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Maintaining cucumber quality during storage is difficult due to rapid
postharvest deterioration, which is driven by high rates of transpiration,
respiration, and senescence. In the present study, the effects of foliar
application of calcium nanoparticles, silica-coated calcium
nanoparticles, and iron oxide nanoparticles on postharvest quality
attributes and the relative expression of the I-aminocyclopropane-1-
carboxylate synthase (ACS) gene were evaluated in cucumber cv. Seba.
The experiment was arranged in a completely randomized design with a
factorial layout, using three replications. The first factor consisted of
seven nanoparticle treatments, including the control (distilled water),
calcium nanoparticles at 20 and 40 mg L, silica-coated calcium
nanoparticles at 20 and 40 mg L', and iron oxide nanoparticles at 10 and
20 mg L'; the second factor included three storage periods (0, 8, and 16
days). After harvest, fruits were stored at 4°C and 85-90% relative
humidity, and then parameters including weight loss, juice pH, total
soluble solids (TSS: the total concentration of dissolved non-water
solutes in the fruit juice), electrolyte leakage, vitamin C content, mineral
concentrations (calcium and potassium), peroxidase (POD) and
polyphenol oxidase (PPO) activities, and relative expression of the ACS
gene were measured using qRT-PCR. The results showed that with
increasing storage time, weight loss, pH, TSS, electrolyte leakage, and
PPO activity increased significantly, whereas vitamin C content, POD
activity, calcium and potassium concentrations, and ACS expression
showed a significant decreasing trend. However, nanoparticle
application, particularly iron oxide nanoparticles at 20 mg L' and silica-
coated calcium nanoparticles at 40 mg L', improved postharvest quality
attributes; the lowest weight loss and better pH retention were observed
in the iron oxide 20 mg L' treatment, while the lowest electrolyte
leakage was recorded in iron oxide at 10 and 20 mg L' and silica-coated
calcium nanoparticles at 40 mg L', which were placed in the same
statistical group. In addition, reduced PPO activity, greater retention of
vitamin C and mineral nutrients, and lower ACS expression were
observed in some nanoparticle treatments. Overall, the findings indicated
that the application of mineral nanoparticles, especially iron oxide
nanoparticles at 20 mg L' and silica-coated calcium nanoparticles at 40
mg L', can be considered an effective strategy for maintaining quality
and extending the postharvest life of cucumber fruits.
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Introduction

Cucumber (Cucumis sativus L.) is highly susceptible to postharvest deterioration due to rapid
metabolic activity and cold storage-induced senescence, which leads to water loss, oxidative
stress, and enzymatic browning. Developing safe, efficient preservation technologies is
therefore a major research priority. Calcium and silicon are known to maintain cell wall
integrity and membrane stability, with recent advances in nanotechnology enhancing their
bioavailability and tissue penetration. Despite documented benefits, the molecular mechanisms
underlying these improvements—particularly regarding ethylene biosynthesis—remain
unclear. Given that /-aminocyclopropane-1-carboxylate synthase (ACS) acts as a rate-limiting
enzyme in senescence, this study investigated the effects of calcium, silica-coated calcium, and
iron oxide nanoparticles on the physiological, biochemical, and molecular characteristics of
stored cucumber, with a focus on ACS gene expression.

Materials and Methods

The experiment was conducted on harvested cucumber (Cucumis sativus L.) fruits cv. Saba in
a factorial arrangement based on a completely randomized design with three replications. The
first factor consisted of seven nanoparticle treatments applied directly to the harvested fruits:
distilled water (control), calcium nanoparticles at 20 and 40 mg L™, silica-coated calcium
nanoparticles at 20 and 40 mg L™, and iron oxide nanoparticles at 10 and 20 mg L'. The second
factor was storage duration at 4 + 1°C and 85-90% relative humidity, evaluated at three
intervals: 0, 8, and 16 days. During the storage period, physiological and biochemical
characteristics including weight loss, pH, titratable acidity, total soluble solids (TSS),
electrolyte leakage, vitamin C, calcium and potassium contents, and the activities of polyphenol
oxidase (PPO) and peroxidase (POD) were determined using standard analytical procedures.
Additionally, the relative expression of the ACS gene was quantified by qRT-PCR using the
2~AACtmethod to evaluate the molecular responses associated with ethylene biosynthesis under
the different nanoparticle treatments.

