil can
be harnessed to facilitate the emulsification of edible and
biodegradable coatings [14]. Recent studies have revealed
that the utilization of pomegranate seed oil can enhance the
production of edible biofilms with improved mechanical
and barrier properties. These enhancements are attributed
to the interactions between polysaccharides and proteins in
the coating [15].

Considering recent advances in the application of edi-
ble coatings to enhance fruit shelf life, this study aimed to
embark on an innovative approach by utilizing wild sage
(Salvia macrosiphon Boiss) gum enriched with pomegran-
ate seed oil (PSO) on Mexican lime (Citrus aurantifolia)
fruits postharvest. The primary objective was to investigate
the impact of these novel coatings on extending the shelf
life of the fruits during storage at 20 +2 °C. Building on
existing scientific discussions that highlight the potential
benefits of edible coatings in preserving fruit quality and
reducing postharvest losses, we sought to explore the unique
combination of wild sage gum and PSO to further optimize
the mechanical and barrier properties of the coatings. This
research holds the promise of introducing an eco-friendly
and effective strategy to revolutionize the postharvest man-
agement of Mexican lime fruits, benefiting both producers
and consumers alike.

Materials and methods

The Mexican lime (Citrus aurantifolia) fruits were harvested
from a commercial garden located in Rodan city, Hormozgan
province, at a river section with geographical coordinates of
57° 29" E and 27° 59" N. Harvesting was carried out at the
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mature green stage, with careful attention to technical points
to ensure optimal fruit quality. Subsequently, uniform-sized,
healthy fruits without any mechanical damage were selected
for testing. Prior to testing, the selected fruits underwent
a thorough washing and disinfection process. The fruits
were immersed in water and treated with 0.05% sodium
hypochlorite solution for one minute to effectively disinfect
and remove any surface contaminants. By following these
stringent procedures during the harvesting and preparation
stages, we aimed to obtain high-quality and uncontaminated
Mexican lime fruits, ensuring the reliability and accuracy of
our research results.

Preparation of coating

Edible coatings based on wild sage were prepared at two
different concentrations: 0.1% and 0.2% (dissolve in water).
Subsequently, pomegranate seed oil (PSO) was incorporated
into each treatment at a concentration of 0.05% (weight/vol-
ume). The test treatments included the following groups:
a control (distilled water), wild sage seed (WS) at 0.1%,
WS at 0.2%, WS 0.1% + PSO, WS 0.2% + PSO, and PSO
alone. To apply the coatings, the lime fruits were immersed
in their respective treatments at room temperature for 5 min,
ensuring even and complete coverage. After the fruit surface
was completely dry, the coated fruits were carefully placed
in disposable plastic containers and subsequently stored for
24 days at a constant temperature of 20 +2 °C and 50-60
relative humidity (RH). Throughout the storage period, we
closely monitored and evaluated the desired factors to assess
the effectiveness of the different coatings in preserving the
quality and extending the shelf life of the Mexican lime
fruits.

Physiological loss in weight (PLW)

To assess the physiological weight loss of both coated
and uncoated lime fruits, the mass difference method was
employed. Lime fruits were carefully weighed on the first
and last day of the storage period, utilizing a digital scale
(AXIS BTA 210D) with an accuracy of 0.01 g. The reduc-
tion in lime mass, expressed as a percentage, was then cal-
culated using the following formula (1) [16]:

Wo — Wy

PLW(%) = x 100 1)

Wo
where w,, represents the initial mass and w, represents the
final mass.

By quantifying the physiological weight loss, we aimed
to gain insights into the efficacy of the edible coatings in
mitigating fruit dehydration and prolonging shelf life.
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Determination of the total soluble solid (TSS)
and titratable acidity (TA)

To determine the total soluble solids (TSS) concentration
in the fruit juice, a digital refractometer (DBR 95) was
employed, following the methodology proposed by Kumar
et al. [17]. The TSS content was expressed as a percentage.
For measuring the titratable acidity (TA) content, the sam-
ples were titrated with a 0.1 N NaOH solution at pH 8.2. The
NaOH solution was slowly added drop by drop to the fruit
juice while continuously stirring or swirling the container.
The addition of NaOH causes the reaction between the acid
present in the sample and the base (NaOH). The acid gradu-
ally gets neutralized, resulting in a decrease in acidity. The
endpoint of the titration was reached when the pH of solu-
tion was 8.2. The results were subsequently expressed as a
percentage of citric acid.

