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This study was conducted to evaluate the effects of emulsion-based
coatings formulated with bacterial cellulose nanocrystals (BCNCs) and
gelatin (GelA), containing cinnamon essential oil (CEO) at three
concentration levels (1200, 1800, and 2400 pL/L), on the ripening and
senescence processes of Golden Delicious apples during cold storage
(60 days at 4 °C). The results showed that application of the coatings
significantly reduced fruit weight loss compared with uncoated
samples, decreasing it from approximately 14.68% to about 8.89% in
the treatment containing 2400 pL/L cinnamon essential oil. In
addition, increasing the concentration of cinnamon essential oil
showed a direct relationship with respiration rate and ethylene
production. Coated samples at all concentration levels exhibited higher
flesh firmness than the control samples, with the highest firmness
observed at 2400 puL/L cinnamon essential oil (18.23 N at 2400 pL/L
compared with 16.69 N at 1200 pL/L after 60 days). This trend was
consistent with the changes observed in indices such as titratable
acidity, soluble solids content, pH, ascorbic acid content, and the
activities of polyphenol oxidase (PPO) and peroxidase (POD)
enzymes. Overall, the use of BCNCs—GelA/CEO coating systems
preserved the physicochemical quality of apples, controlled the
senescence process, and extended their shelf life under cold storage
conditions. The findings of this study indicate that the application of
such coatings can be an effective strategy for enhancing postharvest
longevity and reducing economic losses along the fresh fruit supply
chain.
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Introduction

Apple (Malus domestica Borkh.) is among the most important horticultural crops worldwide due to its
wide consumer acceptance, high nutritional value, and richness in bioactive compounds such as
phenolics, organic acids, vitamins, and dietary fiber. Despite these advantages, apples are climacteric
fruits and are highly susceptible to postharvest quality degradation as a result of elevated respiration rate,
ethylene production, moisture loss, enzymatic browning, and softening during storage. These
physiological and biochemical changes significantly limit storage life and marketability, leading to
considerable economic losses in the fresh fruit supply chain.

Cold storage is commonly used to delay ripening and senescence; however, low temperature alone is
insufficient to fully control quality deterioration, especially during long-term storage. Consequently, the
development of complementary and environmentally friendly preservation strategies has gained
increasing attention in recent years. Among these strategies, edible and biodegradable coatings have
emerged as promising alternatives to conventional synthetic packaging materials. Edible coatings
function as semi-permeable membranes that regulate gas exchange, reduce water vapor permeability, and
slow metabolic activity, thereby extending shelf life and maintaining fruit quality.

Protein-based coatings, particularly those derived from gelatin, have attracted interest due to their
excellent film-forming ability, biodegradability, and edibility. Nevertheless, gelatin-based films often
exhibit weak barrier and mechanical properties, which limit their effectiveness in postharvest
applications. The incorporation of nanostructured materials, such as bacterial cellulose nanocrystals
(BCNCs), has been proposed as an effective approach to overcome these limitations. BCNCs possess
high crystallinity, large surface area, and strong hydrogen-bonding capacity, which can significantly
enhance the structural integrity, mechanical strength, and barrier properties of biopolymer-based
coatings.

In parallel, the incorporation of natural bioactive compounds into edible coatings has been widely
investigated to impart antimicrobial and antioxidant functionality. Cinnamon essential oil (CEO) is a
well-known natural preservative with strong antimicrobial and antioxidant activities, primarily attributed
to cinnamaldehyde and related phenolic compounds. However, the volatility and hydrophobic nature of
CEO limit its direct application on fresh produce. Emulsion-based systems combined with
nanostructured carriers such as BCNCs offer an effective solution to stabilize CEO and control its
release.

Although several studies have reported the application of gelatin—nanocellulose composite coatings on
fruits, limited information is available regarding the combined use of fish gelatin, bacterial cellulose
nanocrystals, and cinnamon essential oil for preserving the postharvest quality of Golden Delicious
apples. Therefore, the objective of this study was to evaluate the effectiveness of BCNCs—fish gelatin
emulsion coatings enriched with different concentrations of cinnamon essential oil (1200, 1800, and
2400 pL/L) on physiological, physicochemical, mechanical, and enzymatic quality attributes of apples
during 60 days of cold storage.