Results and Discussion

Storage duration significantly impacted all evaluated parameters. Throughout the storage
period, weight loss, pH, TSS, electrolyte leakage, and PPO activity increased progressively ,
increased progressively, whereas titratable acidity, vitamin C content, peroxidase (POD)
activity, calcium and potassium concentrations, and relative ACS gene expression decreased
significantly. Nevertheless, nanoparticle treatments considerably alleviated these undesirable
changes compared with untreated fruits. Among all treatments, iron oxide nanoparticles at 20
mg L' and silica-coated calcium nanoparticles at 40 mg L' generally produced the most
favorable responses. Fruits receiving iron oxide nanoparticles at 20 mg L' exhibited the lowest
weight loss and better pH retention, indicating improved water conservation and a slower
metabolic decline during storage. The lowest electrolyte leakage was recorded in iron oxide
nanoparticles at 10 and 20 mg L' and silica-coated calcium nanoparticles at 40 mg L™!, which
were grouped statistically together. This result suggests that these treatments were effective in
preserving membrane integrity and limiting cellular deterioration. Likewise, nanoparticle
application helped maintain higher titratable acidity and delayed the increase in pH, reflecting
a slower consumption of organic acids and reduced respiratory activity. Vitamin C degradation
was also delayed in nanoparticle-treated fruits, particularly under iron oxide and silica-coated
calcium treatments, indicating improved protection against oxidative deterioration. Similar
trends were observed for mineral composition, where treated fruits maintained significantly
higher calcium and potassium concentrations than the control. These minerals are closely
associated with membrane stability, osmotic regulation, cellular signaling, and tissue integrity,
which collectively contribute to improved postharvest performance. Enzymatic analyses further
supported these observations. PPO activity increased during storage but remained significantly
lower in nanoparticle-treated fruits, indicating reduced enzymatic browning and delayed tissue
deterioration. Conversely, POD activity gradually declined during storage in all treatments;
however, nanoparticle-treated fruits retained higher enzyme activity during the early storage
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period, suggesting a better-preserved antioxidant defense capacity. The most significant finding
of the present study was the molecular response of cucumber fruit. Relative expression of the
ACS gene was significantly downregulated by nanoparticle treatments, with the greatest
reduction observed in fruits treated with 40 mg L' silica-coated calcium nanoparticles. Since
ACS encodes the rate-limiting enzyme in ethylene biosynthesis, suppression of its expression
suggests a reduced ethylene biosynthetic potential and delayed activation of molecular
pathways associated with fruit senescence. The close agreement between reduced ACS
expression and improvements in physiological, biochemical, and enzymatic characteristics
indicates that nanoparticle treatments not only preserved cellular structure but also modulated
key molecular processes involved in postharvest deterioration.

Conclusion

The findings of this study demonstrateed that nanoparticle-based mineral treatments effectively
improved the postharvest quality of cucumber fruit during cold storage. Among the different tested
treatments, application of 20 mg L™ iron oxide nanoparticles and 40 mg L~" silica-coated calcium
nanoparticles yielded optimal fruit quality preservation. These treatments effectively mitigated
weight loss, electrolyte leakage, and polyphenol oxidase activity, while successfully sustaining
higher levels of vitamin C, minerals, titratable acidity, and overall antioxidant capacity. More
importantly, silica-coated calcium nanoparticles at 40 mg L' significantly suppressed ACS gene
expression, providing molecular evidence that nanoparticle application can regulate ethylene
biosynthesis in addition to improving physiological and biochemical characteristics. These findings
suggest that the beneficial effects of mineral nanoparticles extend beyond nutritional
supplementation and involve coordinated regulation of cellular stability, oxidative metabolism, and
gene expression associated with senescence. Consequently, mineral nanoparticles, particularly iron
oxide nanoparticles and silica-coated calcium nanoparticles, represent promising and
environmentally friendly strategies for extending cucumber shelf life and preserving postharvest
quality. Furthermore, integrating advanced analytical techniques with conventional quality
assessments offers a comprehensive framework for understanding the mechanisms by which
nanoparticle treatments delay postharvest senescence, potentially facilitating the development of
more effective preservation technologies for horticultural crops.
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Table 1. Analysis of variance (ANOVA) of the measured quality traits in cucumber fruit during the postharvest period
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. Total soluble solids .. ..
weight loss leakage content content content activity activity
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Figure 1. Interactive effects of treatment and storage duration on selected physiological and quality traits of
cucumber fruit. (A) percentage of weight loss, (B) pH of fruit extract, © total soluble solids (TSS), and (D)
electrolyte leakage (EL)
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Figure 2. Interactive effects of treatment and storage duration on potassium (a) and calcium (b) contents of
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Figure 3. Interactive effects of treatment and storage duration on vitamin C content of cucumber fruit
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