By understanding how these key parameters are affected,
we aimed to further evaluate the potential of wild sage and
pomegranate seed oil-based coatings in preserving the nutri-
tional quality and sensory attributes of Mexican lime fruits.

Determination of the total phenolic content (TPC)
and the total flavonoid content (TFC)

To extract the compounds, fruit pulp samples were homog-
enized with 80% methanol (96%, barad). The homogenized
sample was then centrifuged at 4000xg for 10 min at room
temperature, and the resulting supernatant was collected
for the determination of total phenolic and total flavonoid
content, as well as antioxidant activity. The total phenolic
content of the methanolic solution was determined using
the method developed by Ordonez et al. [18] with slight
modifications. For the reaction mixture, 0.3 mL of the
methanol extract was combined with 1.2 mL of 7% sodium
carbonate solution and 1.5 mL of diluted Folin-Ciocalteu
reagent. After 90 min of incubation at room temperature,
the absorbance was measured at 750 nm using a spectropho-
tometer (CECIL-2501, England). A calibration curve was
constructed using gallic acid as a standard. The content of
phenolics in the extracts was expressed as mg of gallic acid
equivalents per gram of fresh weight. For the measurement
of total flavonoid content, a modified colorimetric method
described by Chang et al. [19] was employed. The methanol
extract was mixed with 10% AICl; and acetate potassium
solution (1 mM). After 30 min of incubation, the absorbance
was measured at 415 nm using a UV—vis spectrophotometer.
A calibration curve was constructed using quercetin as a
standard.

By quantifying the total phenolic and flavonoid content,
this analysis provided valuable information about the pres-
ence of these bioactive compounds in the fruit pulp, sup-
porting the scientific basis for implementing edible coatings

enriched with wild sage and pomegranate seed oil for fruit
preservation.

Determination of antioxidant activity

The DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical scav-
enging activity was assayed using the method described by
Bourtoom et al. [20] with some modifications. To conduct
this technique, 30 pL of the methanol extract was mixed
with 150 pL of a DPPH solution, prepared by dissolving
0.025 g of DPPH in 100 mL of 85% methanol. The resulting
mixture was then kept in the dark at room temperature for
40 min. Subsequently, the absorbance of the solution was
measured at 517 nm using a UV-VIS spectrophotometer.
The percentage of inhibition (/) was calculated using the
following equation:

Cu_Sa
1 (%) = 222 X 100 2)

where C, and S, represent the control absorbance and sam-
ple absorbance, respectively.

Determination of antioxidant enzyme activity

To assess the activity of antioxidant enzymes, we conducted
the extraction and assay of polyphenol oxidase (PPO), per-
oxidase (POD), and catalase (CAT).

For PPO activity determination, a 2.0 mL sample was
blended in 20 mL of phosphate buffer containing 1 mM
PEG and 4% w/v PVPP while placed in an ice bath. After
centrifugation at 6000 rpm for 10 min at 4 °C, the superna-
tant (crude extract) was collected for the assay. The reaction
mixture consisted of 80 pL of 0.5 M catechol and 100 pL of
0.05 mM phosphate buffer at pH 6.5, which was incubated
at 35 °C for 5 min. Subsequently, 20 pL of crude extract
was added, and the changes in absorbance were monitored
at 420 nm [21].

To evaluate POD activity, a modified spectrophotometric
method based on Wang et al. [22] was employed. Similarly, a
2.0 g sample was homogenized in 20 mL of phosphate buffer
containing 1 mM PEG and 4% w/v PVPP while placed in an
ice bath. After centrifugation, the supernatant was collected
for the assay. The POD activity assay was performed in a
reaction cuvette, comprising 60 pL of 0.05 M guaiacol, 20
pL of the enzyme solution (with the blank group containing
sodium phosphate buffer), and 20 pL of 0.05 mM hydrogen
peroxide. The absorbance changes of the mixture were meas-
ured at 470 nm at 15-s intervals.