Results and Discussion

Weight loss is one of the most critical indicators of postharvest quality deterioration, as it directly affects
fruit appearance, texture, and consumer acceptance. In the present study, weight loss increased
progressively in all samples throughout the storage period; however, coated apples exhibited
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significantly lower weight loss compared to uncoated controls (p < 0.01). After 60 days of storage,
uncoated apples showed the highest weight loss, while apples coated with BCNCs—GelA containing
2400 pL/L CEO exhibited the lowest weight loss. This reduction can be attributed to the formation of a
compact and continuous coating layer that reduced transpiration by limiting water vapor diffusion
through the fruit surface. The enhanced barrier properties of the coating are associated with the
reinforcing effect of BCNCs within the gelatin matrix.

Respiration rate and ethylene production are key physiological processes governing ripening and
senescence in climacteric fruits. The results indicated that both respiration rate (CO, production) and
ethylene generation increased during the early stages of storage, reaching a peak around 20 days,
followed by a gradual decline. Coated apples consistently exhibited significantly lower respiration and
ethylene production rates compared to the control group throughout storage. This finding confirms that
the coatings effectively modified the internal atmosphere of the fruit by restricting gas exchange, thereby
slowing metabolic activity. Increasing the concentration of CEO slightly increased respiration and
ethylene levels among coated samples, which may be attributed to the plasticizing effect of essential oil
compounds on the gelatin matrix, increasing gas permeability. Nevertheless, all coated treatments
remained significantly more effective than the uncoated control in suppressing metabolic processes.
Fruit firmness decreased over time in all treatments due to the natural degradation of cell wall
polysaccharides during ripening. However, coated apples retained significantly higher firmness values
than uncoated samples at all storage intervals (p < 0.01). Among the coated treatments, apples treated
with 2400 pL/L CEO maintained the highest firmness after 60 days of storage. The preservation of
firmness can be explained by reduced ethylene production, lower respiration rate, and the inhibitory
effects of CEO on cell wall-degrading enzymes such as polygalacturonase and pectin methylesterase.
Chemical quality attributes further supported the effectiveness of the coatings in delaying ripening. Total
soluble solids (TSS) increased gradually during storage as a result of starch hydrolysis and sugar
accumulation. However, coated apples exhibited significantly lower TSS values compared to uncoated
samples, indicating a slower rate of carbohydrate metabolism. Titratable acidity (TA) decreased during
storage in all treatments due to organic acid consumption during respiration, but coated apples retained
higher TA values, particularly at higher CEO concentrations. Consequently, the pH of coated apples
remained lower than that of the control, reflecting better preservation of organic acids and overall flavor
balance.

Ascorbic acid content declined progressively during cold storage as a result of oxidative degradation.
Apples coated with BCNCs—GelA/CEO showed a significantly slower reduction in vitamin C content
compared to uncoated apples. This protective effect was more pronounced at higher CEO concentrations
and can be attributed to reduced oxygen permeability of the coating as well as the antioxidant activity of
cinnamon essential oil components.

Enzymatic activities associated with browning and oxidative stress were also influenced by the coatings.
Polyphenol oxidase (PPO) and peroxidase (POD) activities increased during storage in all treatments;
however, coated apples exhibited significantly lower enzyme activities than the control. The strongest
inhibition of PPO and POD was observed in apples coated with 2400 pL/L CEO. This result highlights
the combined effect of physical oxygen barrier properties and the biochemical inhibitory action of CEO
phenolic compounds on oxidative enzymes, leading to reduced browning potential and improved visual
quality.
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Overall, the results demonstrate that BCNCs—GelA/CEO coatings effectively delayed physiological and
biochemical changes associated with apple ripening and senescence. The synergistic interaction between
bacterial cellulose nanocrystals and cinnamon essential oil played a critical role in enhancing coating
performance and extending storage life.

Conclusion

The findings of this study confirm that emulsion-based edible coatings formulated from fish gelatin and
bacterial cellulose nanocrystals and enriched with cinnamon essential oil represent an effective and
sustainable approach for preserving the postharvest quality of Golden Delicious apples during cold
storage. Among the tested treatments, the coating containing 2400 pL/L CEO exhibited the most
pronounced effects by significantly reducing weight loss, maintaining firmness, suppressing respiration
and ethylene production, preserving organic acids and ascorbic acid, and inhibiting PPO and POD
activities over 60 days of storage.

These results indicate that BCNCs—GelA/CEO coatings can successfully delay ripening and senescence
processes while maintaining both physicochemical and biochemical quality attributes of apples. From an
applied perspective, this coating system offers a promising alternative to synthetic preservatives and
plastic packaging materials, contributing to reduced postharvest losses and improved sustainability in the
fresh fruit industry. Future research may focus on sensory evaluation, consumer acceptance, scalability of
the coating process, and the application of this technology to other climacteric fruits under commercial
storage conditions.
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