For CAT activity evaluation, we employed the method
developed by Aebi (1983). The reaction mixture contained
0.2 mL of crude extract and 50 mM sodium phosphate buffer
(650 pL) at pH 7.0, along with 150 pL of 20 mM H,0,. The
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activity of CAT on H,0, resulted in a reduction in absorb-
ance at 240 nm, which was determined using a spectropho-
tometer [23].

By examining the activities of these antioxidant enzymes,
we aimed to gain insights into the potential impact of wild
sage and pomegranate seed oil-based coatings on the fruit’s
antioxidant defense system.

Determination of fruit color

The color of both the control and coated lime fruits was
quantified using a Chroma meter CR-400 (Konica, Tokyo,
Japan) in CIE Lab coordinates (L*, a*, b*). The luminos-
ity (L*; 0=black, 100 =white), chromaticity (C*), and Hue
angle (H®) were assessed to provide a comprehensive evalu-
ation of the fruit’s color characteristics. The L* values indi-
cated the lightness of the fruit’s color, with positive values
denoting greater lightness and negative values indicating
darkness. The a* values represented the color’s position
along the red-green axis, with positive values indicating red-
ness and negative values indicating greenness. On the other
hand, the b* values represented the color’s position along the
yellow-blue axis, with higher positive readings indicating
yellowness and negative readings indicating blueness [24].

By analyzing these color parameters, we aimed to discern
any perceptible changes in the appearance of the lime fruits
due to the application of wild sage and pomegranate seed
oil-based coatings. Understanding the color variations pro-
vides valuable insights into the visual quality of the coated
fruits during postharvest storage, contributing to our assess-
ment of the overall effectiveness of these innovative coat-
ings in preserving the marketability and consumer appeal of
Mexican lime fruits.

Overall visual acceptability (OVA)

To conduct a subjective evaluation of fruit quality, we
employed a four-point scoring system. The scoring sys-
tem allowed us to assess the overall visual acceptability
of the lime fruits based on various attributes. A score of
four was assigned to fruits of excellent quality, character-
ized by their freshness, firmness, and glossy peel, without
any signs of dehydration, skin shriveling, or discoloration.
These fruits were deemed to be in the best condition and
highly marketable. Fruits that received a score of three
were of good quality, still acceptable for marketing, but
exhibiting slight shriveling and softness. Despite these
minor imperfections, they remained suitable for consumer
purchase. A score of two was given to fruits that were not
suitable for sale but still edible. These fruits displayed
moderate symptoms of shriveling, loss of green color, dry-
ness, and progression towards browning. Finally, a score of
one was assigned to fruits of poor quality, showing severe
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symptoms of shriveling, darkening of the peel color, and
decay. These fruits were deemed unfit for consumption [9].

Statistical analysis

For the factorial experiment in this investigation, a fully
completely randomized design (CRD) was employed.
The data obtained from the experiment were subjected
to a comparative analysis using the LSD (Least Signifi-
cant Difference) test at a statistical significance level of
p <0.05. This allowed us to determine whether there were
any significant differences among the different treatments.
The statistical analysis was conducted using SAS software
version 9.4, a widely used tool for analyzing experimental
data and drawing meaningful conclusions from the results.

Results
Weight loss

Shown in Fig. 1, the impact of the edible coatings on
weight loss was evident. After 24 days of storage at room
temperature, the fruits coated with the edible coatings
exhibited significantly lower weight loss compared to the
control (19.3%) group. Among the different treatments, the
fruits treated with PSO demonstrated the lowest percent-
age (12.5%) of weight loss, and this result was statistically
significant when compared to both the control and other
coating treatments.

Total soluble solids (TSS) and Titratable acidity (TA)

As represented in Fig. 2a, the total soluble solids (TSS)
content of the samples demonstrated a progressive increase
during the 24-day storage period. Except for the PSO treat-
ment, which did not exhibit a notable distinction from the
control group, the remaining treatments demonstrated lower
TSS compared to the control. The treatments involving a
0.2% WS and 0.2% WS +PSO produced the minimum TSS
values, measuring 6.8% and 6.9% respectively.

Regarding titratable acidity (TA), our results showed
varying patterns among the different treatments. While
the fruits treated with 0.1% and 0.2% WS coatings did not
exhibit any significant change in TA after 24 days of storage,
the other coated fruits demonstrated a significant decrease
in acidity compared to the first day of storage. The control
group and the PSO treatment displayed the minimum (8.9%
and 9.8% respectively) TA levels after the storage period
(Fig. 2b).
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sage seed 0.2% with pomegranate seed oil, and pomegranate seed
oil (0.05%)) on a Total Soluble Solids (TSS) and b Titratable Acid-

Total phenolic, flavonoids content and antioxidant
capacity

Our investigation revealed significant changes in the total
phenolic content of lime fruits during the 24-day storage
period at 20+ 2 °C. All treatments, except PSO, showed a
higher phenolic content than the control. Maximum (3.73
mg/g) phenolic content was observed in 0.2% WS, WS
(0.2%) + PSO treatments (Fig. 3a).

Regarding antioxidant capacity, our study demonstrated a
significant decrease in the antioxidant capacity of the coated
fruits after 24 days of storage at 20 +2 °C when compared
to the control group (Fig. 3b). The control treatment dis-
played the lowest level of antioxidants at 69%, and this result
differed significantly from the other treatments. However,
it is essential to note that despite the decrease, the fruits
still retained a considerable level of antioxidant capacity,
suggesting that the edible coatings offered some protective
effect against oxidative stress during storage.

WS 0.2% WS 0.1%+ PSO WS 0.2% + PSO PSO

Treatments

@ Control OWS 0.1%
2% 1%+
b WS 0.2% WS 0.1%+ PSO
18 BWS 0.2% + PSO @PSO

TA (%)

(ST ST N

Storage time (day)

ity (TA) of Mexican lime fruit stored for 24 days at 20+2 °C and
50-60% RH. The data represent the mean values of n=3, and the
error bars indicate standard errors (SE) of the means. Statistical anal-
ysis was performed using the LSD test at the P <0.05 level

Furthermore, the flavonoid content of the fruits also
exhibited changes during the storage period. At the end
of the 24-day storage, the flavonoid levels decreased in all
treated fruits (Fig. 3c). However, it is worth mentioning that
despite the decrease, the coated fruits (With the exception
of PSO) displayed significantly higher flavonoid levels than
the control group.

The activity of antioxidant enzymes

The enzymatic activity of polyphenol oxidase (PPO) showed
an increase after 24 days of storage at 20 +2 °C (Fig. 4a).
However, it is noteworthy that the coated fruits, except for
the PSO treatment, demonstrated significantly lower PPO
enzyme activity compared to the fruits in the control group.
The lowest activity of PPO enzyme activity, measuring 59.4
U/mgFW, was observed in the 0.1% WS treatment.
Regarding peroxidase (POD) enzyme activity, treatments
with 0.1% and 0.2% WS and 0.2% WS +PSO displayed a
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Fig. 3 Effect of treatments (control, wild sage seed 0.1%, wild sage
seed 0.2%, wild sage seed 0.1% with pomegranate seed oil, wild
sage seed 0.2% with pomegranate seed oil, and pomegranate seed
oil (0.05%)) on a Total phenolic, b Antioxidant capacity, and ¢ Fla-

significant increase after 24 days of storage (Fig. 4b). How-
ever, treatments with 0.1% WS and PSO did not show any
significant difference from the control group and remained
relatively constant compared to the first day of storage.

After 24 days of fruit storage, the activities of CAT
enzyme in the 0.2% WS, 0.1% WS +PSO, and 0.2%
WS +PSO treatments exhibited a significant increase
(Fig. 4c). In contrast, the control group displayed a signifi-
cant decrease in catalase activity compared to the first day
and compared to the other coating treatments. The 0.2%
WS +PSO treatment (167.4 U/mgFW) exhibited the high-
est activity of CAT, followed by the 0.2% WS treatment (158
U/mgFW).

Color parameters

The color parameters of the coated fruits were analyzed to
assess their visual quality and changes during the storage
period (Fig. 5).

The L* index, representing lightness, displayed an
increasing trend in most treatments during storage, indicat-
ing the lightening of the fruit’s peel color. Notably, the treat-
ment with 0.1% wild sage seed +PSO showed the highest
increase in L* index at 24 days of storage, followed by the
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Storage time (day)

vonoids of Mexican lime fruit stored for 24 days at 20+2 °C and
50-60% RH. The data represent mean values of n=3, and the error
bars indicate standard errors (SE) of the means. Statistical analysis
was performed using the LSD test at the P <0.05 level

treatment with 0.2% wild sage seed +PSO, both of which
exhibited a significant difference compared to the control
group (Fig. 5a).

The a* index, indicating greenness, gradually increased
during storage, reflecting the breakdown of chlorophyll
and the reduction of green color in the fruit’s peel. At the
end of the storage period, the PSO treatment displayed the
highest a* value (4.72), followed by the control group (2.2)
(Fig. 5b).

Similarly, the b* index, representing yellowness,
increased during the storage period, with the highest b*
value observed at the end of storage. The treatments of 0.1%
wild sage seed + PSO (29.84) on the 24th day of storage
and 0.2% wild sage seed (11.23) on the 12th day of stor-
age recorded the lowest and highest b* values, respectively
(Fig. 5¢).

The Chroma index (Fig. 5d) demonstrated an increas-
ing trend during storage, with the highest value recorded
at the 24th day of storage, particularly in the treatment of
0.1% wild sage seed + PSO, followed by 0.2% wild sage
seed+PSO and 0.1% wild sage seed.

Furthermore, the Hue index (Fig. Se) showed an increas-
ing trend during storage, indicating changes in the dominant
wavelength of the fruit’s color.
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Lastly, the citrus colour index (CCI) (Fig. 5f) displayed
a significant decrease at the end of the storage period
compared to the 12th day of storage. The PSO treatment
showed the highest CCI, suggesting that the edible coat-
ings, particularly those enriched with PSO, contributed
to maintaining the color stability of the fruits over time.

Overall visual acceptability (OVA)

Upon the completion of the 24-day storage period at
20 +2 °C, the evaluation of overall visual acceptability
(OVA) revealed interesting results. The control group
and the PSO treatment showed the lowest OVA scores
compared to the other treatments (Fig. 6a). Conversely,
the fruits coated with 0.1% and 0.2% WS exhibited the
highest OVA scores, signifying superior visual appeal and
acceptance among the various treatments. As shown in
Fig. 6b, the treated fruits, except for PSO, showed less
color changes (browning) than the control. The mini-
mum color change was observed in the 0.1% and 0.2%
WS treatment.

cd cd cd cd cd cd ¢
HH T E
|
0
0 24

Storage time (day)

Catalase (CAT) of Mexican lime fruit stored for 24 days at 20+2 °C
and 50-60% RH. The data represent mean values of n=3, and the
error bars indicate standard errors (SE) of the means. Statistical anal-
ysis was performed using the LSD test at the P <0.05 level

Discussion

The degree of weight loss is a critical factor in evaluating
the quality of lime fruit and its acceptance by consumers
[25]. During storage, weight loss occurs due to evapotran-
spiration caused by increased metabolic activity [26]. To
address this issue, postharvest treatments, such as the appli-
cation of specific coatings, have been explored to modify
fruit physiology and reduce respiration and moisture loss.
The observed reduction in weight loss in the coated fruits
can be attributed to the formation of a protective film by
the coatings on the fruit peel, acting as a semipermeable
barrier to water transfer and effectively delaying water loss
[27]. Several studies have highlighted the efficacy of edible
coatings in reducing weight loss and extending the shelf life
of fruits. For instance, the use of an edible oil emulsion
coating, specifically coconut oil, had a significant impact on
reducing the weight loss (reduced by 9.67%) and retaining a
high percentage (70%) of marketable kagzi lime fruits [28].

The application of beeswax coatings has been shown
to lower the respiration rate of sweet oranges, resulting
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Fig.5 Effect of treatments (control, wild sage seed 0.1%, wild sage
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sage seed 0.2% with pomegranate seed oil, and pomegranate seed oil
(0.05%)) on a L*, b a*, ¢ b*, d chroma, e hue, and f CCI of Mexican
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lime fruit stored for 24 days at 20+2 °C and 50-60% RH. The data
represent mean values of n=3, and the error bars indicate standard
errors (SE) of the means. Statistical analysis was performed using the
LSD test at the P <0.05 level
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Fig.6 Effect of treatments (control, wild sage seed 0.1%, wild sage
seed 0.2%, wild sage seed 0.1% with pomegranate seed oil, wild
sage seed 0.2% with pomegranate seed oil, and pomegranate seed oil

in decreased weight loss and prolonged shelf life [29].
Additionally, the use of Persian gum in oranges has been
reported to effectively prevent weight loss in the fruit [8].
Similarly, the application of cellulose in Kinnow man-
darin fruit has demonstrated the ability to maintain fruit
weight [30]. These findings corroborate our results, where
the coated fruits, especially those treated with wild sage
seed and pomegranate seed oil, showed significantly lower
weight loss, highlighting the potential of such coatings in
preserving the quality and marketability of Mexican lime
fruits during storage.

WS 0.1+ PSO

WS 0.2 + PSO

PSO

(0.05%)) on overall visual acceptability of Mexican lime fruit stored
for 24 days (a). Color changes of Mexican lime fruit under different
treatments after 24 days of storage (b) at 20+2 °C and 50-60% RH

Typically, the total soluble solids (TSS) content of fruits
increases during storage, driven by processes such as water
loss, changes in polysaccharides and pectin materials, and
degradation of starch, leading to the formation of various
sugars, mono- and disaccharides [30, 31]. However, the
application of edible coatings can significantly delay senes-
cence and starch breakdown, resulting in a slower and lower
increase in TSS levels [32]. Studies have shown that the use
of bio-wax treatment significantly decreased the levels of
variation in total soluble solids, titratable acidity, and juice
pH of lime fruit [4]. In line with our findings, a study on
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oranges (Citrus sinensis L., Osbeck) using an edible chi-
tosan coating demonstrated a preservation of TSS levels
during storage [33]. Similarly, previous research has shown
that carnauba wax-based coatings can maintain TSS values
in various fruits, such as Indian jujube fruits [34], Kinnow
mandarin [30] and pomegranates [35]. The natural decrease
in acidity observed in some fruits is attributed to the utiliza-
tion of organic acids as substrates for respiration, leading to
their conversion into sugars. In our study, we observed that
the treated fruits displayed relatively stable titratable acid-
ity (TA) levels during storage, while the TA in other treated
fruits showed a significant decrease compared to the first
day. These findings align with a study on guava fruits, where
the application of Aloe vera gel as a postharvest treatment
effectively retained titratable acidity up to the 8th day of
storage [36]. This suggests that the edible coatings may have
played a role in preserving the fruit’s acidity, contributing to
its sensory attributes and overall quality during postharvest
storage. Our study supports the notion that edible coatings
can exert a positive influence on the physicochemical attrib-
utes of fruits during storage, contributing to the preservation
of key parameters such as TSS and TA. By regulating the
migration of substances and reducing moisture evaporation,
these coatings help maintain the freshness and integrity of
the fruit for a longer duration.

Phenolic compounds play a key role in the antioxidant
activity of foods, and their significance lies in their ability
to respond the effects of free radicals generated during the
senescence process. These antioxidant compounds are essen-
tial because they effectively minimize the impact of free
radicals, which are produced as a natural consequence of
the senescence process [37]. Indeed, coatings play a crucial
role in the metabolism of phenolic compounds by creating
a tailored environment around the fruit. This modified envi-
ronment acts as a protective shield, effectively limiting the
respiration and oxidation rates of phenolic compounds. One
of the key mechanisms behind this protective effect is the
reduction in the activity of polyphenol oxidase, an enzyme
responsible for catalyzing the oxidation of phenolic com-
pounds [38]. The significance of flavonoids as antioxidant
compounds has been extensively investigated through vari-
ous studies, as they play a crucial role in protecting fruits
against oxidative damage during the postharvest period [39].
Indeed, the application of coatings to fruits has been shown
to effectively delay senescence and preserve a higher con-
centration of total phenolic compounds, as exemplified in
the study on carboxymethyl cellulose + garlic essential oil
coated strawberry fruits [40]. The observed enhancement in
total phenolic content by edible coatings can be attributed
to their unique semi-permeable barrier properties, which
effectively regulate the exchange of gases such as CO, and
O,, reduce water loss, and modulate the ripening process
by influencing the levels of endogenous gases and ethylene
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production [41]. The findings of [42] align closely with our
results, as they also observed a decline in the total antioxi-
dant activity of strawberries during storage. However, their
study revealed that the application of edible coatings to the
fruits resulted in the maintenance of higher levels of total
antioxidant activity. This protective effect can be attributed
to the formation of a thin film by the coatings around the
fruit surface, which creates a controlled microenvironment
that limits the availability of oxygen required for the enzy-
matic oxidation of phenolic compounds [43]. Indeed, the
findings of Khorram et al. [8] align with our own research,
indicating that the application of gelatin coating and shellac
on oranges led to improved phenolic content and antioxidant
capacity while preserving the fruit’s natural shine [8]. A
study was conducted on guava fruit, revealing that coating
it with 10% gum Arabic, either alone or in combination with
moringa extract, effectively preserved the total antioxidant
activity of the fruit [44]. A study was conducted on straw-
berries to investigate the effects of coating with chitosan
nanoparticles and propolis on the antioxidant compounds
and antioxidant capacity of the fruit during storage [45]. A
study was conducted on Kinnow mandarin fruit to investi-
gate the impact of carboxymethylcellulose (CMC) coating
at a concentration of 2.0 g L™! on various quality attributes
during cold storage [46]. The study conducted on raspber-
ries examined the impact of an edible coating made with
chitosan nanoparticles on the storage life and phytochemical
content of the fruit [47]. Collectively, these studies, along
with our own research, emphasize the promising role of
edible coatings in preserving phenolic compounds and anti-
oxidant capacity in fruits, offering a sustainable approach to
postharvest management, and enhancing the overall quality
and nutritional value of fresh horticultural products.
Indeed, several studies have shown the positive effects
of edible coatings on preserving the activity of antioxidant
enzymes in fruits during storage. Coatings, such as gum
Arabic and alginate, create a protective barrier around the
fruit, limiting the exposure to external factors that could lead
to enzyme degradation [41]. The findings from Li et al.’s
study on strawberry fruit further support the positive impact
of polysaccharide coatings on antioxidant enzyme activity
and fruit preservation. The study focused on three polysac-
charide coatings: alginate, chitosan, and pullulan. These
coatings demonstrated the ability to enhance the functions
of antioxidant enzymes in strawberries, contributing to
the protection of the fruit’s cellular integrity [48]. Momin
et al.’s research underscores the significant impact of edible
coatings on the activity of essential antioxidant enzymes
in fruits. Their study focused on enzymes such as catalase,
peroxidase, superoxide dismutase, and ascorbate peroxidase,
which play vital roles in counteracting oxidative stress and
preserving the nutritional value of fruits [5]. The study con-
ducted by Ali et al. [49]on apricot fruit provides further
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evidence of the positive impact of edible coatings on anti-
oxidant enzyme activities and the nutritional quality of fruits
during storage. Their findings revealed that fruit coated with
gum Arabic exhibited significantly higher activities of key
antioxidant enzymes, including ascorbate peroxidase, cata-
lase, peroxidase, and superoxide dismutase, compared to the
control group. Indeed, peroxidase (POD) is a heme-contain-
ing enzyme that plays a crucial role in various physiological
processes within plants. It is widely distributed throughout
plant tissues and is involved in several essential functions
[50]. Preserving the function of peroxidase (POD) can help
maintain the nutritional quality of the fruit by reducing
the breakdown of phenolic compounds and extending the
postharvest storage period [51]. Edible coatings have been
shown to preserve antioxidative enzyme activity and protects
fruit tissues from reactive oxygen species (ROS), thereby
extending their postharvest storage potential [52]. A study
investigating the use of CMC coating demonstrated that it
effectively controlled free radicals and maintained elevated
levels of antioxidant enzyme activity in coated fruits. Nota-
bly, the CMC coating sustained higher levels of catalase
(CAT) and peroxidase (POD) activity, leading to reduced
oxidative damage and preservation of overall Kinnow fruit
quality [30].

The color of fruit plays a significant role in assessing
its quality and marketability, and it can be influenced by
various factors, including storage conditions and treatments.
Consumers’ acceptance of fruit is often influenced by its
color. In citrus fruit, color is determined by three primary
classes of natural pigments: chlorophylls, carotenoids, and
anthocyanins. Changes in citrus fruit color are attributed
to the breakdown of chlorophyll and the accumulation of
carotenoid pigments in the flavedo, the outer layer of the
fruit’s peel [53]. After harvesting, lime undergoes rapid
green color degradation during storage, which diminishes
its market value. Various methods have been explored to
prevent chlorophyll degradation, and one such method is
surface coating [54]. According to color scores and CIE L*,
a*, and b* values, the application of Aloe vera gel coating
significantly reduced the rate of lime fruit yellowing and
extended its shelf life by approximately four days more than
the untreated fruit, which had a shelf life of 10 days [55].

In a study on apricot fruit, the application of a gum Ara-
bic coating did not significantly affect the L* and b* values
(representing lightness and yellowness, respectively), but
it did lead to a significant increase in the a* value (repre-
senting redness) compared to the control [49]. Variations
in the quantity and composition of carotenoids have been
observed in Valencia orange (Citrus sinensis L. Osbeck) and
Lisbon lime (Citrus limon Burm) [56]. [57] demonstrated
that edible coatings can extend the shelf life and preserve the
color of fruits, enhance their visual appeal, reduce shriveling
and wilting, maintain their biochemical properties, stabilize

texture and color, protect cell membranes, prolong storage
life, and inhibit browning [58]. Similar findings to the results
of this study indicate that the application of a gelatin coating
enhanced the visual appeal of strawberries [59]. Wang et al.
[60] reported similar outcomes in Ponkan mandarins, as well
as in sweet orange fruit [61].

Overall visual acceptability (OVA) is a crucial measure
of the visual appeal of a food product to consumers. It con-
siders factors such as color, texture, and shape, making it a
vital consideration for food manufacturers aiming to create
products that will be well-received by consumers [62, 63].
In a study on the use of chitosan coatings on strawberries,
the coatings were found to maintain the fruit’s color and
texture, resulting in a higher OVA compared to uncoated
strawberries [64]. Similarly, a study on persimmon fruits
revealed that samples coated with tragacanth gum exhibited
better taste, aroma, and firmness during storage compared to
uncoated fruits [65]. These findings highlight the significant
impact that edible coatings can have on the overall visual
acceptability of fruits, thereby enhancing consumer satisfac-
tion and marketability.

Conclusion

In summary, the use of edible coatings derived from wild
sage seeds, either on their own or enriched with pomegran-
ate seed oil, demonstrated significant effectiveness in pre-
serving lime fruits. The results of this study demonstrate
that treating fruits with pomegranate seed oil significantly
reduces weight loss during storage. However, it is impor-
tant to note that this treatment led to an increase in peel
browning, which negatively impacted the overall visual
acceptability (OVA) of the fruits. In contrast, the use of wild
sage seed, either alone or in combination with pomegran-
ate seed oil, resulted in a notable decrease in the activity
of the polyphenol oxidase (PPO) enzyme. Moreover, these
treatments effectively enhanced the activity of peroxidase
(POD) and catalase enzymes in the lime fruits. These find-
ings suggest that the incorporation of wild sage seed, either
as a standalone coating or in conjunction with pomegran-
ate seed oil, can be a promising approach to enhance the
quality and extend the shelf life of lime fruits. Overall, this
study highlights the potential of edible coatings, particularly
those derived from wild sage seed and supplemented with
pomegranate seed oil, as a valuable postharvest technique for
lime fruits. The preservation of enzymatic activities and the
reduction in weight loss contribute to the improved shelf life
and overall visual acceptability of the fruits, offering promis-
ing prospects for the fruit industry. Further research in this
area is warranted to explore additional coating combinations
and optimize their application to maximize the preservation
and quality enhancement of various fruits during storage.
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